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Abstract  
 

 
 
 
Spintronics is a rapidly growing research field aimed at realizing new high 

performance (spintronic) devices that takes advantage of the electron spin as well as 

of its charge. One of the important requirements necessary in developing 

semiconductor spintronic devices is the efficient generation of spin-polarized charge 

carriers (or spin current) in a semiconductor, transporting them reliably over 

reasonable distances and then detecting them. An electrical means of detecting spin 

current in semiconductors is very desirable for fully exploring the possibility of 

utilizing spin degree of freedom and spintronic device applications.  

        A more general drift-diffusion equation that takes into account electric-field 

effects and both nondegenerate (NDG) and degenerate (DG) electron statistics was 

derived. Using this drift-diffusion model, it was shown that the extension of the spin 

diffusion length by a strong electric-field does not result in a significant increase in 

spin current in semiconductors owing to the competing effect of the electric field on 

diffusion. It was found that there is a spin drift-diffusion crossover field (E×) for a 

process in which the drift and diffusion contribute equally to the spin current. 

Expressions were derived that relate E× to the intrinsic spin diffusion length (D0) of a 

semiconductor for all electron statistical regimes. The anomalous Hall effect (AHE) 

arising from the spin current was also derived on the basis of the drift-diffusion model 

and a useful way was demonstrated for the electrical detection of spin current and spin 

diffusion length in a semiconductor. For the possible enhancement of the diffusive 

part, DG and NDG cases were considered. It was found that, owing to an increase in 

the diffusion coefficient, the spin current and hence the AHE increase in a DG 

semiconductor.  

        Devices for the electrical detection of spin current, based on the AHE, were 

fabricated on undoped as well as on Si-doped GaAs using nonmagnetic contact 

materials, producing a successful “recipe” for growth and metallization. They were 

characterized as to their suitability for applications and were found to contain 

transparent contacts. The spin polarized electrons generated in GaAs by circularly 

 v



polarized light were dragged by an electric field and the AHE was observed without 

an external magnetic field. As no magnetic field was applied, the observed photo-

induced AHE was the pure AHE. The experiments also detected photogenerated spin 

current and spin relaxation electrically, based on the measurements of the photo-

induced anomalous Hall voltage (VAH) at room temperature as well as at low 

temperatures. It was found that the effect strongly depends on the applied electric 

field and excited photon energy. The AHE was also found to be enhanced by 

moderately increasing the doping density or decreasing the temperature. The results 

are discussed in comparison with a quantitative evaluation of the Dyakonov and Perel 

spin relaxation frequencies of the photogenerated electrons in GaAs. A good 

agreement between theory and experiment was obtained.  

        Three spin transport regimes were considered in relation to  photo-induced AHE 

measurements with moderately-doped samples, namely, diffusive, drift-diffusion 

crossover and drift. Of them, spin transport in the diffusive and drift-diffusion 

crossover regimes were studied in more details and E× and D0 were estimated in the 

NDG regime. The electrically obtained value of D0 was found to be 1.74 μm, a factor 

of 0.87 lower than that reported in the literature of optical measurements.  

        A time-resolved pump-probe polarization investigation was performed to 

measure the spin polarization for the samples. The spin polarization of conduction 

band electrons, as measured using probe pulses with the same and opposite circular 

polarizations, was studied via the dependences of pump-probe delay, temperature, 

doping density as well as of the excitation photon energy. For a comparison with the 

experimental data, a calculation for the AHE was performed using the measured 

degree of spin polarization.  

        A band energy structure calculation for Si-doped GaAs was performed by norm-

conserving pseudopotential and Green function methods. The results showed that 

simultaneously accounting for the external biased electric-field and delocalization of 

the spin-polarized wave-functions by anharmonic electron-phonon interactions can 

explain the electric field- and doping-dependent spin current and hence the observed 

VAH. The theoretically obtained results generally agreed with the experimental results. 
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Chapter 1   Introduction 

 
 

At the beginning of this chapter, modern semiconductor-based “spintronics” is 

introduced in the historical context of its origin in metallic materials. As spintronic 

devices require spin currents, a simple demonstration of what is meant by a spin 

current in relation to the current in a conventional electric circuit (charge current) is 

given next. In the second part of this chapter, a discussion is presented of 

semiconductor spintronics and its basic requirements, namely, spin current generation, 

transport and detection from the fundamental as well as the application point of view. 

Since this Thesis is based on the study of the electrical detection (voltage probe) of 

spin current in semiconductors without external magnetic fields, the motivations to 

study the photo-induced anomalous Hall effect (AHE) in nonmagnetic 

semiconductors are also presented. This chapter concludes with a statement of the 

prime objective of the Thesis and the key questions to be addressed.  

 

1.1  Spintronics 
 

Spintronics, or spin electronics, is a revolutionary new class of electronics based on 

the spin degree of freedom of the electron in addition to, or in place of, the charge and 

is an emerging research field in condensed matter physics [1-6]. In addition to the 

charge, an electron has a spin (S). Spin is a quantum mechanical property associated 

with intrinsic angular momentum vector of electrons (self-rotation—rotation of the 

electron on its axis), and many other elementary particles as well as nuclei and atoms, 

and has an intrinsic magnetic moment associated with it [7]. Therefore, spin is closely 

related to magnetic phenomena. A natural constant which arises in the treatment of 

magnetic properties of electrons—spin ½ particles—is the Bohr magneton, μB = 

9.274×10-24 J/T. As an intrinsic magnetic moment is associated with the spin, electron 

spin provides an extra degree of freedom (so-called the spin degree of freedom) for 
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the electron to interact with a magnetic field. The basic study dedicated to spintronics 

is to understand the interaction between the particle spin and its solid-state 

environments in order to make useful devices based on the acquired knowledge. 

Therefore, as predicted [8,9], adding the spin degree of freedom to conventional 

semiconductor charge-based electronics adds more capability and functionality to 

electronic devices (spintronic devices), which can hold promise of, e.g. nonvolatility 

of data storage, faster operation (data processing speed), higher storage density or 

smaller size and reduced power consumption [3]. 

        In 1922, Stern and Gerlach [10,11] demonstrated the most direct experimental 

evidence of the existence and of the quantized nature of the electron spin (that its 

vector components do not commute with each other: / 2zS   ) [12]. The 

quantization of spin of a free electron imposes that the electron can only have two 

specific spin states, either a spin-up (↑) or a spin-down (↓) state. This intrinsic binary 

nature of electronic spin suggests that the spin could be used as the basic unit, 

quantum bit (or qubit) for quantum information storage and data processing. The 

important property of spin (mainly in semiconductors with weak spin-orbit interaction 

and also in materials having zero nuclear spin) is its weak interaction (compared to 

Coulomb interaction) with the environment and with other spins, resulting in a long 

coherence or relaxation time, which is a very important parameter in the field of spin 

transport and quantum computing [13,14]. These characteristics open the possibilities 

for developing devices that could be more powerful for certain type of computations 

than conventional electronic charge-based systems. However, for the successful 

incorporation of spins into the currently existing semiconductor technology, one has 

to resolve technical issues such as efficient spin generation/injection, transport 

(control and manipulation) of spins and finally, the detection of spins [6]. From the 

fundamental point of view, spintronics includes the investigation of spin transport as 

well as of spin dynamics and spin relaxation in technologically advanced and efficient 

solid-state materials. 

        However, recent interest has been motivated by successful examples of metallic 

(metal-based) spintronic devices, such as read heads for hard disc drives and 

magnetoresistive random access memory (MRAM), based on ferromagnetic metals in 

which, as first suggested by Mott [15,16], the electrical current is carried by 

independent majority and minority spin channels (Mott’s two-carrier approximation 
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[17]). These first metallic spintronic devices (passive components), discovered in 

1988 [18,19] (available as the first commercial product in 1994 [20]), were 

sandwiched structures consisting of alternating ferromagnetic (FM) and nonmagnetic 

(NM) metal layers whose electric resistance depends strongly on the external 

magnetic field. Depending on the relative orientation of the magnetizations in the 

magnetic layers, the device resistance changes from small (parallel magnetizations) to 

large (antiparallel magnetizations). This change in resistance is large enough to be 

called a giant magnetoresistance (GMR), a quantum mechanical effect in layered 

magnetic thin-film structures [21,22]. The impact of the discovery of GMR was 

enormous mainly due to two reasons: first, possible applications were found in the 

development of new generation of magnetic devices and sensors based on the GMR 

effect with much more sensitivity than the existing conventional technologies, and 

second, the discovery of GMR drew the attention of the scientific community towards 

the so far neglected spin property of electron in the field of electronics. Although the 

current application of spintronics is mainly in the area of magnetic sensors and 

magnetic mass storage systems based on the magnetoresistance (giant or tunnelling) 

effect, MRAM has the potential of replacing CMOS (complimentary metal oxide 

semiconductor) based nonvolatile FLASH memories in the future [23,24]. Spintronics 

is therefore not only a highly focused research field of the fundamental physics, but it 

offers attractive application as well. In comparison with metal-based spintronics, 

utilization of semiconductors promises more versatile design due to the ability to 

adjust potential variation and spin polarization in the device by, e.g. external voltage 

and device structure or band-gap (Eg) engineering [25,26].  

        The first semiconductor spintronic (active) device was suggested by Datta and 

Das in 1990 [27], where they proposed an electronic analogue of an electro-optical 

modulator, that was later termed “spin field effect transistor” (spin-FET), in a two-

dimensional (2D) electron gas contacted with two ferromagnetic electrodes: one as a 

source for the injection of spin polarized electrons (because magnetic materials are 

natural sources of spin polarized electrons) and the other as an analyser (detector) for 

electron-spin polarization. The Datta-Das spin-FET device relies on the basic concept 

of modulating the transistor’s source-to-drain current by varying the Rashba 

interaction in the channel with a gate voltage, i.e. the Datta-Das spin-FET is a scheme 

to control the electronic spin with an electric field via the gate while it is travelling 

through the 2D transport channel. Since then, their proposal has been believed to be 
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the most promising and led to an intense focus on realizing the semiconductor-based 

spintronic devices. However, due to the experimental difficulties in the efficient spin 

injection for a successful detection, the Datta-Das spin-FET is yet to be implemented 

in an efficient way. On the other hand, the optimization of the electron spin lifetimes 

and the detection of spin coherence are the major challenges in the field of quantum 

computation. 

        In the fundamental research field, there is a renewed interest to study spin-

dependent transport (or spin transport) and spin dynamics in various semiconductors 

or electronic materials to explore the fundamental properties of different solid-state 

systems [28]. In addition, recent advances in materials fabrication made it possible to 

introduce nonequilibrium spin in a novel class of systems including ferromagnetic 

semiconductors [29-31], diluted magnetic semiconductors (nonmagnetic 

semiconductors containing small amount of magnetic ions, like Mn, to be magnetic, 

e.g. Ga1-xMnxAs) [25,32], superconductors [33-35], both metallic and semiconducting 

carbon nanotubes [36-39], crystalline MgO [40,41] and, most recently, organic 

semiconductors [42,43],  which lead to the question of how such a spin could be 

utilized. The injection and manipulation of spin are more difficult than those of charge 

owing to the competing effect of the much weaker spin interactions with the solid 

crystalline environment. Although different types of semiconductor devices have 

recently been proposed [44-50], the actual advantages of these devices as compared to 

the conventional electronic devices have not yet been clearly established.  

 

1.2  Historical background: An overview 
 

The term “Spintronics” was coined by S. A. Wolf at the American Physical Society 

(APS) March Meeting in Los Angeles and appeared in APS News June 1998 [51] and 

in scientific journals from 1999 [52]. Spintronics or spin electronics, or spin physics 

[53] in fundamental and a broader sense, having its root in magnetotransport or 

magnetoelectronics has been known since the discovery of the anisotropic 

magnetoresistance effect in 1857 by W. Thomas (Lord Kelvin) [54]. This anisotropic 

effect was small and depended on the anisotropic shape of the Fermi surface of the 

material. However, the first larger transport effect which was directly related to spin 

properties was the observation that the resistance of a ferromagnetic strip depended on 
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the relative angle between the magnetization and the direction of the current [55]. The 

physical origin of this effect, named anomalous magnetoresistance, is the s-d band 

scattering induced by the external magnetic field. The much higher effective mass of 

the d band provides an increase in resistivity when electrons are scattered from the s 

band into the d band.  

        Optical orientation of electron spins in semiconductors, originated by Lampel 

[56], received impressive development in the 1970s as a result of a joint effort, both 

theoretical and experimental [57]. In that time, Dyakonov and Perel concentrated 

mostly on free carriers and developed a theory of numerous phenomena related to 

spin polarization, including the interaction of electron and nuclear spin subsystems. 

Their most famous result was reported in Refs. [58,59] and has been known as the 

Dyakonov–Perel (DP) mechanism of spin relaxation based on the interplay of the spin 

precession due to spin-orbit interaction and the random scattering of electron 

momenta. Later, their result was also recognized as the first prediction of the spin Hall 

effect (SHE).    

        Early experiments on spin-polarized tunnelling between ferromagnets and 

superconductors suggested the possibility of the magnetic-field dependence of 

tunnelling between two ferromagnets separated by a thin insulator or oxide layer (e.g. 

Al203) as the tunnel barrier (TB). The first experimental determination of the spin 

polarization of the conduction band in a ferromagnet was performed by Tedrow and 

Meservey in the early 70s [60]. This was achieved by studying the magnetoresistance 

of FM/Al2O3/Al tunnel junctions. The tunnelling current between two metallic 

electrodes separated by a thin insulating layer depends on the product of the densities 

of states of the two electrodes. The advantage of using superconducting Al as one of 

the electrodes is that the difference in densities of states for the two spin-carriers at 

the Fermi level, i.e. the spin polarization, is exactly known. The physical origin of the 

spin subband polarization in a superconductor is the Zeeman splitting of the two sharp 

BCS peaks in the densities of states. Based on this, the spin polarization at the Fermi 

level in the ferromagnet could be determined as varying between 11% in Ni and 43% 

in Ni80Fe20 permalloy (Py). These results prompted the work on FM/TB/FM 

junctions, where the device conductance is expected to depend on the relative 

magnetization of the two ferromagnetic electrodes [61]. Assuming that tunnelling is 

adiabatic (spin and total energy is conserved during the process), the conductance will 

be proportional to the products of the densities of states for each subband, and hence, 
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to the relative magnetization of the two ferromagnetic layers, i.e. to the magnetic 

history. Such junctions exhibit the memory effect [62] and find potential applications 

in mass storage based on the tunnel or tunnelling magnetoresaistance (TMR).  

        The TMR is a spin-dependent interface effect, and it does not require 

nonequilibrium spin accumulation and transport in a nonmagnetic material. The first 

effect directly related to spin transport was the observation by Baibich et al. [18] and 

Binasch et al. [19] of a strong dependence in the resistance of a Fe/Cr or Fe/Cr/Fe 

multilayer sandwich as a function of the relative parallel/antiparallel alignment of the 

magnetic moments of the ferromagnetic layers [63]. This effect, named the GMR 

effect, quickly found its way into computer applications when IBM incorporated a 

magnetic device known as a spin-valve into the read head of hard disk [64], because 

the write/read head could be made smaller and the storage density on hard disks thus 

increased. A spin valve is a layered structure of magnetic and nonmagnetic (spacer) 

materials whose electrical resistance depends on the spin state of electrons passing 

through the device and so can be controlled by an external magnetic field. The 

discoveries of GMR and TMR in metallic spin valves have revolutionized 

applications such as magnetic recording (magnetic field sensors) and memory [65].  

        The physical origin of the GMR effect is the phenomenon of spin accumulation 

[66]. There are two contributions to the GMR effect. The first one is a bulk 

contribution as the conductivity of a bulk ferromagnet depends on the spin specific 

subband. The second contribution is due to the fact that the interface transmission of a 

clean FM/NM metal interface will also depend on the specific spin subband index. In 

a FM/NM metal multilayer, when the relative alignment of the ferromagnetic layers is 

antiparallel, the majority carriers in one layer will be the minority carriers in the 

second layer and the spin subband-dependent interface transmissivities are reversed. 

When current is passed through, the carriers will accumulate at the second FM/NM 

metal interface. As a consequence, the conductance of the system in the antiparallel 

alignment is reduced compared to the parallel one. In standard FM/NM multilayers 

used in studying the GMR effect, one makes use of the exchange coupling between 

the ferromagnetic layers in order to control the magnetization. The exchange coupling 

decreases very fast to zero if the spacing between the layers is increased. It thus 

allows to exploring a rather limited range of only a few nanometers for the 

ferromagnetic electrode spacing. In order to study spin transport and spin flip in the 

nonmagnetic layer, another type of magnetic interaction must be used to control the 
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magnetization direction of the ferromagnetic layers. Furthermore, from a fundamental 

point of view of the active device ideas, what one would like to be able to is to inject a 

nonequilibrium spin population in a nonmagnetic material and subsequently be able to 

study how spin information is transported in the nonmagnetic material.  

        A breakthrough experiment in the field was the experiment of Johnson and 

Silsbee on spin injection and detection in an Al single crystal at temperature below 77 

K [67]. They observed that the total conductance of a Py/Al(ballistic)/Py spin valve 

junction varied periodically with a perpendicularly applied magnetic field, where, 

owing to the presence of shape anisotropy, the magnetization of the Py electrodes 

remained fixed. The physical origin of the conductance modulation is the Hanle 

effect: the injected spin will coherently precess in the external magnetic field, and the 

effective direction of the spins seen by the detecting electrode will depend on the total 

angle of precession, i.e. vary periodically with the applied magnetic field. Another 

seminal experiment was the direct observation of spin accumulation in an Au thin 

film by Johnson [68]. His device, called the spin transistor, had a stacked structure 

consisting of two electrodes, one of Au and another of Py, deposited next to each 

other on top of a Py/Au sandwich. The injection of spin-polarized carriers, which 

takes place when sending current through the first Py/Au interface, could be detected 

as a finite voltage difference between the parallel Au and Py electrodes deposited on 

top of the injecting stack. The top Py electrode functioned as spin-sensitive voltage 

probe. The magnitude of the output voltage depended on the relative magnetization of 

the two layers. However, the low resistance of the stack geometry made this a difficult 

experiment, as the very small output signals required detection by means of SQUID 

electronics. The absolute magnitude of the effect and the dependence on the Au layer 

thickness could not be fitted with the standard theory of spin-polarized transport 

[69,70]. Moreover, in the above mentioned experiments, it had not been possible to 

achieve fully electrical spin injection and detection at room temperature. 

        A further, rather convincing experiment of this type was also performed by 

Jedema et al. [71]. They reported the results of room-temperature electrical injection 

and detection of spin current in a metal and observed spin accumulation in an all-

metal lateral mesoscopic spin valve, where ferromagnetic Py electrodes were used to 

drive a spin-polarized current into crossed copper strips. They expected that larger 

signals should be obtainable by optimizing the choice of materials and device 

geometry but were not able to realize them. Although three terminal devices, their 
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spin transistors were not active devices, i.e. they did not allow direct amplification or 

electric control of the source-drain conductance. Instead, they relied on the 

application of an external magnetic field to change their output voltage.  

        Soon after the discovery of GMR, the advantage of combining the charge 

manipulation of conventional electronics with the spin manipulation of spintronics in 

semiconductors (semiconductor spintronics) was rapidly understood. As discussed 

earlier, Datta and Das first proposed the three-terminal active device (spin-FET) 

which has driven many investigations in devices very similar to the Datta-Das spin-

FET later, in particular, during the last few years [44,45,47,48,72-77]. Their idea was 

to use a 2D electron gas to make a FET structure with ferromagnetic electrodes. The 

presence of ferromagnetic injector (source) and drain allows the observation of the 

spin valve effect. The presence of the Rashba-type spin-orbit interaction will induce 

spin precession. However, the magnitude of the Rashba spin-splitting, and 

consequently of the average angle of spin precession, could be controlled by an 

external gate. Therefore the total channel conductance will depend on the applied gate 

voltage, i.e. the device will have a FET-like behavior. The essential requirements for a 

spin-FET device to function are, first, a good efficiency in the injection of the spin 

polarized carriers into the semiconductor and, second, a long spin relaxation time in 

the semiconductor to be transported for the electrical detection. Therefore, the Datta-

Das spin-FET has motivated research on the basic understanding of the fundamental 

issues, i.e. the spin injection, transport and detection, in practical devices with bulk 

semiconductors or their heterostructures.  

        With respect to the issues of how to realize in practice the spin injection and 

detection, different approaches were taken. The first successful experiments were the 

all-optical experiments reported by Kikkawa and Awschalom [78]. They used a 

circularly-polarized pump beam to excite electrons into the conduction band, where 

the photons impart their angular momenta to electron-hole pairs. Owing to selection 

rules, the excited spin will have a nonzero average spin. Subsequent precession of 

these spins about the applied magnetic field is then detected by a time-delayed probe 

pulse whose linear polarization rotates an amount proportional to the electronic 

magnetization upon transmission through the sample (the so-called Faraday effect). 

Similar studies in a bulk moderately n-doped GaAs revealed extremely long 

(transverse) spin lifetimes, up to 130 ns at low temperatures (500 ps at 200 K) [78,79]. 

Although the electrical detection of spin lifetimes or spin diffusion lengths in 
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semiconductors is desirable for the device characterization, the discovery of very long 

electron spin lifetimes in GaAs has helped motivate considerable interest in optical 

spin generation in semiconductors and in spin optoelectronics or photospintronics [80-

83].  

        Much work has focused on the use of ferromagnetic metallic contacts [1], but it 

has proved exceedingly difficult to demonstrate polarized spin injection. Previously, 

two groups [84,85] have reported successful spin injection from a NiFe contact, but 

the observed effects of the spin-polarized transport were quite small (resistance 

changes of less than 1%). For the electrical spin injection, Fiederling et al. [81] 

described a different approach, in which the magnetic semiconductor BexMnyZn1-x-ySe 

was used as a spin aligner. The device used in this case was a GaAs/AlGaAs light-

emitting diode (LED), called spin-LED, and spin polarization was confirmed by the 

circularly polarized state of the emitted light. They drove current from a giant Zeeman 

splitting spin-aligner into a LED and subsequently performed optical detection of spin 

injection by looking at the polarization of the emitted light. Owing to the giant 

Zeeman splitting present in the spin-aligner, these materials are fully spin-polarized at 

low temperatures and high magnetic fields, providing an ideal spin injector. A similar 

experiment to the one of Fiederling et al. has been performed by Ohno et al. [86].In 

this experiment the electrical spin injection occurs in zero magnetic-field from a 

diluted magnetic semiconductor into a nonmagnetic semiconductor. Under forward 

bias, spin polarized holes from the p-type ferromagnetic semiconductor (Ga,Mn)As 

and unpolarized electrons from an n-type GaAs substrate are injected into an 

embedded (In,Ga)As quantum well (QW) separated from the ferromagnetic region by 

a spacer layer. The hole spin polarization in the QW is measured by analysing the 

polarization of the emitted electroluminescence [87]. The same principle of optical 

detection by looking at the polarization of the emitted light has been used by Zhu et 

al. [88] to observe the electrical spin injection from ferromagnetic Fe across a 

Schottky barrier in a GaAs/(In,Ga)As LED. In their experiment, the results could be 

understood in terms of tunnelling from the ferromagnetic material into the 

semiconductor. The experiments of electrical spin injection described above relied on 

optical detection at low temperatures. Moreover, injection efficiencies were still low 

(a few percent spin polarization) in their experiments, making them difficult to 

implement new device concepts. 
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        Yu and Flatté [89] used a drift-diffusion equation to theoretically study the spin 

transport in a ferromagnet/semiconductor structure. They showed that spin injection 

from a ferromagnetic metal into a semiconductor is enhanced by several orders of 

magnitude and that for sufficiently high fields the spin polarization can be transported 

over distances significantly exceeding the intrinsic spin diffusion length. Recently, 

Privman and Privman [90,91] also used a drift-diffusion-type equation to investigate 

spin transport and compression and amplification of the spin polarization density by 

the inhomogeneous doping of semiconductors. They showed that electron spin 

transport through the boundary between semiconductor regions with different doping 

levels can lead to electron spin polarization amplification near the boundary. A drift-

diffusion model has also been used in another investigation [92], similar to that in 

Ref. [89]. 

        Spin transport, dynamics and relaxation have been studied widely in 

semiconductors and their heterostructures both experimentally and theoretically [5]. 

The experimental tools mostly used are the conventional time - resolved circularly 

polarized photoluminescence, pump-probe transmission with the same and opposite 

circular polarizations, the (magneto-optic) Kerr effect and Faraday rotation. The 

photoluminescence technique was used, for example, to detect a 500-ps spin 

coherence time of free excitons in a GaAs QW [93]. Boggess et al. [94] used a 

subpicosecond pump-probe transmission measurement at a wavelength of 3.43 μm to 

determine the electron spin relaxation time in bulk InAs. They obtained an electron 

spin relaxation time of 19±4 ps at room temperature, which was in excellent 

agreement with the theoretical value of 21 ps obtained from a nonperturbative 

calculation based on the DP mechanism of precessional spin relaxation. The Kerr 

effect was used, for example, to investigate the spin dynamics of bulk GaAs [95] and 

CdSe [96], and Faraday rotation was used to study spin coherence in nanocrystals of 

CdSe [97] and coherent control of spin dynamics of excitons in GaAs QWs [98]. The 

Faraday and Kerr effects are the rotation of the polarization plane of a linearly 

polarized light, transmitted through (Faraday) or reflected by (Kerr) a magnetized 

sample. The Kerr effect is more useful for thicker and nontransparent samples or for 

thin films fabricated on thick substrates. The angle of rotation is proportional to the 

amount of magnetization in the direction of incident light.  
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        Sanada et al. [99] studied the transport of optically generated spins in GaAs by 

time-resolved circularly polarized photoluminescence measurements and showed that, 

at low temperatures, the spin polarization after drift transport of 4 μm decreased as the 

applied electric field (E) increases to a few kV cm-1, and it disappeared when the field 

exceeded 3 kV cm-1. However, in a recent theoretical investigation based on a Monte 

Carlo method, Barry et al. [100] showed that, for relatively low-drifting fields up to 1 

kV cm-1, a substantial amount of spin polarization was preserved for several microns 

at 300 K and the spin relaxation rate increased rapidly for fields higher than 1.5 kV 

cm-1 and became almost infinite for E ≥ 2.5 kV cm-1 for the parabolic band.  

        During the last few years, noticeable progress has been made, in particular, on 

the realization of spin current detection in semiconductors. From a vast and rapidly 

increasing literature, the most important result is the observation of the SHE in 

semiconductors, because the SHE has a practical relevance to the field of spintronics, 

where the spin polarization (injection/generation), transport/ manipulation and 

detection are essential. After its first prediction (by invoking the phenomenology of 

the earlier theories of the AHE in ferromagnets, which associated its origin with 

asymmetric scattering from impurities due to spin-orbit coupling) in 1971 by 

Dyakonov and Perel [58,59] this effect was quite rarely mentioned in the literature 

during almost 30 years, until at the beginning of the new millennium a world-wide 

interest in it emerged. The SHE for p-type semiconductors has been predicted by 

Murakami and co-workers [101]. They showed that an effective magnetic field 

originated from the Berry phase makes spin-up and spin-down electrons drift in 

opposite directions and leads to SHE. Sinova et al. [102] predicted a universal 

(independent of the strength of the spin-orbit scattering) spin Hall conductivity 

1/ /(8 )SH SHc e    for a 2D electron gas with a Rashba spin-orbit interaction 

produced by the asymmetry of the potential. The SHE has found experimental proof 

only recently [103-107], after its theoretical re-discovery by Hirsch [108] and 

extension to the diffusive transport regime by Zhang [109]. On the theoretical front, 

the SHE in insulators and its quantized version have also been proposed [102]. 

        The spin-orbit coupling mechanism can also lead to a reciprocal SHE effect, the 

inverse spin Hall effect (ISHE), which was also predicted by Hirsch [108]. When a 

purely longitudinal spin current is applied, the electrons with opposite spins, flowing 

in opposing longitudinal directions, move toward the same transverse side of the 
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sample due to spin-orbit interaction, resulting in a charge accumulation. Valenzuela 

and Tinkham [110] presented a first clear ISHE observation in a diffusive metallic 

conductor at liquid helium temperature (4.2  K). By a nonlocal spin injection into 

metallic aluminum through a FM/NM contact, they observed a finite Hall resistivity of 

order of milliohms over a spin diffusion length of the order of microns. The 

observations of the ISHE have also been reported recently by others (e.g. [111-114]), 

where Kimura et al. [114] observed both the direct (SHE) and ISHE in a platinum 

wire also at room temperature.  

        The SHE in semiconductor systems has attracted a lot of attention in the last 6 

years (since 2004) and been largely studied theoretically [115-127]. As in the case of 

the AHE [128], it has been predicted that the SHE consist of the contribution due to 

an asymmetric skew scattering (SS) [129,130] of charge carriers, the contribution due 

to a side-jump (SJ) [131] that the charge carriers undergo at each scattering event 

(charge carrier changes its trajectory because of a lateral displacement) and the 

contribution not related to scattering, i.e. the intrinsic contribution, arising as a result 

of the band structure [128].  Consequently, evaluation of the intrinsic contribution 

does not require knowledge of the disorder or impurities present in the system. It 

should be mentioned here that there are discrepancies in predictions of the relative 

sizes of the contributions among theoretical research groups [115-127]. As there was 

no marked dependence on crystal structure, the SHE observed in Ref. [103] was 

believed to originate from the scattering mechanisms described above, and is likely to 

be extrinsic. This is in contrast to the intrinsic SHE, observed in Ref. [104], proposed 

initially (for AHE) by Karplus and Luttinger [132] and predicted recently by others 

[119,133-135], which is entirely due to coupling terms in the single particle spin-orbit 

Hamiltonian and independent of any scattering process, which means there may exist 

an intrinsic SHE arising as a result of the band structure even in the absence of 

scattering. 

        This concludes the overview of the very rapidly growing field of spin-dependent 

electronics — spintronics. More details about the techniques used for the injection 

and detection of spin current will be given in sections 1.4.1 and 1.4.3. The overview 

was by no means intended to be exhaustive, as this is beyond the scope of any 

introduction. The scope of current research in the field of spintronics extends beyond 

the topics presented so far. A lot of effort has also been put into observing spin effects 

(spin physics) by experimentalists as well as theorists. As will be demonstrated, the 
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investigations reported in this Thesis contribute to the understanding of the injection, 

transport and electrical detection of electron spin in nonmagnetic semiconductor in 

the absence of any external magnetic field. In addition, a very long-standing 

fundamental physical question, whether it is possible to observe the photo-induced 

AHE in a nonmagnetic semiconductor, will be resolved by the observation of it 

without external magnetic field.    

 

1.3  Spin current  
 

Just as conventional electronic devices require charge currents, spin-based electronic 

(spintronic) devices require spin currents. To give a simple and easily understandable 

explanation of what is meant by a spin current, consider the situations depicted in 

Figure 1.1. In the interest of brevity, the current density and spin current density are, 

respectively, referred to as “current” and “spin current” throughout this Thesis. In a 

conventional electric circuit the number of spin-up and spin-down electrons are the 

same and both species (↑,↓) of electrons move in the same direction under the 

influence of an external electric field (Fig. 1.1(a)). The total spin current sj j j  
  

 

is therefore zero and only the charge current j j j  
  

(where j


and j


are the 

currents of spin-up and spin-down electrons respectively) is relevant [136]. On the 

other hand, when a system includes a circularly-polarized light excitation 

(semiconductor case only) or a ferromagnetic coupling, or is in an external magnetic 

field, the electron spins can be polarized so that the total spin of the system is nonzero 

(Fig. 1.1(b)). The corresponding charge current is then spin-polarized, i.e. j j 
 

, 

although both (majority and minority spin) species of electrons move in the same 

direction, which can give a nonzero total spin current (e.g. in the AHE). As this spin 

current is produced by the motion of spin-polarized electrons, it is typically associated 

with the spin-polarized charge current [137]. A spin current accompanying no charge 

current, often refereed to as pure spin current, can be obtained if one can create an 

ideal situation where spin-up electrons move to one direction while an equal number 

spin-down electrons move to the opposite direction (Fig. 1.1(c)). As there is no net 

charge transfer, the total charge current is identically zero ( j j 
 

) and only a net 

spin current (a current of spins only) exists. As will be detailed later, by the 
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conversion of an electric (charge) current into a (transverse) spin current, the same 

situation happens in the SHE. 

 

 

 

    

             

 

 

 

                   

 

       

Figure 1.1. Schematic representations for (a) the electric (charge) current with 

zero spin current (in a conventional electric circuit), (b) the charge current with 

accompanying a nonzero spin current (spin-polarized charge current) and (c) the 

spin current with no accompanying charge current (pure spin current). 

 

 

        A spin current (Figure 1.1(c)) differs from a charge current (Figure 1.1 (a)) in 

some important ways. For a spin current, the ohmic resistivity is suppressed, as no 

electrons and thus no charges are transported on average. In addition, the spin current 

is invariant under time reversal, i.e. if a clock ran backward, the spin current would 

still flow in the same direction. Furthermore, the spin current is associated with a spin 

flow (angular momentum) that is a vector quantity [138]. This circumstance allows 

quantum information to be transported through semiconducting structures, as in 

quantum optics using polarized light. 

 

1.4  Semiconductor spintronics 

1.4.1  Spin current generation 

 

Possible applications of semiconductor spintronics are based on the generation 

(injection) of a spin-polarized current or spin current in (into) a semiconductor. 

( ) 0,sa j j 
 

( ) , sb j j
 

( ) 0, sc j j 
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Generation of spin polarization usually means creating a nonequilibrium spin 

population. This has been achieved either by optical methods (with different photon 

excitation schemes, such as one- or single-photon excitation [57,139,140], two-photon 

excitation [141-143] and quantum interference of one- and two-photon excitations 

[144]) or by injection from a magnetic semiconductors or ferromagnetic contacts 

(electrical method) [5].  

 

1.4.1.1  Optical method 
 

It has been known for nearly four decades that a spin-polarized carrier population can 

be produced by the absorption of a monochromatic, circularly polarized light beam 

with photon energy above the direct bandgap in a bulk semiconductor, such as GaAs 

[57,140]. In this optical excitation, the circularly polarized photons transfer their 

angular momenta to electrons. The production of a carrier population with a net spin 

by direct absorption of circularly polarized light is a consequence of the optical 

selection rules [mj = 1 for σ±, where σ+ (σ-) for right (left) circularly polarized 

light] for transitions from the heavy-hole (HH) and light-hole (LH) valence bands to 

the conduction band (Fig. 1.2).  Since optically excited hole spin relaxation is 

extremely fast (≤ 100 fs), their polarization is effectively zero and need not be 

considered.  

        For optical excitation of bulk zinc-blende semiconductors with photon energy 

just above Eg, because of the selection rules governing optical transitions from HH, or 

LH, states to conduction band states, + light generates a density of spin-down 

electrons ( ) which is three times the density of spin-up electrons ( ) [since the 

inter-band dipole matrix element of the HH transition is three times stronger than that 

of the LH transition], and vice versa for - light [139,140]. Hence the initial value 

p(0,0) of electron spin polarization, defined as  

n n

 

( , ) ( , )
( , )

( , ) ( , )

n r t n r t
p r t

n r t n r t
 

 






 


  ,                                                                                       (1.1) 
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generated by a + (-) beam in a zinc-blende semiconductor is +0.5 (-0.5) or 50%, 

provided that the photon energy (in the single-photon excitation case) is in the range 

Eg< h < Eg+ (where  is the spin-orbit splitting of the valence band), i.e. low 

enough to avoid exciting carriers from the split-off (SO) band to the conduction band 

(since LH and SO band transitions create the same electron spin orientation and the 

sum of their inter-band transition matrix elements is equal to the HH inter-band 

transition matrix element). Optical excitation with a + (-) light generates spins along 

the direction parallel (antiparallel) to the direction of the light propagation.  

 

 

 

 

Figure 1.2. Optical selection rules for absorption (single-photon excitation): 

selection rules for the transitions from the heavy-hole (HH), light-hole (LH) and 

split-off (SO) valence bands to the conduction band. The allowed transitions for 

+ (mj = +1) and - (mj = -1) are shown by the red and green lines 

respectively, where + (-) for right (left) circularly polarized light. The numbers 

near the lines represent the relative transition probabilities. On the right, the 

diagram of the energy bands of GaAs at 0k   shows the energy gap (Eg) and 

the spin-orbit splitting () of the valence band (VB). The degenerate states 

(energy levels) at  are labelled on the left by their mj quantum numbers. 

The small arrows ↑ and ↓ in the conduction band (CB) indicate the electron’s 

spin orientation. 

0k 

 

 

        By obeying the same selection rules, the reverse is also possible, namely the 

recombination of spin-polarized charge carriers results in the emission of circularly 
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polarized light. Furthermore, if the degeneracy of the HH and LH valence bands is 

removed, for example, by quantum confinement or strain (e.g. in QWs) and if only 

the HH band is excited, 100%  spin-polarized electron populations can be generated 

by following the optical selection rules. A spin-polarized carrier population produced 

in this way will be distributed symmetrically in k


-space in materials with zinc-blende 

symmetry and consequently, there can be no net electrical current without an external 

electric field. Such symmetric populations have been the subject of the work on 

optically generated spin-polarized carries in semiconductors. Major progress in 

studies with the optical spin generation was achieved by Awshalom et al. [13], who 

demonstrated that electrons can retain their spin polarization over unexpectedly long 

times and distances [78]. However, optically generated spin-polarized carrier 

populations can be dragged by an external electric field to create a spin-polarized 

electrical current [78].  

 

1.4.1.2  Electrical method 
 

When electrons from a ferromagnet are injected into a nonmagnetic semiconductor, 

they can retain their spin polarization over a certain distance. The prerequisites for 

this retention of spin polarization are successful spin injection, spin transport within 

the semiconductor with a spin diffusion length of several microns, spin lifetimes 

greater than 100 nm, and finally, successful spin detection. Electrical spin injection 

from a ferromagnet into a semiconductor was first proposed in the Datta-Das spin-

FET [27]. However, the technique in practical devices, known as spin-LEDs, was 

demonstrated more than a decade later [81]. One of the key obstacles that had to be 

overcome in the development of the spin-LED arose from the nature of the contact 

between a ferromagnet and a semiconductor. When a ferromagnetic metal is brought 

into contact with a nonmagnetic metal, the carriers it injects into the nonmagnetic 

metal will be spin polarized. But when a ferromagnetic metal (or indeed any metal) is 

brought into contact with a semiconductor, it forms a potential barrier, known as a 

Schottky barrier. This barrier only allows those carriers with energies greater than the 

barrier to pass over it. Moreover, not only does having sufficient energy enable these 

carriers to pass over the barrier, it enables them to pass back and forth between the 

semiconductor and the metal regardless of their spin direction. This severely limits the 
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spin-selectivity of the contact, and is a manifestation of the so-called 'conductivity 

mismatch' problem, or more precisely, a mismatch between effective resistances in 

the metal and in the semiconductor. 

        Several past attempts, for example using ferromagnetic contacts to Si or InAs-

based QWs, have resulted in modest spin injection effects measured at 1% or even 

below [84,85,145]. Owing to the difficulty of distinguishing spin injection effects 

from stray-field-induced Hall or magnetoresistance effects, such small effects make it 

difficult even to unambiguously confirm spin injection. Spin flip scattering at the 

interface between the magnetic contact and semiconductor host, or the conductivity 

mismatch, appears to be the limiting factor [146]. 

        The solution to this problem is to change the nature of the barrier so that carriers 

are forced to tunnel quantum-mechanically through it, rather than go over it. This is 

done by growing a thin oxide layer or tunnel barrier (TB) between the ferromagnetic 

contact and the semiconductor, which restores the spin-selectivity of the junction and 

enables the injection of spin-polarized currents into the semiconductor. But this comes 

at a cost. In order to drive enough current through the oxide, a considerable bias 

voltage must be applied across the junction. This is not a problem for spin injection, 

but it is for spin detection. The point is that when an accumulation of spin-polarized 

carriers develops in a semiconductor, it is usually small. Despite the oxide between 

the metal and the semiconductor, a smaller Schottky-like barrier will still exist in the 

semiconductor that hinders the tunneling of the lowest energy carriers.  

        In a recent paper, Min et at. [147] reported a radically different approach to 

controlling spin-tunneling resistance in FM/Al2O3/Si structures, using low-work-

function ferromagnet, Gd, inserted at the ferromagnet/TB interface, following the 

results of an earlier investigation in Al2O3/Gd structures [148]. Their approach 

controls the resistance-area (RA) product of a spin-tunnel contact by reducing the 

Schottky barrier. They demonstrated that as the Schottky barrier height of a FM/TB/Si 

contact is determined by the work function (Фw) of the metal, the electron affinity of 

Si and the number of surface states at the Si surface, the Schottky barrier height can 

be reduced using a material with a work function lower  (Фw= 3.1 V for Gd) than that 

of Co (Фw=5.0 eV), Ni (Фw=5.15 eV) or Fe (Фw=4.5 eV), while the material should 

still be ferromagnetic to supply spin-polarized electrons. They have shown that in this 
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way the RA product of FM/Al2O3/Si contacts can be tuned over eight orders of 

magnitude, while simultaneously maintaining a reasonable tunnel spin polarization. 

This raises prospects for Si-based spintronics and introduces a new category of 

ferromagnetic materials for spin-tunnel conatcts in low-RA product applications.  

        Very recently, Lou et al. [149] showed that the conductivity mismatch problem 

can be addressed by heavily doping the semiconductor in the region of the junction. 

This reduces the thickness of the Schottky barrier and increases the number of carriers 

that can tunnel through it, even under the small voltages that develop as a result of 

spin accumulation, making it possible to measure such accumulation. Such a 

possibility was shown at low temperatures; however, room temperature use is 

desirable for possible device applications.  

 

1.4.2  Spin transport and relaxation 
 

Reliable spin transport (i.e. spin transport without spin relaxation or loss of the spin 

polarization) over distances that are comparable to the device dimensions is required 

for practical spintronic devices. However, once an electron spin imbalance is injected 

into (or generated in) a semiconductor, electrons experience spin-dependent 

interactions with the environment, i.e. with impurities, defects and excitations or 

phonons, which cause spin relaxation [5]. Spin relaxation refers to the process which 

brings a nonequilibrium electronic spin population to a spin equilibrium state. Since 

this nonequilibrium electronic spin in metals and semiconductors is used to carry the 

spin-encoded information, which is one of the important steps towards applied 

spintronics and possible future quantum computation, it is important to know how 

long the spin can travel without losing its initial spin orientation, both in distance as 

well as time. The determination of spin-flip rate is extremely important for electronic 

applications, because if the spins relax too fast, the distance travelled by the spin-

polarized current will be too short to serve any practical purpose. The main spin 

relaxation mechanisms for conduction electrons in semiconductors (in the absence of 

magnetic impurities — which can lead to spin-flip scattering also) discussed in the 

literature are the Elliott-Yafet (EY) [150], Dyakonov-Perel (DP) [58,59], Bir-Aronov-

Pikus (BAP) [151] and hyperfine-interaction [152]. From the experimental standpoint, 
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the relative importance of the four mechanisms depends on sample structure and 

experimental conditions (doping profile, sample temperature, etc).  

 

1.4.2.1  Elliott-Yafet mechanism 
 

The EY process derives from the mixing of electron wavefunctions with opposite spin 

states via spin-orbit coupling. In the EY mechanism, the conduction electron spins can 

relax through ordinary momentum scattering, such as by phonons and impurities. In 

solids, the electron wavefunction experiences spin-orbit coupling induced by the 

lattice ions, described by the spin-orbit Hamiltonian [5] 
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0

( )
4SOH V r

m c
  p σ





,                                                                                      (1.2) 

 

where m0 is the free-electron mass, V is the scalar (spin-independent) periodic lattice 

potential,  is the linear momentum operator and σ  are the Pauli spin 

matrices. Owing to spin-orbit coupling, the single-electron Bloch wavefunctions 

(energy eigenstates) in a solid are no longer the eigenstates of the Pauli spin-up and 

spin-down states

i  p 

  and  , meaning that the spin magnetic quantum number is no 

longer a good quantum number. Instead, the Bloch wavefunctions are a mixture of 

  and   states, and are labelled as pseudospin eigenstates. The spin quantization 

axis for those pseudospin states varies with lattice momentum . One of the 

important consequences of this is that the spin quantum state of the electrons is not 

preserved for an elastic scattering event (even for spin-independent scattering). The 

spin relaxation can then be understood as an effective 

k


k


-dependent rotation of the 

pseudospin resulting from the momentum scattering. Whenever an electron is 

scattered and changes its orbital momentum, the possibility of a spin flip exists. As a 

result, the EY spin relaxation rate is proportional to the electron momentum scattering 

rate, which means the more orbital scattering present in the solid, the more rapid the 

spin relaxation. For a III-V semiconductor (such as GaAs), for example, the EY spin 

relaxation (important in metals or narrow-gap semiconductors, such as InSb) is less 

effective, owing to the large Eg and low scattering rate. 
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1.4.2.2  Dyakonov-Perel mechanism 
 

The DP mechanism arises because spin-orbit coupling in semiconductors lacks 

inversion symmetry. In groups III-V (such as GaAs) and II-VI (such as ZnSe) 

semiconductors, the degeneracy in the conduction band is lifted for  owing to 

the absence of inversion symmetry, where the inversion symmetry is broken by the 

presence of two distinct atoms in the Bravais lattice. The inversion symmetry is also 

broken by the presence of asymmetric confining potentials in heterostructures, or by 

applying an electric field. Without inversion symmetry the pseudospin states (the 

momentum states of spin-up () and spin-down () electrons) are not degenerate, i.e. 

, where  is the momentum-dependent electron energy with spin 

(). This resulting energy difference (spin splitting) for electrons with the same 

0k 

k
E E




k
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k k
E E

 
 

k


 

but different spin states plays the role of an intrinsic k


-dependent magnetic field 

(referred to as the effective magnetic field) [57],  
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where CP stands for cyclic permutations, / 2h   is the reduced Planck constant 

and α is a dimensionless, material-specific parameter which gives the magnitude of 

the spin-orbit splitting and is approximately given by  
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 ,                                                                                                        (1.4) 

 

where /( )gE     ,  is the spin-orbit splitting of the valence band, m* is the 

electron’s effective mass and is a constant close in magnitude to free-electron 

mass m0, induced by the presence of the Dresselhaus (due to the bulk inversion 

asymmetry [153]) and Rashba (due to the structural inversion asymmetry [154]) spin-

orbit interactions in a zinc-blende structure, acting on the spin with its magnitude and 

cvm
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orientation depending on , and results in spin precession with intrinsic Larmor 

frequency, , during the time between collisions, according to the relation 

k


( )L k


 

( )k S
 

( ) (k e
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dS

dt






,                                                                                                       (1.5) 

 

where  and / *) (L m h
 

)k S


 is electron spin polarization vector. As the 

momentum scattering randomizes the direction of the effective magnetic field and 

reduces the average precession effect, the DP spin relaxation rate is inversely 

proportional to the electron-momentum scattering rate, which is opposite to the EY 

mechanism.  

        The corresponding Hamiltonian term for spin-orbit splitting of the conduction 

band describing the precession of electrons in the conduction band is 
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H V
m c
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    ,                                                                   (1.6) 

 

In a bulk structure, for example, the spin-orbit Hamiltonian is composed of the 

Dresselhaus term only. The Rashba term appears if the self-consistent potential within 

a heterostructure (e.g. QW) is asymmetric along the growth direction and is therefore 

referred to as structural inversion asymmetry contribution. For n-doped bulk GaAs, 

for example, the DP mechanism is the dominant spin relaxation mechanism.  

 

1.4.2.3  Bir-Aronov-Pikus mechanism 
 

The BAP spin relaxation mechanism arises in the exchange interaction between the 

electron and hole spins. An electron-hole pair recombines and emits a photon. This 

photon is subsequently reabsorbed and creates an electron-hole pair in different spin 

states. The BAP mechanism is similar to that of the DP mechanism since the 

precession angle and frequency diffuse with the fluctuating field produced by 

electron-hole exchange interaction. The spin-flip scattering probability depends on the 

sates of the holes, i.e. whether the hole states are degenerate (DG) or nondegenerate 

(NDG), bound or free, fast or slow. This mechanism is only relevant in 
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semiconductors with a significant overlap between electron and hole wave functions 

[151]. All the abovementioned mechanisms can coexist in particular systems having 

p-doped materials which lack inversion symmetry. The BAP mechanism is dominant 

for heavily-doped systems at low temperature, whereas at higher temperature the DP 

mechanism is dominant. In the BAP mechanism, electron spins flip owing to a 

fluctuating local magnetic field originating in electron-hole exchange interactions in 

p-doped semiconductors. This spin relaxation, being proportional to the number of 

holes, is important in either p-doped or insulating semiconductors at very low 

injection energies. For example, for n-doped materials, as holes are rapidly 

recombined with electrons due to the presence of a large number of electrons, spin 

relaxation due to the BAP mechanism is usually blocked.  

 

1.4.2.4  Hyperfine-interaction mechanism 
 

Besides these three mechanisms mentioned above, spin relaxation can also be caused 

by the hyperfine interaction, which is the magnetic interaction between magnetic 

moments of the electrons and nuclei since atomic nuclei have finite spins [150]. The 

hyperfine interaction provides an important mechanism for ensemble spin dephasing 

or single spin decoherence of localized electrons. The spatial variation among the 

nuclear spins, experienced by localized electrons via the hyperfine interaction, leads 

to electron spin dephasing [138]. In the limit of small orbital and spin correlation 

between separated electron states and nuclear spin states, the spins of the ensemble 

electron dephase inhomogeneously. In a system where a strong orbital correlation 

(electron hopping) or spin correlation (electron-electron exchange interaction) 

between neighbouring electron states is present, the inhomogeneous spin dephasing is 

motionally narrowed, as in the case of DP mechanism. The spin dephasing owing to 

the hyperfine interaction is shown to be important in low-dimensional semiconductor 

structures but rather weak in bulk semiconductors. 

 

1.4.3  Spin current detection 
 

Having established that one can generate spin-polarized carriers in semiconductors 

such that their spin polarization can be retained over a certain length or time scale 

necessary for a practical operation, the next most important issue is to detect (collect) 
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them. The detection of spin-polarized carriers or spin current in semiconductors has 

been obtained either optically or by electrical methods, details of which are presented 

in this section. 

 

1.4.3.1  Optical method 
 

Spin current in semiconductors has been detected optically in various ways and with 

varying degrees of success [5]. These include (i) measurement of the differential 

transmission using a pump-probe technique with the same and oppositely circularly 

polarized pulses, (ii) optical Kerr rotation microscopy, (iii) time-resolved circularly 

polarized photoluminescence or electroluminescence measurement, (iv) optical Hanle 

effect (depolarization of the photoluminescence in a magnetic field perpendicular to 

the spin) measurement and, most recently, (v) spin Hall effect measurement.  

        It is becoming clear [6,103,26] that the SHE has huge potential for spintronics, 

particularly for the generation, control and detection of spin current. The SHE is the 

generation in a paramagnetic system of a spin current perpendicular to a charge 

current generated by an electric field, leading to spin accumulations with opposite 

polarization at the two edges (a transverse spin current following in response to an 

applied electric field in the presence of spin-orbit interaction). On the other hand, the 

flow of a spin current in the same material induces a transverse charge current (i.e. the 

conversion of a spin current into an electric current), which is referred to as the 

inverse SHE (ISHE). In the SHE, the spin-orbit interaction plays the role of the force 

(so-called spin-orbit coupling force, FSO) that deflects like-spin carriers in a 

paramagnetic material, causeing a spin imbalance and resulting in no Hall voltage but 

spin accumulation on the transverse boundaries (Fig. 1.3). Thus, the SHE in a material 

exists with no accompanying Hall voltage.  

        Recently, the SHE has been optically observed to detect the spin current in 

semiconductors, both in bulk and their low-dimensional structures [103-107]. 

Investigators have succeeded in measuring the spin accumulation in nonmagnetic 

semiconductors by optically detecting the spin accumulation at the sample 

boundaries. Kato et al. [103] reported the first experimental observation of SHE-

induced spin accumulation via the magneto-optical Kerr effect in semiconductor 

systems. They spatially resolved the Kerr rotation of the reflected light from n-doped 

bulk GaAs and InGaAs samples and found accumulation of opposite spins at the 
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sample boundaries. Following this measurement, Wunderlich et al. [104] observed the 

SHE for 2D holes by measuring the polarization of light emitted (through the 

detection of photoluminescence) from a p-n junction (LED heterostructure) placed at 

the boundary of a 2D semiconductor system. The SHE in a 2D electron gas was 

observed by Sih et al. [105]. They imaged the SHE in series of 2D electron gases 

within (110) AlGaAs QWs having the crystal orientation in which the Dresselhaus 

and Rashba spin-orbit interactions are separated (the former out-of-plane, the latter in-

plane). Generation of the spin and charge currents due to SHE has been observed in 

GaAs at 80 K using two-colour optical coherent control techniques [106]. Moreover, 

the room-temperature SHE has been observed in Cl-doped ZnSe [107].  

 

 

 

 

Figure 1.3. The spin Hall effect is caused by spin-dependent deflection of 

carriers (carriers with same charge but opposite spin are deflected by the spin-

orbit coupling to opposite sides) and produces no Hall voltage when the numbers 

of deflected spin-up and spin-down electrons are the same but gives rise to spin 

accumulation. Adapted from [108]. 

 

 

1.4.3.2  Electrical method 
 

Electrical detection of spin current can be achieved in different ways, e.g. by 

observations of the direct/inverse spin Hall effect, magnetoresistance, spin-galvanic 

effect and anomalous Hall effect.  

 

1.4.3.2.1  Direct/inverse spin Hall effect 
 

Theoretical studies based on skew and/or side-jump scattering mechanisms 

[5,108,109,155] and on the distinctive band structure in the presence of spin-orbit 

coupling [101,102], and experimental studies on optically detected SHE in 
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nonmagnetic semiconductors, such as GaAs [103,104] and ZnSe [107], have 

stimulated much scientific interest and raised the possibility of SHE-based devices. 

Several experimental and theoretical schemes have been demonstrated to electrically 

detect the SHE and ISHE in metals [110-114,156]. The experimental detection was 

done in nonmagnetic metallic systems by using the non-local spin injection or spin 

pumping technique. For example, Valenzuela and Tinkham [110] reported a 

breakthrough in spin control in a lateral FM/NM metal structure, with the first 

detection by electrical means of the ISHE, where they use a setup known as a tunnel 

junction, consisting of a ferromagnetic electrode (CoFe/Al hybride structure) from 

which electrons, polarized in the direction of the electrode's magnetization, are 

injected into an aluminum strip through a thin intervening insulating layer. This 

injection of spin-polarized electrons creates a spin imbalance in the aluminum strip 

that must be counterbalanced by a flow of spins: a spin current is induced in an open 

circuit where no charge current is flowing. In this region, voltage contacts are laid out 

in a 'Hall cross' geometry, enabling measurement of a transverse voltage. In the 

authors' experimental geometry, the spins must have a component pointing at right 

angles to the plane of the strip for any effect to be observed. And indeed, when they 

applied a magnetic field to force the magnetization of the ferromagnetic electrode into 

a perpendicular orientation, the voltage contacts registered a transverse voltage that is 

the signature of the ISHE. However, the observation is limited only at low 

temperature possibly because of the small spin-orbit interaction of the aluminum wire. 

To induce a large ISHE, or measurable ISHE at room temperature, the material should 

have a large spin-orbit scattering. Platinum is known to have large spin-orbit 

interaction because of the large atomic number. However, the conventional lateral 

structure with nonlocal spin injection is not effective to detect the ISHE because of 

the extremely short spin diffusion length of platinum. There is a report of the ISHE in 

a platinum wire using a spin pumping technique [111]. However, the large sample 

dimension makes it difficult to evaluate the important parameters related to the ISHE 

such as spin-current induced and charge-current induced spin Hall conductivities. 

Recently, a clear observation of the ISHE at room temperature induced in a platinum 

wire by using the spin current absorption technique was reported [114].  The spin Hall 

conductivity of the platinum wire was found to be 104 times larger than that in 

semiconductors.  
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        In a very recent study, Seki et al. [156] fabricated a multi-terminal nonmagnetic 

metallic device consisting of a gold Hall cross and an FePt perpendicular spin injector 

to electrically detect both the SHE and ISHE. In their device, the FePt spin injector 

with perpendicular magnetization generates perpendicularly (z direction) polarized 

spin current flowing in the positive x direction without a perpendicular magnetic field. 

The spin current is deflected at the Au Hall cross, and charge accumulation occurs in 

the y direction, which is detected as the Hall voltage. An advantage of their multi-

terminal device is that the three kinds of Hall effect, i.e. SHE, ISHE and local Hall 

effect, are measured in the same device by simply changing the terminal configuration 

of the bias current and the voltmeter.  

        The potential for generating and detecting spin currents by the direct and inverse/ 

reverse SHE looks promising. For semiconductor systems reported so far, the optical 

detection technique is commonly utilized to measure the SHE because their spin 

diffusion lengths are much larger than the spot size of the laser beam. The electrical 

detection of the direct or inverse SHE in semiconductor systems has never been 

demonstrated up to now. Therefore, an electrical means of detecting the SHE in 

semiconductors still remains a challenge, possibly owing to the difficulties associated 

with the absence of any Hall voltage. A voltage probe of the SHE in a semiconductor 

system with an inhomogeneous electron density profile in the direction perpendicular 

to the direction of main current flow has been theoretically proposed very recently 

[157]. However, this proposal leads to complex semiconductor-based spintronic 

devices, which would be much more difficult to implement in practice than devices 

designed for optical detection.  

 

1.4.3.2.2  Magnetoresistance  
 

Magnetoelectronics, including magnetic tunnel phenomena, is a subdiscipline of 

spintronics dealing with devices that make use of ferromagnetic materials. The basic 

effect of magnetoelectronics is magnetoresistance, which is generally defined as the 

ratio of the resistance of a material in the absence of a magnetic field to its resistance 

in a magnetic field. The most commonly used working definition of 

magnetoresistance ( /R R ) in the spintronics literature is 
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/ ( ) /R R R R R     ,                                                                                         (1.7) 

 

where R  and R  are the resistances measured for antiparallel and parallel 

alignments of the magnetizations in two adjacent magnetic layers. The use of half-

metallic electrodes in spin valves or in magnetic tunnel junctions results in a 

pronounced increase in the magnetoresistance. A tunnel junction is a device in which 

a pinned magnetic layer and a free magnetic layer are separated by a very thin 

insulating layer, commonly Al2O3. The effect is based on the tunnelling of electrons 

through the insulating barrier and is called tunnel magnetoresistance, TMR.  

        Early investigations of spin-dependent tunnelling were performed by Tedrow 

and Meservey [60], Jullière [61], and Maekawa and Gäfvert [158] in the 1970s. It was 

only twenty years later, however, that the first large TMR effect at room temperature 

was observed by Moodera et al. [62] and Miyazaki and Tezuka [159]. In the Jullière 

model [61], the TMR of a junction is related to the spin polarizations, defined by 

equation (1.1) with  as the density of the majority (minority) electrons at the 

Fermi energy, of the two electrodes, p1 and p2, via 

( )n n 

 

1 2 1 2/ 2 /(1 )R R p p p p   .                                                                                        (1.8) 

 

Although the Jullière model is a simple approximation for the tunnel effect, it is 

commonly used to estimate the spin polarization of electrodes. A large change in the 

electrical resistance in response to an applied magnetic field is of technological 

relevance for the development of magnetic sensors and memories. High spin 

polarization is required for a large TMR. The largest TMR (1800%) yet reported, was 

measured at 4 K by Bowen et al. for a tunnel junction with a perovskite manganite 

electrode [160]. This value corresponds to an electrode spin polarization of at least 

95 %.  

        An all-electrical interfacing scheme necessitates the use of ferromagnetic 

contacts, because in ferromagnets there is an intrinsic unbalance between spins 

aligned parallel or antiparallel to their magnetization direction. They can therefore be 

used as electrical spin injectors and detectors. The spin accumulation generated by 

spin injection can be detected directly by voltage measurements and the first 

experiment of this type was reported for a metal by Johnson and Silsbee [67]. One 
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early example of all-electrical semiconductor spintronic devices able to combine spin 

injection and detection is the Datta-Das spin-FET [27], where a direct ferromagnetic 

contact (without a TB) is used to inject the spin-polarized carriers into the 

semiconductor. As discussed in section 1.4.1.2, a direct contact of a ferromagnetic 

metal on a semiconductor in the diffusive transport regime gives a series circuit with a 

very small spin-dependent ferromagnet resistance and a very large spin-dependent 

semiconductor resistance, resulting in almost zero spin asymmetry in the 

semiconductor [44]. Another recent proposed device is the spin metal-oxide-

semiconductor FET (spin-MOSFET), a gate-controlled magnetoresistive device with 

a semiconductor channel and a ferromagnetic source and drain, in which the channel 

conductance can be modulated by the relative alignment of the source and drain 

magnetizations [161]. Although various approaches for tunneling of the spin-

polarized electrons through a TB into a semiconductor have been proposed [147,149], 

the conductivity mismatch problem remains a major concern for successful electrical 

detection of spin polarization. 

 

1.4.3.2.3  Spin-galvanic effect 
 

The microscopic origin of the spin-galvanic effect is an inherent asymmetry of the 

spin-flip scattering of electrons in systems with removed spin degeneracy of the band 

structure due to k-linear terms in the Hamiltonian. The spin-galvanic effect is caused 

by asymmetric spin-flip scattering of spin-polarized carriers and it is determined by 

the process of spin relaxation. If spin relaxation is absent, the effect vanishes. The 

effect in low-dimensional electron systems (n-GaAs/AlGaAs and GaAs single 

heterojunctions) at room temperature as well as liquid helium temperature has been 

observed by generating spins optically using circularly polarized radiation at normal 

incidence [162]. Depending on the angle of excitation, the (spin) photocurrent 

observed in the optically induced spin-galvanic effect occurring in zinc-blende-

structure-based QWs may contain a contribution from other spin-related effect, the so-

called circular photogalvanic effect, rarely mentioned in the literature [163]. In 

contrast to the spin-galvanic effect, the circular photogalvanic effect is the result of 

selective photoexcitation of carriers in k


-space with circularly polarized light 

determined by to optical selection rules. If, for example, we irradiate an (001)-

oriented QW by oblique incidence of circularly polarized radiation, we obtain both 
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selective photoexcitation of carriers in k


-space and an in-plane component of 

nonequlibrium spin polarization. Thus, both effects contribute to the current occurring 

in the plane of the QW. The normal incidence, where the circular photogalvanic effect 

is absent, induces a photocurrent owing purely to the spin-galvanic effect. An 

optically generated (ballistic) spin current can also be detected by simple photocurrent 

[164] or spin-polarized (transient) current gratings measurements [165]. However, 

these techniques are not convincing for the realization of practical devices with 

electrical detection. 

 

1.4.3.2.4  Anomalous Hall effect 
 

The AHE, observed in ferromagnetic metals almost since the discovery of the 

ordinary Hall effect by Hall [166,167], is the result of spin-dependent deflection of 

spin-polarized carrier motion, which produces a Hall voltage proportional to the spin-

polarization, i.e. the magnetization, and spin accumulation at the sample boundaries. 

Although the AHE in magnetic materials has been known for a long time, it has 

recently attracted renewed attention because of its close theoretical connection to the 

SHE and the rapidly growing interest in spin-dependent transport phenomena or spin 

transport in general [168]. In addition, the AHE has been used in demonstrating the 

existence of a ferromagnetic state in several semimagnetic (diluted magnetic) 

semiconductors while searching for materials for possible applications in spintronics 

[169]. Recently, the AHE has been proposed to be a useful tool for electrically 

detecting spin current in paramagnetic materials or semiconductors. It was predicted 

that a Hall voltage can be generated in the material when a spin-polarized current is 

injected into it [108]. 

        The AHE is a spin-dependent transport phenomena. The proper understanding of 

the effect, that is, of that part of the transverse resistivity which depends on the 

magnetization, is still a challenging problem in semiconductors. However, it has been 

generally recognized that the spin-orbit interaction is responsible for the effect, and 

owing to this interaction, electrons with their spin polarization parallel to the 

magnetization axis will be deflected at right angles to the directions of the 

longitudinal electric current and of the magnetization while electrons with antiparallel 

spin polarization will be deflected in the opposite direction via the skew scattering 
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and side-jump. Thus, if the populations of spin-up and spin-down electrons are 

unequal, there appears a net current in the transverse direction. 

 

 

 

 

Figure 1.4. The anomalous Hall effect is the result of spin-dependent deflection 

of carrier motion (owing to spin-orbit coupling in the presence of spin 

polarization), which produces a Hall voltage and spin accumulation at the sample 

edges. 

 

 

        In the ordinary Hall effect, the Lorentz force causes a charge imbalance by 

deflecting like-charge carriers towards one boundary of the sample, creating a voltage 

transverse to the applied electric and magnetic fields. In the AHE, the spin-orbit 

coupling force FSO deflects like-spin carriers to one boundary and opposite spins to 

the other boundary, which causes a spin imbalance as well as a charge imbalance and 

results in a Hall voltage and a spin accumulation (Fig. 1.4). As an external magnetic 

field is used to observe the AHE, the total Hall resistivity (ρH) of a magnetic material 

can be expressed as a sum of the two terms: 

 

4H OH AHR B R m                                                                                                 (1.9) 

 

(in cgs units), where ROH = (ens)
-1 is the ordinary Hall coefficient and RAH is the 

anomalous Hall coefficient. The first term (the ordinary Hall resistivity, ρOH = ROHB) 

is the Lorentz force acting on the charge carriers, is present in nonmagnetic materials 

as well as semiconductors and is proportional to the magnetic field B, and inversely 

proportional to the charge per carrier (e) and the sheet density of carriers (ns). The 

second term is the anomalous (ρAH) contribution, is a characteristic of the magnetic 
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state of the material and is proportional to the magnetization (m). The anomalous Hall 

coefficient RAH  may be expressed as  

         

2
AH L LR a b   ,                                                                                                    (1.10)                               

 

where ρL is the longitudinal resistivity and a and b are constants. The linear and 

quadratic terms in ρL are the skew scattering and the side-jump contributions, 

respectively.  

        While the ordinary Hall effect results from the Lorentz force, the AHE is caused 

by spin-orbit coupling in the present of spin polarization (i.e. imbalance in the 

population of carriers with up and down spins) or magnetization. In a ferromagnetic 

metal, the presence of a spontaneous magnetization leads to the AHE. For a 

nonmagnetic semiconductor, there is no spontaneous magnetization, so one needs to 

apply a sufficiently large magnetic field to polarize the carriers, and the effect consists 

of two contributions: the ordinary one and an AHE, as in the case of ferromagnetic or 

magnetic materials. There is an experimental report for the observation of the AHE in 

InSb at low temperature [170]. In this nonmagnetic semiconductor (with a small 

energy gap), polarization of the conduction electrons was achieved by the application 

of a large external magnetic field. The spin-dependent Hall effect (AHE) was 

separated from the much larger ordinary Hall effect by magnetic resonance of the 

conduction electrons [170].  

        If one, however, can generate a spin-polarized current (unequal spin populations) 

in a semiconductor such that it can be sustained on the required length or time scale, 

one could observe the AHE.  In the presence of a generated spin-polarized current, the 

nonmagnetic semiconductor could behave more like a ferromagnet as far as, or as 

long as, the transport maintained a reasonable spin polarization.    

 

1.5  Thesis outline 
 

Circularly polarized light breaks time-reversal symmetry, which can lead to spin and 

charge accumulations. The central question to be addressed in this Thesis is whether 

one can experimentally observe the AHE by generating a spin-polarized current 

optically, without an external magnetic field, in a nonmagnetic semiconductor. The 
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effect which one would observe in this way is the pure AHE ( 4AH AHR m  cgs), i.e. 

without any contribution from the ordinary Hall current (ROHB = 0) and this can be a 

probe for the electrical detection of spin current in nonmagnetic semiconductors. To 

help interpretation of such experiments, this Thesis reports a theoretical investigation 

using norm-conserving pseudopotential and Green function formalism to analyse the 

spin-orbit mechanism responsible for the photo-induced AHE voltage (VAH) in 

nonmagnetic semiconductors.  

        Another key question to be addressed is whether one can measure the spin 

diffusion length in semiconductors electrically, which is desirable for device 

characterization. As a mathematical expression for the spin-polarized-current induced 

anomalous Hall voltage in nonmagnetic semiconductors and in the drift-diffusion 

regime has been absent in the literature, there is an attempt to derive it in order to 

compare with the experimental data. Ohmic contacts in spintronic devices studied so 

far have been made using a combination of both magnetic and nonmagnetic contact 

materials. This Thesis also documents an effort to find the “recipe” for obtaining 

transparent contacts using nonmagnetic contact materials for the devices.      

        The detailed structure of this thesis is as follows. 

        Chapter 2 presents a theoretical consideration of spin transport in 

semiconductors, based on the two-component drift-diffusion model. An expression 

that relates the drift-diffusion crossover field to the intrinsic spin diffusion length of a 

semiconductor for all electron statistical regimes is derived. On the basis of this 

model, a derivation is also given of the AHE arising from the injected spin current and 

an experimental route to the electrical detection of spin current and spin diffusion 

length in a semiconductor is demonstrated. For the possible enhancement of the 

diffusive part in the AHE, DG and NDG cases are considered.  

        Details of the semiconductor (GaAs) device design, fabrication and 

characterization are given in Chapter 3.  As special emphasis has been placed on 

ensuring that the devices contained highly transparent contacts without nonmagnetic 

contact materials, a systematic study undertaken to find out the best conditions for 

fabricating them is reported. The growth conditions as well the contact materials are 

evaluated.  

        Chapter 4 reports the experimental findings. The spin polarized electrons 

generated by circularly polarized light were dragged by an external electric field and 

 33



the AHE was observed without external magnetic field in the devices. The influences 

of applied bias, circularly-polarized photon exciting energy, pumping power and 

sample temperature were studied. The results obtained in the optically induced-AHE 

are discussed in comparison with a quantitative evaluation (from both measured and 

calculated drift velocities) of the DP spin lifetimes and spin relaxation frequencies of 

the photogenerated electrons in GaAs. In a further experiment, spin transport in the 

diffusive and drift-diffusion crossover regimes was studied, which enabled an 

estimate to be made of the drift-diffusion crossover field (E×) and the intrinsic spin 

diffusion length (D0) in the NDG regime. A time-resolved pump-probe polarization 

investigation was performed to measure the spin polarization in GaAs. The spin 

polarization of conduction band electrons was measured as a function of pump-probe 

delay, temperature, doping density as well as of the excitation photon energy. A 

calculation for the AHE is performed using the measured spin polarization.  

        Chapter 5 deals with a theoretical study using norm-conserving pseudopotential 

and Green function formalism to investigate the transport process and analyse the 

spin-orbit mechanism responsible for the photo-induced Hall voltage in experimental 

devices. The study explores more precisely the influence of doping on the spin-space 

distribution (spin-polarized subsystem) in the presence of an external axial-like 

potential and Si dopants causing n-type carrier conductivity in GaAs. 

        Finally, a summary is presented in Chapter 6. The summary draws an overall 

conclusion and includes suggestions for further investigations. Appendix A lists 

refereed journal papers and book chapters published during the course of my 

spintronics project.     
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Chapter 2   Theoretical investigation 

 

 

2.1  Introduction 
 

Detailed spin transport parameters in semiconductors have still not been thoroughly 

studied. To fully understand the spin transport and to successfully implement new 

device concepts, substantial research in this area is required. The diffusion equation 

for the electrochemical potential has been widely used to model spin transport in 

semiconductors [1-4]. In spin transport studies of semiconductors in the diffusive 

regime, the spin polarization is usually assumed to obey the same diffusion equation 

for the electrochemical potential as that used to describe its diffusion in metals, where 

there are no electric-field effects and the spin polarization decays exponentially on a 

length scale of the intrinsic spin diffusion length from the point of spin generation or 

injection. In semiconductors, in contrast to metals, the field remains partially 

unscreened. Thus, it is necessary to study the spin transport in the drift-diffusion 

regime. 

        In this Chapter, a more general drift-diffusion equation that takes into account 

electric-field effects and both NDG (Boltzmann) and DG (Fermi-Dirac) electron 

statistics has been derived. Using this drift-diffusion model, it is shown that the 

extension of the spin diffusion length by a strong electric field does not result in a 

significant increase in spin current in semiconductors owing to the competing effect 

of the electric field on diffusion, which is a refinement of the finding by Yu and Flatté 

[5] and by others [6-8]. It is found that there is a drift-diffusion crossover field for a 

process in which the drift and diffusion contribute equally to the spin current. 

Relations between the drift-diffusion crossover field and the intrinsic spin diffusion 

length of a semiconductor for all electron statistical regimes are obtained. The AHE 

arising from the injected spin current is derived on the basis of the drift-diffusion 

model and a useful tool is demonstrated for the electrical detection of spin current and 
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spin diffusion length in a semiconductor. For the possible enhancement of the 

diffusive part, DG and NDG cases are considered.  

        The contents of this chapter have partly been presented in [9-11]. 

 

2.2  Spin transport model 
 

The continuity equation that takes into account spin relaxation is given by 
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where δ is the spin index (δ  spin-up or ↑, - δ  spin-down or ↓) and , ( ) ( , )n r 


, ( ) ( )Ej r 

 
 and ( ),s   denote, respectively, electron density, current and spin 

relaxation time with spin δ(-δ). Assuming that there is no space charge and that the 

material is homogeneous, the expression for the current density of a spin species, 

including both drift and diffusion contributions, can be written as 

 

, ( ) , ( ) , ( ) ( )( ) ( , )E E dj r c E eC n r t            
   

,                                                           (2.2) 

 

with , ( ) ( ) , ( )E Ec en        , where , ( ) ,E     , ( )Ec   and , ( )dC    are the mobility, 

Drude conductivity and diffusion coefficient for carriers with spin δ(-δ). It is assumed 

that the transport is unipolar (n-type semiconductors). In this case, the electron-hole 

recombination can be neglected. Note that for a homogeneous semiconductor system 

without space-charge, n n   should be balanced by a local change of hole 

concentration [12]. However, in doped systems, spin density or spin polarization can 

be created without changing electron or hole concentration and therefore .   

Applying this local charge neutrality constraint carefully, we obtain from Eqs. (2.1) 

and (2.2)   

0n n  
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where it is assumed that the mobility and diffusion coefficient are equal for spin-up 

and spin-down electrons ( , ,E E       and , ,d dC C C  d  ) and 

,1/ 1/ 1/s s s ,      . Defining the spin density as ( , ) )S r t t( , ) ( ,n r t n r  
  

, one 

now obtains from Eq. (2.3) 
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where  is the intrinsic spin diffusion length. Equation (2.4) is a drift-

diffusion relation for the spin density. 

1/ 2
0 ( )s dD C

 

 

 

Figure 2.1. A schema of the system under investigation. Spin-polarized electrons 

are injected into the device with the spin polarization along either z or –z. The 

electric field is applied longitudinally ( ˆE y

 ). The Hall probes are placed 

transverse to the device. 

 

 

        Consider the semiconductor device depicted in Fig. 2.1, in which  the electric 

field is applied longitudinally, in the negative y-direction, and we take x to be the 

transverse direction, with slab boundaries at / 2x H   and / 2x H  . Here, leaving 
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aside the problem of spin generation/ injection, the focus is on spin transport inside 

the semiconductor, via the local spin polarization and its electrical detection via the 

AHE effect. Suppose that a continuous spin unbalance is injected (or generated) at the 

left of the device at y = 0, with the spin polarization axis taken to be either z or –z. 

From the experimental standpoint, such a spin polarization can be created locally in 

the bulk of a semiconductor by, e.g. using ferromagnetic-metal scanning tunnelling 

microscopy tips, or by optical excitations, as discussed in Chapter 1, where the 

excitation with a σ- (σ+) light generates spins along z (-z) in Fig. 2.1. 

        Once an electron spin imbalance is injected into a semiconductor, electrons 

experience interactions with the environment. As their interactions are spin-

dependent, they can cause spin relaxation. While the total current is conserved when 

the carrier electrons propagate through the device, the spin density or polarization 

decreases as the distance from the point of injection increases and the length scale 

associated with this decrease is governed by the spin diffusion length, which can be 

obtained from the steady-state  [ ( ) / / 0n n t S t        ] solution of Eq. (2.4). 

The one-dimensional solution for injection in the positive y-direction is found as            

 

 2 2
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where /(2 )E E dE C 

(0) (0) (0n n   

 and Λ is a constant of integration to be determined by the 

initial conditions. If the spin density at the injection point, , is 

, then 

0y 

0 )S S  0S   and Eq.  (2.5) becomes 
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The quantity   1
2 2

01/E EE
D D 


    is the spin diffusion length, i.e. the distance over which 

the carriers move within the spin lifetime τs in the downstream direction (in the 

presence of the electric field). In the absence of the electric field ( 0 0E   ), DE is 

equal to D0. As can be seen, for sufficiently high fields (or current densities), the spin 

density or polarization can be transported over distances significantly exceeding D0. It 
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will, however, now be shown that extension of the spin diffusion length in this way 

does not translate to a significant increase in spin current owing to the competing 

effect of field on diffusion. 

        The relation between the position dependences of the spin current and the spin 

density or spin polarization can be obtained from Eq. (2.2): 

 

( ) ( ) ( ) ( ) ( ) ( ) ( )s E d E dj r j r j r e E C S r en E C p r          
         

E

 ,                       (2.7) 

 

where the total charge current is 
,,( ) ( ) ( ) ( )

EE E Ej r j r j r e n n E en E
    

     
     

. 

The expression for the spin current in terms of the spin polarization becomes 

 

 2 2
01/2 2

0 0 ˆ( ) ( 1/ ) e
E ED y

s E d E Ej y p en E enC D y
 

  
     

 
 ,                                (2.8) 

 

where
 2 2

01/

0( ) e
E ED y

p y p
   

 .                                                                                (2.9) 

 

2.3  Anomalous Hall effect 
 

To derive the anomalous Hall voltage corresponding to the injected spin current in the 

drift-diffusion regime, one starts with the following expression for the current density  

 

, ( ) ( ) ( ) , ( ) ( )( ) ( ) ( ) ( )E AHj r c E r c E r                  
    

,                                         (2.10) 

 

where , ( )AHc   is the anomalous Hall conductivity for spin ( )  . Equation (2.10) 

can be obtained from the approximate form of the Boltzmann equation for the 

relaxation time of each spin species in ferromagnetic metals by inserting the 

distribution function as a sum of equilibrium and nonequilibrium distributions [13], 

 

( ) 0 0 ( ) ( )( , ) ( ) ( / )[ ( ) ( , )]Ff r v f v f e r r v            
     

                                      (2.11) 
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Including a spin-dependent (anomalous) velocity contribution, , ( )AH   


[14] to 

account for the spin-orbit scattering in the definition of the current [15], one finds for 

the current 

 

 3 3
, ( ) ( ) , ( )( ) (1/ 2 ) ( , ){ ( )}Ej r d vf r v v v        


AH 

     
,                                         (2.12) 

 

where , ( ) ( )( ) ( )AH v v         
  

, ( ) , ( )* /so sm        and so  is the spin-orbit 

coupling parameter, whose magnitude depends on the detailed band structures as well 

as scattering mechanisms [16]. The separation of the nonequilibrium distribution 

function into two [terms in the square bracket of Eq. (2.11)] allows the derivation of a 

spin-dependent electric field via  E ( ) ( )( ) ( )r r     
  

. The spin-dependence of the 

electrochemical potential ( ( )   omes from spin accumulations and has been 

studied extensively [17,18] in ferromagnetic multilayers. By using  

 and assuming a spherical isotropic Fermi surface, one finds 

) c

( ) ( , ) 0r v dv 
  

( ) ( )( ) ( , ) /E r v r v e

  

( )        
   



agnet, 


, and by using this in Eq. (2.12), after some algebra, 

one obtains Eq. (2.10). Although Eq. (2.10) is derived for ferromagnetic metals, as is 

understood below, it is also valid for nonmagnetic materials when the longitudinal 

current is spin-polarized. In a ferrom , ( )AH   


 corresponding to the 

spontaneous magnetization for each spin species δ(- s to , ( )AHcδ) lead   . In a 

nonmagnetic semiconductor, there is no spontaneous magnetization. However, in the 

presence of a spin-polarized longitudinal current, the nonmagnetic semiconductor 

would behave more like a gnet and , ( )AHcferroma    would ariseowing to the 

transverse charge and spin accumulations.   

        The boundary condition (the transverse open-circuit condition) requires that the 

current for each spin channel must vanish at the boundaries. Taking the longitudinal 

( ) and transverse ( ) components of the current density in the y- and x-directions 

for two spin channels from Eq. (2.10), and using the 

 

  open boundary condition, one 

obtains  
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 2 2
01/2 20

02 2
( ) ( 1/ ) e

( )
E ED y

AH
AH E d E E

E AH

p c H
V y en E enC D

c c

 
  

        
 ,             (2.13) 

where it is assumed E

 

that c , ,E Ec c   , , ,AH AH AHc c c    and 

, ,( ) { ( ) ( )}/ 2E y E y E y      . Here ( ) ( )AHV y HE y , where H is the distance 

between the Hall contacts. The experimental dependence of VAH on distance, Eq. 

(2.13), at the drift-diffusion crossover evidently constitutes a useful tool for the 

ectrical detection of spin diffusion length in semiconductors. 

two current c

el

 

2.4  Drift and diffusion contributions 
 

It is very interesting to note that the spin current [Eq. (2.8)] or VAH [Eq. (2.13)] has 

ontributions. The first term in the square bracket of Eq. (2.13), 

ˆE Ej en Ey 


, corresponds to the total drift current density and the second term to 

e total diffusion current density,  

 

th

 2 2
0 ˆ1/D d E Ej enC D    


y ,                                                                           (2.14) 

 

both terms contributing additively to the total spin current ( )sj y


 since they are in the 

same direction along -y. The total spin current density is therefore  

 2 2
0ˆ( ) ( ) ( ) [s E D E ˆ1/ ] ( )d E Ej y j j p y en Ey C     D y p y  

  
,                      (2.15)                               

where ˆE Ey 


. Dj  decreases with E while jE increases and if one defines a drift-

diffusion crossover field E× by the condition that spin drift and spin diffusion 

mechanisms contribute equally to the spin current, 

 

 2 2
01/E d Een E enC D E 

    


,                                                                     (2.16) 

one obtains 
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02dC D 
  E E .                                                                                                    (2.17)                               

 

        Equation (2.17) is very important because it relates the drift-diffusion crossover 

field to the intrinsic spin diffusion length. As will be shown, for example, for a NDG 

semiconductor, the E× is a function of only intrinsic spin diffusion length and 

temperature. Equation (2.17) shows that D0 in a semiconductor can be calculated 

directly from E× if one can measure E×.  
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Figure 2.2. Drift current and diffusion current (reduced by the quantity neCd) in 

the down-stream direction as a function of electric field and temperature, 

calculated for GaAs, showing the crossover field, where the spin drift and 

diffusion contribute equally to the spin current. 

 

 

        When E is very large ( 01/E D  ), 2 2
01/ 0E D   E , and the diffusion 

current is zero, so that only the drift current contributes to the spin current 

( ˆ( ) ( )s Ej y en Ep y


 y ). This point is shown in Fig. 2.2, where ' /( )E E dj j neC  and 

/( )D D dj j neC  , calculated for GaAs with D0 =2 μm [24] in the NDG regime, are 

plotted as a function of electric field and temperature. It is also seen from Fig. 2.2 that 
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the diffusion current decreases with the electric field while the drift current increases, 

and that there is a drift-diffusion crossover field at a given temperature, which 

suggests a possible method of identifying whether the process for a given field is in 

the spin drift ( ) or spin diffusive (E E E E ) regime. Since E× is quite small, in 

order for the diffusion contribution to become significant, E must therefore be weak 

(i.e. the spin diffusion regime is within the low-field regime of the spin transport), but 

not beyond the fields under which spintronic devices can realistically operate [19]. 

The spin current at the drift-diffusion crossover ( E E ) becomes 

 

  2 2
0 ˆ( ) 1/ ( ) 2 ( )d E E EE E

ˆ ˆE
E E

2s Ej y en C D j y en E p y y  



    Ey  y



   


 
.                               

(2.18) 

 

2.5  Anomalous Hall effect in degenerate systems 
 

In order to quantify the required conditions for enhancement of the diffusion 

contribution, the relationship between the mobility and the diffusion coefficient is 

considered. Since the diffusion and mobility of both spin and charge in doped 

semiconductors are approximately determined by the properties of a single (spin) 

carrier species, specifically, the lower-conductivity spin species (usually the minority 

spins; here –δ) [20], one can relate the diffusion coefficient to the mobility through 

the expression derived for the –δ species. Thus, for the electron diffusion coefficient, 

one obtains 

 

0

( /

s

s

N f

N f
0

)

E
d

d
C

e d



 


  





 

 


2.19) 

                 



 



               

,                                                                            (

            

where ( )sN  is the density of states fo nority spin with energyr the mi  , measured 

from the bottom edge of the conduction band for the spin  , whi for a bulk 

parabolic band is 

ch 

3 2( ) ( 3 / ) 2 /sN       , ( )f   is the Fermi-Dirac (FD) 
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 and 1( )Bk T distribution function . Here it is again assumed that ,E E    and 

,d dC C  . For DG system ) can be approximated [21] as  s, Eq. (2.19

 

1

( )

( )
l rfE

d
l rf


C

e 



 .                                                                                                  (2.20) 

 

ereH  0,( )rf f        is the reduced Fermi level, is the bo  the ttom edge of0,  

conduction band for the spin  , f is the Fermi leve  ( )l rfl and   (l = ±1/2) are in 

general the FD integrals  

 

1
( 1) 0

( ) [1 exp(l
l rf l

1)]rfx x d  

1( )l rf l

x


                                                                   (2.21) 

 

)



( ) ( / ) (l rf rf rfd d    

e Fermi integrals

tals, where FD 

with  . The FD integrals of order ±1/2 are called 

e Fermi integrals. Th  are widely used in problem ning 

onductors and me stat

th s concer

semic istics is involved.  

        The expression for VAH for DG systems can be written as  

 

 2 2
( ) ( )AH

AH E D

Hc
V y j j p y                                                 

( )E AHc c
         22)  

 

with   

                (2.

 

2

0 1

( )

2 (
l rf

l rf

2

) 2
E E E

D

j c j
 

 
  
 

j
e D 

   
 


 ,                                                                (2.23) 

 

where

 

E E Ej c E en E   and l

ly drift, drift-di

 = 1/2. Equation (2.22) is now considered in the three 

ansport regimes, name ffusion crossover and diffusive regimtr es.  

 

2.5.1  Drift regime 
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By neglecting the diffusive term, Eq. (2.22) for the initial density of spin polarization 

p at y = 0) can be approximated as (

 

0
2 2( )

AH E
AH

E AH

p c j H
V

c c
 ,                                                                                                   (2.24) 

 

where . 

.5.2  Drift-diffusion crossover regime 

crossover 

E E

 

2
  

Equation (2.22) with p = p0 at the drift-diffusion ( E E ) can be written as 

 

0 0

2 2 2 2

2 2

( ) ( )
AH E E AH

AH
E AH E AH

c j p H c c E p H
V

c c c c
 

 

 
 

,                                                                    (2.25) 

 

where E Ej c E
    and E Ec en

 
 . Combining Eq. (2.25) with Eq. (2.17), one obtains 

 

0
2 2

0

2

( )
AH d

AH
E AH

nec p C H
V

D c c





.                                                                                          (2.26) 
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Figure 2.3. The ρrf as a function of carrier density for various temperatures. The 

G-NDG crossover regime ( 1rf  ) is indicated by the black solid line.  D
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Figure 2.4. Temperature dependence of DG-NDG crossover density (i.e. 

e carrier density forth 1rf  ) extracted from Fig. 2.3.  

 

 

.5.3  Diffusive regime 

p = p0 can be approximated as 

2
 

In the diffusive regime, Eq. (2.22) for 

 

0
( )1 l rfAH Ec c p H E

V
 

 


,                                                                (2.27) 
2 2

0 1( ) 2 ( )AH
E AH l rfc c e D 

   

 

where . Equation (2.27) is the expression for VAH for a DG system, in general, 

 the sive regime. The Fermi integrals 

E E

 diffu ( )l rfin  can be evaluated analytically in 

two lim ses [22,23]: (1) when 1iting ca rf  , ( ) exp( )l rf rf  , which applies to the 

Maxwell-Boltzmann statistics and suffices  description of electronic and 

transport properties of the NDG syst  limit, and Eq. (2.20) 

gives simply the Einstein relation / 1d Ee C

for the

s, or in the lowem -density

   . Now, VAH [Eq. (2.27)] for the NDG 

electron statistics reduces to 
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                                      (2.28) 

 

nd (2) whena  1rf  , which is the case for the highly degenerate (HDG) systems, 

1
( 1)

l
rfl l

1( ) ( 1)l rf  
  

emperat

 . Figure 2.3 shows the plot of ρrf  as a function of carrier density 

ures, where the intermediate or DG-NDG crossover regime 

( 1rf

for various t

  ) is also shown. The DG-NDG crossover density (n×) for a temperature is 

defined as the density for which 1rf  . The dependence of n× on temperature is 

shown in Fig. 2.4.  
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Figure 2.5. )1( ) / (l rf l rf   , calcu ted for GaAs with la =0.067, as a 

 

      The expression for Cd [Eq. (2.20)] for HDG systems reduces simply to 

function of electron density for T = 2 K.  

 

  

2 2 2 /3(2 / 3) / (1/ 3) (3 ) /( * )d E rf EC e n m e      , which shows that HDG NDG
d dC C . 

1/l lThis can also be seen from the Fig. 2.5, where     ( 1  for HD  

plotted as a function of electron density for T = 2 K [Eq. (2.20)]. Given that diffusion 

G systems) is

 55



is considered to be driven by a gradient in the chemical potential, caused by the 

increase in carrier density, this result can be seen as a consequence of the faster 

increase of chemical potential with density owing to the Fermi pressure because the 

Fermi energy strongly depends on the carrier density.  

        Expressions for the intrinsic spin diffusion lengths of a semiconductor in 

different electron statistical regimes can be obtained as  

 

1

2 2 2/
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e mE

NDG
e E


















 










3

,                                                                         (2.29) 

where   (=m*/m0) is the ratio of the Г valley effective electron mass to the free 

ffusion coefficient for HDG systems in Eq. (2.27), 

electron mass. For HDG systems, D0 is independent of temperature. Equation (2.29) 

shows that D0 can be determined from E× if the temperature, electron density and both 

the temperature and electron density, respectively, are known for the NDG, HDG and 

DG systems. As can be seen, the intrinsic spin diffusion length in a NDG system is 

linearly dependent on temperature for a drift-diffusion crossover field. To see the spin 

diffusion length in dependence of the crossover field for DG systems, D0 is plotted as 

a function of E× for HDG (Fig. 2.6) and DG (Fig. 2.7) systems. It can be seen that D0 

for a given E× increases with electron density and decreases with temperature. The 

results are consistent with those reported in Refs. [24,25], where it was found that 

moderate n-doping and low temperature yield significantly extended electronic 

polarization or spin lifetimes. 

        Inserting the value of the di

one obtains  

 

2 2 2 /3
0

2 2
0 0

1 (3 )

( ) 2 3
AH E

AH
E AH

c c p H E n
V

c c e D m




 
  




,                                                                  (2.30)      
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igure 2.6. D0 versus E×, calculated for GaAs for different electron F

densities (HDG systems). Insert: E× as a function of electron density, 

calculated for GaAs with D0 = 2 μm. 
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Figure 2.7. D0 as a function of Ex for different temperatures (DG systems). 

 

      The condition

 

 HDG NDG
d dC C   suggests a possible method of enhancing the spin 

current or VAH. An increase in E will increase the drift current but in principle will 
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decrease the diffusi aking it difficult to increase the spin current by 

increasing E. However, a way to increase the spin current (or VAH) for a given field 

would be to use the DG regime by, for example, lowering the temperature. Increasing 

the diffusion coefficient in this way would increase the diffusive contribution without 

any change of the drift contribution. Although it is easy to adjust the value of 

/d Ee C

on current, m

 

   in a semiconductor by doping, in a metal it is difficult to control, 

suggesting that a semiconductor DG regime should also be considered for room-

e applications. In semiconductors, in contrast to metals, the electric field 

remains partially unscreened and heavily affects spin transport even if the system is 

DG. The semiconductor DG regime extends to higher densities when the applied 

electric field is increased. However, by increasing the carrier density, the system will 

eventually enter the metallic regime, in which the electric-field effects in the transport 

processes are effectively zero and need not be considered. 

 

2.6  Conclusions and outlook 

temperatur

 

Spin currents and the AHE in n-doped semiconductors were theoretically investigated 

based on the two-component drift-diffusion spin transport model. It was found that 

rectly from E× if the 

electrical means. This finding, however, highlights the need for further experiments to 

the drift and diffusion currents contribute to the spin current (or VAH) and that an 

increase in E increases the drift current but decreases the diffusion current, 

demonstrating that the extension of the spin diffusion length by a strong field does not 

result in a significant increase in spin current in semiconductors owing to the 

competing effect of the electric field on diffusion. However, a possible way to 

enhance the spin current for a given field would be to use a DG regime. It was also 

found that there is a E×, where the drift and diffusion contribute equally to the spin 

current, which importantly suggests a possible way to identify whether the process for 

a given E would be in the spin drift or spin diffusive regime.  

        By analysing semiconductor DG and NDG regimes, it was shown that the 

intrinsic spin diffusion length D0 can be determined di

temperature, electron density and both the temperature and electron density, 

respectively, are known for the NDG, HDG and DG systems. The results will be 

useful in obtaining transport properties of the carriers’ spin in semiconductors by an 

 58



be conducted to measure E× in semiconductors. Such an attempt, as made, will be 

reported in Chapter 4 (Section 4.3.3.2). 

        It would, however, also be interesting to inject spin current by tunnelling 

electrons from a ferromagnetic contact into the semiconductor via a thin insulating 

barrier to test experimentally how the AHE field varies with y (and x for the 

t, the drift and diffusion contributions to VAH were examined. It was 

]       P. C. van Son, H. van Kempen, and P. Wyder, Phys. Rev. Lett. 58, 2271  

 

rt, Phys. Rev. B 48, 7099 (1993).  

transverse D0), i.e. with the position of the Hall contacts, at fields E E . Such 

experiments (exponential dependence of VAH on distance) could be used to directly 

measure D0 in semiconductors, thus providing the essential information for spintronic 

technology. 

        The AHE in DG semiconductors was studied and an expression for VAH arising 

from the injected spin current was derived. For the possible enhancement of the 

diffusive par

found that owing to an increase in the diffusion coefficient, VAH increases in a DG 

semiconductor. The expression for VAH was reduced in three transport regimes, 

namely diffusion, drift-diffusion crossover and drift and was analysed. The model 

device investigated here also constitutes a useful tool for the electrical detection of 

spin current in semiconductors. 
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Chapter 3  Device fabrication 

ansparent or ohmic contacts are highly desirable for many optoelectronic devices 

ecause they do not show Schottky or photo-diode effects after illumination. In an 

he produced current in a device is light intensity-dependent, 

ere is a chance that the measured voltage signal contains unwanted contributions. 

ic Ni 

 
 

3.1  Introduction 
  

Tr

b

electric measurement, if t

th

Moreover, low-resistance reliable (ohmic) contacts of small size are required for 

future applications in low-dimensional devices. As will be discussed, spin 

optoelectronic devices were fabricated in GaAs, one of group III-V nonmagnetic 

semiconductors, for the electrical detection of spin current (and spin relaxation) 

generated by a circularly polarized light. Accordingly, there was also an attempt to 

avoid magnetic or ferromagnetic materials (as contact materials) in the devices.  

        Au-Ge based materials, such as AuGe/Au, AuGe/Ni and AuGe/Ni/Au have 

widely been used [1-9] for making ohmic contacts to GaAs. For example, with the 

following serious disadvantages, the bondability of the AuGe/Au ohmic contact is not 

good.  The commonly used spiking ohmic contact AuGe/Ni utilizes ferromagnet

for achieving strong wire bonding and is created by alloying an AuGe/Ni multilayer 

structure at high temperatures, generally higher than the Au-Ge eutectic temperature 

(361 °C), for a short period of time [9]. However, this metallization suffers from 

several drawbacks, owing mainly to the problematic control of the alloying liquid 

phases because the ohmic behaviour of the Au-Ge based contacts is known to be a 

result of liquid phase reactions [9,10]. The AuGe/Ni metallization therefore presents 

several serious disadvantages, including: poor contact edge definition and large 

spread of the contact resistivity within a single wafer because the electrode surfaces 

usually segregate to Au- or Ge-rich regions after alloying; problems in reproducibility 

and insufficient contact reliability owing to the presence of the β-AuGe phase (liquid-

like flow) of low melting point in contact with GaAs substrate [5]. This edge 
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spreading could cause, e.g. a capacitive effect and limit the use of AuGe/Ni contacts 

in GaAs-based small devices, in particular, submicron devices. 

        As special emphasis was given to ensuring that the devices contain highly 

transparent contacts with nonmagnetic contact materials, it was decided to undertake a 

systematic study to find out the best conditions for realizing them. This chapter details 

this study along with the design of the devices. Most of the results shown were 

rocessing and compositional analysis  

(either normal or low-temperature grown) with 

various Si-doped (n-type) surface layers prepared by metal-organic chemical vapour 

ties n = 0, 1×1016, 

1.4×1016, 1×1017, 5×1017, 1×1018 and 2×1018 cm-3 are presented here. Prior to contact 

, e.g. a transmission line 

odel (TLM) [12] or the Cox and Strack method [13,14], in which resistance 

ots equally spread in a rectangular 

published in [11]. 

 

3.2  Experimental details 

3.2.1  Growth, p

 

The substrates were GaAs wafers 

deposition. Of those, the results for the samples with doping densi

deposition, the substrates were cleaned using conventional organic solvents. The 

native surface oxide was then removed using HCl:H2O (1:1 vol.) followed by a de-

ionized water rinse and blown dry with nitrogen before loading the substrates in the 

evaporation chamber. Au(x nm)/Ge(y nm)/Pd (z nm) contact samples (where x, y and 

z are the thicknesses of Au, Ge and Pd layers respectively) were then deposited on the 

substrates, with z layer adjacent to the substrate, using an e-beam evaporator with a 

base pressure of ~5×10-8 Torr. The contact metallization was annealed in a tube 

furnace in flowing nitrogen at different temperatures to study the annealing 

temperature dependence. The compositional distribution in metallization was 

investigated by collecting Rutherford backscattering (RBS) spectra (2.3 MeV 4He++) 

for the as-deposited sample and the sample after annealed.  

 

3.2.2  Contact resistance measurement   
 

The specific contact resistivity (ρc) can be measured using

m

measurements are made between different sized d
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or linear pattern. By probing either between same-sized dots or between a large 

contact and the dots, a value for the total resistance is obtained. In this work, the 

contact resistance was assessed using the TLM. According to the TLM, the total 

resistance (R), measured between two contact pads with spacing ds is given by [12,15] 

 

2 coths s
s T

T

R R l
R d l

w w l
       
   

,                                                                                (3.1) 

 

where l is the contact length, w is the contact width, lT is the transfer length and Rs is 

the sheet resistance. The contact spacing is related to the transfer length as 

 

2 2c
s T

s

R w
d l

R

 
  

 
,                                                                                                  (3.2) 

 

where Rc is the contact resistance. As is the present case, if ds >> lT, the effective 

contact area (Aeff) b

V plots can be found from Eq. (3.2) as  

ecomes wlT instead of wds, so the ρc for samples showing linear I-

 

2
c c eff c T s TR A R .                                                                                       (3.3) 

 

wl R l   

 s Td l

ined from

 a straig

t with 

When , the  term of Eq. (3.1) approaches unity so that Rs and lT can 

be determ

ields ht li he slope of the line gives the value of Rs/w and the 

and a HP4145B parameter analyser to extract I-V curves and resistance. In the 

p

 the measurement results. Experiments using a four-point 

coth( / )Tl l

 a plo

ne, where t

axis gives

t of R versus ds for various contact spacings. The R-ds plot 

y

intercep the R-  the value of 2 ( / )T sl R w  from which lT can be evaluated 

by using the value of Rs/w. Finally, the relation presented in Eq. (3.3) gives the value 

of ρc.         

        The contact resistance was measured using two- and four-terminal measurements 

calculation, it is assumed that the parasitic probe resistance (R ) is accurately known 

and subtracted from

arrangement (forcing current through two terminals and measuring voltage drops 

across the others) have achieved Rp<90 mΩ. To check the consistency of the TLM 
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results, Rs was compared to that derived from Hall measurements. Good agreement 

between them was obtained for all the samples.      

 

3.3  Device characterization 

3.3.1  Contact resistance 

el for the Pd/Ge-based contacts, the earlier 

 Pd is required for the formation of PdGe. So, the 

experiment was started by measuring the contact resistivity (n = 2×1018 cm-3) for the 

 

Based on the solid phase regrowth mod

studies [16] show that ~10 nm

contact sample Au(x nm)/Ge(y nm)/Pd(10 nm) as a function of x and y, where the 

thickness of the Pd layer was kept constant (10 nm). The contacts were processed at 

low temperatures, much lower than the Au-Ge eutectic temperature. Finally, the 

structure Au(100 nm)/Ge(40 nm)/Pd(z nm) was studied by assessing the contact 

resistivity as a function of z to check the above requirement for the optimal Pd 

thickness, which was confirmed to be correct.   
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Figure 3.1. Specific contact resistivity as a function of x for contacts Au(x 

nm)/Ge(y nm)/Pd(10 nm) with y = 30, 45 and 60 annealed at 180°C for 1 h. The 

circles are the means of the three measu ments taken for three y values. 
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        F ness 

of the , 45 

and 6 sistivity first 

decre ith the thickness of the Au layer and then increases, and the contact 

igure 3.1 shows the specific contact resistivity as a function of x, the thick

 Au layer, for contact structures Au(x nm)/Ge(y nm)/Pd(10 nm) with y = 30

0 annealed at 180°C for 1 h. As can be seen, the contact re

ases w

exhibits almost constant contact resistivity of ~10-6 Ωcm2 for Ge thickness of 80 to 

100 nm. This behaviour is important, since a comparatively thick Au layer up to about 

100 nm can be used in the contact structure for Au wire bonding purpose while 

preserving low contact resistivity. It follows from the above that the Au wire 

bondability of the Au/Ge/Pd contact increases with increasing thickness of the Au 

layer up to 100 nm. A capping with 100 nm Au lowers the final contact resistance. 

However, a contact without Au overlayer showed high contact resistivity or non-

ohmic behaviour. The contact resistivity as a function of the thickness of the Ge layer 

for the contact structure is shown in Fig. 3.2. As seen, the contact resistivity first 

decreases with the thickness of the Ge layer and then increases, and there is an 

optimal Ge thickness of ~ 40 nm to achieve low contact resistivity. 
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Figure 3.2. Specific contact resistivity as a function of y for the contact Au(100 

nm)/Ge(y nm)/Pd(10 nm) annealed at 180°C for 1 h. The experiment was 

repeated three times. The circles are the means of the three measurements. 

 

 

 65



        T ence 

of the  3.3 

show or a fixed 

nnealing time of 1 h. The contact resistivity first decreases with annealing 

mperature and then increases. The minimum value of ~10-6 Ωcm2 is obtained at 

o discover the best annealing conditions, the annealing temperature depend

 contact structure Au(100 nm)/Ge(40 nm)/Pd(10 nm) was studied. Figure

s the contact resistivity as a function of annealing temperature f

a

te

180°C. It was also found that the same resistance value for a contact structure 

annealed at comparatively high temperature can be achieved by annealing it for a 

comparatively shorter time.      
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Figure 3.3. Specific contact resistivity as a function of annealing temperature for 

the contact Au(100 nm)/Ge (40 nm)/Pd(10 nm) (n = 2×1018 cm-3) annealed at 

180°C for 1 h. The experiment was repeated three times. The circles are the 

means of the three measurements. 

 

        T n in 

Fig. 3 sity. 

The e imes. In each experiment, samples of different 

bstrate doping densities underwent pattering, deposition, processing and annealing 

ith the same conditions) at the same time in order to allow as much control as 

 

he dependence of ρc on the doping density of the Si-doped substrate is show

.4. The variation is an inverse relationship for the whole rage of doping den

xperiment was repeated three t

su

(w

possible within the experiment. A least-squares log-log fit to the average of the 
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experimental data was made, which gives the relation p
c n   with p = ½. From a 

theoretical calculation for the AuGe/Ni contacts, Braslau [9] predicted the same type 

(power) of relationship with p = 1. It is worthy to note here that his theory invoked 

spreading resistance due to laterally inhomogeneous contacts, or a high barrier due to 

a thick n+ surface region much greater than the depletion width. In the present case, 

however, the resistance of the contacts is most likely not limited by the above reasons 

because of either a naturally low barrier at the Pd/GaAs interface, or an effective 

lowering of the interfacial barrier due to the creation of a thin n+ interfacial region, or 

both. The substrate doping density dependence also agrees with the experimental 

results for the Pd-In-Ge contacts [17] as well as with the results for the Au-Ge 

contacts (using δ-doped surface layers [6]) to n-type GaAs. 
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Figure 3.4. Specific contact resistivity as a function of substrate doping density 

for the contact Au(100 nm)/Ge(40 nm)/Pd(10 nm) annealed at 180°C for 1 h. 

The circles are the means of the three measurements. The red line is a least-

uares log-log fit to the data. 

 

 

3.3.2
 

 order to explore the contact formation mechanisms, we now present the results of 

the RBS are now presented. The element composition of the contact as a function of 

sq

  Contact formation mechanism 

In
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depth can be ascertained from the RBS spectra [18]. Figure 3.5 shows the RBS 

ith x = 100, y = 40 and z = 10 for the 

s-deposited and the sample after annealed at 180°C for 1 h. The individual layers of 

e

spectra for a contact sample (n = 2×1018 cm-3) w

a

Au, Pd, and Ge are well spatially confined in the as-deposited sample. However, the 

spectra also show that Pd has slightly reacted with the upper Ge layer and also may 

have slightly reacted with the GaAs substrate in the as-deposited stage. After 

annealing at 180°C for 1 h, the RBS sp ctra clearly show the diffusion of Au into the 

Ge layer. The incorporation of Au in the Ge will enhance the conductivity of the Ge 

[16]. From the RBS spectra, the redistribution of Ge after annealing shows the 

reaction of Ge with the Au layer. Although the detailed reactions cannot be 

determined from the RBS spectra, Fig. 3.5 supports the Au–Ge interdiffusion model 

for the contact, as will be detailed below.  

 

 

 

 

Figure 3.5. Rutherford backscattering spectra from the contact structure Au(100 

nm)/Ge(40 nm)/Pd(10 nm). Blue line: as-deposited; black line: after annealing at 

180°C for 1 h.  

 

 

        A re is 

annea  Pd–

GaAs wer temperatures. However, this ternary phase is decomposed at 

elevated temperatures, near 180°C, driven by the excess Ge for the formation of 

s shown in Fig. 3.3, the resistivity decreases when the contact structu

led at 180°C for 1 h. A metastable Pd4GaAs phase begins to form at the

 interface at lo
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PdGe This process results in a regrown n+-GaAs layer doped with Ge, where the 

 contact edges and small 

read of the contacts, which makes them suitable for making contacts with small 

tion circuits. Here, ohmic contacts with low 

tance are obtained by a process of low-temperature annealing. The low-

. 

excess amorphous Ge remains on top of the PdGe layer because the transport of the 

excess Ge across the PdGe layer to form an epitaxial Ge layer on the regrown n+-

GaAs layer is not expected at this temperature, and consequently, the conductivity of 

the excess amorphous Ge is enhanced (as a result of the diffusion of Au into the 

excess Ge). Thus, the factors which are crucially responsible for the observed low 

contact resistance for the contact Au(100 nm)/Ge(40 nm)/Pd(10 nm) annealed at 

180°C for 1 h are the solid phase regrowth, interdiffusion between Au and Ge and the 

enhancement of the conductivity of the excess Ge due to the incorporation of Au. It 

was also found that the as-deposited contact structure was not ohmic (remaining non-

ohmic after annealing at 130°C for 1 h). However, the contact Au(100 nm)/Ge(40 

nm)/Pd(10 nm) annealed at 180°C for 1 h displayed good ohmic behavior with the 

lowest contact resistivity (~10-6 Ω cm2). The transition from non-ohmic to ohmic 

behaviour might be related to the factors discussed above.  

 

3.3.3  Suitability for applications 
       

As observed in the interfacial morphology, the contacts Au(100 nm)/Ge(40 

nm)/Pd(10 nm) are morphologically good with, e.g. good

sp

areas, for example, for large-scale integra

contact resis

temperature contacts can be suitable for the fabrication of proton-implanted stripe 

geometry diode lasers where the higher annealing temperature (~ 450°C) of the more 

commonly used AuGe/Ni contact causes the proton damage to be partially removed, 

resulting in some current leakage [19]. In addition, these low-temperature annealed 

contacts result in a better surface for wire bonding and exhibit better stability under 

high-temperature atmospheric aging than do the conventional AuGe/Ni contacts. 

Thus, they may find use in a wide variety of devices (including devices with no 

magnetic coupling) requiring highly transparent contacts to GaAs-based materials. 

The reproducibility and bondability were also studied and found to be good.  

 

3.3.4  Spin current detection devices 
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The electrical detection of spin current and spin relaxation via the measurem

r 4, was achieved in purely non-m

ents of 

agnetic 

evices. These were fabricated in Hall geometry by depositing the structure Au(100 

 at 180°C for 1 h, to achieve the best 

liability and lowest contact resistance. Devices with two types of contact spacing 

the photo-induced AHE, described in Chapte

d

nm)/Ge(40 nm)/Pd(10 nm) and annealing it

re

were fabricated and used in the experiments: one contained longitudinal contacts 

spaced 200 μm apart and transverse contacts spaced 100 μm apart (Hall contacts) and 

the other contained contacts spaced 20 μm × 10 μm. A chip-carrier having a cavity of 

size 13.3 mm ×10.2 mm was used to mount the sample. A gold wire was bonded from 

the chip carrier to the centre of each contact. Figure 3.6 shows a photograph of the 

sample device (before wire bonding). 

 

 

 

  

                

Figure 3.6. A photograph (expanded view) of the sample device. 

 

 

3.4  Conclusions 
 

Quite in detail and the 

ethodology for the fabrication of devices with transparent contacts was optimized. 

o do this, Au(x nm)/Ge(y nm)/Pd(z nm) structures were fabricated on GaAs and 

tion of x, y and z and n-type substrate doping density and 

 The contact (n = 2×1018 cm-3) structure Au(100 nm)/Ge(40 

nm)/Pd(10 nm), annealed at 180°C for 1 h was found to be the most reliable, with the 

 new nonmagnetic contact structures were investigated 

m

T

were studied as a func

annealing temperature.
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lowest contact resistance. Using Rutherford backscattering spectrometry, contact 

formation mechanisms were also studied. The results show that the features which 

were crucially responsible for the observed low contact resistance are the solid phase 

regrowth, interdiffusion between Au and Ge, and the enhancement of the conductivity 

of the excess Ge owing to the incorporation of Au. Transport measurements 

confirmed that the devices were reliable, i.e. they contained highly transparent 

contacts. The suitability of such devices for applications was also assessed by 

studying the morphology, reproducibility and bondability.  
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Chapter 4   Experimental observations  

on 

 

vices fabricated in GaAs, as described in the previous chapter.  The spin polarized 

ectrons generated by a circularly polarized light in GaAs were dragged by an 

xternal electric field. The spin current and spin relaxation were detected electrically, 

ts of VAH. The AHE was observed with no external magnetic 

field, but in the presence of circularly polarized light. It was found that the effect 

-6]. 

 3, the investigated devices (samples) contained ohmic 

ntacts and were fabricated on Si-doped (n = 1.5×1015 - 1.6×1016 cm-3) and undoped 

GaAs. A schema of the experimental setup along with an illustration of the geometry 

 
 

4.1  Introducti
 

This chapter details the experimental study of the photogenerated spin transport in

de

el

e

based on the measuremen

depends on the external electric field, excited photon energy, moderate doping density 

and sample temperature. A quantitative evaluation of the DP spin lifetimes and spin 

relaxation frequencies of the photogenerated electrons in GaAs was performed. E× 

and D0 in GaAs were estimated for transport in the diffusive and drift-diffusion 

crossover regimes .  

        To measure the spin polarization for the samples, a time-resolved pump-probe 

polarization investigation in GaAs was also performed. The dependence of the spin 

polarization of the conduction band electrons on pump-probe delay, temperature, 

doping density and exciting photon energy was measured. A calculation for the AHE 

was performed using the measured spin polarization. The contents of this chapter are 

partly presented in [1

 

4.2  Electrical spin current detection: AHE experiment 

4.2.1  Experimental details 

 

As described in Chapter

co
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of the sample device is shown in Fig. 4.1. Sample devices (placed in a cryostat for 

low-temperature measurements) were optically excited (Pex ~ 4 mW) by    

 76 picosecond pulses from a mode-locked Ti:sapphire laser with a repetition rate of

Hz. The polarization of the pulsed beam was modulated using a photo-elastic M

modulator (PEM) at a lock-in reference frequency of 42 kHz. The exciting photon 

energy was tuned ( ≈ 0.8 μm; E = hc/ =  ≈ 1.55 eV) slightly above the Eg of 

GaAs. The optical power Pex and exciting photon energy E  were varied to measure 

their influence. A neutral density wheel (NDW) was used to vary the P . The laser 

beam (LB) was focused on to a ~95 m (FWHM) spot at the surface of the samp  

with a lens (L) with f = 14 cm and care was taken not to illuminate any of the 

electrical contacts to avoid the generation of any artefacts. A microscope was used to 

check that the beam hit the sample on the desired location. The lens was designed for 

minimum spherical aberrations. The spot size was measured by knife-edge scans and 

the spatial (or the sequence focus) profile of the pulse was found to be Gaussian. A 

regulated power supply was used as a bias source. A lock-in amplifier coupled to a 

computer was used for measuring VAH. The sign of the signal was found to be 

reversed with reversing the accelerating (bias) field.  

 

 

ex

le

 

     

 

     

Figure 4.1. A schema of the experimental setup along with the geometry of the 

sample. Optical excitation generates electron spins along –z(z) for ( )   . 
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4.2.2  Results and discussion 

4.2.2.1  Spin-drift transport 

 

Carriers in the sample are excited by circularly polarized pulses and, as a result, 

become spin-polarized. The spin-orbit coupling in a nonmagnetic semiconductor 

produces left-right asymmetric scattering of the carriers for a fixed spin orientation. 

This leads to both charge [7] and spin [8] accumulations in the transverse direction of 

ple. When the carriers are dragged by an external bias field (E), an anomalous 

all voltage (VAH) is observed. As no external magnetic field was applied, the 

i.e. without any contribution from the 

ordinary Hall effect. The photo-induced  

measure of t -

xcited hole spins in zinc-blende semiconductors lose their spin orientation faster than 

ey gain it, their polarization is effectively zero and can be neglected [9]. Thus the 

rest in this spin transport is the spin-polarized 

 

the sam

H

observed photo-induced AHE is the pure AHE, 

spin current is the source for this VAH and is a

he net charge accumulation in GaAs. As mentioned earlier, since photo

e

th

only spin-carrier population of inte

electrons. 
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Figure 4.2. A typical scan for the undoped sample at T = 2 K and E = 100 mV 

µm-1.  
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        The field-dependent VAH was measured, and an average of data, taken from a 

number of scans for each field, was calculated. A typical scan for the undoped sample 

at T = 2 K and E = 100 mVμm-1 is shown in Fig. 4.2. Figures 4.3 and 4.4 show the 

field dependences of VAH for the undoped sample and a doped sample (1.6×1016 cm-3) 

at various temperatures. As seen from the Fig. 4.4, VAH for doped samples increases 

quickly, reaching a maximum VAH ≈ 600 nV at around 90 mVµm-1 and remains almost 

constant up to ~200 mVμm-1 for T = 2 K, and then decreases almost exponentially. 

The VAH for the undoped GaAs (Fig. 4.3) also decreases exponentially, but just after 

reaching its maximum value and with a lower decay rate. As shown in the Fig. 4.3 

insert, an enhancement of VAH with decreasing T is observed.   

        As can be seen, there is a background signal even at E= 0 mV μm-1. This 

background signal is not due to Hall current and cannot be related to AHE, since the 

AHE  also 

observed without illumination as well as with illumination with linearly polarized 

ght. Although several attempts, e.g. electrical isolation to remove electrical 

effect does not occur at zero applied bias. The same background signal was

li

interferences, were made in the detecting system in order to improve signal-to-noise 

ratio, it could not be further decreased. Because the devices contained ohmic contacts, 

they measured the actual field accelerating the carriers, i.e. there was no chance that 

the measured voltage signal contained unwanted contributions. The background signal 

might be the PEM threshold. 
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Figure 4.3. Bias field dependences of VAH for the undoped sample at various 

temperatures. Insert: VAH as a function of temperature at E = 100 mVµm-1.  
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igure 4.4. Bias field dependences of VAH for a doped sample (1.6×10  cm-3) at 

 

        The VAH for the initial spin polarization (p0 = 0.4) obtained by pump–probe 

measurements, details of which are given in the section 4.3, was calculated from Eq. 

(2.13) neglecting the diffusive term for the high-field or drift transport. In the 

experiment, cE was obtained for a sample (n = 1.6×1016 cm-3) from the sample 

geometry and the charge current (known from Hall measurements). The value of cE 

was found to be ~ 40 (Ω cm)-1 at E = 100 mVµm-1. If one assumes that cAH is the 

same as the spin Hall conductivity (cSH) and then takes cSH / cE = 1.6 × 10−4 [10], D0 = 

2 μm [11] and H = 2 μm, one obtains VAH = 14.7 μV at E = 100 mVµm-1 and T = 30 K 

in the NDG regime (using the Einstein relation, Cd = μEkBT/e). The above assumption 

relating to the value of H is reasonable for the present device size and experimental 

conditions, i.e. optical spin generation in a relatively large spot (~ 95 μ  compared to 

Hall contact spacing of 100m), because the optical techniques used provide 

contro AH is 

much higher th ment. Regarding the order of magnitude 

ent, it should be noted that, in addition to using cSH instead of cAH, the 

erim

16F

various temperatures. 

 

m

the 

l over the area of the focal spot. Nevertheless, the calculated value of V

an that obtained by experi

disagreem

existing exp ental value for cSH [10] was not directly measured but was estimated 

based on fitting optically measured spin accumulation data with large uncertainties 
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with an assumed spin diffusion model. Moreover, the value of D0 used in the 

calculation was not electrically measured but optically obtained from noisy Kerr 

rotation microscopy.  
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Figure 4.5. Temperature dependence of VAH in a doped sample (1.6×1016 cm-3) at 

E = 100 mVµm-1. 

 

 

        The experimental results for samples with various doping levels and at different 

temperatures are shown in Figs. 4.5 and 4.6. Figure 4.5 shows the temperature 

dependence of the signal, where VAH is plotted as a function T. As expected, an 

enhancement of VAH with decreasing T is observed. With decreasing T the system 

enters the DG regime. As seen from Fig. 4.6, VAH increases with increasing doping 

density. The introduction of n-type dopants in semiconductors increases the spin 

lifetimes (τS), because the electronic spin polarization in these systems survives for 

longer times. Studies of spin precession in GaAs have shown that moderate n-type 

doping yields significantly extends τS and show that τS increases with decreasing T 

[12]. A similar trend was observed in another experiment [13], which studied the bias 

ependence of the spin-polarization of electrons and showed that polarization was 

increa

 

d

sed by increasing n-type doping in GaAs.  
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Figure 4.6. Doping density dependence of VAH at E = 100 mVµm-1 and T = 300 

K.  

 

 

        Above 120 mVµm-1, VAH for all doped samples at room temperature (300 K) was 

found to decay, and it disappeared very quickly after 160 mVµm-1. However, for the 

highest-doped sample at 2 K, VAH remained almost constant up to ~ 225 mVµm-1. The 

decay of VAH with E might be caused by enhanced electron spin relaxation at higher 

electric fields or current densities. As seen from Figs. 4.3 and 4.5, VAH and thus the 

spin polarization of electrons (or τs) are preserved during transport in n-doped GaAs 

in moderate electric fields. However, when the electrons were dragged with a high E, 

a significant reduction in the spin polarization was observed. Increasing E leads to 

larger charge and spin accumulations near sample boundaries, but th polarization 

turates because of shorter τs for larger E. The suppression of τs with increasing E 

from stent 

with other observations [10]. In summary, the photogenerated spins can travel without 

sing their initial orientation as long as their field is below a threshold value 

epending on the doping density and temperature.      

e 

sa

saturation implies that decay of the spin polarization increases with E, consi

lo

d

          Figure 4.7 shows the temperature dependence of the threshold field defined as 

the field above which significant reduction in the signal occurs. The threshold field 

decreases with increasing T. Above this threshold, spin depolarization is considerably 
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faster owing to the enhanced spin relaxation resulting from increased electron 

temperature (Te). As expected, the spin relaxation rate increases rapidly with E, which 

is consistent with the results of the theoretical investigation performed by Barry et al. 

[14]. They  found that for relatively low fields, up to 100 mVµm-1, a substantial 

amount of spin polarization was preserved for several microns at 300 K, and the spin 

relaxation rate increased rapidly for fields higher than 150 mVµm-1, becoming almost 

infinite for E ≥ 250 mVµm-1 for a parabolic band. 
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Figure 4.7. Temperature dependence of the threshold field calculated from Fig. 

4.4. 

 

        The results obtained in the present experiments are in good agreement with those 

obtained from field–dependent spin relaxation studies (photoluminescence 

measurements) by Sanada et al. [15]. They showed that the photogenerated spins in 

GaAs at low temperatures could travel without losing their initial spin orientation as 

long as E was below 100 mVµm-1, and the polarization increased with decreasing T. 

However the spin relaxation rate increased rapidly with E, and disappeared at ~ 400 

mVµm-1. It is noted that the photogenerated spins in their study were generated with 

higher optical power (Pex = 10 mW). The present results also agree with those of spin 

transport experiments [16], similar to those reported in Ref. [15]. They also found 
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almos nsport 

in GaAs at 10 K over a distance as long as 4 µm in fields below 600 mVµm-1 [16]. 

      The origin of field-dependent efficient electron spin relaxation in n-doped GaAs 

 discussed based on the DP spin relaxation mechanism [8]. The increased electron 

t complete conservation of the orientation of the electron spin during tra

  

is

momentum in higher electric fields brings about a stronger effective magnetic field 

( )h k
 

 and, consequently, the electron precession frequency ( )L k


 becomes higher. 

( )h k
 

 depends on the underlying material, on the geometry of the device, and on k


. 

Momentum-dependent spin procession described by the DP Hamiltonian, Eq. (4.4), 

together with momentum scattering characterized by momentum relaxation time 

( )p k
E   leads to DP spin relaxation.  

        Since the magnitude and the direction of k


 changes in an uncontrolled way 

owing to electron scattering by the environment, this process contributes to a spin 

relaxation given by [17] 

 

2 3

1/ k
s p

g

E

E

     
 




,                                                                                                (4.1) 

 

e B eE k T  and  is a dimensionless factor that ranges from 0.8 to 2.7, 

ding on the dominant momentum relaxation process. For example, for scattering 

by polar optical or piezoelectric phonons  ≈ 0.8, while scattering by ionized 

impurities gives   ≈ 1.5, and scattering by acoustic phonons   ≈ 2.7. 

e DP spin relaxation in a bul

wher

depen

        Th k zinc-blende structure occurs owing to the spin 

r fields, where Te increases sharply because of the energy-

dependent natur e dominant energy relaxation process via the longitudinal 

polar optical phonon scattering ( ≈ 0.8) [19,20]. The resulting high T  leads to 

enhanced DP

k

precession about ( )h k  induced by the presence of the Dresselhaus spin-orbit 

interaction [18]. During transport in the electric field, electrons are accelerated to 

higher velocities at highe

 

e of th

 spin relaxation (

in

e

31/ ( )s pk k
E E   ) because they have large kinetic 

nergy between successive collisions. 

r n-doped l

e

        Fo  samp es, as holes are rapidly recombined with electrons owing to 

the presence of a large number of electrons, spin relaxation caused by the BAP 
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mechanism is usually blocked [9]. The spin relaxation in n-doped GaAs is therefore 

dominated by the DP mechanism. However, when the electrons in the undoped 

the 

compensation ratio [21], and the SJ contribution dominates the AHE. Although the SJ 

τs, the SS contribution will grow with s

AH for higher n, but would be cut off when τs 

[24], who studied the spin-

sample were dragged with a high E, a pronounced decrease in VAH was not observed, 

in contrast to doped samples. Therefore, as the electron spins are scattered by holes 

via the electron-hole exchange interaction in undoped GaAs, the BAP spin relaxation 

mechanism is considered to be effective [9]. For GaAs, the EY spin relaxation is less 

effective due to the large Eg and low scattering rate.    

        For lightly-doped samples, value of cAH is low because of the higher 

contribution is independent of τ  [22,23], 

resulting in a higher contribution to c

becomes comparable to -1 (at the Fermi level) through the k3 Dresselhaus term [22]. 

For the higher-doped samples, the SS contribution increases, agreeing with the 

theoretical predictions of Engel et al. [22] and Tse and Sarma [23]. They considered 

the SS and SJ contributions separately and obtained a value for cSH, by summing the 

negative SJ and much larger positive SS contributions. Increasing doping should 

increase SS and decrease SJ, giving a higher positive shift to cSH and hence a higher 

spin Hall effect (SHE) and, as the same physics underlies both AHE and SHE, a 

higher cAH. As demonstrated, the doping density and temperature dependencesalso 

agree with the experimental results of Chazalviel 

dependent Hall effect using a spin-resonance method in n-doped InSb and Ge. 

        Figure 4.8 shows the dependence of VAH on excitation power for a sample at T = 

300 K. As can be seen, the signal does not depend significantly on the excitation 

power. This is as expected, because the sample devices used in the experiment 

contained ohmic contacts. However, a slight decrease in the signal was observed at 

Pex >12 mW, which might be caused by the mixing of the spin states as a result of 

heating of the sample by the exciting light. 

        The excitation photon energy dependence of VAH for a doped sample at T = 2 K 

is shown in Fig 4.9. As can be seen, for optical excitation of the sample with photon 

energies between 1.48 and 1.60 eV, the sample produces maximum signal. With a 

further increase in the energy, the signal decreases and finally reduces to the 

background for larger energy because of the exciting carriers from the SO band. This 

is a consequence of the optical selection rules, as explained in the Chapter 1.  
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Figure 4.8. Excitation power dependence of VAH for a doped sample (1.6×1016 

cm-3) at E = 100 mVµm-1 and T = 300 K with Eλ = 1.55 eV. 
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re 4.9. Dependence of VAH on excitation photon energy for a doped sample 

(1.6×1016 cm-3) at E = 100 mVµm-1 and T = 2 K (Pex = 4 mW). 

          

 

4.2.2.2  DP spin lifetimes calculation 
 

Figu
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To evaluate the DP spin relaxation quantitatively, a calculation of τs as a function of E 

is carried out. The calculation of the field dependence of Te for various temperature T 

is performed using the experimentally measured drift velocity (known from the Hall 

measurements and the sample geometry) and the relation [19,25] 

 

2

3 /
k

kd
e

B Ek

Eev E
T T

k E 
 






,                                                                                        (4.2) 

 

where ( )
kE k

E    is the energy relaxation rate, vd is the drift velocity and the angular 

brackets denote the averaging over the thermal distribution. In the calculation of τs, 

e τp is evaluated including the contribution from longitudinal optical phonon 

scatte d as  

 

th

ring. According to the Ehrenreich’s variational calculation [26], τp is obtaine

0 0
1

0 0

exp 14
exp( )

3 *
e L

p f
L

m
G

R m

 






    
     


,                                              (4.3) 

 

where /L L eT  , θL the longitudinal optical phonon frequency (in units of 

temperature), 0R   is the Rydberg constant, 0 (  ) is the static (high-frequency) 

dielectric constant,  1( )e B ek T   and 1( , )rf phG   , in general, is a factor depending 

on the scattering mechanisms

 of the charge carrier. Here 

, the average in sses associated with the mobility 

and the sign

er

rf

tial

e

 ma

f    and /ph L L Bk      . The 

function 1 exp( )fG   is calculated as in Ref. [27] as a function of carrier temperature 

and density. Values of the material parameters used in the calculation are taken from 

Ref. [28] for GaAs. Figures 4.10 – 4.13 show the results. As can be seen from Figs. 

s  4.10 and 4.11, τ  decreases with E and with increasing T as a result of the increase of 

Te, and, consequently, higher DP spin relaxation frequency (Fig. 4.13). The doping 

dependence of τs is shown in Fig. 4.12, where it can be seen that τs increases with 

increasing n. 
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Figure 4.10. DP spin lifetime as a function of the electric field, calculated using 

the measured drift velocity in a doped sample (1.6×1016 cm-3) at various 

temperatures. 
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rift velocity in a doped sample (1.6×1016 cm-3) at E = 175 mVμm-

1. 

Figure 4.11. DP spin lifetime as a function of the temperature, calculated using 

the measured d

 85



n (cm-3)

1015 1016

 s
 (

s)

4x10-11

4x10-11

5x10-11

5x10-11

6x10-11

 

    

 

Figure 4.12. DP spin lifetime as a function of the doping density, calculated 

using the measured drift velocity at E = 100 mVμm-1 and T = 3 K. 

E (mV m-1)

120 140 160 180 200 220 240 260 280

f s
 (

H
z)

2x1010

4x1010

6x1010

8x1010

1011

 

 

Figure 4.13. DP spin relaxation frequency calculated using the measured drift 

 

        One can evaluate τs using the calculated value of vd from the momentum-balance 

equation including the hot phonon effects [19]. To relate E to Te one uses the 

velocity in a doped sample (1.6×1016 cm-3) at T = 120 K. 
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expression for vd, which is obtained by solving the momentum balance equation [19] 

and replacing the phonon occupancy ( )f   obtained from the steady-state solution of 

the equation describing the rate of change of ( )f   in the relaxation time 

approximation  

 

 
1

/ 2 / 2
0 0 1 0 03/ 2

0

3
1 (1 )

*
po

d
s

e E n
v f e f B e f e f
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0}B e ,  

(4.4) 

 

where 0 ( )f   is the occupancy at thermodynamic equilibrium, Ns(Te) is the density of 

 is the characteristic time for optical polar interaction, states, o e   

s.  The p

ter incorporating 

 and 

sel function ower 

ifted Maxwellian distribution [29], af

inating 

0 (B  / 2) and 1( / 2)B   are the zero- and first-order Bes

dissipated per electron in a dr

hot phonons by elim ( )f  , can be obtained as   

 

   / 2
0 0 0

2
1 / 2d

o

v f e f B e
e E


 

    


.                                                           (4.5) 

 

        Equations (4.4) and (4.5) yield the relation betwe and Te, from which vd  as a 

function of E can

en E 

 be calculated. Figures 4.14 and 4.15 show the results. τs as a 

nction of E for different temperatures is plotted in Fig. 4.14, where it can be seen 

that τs decreases with E and with increasing T. The spin relaxation frequency as a 

function of the field for T = 300 K is shown in Fig. 4.15. As can be seen, the 

relaxation frequency increases rapidly with increasing the strength of the field in the 

        The calculated field dependences generally agree the experimental dependences, 

en hich hav

been con ed durin

fu

higher field range.  

although the threshold field range does not show so clear a saturation as in the 

experim t. This may reflect contributions to spin-carrier diffusion w e not 

sider g the calculations. The results are also consistent with the 

results of the simulation performed by Barry et al. [14].  
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Figure 4.14. DP spin lifetime as a function of the electric field, evaluated from 

the calculated drift velocity (1.6×1016 cm-3 dopant level) at different 

temperatures.  
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Figure 4.15. DP spin relaxation frequency evaluated using the calculated drift 

velocity (1.6×1016 cm-3 dopant level)) at T = 300 K.  
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4.2.2.3  Low-field spin transport 

 

Here the results are presented of an investigation of the electric-field-dependent 

electron spin diffusion in GaAs at low temperatures by an experiment similar to the 

one employed in the previous section, but in devices with reduced geometry 

(20×10 µm2). The laser beam was focused onto a ~6 m (FWHM) spot at the surface 

of the sample. The spin transport process in the low-electric field regime was 

explored. VAH was measured and an average of the data taken from several 

experiments was calculated.  

        VAH as a function of E for a doped sample (5×1015 cm-3) at T = 2 K and 5 K in the 

low-field regime is shown in Fig. 4.16, where it can be seen that VAH increases with 

ecreasing temperature, consistent with the results reported in section 4.2.2.1. As can 

also b ghly 

doubl  also occurred for T = 5 K, 

oubling at about 155 Vm-1. 

d

e seen, the VAH versus E curve for T = 2 K changes slope from m1 to m2, rou

ing near 65 Vm-1. An analogous slope change

d
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Figure 4.16. VAH as a function of E for a doped sample (5×1015 cm-3) in the low-

field regime (experimental).  

 

 

        In order to understand these critical fields one needs to examine the expression 

VAH derived in Chapter 2 [Eq. (2.22)] from the spin drift-diffusion model for the 

experimental setup, which is 

for 
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,                                                           (4.6) 

  

where E Ej ne E  is the drift current, /D d Ej neC D  is the diffusion current, 

  1
2 2

01/E E E    D D


 is the spin diffusion length, ( 0) exp( / )Ep y p y D   is the 

spin polarization and p0 is the initial spin polarization (i.e. p at the point of spin 

generation or injection y = 0).  
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igure 4.17. V  (5×1015 cm-3) 

(theoretical).  

 

tted with the initial spin polarization (p = p0) for T 

 2 K and 5 K in the low-field regime using a typical value of D0 = 2 μm [11] and 

using the experimentally obtained values of jE and cE from the sample geometry and 

the electric current (known from Hall measurements). Here it is assumed that cAH is 

the same as cSH, cSH = 1.6×10-4 cE [10], p0 = 0.4 as obtained in the polarization 

measurements described in section 4.3 and H = 2 μm, which is reasonable for the 

device size and experimental conditions.  

 

F AH vs E for a doped sample in the low-field regime 

 

        In Fig. 4.17, Eq. (4.6) is plo

=
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        The theoretical results are now compared with the corresponding experimental 

findings of Fig. 4.16. As seen, for both temperatures, the theoretical curve for VAH 

follows the same fashion as the curve for the experimental data follows, and over the 

whole range of electric fields, the calculated values are lower than the experimental 

values. This might be for the same reason of the assumed parameter values as 

explained earlier.  

       Given that the critical fields at which the slope change occured experimentally in 

Fig. 4.16, are not evident in Fig. 4.17, one needs to further consider Eq. (4.6) and 

analyse it. As described in more detail in Chapter 2, both drift and diffusion currents 

contribute additively to the total spin current /
0 ˆ( ) [ / ]e Ey D

s E d Ej y p ne E neC D y  


 in 

VAH. To calculate the drift-diffusion crossover field  

alculated for GaAs with μm in th

plotted in Fig. 4.18, where t-

iffusion crossover 

E×, the drift and diffusion currents

e NDG regime (for T = 2 and 5 K) are 

 defines the process for a given T in the spin drif

 2D 

E×

c E

( D Ej j ) regimd e. 
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Figure 4.18. Drift current and diffusion current (reduced by the quantity neCd) as 

a function of the electric field in the low-field regime.  
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Figure 4.19. VAH as a function of E (T = 2 K) in the low-field regime for different 

doping densities. Error bars are excluded for clarity. The lines are quadratic fits 

to the experimental data. 

 

 

      The calculated values of E× for T = 2 K and 5 K are 65 Vm-1 and 148 Vm-1 

respe  It is 

theref sion crossover fields in the 

mple (5×1015 cm-3 doping level) would lie around 65 Vm-1 and 155 Vm-1 for 2 K 

nd 5 K respectively. As will be shown below, the value of 65 Vm-1, for which the 

xperimental-theoretical agreement is best, is used to estimate the values of E× and D0  

t 2 K. 

        The experimental results for the field and doping density dependences of VAH are 

shown in Fig. 4.19, where VAH is plotted as a function of E (T = 2 K) in the low-field 

regime for different doping densities. As can be seen, VAH increases with increasing 

doping density. The values of E× and D0 are estimated at T = 2 K using experimental 

data in the theoretical model. Equation (4.6) at the drift-diffusion crossover (

  

ctively. These field values are very close to those obtained from Fig. 4.16.

ore concluded from the above that the drift-diffu

sa

a

e

a

E E ) 

can be written as  
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where E Ej ne E
   and /(2 )E E dE C 

   . The above equation with y = 0, or Eq. 

(2.25)  line 

with l

, says that the plot of VAH versus 2 2/( )AH E E AHnc c c


  should be a straight

ope 02eHp E . Figure 4.20 shows such 

AH SHc c  and cSH

bility and VAH

a plot, whic

 = 1.6×10-4 cE

 (from Fig. 4.19) at 

h is indeed quite linear. Here 

 is a d that , and the experimentally 

bserv o E = 65 Vm-1 for all the 

s

 direc ted value 

it gain assume

ed values of mo

doping densities are used. By knowing the value of slope of the plot, E× wa  

calculated from 02eHp E  and using the value of E×, D0 was calculated from Eq. 

(2.17) in the NDG regime using the Einstein relation. The values of E× and D0 (T = 2 

K) were found to be 70 Vm-1 and 1.74 μm respectively. The tly estima

of D0 is a factor of 0.87 lower than that reported in the literature of optical 

measurements using Kerr rotation microscopy [11].  
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Figure 4.20. VAH as a function of the quantity ( )AH E E AHnc c c


  at E = 65 

Vm . The values of VAH are taken from Fig. 4.19 at E = 65 Vm  for all the 

doping densities. Details of the values of the other parameters used in the 

calculation are given in the text.   
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4.3  Spin polarization measurement experiment 
 

A time-resolved pump-probe polarization investigation was performed in GaAs by 

enerating electron spins in it optically. The spin current was probed by measuring the 

time-resolved differential transmission of the sample [30]. The spin polarization of 

conduction band electrons was measured by probing pulses with the same and 

opposite circular polarization, pumped with single-photon excitation of the electrons.  

 

4.3.1  Experimental details 
 

Measurements were performed at various temperatures with a temperature-regulated 

cryostat. The samples were n-type doped [001]-grown bulk GaAs (1 µm thick). A 

polarization-resolved pump-probe experiment was performed, where the differential 

transmission  [where L(L0) is the transmission with (without) the 

pump easured as a function of the delay ( ) between 

ircularly po probe pulses. The probe beam (ω0) was resonant with 

Eg, and the pum

g

 0/ ( ) /L L L L L  

] of the probe pulses was m

larized pump and 

p beam (ω) ha

∆τ

c

d an excess energy g0E E           of 0.12 

EeV.   was varied to measure its influence on the spin polarization. The pum

 power was notionally 5 mW and was also varied to test its influence on

s. The measurements were perf

ping 

beam  the 

result ormed on a series of samples: S1: 8×1014 cm-3, 

2: 1×1015 cm-3, S3: 5×1015 cm-3, S4: 8×1015 cm-3 and S5: 2×1016 cm-3. Figure 4.21 

ows a schema of the pump-probe experimental setup. Femtosecond pulses were 

ed from an optical parametric amplifier pumped by a regeneratively amplified 

to produce 150 fs 

ulses (signal and idler). A beta barium borate crystal was used to generate pulses 

S

sh

suppli

Ti:sapphire laser operating at 250 kHz. The laser system was tuned 

p

from the signal and idler. The second harmonic and fundamental pulses were then 

separated using a dichroic beamsplitter. The 150 fs pulses were used to excite the 

sample by one-photon absorption and 825 nm pulses to probe the transmission of the 

sample. Broadband quarter wave plates were used to transform pump and probe 

beams from linear to circularly polarized light.  
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Figure 4.21. Experimental setup. PM: Photomultiplier tube; S: Sam /4: 

arter-wave plate; P: Polarizer; OC: Optical chopper; BS: Beam splitter.  

 

 

4.3.2  Results and discussion 
         

The time-resolved differential transmission measured in sample S3 at 4 K is shown in 

Fig. 4.22. As can be seen, there is a difference between the polarization conditions, 

which is caused by spin-dependent phase-space filling [31,32].  
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Figure 4.22. Dependence of the differential transmission of sample S3 at 4 K on 

pump-probe time delay using probe pulses with the same (red square) and 

opposite (blue square) circular polarization.    
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              Since, for probe pulses near the band edge,  and 

( / ) 3L L n n
       , as a result of the selection rules, one can determine the 

polarization  p from the relation  
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                                                                               (4.8) 

 

by measuring the di ansmission for pump and probe pulses having the same fferential tr

[ ( / )L L
   ] and opposite  [ ( / )L L

  

d using probe pulses w

 the pump-probe delay is shown i

of ~210 ps, giving a valu

ht ue m

] circular polarizations. The resulting spin 

polarization, as measure ith the same and opposite circular 

polarization, as a function of n Fig. 4.23. The 

polarization decays with a time constant e for the spin 

relaxation time of ~420 ps. The decay of p mig  be d to the rando ization of the 

initial spin polarization p0 by the DP spin relaxation mechanism [8].  
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Figure 4.23. Spin polarizati

a time constant of ~210 ps owing to the randomization of the initial degree of 

spin polarization. 

 

. .

on in sample S3 at 4 K. The polarization decays with 
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  ferential transmiss  with different excess photon energies was 

measured. Figure 4.24 shows the results for sample S3, where the initial spin 

polarization p0 is plotted as a function of the excess energy. As can be seen, p0 

remains almost constant up to ~0.2 eV, and then decreases. The maximum is obtained 

at  a value of the excess energy considerably less than the SO splitting energy of 0.34 

eV. As discussed in the Chapter 1, for higher excess energies, 

      The dif ion excited

the polarization 

ecreases rapidly because of the mixing of LH and HH states with the SO valence 

and states, which have an opposite sign. As can be seen, there is still a sizeable 

degree of spin polarization even at excess energy higher than the spin-orbit splitting 

energy. This feature is consistent with the literature [17].    
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Figure 4.24. Initial spin polarization as a function of excess photon energy in 

shift of GaAs: the band-gap energy is known to increase as the temperature increases. 

 

sample S3 at 4 K. 

 

 

        Figure 4.25 shows the temperature dependence of p0. A slight temperature 

dependence of p0 was observed. As can be seen, the maximum value of p0 = 44% is 

obtained at 4 K and p0 decreases with increasing temperature. The observed 

temperature dependence might be caused by the temperature-dependent band-gap 
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The results are consistent with those obtained in Ref. [15], where the authors studied 

the spin relaxation of photo-generated electrons during transport in GaAs by 

photoluminescence polarization measurements and showed that p0 under drift 

creased with decreasing temperature. It is worth noting that the drift field played an 

additi erature dependence of p0. As mentioned earlier, although 

the maximum optical spin polarization for an unstrained bulk sample is expected to be 

50% in theory, the maximum has experimentally been observed to be less. In a bulk 

sample there are usually some background unpolarized electrons. If there is a 

background density of unpolarized electrons nu in the sample, the polarization 

becomes [33] 

in

onal role in their temp

0 00.5 /(1 / )up n n   for an optically generated electron density 

n0 = n↓(0) + n↑(0). However, in a recent experiment [34], it has been shown that ~50% 

spin polarization can be obtained by two-photon excitation. The two-photon 

excitation enhances the spin polarization because of its advantage over one-photon 

spin generation owing to a much longer absorption depth, which allows spin 

excitation throughout the volume of a thin bulk sample.  

 

  

T (K)

0 50 100 150 200 250 300

p
0

0.30

0.35

0.40

0.50

0.45

 
 

Figure 4.25. Initial spin polarization as a function of temperature in sample S3. 

 

 

        It should be noted here that Eq. (4.8) can only be used if the absorbance change 

induced by the pump is small, i.e. 0( ) 1c cd    , where d is the sample thickness 
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and 0( )c c  is the absorption coefficient with (without) the pump, requiring that the 

sample is thin enough. To satisfy that 0( ) 1c cd     and to maximize the magnitude 

of ∆L/L, 1 µm thick samples were used. 

        The polarization was also measured in samples with different doping densities 

(Samples S1-S5). The doping density dependence of p0 at 4 K is plotted in Fig. 4.26. 

As can be seen, p0 increases slightly with increasing doping density. The introduction 

of n-type dopants in semiconductors increases the electronic spin polarization, in 

on ith the studies reported

 

      

c sistence w

    

 in section 4.2.  
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nitial spin polarization as a function of doping density at 4 K. 

 

lusions and outlook 

ed AHE was 

magnetic field. The observed AHE thus 

 demonstrates that photo-induced 

Figure 4.26. I

4.4  Conc

 

 

 

The circularly polarized light-induc observed in the nonmagnetic 

semiconductor GaAs, in zero applied 

included no contribution from the ordinary Hall effect. The pure AHE was used to 

electrically detect the spin current and spin relaxation in GaAs. It was found 

experimentally that the observed anomalous Hall current was enhanced by moderately 

increasing the n-doping density or decreasing the temperature and was almost steady 

in moderate electric fields up to ~200 mVµm-1. This
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spin orientation of the conduction electrons is preserved in GaAs in moderate electric 

elds, which is very important for implementing new spintronic device ideas. 

However, a field ~300 mVμm-1 destroyed the electron spin polarization owing to an 

increase of the DP spin relaxation frequency of the hot electrons. This suggests that 

high-field transport conditions might not be suitable for spin-based technology with 

GaAs.  

        The field-dependent rapid relaxation of the spin of photogenerated electrons was 

calculated based on the DP spin relaxation mechanism, which is believed to be the 

dominant spin relaxation mechanism in n-GaAs. A good agreement between theory 

and experiment was obtained. Since electron spins in spin-based devices can be 

subject to highly non-thermal transport conditions, including drift fields within a 

moderate range for high-speed transfer of spin information, the findings resulting 

investigation might have potential applications in spintronics. The 

mperature dependence of VAH shows that low temperatures yield significantly 

exten increasing 

doping density indicates that the introduction of n-type dopants increases the 

that the photo-induced 

 photon energy, owing to the inter-band 

tion pumped with the single-photon excitation of electrons was found to 

band-gap shift of GaAs. The polarization was also found to depend strongly on the 

fi

from this 

te

ded spin lifetime. The observed enhancement of VAH with moderately 

electronic spin lifetime or spin polarization. It was also found 

AHE strongly depends on the exciting

transition effect.  

        On the basis of the AHE experiment, spin diffusion in the presence of weak 

electric fields in GaAs was investigated. Spin transport in the diffusive and drift-

diffusion crossover regimes was studied and the values of E× and D0 were estimated 

in the NDG regime. The estimated value of D0 was found to be a factor of 0.87 lower 

than that reported in the literature. D0 in the DG and NDG regimes could be more 

accurately estimated if one were able to directly measure E×. The photo-induced AHE 

experiment was, however, shown to be a convenient and useful tool to measure E× 

and D0 in semiconductors.  

        A time-resolved pump-probe polarization investigation was performed on the 

samples. Optically generated electron spins were detected by measuring the spin-

dependent and time-resolved differential transmission of the sample. The spin 

polariza

decay with a time constant of 210 ps and to be enhanced with decreasing temperature. 

The observed temperature dependence might be caused by the temperature-dependent 
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exciting photon energy. The results were discussed based on the selection rules 

governing optical transitions from HH, LH and SO states to CB states in bulk 

samples. A calculation of the AHE was performed using the spin polarization 

measured by the pump-probe experiment. The results were discussed in comparison 

with experimental investigations. 
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Chapter 5   Band energy calculations 

band 

ions of the zinc-blende GaAs spin-polarized subsystem in the presence 

rier conductivity 

potential and Green function 

ess and to analyze the 

in-orbit mechanism responsible for the photo-induced AHE effect. Band energy 

lculations on the optically induced spin-polarized delocalized states [4] demonstrate 

e influence of Si content and electron-phonon interaction on the behavior of the spin 

rrent and hence on the observed VAH, as described in Chapter 4. 

     The investigation presented in this chapter was carried out in collaboration with 

V. Kityk, and the results shown were published in [5]. My contribution to the work 

ported in this chapter was approximately 75%. 

5.2  Calculation details, results and discussion 

alculations were done within a framework of the norm-conserving pseudopotential, 

king into account the spin-orbit interactions introduced in Refs [6,7]. The total 

ergy is expressed within a local density functional approximation with respect to 

e charge density (r). A nonlinear extrapolation procedure was performed to 

aluate the fitting coefficients of the corresponding pseudo-wave functions, as well 

ytical 

      The chosen ionic pseudopotential has the form 

r .                                                           (5.1) 

 
 

5.1  Introduction 
 

To explore more precisely the influence of doping on the spin space distribution, 

energy simulat

of an external axial-like potential and Si dopants causing n-type car

in GaAs were performed. Norm-conserving pseudo

methods [1-3] were applied to investigate the transport proc

sp

ca

th

cu

   

I. 

re

 

 

C

ta

en

th

ev

as space derivatives of pseudopotentials, in a form convenient for anal

evaluations of the matrix elements of the secular equation [8].  

  
 

3( , ) 2 ( , ) 2
3 exp( )l p p p l p

ps i i lA r A      1i

 

V
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Here p
iA , 3

p
iA  , ( , )l p

l are fitting coefficients for the ions of p-kind and for the 

molecular orbital (MO) with angular momentum l. As a basis, the valence s,p wave 

functions of Ga, As and Si were used. A secular equation corresponding to an ionic 

pseudopotential in the form of Eq. (5.1) was solved:  

 

 2 2
, ' ' '( ) / 2 * ( ) ( ) ( ) 0n n n n n n nh k G m E k V G G S G G 

        
     

,                  (5.2) 

 

where ( )E k


 is the eigenenergy dispersion for a k


-point in the effective Brillouin 

zone (BZ), nG


 and 'nG


 are wave vectors of the interacting plane waves. Structural 

form-factors for the pth kind of ions were expressed as 

 

 ( )
' '( ) / exp ( )p

p n n a n n pG G g VN l G G    
   

S .                                                    (5.3) 

sing a parameterized 

r

 

Here ( )pg  is a weighting factor determining partial contributions of the doped Si 

atoms to the total potential. By varying the parameter ( )pg one can take into account 

the influence of the Si content in determining the n-type conductivity. The latter factor 

is particularly important for spin-polarized currents, particularly under an applied 

axial potential formed by circularly polarized light and possessing Wigner symmetry 

[9].   

        Electron screening effects were taken into account u

Perdew-Zunger model [10]: 

 

1/ 2 0.3334 )sr   for 1              (5.4) 
1/ 2 1/ 2

0.6193/ 0.14392 /(1 1.0529

[1 {(0.526 0.3334 ) /(3(1 1.0529 0.3334 ))}]

xc s s

s s s s

r r

r r r

     

   
sr

0.6193/ 0.031ln 0.0583xc s sr r     for 1sr   ,  

 

where rs = [3/(4)]1/3 with  being the electron density. The traditional method of 

special points was used for the calculation of the spatial electron charge density 

istribution. Diagonalization was carried out at 16 special weighting points of the BZ. 

Acceleration of the iteration convergence was achieved by transferring 80-90% of the 

d
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(m1)th iteration result to the mth iteration. The following condition as a 

criterion for self-consistency:  

 was taken 

 

1( ) /m m m     ,                                                                                                (5.5) 

                                                

rin

 the localized states, including 

ose of the Si dopants. Equation (5.2) was divided for two spin-polarized basis sets 

assuming the existence of an external electros

nd axial (circularly polarized light favoured) symmetries. Thus two principal 

al fi

eigenvalues, the norm-conserving PP wave functions were modified through their 

inimization was performed within a framework of the LDSA 

sent the changes in the spin density distribution for the 

aAs clusters with two different concentrations of Si (1×1016 and 1×1017 cm-3) with 

fixed external field. One can clearly see an expansion of the spin-po

regions with increasing Si content and the corresponding increase in the concentration 

of n-dopants. This is a result of enhancemen zed states in the 

resence of external circularly polarized axial and polar DC-field potentials. The latter 

 

where 0.09 %. Du g the simulations, close attention was paid to the center of the 

BZ (point )which determines the main properties of

th

tatic field possessing polar (DC field) 

a

extern elds were taken into account. 

        To accelerate the self-consistent convergence procedure for determining the 

orthogonalization to the LCAO wave functions as described in Ref. [11]. As a result, 

the total energy deviation with respect to the energy cut-off and the Perdew–Alder 

screening potential [12-16] parameters converged within 0.14 eV. The starting total 

energy m

pseudopotential method.  

        Figures 5.1 and 5.2 pre

G

larized space 

t of the spin-polari

p

potential particularly favours spin delocalization.  

        Qualitative estimations based on a simplified molecular dynamics approach 

suggest that more effective generation of the spin-polarized states might be achieved 

for spin-polarized functions oriented along the [111] directions; however, this result 

needs verification.    
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Figure 5.1. Distributio
-1

n of the spin-polarized states under an applied bias-field of 
16 -3E = 60 mVµm  at a Si content of 1×10  cm . 

 

 

 

 

 

Figure 5.2. Distribution of the spin polarized states under an applied bias-field of 

E = 60 mVµm-1 after the Si dopant concentration has been increased to 1×1017 

cm-3. 

 

        In order to investigate the possible role played by electron-phonon contributions, 

the corresponding calculations to appropriately renormalize the electron subsystem 
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were performed. Second derivatives of the electrostatic cluster potential with respect 

to given normal coordinates were calculated numerically with a precision of up to 

0.0027 Hartree for the principal chemical bonds: Ga–As, As–As and Ga–Ga. These 

calculations were used to determine the force constants.   

        The electron-phonon interaction potential was calculated in a nonlinear 

approximation to take into account possible anharmonic terms: 

 

1/3 32 1/ 2
' ' ' ' ' ' ' '' '

( ) ( ) ( )e ph i ms ms s ms s ms m s s m s s m sms m s
V r e M Z r u r u Z r u r u

 


              
, 


                                

(5.6) 

 

here Mms and eZms are the effective ionic mass and charge respectively. The 

corres

w

ponding ions were numbered by m and s respectively. msu


and ' 'm su  indicat

e displacements of two chemically interacting ions



 their equilib

e the 

relativ rium 

ositions

 from

 sr


 and 'sr


p  respectively. The probability of a one-phonon transition is given 

y  

k ,                                                       (5.7) 

 

where Ls is the sum of the widths of the lower () and upper () electron MO energy 

levels,  is  the energy of the photo-inducing beam, Vk denotes the kth vibration 

energy and  is the degeneration factor of the corresponding electron energy 

levels. The parameter B(Vk) is found from: 

 

b

 

2 3 1 1 2( ) 4( / 2 ) ( )( ) ( )k s i kW V h c L g r V B V      


  

 ( )ig r





1
1

2
1

1

( ) ( ) ( ) , ( ) , d ( )

d , ( ) , ( )

k V e ph i V

V e ph i V k

B V g g V r V

V r V

 



     

     

k


 


 

    

      

  







 
 

  
                              

(5.8) 

 

where |denotes a virtual intermediate excited quasi-phonon state,  is the electric d


dipole moment for a given optical transition and | V >denotes an electronic state. The 
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summation was carried out over all degenerate initial and final states. denotes an 

averaging with respect to the degree of occupation of the quasi-phonon states at Vk. 

        The occupation dynamics caused by circularly polarized potential were 

calculated on the basis of the following electron-quasi-phonon population differential 

0 )

equations: 

 

0 0 0/ [ ( ) ] (n dt A B t In A n   
     d                                                    (5.9) 

 

)/dn dt [ ( ) ] (p p p pp p
A B t In A n         ,                                             (5.10) 

an  

ci ) 





where I is the photo-inducing power density,  n is the population of the th state, 

∆is the time delay between the pump and probe beams.  d  are, 

respectively, the induced and spontaneous Einstein coefficients between the ground 

(0) and ex ted ( states: 

 

2
3 3

0 0 0 0

3 3
0 0

8 d (1 )(1 ) / 3

/

e ph e phA n n n n

B c A h

   

 



 

   hc 
 



 

eo pho 

.                                                  (5.11) 

Here n  and n correspond to the Fermi-Dirac and Bose-Einstein carrier distribution 

of the ground state for electronic and phonon states, respectively. This expression 

takes into account the influence of pump power density through the photo-induced 

phonons, including anharmonic ones:   

 

' ' ' 2
' '( ) ( ) ( ) Im ( , )b b bb

k kB V C r C r G r V    
  

    ,                                                      (5.12) 

 

where '
' ( )bbG r


  is a Green function (b and b’ are numbers of the coordination spheres) 

d as define

 

' 1
' ( ( ) d d ( ) )bb

e ph i e ph iG r V r V r 
     

            ) (
    .                                   

(5.13) 
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The resulting expression is 

 

' 2 ' 2 2 1
' '( , ) ( ) ( )( )bb b b

kV
G r V K r K r V i  k V   

     ,                                                 (5.14) 

 

where the c



oordinates ( )bK r


  are obtained for a given averaged number of phonons. 

Numerical calculations were made with an accuracy of up to 0.019 Hartree. To 

include the light-induced deformations of the n-type wave functions within the Green 

nction, the spin density deformation localization was taken into account, which 

allows one to apply the Dyson relations [9].  

fu

 

 

 

 

Figure 5.3. Distribution of the spin-polarized states after inclusion of the 

electron-phonon interactions as described in the text for a Si content of 1×1017 

cm-3 (DC bias field E = 60 mVµm-1). 

 

e poten

formation and corresponding disturbance caused by the charge defects 

7,18]. Thus:  

'
'                                                                         (5.

 

        Th tial operator U was determined by the photo-inducing spin-active 

potential de

[1

' ' '
' ' '(1) (0) (0) (1)bb bb bb bbG G G G     U , 15) 
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where '
' n function for harmonic subsystems and  is the 

reen function for subsystems disturbed by the anharmonic electron-phonon potential 

U.  

      Using this approach it has been established that the inclusion of the anharmonic 

stems 

at additional superposition of external 

ircularly polarized light favours enhancement of the spin-polarized states (see Fig. 

.4), which mainly determine the experimentally observed spin-induced Hall voltage. 

Thus, it is only by simultaneously taking into account the external biasing electric 

field and the delocalization of the spin-polarized wave functions by anharmonic 

electron-phonon interactions (see Figs. 5.2-5.4) that can explain the observed VAH.  

 

 

(0)bbG  is the Gree '
' (1)bbG

G

  

electron-phonon subsy leads to substantial delocalization of the local spin 

density (compare Fig. 5.3 with Figs. 5.1 and 5.2) and increasing the external photo-

inducing circular polarized light intensity favours the occurrence of additional spin 

states (indicated by pink in Fig. 5.4).      

        It is therefore unambiguously clear th

c

5

 

 

corresponds to occurrence of additional spin polarizations caused by 

the light. 

 

Figure 5.4. Distribution of the spin-polarized states as in Figs. 5.1–5.3 during 

enhancement of the power density of the circularly polarized light by 15 %. The 

pink color 
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        Fi 5 shows the simulated dependences of the optically induced spin-

polarized delocalized states determining the spin current, which generally agree with 

the 

gure 5.

experimental results, although the voltage dependence does not show so clear a 

maximum as in the experiment.  
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Figure 5.5. (Top) Simulated dependences of the optically induced spin-polarized 

delocalized states (SPDS) determining the spin current vs the applied biased field 

at differen
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5.3  Conclusions and outlook 
  

A theoretical investigation based on band energy structure calculations using norm-

conserving pseudopotential and Green function formalism to analyze the spin-orbit 

echanism responsible for the photo-induced Hall effect gave sufficient explanation 

f the observed VAH. Calculations showed that only simultaneously accounting for the 

external biasing electric field and delocalization of the spin-polarized wave-functions 

by anharmonic electron-phonon interactions can explain the Si-doping-dependent spin 

current and hence the observed VAH. The theoretically obtained results generally 

agreed with the experimental results, although the voltage dependence did not show 

so clear a maximum as in the experiment. This may reflect contributions to the spin 

carrier diffusion which have not been considered in the calculations; however, the 

model developed here may facilitate the building of more advanced ab-initio models. 

 

References 
 

[1]      W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965). 

[2]      M. Schlüter and L. J. Sham, Phys. Today 35(2), 35 (1965). 

[3]      Y. O. Dovgii and I. V. Kityk, Phys. Solid State 33, 238 (1991). 

[4]      M. I. Miah, Opt. Mater. 29, 845 (2007). 

[5]      M. I. Miah. I. V. Kityk, and E. MacA. Gray, Acta Mater. 55, 6392 (2007). 

[6]      G. B. Bachelet, D. R. Hamann, and M. Schlüter, Phys. Rev. B 26, 4199 (1982). 

[7]      G. B. Bachelet, M. Schlüter, and G. A. Baraff, Phys. Rev. B 27, 2545 (1983). 

[8]      I. V. Kityk and B. Andriyewskii, Phys. Status Sol. V 188B, 711 (1995). 

[9]      H. Haug and A. P. Jauho, Quantum Kinetics in Transport and Optics of  

           Semiconductors, Springer, Berlin, 1996. 

[10]    J. Perdew and A. Zunger, Phys. Rev. B 23, 5048 (1981). 

1]    O. T. Antonyak, I. V. Kityk, and M. S. Pidzyrailo, Opt. Spectrosc. 69, 361  

           (1990). 

[12]  

[13]  

[14]   B. I. Lundquist, J. Phys. C 4, 2064 (1971). 

5]    D. M. Ceperley, Phys. Rev. B 18, 3126 (1978). 

6]    D. M. Ceperley and B. J. Alder, Phys. Rev. Lett. 45, 566 (1980). 

m

o

[1

  E. P. Wigner, Phys. Rev. 46, 1002 (1934). 

  O. Gunnarsson and B. L. Lundquist, Phys. Rev. B 13, 4274 (1976). 

  L. Hedin and

[1

[1

 112



[17]    D. C. Langreth and J. W. Wilkins, Phys. Rev. B 6, 3189 (1972). 

8]    W. Hänsch and G. D. Mahan, Phys. Rev. B 28, 1902 (1983). [1

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 113



Chapter 6   Summary 

 
 

Semiconductor spintronics relies on the spin degree of freedom of electrons in 

miconductor systems. Having discussed its origins, progress, technical requirements 

nd challenges in the Introduction to this Thesis, the key questions that need to be 

ddressed for further progress were considered. Spin transport and the electrical 

etection of spin current in nonmagnetic semiconductor GaAs were studied both 

eoretically and experimentally via the anomalous Hall effect (AHE).   

      On the theoretical front, starting from the derivation of a more general two-

omponent drift-diffusion equation that takes into account electric-field effects and 

oth nondegenrate (NDG) and degenerate (DG) electron statistics, it was shown that 

oth drift and diffusion currents contribute to the spin current. It was then shown that 

n increase in E increases the drift current but decreases the diffusion current, 

emonstrating that the extension of the spin diffusion length by a strong electric-field 

oes not result in a significant increase in spin current in semiconductors owing to the 

ompeting effect of the electric field on diffusion. It was found that there is a spin 

rift-diffusion crossover field, E×, for a process in which the drift and diffusion 

ontribute equally to the spin current, which importantly suggests a possible way to 

entify whether the process for a given E would be in the spin drift or spin diffusive 

gime. The AHE arising from the spin current was derived on the basis of the drift-

iffusion model and a useful way was demonstrated for the electrical detection of spin 

urrent and spin diffusion length in a semiconductor. For the possible enhancement of 

e diffusive part, DG and NDG cases were considered. It was found that, owing to an 

crease in the diffusion coefficient, the spin current and hence the AHE are enhanced 

 a DG semiconductor. By analyzing semiconductor highly degenerate (HDG), DG 

nd NDG regimes, it was shown that the intrinsic spin diffusion length, D0, can be 

etermined directly from E× if the temperature, electron density and both the 

mperature and electron density, respectively, are known for NDG, HDG and DG 

stems. A possible method of identifying whether the process for a given carrier 

nsity and temperature would be in the DG or NDG regime was demonstrated. 
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        Following the theoretical observations b

devices for the electrical detection of spin curre

ased on the drift-diffusion model,  

nt and spin diffusion length, based on 

e AHE, were fabricated on undoped as well as on Si-doped GaAs using 

nmagnetic contact materials. A systematic study was performed to find out the best 

onditions for realizing the devices, which produces a successful “recipe” for growth 

 morphology.  

greed 

with those obtained by experiment. 

th

no

c

and metallization. The results show that the contact structure Au(100 nm)/Ge(40 

nm)/Pd(10 nm) to GaAs (substrate with n = 2×1018 cm-3), annealed at 180°C for 1 h, 

was the most reliable with the lowest contact resistance. Using Rutherford 

backscattering spectrometry, contact formation mechanisms were studied. Devices 

were characterized as to their suitability for applications and were found to be 

reproducible and bondable and to contain transparent contacts with good

        The spin polarized electrons generated in devices of GaAs by circularly 

polarized light were dragged by an electric field and the AHE was observed without 

an external magnetic field. As no magnetic field was applied, the observed photo-

induced AHE was the pure AHE (i.e. without any contribution from the ordinary Hall 

current). The experiments detected photogenerated spin current and spin relaxation 

electrically, based on the measurements of the photo-induced anomalous Hall voltage, 

VAH, at room temperature as well as at low temperatures. While for low E the AHE 

did not depend strongly on E, the AHE in GaAs was found to decrease very 

significantly when spin-oriented electrons were injected with a high E, owing to an 

increase in the spin precession frequency of the hot electrons. It was found that VAH 

for a doped sample (1.6×1016 cm-3) increases quickly, reaching a maximum VAH ≈ 600 

nV at around E = 90 mVµm-1 and remains constant up to ~200 mVμm-1 for T = 2 K, 

and then decreases almost exponentially, indicating that photo-induced spin 

orientation of electrons is preserved during transport in moderate electric fields in 

GaAs. However, a field ~300 mVμm-1 completely destroyed the electron spin 

polarization, indicating that high field transport conditions might not be desirable for 

semiconductor spintronic devices with GaAs. It was found that the AHE strongly 

depends on the exciting photon energy. The AHE was also found to be enhanced by 

moderately increasing the doping density, owing to an increase of the electronic spin 

polarization, or by decreasing the temperature. The results were discussed in 

comparison with a quantitative evaluation of the Dyakonov-Perel (DP) spin lifetimes 

of the photogenerated electrons under drift in GaAs. The calculated results a
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        In relation to photo-induced AHE measurements with moderately-doped 

samples, three spin transport regimes, namely, diffusive, drift-diffusion crossover and 

drift were considered. Of them, spin transport in the diffusive and drift-diffusion 

crossover regimes were studied in more detail. Spin diffusion in the presence of a 

weak electric-field in GaAs was investigated and, on the basis of the AHE 

measurements, the values of E× and D0 were estimated in the NDG regime using the 

Einstein relation. The values of E× and D0, at 2 K were found to be 70 Vm-1 and 1.74 

μm respectively. The electrically obtained value of D0 was a factor of 0.87 lower than 

that reported in the literature based on Kerr rotation microscopy.  

        A time-resolved pump-probe polarization investigation was performed to 

measure the spin polarization in five samples. The optically generated electron spins 

were detected by measuring the spin-dependent and time-resolved differential 

transmission of the sample. The spin polarization pumped with the single-photon 

excitation of electrons was found to decay with a time constant of 210 ps, giving a 

value for the spin relaxation time of ~420 ps. The decay of the polarization p might be 

caused by the randomization of the initial spin polarization, p0, by the DP spin 

relaxation mechanism. The maximum value of p0 = 44% was obtained at 4 K. p0 was 

found to be enhanced with decreasing temperature. The observed temperature 

dependence might be caused by the temperature-dependent band-gap shift of GaAs. 

The polarization was also found to depend strongly on the exciting photon energy. 

The results were discussed based on the selection rules governing optical transitions 

from heavy-hole, light-hole and split-off states to conduction-band states in bulk 

samples. For a comparison with the experimental data, a calculation for the AHE was 

performed using the measured degree of spin polarization.  

        In order to analyse the spin-orbit mechanism responsible for the photo-induced 

Hall effect, a theoretical investigation based on band energy structure calculations for 

Si-doped GaAs was performed using norm-conserving pseudopotential and Green 

functions. The results showed that simultaneously accounting for the external biasing 

electric-field and delocalization of the spin-polarized wave-functions by anharmonic 

electron-phonon interactions can explain the electric field- and doping-dependent spin 

current and hence the observed VAH. The theoretically obtained results generally 

agreed with the experimental results, although the theoretical voltage dependence did 

not show so clear a maximum as in the experiment, which might be caused by the 

contribution from spin carrier diffusion ignored in the calculations. 
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Suggestions for further investigations: 
 

Effective application of the existing knowledge could greatly facilitate current 

research in spintronics and its growth, following Shockley’s paradigm that the 

scientific success of research is proportional to the factorial of the number of 

concepts (appropriate ideas) a scientist can operate simultaneously. The spin-

dependent Hall effect has a practical relevance to the field of spintronics, where spin 

polarization, manipulation and detection are essential. Further system

on the photo-induced AHE that use controllable parameters, such as gate voltage

atic experiments 

 

lthough such techniques 

et in mind, the 

certainly will provide us with a clear view of many of the principal criteria required 

for implementation.  

        It would be interesting to inject spin current by tunnelling electrons from a 

ferromagnetic contact into the semiconductor via a thin insulating barrier, to test 

experimentally how the AHE field varies with longitudinal and transverse position of 

the Hall contacts at field E E . Such experiments could be used to directly measure 

D0 in semiconductors. In addition, in order to see whether the effect is enhanced, 

devices with group IV semiconductors, diluted magnetic semiconductors and half-

metallic ferromagnets (which behave like metals with respect to the electrons of one 

spin direction and like semiconductors with respect to the electrons of the other spin 

direction) as well as devices with reduced size (quantum structures) need to be 

investigated. Importantly, the group IV semiconductors such as silicon and 

germanium have weaker spin-orbit interaction and hence higher spin diffusion length, 

compared to the III-V semiconductors such as GaAs. A

provide an excellent means of detecting photogenerated spin current and measuring 

the transport properties of the carriers’ spin in semiconductors in the laboratory, they 

are not universally suitable for realizing practical spintronic devices, let alone for 

integrating these devices into a complex or bulky spintronic system, because of the 

optical spin generation. For this an ‘all-electrical’ interfacing scheme is desirable.  

        However, semiconductor spintronic devices using controllable parameters, such 

as device structure or gate voltage (‘all-electrical’ three terminal devices similar to the 

Datta-Das spin-FET or recently proposed spin-MOSFET), able to combine electrical 

spin injection and detection, will provide the potential to fulfill the principal criteria 

for practical semiconductor spintronic devices. With this targ
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conductivity mismatch, which is the prime hurdle for the efficient electrical spin 

ate control of spin-FET devices, needs to be injection or experimental success in the g

resolved by novel and intensive studies of the device structure, design and fabrication. 

Given the intense work on electrical spin injection and detection in semiconductors 

and the recent breakthroughs in this field, there is no doubt that demonstrating 

semiconductor-based spintronic device is only a matter of time.  
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