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Chapter 1
Introduction

In this chapter, we introduce the topic of the thesis. A brief history of the development
of metal-based spintronics devices is presented. Followed by these developments the
prospects of a spin-based semiconductor technology are discussed. We identify the
fundamental requirements for a spin-based semiconductor technology and explain
why silicon is selected as a semiconductor material. To achieve the ultimate goal
of implementing spin functionality in the semiconductor we emphasize the use of a
magnetic tunnel contacts to Si. The advantages of the use of a tunnel insulator are
discussed. We discuss the core objective of the thesis, which is to explore and/or find
solutions for the fundamental issues of spin creation and detection in a semiconductor
using spin-tunnel contacts. At the end of the chapter we give an outline of the thesis.

1.1 Why semiconductor spintronics ?

The invention of the metal oxide field effect transistor (MOSFET) during the sixties[1]
has revolutionized the human life with a wide range of applications including smart
phones, ipods, digital-tv, digital cameras, personal computers, video games and var-
ious other devices. The MOSFET, together with the diode, capacitor and a bipolar
transistor form the basic building blocks of all kinds of digital or analog integrated-
circuits. These electronic devices exploit the most salient property of the electrons:
the electric charge. Such devices are based on the transport, manipulation and short-
term storage of electrical charge, which represents the data as a volatile memory.
The performance of such devices depends on how fast and efficiently charge ma-
nipulation and storage operation can be performed. The remarkable performance of
these devices is attributed to the scaling of the dimensions of the MOSFET. Although
the reduction in the dimensions of the MOSFET enabled most of the performance
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enhancement, it cannot continue definitely[2]. It is limited by the fact that device
dimensions will reach the physical limits very soon and it will no longer be possi-
ble to further enhance the device performance by simple scaling. Confronted with
this challenge, alternative solutions are sought, where new device architectures with
enhanced performance and new functionality are developed [3]. Semiconductor spin-
tronics is an example of such a new technology, which aims at harnessing the spin
angular momentum of the electron in solid state devices.

Similar to an electric charge, the spin angular momentum is the intrinsic funda-
mental property of the electron, responsible for the static magnetic properties of the
magnetic materials. Although the concept of the spin was proposed long before in
1925 [4], it gained practical importance after the discovery of the giant magnetoresis-
tive (GMR) effect in ferromagnetic thin film multilayers [5, 6]. Read sensors based
on the GMR effect have been successfully integrated in computer hard drives since
the mid-1990’s. Later, the room temperature demonstration of the large tunnel mag-
netoresistance (TMR) in magnetic tunnel junctions (MTJs) showed great promise for
their use in read head sensors and they were soon implemented. It also lead to the
commercialization of the MTJs based magnetic random access memory (MRAM)
[7]. Initial version of this type of magnetic memory used the magnetic field for writ-
ing operation. This magnetic field is induced by the current passing through the world
line and bit line in MRAM. Such type of MRAM requires a larger current for writing
operation when the MTJ size is reduced[8, 9]. Thus, this approach limits the scal-
ing of the MRAM. Recently, another technique known as spin transfer torque (STT)
magnetization switching has received greater attention. The write current for this type
of MRAM scales down with the cell size. It does not require additional write word
line, which leads to the reduction in cell size, enabling higher storage density[10, 11].
Thus, metal-based spintronics devices have seen a tremendous growth in a very short
span of time.

Followed by these developments there have been significant efforts to have a con-
trol on the spin degree of freedom in a semiconductor and combine the unique fea-
tures of the semiconductors and ferromagnets. These efforts are propelled by the fact
that including the spin functionality in semiconductors may offer new avenues that
are inaccessible in metal-based spintronics devices. The primary motivation behind
this is the fact that the properties of semiconductors can be controlled by doping (den-
sity and type), light and by electrostatic gates, providing amplification and transistor
action. The semiconducting materials also possess larger spin lifetime, enabling the
spin information to survive for longer duration. On the other hand, ferromagnets have
non-volatile memory functionality at ambient temperature. Yet, the magnetization
can be switched rapidly and with unlimited endurance. The combination of these
features yields an alternative information technology in which memory and logic
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functions are integrated, and data is encoded in the direction of the electron’s spin.
Success in this field could lead to more efficient, fast operating devices with reduced
power consumption compared with conventional semiconductor devices[12–15].

A technological assessment of the potential and the merits of this newly emerging
technology is essential. For that purpose the devices and prototype circuits need to be
realized, their characteristics and limitations determined, and their performance pa-
rameters quantified. Despite the efforts by various research groups across the globe,
realizing a spin-functional semiconductor device at room temperature has been a long
standing goal but an elusive one. Although some progress has been made in this direc-
tion, a complete prototype demonstration is still not available. To reap the expected
benefits of a spin-based semiconductor technology, it is essential that spin-functional
devices can operate at room temperature.

The motivation of the present work is to identify and establish the fundamental
requirements for realization of spin-functional devices in semiconductors, particu-
larly in silicon. In this thesis we will examine the basic requirements and address
some of the issues. These developments may form the foundation of the spin-based
semiconductor technology. In the following section, we explain why we have chosen
Si as the host semiconductor.

1.2 Why silicon ?

Most of the initial developments in semiconductor spintronics were limited to GaAs,
a direct band gap material where optical techniques could be employed for creating
and detecting the spin polarization[16]. These optical investigations have given us
considerable insight into spin dynamics and the lifetime and spin relaxation mecha-
nisms in GaAs. Here, we will focus on silicon.

The interest in silicon stems from the fact that it has a lattice with inversion sym-
metry, and lower spin-orbit interaction due to its smaller atomic mass. Further, due to
the absence of nuclear spin in the most abundant isotope of Si, the spin relaxation via
hyperfine interaction is almost negligible. All these properties make the spin lifetime
in Si large. Thus, spin information can be transmitted over large distances without
loosing the spin coherence. But above all, Si is the mainstream semiconductor. The
existing technology base for Si makes it more favorable to investigate the spin-related
phenomena.

The efforts to induce spins into Si date back to early seventies. In 1968 it was
shown by Lampel that a non-equilibrium spin polarization of the electrons in Si can
be induced by illuminating the material with circularly polarized light[17]. Unfortu-
nately, the steady state spin polarization was only a few percent in Si because spin-
relaxation is much faster than carrier recombination, owing to the indirect band gap.
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Therefore, optical orientation or luminescence are less efficient for the creation and
detection of spin polarization in Si. One needs to look for an alternative efficient
approach that is purely electrical. An example of such an approach is an all-electrical
injection and detection of the spin-polarized carriers in a semiconductor. For e.g., in
a magnetic tunnel contact to a semiconductor, the current across the junction is spin
polarized due to the different tunneling conductance for majority (↑) and minority (↓)
spins and this can be used to inject spins into the semiconductor. The injected spins
undergo spin relaxation and the spin polarization reduces to zero if a continuous sup-
ply of spins is not maintained. Thus, under steady state condition a non-equilibrium
spin accumulation can be created electrically in a semiconductor. This is preferred
over the optical methods, as it offers a technologically viable method to integrate spin
and charge-based devices on a common platform. In the following section we will
discuss the basic requirements of semiconductor spintronics and the use of magnetic
tunnel contacts to a semiconductor for realizing semiconductor based spin-functional
devices.

1.3 Requirements of semiconductor spintronics

In order to have spin functionality in semiconductor devices, the following essential
requirements need to be fulfilled simultaneously:

(1) Injection of spin-polarized carriers from a ferromagnet into semiconductor,

(2) Transport of spin-polarized carriers through the semiconductor channel, with-
out loosing the spin information,

(3) Detection of spin-polarized carriers by a ferromagnetic drain contact,

(4) Electrical manipulation of the spins in the channel,

(5) Achieving all above mentioned conditions at room temperature and preferably
in n-type and p-type semiconductor.

Earlier developments in semiconductor spintronics revealed that even achieving the
first goal is not a trivial task. It was initially thought that the simplest way for inject-
ing spins into Si (or any semiconductor) would be to make a direct contact between
a ferromagnet (FM) and Si. However, the electrical spin injection from a FM into a
highly resistive material (for e.g., a SC), which is in direct contact with the ferromag-
net, was found to be highly inefficient due to the conductivity mismatch problem[18].
The spin accumulation created by the injection current at such an interface prefers to
flow back into the less resistive ferromagnetic injector rather than diffusing into the
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high resistive SC material. The spins, flowing back into the ferromagnet, readily
loose their spin orientation and no significant spin polarization is created in the semi-
conductor.

Another problem in making direct contact of transition metal ferromagnets with
silicon is the formation of silicide. It is known that silicide formation on Si occurs
even at room temperature [19]. The magnetic atoms diffuse into Si but the associ-
ated magnetic moments do not align with each other as they do inside a ferromagnet.
As a result, the spin orientation of the electrons injected into silicon is randomized
by the strong spin-scattering events due to randomly-oriented magnetic moments of
the metal atoms. The spin polarization of the current across the interface region re-
duces significantly and the spin polarization inside the Si becomes negligible[19, 20].
Instead of a direct contact between ferromagnet and silicon, we use a different ap-
proach, originally proposed by Rashba to alleviate the conductivity mismatch, i.e., to
use a tunnel barrier between the ferromagnet and the semiconductor [21–23]. Intro-
ducing a tunnel barrier between FM and semiconductor has following three advan-
tages.

(1) It avoids the formation of silicide at the interface between the ferromagnet
and silicon. The silicide layer causes significant spin flips, reducing the spin
polarization of the tunnel current into silicon.

(2) A tunnel barrier provides a large spin-dependent resistance, i.e., the conduc-
tance for one spin orientation (majority) is higher compared to the spins (mi-
nority) with opposite orientation. As a result, the spin polarization of the
current across the interface is enhanced. Note that technology for creating
magnetic tunnel contacts with high tunnel spin polarization is well developed,
thanks to metal-based spintronics.

(3) Finally, the high tunnel resistance prevents the back flow of the spins that have
been injected into silicon. Due to this weak coupling between the FM and the
spins in the silicon, the probability to loose the spin information by tunneling
back into FM is lowered. Spin detection via a tunnel barrier can be consid-
ered as an ideal spin voltage probe. Thus, efficient spin injection and detection
would be possible by using spin-tunnel contacts to silicon or other semicon-
ductors.

Therefore, world-wide efforts have focused on this convenient and technologi-
cally viable approach to create and detect spin polarization in semiconductors. An-
other approach, based on hot electrons was used by Appelbaum and coworkers. Using
this, they demonstrated electrical spin transport in silicon in 2007[24]. Remarkable
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results were subsequently obtained, including spin transport and coherent spin pre-
cession over a large distance of 350 micron of (undoped) Si at low temperature[25].
Unfortunately, the hot-electron approach has a major drawback in that the current
levels are too small. Most of the current is lost due to the fast energy relaxation of
the hot electrons in the ferromagnetic metals, and the current in the detection circuit
of the device is only a minute fraction (≈10−4) of the injected current[24].

Jonker et al. in 2007 reported electrical spin injection from an Fe/Al2O3 tunnel
contact into silicon at low temperature[26]. The detection of the spin polarization
was done optically, using a light emitting diode (LED) structure in which circularly-
polarized luminescence is produced when the injected spin-polarized carriers recom-
bine, as first demonstrated for other semiconductors [27]. Later that year, van ’t Erve
et al. reported electrical injection and detection of spin in silicon at 10 K with ferro-
magnetic tunnel contacts [28]. The breakthrough to room temperature was made in
2009 when we reported the first all-electrical creation and detection of spin polariza-
tion at 300 K in a semiconductor, for both n-type and p-type silicon [29] as described
in chapter 3 of this thesis. Since then, the magnetic tunnel contacts have been suc-
cessfully used for creating and detecting spin polarization in other semiconductors
[29–33]. This has established magnetic tunnel contacts as a robust, reliable and effi-
cient method to induce and probe spins in semiconductor at the relevant temperature
scale. Because of this, they are now widely employed and, in fact, have become the
standard in semiconductor spintronics. In this thesis, we therefore concentrate on
silicon spintronic devices with ferromagnetic tunnel contacts.

1.4 Motivation and thesis outline

As discussed in the previous sections, the success in spin-based semiconductor tech-
nology may lead to the development of new information storage devices and architec-
tures which are efficient and have low power dissipation. For achieving these goals
certain fundamental issues related to spin injection into a semiconductor need to be
satisfied.

The central objective of the thesis is to investigate the solutions for the basic
requirements of a spin-based semiconductor technology. It includes the creation,
detection and control of the spin polarization in silicon (n and p-type) at room tem-
perature. We will address these issues by using silicon/oxide/ferromagnet tunnel
devices. Understanding of the parameters which control the spin-polarized transport
across a magnetic tunnel contact to silicon is essential. We will study how the use of
different barrier materials, thickness of the barrier, type of ferromagnet and rough-
ness of the tunnel interface influence the spin accumulation and spin lifetime and
dynamics of spins in silicon. The variation of the spin signals with voltage, current
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density and temperature will be investigated. In addition, we also include a study
of the magnetization direction dependent spin-polarized transport in these devices.
This thesis is divided into three main parts. In the first part, we describe the princi-
ple of electrical spin injection into a semiconductor. The second part describes the
fundamental results of spin injection and detection in Si at room temperature. This
part also includes the detailed study of how spin signal varies with parameters like
the voltage, the current density, temperature, interface roughness, barrier thickness
and tunnel barrier materials (Al2O3 and MgO). The third part of the thesis is devoted
to the investigation of the tunneling anisotropy in Si/oxide/ferromagnet devices. For
all measurements, we have used the three-terminal geometry for spin injection and
detection. Below we present an outline of the work covered in this thesis.

Chapter 2 describes the basic principle of spin injection and detection with a
magnetic tunnel contact to a semiconductor. Spin injection through a spin-tunnel
contact is described in a linear approximation. We present a detailed description
of the spin-detection method which utilizes the Hanle effect. We examine the role of
spin diffusion on data analysis and describe the three-terminal and two-terminal mea-
surement geometries. Spin signals in semiconductor based magnetic tunnel devices
are suspected to have spurious signals like magnetoresistance and local hall effect. To
rule out these artefacts, the use of a control experiment, employing a non-magnetic
layer at interface between a ferromagnet and oxide is emphasized.

Chapter 3 presents the experimental results on ferromagnetic tunnel devices with
an amorphous Al2O3 tunnel barrier, showing that spin polarization in silicon (n-type
as well as p-type) was created successfully at room temperature. The variation of the
spin signals with voltage, current density and temperature is presented. We present
three-terminal Hanle measurements on a control device and investigate the effect of
roughness on the Hanle measurements and on the extraction of the spin lifetime. We
also compare the signal magnitude to existing theory.

Chapter 4 presents an alternative approach for realizing spin-tunnel devices to
Si using crystalline MgO/Fe tunnel contacts instead of devices with an amorphous
tunnel barrier. We describe the preparation method and structural characterization of
these devices. The conditions of obtaining crystalline MgO/Fe tunnel contacts on Si
are presented. We present the basic results on spin injection into p-type as well as
n-type silicon at room temperature. Finally, we discuss the influence of the Si surface
preparation on the measured Hanle, inverted Hanle signals, the linewidth of Hanle
signal and correlate it with the roughness of the tunnel interface.

Chapter 5 provides a more detailed study of the magnitude of the spin accumu-
lation created in a semiconductor. The focus is to investigate how the spin-signal
obtained in a Hanle measurement varies with the thickness of the tunnel barrier. We
present the spin transport data obtained on silicon based tunnel devices with amor-
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phous Al2O3 and crystalline MgO tunnel barriers. We compare the experimental
data with the available theoretical models which consider the direct tunneling, two-
step tunneling and direct as well as two-step tunneling in parallel. To rule out spin
signal enhancement by two-step tunneling via localized interface states, we present
measurements on control devices in which the semiconductor is replaced by a non-
magnetic metal (Ru) electrode. Further, to establish that the measured signals are
genuine and originate from spin polarized transport, we present measurements on a
control sample in which spin injection is known to be absent.

Chapter 6 is devoted to the investigations of the tunneling anisotropy in Si/Al2O3/
ferromagnet devices. We explore the tunneling anisotropy in three-terminal geome-
try, when the magnetization is rotated from in-plane to out-of-plane. We discuss the
different contributions to the tunneling anisotropy and show that these can be distin-
guished using magnetic tunnel contacts on n as well as p-type silicon with different
ferromagnets (Fe and Ni). This is followed by the description of the fitting equation
which contains a term associated with tunneling anisotropic magnetoresistance and
another term arising from an anisotropic spin accumulation inside silicon. A strategy
to interpret the experimental results is included at the end of the chapter.

In chapter 7, we investigate the influence of the crystalline quality of the tun-
nel contact on tunneling anisotropy. We describe in-plane as well as out-of-plane
tunneling anisotropy in crystalline Fe/MgO/Si tunnel devices. In addition, in-plane
tunneling anisotropy is studied on silicon based tunnel devices with a poly-crystalline
MgO/Fe tunnel contact and for devices with an amorphous Al2O3 tunnel barrier and
poly-crystalline ferromagnetic electrode. We discuss the origin of the observed in-
plane anisotropy and the role of the crystalline Si electrode and the contribution from
coherent tunneling.

The thesis ends with a summary in chapter 8, the publications list and an ac-
knowledgement.



Chapter 2
Principle of spin injection and
detection in semiconductors
using ferromagnetic tunnel
contacts

This chapter provides an overview of the electrical methods that can be employed
for the creation of a non-equilibrium spin polarization in a non-magnetic material. In
particular, our focus will be on an all electrical scheme for injection and detection
of the spins in silicon that employs ferromagnetic tunnel contacts. We describe the
concept of spin injection into silicon by tunneling and also provide a detailed dis-
cussion about spin detection via Hanle effect. We discuss the measurement methods,
i.e., three-terminal and two-terminal geometries for spin injection and detection. A
discussion on spin detection in presence of vertical spin diffusion is also included. At
the end of the chapter, we emphasize the importance of a control experiment to rule
out the presence of spurious signal.

2.1 Introduction

Two of the fundamental requirements for realizing spin-functionality in semiconduc-
tor (SC) devices are the creation and detection of the spin polarization. Spin po-
larization can be created in a SC by optical methods, that is, by optical orientation
[16, 34, 35]. By shining circularly polarized light on a SC, the momentum of the
absorbed photons is transferred to the medium and electrons with different popula-
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tion of opposite spin are created. These photo-excited spin-polarized carriers give
rise to polarized radiation (luminescence) after recombination. By measuring the cir-
cular polarization of the luminescence the important quantities such as spin lifetime,
the recombination time of the carriers and their spin polarization can be evaluated
[36, 37]. Due to its direct band-gap, GaAs has been widely employed to study the
electron spin dynamics with this technique [14, 16, 34, 35, 38–41]. An alternative to
the above approach is to electrically induce the spin polarization into a SC and detect
the emitted circularly polarized light as done in spin light-emitting diode (spin-LED)
[27, 42]. This method has been successfully used not only in GaAs [43, 44] but also
in devices with Si [26, 45]. However, the indirect band-gap in Si limits the efficient
use of the optical techniques for creating and detecting spin polarization in Si.

In this thesis, we focus on an all-electrical scheme compatible with existing semi-
conductor technology. This would enable the integration of the spin and charge based
devices on the same platform. Recently, magnetic tunnel devices with different SC
(Si, Ge or GaAs) have been successfully employed for electrical injection and de-
tection of the spin accumulation [29, 31, 32, 46, 47]. This has not only solved the
fundamental problem of spin injection into a semiconductor, but also provided an op-
portunity to explore the various parameters that influence the spin transport in such
spin-tunnel contacts. In this chapter, we therefore focus on silicon spintronic devices
with ferromagnetic tunnel contacts. We start with a description of the physics that
underlies their operation. We discuss spin injection through a tunnel barrier, and de-
velop an expression for the spin accumulation induced in the semiconductor in terms
of material parameters [48–51]. Next, we discuss the method of spin detection, i.e.,
the Hanle effect. This is followed by the description of the different measurement ge-
ometries. In particular, we focus on three-terminal method for creation and detection
of the spin polarization and discuss its advantages over other measurement geome-
tries. A two terminal geometry, which employs two contacts for both injection and
detection of spins is also described. Finally, we emphasize the importance of doing
a control experiment to rule out spurious signals and to establish that the signal that
we observed is genuine and originates from spin polarized transport across the tunnel
contacts.

2.2 Spin injection into silicon by tunneling

In a tunnel junction between a ferromagnet and a semiconductor, the tunnel current
is spin-polarized because the tunnel conductance depends on spin. Majority (↑) and
minority (↑) spin electrons with their magnetic moment, respectively, parallel and an-
tiparallel to the magnetization of the ferromagnet have different tunnel conductances
denoted by (G↑) and (G↓). Hence, one type of spin is injected into the semiconductor
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at a higher rate than the other type, resulting in a net spin density in the semiconduc-
tor. This can be described by a spin splitting ∆µ = µ↑ − µ↓ of the electrochemical
potential, where ∆µ is the spin accumulation. In the linear transport regime, the
tunnel currents of majority and minority spin electrons, I↑ and I↓, respectively, are
given by:

I↑ = G↑
(
V − ∆µ

2

)
(2.1)

I↓ = G↓
(
V +

∆µ

2

)
(2.2)

The voltage V is defined as Vn − Vfm, where Vn and Vfm are the spin-averaged
potential of the non-magnetic (silicon) electrode and the ferromagnet, respectively
(see Fig. 2.1). The total charge tunnel current I = I↑+I↓ and the spin tunnel current
Is = I↑ − I↓ are then:

I = GV − PfmG

(
∆µ

2

)
(2.3)

Is = PfmGV −G

(
∆µ

2

)
(2.4)

where G = G↑ +G↓ is the total conductance and Pfm = (G↑ −G↓)/(G↑ +G↓) is
the tunnel spin polarization of the tunnel interface between a FM and an insulator.

The feedback of ∆µ on the spin/charge tunnel current implies that another (inde-
pendent) relation between ∆µ and Is is required to obtain a solution. This is provided
by the requirement of a steady-state condition of the spin accumulation in the non-
magnetic material, which is obtained when the spin current Is injected by tunneling
is balanced by the spin current due to spin relaxation in the material, integrated over
the relevant volume. The spin current associated with spin relaxation is proportional
to the spin accumulation and their relation can be expressed in terms of material pa-
rameters [22, 52, 53]. However, to illustrate the general features of spin injection and
detection, it is more transparent to define a phenomenological parameter, the spin
resistance rs of the non-magnetic material, via:

∆µ = 2Isrs (2.5)

The rs describes the conversion of the spin current Is that is injected by tunneling,
into a spin accumulation ∆µ, where ∆µ denotes the value of the spin accumulation
right at the tunnel interface, as relevant for the tunneling process. This definition of
rs is general and makes no specific assumptions about the spatial profile of the spin
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Figure 2.1: Energy band diagram of a ferromagnet/insulator/semiconductor tunnel junction. In
the semiconductor there is a spin accumulation, described by a spin splitting ∆µ = µ↑ − µ↓

of the electrochemical potential. The applied bias voltage V is referenced to the spin-average
potentials. For illustration purposes a degenerately doped semiconductor is chosen and band
bending at the interface between the semiconductor and the tunnel barrier is omitted.

accumulation in the non-magnetic material, or the formalism used to compute it. If
we use the spin-diffusion equation and a spin accumulation that decays exponentially
with distance from the injection interface with the spin-diffusion length Lsd, then
the spin resistance of a unit contact area is ρnLsd, where ρn is the resistivity of the
non-magnetic material [22, 51–53] The solutions for the spin accumulation and spin
current are:

∆µ =
2rsRtun

Rtun + (1− P 2
fm)rs

PfmI (2.6)

Is =
Rtun

Rtun + (1− P 2
fm)rs

PfmI (2.7)

where Rtun = 1/G. We identify two regimes. When Rtun >> rs, the spin
accumulation remains small and has negligible effect on the spin/charge current. We
then have Is ≈ PfmI , while ∆µ is linearly proportional to the spin resistance of
the non-magnetic electrode, and ∆µ/I is independent of Rtun. In contrast, when
Rtun << rs, the spin current is reduced by the built-up of a large spin accumulation.
The ∆µ is then independent of rs, but instead limited by Rtun.
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2.3 Spin detection by the Hanle effect

The Hanle effect refers to depolarization of an oriented ensemble of spins by the
application of transverse magnetic field. The effect was discovered by Wood and
Ellett [54] in 1924 while studying the effect of a magnetic field on the polarization of
the resonance radiation of the vapours of mercury and sodium. Initially they observed
a high degree of polarization of the mercury vapour fluorescence that was later found
to be diminished in a separate experiment. It was noticed that the apparatus was
oriented in a different direction compared to the first configuration. By turning the
apparatus by 90◦, again they found the high value of polarization. The physical
interpretation of this phenomenon was later provided by Hanle [55] and the effect is
therefore referred to as the Hanle effect. It is considered as a standard test to prove or
disprove the existence of spins inside a non-magnetic material. In the present work,
we will make use of this effect to study the spin injection into silicon and various other
parameters that influence the spin transport across a ferromagnetic tunnel contact.

Observation of a Hanle effect in a magnetic tunnel contact with silicon (or any
other semiconductor or non-magnetic metal) involves three significant aspects. The
first is the electrical injection of spin polarized carriers into the silicon. As pointed
out in sec. 2.2, a bias voltage across a magnetic tunnel contact with silicon produces
a non-equilibrium spin accumulation, ∆µ = µ↑ − µ↓. The orientation of the spin
accumulation is determined by the magnetization direction of the ferromagnet, which
is parallel to the tunnel interface (that is, in-plane). The spin accumulation is greatest
directly underneath the contact and decays exponentially with increasing distance
from the interface with the spin-diffusion length , Lsd.

The second feature is the controlled reduction of the induced spin accumulation in
an applied magnetic field. When a transverse magnetic field (BZ) is applied, the spins
precess with the Larmor frequency ωL = gµBB/~. Here g is the Landé g-factor,
µB is the Bohr magneton and ~ is the Plank’s constant divided by 2π. This results
in a controlled reduction of the spin accumulation by means of the Hanle effect.
As a result, the spin accumulation decays as a function of B with an approximately
Lorentzian line shape [see Fig. 2.2]

∆µ(B) =
∆µ(0)

1 + (ωLτs)2)
(2.8)

where τs is the spin lifetime and ∆µ(0) is the spin accumulation at zero field.
At small B, the Larmor frequency is much smaller than 1/τs and the spins precess

only over a small angle during the time τs. In this case, the precession has little
influence on the spin accumulation. For large B-field, the Larmor frequency becomes
much larger than 1/τs and spins make several complete cycles of coherent precession
during the time τs. Since we are performing a DC measurement without moving
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Figure 2.2: Schematic illustration of the Hanle effect that allows the manipulation of the spin
polarization in a semiconductor by an application of a transverse magnetic field. The spin
accumulation gradually reduces to zero with increasing magnetic field strength, as indicated by
the red curve. The line width at half maximum gives the effective spin lifetime.

the spins in space (3-terminal geometry, using the same contact for injection and
detection), the coherent precession causes the time average of the spin accumulation
to gradually reduce to zero with increasing B. The spin accumulation is reduced to
half of its initial value when ωL = 1/τs. The half width of the Lorentzian Hanle curve
thus allows extraction of the spin lifetime τs (at least, in principle: any deviations
from the ideal behavior will modify the Hanle curve, such that we should consider
the extracted time constant as a lower bound for the spin lifetime).

The third important feature is the electrical detection of the voltage signal due
to the change in spin accumulation caused by the applied magnetic field. A spin
accumulation can be detected electrically with a ferromagnetic tunnel contact, since
the total charge current of the contact depends on the value of ∆µ. This is easily seen
by rewriting eqn. 2.3:

V = RtunI +

(
Pfm

2

)
∆µ (2.9)

From Eqns. ( 2.9) and ( 2.8) the amplitude of the Hanle signal, i.e., V |ωL=0 −
V |ωLτs>>1, can be obtained and is given below:
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∆VHanle =

(
Pfm

2

)
∆µ0 (2.10)

Note that in order to observe a voltage signal, all the three features described
above have to be simultaneously present. Hence, the successful observation of a
Hanle signal proves spin injection, coherent spin precession, as well as spin detection
in a single measurement.

From the Hanle measurement one can extract τs, since line width of the Hanle
curve is inversely proportional to the spin lifetime, or strictly speaking, to the spin
dephasing time. For delocalized carriers in bulk material and at room temperature,
spin dephasing and longitudinal spin relaxation are controlled by the same micro-
scopic scattering processes[34, 35], and we will simply use the term spin lifetime in
this thesis.

It is important to keep in mind that deviations from a Lorentzian line shape can
occur. If the semiconductor is thick compared to Lsd, spin diffusion perpendicular to
the tunnel interface modifies the Hanle curve (see the supplement in ref. [29] as well
as sec. 2.3.2), and the extracted spin lifetime can increase by about 50% compared to
that obtained from a Lorentzian fit. Secondly, local magnetostatic fringe fields due to
roughness can cause artificial broadening of the Hanle curve without a change of τs
(see Ref. [56] and Chapter 3). Care should thus be taken, and in general the extracted
values should be considered as a lower limit for the spin lifetime.

2.4 Measurement geometries

In this section, we will describe the three-terminal and two-terminal techniques of
spin injection and detection. The non-local method of spin detection will not be
considered here and details can be found elsewhere in the literature [57, 58].

2.4.1 Spin detection via three-terminal geometry

For detecting the non-equilibrium spin accumulation in magnetic tunnel contacts to
Si we use the three-terminal (3T) geometry [29, 47, 59]. The 3T geometry (see
Fig. 2.3) employs two non-magnetic reference contacts, and a third contact that acts
as an injector as well as a detector of spins. For V > 0 (< 0), spin-polarized elec-
trons are injected (extracted) into (from) Si, thus, creating a spin accumulation ∆µ
at the tunnel interface. This method probes the spin accumulation just at the tunnel
interface, where it is largest. The spin accumulation ∆µ gives rise to a voltage signal,
which is given by eqn. 2.10. Spin detection in a 3T geometry relies on the controlled
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Figure 2.3: Schematic illustration of the three-terminal device geometry for injection and de-
tection of spin polarization in Si under a single contact (middle) consisting of an oxide insulator
and a ferromagnetic metal electrode. Contacts used to source current (right) and detect the volt-
age (left) are placed away from the active interface by more than several spin-diffusion lengths.

manipulation of the ∆µ by an external transverse magnetic field (Hanle effect) and
recording the resulting change in the voltage across the tunnel contact at constant bias
current I . The advantages of employing three terminal geometry are:

(1) Nano-fabrication is not required. Standard optical lithography can be used to
fabricate the test structure.

(2) This geometry allows the contact area to be chosen arbitrarily large so as to
adjust the overall device resistance and thereby ensure a better signal to noise
ratio.

(3) Relatively larger signal makes the spin detection easier.

The measured voltage signal can be described by an approximate Lorentzian line
shape given by eqn. 2.8. But strictly speaking, eqn. 2.8 applies when spin-diffusion
length is much smaller than the contact area (i.e., Lsd <<contact dimensions) and
there is no drift. In general, when the current density in the semiconductor is low, the
drift can be neglected. However, the effect of diffusion of the spins must be taken into
account. A more detailed expression that consider vertical one-dimensional diffusion
of the spin is discussed below. It is based on Ref.[34], but see also the supplement of
Ref.[29].

The spins injected into the semiconductor from a ferromagnetic tunnel contact
diffuse laterally as well as vertically from the point of injection. In most previous



2.4 Measurement geometries 17

experiments on electrical detection of the Hanle effect (see for instance [59, 60]), one
uses the following expression for the spin dynamics including 1-dimensional (1-D)
lateral diffusion (parallel to the injection interface):

S(x1, x2, t) =
1√
4πDt

e−[(x2−x1−vdt)
2/4Dt]e−t/τssin(ωLt) (2.11)

It describes the spin polarization at detection point x2 at a time t after the injection
at point x1 at t=0 for spins moving with drift velocity vd and diffusion constant D.
Integration of the above equation over time yields a steady state solution. When the
same tunnel contact is used for injection and detection, one needs to integrate both
x1 and x2 over the lateral dimension of the contact. This produces a Lorentzian if the
contact is much larger than the spin diffusion length which applies to the measure-
ments described in this thesis.

The case of 1-D diffusion perpendicular to the tunnel interface (along the z-axis)
is mathematically equivalent to the case evaluated explicitly in the review by Fabian
et al. [34]. Specifically, equation II.239 on page 617 of Ref[34] also applies to 1-D
diffusion perpendicular to the interface with the B-field also along the z-axis:

Sy(z) ∝ exp

(
−zα1

LSD

)[
α1

α2
1 + α2

2

cos(zα2/LSD)−
α2

α2
1 + α2

2

sin(zα2/LSD)

]
(2.12)

where Sy(z) is the spin component along the magnetization direction (y-axes) of
the ferromagnet at a distance z from the tunnel interface, and

α1 =
1√
2

√
1 +

√
1 + (ωL.τs)2, (2.13)

α2 = sgn(ωL).
1√
2

√
−1 +

√
1 + (ωL.τs)2. (2.14)

When single tunnel contact is used for injection and detection, the solution of
eqn. (2.12) at z=0 is relevant:

Sy(z) ∝
α1

α2
1 + α2

2

=
1√
2

√
1 +

√
1 + (ωL.τs)2

1 + (ωL.τs)2
(2.15)

Note that this expression is derived with fixed boundary conditions for the spin
current injected from the tunnel contact at z = 0. In reality the modification of the
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Figure 2.4: Comparison between a pure Lorentzian (circular symbol) and to the case of
eqn. 2.15 with 1-D diffusion perpendicular to the interface (triangular symbol), with the ex-
tracted values of the spin lifetime indicated. Approximately for the same line width, the latter
approach results in a higher effective spin life time.

spin accumulation by spin precession has a back-effect on the spin-polarized tunnel
current [61], particularly if the spin accumulation is large. Also note that the above
description does not include the effect of spatial inhomogeneity of the injected spin-
polarized tunnel current, and assumes that the spin-relaxation time is homogeneous
in the z-direction. Hence, a possibly shorter spin-relaxation time at the tunnel inter-
face compared to the semiconductor bulk is not incorporated. A comparison between
a pure Lorentzian and Eqn. 2.15 that takes into account the spin diffusion perpendic-
ular to the tunnel interface is shown in Fig. 2.4. For the same line width the latter
approach predicts a larger spin lifetime. A Lorentzian is thus likely to underestimate
the spin lifetime and the extracted time constant should be considered as a lower
bound. Since the diffusion can occur in all directions (perpendicular as well as par-
allel to the interface), we decided to stay on the safe side and use a Lorentzian to
extract the spin lifetime.
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2.4.2 Two-terminal geometry with large contact separation

Here, we describe another geometry that requires only two tunnel contacts which are
separated by a distance larger than the spin-diffusion length Lsd. In such a case, there
will be no contribution to the measured spin signal due to spin transport. A schematic
diagram for spin detection using two terminal geometry is shown in Fig. 2.5. The
method differs from spin-valve measurements in a sense that magnetization of the
magnetic layers in both contacts is held fixed and points in the same direction. By
applying a fixed current I , change in voltage is measured when a transverse magnetic
field is applied. In this configuration, one of the terminals is biased in electron in-
jection mode and the other one extraction mode. Individual contact produces a spin
signal whose amplitude can be determined from Eqn. 2.10. Since contacts are sepa-
rated by a distance larger than Lsd, signal due to spin transport across these contacts
will be absent.

Figure 2.5: Two terminal Hanle measurement. (a) Schematic illustration of the two-terminal
Hanle geometry. The same contacts are used for applying current and measuring the change in
voltage. (b) Equivalent circuit diagram for the geometry in (a).

Fig. 2.5(b) shows equivalent circuit for two terminal geometry. For a current I
through the circuit, one may write:

V =

[
Rtun1I +

Pfm1

2
∆µ1

]
+

[
Rtun2I −

Pfm2

2
∆µ2

]
+RscI (2.16)

where Rtuni, Pfmi and ∆µi (i=1 or 2) represent the tunnel resistance, tunnel spin po-
larization and spin accumulation for contact one or two, respectively, and Rsc is the
resistance of the semiconductor channel between the two contacts. It should be noted
that process of spin injection (extraction) involves preferential injection (extraction)
of majority spins (in magnetic tunnel contacts with Al2O3 as a tunnel barrier). There-
fore, the spin accumulation ∆µ under injection and detection will have opposite sign.
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For that reason a negative sign appears in the second term. Assuming the contacts to
be identical (i.e., Rtun1 = Rtun2 and Pfm1 = Pfm2), one can write for the Hanle
signal:

∆VHanle =
Pfm

2
[|∆µ1|+ |∆µ2|] (2.17)

where ∆µ1 and ∆µ2 is the spin accumulation created under the contact one and two,
respectively. Thus, even if spins injected at one contact are completely depolarized
before reaching the other contact one can measure a spin signal originating from the
spin accumulation underneath both the contact.

2.5 Control experiment

The spin-transport devices contain thin ferromagnetic layers either in direct contact
with the SC or separated from the SC by an oxide layer. Such thin ferromagnetic
layers produces fringe magnetic field, leading to local Hall voltage, magnetoresis-
tance and even local change in carrier transport parameters [62]. These spurious
signals may interfere with the real spin signal, thereby complicating the device be-
haviour. Therefore in spin-transport experiments, it is extremely important to carry
out a proper control experiment to rule out all spurious signals.

In 3T geometry, a single ferromagnetic tunnel contact is used to create and detect
the spins via Hanle effect. Since the Hanle effect is the primary experimental probe
of the spin accumulation in 3T devices, another, independent control experiment is
required. Replacing the ferromagnetic electrode with a non-magnetic metal does not
solve the issue, as it removes both the magnetic fringe field as well as the source of
spin-polarized transport. In such a case, both spin signal as well as any artefacts will
be absent.

A novel and conclusive control experiment was introduced [29, 63] that can be
used to prove or disprove the spin injection and detection in semiconductor devices
with ferromagnetic tunnel contacts. It makes use of the extreme interface sensitivity
of spin-polarized tunneling. By inserting a few nm of, a non-magnetic material at the
interface between the tunnel barrier and the ferromagnetic electrode, the tunnel spin
polarization can be suppressed to negligible values (see Fig. 2.6), without removing
the magnetic materials or the external magnetic field and the associated spurious
effects. In such a control device, true spin signals should be absent because Pfm = 0,
while any artefacts still remain. The control experiment can also be performed in
non-local devices, in which artefacts are not always automatically excluded. Strictly
speaking, the method is not limited to semiconductor based devices but can be applied
to any spintronic device that contains magnetic tunnel contacts.
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Figure 2.6: Tunnel spin polarization of Al2O3/Yb/Ni80Fe20 interfaces vs. thickness of the
Yb nanolayer measured at different temperatures. A 2 nm layer of Yb reduces the tunnel spin
polarization to a negligible value. Data taken from Ref. [63].

2.6 Summary

In this chapter, we described the principle of injection and detection of spin polariza-
tion induced in a semiconductor. We described the Hanle effect, which is considered
as a standard test to prove or disprove the existence of the spin accumulation in a non-
magnetic material. We pointed out the differences in analysing the data with a pure
Lorentzian and another approach that takes into account the vertical spin-diffusion.

We also discussed the three and two-terminal methods for electrical creation and
detection of spin accumulation. At the end of this chapter, we emphasize the impor-
tance of doing a control experiment to rule out spurious signals. In the next chapters,
we will use three-terminal method to study the spin transport in magnetic-tunnel con-
tacts to Si, with different ferromagnets and tunnel barriers.
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Chapter 3
Electrical creation of spin
polarization in Si at 300 K

In the previous chapter, we described the principle of spin injection and detection in
a magnetic tunnel contacts to a semiconductor. In this chapter, we will demonstrate
first all-electrical spin injection and detection by using magnetic tunnel contacts to
n-type as well as p-type Si at 300 K. We discuss the variation of the spin signal with
voltage, current density and temperature. Exceptionally large spin signal obtained
in experiment is compared with theory. The possibly of signal enhancement by spin
accumulation in localised states is ruled out by introducing Cs at interface between
semiconductor and tunnel barrier. A control experiment is presented to rule out the
spurious signals and establish the spin polarized transport and hence creation of spin
polarization in Si. Further, we talk about the spin lifetime in Si obtained from Hanle
linewidth. The influence of type of ferromagnet on Hanle line width is described. A
model is presented to describe the influence of magneto-static fields (arising from the
interface roughness) on Hanle line width. These magneto-static fields lead to spin
precession in absence of external field. An inverted Hanle effect is presented as an
experimental signature of the interface roughness. The magnitude of the magneto-
static fields is influenced by the type of the ferromagnet. As a result the Hanle line
width is found to scale linearly with the magnetization of the ferromagnetic electrode
and the time constant extracted from Hanle line width is considered as a lower bound.

Part of this chapter has previously been published in
S. P. Dash, S. Sharma, R. S. Patel, M. P. de Jong, and R. Jansen, Nature 462, 491 (2009).
S. P. Dash, S. Sharma, J. C. Le Breton, J. Peiro, H. Jaffrès, J. M. George, A. Lemaître, and R. Jansen,
Phys. Rev. B 84, 054410 (2011).
R. Jansen, S. P. Dash, S. Sharma and B. C. Min, Semicond. Sci. Technol. 27, 083001 (2012).
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3.1 Introduction and motivation

The injection of spin polarization in silicon from a ferromagnetic tunnel contact was
first achieved in combination with optical detection in a spin-LED [26, 45, 64–66],
but only at low temperature (5 - 80 K). Quantification of the spin polarization of
the injected electrons in the silicon became possible with calculations of the spin-
dependent phonon-assisted optical transitions in Si by Dery and coworkers [67].
Based on this, the measured light polarization [26] could be converted into an elec-
tron spin polarization of 27% in the Si-LED [67]. Spin injection in silicon spin-
LEDs at low temperature was subsequently observed with different tunnel contacts
[26, 45, 64–66]. This included SiO2, following Park et al. [68], who first suggested
that spin injection into silicon via SiO2 should be feasible because for an interface
of a ferromagnet on top of SiO2, the tunnel spin polarization was found to be only
slightly smaller than with Al2O3.

Fully electrical spin injection and detection in Si with magnetic tunnel contacts
was also first observed at low temperature, using non-local devices [28, 30, 69–74].
The injection, detection and precession of spin in silicon were demonstrated using
Fe/Al2O3 and Fe/MgO contacts, and the decay of the detected spin accumulation as
a function of temperature [70] and distance between injector and detector [71, 72]
was studied. Different measurement configurations and biasing conditions were also
compared [72–74], all at low temperature (8 - 125 K). The electrical injection and
detection of spin in silicon at room temperature, however, remained elusive until
2009. This forms the main motive of the present work.

In this chapter, we will demonstrate an all-electrical spin injection and detection
into Si (n-type as well as p-type) at room temperature by using Si/Al2O3/ferromagnetic
tunnel contacts. We will show the variation of the spin signal with voltage, current
density and temperature. Spin signal enhancement by localized states is ruled out
by an experiment that uses a Cs interlayer between Si and tunnel insulator. We also
present the results of the control experiment which proves the spin polarized trans-
port across magnetic tunnel contacts to silicon. The Hanle measurements are also
performed by using two-terminal geometry which uses two tunnel contacts separated
by a distance larger than spin-diffusion length. The effect of interface roughness on
spin precession and effective spin lifetime is evaluated. The interface roughness re-
sults in magnetostatic fields that cause spin precession in absence of external field
and leads to Hanle line width broadening. An inverted Hanle effect is presented as
an experimental signature of the spin precession in presence of magneto-static fields
due to roughness. The variation of the Hanle line width with different ferromagnets
is investigated.
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3.2 Device fabrication

The Si/Al2O3/ferromagnetic spin-tunnel contacts were prepared on n-type and p-type
Si (100) substrates, referred to as n-Si and p-Si, respectively. The n-type silicon-on-
insulator (SOI) wafer has a 5µm thick As doped active Si layer with a resistivity of
3 mΩcm and carrier density of 1.8×1019 cm−3 measured at 300 K. The p-type SOI
wafer has a 3µm thick Boron doped active Si layer with resistivity of 11 mΩcm and
carrier density of 4.8×1018 cm−3 measured at 300 K. Initially 300 nm of SiO2 was
grown at 1150◦ C on the SOI wafers. The oxide was patterned using standard op-
tical lithography followed by wet etching to define contact holes of various sizes in
the SiO2. The substrates were introduced into the load-lock chamber in which, if
desired, these were exposed to Cs using a Cs alkali-metal dispenser (SAES Getters).
The current through the dispenser was increased in steps to 6A in 15 min and kept at
6A for another 15 min, and the pressure was constant at 10−7 Torr. The substrates
were transferred into the ultra-high-vacuum chamber, where Al2O3 was deposited by
electron beam (e-beam) evaporation from a single crystal Al2O3 source, followed by
plasma oxidation for 2.5 min. Plasma oxidation is believed to compensate for oxy-
gen vacancies occurred during e-beam evaporation. Subsequently the ferromagnetic
metal and gold cap layers were deposited at a pressure better than 5 × 10−10 Torr.
This was followed by ion beam etching to define the FM electrode, and finally the
Cr/Au metal contacts were deposited by sputtering at a base pressure of 1.2 × 10−7

Torr.

3.3 Spin polarization in silicon at room temperature

Creating spin polarization in Si at room temperature has remained a long-standing
goal in the area of semiconductor spintronics. Earlier attempts in this direction have
been successful only at low temperature. Spin injection into Si at room temperature
was realized in 2009, when we demonstrated the electrical injection of spin polar-
ization into n-type and p-type Si from a ferromagnetic tunnel contact, the Hanle
effect due to spin precession in the Si, and the electrical detection of the induced
spin accumulation, at room temperature [29]. A three-terminal device with a single
ferromagnetic tunnel contact (Fig. 2.3) was used for spin injection as well as detec-
tion, probing ∆µ at the injection interface, where it is largest. The spin accumulation
was created by applying a tunnel current across a Si/Al2O3/Ni80Fe20 contact with
in-plane magnetization of the ferromagnet, injecting in-plane oriented spins. The
spin polarization is manipulated with a perpendicular magnetic field B, transverse to
the spin direction. For a constant tunnel current, the voltage across the junction is
reduced with increasing B as spin precession gradually reduces ∆µ to zero due to
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Hanle effect (Chapter-2). First, we begin with the results on spin injection into n-Si
and then we will show the similar data obtained on tunnel contacts to p-type silicon.

3.3.1 FM/Al2O3/Si spin-tunnel contact to n-type Si

In Fig. 3.1(a), we show a detected Hanle signal at a current I = 734 µA, corresponding
to V = +172 mV at B=0 for a magnetic tunnel contact to n-Si. The signal is approxi-
mately Lorentzian in shape (solid black line). Similar data was obtained over the full
temperature range, with a larger ∆VHanle at low temperature (Fig. 3.1b). This data
demonstrates the electrical injection, detection and precession of spin polarization in
silicon, since these three ingredients are simultaneously required in order to observe
a voltage signal [29].
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Figure 3.1: Electrical injection and detection of a large spin accumulation in n-type Si
at 300 K. a, Detected Hanle signal across an n-Si/Al2O3-Ni80Fe20(5 nm)-Co(20 nm) tunnel
contact at T = 300 K, as a function of magnetic field perpendicular to the interface. Data are
taken with a constant source current of 734 µA, corresponding to V = +172 mV at B=0. The
black solid line is a Lorentzian fit with τs=142 ps. The pink solid line is a fit with τs=210
ps using Eqn. 2.15, that takes into account the 1-D spin diffusion perpendicular to the tunnel
interface. b, Detected ∆V for various T, as indicated, for the same contact (all curves with V =
+172 mV at B=0; the source current varied from 250 µA (5 K) to 734 µA (300 K)).
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From the amplitude of the Hanle signal (∆VHanle ∼ 0.2 mV) a spin accumu-
lation ∆µ of 1.2 meV was determined, using eqn. (2.10) and Pfm ∼ 0.3 for the
Al2O3/Ni80Fe20 interface, as previously determined [75]. Thus, a sizable spin ac-
cumulation is induced in the Si at room temperature. From the width of the Hanle
curve, a spin lifetime of τs = 140 ps was extracted, using a fit with a Lorentzian.
However, it was noted that this should be treated as a lower bound, and fitting with
an expression that takes account of vertical diffusion yields a larger value of 210 ps
(see the supplement of Ref. [29] as well as the remarks at the end of sec. 2.4.1).

Figure 3.2: Energy band diagram of magnetic tunnel contact with n-Si illustrating the
concept of spin injection and extraction. Energy band profile of the contact to n-type silicon,
consisting of an oxide insulator and a ferromagnetic-metal electrode (FM; green). In a, the re-
verse bias (V=VSi-VFM <0, spin injection into Si) across the tunnel contact, forms a depletion
region in the Si that acts as a second part of the tunnel barrier. b, for V>0, spin are extracted
from the conduction band of silicon. c & d, respectively, represent the measured Hanle signal
for electron spin injection (extraction) into (from) n-type silicon at 300 K.

An important aspect that enabled the room temperature spin observations was
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the use of heavily doped Si with effective carrier density of 1.8×1019 cm−3 at 300
K. Carrier depletion in such heavily doped Si is negligible. Electrons can therefore
tunnel directly into the silicon conduction band, and the Al2O3 dominates the tun-
neling transport. The high quality Al2O3 barrier (1 - 2 nm thick) provides a tunnel
spin polarization that persists up to high temperature. It is important to mention that
spin polarization in Si can also be created by preferential extraction of the spins from
bulk bands of silicon. Figs. 3.2 (a) and (b) illustrates the basic concept of the electron
spin injection and extraction, respectively. For V>0, the spin polarized electrons are
injected into conduction band of Si, whereas, for V<0, the preferential extraction
of spins (majority in present case) from bulk bands of Si occurs and leave behind
the spin accumulation due to minority spins. Figs. 3.2 c and d display the measured
Hanle curve for the case of electron spin injection and extraction. Thus, it demon-
strates that spin polarization in Si can be created by injection as well as by extraction
of spin polarized carriers. The reproducible and robust creation of spin polarization
in silicon allowed a detailed investigation of the parameters that determine the spin
accumulation. This includes the variation with bias voltage and current density, tem-
perature, and the role of electrode material. Moreover, we showed that it is possible to
induce spin polarization in p-type silicon. These topics are discussed in the following
paragraphs.

3.3.1.1 Scaling with voltage and current density

An important question is how the magnitude of ∆µ varies with bias voltage and cur-
rent direction. Fig. 3.3 shows data for tunnel contacts on n-type Si with different
ferromagnets. As expected, the spin accumulation increases at larger current density.
Secondly, a spin accumulation can be created not only by injection of spin-polarized
carriers from the ferromagnet into the Si (V>0), but also by spin extraction from
the Si (V<0). For transition metal ferromagnets on Al2O3 the tunnel conductance is
larger for majority spins (Pfm is positive [76]). Spin injection thus produces a net ex-
cess of electrons with majority spin in the Si. For the opposite current polarity a spin
accumulation is also induced, but of opposite sign due to the preferential extraction
of majority spin electrons.

For contacts with Ni80Fe20 electrodes, we found that the spin signal is asym-
metric with respect to voltage/current polarity[29]. For electron injection (I>0), the
Hanle signal increases rapidly with current density in an approximately linear fash-
ion, whereas the spin signal is smaller for electron extraction (3.3a, bottom panel).
Consequently, the spin-RA product (=(∆VHanle/I)× area) decays at negative bias,
whereas it is approximately constant at positive bias (3.3a, middle panel). For injec-
tion, the largest ∆VHanle of 0.43 mV is obtained, corresponding to ∆µ ∼ 2.9 meV
(with Pfm = 0.3).
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Figure 3.3: Variation of spin signals with bias voltage and current density. (a), Data at
300 K for a Si/Al2O3/Ni80Fe20 contact on n-type Si, as in Fig. 3.1. (b), The same, but now
with an Fe electrode. The top two panels show the resistance area (RA) product of the tunnel
junction, and the spin-RA product (=(∆ VHanle/I) × area), versus bias voltage. The bottom
panels display the Hanle spin signal (∆VHanle) versus tunnel current for a junction area of
100× 200 µm2. Positive voltage/current corresponds to electron injection into the Si.

The bias asymmetry is not universal. For an Fe electrode in an otherwise iden-
tical junction, the spin-RA product decays for both bias polarities without a strong
asymmetry (Fig. 3.3b). The spin-RA product at negative bias is similar, even in mag-
nitude, but at positive bias it is distinctly different, even though the tunnel resistance
(top panels) is similar for both electrodes. A different variation with bias voltage was
also observed for devices on heavily doped n-type Si with MgO/CoFe contacts by
Jeon et al. [31, 77]. The electronic structure of the ferromagnet/insulator interface
thus plays a role. Indeed, the injected spin current depends on bias voltage because
the tunnel spin polarization depends on the energy of the tunneling electrons [76, 78].
For positive bias, states below the Fermi energy of the ferromagnetic electrode con-
tribute to the tunnel current, whereas at negative bias, electrons tunnel from the Si
into empty states above the Fermi energy of the ferromagnet. The tunnel spin polar-
ization for those states is different than at the Fermi energy. For Al2O3/ferromagnet
interfaces, it was reported that Pfm decays asymmetrically [76, 78], and more rapidly
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for states above the Fermi energy (as relevant for spin extraction).
Not only the spin current (which creates the spin accumulation) varies with bias,

but also the efficiency of spin detection depends on the voltage. In the 3T geometry,
the injection polarization and the detection efficiency together determine how the
detected ∆VHanle varies with bias. The detection efficiency was invoked by Hamaya
and coworkers to explain the rather different bias dependence of spin signals in Si
devices with Schottky tunnel contacts [79, 80].

3.3.1.2 Spin accumulation at low temperature

The spin accumulation is expected to vary with temperature (T) because the tunnel
spin polarization Pfm and the spin resistance ’rs’ of the semiconductor depend on T
(for instance because the spin lifetime does).
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Figure 3.4: Variation of spin signals with applied bias voltage and temperature. (a), Spin-
RA product as a function of applied bias V at different temperatures, as indicated. (b), spin-RA
product as a function of temperature at different bias voltage.

For metal-based magnetic tunnel junctions, it is known that Pfm varies with T
according to Pfm ∝ (1 − αT 3/2) with α = 3 - 5 × 10−5 K−3/2 for Al2O3/Ni80Fe20
interfaces [81]. Since the Hanle signal is proportional to (P 2

fm), this contributes an
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increase of the spin signal by a factor of 2.5 at low temperature. With regards to
rs, it is given by ρLsd in the standard theory for spin injection and spin diffusion
[22, 52, 53]. For heavily doped Si one does not expect rs to have a strong variation
with T, since both ρ and Lsd depend only weakly on temperature [29]. Assuming
spin relaxation due to the Elliott-Yafet mechanism, the spin lifetime τs is expected to
scale as τk/4⟨b2⟩ where τkis the momentum scattering time, and the parameter ⟨b2⟩
was calculated [82] to decrease by 30 - 50% from room temperature to low T. Since
for heavily doped Si also the mobility (directly proportional to τk) changes very little
with T, the spin lifetime is expected to vary by only a factor of two or so.

The variation of the measured spin-RA product with T is shown in Fig. 3.4 for n-
type Si/Al2O3/Ni80Fe20 tunnel devices [29]. As expected, the spin signal increases at
low temperature. At large bias, the increase is about a factor of 3 to 4, which is reason-
able given the variation that is expected from the factor (Pfm)2 and the increase of τs.
However, at small bias voltage the signal increases much more rapidly, by up to two
orders of magnitude, resulting in very large spin signals of about 103kΩµm2. Similar
behavior was observed for devices with heavily doped n-type Si with MgO/CoFe con-
tacts by Jeon et al. [31]. Jonker and co-workers [33] observed very weak variation of
the spin-RA product with temperature in devices with SiO2 barrier, for measurements
at much larger bias (∼ 1 V), consistent with the trend shown in Fig. 3.4.

3.3.2 FM/Al2O3/Si spin-tunnel contact to p-type Si

The electrical injection of spins in p-type semiconductors had not been examined un-
til 2009, when we reported the creation of spin polarization in p-type Si at room
temperature[29] . Spins are injected by tunneling from a ferromagnetic contact
(Al2O3/Ni80Fe20) into the valence band of the Si, in which holes are the electronic
carriers. Results are shown in Fig. 3.5 for boron doped p-type Si with a measured hole
density of 4.8×1018cm−3 at 300 K. Clear Hanle signals are observed for positive and
negative currents (Fig. 3.5a), demonstrating electrically-induced spin polarization of
holes in the valence band of p-type silicon, the spin precession of the holes, and the
electrical detection of the spin accumulation of holes [29].

From the Hanle curve, a hole spin lifetime τs of 270 ps at 300 K was determined,
which is larger than that of electrons in n-type Si. The free electron value of the g-
factor (g=2) was used for valence band holes, in the absence of unique and accurate
data [83]. If the g-factor for holes is different, the value of τs has to be adjusted
correspondingly. The quoted spin lifetime is a lower bound, as already noted in the
discussion of the data on n-type Si. Together with the measured hole mobility of 117
cm2/Vs (diffusion constant D = 3.6 cm2/s), a hole spin-diffusion length Lsd of 310
nm was determined [29]. Fig. 3.5b shows the variation of the spin-RA product with
bias voltage. Interestingly, just as for n-type Si with Al2O3/Ni80Fe20 contacts, the
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Figure 3.5: Spin accumulation of holes in p-type Si at 300 K. (a), Detected Hanle signal
across a p-Si/Al2O3/Ni80Fe20 tunnel contact at T=300 K, as a function of external field, B.
Data for the two curves are taken with a constant current of either -100 µA or +100 µA. The
solid line is a Lorentzian fit with τeff = 270 ps. b, Spin-RA product versus applied bias voltage
at 300 K. Inset, energy band diagram for V<0, in which spin-polarized holes (h+) tunnel from
the FM into the valence band of the Si, where they are added to the pre-existing holes (yellow).
This is equivalent to electrons tunneling from filled states (purple) in the Si valence band into
empty states in the FM.

spin-RA product is nearly constant when (hole) carriers are injected into the Si (V<0
in this case), whereas it exhibits a faster decay when the spin accumulation is created
by extracting (hole) carriers from the Si (V>0).

3.4 Two terminal Hanle measurements

In this section, we demonstrate that one can measure a Hanle effect in two-terminal
geometry where contacts are separated by a distance larger than the spin-diffusion
length. In such a configuration the spin signal is dominated by the spin accumula-
tion below individual contacts, rather than by spin transport from one contact to the
other through the semiconductor channel. For such measurement a p-Si device with
multiple magnetic tunnel contacts was taken. The contacts were separated by a dis-
tance of 100 µm, which is much larger than the spin-diffusion length in silicon. First,
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Figure 3.6: Two-terminal Hanle measurements. Electrical Hanle measurements on p-type
Si/Al2O3/Ni80Fe20 tunnel contacts in two-terminal geometry (left), and in the 3T geometry
for each of the two contacts separately (middle and right). The contacts are separated by a
distance (100 µm) larger than the spin diffusion length. (Left) 2T Hanle measurement at a
source current of +90.6 µA, producing a Hanle signal of ∆V = 137 µV. The current direction
is such that contact c1 is under positive bias (hole injection) and contact c2 is under negative
bias (hole extraction). (Middle panel) 3T Hanle measurement of contact c1 with source current
of +90.6 µA (hole injection, same current direction as in the 2T measurement), giving rise to
spin signal of 104 µV. (Right panel) 3T Hanle measurement of contact c2 with source current
of -90.6 µA (hole extraction, same current direction as in the 2T measurement), producing a
spin signal of 27 µV. All data are taken at 300 K.

consider a 2T Hanle measurement where both contacts c1 and c2 are involved. A
source current of +90.6 µA gives rise to a spin-signal ∆V = 137 µV, as shown in left
panel of Fig. 3.6. In this case, the contact c1 is under positive bias (hole-injection)
and contact c2 is under negative bias (hole-extraction). Since the tunnel contacts are
separated by a distance larger than the expected spin-diffusion length in Si, the ob-
served spin signal is solely due to spin accumulation under the individual contacts.
The middle panel of Fig. 3.6 shows a spin signal of 104 µV (+90.6 µA), obtained in
3T geometry under similar bias condition (hole-injection) for contact c1 as it was in
the 2T method. The right panel in Fig. 3.6 shows similar 3T measurement for contact
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c2 with a source current of -90.6 µA (hole-extraction). A spin signal of 27 µV is ob-
tained. It is to be noted that a linear, field independent background voltage has been
subtracted from the data and absolute value of the ∆V are plotted. As the measure-
ment confirms, the signal from 2T measurement 137 µV is almost equal to the sum
of the signals from the single contact measurements (104 µV + 27 µV). The small
difference is only due to the uncertainty in determining the value of the background
voltage, which is subtracted from the measured data.

This implies that, even if we place two magnetic contacts close enough so that
spin transport is feasible, the large spin accumulation under individual contact will
likely dominate over the signal due to spin transport from one contact to the other.
This has consequences for the interpretation of the Hanle data in two-terminal de-
vices. This also implies that a control experiment other than the Hanle effect is
needed to prove spin transport for a two-terminal device geometry. In the next sec-
tion we will present the results on such a control samples having a non-magnetic
nanolayer between the ferromagnet and tunnel barrier.

3.5 Control experiment

In the previous chapter, we emphasized the importance of a control experiment to
rule out any spurious signal due to the presence of a thin magnetic layer. Since the
Hanle effect is the primary experimental probe of spin accumulation in 3T devices,
another, independent control experiment is required. Here, we present the results of
such a control experiment that can be used to prove or disprove the spin injection and
detection in a semiconductor device. In control devices we inserted a few nm thick
non-magnetic material at the interface between tunnel barrier and the feromagnetic
electrode. It suppresses the tunnel spin polarization to a negligible value [63], without
removing the magnetic materials or the external field and the associated spurious
effects. In such a control device, true spin signals should be absent because Pfm = 0,
while any artifacts still remain.

Fig. 3.7 displays the results of Hanle measurements for such control devices with
the insertion of a non-magnetic nanolayer of Yb or Au for n-type Si, and a nanolayer
of Au for p-type Si. All other device and measurement parameters are kept the same
as for the "standard" Si/Al2O3/Ni80Fe20 junctions, for which data is included for
comparison. Indeed, a Hanle signal is absent for all the control devices. These control
experiments unambiguously prove that the Hanle signals observed in the standard
junctions [29] are bona fide and represent spin accumulation induced by injection of
a spin-polarized tunnel current.



3.6 Spin lifetime in Si 35

-1000 0 1000

0.0

0.1

0.2

V
 (m

V
)

p-type Sin-type Sin-type Si

 

 

B (Oe)

Si / Al2O3 / Yb / Ni8Fe2

Si / Al2O3 / Ni8Fe2

-1000 0 1000
  

 

B (Oe)
 

Si / Al2O3 / Au / Ni8Fe2

Si / Al2O3 / Ni8Fe2

Si / Al2O3 / Ni8Fe2

Si / Al2O3 / Au / Ni8Fe2

-1000 0 1000

-0.6

-0.4

-0.2

0.0

V
 (m

V
)

 

 

B (Oe)

Figure 3.7: Control experiment. Control experiments with devices having a non-magnetic
nanolayer inserted between the ferromagnetic electrode and the tunnel barrier, which suppresses
the tunnel spin polarization to zero. Hanle curves are shown for Si/Al2O3/Ni80Fe20 devices
with and without nanolayer of Yb (2 nm) or Au (3 nm) for n-type Si, and Au (10 nm) for p-type
Si. All data was taken at room temperature.

3.6 Spin lifetime in Si

The spin lifetime determines how fast an induced non-equilibrium spin polarization
decays without supply of fresh new spins, and how large the steady-state spin po-
larization is under continuous injection conditions. Spin relaxation of conduction
electrons is relatively slow in silicon for the following three reasons. Firstly, the
crystal has inversion symmetry. Hence, spin relaxation mediated by intrinsic internal
electric fields (D’yakonov-Perel mechanism [34, 35]) is absent. Secondly, whereas
spin relaxation via hyperfine interaction is important for localized electrons at low
temperature, it is negligible for delocalized conduction electrons in the temperature
range around room temperature. In addition, the 28Si and 30Si isotopes with rel-
ative abundances of 92% and 3% have no nuclear spin. Thirdly, the Elliott-Yafet
spin-relaxation mechanism, which is dominant in silicon [34, 84, 85], arises from the
combined action of momentum scattering (by phonons or impurities) and spin-orbit
(SO) interaction, and SO interaction is small in silicon.
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3.6.1 Spin lifetime in n-type Si

We have used Lorentzian expression to extract the effective spin lifetime in silicon.
For the magnetic tunnel contacts on n-Si with Ni80Fe20 as a magnetic electrode, the
spin lifetime is found to be 142 ps.

A detailed review of the spin lifetimes in n-type Si (with different dopant ele-
ments) extracted from Hanle data in ferromagnetic tunnel devices has been recently
reported [51]. It is found that in 3T devices with As or Sb doping, τs is typically 0.1
to 0.3 ns. Such values are smaller than the electron spin resonance (ESR) values for
bulk Si by about a factor of 6, to more than an order of magnitude. Again, this indi-
cates that the spin lifetime is reduced by extrinsic factors that are related to the tunnel
contact. This is also suggested by the fact that on average, the NL devices exhibit
larger spin lifetimes than the 3T devices. In NL devices, the Hanle measurement
probes spin precession dominated by the Si channel, and values closer to the bulk
spin lifetime may be expected. On the other hand, 3T devices probe spins accumu-
lating directly under the ferromagnetic tunnel contact, and it was suggested that the
spin lifetime is reduced by the proximity of the tunnel oxide and/or the ferromagnetic
electrode [29]. In the next section, we discuss the influence of the interface roughness
and type of the ferromagnet on effective spin lifetime.

3.6.2 Interface roughness and spin precession in a semiconductor

In previous sections, we found that magnetic tunnel contacts with silicon provide a
robust method to create spin polarization in Si. Because these spintronic nanostruc-
tures combine different materials, (ferromagnet with semiconductor or nonmagnetic
metal) a key question is to what extent the proximity to interfaces influences the spin
accumulation and the spin dynamics. Dipolar fields from magnetic domain walls
in a demagnetized Ni film have been reported to reduce the spin-dephasing time
of optically excited carriers in GaAs, [86] but the associated increase of the Hanle
linewidth (∼1Oe) is small. Spin precession is also known to be affected by nuclear
hyperfine fields [87, 88]. These are not related to the ferromagnetic interface and
are typically relevant only at low temperature. In contrast, we demonstrate here a
much more general mechanism (present even at room temperature and for homoge-
neously magnetized ferromagnetic electrodes) that has a surprisingly dramatic effect
on spin accumulation and spin dynamics of carriers in a nonmagnetic medium near
a magnetic interface. Specifically, inhomogeneous magnetostatic fields arising from
finite interface roughness are shown to alter precession of spins in a semiconductor
near the magnetic interface, dominate spin dynamics up to surprisingly large external
fields as large as 1 kOe, and reduce the spin accumulation up to tenfold. We focus
here on spin polarization created in semiconductors by injection of spins from a fer-



3.6 Spin lifetime in Si 37

romagnetic tunnel contact. However, the phenomena described here should occur
irrespective of the type of nonmagnetic material or the method used to create the spin
accumulation, although the extent of the effect depends on the details of the system.

Figure 3.8: Illustration of local interface magnetic fields and there effect on spin preces-
sion in a semiconductor. (a), The inhomogeneous magnetostatic field near a ferromagnetic
interface with finite roughness, sketched for a sinusoidal interface profile with period λ. Field
lines are in black; the magnetization of the ferromagnet (black arrows) points strictly along
the global interface plane everywhere. Spins are injected into the semiconductor with spin
initially aligned with the magnetization of the ferromagnet (solid white arrows). In the local
fields, the spins are precessing on different trajectories represented by dotted arrows and white
ellipses. Also the strength of the local field and hence the precession frequency is spatially
inhomogeneous. (b) Decay of the spin accumulation ∆µ as a function of distance z from the
oxide/semiconductor interface for (i) a perfectly smooth interface (exponential decay with spin-
diffusion length LSD) and (ii) an interface with finite roughness. For the latter, the region in
which the local magnetostatic fields Bms have an appreciable value is given in pink. Note that
tunneling probes the value of ∆µ at z = 0.

The magnetostatic fields near a ferromagnetic interface with finite roughness are
sketched in Fig. 3.8 for the case of a sinusoidal interface profile with period λ. The
magnetization of the ferromagnet is taken to lie in plane and point strictly along the
global interface everywhere. This is a valid approximation for the soft magnetic thin
films without significant interface anisotropy that we use here, as their magnetization
can easily be saturated in a small in-plane magnetic field. While for an extended
and perfectly flat, in-plane magnetized film the magnetostatic field would be zero
outside the ferromagnet, in the presence of finite roughness there are local magne-
tostatic fields that penetrate into the nonmagnetic medium and influence the spins.
Note that this is not only determined by the ferromagnet/tunnel barrier interface, but
for thin films also by the roughness of the top surface of the ferromagnet, due to the
long-range nature of magnetic fields. The magnetostatic fields are inhomogeneous in
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magnitude and direction, and change sign periodically. The magnitude of the fields
scales with the roughness amplitude, and is linearly proportional to the magnetiza-
tion Ms of the ferromagnet. The strength of the field decays with distance z from
the interface on a length scale that, for periodic roughness, is set [89] by the lateral
roughness period λ. In the absence of roughness, a spin accumulation ∆µ decays
exponentially as a function of distance z from the injection interface [Fig. 1(a)], with
a spin-diffusion length Lsd. However, for finite roughness spin precession is altered
significantly in the region between z = 0 and z = λ where appreciable local magne-
tostatic fields exist, strongly reducing ∆µ. Even if λ is shorter than Lsd, interfacial
depolarization reduces ∆µ over the full depth range [Fig. 1(b)] because spin diffu-
sion connects all spins and dictates that spatial variations in spin density cannot exist
on a length scale much smaller than Lsd. Hence, interfacial magnetostatic fields af-
fect the spins to an effective depth of Lsd. Also note that by spin-polarized tunneling
into the ferromagnet one probes the value of ∆µ at z = 0, where the reduction is
strongest, as the spin accumulation right at the interface is most directly affected by
the local magnetostatic fields.

3.6.3 Influence of type of ferromagnet on Hanle line width

When spin-polarized electrons tunnel from the ferromagnet into the semiconductor,
the injected spins initially point along the magnetization direction of the ferromag-
net, taken to be along x. Ideally, in the absence of an external applied magnetic field
Bext there is no Larmor spin precession, and a static, nonequilibrium spin accumula-
tion is induced. The local magnetostatic fields Bms(x,y,z) modify this simple picture.
The spins are precessing in the total magnetic field that is composed of Bext and
Bms(x,y,z). Since the latter is spatially inhomogeneous in direction and amplitude,
the axis of spin precession and the precession frequency become spatially inhomoge-
neous. A full account of the consequences is given in sec. 3.6.5, after description of
the experimental data.

The spin accumulation is probed by using 3T method as described in sec. 2.4.1.
Since [53] the tunnel resistance is directly proportional to ∆µ (i.e.,∆V = Pfm∆µ/2
with Pfm the tunnel spin polarization associated with the Al2O3/FM interface) and
∆µ is reduced by spin precession, the value of ∆V and its variation with Bext provide
information about the spin dynamics. We start with n-type Si and conventional Hanle
measurements (Fig. 3.9, left panel), with Bext applied along the z axis (perpendicular
to the interface and to the injected spins). A typical Hanle curve is observed, with
a maximum voltage (and hence ∆µ) at Bext = 0, and a gradual reduction with in-
creasing external field due to spin precession. This is similar to Hanle data obtained
previously (Fig. 3.1), establishing that a non-equilibrium spin accumulation in the
Si is induced by the injection of the spin-polarized tunnel current. We observe spin



3.6 Spin lifetime in Si 39

signals for different ferromagnets in the range of 1-10 kΩµm2 and thus larger than
expected from theory, as noted before in sec. 3.7. Therefore we will not discuss here
the factors that determine the overall magnitude of ∆µ, and show only normalized
data.
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Figure 3.9: Hanle effect in tunnel contacts to Si with different ferromagnet. (a) Room
temperature data for n-Si/Al2O3/ferromagnet contacts with Ni, Ni80Fe20, Co or Fe electrode.
(b) Similar data for p-Si/Al2O3/ferromagnet contacts with Ni80Fe20, Co or Fe electrode. Hanle
curves for different ferromagnets are normalized for better comparison of the linewidth.

Let us now focus on the features that are due to the proximity of the interface
with the ferromagnet. We find that the width of the Hanle curve depends on the
ferromagnet used, i.e., the width increases from Ni, to Ni80Fe20, to Co, to Fe, with a
half width at half maximum (HWHM) of 200, 400, 710, and 1030 Oe, respectively.
Conventionally, the Hanle curves are described [29, 34] by a Lorentzian given by
∆µ(B)= ∆µ(0)/[1 +(ωLτs)2], where τs is the spin lifetime and ωL is the Larmor
frequency (ωL=gµBB/~, where g is the Lande g factor, µB the Bohr magneton, and
~ Planck’s constant divided by 2π). The width of the Hanle curve is then set solely
by parameters of the semiconductor (τs and g), which is inconsistent with our data.
We attribute the experimental trend to modification of the spin dynamics near the
FM interface due to local magnetostatic fields that arise for finite roughness. As
shown in Sec. 3.6.5, this produces an artificial broadening of the Hanle curve that
depends on the direction and magnitude of Bms, which in turn is proportional to the
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magnetization (Ms) of the FM. Indeed µ0Ms at room temperature increases from 0.6
T for Ni, to 0.9 T for Ni80Fe20, to 1.8 T for Co, and to 2.2 T for Fe.

Qualitatively similar results are obtained for tunnel contacts on p-type Si (Fig. 3.9b).
For all ferromagnets, a Hanle signal is observed at room temperature, consistent with
previous results on the creation of spin polarization in p-type Si (see fig. 3.5). For
increasing Ms the width of the Hanle curve increases, with HWHM of 200 Oe (Ni),
210 Oe (Ni80Fe20), 515 Oe (Co), and 950 Oe (Fe), although the difference between
Ni80Fe20 and pure Ni is small. For all devices an inverted Hanle curve is observed
too, with a width and saturation field that increase systematically for FM electrodes
with larger Ms . The induced ∆µ at Bext = 0 is about 27% of the ideal value, but
with less variation compared to the data for n-type Si.

In principle one can still fit the Hanle curves with a Lorentzian and extract a
time constant (given as labels in the Fig. 3.9). However, it should be treated as an
effective time or a lower limit to the spin lifetime in the semiconductor, because
interface magnetostatic fields are present and cause artificial broadening of the Hanle
curve. Experimentally this situation is easily recognized if an inverted Hanle effect
(see next section) is observed. Nevertheless, the lower bound for the spin lifetime in
the n-type Si we obtain (285 ps, Ni electrode) is already an improvement by a factor
of 2 compared to previously extracted value (Fig. 3.1) with Ni80Fe20 electrodes [29],
and the true spin lifetime is expected to be larger.

3.6.4 Inverted Hanle effect

The above interpretation is proved by the following phenomenon, hereafter referred
to as the inverted Hanle effect. It denotes the increase of the spin polarization in an
applied (longitudinal) magnetic field [in analogy with the term Hanle effect, which
gives a reduction of the spin polarization in an applied (transverse) magnetic field]. If
Bext = 0, the spin accumulation will be reduced by precession in the y and z compo-
nents of the local magnetostatic fields, which are orthogonal to the injected spins for
a ferromagnet with magnetization along x. If now a nonzero Bext

x along x is added
and increased, the total magnetic field (vector sum of Bms and Bext

x ) rotates into the
direction of the magnetization, thus reducing the angle between the injected spins
and the axis of precession.

The precession is suppressed, and an increase in the spin accumulation is ex-
pected as a function of Bext

x . Indeed, the data in Figs. 3.10 and 3.11 show exactly this
inverted Hanle effect for all FM electrodes. The smallest voltage (and hence ∆µ) is
obtained for Bext

x =0, while at large Bext
x the voltage across the contact saturates as

spin precession in the local magnetostatic fields is fully eliminated. The saturation
occurs at a larger field value for the ferromagnet with larger Ms , consistent with the
outlined scenario.We conclude that application of an external in-plane magnetic field
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Figure 3.10: Spin accumulation and precession in n-type silicon near a ferromagnetic
interface. Room temperature data for n-Si/Al2O3/ferromagnet contacts with Ni, Ni80Fe20,
Co or Fe electrode. The vertical axis gives the product of spin resistance and area (the spin-RA
product), defined as (∆V/I)× area. The magnetic field is applied perpendicular to the interface
plane (open symbols, Hanle), or parallel to the interface (solid symbols, inverted Hanle), with
VSi-VFM = +172 mV (electron injection).

leads to a recovery of the spin accumulation, reaching the ideal value (that would
be obtained without any precession) for large enough Bext

x . The "true" value of the
spin accumulation is thus given by the difference between the saturation signal of the
inverted Hanle curve (large Bext

x ) and the minimum of the signal of the conventional
Hanle curve with Bext along z. This difference has been normalized to 1 for all data
presented. Importantly, the precession in local magnetostatic fields causes a signifi-
cant reduction of the spin accumulation, with ∆µ at Bext = 0 varying from 10% to
31% of the ideal value.

Note that an inhomogeneous spin accumulation can in principle also arise if the
interface magnetization does not point along the global interface plane everywhere,
as this would lead to inhomogeneity in the orientation of the spins that are injected.
However, the in-plane magnetic coercivity of the magnetic films used here is 5-30 Oe
and the films do not have any significant interface anisotropy. Therefore, the ferro-
magnet is homogeneously and fully magnetized along the external in-plane field well
below 100 Oe. Hence, the spin injection is homogeneous and does not change for
fields between 100 Oe and several kOe where the signal variation due to the inverted
Hanle effect is observed. Even if some slight deviation of the interface magnetiza-
tion from strictly in plane were present, this cannot account for the strongly reduced
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Figure 3.11: Spin accumulation and precession in p-type silicon near a ferromagnetic
interface. Room temperature data for p-Si/Al2O3/ferromagnet contacts with Ni, Ni80Fe20,
Co or Fe electrode. The vertical axis gives the product of spin resistance and area (the spin-RA
product), defined as (∆V/I)× area. The magnetic field is applied perpendicular to the interface
plane (open symbols, Hanle), or parallel to the interface (solid symbols, inverted Hanle), with
VSi-VFM = -172 mV (hole injection).

spin accumulation that is observed. This would require injection of carriers with spin
pointing almost along the interface normal. This is not plausible and is inconsis-
tent with the magnetic behavior of magnetic tunnel junctions prepared from the same
materials [75].

3.6.5 Hanle effect in local magnetostatic field

The experimental features mentioned above have been described in a model by Dash
et al. [56]. We will consider here the salient features, more details can be found in
ref.[56]. The model starts from the equation [3,44] for spin dynamics of an ensemble
of spins in a nonmagnetic host:

∂S

∂t
= S × ωL +D∇2S − S

τs
(3.1)

where S is the spin density function and ωL = (ωx,ωy,ωz) = (gµB/~) (Bx, By, Bz).
Terms on the right-hand side describe, respectively, spin precession, spin diffusion (D
is the spin diffusion constant) and spin relaxation. We seek a solution for a homo-
geneous Bext plus inhomogeneous magnetostatic fields near the FM interface: Bi =
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Bext
i + Bms

i (x,y,z), with i = x,y,z.
In the limit where the spin-diffusion length Lsd is small compared to the rough-

ness period λ, the spin-diffusion term in Eq. (3.1) can be neglected. This provides
an analytical solution that is strictly correct when electrons are sufficiently localized
for gradients in the spin density to be sustained on the length scale of λ. This applies
to the case of spin accumulation in localized states (as in the GaAs devices [47]). It
is not strictly valid for mobile electrons since spin diffusion tends to average out the
inhomogeneity of the spin density (in our Si devices Lsd is [29] at least a few 100
nm, while λ is estimated to be 20-60 nm. see previous section). The net result is
a more homogeneous spin density, but with a reduced value. Although a rigorous,
but cumbersome, numerical treatment including spin diffusion can be done, we can
expect that the value of the spin accumulation with spin diffusion is comparable to
the spatial average of the inhomogeneous spin density that is calculated without spin
diffusion. We therefore average the spin density over the x-y plane, finding that the
basic experimental trends of the Si devices are reproduced. Without spin diffusion,
the general steady state solution for the x, y, and z components of the spin density is
[44]:

Sx = S0

{
ω2
x

ω2
L

+

(
ω2
y + ω2

z

ω2
L

)(
1

1 + (ωLτs)2

)}
, (3.2)

Sy = S0

{
ωxωy

ω2
L

−
(
ωxωy

ω2
L

+ ωzτs

)(
1

1 + (ωLτs)2

)}
, (3.3)

Sz = S0

{
ωxωz

ω2
L

−
(
ωxωz

ω2
L

− ωyτs

)(
1

1 + (ωLτs)2

)}
, (3.4)

where ω2
L = ω2

x + ω2
y + ω2

z and ωi = ωext
i + ωms

i (x,y,z). Importantly, as ωms is
spatially inhomogeneous, the spin density is too. Second, while the injected tunnel
electrons have spin along the x axis, for nonzero Bms, the steady state spin density
has x, y, and z components and is thus generally noncollinear with the magnetization
of the ferromagnetic injector (pointing strictly along x). Third, without external field
there is no suppression of the spin polarization if ωms

y = ωms
z = 0 (Sx=S0 and Sy =

Sz = 0), whereas Sx <S0 in the presence of magnetostatic fields with components
orthogonal to the injected spins (i.e., when ωms

y ̸= 0 and or ωms
z ̸= 0). Hereafter

we shall focus on the Sx component, since in electrical detection using the same fer-
romagnetic tunnel contact only this component is relevant (the tunnel resistance is
proportional to the projection of the spin accumulation onto the detector magnetiza-
tion).
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As described in Dash et al. [56], the magnetostatic field Bms was evaluated con-
sidering two-dimensional square array of magnetic dipoles. Alternatively, for one-
dimensional roughness and exact expression for Bms in terms of roughness amplitude
and Ms has been discussed in ref.[90]. From this and the measured roughness of our
structures (sec. 3.6.6), we find that the strength of the magnetostatic fields can easily
be in the range of 1 kOe to 100 Oe up to a distance of 10 nm from the interface.

The spin density was calculated using Eq. (3.2) by taking Bms at a distance 5 nm
away from a dipole array. For an external magnetic field along z (x) Hanle (inverted
Hanle) curve is obtained. The variation of the average spin density as a function of
Bext is shown in Fig. 3.12 for two different cases with a dipole strength of 2 (10) T
nm3. By increasing the dipole strength, the Hanle linewidth increases. This qualita-
tively reproduces the experimental data: (i) the spin density at Bext = 0 is reduced
from its maximum, (ii) there is an inverted Hanle effect, (iii) the width of the con-
ventional Hanle curve is broadened as compared to the situation without magneto-
static fields, which would produce a Lorentzian with τs = 1 ns (shown in green, with
amplitude adjusted for easy comparison), and (iv) for increasing amplitude of Bms

(larger dipole moment, bottom panel), the width of the Hanle curve increases, and
the inverted Hanle curve and the reduction of the spin density at Bext = 0 become
more pronounced. We conclude that, despite the neglect of spin diffusion, the model
agrees well with the experimental observations and captures the basic physics.

Figure 3.12: Calculated spin accumulation near an interface with local magnetostatic
fields. The magnetostatic fields were taken at 5 nm distance from a dipole array with λ =
20 nm. Fig. shows the resulting Hanle (blue) and inverted Hanle (pink) curves for external ap-
plied magnetic field along the z or x axis, respectively. The dipole strength is such that µ0µ/4π
= 2 (left panel) or 10 T nm3 (right panel). Also shown in green are pure Lorentzian line shapes
for the same 1 ns spin lifetime, with the peak amplitude scaled for easy comparison.

In the description above, the effect of Bms on spin accumulation was calculated
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by including Bms only in ωL of the precession term of Eq. (3.1), without chang-
ing τs in the last term. That is, we have modeled the phenomenon as being due to
changes in the axis and frequency of the (locally) coherent precession of the ensem-
ble spin polarization, modifying the measured time average of the spin density, and
leading to artificial broadening of the Hanle curve and thereby an apparent shorten-
ing of the spin lifetime. In addition, the spatial inhomogeneity of the magnetostatic
fields leads to decoherence and further broadening. Let us now consider whether
the inhomogeneous magnetic fields have an effect on τs. For localized electrons
there is no effect on τs. However, mobile electrons near a FM interface moving
through a spatially inhomogeneous magnetostatic field experience this as a field fluc-
tuating in time. This is distinct from D’yakonov-Perel’ spin relaxation, where the
fluctuation is due to changes of the momentum, rather than the location in real space
that is relevant here. The associated time scale is given by τms = λ/4v, where v
is the carrier velocity and λ/4 the length scale over which the field changes signifi-
cantly. Since electrons with different trajectories acquire a different spin-precession
phase and transport is random, this causes irreversible dephasing of the ensemble
spin. Considering an electron moving parallel to the interface and typical parameters
(λ <100 nm and v=105m/s for electrons in Si), τms is below 1 ps and thus smaller
than the spin-precession period for practical fields (1/ωL ≥5 ps for B≤1 T). Hence,
we are in the regime of motional narrowing[35] and the associated spin-dephasing
time is given[35] by Tms

2 =1/Ω2
avτ

ms, where Bav=~Ωav/gµB is the average ampli-
tude of the magnetostatic field. We thus have 1/T2 = 1/T bulk

2 +1/Tms
2 , where T bulk

2

is the regular spin-dephasing time in the absence of local magnetostatic fields. For
Bav ≤100 mT and τs = 1 ps we obtain Tms

2 =3 ns. This is larger than the spin life-
times we observe, and we therefore described the spin dynamics with a single spin
lifetime, including the magnetostatic fields only in the coherent precession term of
Eq. (3.1). In other situations, especially when T bulk

2 is large, this source of dephasing
may be of importance or even become limiting.

3.6.6 Roughness characterization of devices

Since the magnitude of the local magnetostatic field near a ferromagnetic interface
depends on the amplitude and lateral period of the roughness, we performed char-
acterization of the roughness using atomic force microscopy (AFM) under ambient
conditions for some of the devices (Fig. 3.13). The top panel shows an AFM image of
the surface of the Al2O3 tunnel barrier on p-type Si, prior to deposition of the metal
electrode. The root-mean-square (rms) roughness is about 0.2 nm. An example of
a cross-sectional height profile (right) reveals that the peak-to-peak roughness h is
about 0.5 nm, while the lateral variation has two different length scales of about 20
and 60 nm, respectively. This roughness is then copied to the bottom surface of the
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Figure 3.13: Roughness characterization. Top panels: Atomic force image (500×500 nm2)
of the surface of the Al2O3 tunnel barrier on p-type Si, prior to metal electrode deposition, and a
representative cross-sectional height profile. Bottom panels: the same, but now after deposition
of the ferromagnetic metal electrode (Ni, 10 nm) and the Au cap layer (10 nm).

ferromagnetic metal that is grown on top of the tunnel barrier. The observed rough-
ness can certainly cause local magnetostatic fields in the range of 1 kOe to 100 Oe up
to a distance of 10 nm away from the surface of the ferromagnet.

Because magnetostatic fields are long range and the ferromagnet is a thin film
(thickness ∼10 nm), the local magnetostatic fields that penetrate into the semicon-
ductor are determined not only by the roughness of the bottom interface of the fer-
romagnet with the Al2O3 tunnel barrier, but also by the roughness of the top surface
of the ferromagnetic layer. Unfortunately, oxidation of the ferromagnet i.e., surface
prevents a good ex situ measurement under ambient conditions, and hence no data
on this are available. For the sake of completeness we did perform AFM analysis of
the top of the complete metal electrode stack, consisting of 10 nm Ni and a 10 nm
Au cap layer (bottom panels of Fig. 3.13), although this may not be representative
of the roughness of the top surface of the FM. The roughness amplitude is signif-
icantly larger (rms roughness of 1.4 nm and a peak-to-peak amplitude of 3-4 nm)
compared to the surface of the tunnel barrier, while there is no small-scale (20 nm)
lateral roughness.
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3.6.7 Spin lifetime in p-type Si

For p-type Si, we reported a τs of 270 ps from electrical Hanle measurements [29]
on magnetic tunnel contact with Ni80Fe20. Such a large value, comparable to that of
n-type Si with Ni80Fe20 as FM electrode, was unexpected. Part of this may be due
to the use of a light dopant element (boron) [29] and the lower density of acceptor
impurities in the p-type sample compared to the donor impurity density in the n-type
samples. However, while SO interaction is weak in Si, the valence band is directly af-
fected by it and contains states with mixed spin character. Spin relaxation on the time
scale of momentum scattering may then be expected due to scattering between light
hole and heavy holes states, although explicit calculations for p-type Si are unavail-
able. Interestingly, hole spin lifetimes of 9 ps and 94 ps were recently determined
for heavily doped p-type Si in which spins are electrically injected by spin pumping
[91, 92]. In addition, hole spin lifetimes of the order of 35 ps at low T, and around
10 ps at room temperature have been observed in spin-transport devices with heavily
doped p-type Ge [32, 93, 94]. What determines τs in these p-type semiconductors
is currently not understood and further work is necessary to elucidate the physics of
holes spin relaxation in electrically spin-transport devices. Electrical injection may
create a specific distribution of holes over the respective holes states. Another factor
to take into account is that at high doping concentrations, most of the holes are not in
the valence band but in a band of delocalized impurity states derived from randomly
distributed dopants. For the concentrations used [29], the conduction in the impurity
band is metallic in nature and the impurity band has not yet merged with the valence
band [95]. Spin relaxation is then governed by impurity band holes, which has so far
not been explored theoretically.

3.7 Magnitude of the spin accumulation

The standard theory predicts a spin signal ∆VHanle/J = (Pfm)2ρLsd, where J is the
charge tunnel current density [22, 52, 53]. The expected values are 0.001 to 0.01
kΩµm2, based on Pfm = 30-50 %, Lsd = 0.3-1µm, and ρ = 2-20 mΩcm. We ob-
served spin accumulation signals of 2 - 6 kΩµm2 at 300 K in heavily doped n-type
Si with Al2O3/Ni80Fe20 contacts, and thus several orders of magnitude larger than
predicted, as noted [29]. Such large values have later on been reproduced by other
research teams using a similar approach (heavily doped Si, three-terminal Hanle mea-
surement, large contact area), but a different tunnel barrier: crystalline MgO in Ref.
[31], and SiO2 in Ref. [33]. The same conclusion applies to devices with somewhat
lower doping density (∼1018cm3, see Refs. [33, 45]) and for devices on p-type Si
[29]. Thus, spin signals several orders of magnitude larger than (Pfm)2ρLsd are con-
sistently observed, irrespective of the type of tunnel oxide. The discrepancy between
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experiment and theory is also observed for Ge [32, 93, 96–99] and with GaAs, for
which it was actually first noted [47].

A different behavior was found by Suzuki et al., who observed a spin signal of
about 10−5kΩµm2 in a non-local device [100]. In order to make this consistent with
theory, it had to be assumed that Pfm is only 1-2 % for the Fe/MgO contacts used.
Since Fe/MgO interfaces are famous [101, 102] for their extraordinary large Pfm,
it would be reasonable to expect Pfm > 50%. The expected signal is then about
10−2kΩµm2. Thus, in this case the measured signal is several orders of magnitude
smaller than expected. It was confirmed that the small signal is not related to the non-
local measurement geometry, because 3T and NL measurements on the same device
show comparably small signals [73]. In non-local devices with a Ge channel an even
smaller Pfm of 0.23% for the Fe/MgO contacts was reported [99].

Whether the failure to describe the magnitude of the spin accumulation in 3T and
NL devices has a common origin is unclear. Understanding what controls the magni-
tude of the spin accumulation has a high priority, because spin injection and detection
with a ferromagnetic tunnel contact are cornerstones of silicon spintronics. Although
the discussion was sparked by data on 3T devices [47], the issue is not specific for the
3T geometry. It concerns the nature of spin transport across magnetic tunnel contacts
on semiconductors, and may therefore play a role in any spin-transport device with
tunnel contacts, including non-local devices and spin-LEDs.

3.7.1 Experiment versus theory

The possible causes of the discrepancy between experiment and theory are given
below:

(i) Non-tunneling transport (thermionic emission) [103]

(ii) Lateral inhomogeneity of the tunnel current density [29].

(iii) Underestimation of the value of τs extracted from Hanle curves [29, 56].

(iv) Two-step tunneling via localised states [47].

The standard theory is based on direct tunneling in the linear regime. One cannot
expect it to yield the correct magnitude of the spin accumulation for devices in which
the dominant transport mechanism is not tunneling. Thermionic emission yields a
completely different conversion of ∆µ into a voltage signal [103]. It thus is not
surprising that in devices in which transport is rectifying, diode-like and thermally
activated, the spin signals do not match with (Pfm)2ρLsd. This applies to devices
with a doping concentration around 1018cm3 or below.
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In tunnel junctions the lateral current density may become inhomogeneous due to
variation in thickness of the tunnel barrier. The real (local) tunnel current density is
then significantly larger than the average current density calculated from geometric
contact area [29]. The local spin accumulation is then enhanced, potentially by orders
of magnitude.

The third factor could be related to the underestimation of the value of τs that is
extracted from the Hanle curves, which are artificially broadened due to local mag-
netostatic fringe fields (see section. 3.6.2 and ref. [56]). The real values of τs and
thus Lsd ∝ (τs)

1/2 are then larger than extracted from a Hanle curve, but the effect
is far from sufficient to bring the theory and experiment into agreement.

Another possibility for spin signal enhancement was proposed by Tran et al., who
considered spin transport via localized states at interface between a semiconductor
and a tunnel barrier [47]. Although this can, in principle, enhance the spin signals
by orders of magnitude, there are several requirements that need to be fulfilled [49].
Whether or not this plays a role is not at all obvious, and there is so far no experiment
that directly proves the presence of a large spin accumulation in interface states. On
the contrary, spin signal enhancement by two-step tunneling via interface states has
been explicitly ruled out in some of the experiments (see Sec. 3.7.2), notably, those
of Dash et al. [29], and systems with only a single tunnel barrier (MgO-based tunnel
contacts on p-type Ge without Schottky barrier [32, 93]. Therefore, the exact origin
of large spin signal observed in 3T Hanle measurement is still unclear.

3.7.2 Ruling out spin signal enhancement by localized states

Exceptionally large spin signals obtained in 3T measurements have attracted signif-
icant attention. We considered whether or not the discrepancy between experiment
and standard theory can be explained by spin accumulation in localized interface
states, and performed an experiment specifically targeted at testing this scenario [29].
We prepared devices in which the Si surface was treated with Cs prior to tunnel bar-
rier deposition [45]. The Cs interlayer, produces states in the Si bandgap at about 0.1
eV below the bottom of the conduction band [45, 104]. This shifts the charge neutral-
ity level at the Si interface and reduces the Schottky barrier height on n-type Si from
0.7-0.8 eV for the clean devices, to 0.2-0.25 eV for the devices with Cs. The width
of the depletion region is also reduced, from ∼5 nm to about 3 nm. This reduces
the associated value of the Schottky resistance (rb) by 3 to 4 orders of magnitude.
Therefore, if the large spin signals observed in the clean devices would be due to
interface states, the spin accumulation in those states should be reduced drastically
in the Cs treated devices. In contrast, we found that devices with and without Cs
exhibit a comparable spin signal of the order of 2 - 6 kΩµm2 at room temperature
(Fig. 3.1 and Fig. 3.14a). This is not consistent with an interpretation of the large
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spin signals in terms of spin accumulation in interface states. Moreover, a Schot-
tky barrier of 0.2 - 0.25 eV has a narrow width due to the high doping level of the
Si (∼1019cm3), and thus provides an efficient coupling between interface states and
bulk bands (negligible rb). This prevents the build up of a large spin accumulation in
interface states.

Figure 3.14: Spin accumulation in n-type Si with the depletion region of Si removed by
Cs. (a), Hanle-signals at 300 K for junctions without Cs and with Cs, displayed as the spin-RA
product. Data are taken with a constant source current of 511 µA and 734 µA for the junction
with and, respectively, without Cs, corresponding to about V = +172 mV at B=0. The solid
lines are fit to the Lorentzian. b, Data for three different devices, but at 10 K and +500 mV.
Also shown are the corresponding energy band diagrams (drawn to scale) with the values of the
Schottky barrier height ϕB and depletion width w, and the width and height of the oxide tunnel
barrier. The red shaded region indicates the energy distribution of the tunnel current, which is
peaked near the Fermi level of the ferromagnet.

Additional data taken at low temperature and higher injection bias (500 mV)
are presented in Fig. 3.14b. Since the energy distribution of the tunnel electrons
is peaked near the Fermi level of the ferromagnet, at large bias electrons can easily
tunnel through the narrow top of a 0.75 eV barrier (no Cs), and they can go over a 0.25
eV barrier and directly into the semiconductor bulk bands (with Cs). We thus expect
a negligible resistance of the Schottky barrier, consistent with the absence of any
significant change in device resistance by the Cs (Fig. 3.14). Notably, the spin signal
is comparable with and without Cs. Thus, two-step tunneling via interface states does
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not explain the large spin signals. A more conclusive experimental evidence which
rules out the two-step tunneling mechanism will be discussed in Chapter 5.

3.8 Conclusions

In this chapter, we described the successful implementation of the magnetic tunnel
contacts to silicon to electrically create and detect the spin accumulation. We demon-
strated the spin injection, detection and their manipulation via the Hanle effect, in
both n-type as well as p-type Si at 300 K. From the τs of 3T devices and the diffusion
constant, a spin-diffusion length in the range of 200 - 300 nm in Si was determined.
Such values are comparable to the channel length of transistors in state-of-the-art
electronic circuits. The observed spin signals differ by several order of magnitude
from the standard theory. We also discussed the possible causes for the discrepancy
between experiment and theory. The enhancement of the spin signal due to spin accu-
mulation in localized states was ruled out in an experiment that uses Cs treatment of
the silicon surface. Additional control experiments with a non-magnetic layer (Yb or
Au) between a FM and tunnel barrier, confirm that the large room-temperature spin
signal is genuine and originates from spin-polarized tunneling and spin accumulation
in the Si.

The effective spin lifetime extracted from the Hanle curve is found to be smaller
than obtained from electron spin resonance measurements. This indicates that spin
lifetime is reduced by the extrinsic factors that are related to the tunnel contacts.
We discussed that the process of spin tunneling into Si is sensitive to the interface
roughness. The interface roughness gives rise to magnetostatic fields Bms, whose
magnitude depend upon the amplitude and period of the roughness. Due to these
magnetostatic fields, the injected spins precess even in the absence of an external
field. This produces an artificial broadening of the Hanle curve, that depends on the
direction and the magnitude of Bms, which in turn is proportional to the magnetiza-
tion of the FM. As a result the width of the Hanle curve depends on the ferromagnet
used, i.e., the width increases from Ni, to Ni80Fe20, to Co, to Fe as a FM electrode.
An inverted Hanle effect is introduced as an experimental signature. It denotes the
increase of spin accumulation in an applied (in-plane) magnetic field.

In conclusion, we successfully demonstrated the spin injection, detection and
manipulation via Hanle effect using magnetic tunnel contacts to Si with amorphous
Al2O3 as a tunnel barrier. In the next chapter, we will investigate the use of crystalline
MgO instead of amorphous Al2O3 as a tunnel barrier.
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Chapter 4
Spin polarization in Si using
crystalline MgO/Fe tunnel
contacts

In the previous chapter, the successful creation of spin polarization in silicon us-
ing Si/Al2O3/ferromagnet tunnel devices was shown. In this chapter, we examine
whether crystalline MgO/Fe tunnel contacts are suitable for creating spin polarization
in Si at room temperature. For this purpose, we investigate the Hanle and inverted
Hanle effects in Si/MgO/Fe tunnel devices. We discuss the effect of the substrate
preparation and growth conditions on the relative amplitude of the Hanle and inverted
Hanle signals.

4.1 Introduction

As described in the previous chapter, we have developed spin-tunnel contacts to Si
which contain amorphous Al2O3 as a tunnel barrier and a polycrystalline ferromag-
netic electrode. Another materials of choice as a tunnel barrier could be SiO2 or
MgO. The SiO2, due to its superior interface with Si, has been used as a gate oxide in
semiconductor devices and successfully employed in magnetic tunnel junctions[68].
On the other hand, crystalline MgO, due to its spin filtering properties has been suc-
cessfully implemented in metal-based spintronics devices.

Extensive theoretical work has predicted very high tunneling magnetoresistance

Part of this chapter has previously been published in
A. Spiesser, S. Sharma, H. Saito, R. Jansen, S. Yuasa and K. Ando, Proc. SPIE 8461, 84610K (2012).
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on crystalline Fe/MgO/Fe magnetic tunnel junctions (MTJs)[105–107]. The single-
crystalline MgO barrier acts as a spin filter and allows tunneling of the states with
well defined symmetry. This in turns give rise to a very high tunnel spin polarization.
This is consistent with the experimentally observed high tunneling magneto resis-
tance on epitaxial Fe/MgO/Fe magnetic tunnel junctions and very large (≈ 85%)
tunnel spin polarization for the tunneling current[101, 102]. Therefore, the use of
crystalline MgO in metal-based spintronics device is well established. Similarly, one
can expect crystalline MgO to acts as an effective spin filter in magnetic tunnel con-
tacts to silicon. Here, we will examine the use of crystalline MgO/Fe tunnel contacts
on Si as an efficient spin filter.

There has been a significant progress in making high quality crystalline tunnel
contacts on Ge[94, 96, 108] and GaAs[109] with epitaxial growth of MgO/FM lay-
ers. These tunnel devices have been successfully used for creating and detecting the
spin accumulation in a semiconductor. However, the development of the methods of
crystalline growth of MgO/ferromagnet tunnel contacts on Si is very recent and fur-
ther investigations are required. By using highly ordered CoFe/MgO tunnel contacts
on n-type Si, Jeon et.al., obtained spin signals (2-3 kΩµm2), which are compara-
ble to that of a NiFe/Al2O3/n-Si tunnel devices[29]. It should be noted that for that
latter case the tunnel barrier and ferromagnet are amorphous and poly-crystalline,
respectivly. Suzuki et.al., on the other hand, contrary to the expectations reported a
very small value of tunnel spin polarization (less than 2%) at room temperature for
n-Si/MgO/Fe spin-tunnel devices[100]. Thus, it is important to investigate the rela-
tionship between crystal quality of the spin tunnel contacts to silicon and parameters
like spin lifetime, spin diffusion length and amplitude of the spin accumulation.

In this chapter, we will investigate the influence of the substrate preparation on
the quality of the tunnel contacts and efficiency of spin injection into silicon through
highly ordered magnetic tunnel contacts. In Sec. 4.2, we describe the fabrication and
structural characterization of the spin-tunnel contacts. Here, we discuss the influence
of the starting Si surface on the growth of the MgO/Fe tunnel contact. In Sec. 4.3, we
will describe the three terminal Hanle measurements at room temperature on mag-
netic tunnel contacts to n-type as well as p-type silicon. Our discussion will be fo-
cused on the amplitude of the spin signals obtained in crystalline Si/MgO/Fe tunnel
devices. This section will include the basic results on electrically induced spin po-
larization into Si. A more detailed analysis of spin-resistance area product (spin-RA)
and effective spin lifetime shall be presented in chapter 5.
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4.2 Device fabrication and structural characterization

Fig. 4.1 depicts the cross-sectional diagram of a Si/MgO/Fe tunnel device. These
devices were fabricated on n-type as well as on p-type silicon-on-insulator (SOI)
wafers with (100) orientation. The carrier density measured at 300 K was found to
be 1.8×1019cm−3 (As doped) and 4.8×1018cm−3 (B doped) for n-type and p-type
Si, respectively. Initially, 300 nm of SiO2 was grown at 1150◦C on the SOI wafers.
The oxide was then patterned using standard optical lithography followed by wet
etching with buffered HF solution to define the contact holes of different area through
SiO2. Two devices with etching time 10 min (sample 1) and 5 min 30 sec (sample
2) were prepared to observe the influence of the starting Si surface on the quality of
the tunnel interfaces and their impact on electrical parameters. It should be noted
that etching of 300 nm of SiO2 requires 5 min and 30 sec, which we call as optimum
etching time. The over-etching after optimized etch time results in a rough Si surface.
After etching, the silicon substrates were introduced into the MBE system with a
base pressure better than 5×10−10 Torr. Then the silicon substrates were annealed at
700◦C for 10 min. After annealing, MgO (0.7 nm to 3 nm) and Fe layers (10 nm) were
deposited by electron-beam-evaporation at 300◦C and 100◦C, respectively. To avoid
the oxidation of the magnetic layer, a 20 nm thick Au capping layer was deposited by
using a conventional Knudsen-cell. Subsequently, the ferromagnetic electrode was
patterned using Ar-ion-milling. This was followed by another lithography step and
sputter deposition of Cr/Au contact metallization.

Figure 4.1: Cross sectional diagram of a Fe/MgO/Silicon tunnel contact. The active area on
Silicon is defined by wet etching of 300 nm thick SiO2.

Structural analysis was performed by in-situ reflection high-energy electron diffrac-
tion (RHEED). Fig. 4.2 (a) shows the RHEED patteren of the Si surface after anneal-
ing at 700◦C for 10 min. A Si surface with a well-defined (2×1) reconstructions
is obtained [110]. The RHEED image of MgO (Fig. 4.2 (b)) grown on Si at 300◦C
shows a spotty crystalline pattern corresponding to MgO(001). Finally, Fe deposition
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Figure 4.2: Structural characterization of Fe/MgO/Si tunnel devices. In-situ RHEED pat-
terens of (a) Si(001) surface after annealing at 700◦C for 10 min, (b) after MgO deposition at
300◦C (c) after Fe deposition at 100◦C. The (1×1) and (2×1) patterns are indicated in (a) with
solid and dotted black lines, respectively. (d) High-resolution TEM image of the sample for
which the Si surface was prepared by etching of SiO2 for optimized time of 5 min and 30 sec.

on MgO results in a clear spotty (1×1) pattern without any rings in the RHEED im-
age (Fig. 4.2 (c)) indicating crystalline Fe (001). For further analysis, we performed
high-resolution transmission electron microscopy (HRTEM) analysis of the sample.
Sharp interfaces without inter-diffusion and/or intermixing between Si, MgO and Fe
are obtained. An atomically flat interface (roughness ≈ 2 monolayers) between Si
and MgO with clear atomic planes in the MgO layer indicates an ordered crystalline
tunnel barrier. More detailed analysis about crystallographic relationship has been
presented in Ref. [110] where we showed that MgO(001) grows on Si(001) with
a cube-on-cube relationship with top Fe cell rotated in the plane by 45◦ w.r.t the
MgO and Si cells. We also showed that the crystal quality of the Fe/MgO layers
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is quite sensitive to the surface condition of the Si substrate before deposition. We
found that the Si surface with reconstructions (2×1) is essential for achieving epitax-
ial MgO(001) on Si, whereas MgO grown on (1×1) Si surface shows polycrystalline
structure. Clear Hanle and inverted Hanle effects were observed at room temperature
for polycrystalline as well as epitaxial Fe/MgO spin tunnel contacts by using standard
three-terminal method. Thus demonstrating the electrically induced spin polarization
in p-type silicon at 300 K. The device with epitaxial Fe/MgO contact exhibits longer
spin lifetime and higher magnitude of the spin accumulation. We attributed the en-
hancement in the spin signal to the spin filtering effect of the epitaxial MgO(001),
giving rise to higher tunnel spin polarization of the tunnel contact. Thus, we found
that high quality MgO barrier is desireable to achieve efficient spin injection into Si.

4.3 Electrical spin injection and detection

We use the three-terminal geometry (Sec. 2.4) for performing electrical spin injection
and detection across Si/MgO/Fe tunnel devices via Hanle effect. The tunnel contacts
have dimensions of 100×200 µm2 (p-type Si) and 50×200 µm2 (n-type Si). The
tunnel contacts are separated by a distance of 150 µm, which is much larger than
the spin-diffusion length Lsd of spins in Si. Thus, we measure the spin accumulation
directly underneath the tunnel contact and there is no spin signal due to transport
between the tunnel contacts. Let us start with tunnel contacts on p-type Si.

4.3.1 Fe/MgO/Si spin-tunnel contact to p-type Si

Fig. 4.3(a) displays the Hanle measurements on p-Si/MgO/Fe tunnel device. The bias
convention is the same as explained in Chapter 3, i.e., V = VSi-VFM < 0 corresponds
to hole spin injection into valence band of Si. For a bias current of -97µA (-172 mV,
lower curve in Fig. 4.3(a)), we obtain a maximum signal at zero field. With increase
in transverse field, the measured voltage reduces and the line shape is Lorentzian . A
similar signal (with opposite polarity) is obtained for a bias current of 389 µA (≈174
mV, upper curve) at 300 K. Thus, these measurements clearly establish the creation of
spin polarization in Si using crystalline MgO/Fe magnetic tunnel contact. By taking g
= 2, we extracted the effective spin lifetime τs = 190 ps for holes in Si. This is higher
than the value (60 ps) found for p-Si/Al2O3/Fe tunnel contacts (see Sec. 3.6.3), but
smaller than the 270 ps found for p-Si/Al2O3/Ni80Fe20 tunnel devices (Sec. 3.6.7 and
Ref. [29]).

Fig. 4.3(b) shows the variation of spin-resistance area (spin-RA) product with
voltage for the same tunnel contact. Here, the spin-resistance ∆Rspin = [∆VBϕ=0◦ +
∆VBϕ=90◦ ]/I , where ∆VBϕ=0◦ and ∆VBϕ=90◦ are the Hanle and inverted Hanle signal
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Figure 4.3: Electrical injection and detection of spin accumulation in p-type Si at 300
K. (a) Detected Hanle signal across a p-Si/MgO/Fe(20nm) tunnel contact for hole injection
(-97µA) and extraction (389µA) at T = 300 K, as a function of magnetic field perpendicular
to the interface. (b) Spin-resistance ∆Rspin=[∆VBϕ=0◦ + ∆VBϕ=90◦ ]/I , where ∆VBϕ=0◦

and ∆VBϕ=90◦ are the Hanle and inverted Hanle signal amplitude, respectively, as defined in
Chapter 3. From a Lorentzian fit to the data the effective spin lifetime τs=190 ps is obtained.

amplitude as defined in Chapter 3. Here, the subscripts Bϕ=0◦ and Bϕ=90◦ signify the
field direction perpendicular and parallel to the interface, respectively. Further, I is
the constant bias current across the tunnel contact and A is the contact area. The lower
curve represents the spin-RA corresponding to Hanle signal. The corresponding spin-
RA ranges from 25-70 kΩµm2, several orders of magnitude higher than expected
from theory as noted earlier (see Ref.[29], Sec. 3.3.2 and Chapter 5). The Spin-
resistance is almost constant for V < 0 and it decays linearly for V > 0. The upper
curve in Fig. 4.3(b) represents the total spin-RA which includes the inverted Hanle
signal. We observe that spin-RA reduces significantly for V > 0, while for V < 0
the change is less. Thus we see that magnetic tunnel contacts to Si with crystalline
MgO/Fe can be employed successfully for creating spin polarization in Si at room
temperature.
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4.3.2 Influence of surface preparation

Here, we compare two devices fabricated under different surface processing condi-
tions which result in a different starting Si surface onto which the MgO/Fe contact is
grown.

Figure 4.4: Influence of over etching on tunnel interfaces. (a) TEM image of sample 1
(etching time 10 min) and (b) sample 2 (etching time 5 min 30 sec).
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Figure 4.5: Comparing relative amplitudes of Hanle and inverted Hanle signals. Electric
Hanle and inverted Hanle measurements on (c) sample 1 (-150 mV, -560 µA) and (c) sample 2
(-150 mV, -620 µA).
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One of the device (sample 1, Fig. 4.4(a)) was prepared using an etching time of 10
min compared to sample 2 with an etch time of 5 min 30 sec (Fig. 4.4(b)) required
for etching 300 nm of thermaly grown SiO2. The tunnel barrier (MgO) thickness for
these two samples was kept similar (2 nm) so that similar tunnel resistance can be
obtained (as confirmed experimentally, see Fig. 4.6). It is clear from the TEM picture
in Fig. 4.4 (a) that over etching results in a more rough interface between Si and
MgO. For sample 2, (Fig. 4.4(b)) with an optimized etch time, a relatively smooth
interface is obtained.
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Figure 4.6: Bias variation (a) of relative ratio of inverted Hanle and Hanle signal i.e.,
∆VBϕ=90◦ /∆VBϕ=0◦ for sample 1 and 2, where ∆VBϕ=0◦ and ∆VBϕ=90◦ are the Hanle and in-
verted Hanle signal amplitude as defined in Chapter 3. Here, the subscripts Bϕ=0◦ and Bϕ=90◦

signify the field direction perpendicular and parallel to the interface, respectively. (b) Bias
voltage versus junction-RA product for the same devices with different growth conditions.

Figs. 4.5 (a) and (b) display Hanle and inverted Hanle curves measured at a bias
current of -560 µA (sample 1) and -620 µA (sample 2), corresponding to a volt-
age of about -150 mV. For both devices, a Lorentzian line shape due to Hanle spin
precession is obtained. For an in-plane magnetic field, we obtain an inverted Hanle
effect (see Chapter 3). Here, we show the normalized data for comparing the relative
amplitude of Hanle and inverted Hanle signal. It is observed that sample 2 with a rel-
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atively smooth interface has a larger Hanle signal compared to sample 1. Although
the difference is not so large. Due to the larger interface roughness for sample 1,
the stray magnetostatic fields [56] cause larger reduction of the spin accumulation as
compared to sample 2, which has a relatively smooth interface. As a result sample 1
has a bit larger inverted Hanle signal compared to sample 2.

This becomes more clear in Fig. 4.6(a), where the bias variation of the ratio be-
tween inverted Hanle and Hanle signals (∆VBϕ=90◦ /∆VBϕ=0◦ ) for samples 1 and 2 is
shown. Both devices have same order of junction resistance area (Junction-RA) prod-
uct (Fig. 4.6(b)). In Fig. 4.6(a), for V < 0 the spin signal for sample 1 is dominated
by a strong inverted Hanle signal. Whereas for V > 0, the ratio between inverted
Hanle and Hanle signal is still large but it reduces. For sample 2, a similar qualitative
behavior is found but the ratio ∆VBϕ=90◦ /∆VBϕ=0◦ is lower compared to sample 1
for all bias voltages. This indicates that in sample 1 due to larger interface roughness,
the net spin signal has a large contribution due to inverted Hanle signal compared
to sample 2 with relatively smooth interface. Further, from the Lorentzian fit to the
data, the line width is larger (400 Oe) for sample 1 compared to sample 2 (330 Oe).
These results suggest that interface roughness give rise to larger inverted Hanle signal
as well as Hanle line width broadening, as reported earlier for Al2O3 based devices
[56].
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Figure 4.7: Electrical injection and detection of spin accumulation in n-type Si at 300 K.
(a) Detected Hanle signal across an n-Si/MgO/Fe(20nm) tunnel contact for electron injection
(460µA) and (b) extraction (-405µA) at T = 300 K, as a function of magnetic field perpendicular
to the interface. Solid black lines represent the Lorentzian fits with τs = 63 ps.
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4.3.3 Fe/MgO/Si spin-tunnel contact to n-type Si

Now, let us consider three terminal Hanle measurements on tunnel contacts to n-Si
with MgO/Fe layers. As shown in Fig. 4.7(a), we observe a Hanle signal for a bias
current of 460 µA (172 mV) corresponding to electron spin injection into conduction
band of silicon. A Similar Hanle signal (but of opposite polarity) is obtained for
electron spin extraction from Si conduction band at a current of -405 µA (-174 mV).
A lower bound of 63 ps for the spin lifetime is obtained from a Lorentzian fit to the
data. Thus, the observation of Hanle effect (for injection as well as extraction of
spins) establish successful creation of spin polarization in bulk bands of n-type Si
with MgO/Fe contacts and again prove that magnetic tunnel contacts to Si serve as
robust system to study the spin transport.

4.4 Conclusions

In this chapter, Si/MgO/Fe tunnel contacts were investigated for realizing spin polar-
ization in Si at 300 K. From the structural characterization (RHEED and HR-TEM)
we found that highly ordered crystalline tunnel contacts can be obtained on Si with
optimum etching conditions of SiO2 which give rise to a smoother interface between
Si and MgO and subsequent annealing of Si surface to obtain a (2×1) reconstructed
Si (001) surface. Subsequent deposition of MgO and Fe at 300◦C and 100◦C, respec-
tively, results in crystalline tunnel contacts and successful spin injection was observed
into n-type as well as p-type Si at 300 K.

We also evaluated the influence of the starting Si surface on spin injection into
Si. The properties of Si surface were changed by varying the etching time of SiO2.
The tunnel contacts with over-etching display a more rough Si/MgO interface. Elec-
trical measurements reveal that for both devices, the inverted Hanle signal is larger
compared to the Hanle signal. However, for the device with more rough interface,
the inverted Hanle signal is larger compared to other with relatively smooth interface.
Thus, we conclude that the magnetostatic fields arising from the rough interface (due
to over etching) produce stronger inverted Hanle signal and a broadening of the Hanle
curve.



Chapter 5
Scaling of spin accumulation with
tunnel resistance

In previous chapters, we described the creation and detection of the spin polarization
in Si via the Hanle effect. We investigated the magnetic tunnel contacts to Si with dif-
ferent tunnel barriers and ferromagnets. A common feature shown by these devices
is the exceptionally large spin signal, orders of magnitude larger than predicted by
the standard theory of spin injection and diffusion. Here, in this chapter, we investi-
gate the variation of spin-signal obtained in a Hanle measurement with the thickness
of the tunnel barrier (Al2O3 and crystalline MgO). We compare the experimental
data with the available theoretical models which consider the direct tunneling, two-
step tunneling and direct as well as two-step tunneling in parallel. To rule out spin
signal enhancement by two-step tunneling via localized interface states, we present
measurements on control devices in which the semiconductor is replaced by a non-
magnetic metal (Ru) electrode.

5.1 Introduction

Mainstream semiconductors such as silicon and germanium play a key role in the
development of a spintronics information technology in which spin is used to rep-
resent digital data [14, 50, 51, 111]. To create and detect spin-polarized carriers in
non-magnetic materials, the use of ferromagnetic tunnel contacts has proven to be a

The content of this chapter has appeared at
S. Sharma, A. Spiesser, S. P. Dash, S. Iba, S. Watanabe, B.J. van Wees, H. Saito, S. Yuasa and R. Jansen,
http://arxiv.org/abs/1211.4460
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robust and technologically viable approach that is widely used in spin-based devices,
including those with Si and Ge [26, 28, 29, 31, 32, 70, 79, 94, 97, 98, 100, 112, 113].
As recently reviewed [50, 51], controversy has arisen because in many semiconduc-
tor spintronic devices, the magnitude of the observed spin voltage differs by several
orders of magnitude from what is expected based on the available theory for spin
injection and diffusion [22, 53, 114, 115]. A common feature of all theories is that
the injected spin current produces a spin accumulation ∆µ, i.e., a spin splitting in
the electrochemical potential and thus a spin-dependent occupation of the electronic
states in the non-magnetic material. Conservation of spin-angular momentum re-
quires the injected spin current to be balanced by spin relaxation, from which the
steady-state non-equilibrium spin accumulation is evaluated. Consequently, the spin
accumulation is predicted to be proportional to the injected spin current.

A powerful way to test the predictions is to vary the thickness of the tunnel bar-
rier, which changes the current density J exponentially. The spin accumulation is
expected to exhibit a similar exponential variation, so that ∆µ/J remains constant.
Here we present an extensive set of spin-transport data on Si and Ge based magnetic
tunnel devices with different tunnel oxides. The scaling of the detected spin voltage
with tunnel oxide thickness violates the expected proportionality of spin voltage and
injected spin current. The data is shown to be incompatible with any of the known
theories, including those based on direct tunneling [22, 53, 114, 115] or two-step
tunneling via localized states [47, 49].

5.2 Device fabrication

The device fabrication is similar to as described in chapter 3 and chapter 4 for Si/Al2O3

/FM and Si/MgO/Fe tunnel devices, respectively. In this chapter, we will show only
the experimental results obtained on these devices.

To probe the spin accumulation over a large range of the tunnel barrier thickness,
we employ three-terminal devices [29] in which a single ferromagnetic tunnel con-
tact is used to inject the spin accumulation, and to detect it. This geometry, unlike
4-terminal non-local devices [28, 100], allows the contact area to be chosen arbitrar-
ily large so as to adjust the overall device resistance and thereby ensure a sufficient
signal to noise ratio. Here, the tunnel junction area is between 10×10 µm2 and
100×200 µm2. Positive voltage corresponds to electrons tunneling from ferromag-
net to semiconductor.
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5.3 Scaling with tunnel barrier thickness

To illustrate the generic nature of the observed scaling, we use devices with heavily
doped Si (p-type and n-type), with an amorphous Al2O3 tunnel barrier and Ni80Fe20
ferromagnet, or with epitaxial, crystalline MgO/Fe contacts.
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Figure 5.1: Hanle detection of spin accumulation in semiconductor/oxide/ferromagnet
tunnel devices. Shown are representative Hanle and inverted Hanle curves for magnetic field
B applied, respectively, perpendicular or parallel to the magnetization of the ferromagnet. Data
is shown for p-type Si/Al2O3/Ni80Fe20 and p-type Si/MgO/Fe devices with different thick-
ness of the tunnel barrier, all at 300 K. The vertical axis gives the spin-RA product, defined as
∆VHanle/J.

In all devices, voltage signals corresponding to the Hanle and inverted Hanle ef-
fect [56] were detected when a magnetic field is applied perpendicular or parallel to
the tunnel interface, respectively, at constant tunnel current (Fig. 5.1). The Hanle
(inverted Hanle) signal originates from the suppression (recovery) of the spin accu-
mulation due to spin precession (or the reduction thereof), and is the signature of the
presence of a spin accumulation [29, 56]. The most striking observation is that the
amplitude of the spin signal (the spin RA product, defined as ∆VHanle/J , the spin
voltage signal per unit of J) increases by orders of magnitude when the thickness
of the tunnel barrier is increased. The width of the Hanle curve and the ratio of the
Hanle and inverted Hanle amplitudes are also not constant.

The tunnel resistance exhibits the expected exponential variation with thickness
of the tunnel oxide (Fig. 5.2a). From the slope we extract an effective tunnel bar-
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Figure 5.2: Scaling of Hanle spin signals in Si tunnel devices with amorphous Al2O3

barrier. a, tunnel resistance-area (RA) product versus tunnel oxide thickness for p-type
Si/Al2O3/Ni80Fe20 devices at 300 K. The extracted tunnel barrier height is 3.2 eV. b, the corre-
sponding spin RA product versus tunnel RA product. The solid line corresponds to a power law
with exponent 0.75. c, data for similar devices but with n-type Si at 10 K. The solid line corre-
sponds to a power law with exponent 0.82. The spin RA value is derived from the Hanle signal
only, instead of the sum of the Hanle and inverted Hanle signals. See Fig. 5.7 for additional
data with different oxidation time (p-type) and Cs treated surfaces (n-type).

rier height Φeff of 0.8 eV. Taking into account the effective electron mass in Al2O3

(about 0.2 - 0.3 times the free electron mass), this translates into a real barrier height
of Φ = 3.2 ± 0.8 eV. This is a reasonable value [116] for Al2O3 on p-type Si, show-
ing that direct tunneling from the ferromagnet into the Si is the dominant transport
process (for multi-step tunneling via localized states within the oxide [117], the ex-
tracted barrier height would be 4 times larger, which is unrealistic). More impor-
tantly, the data implies that the contact resistance is dominated by the Al2O3, and
that the depletion region associated with the Schottky barrier in the Si contributes
little to the resistance, as expected for heavily doped Si. The spin RA prod-
uct also displays an exponential variation with thickness of the tunnel oxide, and a
power law is revealed when the spin RA product is plotted against tunnel resistance
(Figs. 5.2b and c). The associated scaling exponent is about 0.75 and 0.82, respec-
tively, for Si/Al2O3/Ni80Fe20 devices with p-type and n-type Si. For devices with
crystalline MgO/Fe contacts, a similar exponential variation of spin RA product with
MgO thickness is obtained (Fig. 5.3a). The contact resistance is dominated by tun-
neling through the MgO at larger thickness, but for small MgO thickness a transition
occurs to the regime where the contact resistance is limited by the Schottky barrier
and becomes constant. Interestingly, the spin RA product displays no transition. It
scales with the MgO thickness even in the low thickness regime, suggesting that the
spin signal is determined by the tunneling across the MgO. The spin RA products
for p-type Si with MgO/Fe and Al2O3/Ni80Fe20 contacts display similar scaling as a
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Figure 5.3: Scaling of Hanle spin signals for devices with MgO and p-type Si or Ge. a,
spin RA product and tunnel RA product versus MgO thickness for p-type Si/MgO/Fe devices at
300 K. b, corresponding spin RA product versus tunnel RA product for the same devices (pink
symbols), together with data for p-type Si/Al2O3/Ni80Fe20 (blue symbols). For the 3 devices
with the thinnest MgO barrier, the tunnel RA product is determined by extrapolation from the
high thickness regime (dashed green line in a) to remove the Schottky resistance. The solid line
corresponds to a power law with exponent 0.75. The spin RA product is the sum of the Hanle
and inverted Hanle signal.

function of resistance of the tunnel oxide (Fig. 5.3b), with an exponent (0.75) smaller
than 1. Note that a similar scaling was recently reported by Uemura et al. for n-type
Si/MgO/Co50Fe50 devices [118] , although a direct comparison cannot be made be-
cause their data was taken with the same bias current for each oxide thickness, and
hence with a different tunnel voltage. This, in turn, changes the tunnel spin polariza-
tion, which is known to vary with the energy of the tunnel electrons [76, 78]. This
additional source of variation of the spin signal with tunnel oxide thickness is not
present in our data, which was obtained using the same bias voltage for each oxide
thickness. Our collection of data leads to the striking and unexpected conclusion that
∆VHanle/J is not a constant but scales with Rtun, and up to values larger than 109

Ωµm2. This behavior is generic, as it is observed for devices with different semi-
conductors, tunnel oxides, and ferromagnetic electrodes. Below we explain that this
behavior is incompatible with any of the known theories for the injection, accumula-
tion and diffusion of spins in ferromagnetic tunnel devices.
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5.4 Comparison with existing theory

5.4.1 Direct tunneling

In the standard theory, the spin accumulation gives rise to a Hanle spin signal ∆VHanle

= [P 2
fm] rs J , where Pfm is the tunnel spin polarization associated with the ox-

ide/ferromagnet interface, and rs is the spin resistance of the semiconductor [34,
51] that describes the relation between spin current and spin accumulation in non-
magnetic materials. Thus, ∆VHanle/J is constant and independent of the resistance
Rtun of the tunnel contact. This applies when Rtun is larger than rs. If Rtun < rs,
back flow of the spins into the ferromagnet limits the spin signal [34, 51], which is
then proportional to the tunnel resistance: ∆VHanle/J = [P 2

fm/(1 − P 2
fm)]Rtun.

Although this produces a scaling with tunnel resistance, the experimentally observed
scaling extends to tunnel RA values beyond 109 Ωµm2, and a value of rs larger than
this would be required for back flow to be active. This is unreasonable, since rs is
typically around 10-100 Ωµm2 for the semiconductors used [51]. The standard de-
scription thus predicts that ∆VHanle/J is independent of Rtun (and up to 7 orders of
magnitude smaller than observed) and cannot describe the data.

5.4.2 Two-step tunneling

Two-step tunneling via localized states near the oxide/semiconductor interface can
produce an enhanced spin signal due to spin accumulation in those states [47], pro-
vided that certain conditions are satisfied [51]. To obtain a spin resistance of 109

Ωµm2, localized states with a spin lifetime of at least 10 µs are needed for a rea-
sonable density of interface states (> 1012 states/eV cm2). While this cannot be ex-
cluded a priori, there exists ample experimental evidence that shows that this mecha-
nism is not the origin of the large spin signals observed, as recently reviewed [50, 51].
The scaling data presented here provides additional and conclusive proof that two-
step tunneling via interface states cannot be responsible, as it leads to a fundamental
inconsistency. The scaling of the contact resistance with oxide thickness (Fig. 5.2a)
implies that the resistance is dominated by the oxide tunnel barrier, and that any resis-
tance rb of the Schottky barrier in the semiconductor is much smaller. For two-step
tunneling, the effective spin resistance reffs of the interface states cannot be larger
than the resistance rb that couples the states to the bulk semiconductor [47, 51]. Taken
together this would mean reffs < rb < Rtun. However, in order to obtain a scaling
of the spin RA with tunnel resistance (due to back flow from the interface states into
the ferromagnet), one needs the opposite, namely, Rtun < reffs . These requirements
cannot be satisfied simultaneously, whatever the parameters chosen. Thus, Tran’s
model [47] for spin accumulation in interface states is inconsistent with the simul-
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taneous exponential scaling of contact resistance and spin signal with tunnel barrier
thickness.

5.4.3 Two-step and direct tunneling in parallel

The model introduced by Tran et al. [47] for two-step tunneling via localized states
assumes that all the current goes via the localized states and, as just noted, this cannot
describe the experimental data. However, Tran’s model has recently been extended
[49] by including charge and spin transport by direct tunneling, in parallel with two-
step tunneling. It is therefore important to examine whether this extended transport
model can describe the experimental data. Depending on the details of the system,
the spin accumulation created in localized states due to two-step tunneling can be
much larger than that induced in the semiconductor bands by direct tunneling. If as a
function of some parameter (e.g. the tunnel barrier thickness) the relative contribution
of two-step and direct tunneling is changed, then a transition from a small signal
(direct tunneling dominant) to a large signal (two-step tunneling dominant) or vice
versa, can be produced. In this paragraph we examine whether this can explain the
observed scaling of the spin RA product with tunnel barrier thickness, and show that
this is not possible.

We start by attempting to fit the experimental data for the p-type Si/MgO/Fe de-
vices by setting the direct tunnel current to zero. That is, we consider transport by
two-step tunneling, where the first step is by tunneling across the MgO from ferro-
magnet into interface states, and the second step is by tunneling through the Schottky
barrier from interface states into the bulk semiconductor. The result is shown in the
left two panels of Fig. 5.4, for which the spin resistance of the localized states was
set to infinity, so that the spin signal is not limited by spin relaxation in the localized
states. A good fit (thick solid lines) is obtained for the junction resistance. For small
MgO thickness, the junction resistance is limited by the resistance of the Schottky
barrier, whereas at large MgO thickness it is limited by tunneling across the MgO.
According to the model, this should be accompanied by a transition in the behavior
of the spin RA product, which first increases with MgO thickness, but becomes con-
stant as soon as the junction resistance is determined by the MgO. This corroborates
the statement made in the previous paragraph that the junction resistance and spin
resistance cannot simultaneously exhibit a scaling with MgO thickness if transport is
by two-step tunneling via localized interface states. Note that in the regime of small
MgO thickness, the magnitude of the spin signal is determined by the tunnel spin po-
larization Pfm associated with the Fe/MgO interface, and a value of 20% is needed
to obtain a match with the data in this regime. With a value of 75%, which is more
reasonable [119], the data cannot be described, not even in the regime of small MgO
thickness.
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The two middle panels show the result if transport is purely by direct tunneling,
setting the two-step tunnel current to zero. In principle the data can be described,
however, the required spin resistance rSis of the silicon is of the order of 108 Ωµm2.
This is unreasonable considering that is expected to be in the range of 10 - 100 Ωµm2

at best, for which one would obtain a spin RA product that is independent of the tun-
nel oxide thickness and orders of magnitude smaller than experimentally observed.
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Figure 5.4: Attempts to fit the data by direct and two-step tunneling in parallel. The exper-
imental data (symbols) for the junction resistance and spin RA product of p-type Si/MgO/Fe
devices is compared with the model (solid lines) for three cases: (i) two-step tunneling only,
(ii) direct tunneling only, and (iii) two-step tunneling and direct tunneling in parallel. In the top
panels, two data points are given for the junction RA product of the three junctions with small-
est MgO thickness; the larger value corresponds to the measured junction RA product, whereas
the smaller value is obtained when the resistance of the Schottky barrier is subtracted.

Next, we attempt to describe the data by direct and two-step tunneling in parallel,
using the equations given in Ref.[49]. As already eluded to above, in order to obtain
an increase of the spin RA product as a function of MgO thickness, one needs to
have a transition from transport dominated by direct tunneling to transport dominated
by two-step tunneling via interface states. Such a situation is depicted in the two
right panels of Fig. At large MgO thickness, transport is determined by tunneling
across the MgO, and we have chosen the parameters such that in this regime the
resistance associated with two-step tunneling is smaller than that for direct tunneling.
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At small MgO thickness, the two-step tunnel current is limited by the resistance of
the Schottky barrier. As a result, the transport at small MgO thickness is dominated
by direct tunneling. This change in transport process can reasonably well describe the
observed scaling of the junction resistance, but not the scaling of the spin signal. A
transition from a small spin RA product, governed by direct tunneling, to an enhanced
spin RA product due to two-step tunneling is indeed created, but the model does not
reproduce the experimental data. It does not reproduce the observed exponential
increase of the spin RA with MgO thickness, and deviates from the data in almost
the entire range. We conclude that a transition in transport from direct to two-step
tunneling does not describe the experimental data.

5.4.4 Inhomogeneous tunnel current density

It has previously been pointed out that an enlarged spin signal can be produced in
three-terminal devices if the tunnel current density is not homogeneous across the
contact area[29]. In that case the local current density, and thereby the spin accu-
mulation, can be significantly larger that what is expected from the applied current
and the lateral dimensions of the tunnel contact. In previous work[29] the spin signal
was larger than expected by 2-3 orders of magnitude and in principle this could be
due to lateral inhomogeneity of the tunnel current. However, the new data presented
here exhibit a scaling with tunnel barrier resistance that is not readily understandable
with an explanation in terms of current inhomogeneity. Moreover, for devices with
the thickest tunnel barrier, the observed spin signals are larger than expected by up to
6 orders magnitude, and this cannot be explained by inhomogeneous tunnel current.
It would require that all the tunnel current goes via an area that is 106 times smaller
than the geometric contact area of 100×200 µm2. This translates into an effective
tunnel area on only 100×200 nm2 or so, which is unreasonable. We conclude that
inhomogeneity of the tunnel current is not responsible for the experimental observa-
tions.

5.5 Control devices

5.5.1 Devices with metal instead of semiconductor

The argument used in the previous section to rule out two-step tunneling via local-
ized interface states was based on the assumption that the states are located at the
oxide/semiconductor interface, and decoupled from the semiconductor bulk bands
by a Schottky barrier with resistance rb. In principle, it is possible that the relevant
localized states are present within the oxide tunnel barrier, and that a large spin ac-
cumulation is induced in those states by two-step tunneling. In this case the value
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of rb that couples the localized states to the semiconductor bands is no longer deter-
mined by the Schottky barrier, but by the resistance of part of the tunnel oxide. It is
known that two-step tunneling is more efficient for states near the center of the tunnel
barrier [117]. Hence, the associated value of rb is determined by half of the tunnel
oxide and would systematically increase with the thickness of the tunnel oxide. De-
pending on the parameters of the system, this could produce a spin accumulation that
increases with tunnel barrier thickness, and thereby a scaling of the spin RA product
with tunnel resistance.
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Figure 5.5: Absence of spin accumulation in control tunnel devices with the Si replaced by
non-magnetic Ru metal. Shown are the Hanle and inverted Hanle signal for p-type Si/MgO/Fe
devices, together with similar data on control devices with Fe/MgO/Ru structure (black circles
and squares). Measurements were done at 300 K, and devices with similar tunnel RA product
are compared (105Ωµm2 and 107Ωµm2 for the left and right panel, respectively). The absence
of any spin signal in the metallic control devices proves the absence of spin accumulation in
localized states within the MgO tunnel barrier.

In order to exclude this possibility, we fabricated control devices in which the
semiconductor is replaced by a nonmagnetic metal (Ru) electrode. If the large spin
RA product originates from spin accumulation in states within the tunnel oxide, the
spin accumulation does not depend on the spin resistance of the non-magnetic elec-
trode, and a similarly large spin accumulation should be observed with a Ru metal
electrode. However, in control devices with the structure Fe/MgO/Ru, no spin signal
could be observed, neither Hanle nor inverted Hanle (see Fig. 5.5). Therefore, we
conclude that the spin signal does not originate from spin accumulation in localized
states in the tunnel oxide. This control experiment also rules out the recent proposal
[118] of spin accumulation in states localized in the tunnel barrier close to the ox-
ide/ferromagnet interface, in which a large spin accumulation is not expected to exist
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anyway because the strong coupling with the ferromagnet would easily deplete the
spin accumulation.

5.5.2 Devices with zero tunnel spin polarization

Given that the experimental data deviates fundamentally from the theory, it is of the
utmost importance to convincingly establish that the observed spin signals are gen-
uine and originate from spin accumulation, rather than some kind of measurement
artifact. Such potential artifacts can arise from (anisotropic) magnetoresistance ef-
fects related to the current through the ferromagnetic electrode itself, or from the
effect of magnetic fields on charge transport in the semiconductor (Hall voltages
etc.). A powerful way to exclude these artifacts is to introduce a thin non-magnetic

-50 -40 -30 -20 -10 0 10 20 30 40 50

-120

-80

-40

0

40

80

120

 

 

V 
(

V)

Magnetic field (kOe)

 Hanle 
 Inverted Hanle

p-Si/Al2O3/Au(10nm)/Ni80Fe20

Figure 5.6: Absence of spin signals in control tunnel devices with zero tunnel spin polariza-
tion. Shown are the Hanle and inverted Hanle signal for a control device with structure p-type
Si/Al2O3/Au(10nm)/Ni80Fe20, in which the non-magnetic Au interlayer causes the tunnel spin
polarization to be zero. Measurements are done at room temperature with a constant current
of -195µA (hole injection condition). A constant bias voltage of about -172mV was subtracted
from the data.

layer at the interface between the tunnel oxide and the ferromagnet, without remov-
ing the ferromagnet [63]. The method relies on the extreme interface sensitivity of
(spin-polarized) tunneling, such that insertion of a thin non-magnetic layer causes
the tunnel spin polarization to vanish, and hence the spin accumulation. Genuine
spin signals should then disappear, whereas any signals due to artifacts, if present,
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would still remain. This approach was previously used to rule out artifacts in the
experiments by Dash et al. [29, 120], although only the signal for out-of plane mag-
netic field (Hanle curve) was investigated, and only in the range of small field. In
Fig. 5.6, a more complete characterization is presented, showing measurements on
a control device in the Hanle as well as the inverted Hanle geometry, and for fields
up to 50 kOe. No spin signals are observed. This implies that the signals (Hanle
and inverted Hanle) observed in the regular devices (without the non-magnetic inter-
layer) are not due to an artifact but originate from spin-polarized tunneling and the
spin accumulation this produces. This result corroborates previous experiments on
spin injection from similar ferromagnetic tunnel contacts into a silicon light emitting
diode [26, 45], from which the presence of spin-polarized carriers inside the silicon
was unambiguously established.
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Figure 5.7: Additional data on scaling of Hanle spin signals in tunnel devices with n-type
and p-type Si. The open circles are the same data as in Fig. 5.2 b and 5.2 c, whereas squares are
additional data for devices with different oxidation time (p-type, left panel) and with Cs treated
surfaces (n-type, right panel).

5.5.3 Devices with oxygen vacancies

To investigate the effect of localized states produced by oxygen vacancies within the
oxide tunnel barrier, we fabricated devices with p-type Si and Al2O3 tunnel barrier,
but without the plasma oxidation step. Since the Al2O3 is grown by electron-beam
deposition, the deposited oxide is oxygen deficient. We found that there is no effect
on the spin signal, i.e., junctions with and without the plasma oxidation have the same
spin RA product at the same tunnel resistance (Fig. 5.7, left panel). This suggests that
two-step tunneling via localized states within the tunnel barrier plays no major role
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in the spin transport, consistent with the result of the control devices with Ru metal.
In order to investigate the effect of the resistance rb of the depletion region in

the Si, the Schottky barrier height was reduced (and with it rb) using the procedure
with a Cs treatment of the Si surface that was previously developed[29, 45]. Here
we present similar data as in Ref.[29] for n-type Si/Al2O3/Ni80Fe20 devices with and
without Cs, as a function of tunnel RA (Fig. 5.7, right panel). The Cs treatment
produces no change of the spin RA product, and it scales to values of 106Ωµm2.
This is not compatible with a description in terms of two-step tunneling via localized
states at the oxide/Si interface. Owing to the small value of rb for the devices treated
with Cs, a large spin accumulation cannot built up in the interface states because
spins will leak away efficiently into the silicon.
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Figure 5.8: Hanle line width versus tunnel resistance. The Hanle line width is characterized
by an effective lifetime obtained from a fit of the Hanle curve using a Lorentzian. This time
constant is a lower bound to the spin lifetime, as previously discussed[29, 51, 56]. The solid
lines are guides to the eye.

5.6 Hanle line width versus barrier thickness

Fig. 5.8 shows that the effective spin lifetime, extracted from the width of the Hanle
curves, increases as a function of the tunnel resistance. For devices with an Al2O3

tunnel barrier, the line width is slightly dependent on the oxidation time. The spin
lifetime for devices with MgO/Fe contacts is smaller than with Al2O3/Ni80Fe20 con-
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tacts. This is attributed to broadening of the Hanle curve by inhomogeneous magne-
tostatic fields, which is more pronounced for Fe owing to its larger magnetization[56].

5.7 Discussion and conclusions

It has previously been noted that the magnitude of the spin accumulation signal ob-
served in magnetic tunnel devices on semiconductors is significantly different than
that predicted by the theory of spin injection, diffusion and detection, first for GaAs
based devices [47], and subsequently also for Si and Ge based devices [29, 50]. The
results presented here provide an even larger discrepancy (of up to 7 orders of mag-
nitude), and perhaps more importantly, reveal that the scaling with tunnel barrier re-
sistance deviates universally from theory in a fundamental way. The scaling extends
over a wide range of tunnel resistance, down to the lowest tunnel RA values of about
10 kΩµm2. It would certainly be of interest to extend the measurements to devices
with even lower tunnel resistance. Although it was recently proposed that ferromag-
netic tunnel contacts on Si with a single layer of graphene as the tunnel barrier may
be ideal for this purpose the obtained tunnel RA product (6 kΩµm2) was not much
different from what was already achievable with oxide tunnel contacts. For instance,
in silicon-based non-local devices, Fe/MgO contacts with a tunnel RA product of 4.6
kΩµm2 have been successfully used for spin injection and detection by Suzuki et al.
[100]. However, unlike the case of graphene, the oxide tunnel barriers can still be
made thinner and thus appear more promising to reach even lower RA product.

Care has to be taken when in a particular device the observed magnitude of the
spin signal is found to be in agreement with theory, because this could be acciden-
tal. For instance, the scaling trend predicts that at small junction RA product there
must be a point where experiment and theory are in agreement, but a more detailed
investigation varying the tunnel barrier thickness would reveal a discrepancy. This
point of "accidental agreement" will shift to larger junction RA product when the
thickness of the semiconductor channel is reduced, because the theory predicts a
larger spin signal when the volume of semiconductor into which spins are injected
is decreased. An experiment to explicitly confirm the predicted enhancement (for
instance by studying devices with different channel thickness) would be helpful, but
is still lacking. Clearly, one needs to look beyond the magnitude of the spin signal in
order to (in)validate the theory.

While the above results are obtained with three-terminal devices and the observed
signal is larger than predicted, in silicon-based non-local devices [100] the observed
signal deviates in the opposite direction, i.e., it is about two orders of magnitude
smaller than expected, as recently noted [50]. Although in the latter case there can be
several other reasons, the results presented here suggest that the difference between



5.7 Discussion and conclusions 77

experiment and theory in three-terminal and non-local devices has a common origin,
namely, a missing ingredient in the existing theoretical descriptions. Several explana-
tions for the discrepancy had so far been proposed. These include two-step tunneling
via localized states near the semiconductor/oxide interface [47], lateral inhomogene-
ity of the tunnel current density [29], two-step tunneling in parallel with direct tun-
neling [49], or two-step tunneling via localized states near the oxide/ferromagnet
interface [118]. The scaling results presented here, together with the control experi-
ments, show unambiguously that none of these proposals can explain the results. It is
unclear whether the discrepancy arises from an incorrect description of the magnitude
of the spin accumulation that is induced by spin injection, or from the description of
the conversion of the induced spin accumulation into a voltage signal in a Hanle mea-
surement. Obviously, resolving this puzzle is of crucial importance for application of
magnetic tunnel contacts in semiconductor spintronic devices.
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Chapter 6
Tunneling anisotropy in
Si/Al2O3/ferromagnet devices

It has been shown in previous chapters, that spin polarization in Si can be created
by using amorphous or crystalline tunnel barrier. We observed that effective spin
lifetime is controlled by extrinsic factors, and the spin accumulation in Si is reduced
significantly by the magnetostatic fields arising from interface roughness. Here, in
this chapter we will study another parameter, the tunneling anisotropy, which can also
play a role in the interpretation of the spin signal. The anisotropy in the measured
signals may have different origins. For correct interpretation of the spin signal it is
essential to distinguish between different contributions. Indeed, here we show that
by using the magnetic tunnel contacts on n-type as well as p-type Si with different
ferromagnets (Fe and Ni), different contributions can be distinguished. We discuss
the various sources of anisotropic spin accumulation in Si. We also describe the
fitting equation along with the strategy adopted for interpretation of the experimental
results.

6.1 Introduction

In a magnetic tunnel junction (MTJ) with two ferromagnetic (FM) electrodes, a large
change in resistance can be produced when the relative alignment of the magneti-
zation of the two magnetic layers is switched[121]. The resulting tunneling mag-

The content of this chapter has previously been published in
S. Sharma, S. P. Dash, H. Saito, S. Yuasa, B.J. van Wees and R. Jansen, Phys. Rev. B 86, 165308
(2012).
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netoresistance (TMR) depends on the tunnel spin polarization (TSP)[34]. Also, it
has been observed that in a tunnel junction with a single FM layer[122], a change
in tunnel resistance occurs when the magnetization of the magnetic layer is rotated
and the absolute orientation of the magnetization changes. This phenomena is called
tunneling anisotropic magnetoresistance (TAMR). Depending upon the device con-
figuration, TAMR can be classified as in-plane and out-of-plane TAMR. The in-
plane[122–126] TAMR refers to the change in tunnel resistance when the magne-
tization is rotated in the plane of the magnetic layer. On the other hand, out-of-plane
[32, 34, 124, 127, 128] TAMR refers to the change in tunneling resistance when the
magnetization is rotated from in-plane to out-of-plane.

Theoretical investigations reveal [129] that the TAMR phenomenon is generic in
transition metal FMs including Co-Pt multilayers. For Co, these calculations predict
an anisotropy in tunneling density of states (DOS) ranging from 0.3% ∼ 1.3%. This
is supported by the relatively small TAMR value (below 0.5 %) in MTJs with one
transition metal electrode[123], consistent with the weak spin-orbit coupling (SOC)
in Fe or CoFe. One may expect that engineering the interface adjacent to tunnel
barrier can improve the TAMR. For CoPt film the anisotropy in tunneling DOS was
predicted[129] to be >12%. This was confirmed [127] by exploiting the enhanced
SOC at the interface with CoPt based electrodes giving rise to large TAMR of 15%.
Although the TAMR effect may be small in magnitude in tunnel contacts with transi-
tion metal FMs, it may influence the spin injection from a FM into a semiconductor
(SC). Therefore, to correctly interpret the results of spin injection into a SC[32, 126],
it is essential to investigate the TAMR effect in tunnel contacts with a SC.

The recent breakthrough[29, 50] in electrical injection and detection of the spin-
polarized carriers in Si at 300 K has given a boost to the research activities in silicon
spintronics [30, 31, 46]. Several control experiments[45, 120] have proven unam-
biguously that the large room-temperature spin signal is genuine and originates from
the spin-polarized tunneling and the spin accumulation in the Si bands. This now
enables the systematic study of the various parameters that influence the spin injec-
tion into silicon[56], of which our understanding is still rather limited. A feature that
provides more insight is the anisotropy of the tunnel conductance, which may have
various sources, including the TAMR. Previous reports on TAMR concluded that the
change in tunnel resistance is due to the anisotropy in DOS[122–124, 127–130] at
the tunnel interface between a FM and an insulating barrier. As the magnetization
direction is rotated, it faces different DOS, thereby changing the transport across the
tunnel contact. This leads to the change in resistance of the tunnel contact. Other
sources of the anisotropy include the anisotropic tunnel spin polarization (TASP) as-
sociated with the ferromagnet/tunnel barrier interface[131, 132] and/or anisotropic
spin relaxation time τs inside the non-magnetic SC. Such an anisotropic spin relax-
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ation has been invoked to describe experiments with graphene[133], where it was
argued that there is 20% decrease in spin-relaxation time for electrons with spin per-
pendicular to the graphene layer compared to the spins oriented parallel to the layer.
Assuming the TSP to be isotropic, the anisotropy in τs will results in anisotropic spin
accumulation ∆µ inside the semiconductor. On the other hand, the anisotropic TSP
of the magnetic tunnel contact will also create different spin accumulation levels in-
side the SC, irrespective of the anisotropy in τs. The anisotropic spin accumulation
in a SC, caused by either the anisotropy of TSP or by the anisotropic spin relaxation
time in a SC, makes the measured signal to be anisotropic. Distinguishing between
these different sources of the anisotropy is essential for the correct interpretation of
the data.

In this chapter, we describe that by using tunnel contacts made on n-type as well
as on p-type Si with Fe or Ni electrodes, we have been able to separate the different
sources of the tunneling anisotropy. Rotation of the magnetization of the ferromag-
net in a plane perpendicular to the magnetic layer results in an out-of-plane tunneling
anisotropy that depends on the type of ferromagnet and on the doping of the Si (n,
p-type). Analysis reveals that different contributions to the tunneling anisotropy co-
exist. In addition to regular TAMR, we identify a contribution due to anisotropy of
the TSP. This causes the injected spin accumulation in Si to be dependent on the ab-
solute orientation of the magnetization of the ferromagnet. Further, we observed that
due to magnetic shape anisotropy of the magnetic layer, the magnetization makes an
angle θ with the external field. This angular separation between the magnetization
and the field is larger for Fe ( saturation magnetization (MS = 2.15T) compared to
Ni (MS = 0.6T). The misalignment between the magnetization and the external field
results in Hanle spin precession[16], and it is more pronounced in the tunnel contacts
with Fe compared to Ni. The relative strength of the different contributions to the
anisotropy is found to depend on bias voltage. As a result, a significant change in
the angular variation of the signal with bias voltage is observed, particularly for the
tunnel contacts with Fe, while in the tunnel contacts with Ni, the measured signal
retains its shape irrespective of the bias voltage.

This chapter is organized as follows. Sec. 6.2 describes the experimental tech-
nique used for characterizing the anisotropy of the tunnel resistance. This section
also provides a brief introduction to the different components in the measured sig-
nal. The device fabrication is similar as described in chapter 3. In Sec. 6.3 and
6.4, a detailed description of the experimental results obtained on the tunnel contacts
with different ferromagnetic electrodes and different Si (n-type and p-type) is given.
This is followed by Sec. 6.5, describing the anisotropy of the spin accumulation in
Si. This section includes detailed discussion about the Hanle spin precession, which
arises from the misalignment between the magnetization and the external field. We
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also describe the fitting equation along with the strategy adopted for interpretation of
the experimental results. A Summary shall be presented in Sec. 6.6.

6.2 Measurement principle

The magneto-transport measurements have been carried out at 300 K in a system
equipped with a sample rotator and a superconducting magnet. Two types of mea-
surements, namely the field scan and the angle scan, were performed. The field scan
measurements are obtained by fixing the angle ϕ between the applied field and the
surface normal (see Fig. 6.1) and varying the field strength. The ϕ values of 0◦, 180◦

and 360◦ correspond to the magnetic field perpendicular to the film plane, whereas
90◦ and 270◦ represent the field in the plane of the FM layer. The easy axis of
the magnetization lies in-plane of the magnetic layer, i.e., along the X direction in
Fig. 6.1. Sweeping the magnetic field with direction perpendicular to the tunnel in-
terface (i.e. ϕ=0◦, 180◦ and 360◦ ) and the magnetization lying along the easy axis,
give rise to a Hanle curve[29]. On the other hand, sweeping the magnetic field with
direction parallel to the tunnel interface and magnetization still lying along the easy
axis (i.e. ϕ=90◦ and 270◦) results in an inverted Hanle curve[56].

Figure 6.1: Schematic of three-terminal geometry used for measuring the anisotropy in
tunneling resistance. A constant current I, across the tunnel junction produces a voltage that
changes when the magnetization of the magnetic layer is rotated out-of-plane. Here ϕ represents
the angle between a surface normal and the external field whereas ϕM is the angle between a
surface normal and the magnetization direction m⃗. Here X and Z denote the in-plane and
surface normal direction respectively. The measured voltage Vmeas, and therefore the tunnel
resistance R(ϕ) (=Vmeas/I) depends on the magnetization direction.
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In the angle scan, the sample is rotated i.e., changing ϕ at a fixed external mag-
netic field B of 50 kOe. This is equivalent to rotating the magnetization from in-plane
to out-of-plane. The experimental geometry is shown in Fig. 6.1. A constant current I
is sourced across the tunnel contact and the resulting voltage change (or dc resistance
change) is measured as a function of angle ϕ when the magnetization of the magnetic
layer is rotated. Due to a shape anisotropy (see Sec. 6.5 for details) the magnetiza-
tion of the magnetic layer makes an angle θ = (ϕM − ϕ) with applied field as shown
in Fig. 6.1. Here ϕM is the angle between the magnetization direction (m⃗) and the
normal to the surface (the Z axis).

In three-terminal configuration a fixed source current across the junction results
in a bias voltage V = VSi-VFM such that for V > 0 (< 0) spin polarized electrons are
injected in to (extracted from) the Si. The total voltage across the contact at constant
current is given by Vmeas = V0 + VTAMR(ϕ) + VASA(∆µ(ϕ)), where V0 is a con-
stant voltage independent of the field and the other two terms describe the changes of
the voltage produced when the magnetization of the magnetic layer is rotated. The
second term VTAMR is due to the tunneling anisotropic magnetoresistance[34] that
comes from an anisotropy in spin tunneling due to Bychkov-Rashba [134] (BR) type
spin-orbit interaction at the tunnel interfaces and/or intrinsic SOC in the ferromagnet
[122, 123, 129]. The third term VASA is due to an anisotropic spin accumulation
(ASA) in the Si, i.e., a spin accumulation ∆µ that depends on ϕ. This, in turn causes
an angular dependence of Vmeas across the junction, because Vmeas is proportional
to ∆µ [29, 50, 56]. An ASA may results from an anisotropic spin-relaxation time
(τs) in the Si, from Hanle precession of spins in Si (due to the fact that the magneti-
zation makes an angle θ with the external field) or due to tunneling anisotropic spin
polarization[34, 131, 132].

6.3 Tunneling anisotropy

To investigate the anisotropy in the tunnel resistance, we performed 3T measurements
on devices made on n-type as well as on p-type Si with different FM electrodes (Fe
and Ni). Let us start with the experimental data obtained on tunnel contacts with Fe.

6.3.1 Tunnel contacts on n-type and p-type Si with Fe

Figs. 6.2 (a) and (b) show the field scan and the angle scan data for a p-Si/Al2O3/Fe
tunnel contact taken at a constant current of -91.3µA (hole injection into Si). A
constant voltage V0 = -172 mV was subtracted from the data. The red (blue) curve
is obtained for ϕ = 0◦ (90◦) so that the external field is perpendicular (parallel) to the
tunnel interface.
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Figure 6.2: Experimental data for p-Si/Al2O3/Fe junction (a) with field perpendicular (Hanle,
red) and parallel to the tunnel interface (Inverted Hanle, Blue) and (b) the angular dependence of
the measured signal at same bias voltage. Data is shown after subtracting an offset signal of V0=
-172 mV (I = -91.3 µA). Labels BX and BZ in (b) represent the situations when the external
field is parallel or perpendicular to the tunnel interface. Similar data set with n-Si/Al2O3/Fe
tunnel contacts for (c) Hanle (ϕ=0◦, red), inverted Hanle (ϕ=90◦, blue) and (d) angle scan
measurements at a bias voltage of -172 mV (-807 µA). In figure (c) ∆Vϕ=0◦ and ∆Vϕ=90◦

are the signal amplitude obtained in Hanle and inverted Hanle measurements respectively. In
Figure (d) R(ϕ) is the resistance (Vmeas/I) at respective ϕ value. All the measurements have
been performed at 300 K. Note that (c) and (d) have different vertical scales.
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For the red curve, the symmetric peak around zero field is the signature of the
Hanle effect [29, 50]. At zero external field there is no spin precession and the spin
accumulation is maximum. With increasing external field, spins start to precess and
the spin signal reduces to zero. At a field around 10 kOe the curve (red) rises and after
reaching a maximum above a field of ≈ 22 kOe, it saturates at this level. The rise in
the signal is due to the rotation of the magnetization of the FM. Above a field of ≈
22 kOe, corresponding to the saturation magnetization of the Fe, the magnetization
of the magnetic layer is aligned with the transverse field. The spins injected into Si
are then oriented parallel to the external field, and thus there is no precession. Due to
this complete alignment, the spin signal reaches a maximum and saturates.

The blue curve is obtained for ϕ = 90◦ so that the external field is parallel to
the tunnel interface. In this case, the spins injected into silicon will have orientation
parallel to the external field and ideally there is no spin precession. Based on this
we expect a constant signal (no variation with B-field) under steady state conditions.
However, we see that there is a dip in blue curve around zero field. The spin signal has
a minimum at zero field, and as the external field is increased, the signal rises to the
maximum value. This is referred as an inverted Hanle effect [56]. The suppression
of the signal around zero field is attributed to the spin precession in magneto static
fields, arising from roughness of the magnetic layer [56].

We find that at sufficiently large field (>22 kOe) when the external field and the
magnetization of the FM are aligned with each other, the Hanle and inverted Hanle
curves [Fig. 6.2 (a)] do not saturate at same level. This indicates that the tunnel
resistance (R(ϕ)=Vmeas/I) depends on the absolute orientation of the magnetization
of the FM electrode. To explore this fact in more details we have carried out angular
dependence study of the tunneling resistance. Fig. 6.2 (b) shows such a measurement
for p-Si/Al2O3/Fe junction at V = -172 mV (hole injection into p-Si). By keeping
the current fixed and changing the field angle ϕ, the curve in Fig. 6.2 (b) is obtained.
Comparison between Figs. 6.2 (a) and (b) reveals that the angle scan reproduces the
anisotropy observed between the two measurements of the Hanle and inverted Hanle
effect. Defining the zero of the signal at ϕ = 0◦, it raises to a value set by the in-
plane (ϕ = 90◦) signal, resulting in the two-fold symmetry. Note that the curve is not
sinusoidal.

Figs. 6.2 (c) and (d) show a similar data set for Si/Al2O3/Fe tunnel contacts with
n-type Si at a bias of -172 mV (-807 µA). Similar to p-Si in Fig. 6.2 (a), we obtain
a symmetric Hanle and inverted Hanle curves around the zero field. For the Hanle
curve, the signal reduces with increasing field. Then due to rotation of the mag-
netization of the FM, the signal rises until the external field reaches the saturation
magnetization of the Fe. Beyond that the signal stays almost constant, as there is no
spin precession in the silicon. In Fig. 6.2 (c), ∆Vϕ=0◦ and ∆Vϕ=90◦ represent the
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signal amplitude for Hanle and inverted Hanle measurements. The net spin signal
is proportional to [∆Vϕ=0◦+∆Vϕ=90◦]. It represents the signal amplitude between
two extreme situations. In the first situation, the magnetization lies in the plane of
the magnetic layer and the spin signal corresponding to the spins injected into the
silicon is zero due to spin precession (minimum in the Hanle curve ). For the second
situation, the magnetization still lies in the plane of the magnetic layer but the spin
signal is maximum, as the spins injected into the silicon have orientation parallel to
the field and do not precess (maximum in the inverted Hanle curve). At 50 kOe in
Fig. 6.2 (c), Hanle (red, ϕ=0◦) and inverted Hanle (blue, ϕ=90◦) curves are separated
by ≈20 µV. This value is similar in magnitude to the signal obtained in the angle
scan [Fig. 2(d)] between ϕ=0◦ and 90◦. We note that for the same bias voltage and
field, the tunnel contact with n-Si has smaller anisotropy compared to those on p-Si.
In addition, the measured signal in the angle scan has minima at ϕ=90◦, 270◦ and
maxima at 0◦, 180◦ and 360◦ for tunnel contacts with n-Si. The angle scans in Figs.
2(b) and (d) indicate that Vmeas departs from the expected cos(ϕ) variation, implying
that signals with different origin coexist.

In Fig. 6.3 we present the bias variation of anisotropic tunneling resistance for
the tunnel contacts with Fe on p-Si [a-d] and n-Si [e-h]. The measured resistance at
-172 mV in Fig. 6.3 (a) displays two fold symmetry with nearly square peaks at ϕ =
90◦ and 270◦. At -30 mV [Fig. 6.3 (b)] the resistance at ϕ = 90◦ and 270◦ decreases
whereas at 0◦ and 180◦ it starts to rise compared to minimum value. It becomes more
clear in Fig. 6.3 (c) at 70 mV for which the resistances at 90◦ and 270◦ are no longer
the maximum, while at 172 mV in Fig. 6.3 (d) it has become the minimum. The
symmetry is no longer two-fold and highest resistance are found for 0◦ and 180◦.
New features with minima approximately at 38◦, 145◦, 219◦ and 325◦ can be seen in
Figs. 6.3 (c) and (d) at 70 mV and 172 mV respectively. Also note that the amplitude
of the signal decreases from negative to positive voltage.

The tunnel contact with n-Si [Fig. 6.3 (e-h)] has local minima at 90◦, 270◦ and
local maxima at 0◦,180◦ and 360◦ within the investigated bias range. However, four
minima positions are observed at the same angle for n-Si and p-Si, i.e., 39◦, 147◦,
219◦ and 330◦. The overall shape of the curves for n-Si [Fig. 6.3 (e-h)] has little
dependence on bias voltage [as opposed to p-type, see Fig. 6.3 (a-d)].
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Figure 6.3: ∆R (=R(ϕ)-Rmin, Rmin is the minimum resistance in the measurement) as a
function of the field angle ϕ at -172 mV (a) -30 mV (b) 70 mv (c) and 172 mV (d) for p-
Si/Al2O3/Fe. Similarly ∆R vs. ϕ at -172 mV (e) -30 mV (f) 70 mv (g) and 172 mV (h) for
n-Si/Al2O3/Fe tunnel contacts. The junction resistance values at each bias are indicated in
respective figure. Measurements have been taken on tunnel contacts at a field of 50 kOe and a
temperature of 300 K. Note the different vertical scales for ∆R in each plot. Solid lines are fits
using Eq. (6.4) in text.
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6.3.2 Tunnel contacts on n-type and p-type Si with Ni

Next, we will describe the field scan along with the angle scan measurements on tun-
nel contacts with Ni electrode. Considering the low saturation magnetization (Ms =
0.6T) for Ni and the fact that tunnel contacts with Ni have lower Hanle line width[56],
Figs. 6.4 (a) and (c) display the data only up to 10 kOe for clarity. In Fig. 6.4 (a),
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Figure 6.4: Experimental data for p-Si/Al2O3/Ni tunnel contact (a) with field perpendicular
(Hanle, red), parallel to the tunnel interface (inverted Hanle, blue) and (b) angular dependence
of the measured signal at a bias of -172 mV (-171 µA). Similar data set for n-Si/Al2O3/Ni tunnel
contact (c) Hanle (red), inverted Hanle (blue) and (d) angular dependence of the measured signal
at a bias of -172 mV (-650 µA) . Data is shown after subtracting different offset voltages. In (b)
and (d) a constant field of 50 kOe is applied.

Hanle (red) and inverted Hanle (blue) measurements for p-Si/Al2O3/Ni tunnel con-
tacts at -172 mV (hole injection in to p-Si) are shown. The voltage ∆V has been
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obtained after subtracting a constant voltage V0 = -172 mV. The Hanle curve has a
very sharp peak at zero field. Around 0.5 kOe the signal rises very fast due to rotation
of magnetization of the Ni layer. A change in the slope of the signal occurred around
6 kOe and it stays constant with further increase in field. The inverted Hanle curve
(blue) has a dip around zero field and saturates at high magnetic field. In Fig. 6.4 (b)
the angle scan at 50 kOe and a bias of -172 mV gives cos(ϕ) variation of ∆V =Vmeas-
V0 vs. ϕ, with two maxima at ϕ=90◦ and ϕ=270◦.
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Figure 6.5: ∆R as a function of field angle ϕ for (a) p-Si/Al2O3/Ni and (b) n-Si/Al2O3/Ni
tunnel junctions at bias voltages indicated in each fig.(in mV). Vertical axis is ∆R=R(ϕ)-Rmin,
where Rmin is the minimum resistance value in measurement. Solid lines are fits obtained
through Eq. (6.4) in text. Data are displaced vertically for clarity. All the measurements have
been performed at 300 K and a field of 50 kOe.

Fig. 6.4 (c) shows Hanle and inverted Hanle curves for n-Si/Al2O3/Ni tunnel
contacts up to 10 kOe. We obtain a sharp Hanle peak around zero field, and with
further increase in the field, the signal saturates at ≈ 7 kOe. For a field applied
parallel to the tunnel interface, we observe the inverted Hanle effect with a dip in
the signal around zero field and recovery of the signal at high field. In Fig. 6.4 (d)
the angle scan at 50 kOe and at a bias of -172 mV gives a cos(ϕ) variation with two
maxima at ϕ=90◦ and ϕ=270◦, similar to tunnel contact with Ni on p-Si.

The detailed bias dependence of anisotropic tunnel resistance for tunnel contacts
on p and n-Si with Ni is shown in Figs. 6.5 (a) and (b). The shape of the signal and
two-fold symmetry along 90◦ and 270◦ do not change with bias voltage. However,
the magnitude of the total signal decays with increasing bias voltage. Fig. 6.5 (b)
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contains similar data set for n-Si/Al2O3/Ni tunnel contacts. Irrespective of the bias
voltage, we have a cos(ϕ) variation with two-fold symmetry along ϕ=90◦ and 270◦.
Note that this behaviour is completely different from tunnel contacts with Fe [see
Fig. 6.3]. We will have a more detailed discussion of this topic in the next section.

6.4 Bias variation of tunneling anisotropy and spin resistance

So far we have shown the angular variation of the tunneling resistance at different
bias voltages for different tunnel contacts (on n and p Si) with Fe and Ni. To gain
insight, we define the tunneling anisotropy as [(Rϕ=90◦ - Rϕ=180◦)/Rϕ=180◦]×100%,
where R(ϕ) [see Fig. 6.2 (d)] corresponds to the resistance values at angle ϕ=90◦ and
180◦. Angles ϕ=90◦ and 180◦ represent the in-plane and out-of-plane orientation of
the field, respectively. We also define the spin-resistance as ∆Rspin=[∆VBϕ=0◦ +
∆VBϕ=90◦ ]/I , where I is the constant source current across tunnel contact, whereas
∆VBϕ=0◦ and ∆VBϕ=90◦ have been defined earlier in Fig. 6.2 (c). Hence, the ∆Rspin

represents the sum of the Hanle and inverted Hanle signal amplitude, which is pro-
portional to the spin accumulation ∆µ. In the next section we will discuss these
parameters for tunnel contacts with Fe followed by Ni.

6.4.1 Tunnel contacts with Fe

Fig. 6.6 (a) shows the tunneling anisotropy of p-Si/Al2O3/Fe junction as a function of
bias voltage. At negative bias (hole injection) we see that the anisotropy is maximum
and that it decreases linearly by going towards positive bias. Along positive bias
(hole extraction), the anisotropy becomes negative and does not decay much. Fig. 6.6
(b) shows the variation of the spin-resistance with bias voltage for the same tunnel
junction. The spin resistance is asymmetric with respect to bias voltage, has a positive
sign, and remain non-zero for all bias voltages. The measured voltage due to spin
accumulation is proportional to the square of the TSP of the ferromagnet/insulator
interface. As a result, the spin resistance ∆Rspin is always positive, independent of
the sign of the spin accumulation or TSP. However, if there is a sign reversal of the
TSP, the spin resistance must become zero at some bias voltage and become positive
again. Since the observed ∆Rspin does not display a drop to zero, we conclude that
the TSP does not change sign. In Fig. 6.6 (c), we show the variation of the junction
resistance with the bias voltage. We see that the junction resistance decays with bias
voltage and more strongly for positive bias. When a bias is applied across the tunnel
contact, electrons tunnel through the Al2O3 and Schottky barrier before reaching the
bulk bands of the SC. Along negative bias, i.e., when V<0, the depletion width in
p-Si increases, while for V>0, the width of the Schottky barrier is reduced. As a
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result the tunneling probability is enhanced (reduced) for V>0 (V<0), giving rise to
the asymmetry in the junction resistance.
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Figure 6.6: Bias dependence of (a) tunneling anisotropy and (b) spin resistance
∆Rspin=[∆VBϕ=0◦ + ∆VBϕ=90◦ ]/I , shown together with (c) junction resistance for p-
Si/Al2O3/Fe tunnel junction. ∆VBϕ=0◦ and ∆VBϕ=90◦ have been defined in Fig. 6.2 (c).
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Figure 6.7: Bias dependence of the (a) tunneling anisotropy (b) spin resistance, ∆Rspin and
(c) junction resistance for n-Si/Al2O3/Fe tunnel junction.
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In Fig. 6.7 we show a similar set of data for n-Si/Al2O3/Fe tunnel contacts.
Compared to p-type Si, a different qualitative variation is observed for the tunnel-
ing anisotropy and spin-resistance. Tunneling anisotropy [Fig. 6.7 (a)] has com-
plex variation with bias voltage and it also changes sign with bias. However, the
spin-resistance ∆Rspin in Fig. 6.7(b), displays quite different behavior. It decreases
monotonically and equally fast at V>0 and V<0 and does not change sign. It also
has much less variation with bias compared to p-type Si with Fe. At negative bias
(electron extraction) the junction resistance [Fig. 6.7 (c)] decreases slightly faster
compared to positive bias (electron injection). The weak variation of tunnel resis-
tance with bias is due to smaller depletion layer width for heavily doped n-Si, in
combination with low work function of the Fe(4.5eV)[135], which provides a lower
Schottky barrier height for the tunnel contacts on n-Si.

6.4.2 Tunnel contacts with Ni

Fig. 6.8 displays the data for the tunnel contact on p-Si with Ni. Both the tunneling
anisotropy (a) and ∆Rspin (b) decrease with bias voltage in approximately the same
way and there is no sign reversal for the anisotropy. The tunneling anisotropy is
always positive, meaning higher resistance for in plane field (ϕ=90◦). The spin-
resistance ∆Rspin and the tunneling anisotropy approach zero when the bias has
reached a value of 172 mV. Thus, we see that for tunnel contacts with p-Si and Ni, the

-0.2 -0.1 0.0 0.1 0.2

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

 

A
ni

so
tro

py
 (%

)

VSi-VFM(V)

(a)

-0.2 -0.1 0.0 0.1 0.2

0

1

2

3

4

hole 
extraction

(b)

 

R
sp

in
(

)

VSi-VFM(V)

hole 
injection

-0.2 -0.1 0.0 0.1 0.2

0.0

0.3

0.6

0.9

1.2

1.5

p-Si/Al2O3/Ni

(c)
 

Ju
nc

tio
n-

R
 (k

)

VSi-VFM(V)

Figure 6.8: Bias dependence of the (a) tunneling anisotropy (b) spin resistance and (c) junction
resistance for p-Si/Al2O3/Ni tunnel junction.
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Figure 6.9: Bias dependence of the (a) tunneling anisotropy and (b) spin resistance shown
together with the (c) junction resistance for n-Si/Al2O3/Ni tunnel junction.

tunneling anisotropy and spin-resistance behave similarly. In Fig. 6.8 (c) the junction
resistance is shown. It decreases slowly at negative bias (hole injection) whereas at
positive bias the decrease is more significant. However, the bias asymmetry of the
junction resistance is weaker than for p-Si with Fe. The lower work function of the
Fe(4.5 eV)[135] compared to Ni (5 eV) gives rise to a larger Schottky barrier for Fe
on p-type Si. As a result, the bias asymmetry of the junction resistance is stronger for
tunnel contacts on p-Si with Fe.

In Fig. 6.9, a similar data set for n-Si/Al2O3/Ni tunnel contacts is shown. The
tunneling anisotropy [Fig. 6.9 (a)] decays almost equally fast at negative (electron
extraction) and positive (electron injection) bias. It does not change sign in the bias
range investigated. Qualitatively the spin-resistance decreases in both bias direction
similar to the tunneling anisotropy. The junction resistance in Fig. 6.9 (c) has typical
variation with bias voltage, reducing relatively fast (slow) for negative (positive) bias.
Tunnel contacts on n-Si with large work function of Ni (5 eV) have a larger Schottky
barrier as compared to the contact with Fe (4.5 eV). Larger Schottky barrier height
results in a larger asymmetry in current across the tunnel contacts. As a result, the
asymmetry of junction resistance in Fig. 6.9 (c) for contacts with Ni is larger than for
contacts with Fe (Fig. 6.7 (c)).
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6.5 Analysis and discussion

In this section, we will first discuss one of the sources of tunnel anisotropy that is well
understood and originates from shape anisotropy, causing the magnetization direction
to deviate from the direction of the applied magnetic field. Then we will describe
the fitting equation that contains terms related to the TAMR and an anisotropic spin
accumulation giving rise to the tunneling anisotropy. The sources of an ASA, namely
the anisotropic TSP associated with ferromagnet/insulator interface and anisotropic
spin relaxation time in Si, have been introduced earlier. We also discuss that by a
suitable combination of tunnel contacts on n and p-Si with different FM (Fe or Ni),
the different contributions to an ASA and to tunneling anisotropic magnetoresistance
can be separated.

6.5.1 Anisotropic spin accumulation in Si due to Hanle spin precession

For a magnetic thin film, the shape anisotropy favours a magnetization direction par-
allel to the surface, i.e., within the film plane, whereas an external field of 50 kOe
favours the magnetization to align with it. Consequently, the external field and mag-
netization are not perfectly aligned, but they are at angles ϕ and ϕM (see Fig. 6.1)
with surface normal, respectively. The total energy of the magnetic layer consists of
terms associated with the Zeeman energy and the demagnetizing energy due to shape
anisotropy:

Etotal(H,ϕ, ϕM ) = −µ0MsHcos(ϕ− ϕM )− 1

2
µ0M

2
s sin

2(ϕM ), (6.1)

Here µ0, Ms and H are magnetic permeability of vacuum, saturation magnetization
and external field respectively. The orientation of the magnetization (ϕM ) w.r.t sur-
face normal is determined by the energy minimization of the magnetic layer. Fig. 6.10
(a) shows ϕM − ϕ as a function of field angle ϕ.

At ϕ =0◦ and 90◦ the field and magnetization are aligned perfectly. For interme-
diate values of ϕ, the difference θ = ϕM − ϕ has a maxima at ϕ=32.6◦ and 41.5◦

for Fe and Ni, respectively. We find that the difference ϕM − ϕ is larger for Fe com-
pared to Ni, which is attributed to larger shape anisotropy energy for Fe (Ms = 2.15
T) compared to Ni (Ms = 0.6 T). Due to misalignment of the magnetization with the
field, the spins injected into silicon make an angle θ = ϕM −ϕ with the field, thereby
leading to spin precession in Si even at a field of 50 kOe. The spin signal in terms of
the angle θ between injected spins and magnetic field vector can be written as [16]:

∆µ ∝
[
cos2θ +

sin2θ

1 + (ωLτs)2

]
, (6.2)
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Figure 6.10: (a) Magnetization angle ϕM and (b) normalized spin accumulation ∆µ vs. field
angle ϕ for Fe (blue) and Ni (red). In (a), at ϕ=0◦ and 90◦ field and magnetization are aligned.
For intermediate values of ϕ the magnetization makes an angle of θ = (ϕM −ϕ) with the field.
In (b) the spin accumulation has four pronounced minima (for Fe) at indicated ϕ values.

where τs is the spin relaxation time and ωL = gµBB/~ is the Larmor frequency with
g, µB and ~ being the Lande’s g factor, Bohr magneton and reduced Planck constant
respectively. In the limit ωLτs >>1 (due to large B = 50 kOe), the component of ∆µ
⊥ B is completely suppressed. Therefore in Eq. (6.2) the last term can be neglected.
The net signal due to Hanle spin precession in the field will be:

∆µ = ∆µ0
[
cos2θ

]
= ∆µ0cos2(ϕM − ϕ). (6.3)

where ∆µ0 is the spin signal when ϕM = ϕ, i.e, when magnetization and field are
perfectly aligned. Fig. 6.10 (b) shows the calculated ∆µ vs. ϕ for Fe (blue) and
Ni (red). There is a reduction of the spin signal with minima at ϕ=32.6◦, 147.4◦,
212.6◦ and 327.4◦ for the case of Fe. It is clear from Fig. 6.10 (a) that for Fe the
angular separation, ϕM − ϕ is larger than for Ni. This in turn causes the suppression
(proportional to cos2(ϕM − ϕ)) of the signal in tunnel contacts with Fe to be more
pronounced compared to those with Ni.
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6.5.2 Fitting procedure

We found that the measured change in tunnel resistance , ∆R vs. ϕ can be fit using
the following equation:

∆R = A0 +A1cos(2ϕ) +A2cos(6ϕ) + ∆Rspincos
2(ϕM − ϕ), (6.4)

where A0 is a constant offset voltage, A1 and A2 are the fitting parameters. Rea-
sonably good fits to the experimental data are obtained by considering the terms
with two fold and six fold symmetry. The pre-factor [136] in the last term in the
Eq. (6.4) represents the spin accumulation (i.e., ∆Rspin), which is modulated by a
factor cos2(ϕM − ϕ), as noted in the previous section. The fits to the data using
Eq. (6.4) are shown as solid lines in Figs. 6.3 and 6.5 for tunnel contacts with Fe
and Ni, respectively. The parameters for the tunnel contacts with Fe are shown in
Figs. 6.11 and 6.12, and for those with Ni in Fig. 6.13.
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Figure 6.11: Fitting parameters (a) A1 and (b) A2 in Ω as a function of bias for p-Si/Al2O3/Fe
tunnel contact.

We first discuss the results for tunnel contact on p-Si with Fe. At negative bias, A1

is negative and reduces linearly as the bias voltage approaches zero. It changes sign
at positive bias and thereafter does not vary much. Moving along positive bias (hole
extraction), A2 decays linearly up to 100 mV. Beyond that it becomes very small and
close to zero. For the tunnel contact on n-Si with Fe, we find that A1 changes sign
and has a complex variation with bias voltage. A2 reduces with increasing bias, and
in the same way for positive and negative bias.
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Figure 6.12: Fitting parameters (a) A1 and (b) A2 as a function of bias for n-Si/Al2O3/Fe tunnel
contact.
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Figure 6.13: Fitting parameter A1 as a function of bias for (a) p-Si/Al2O3/Ni and (b) n-
Si/Al2O3/Ni tunnel contacts.

Figs. 6.13 (a) and (b) display the parameter A1 for p-Si/Al2O3/Ni and n-Si/Al2O3/Ni
tunnel contacts, respectively. Note that the data for tunnel contacts with Ni can be
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fitted without considering the terms with A2 and ∆Rspin as the pre-factor.
As pointed out in the previous section, due to the small shape anisotropy energy

of Ni, the last term in Eqn. 6.4 can be neglected. For Ni contacts on p-type silicon
(Fig. 6.13a), A1 is negative and increases for negative bias, whereas it decreases to
zero for positive bias. For tunnel contact on n-Si (in Fig. 6.13 (b)), A1 is negative and
decays almost symmetrically with bias voltage.

6.5.3 Strategy for data interpretation

Here we describe the criteria that will be adopted for interpreting the fitting results
obtained above. We use the following two arguments for separating the different
origins of the signal.

1. The spin resistance ∆Rspin is proportional to the spin accumulation ∆µ in
the Si. Therefore, if any one of the fitting parameters (i.e, A1 or A2) be-
haves as a function of V, in the same way as ∆Rspin does, then we assume
that the corresponding anisotropy comes from the anisotropic spin accumula-
tion (term VASA(∆µ(ϕ))). The anisotropy in ∆µ can come from either the
anisotropic TSP of the ferromagnet/insulator interface or from an anisotropic
spin-relaxation time τs in Si. These two sources can be distinguished as fol-
lows:

(a) A contribution to the anisotropic τs inside the Si should be independent
of the type of ferromagnet (Fe or Ni) used in tunnel contacts.

(b) A contribution to the anisotropy from anisotropic TSP should be different
for tunnel contacts with Fe and Ni.

2. If any one of the fitting parameter does not vary with V as the ∆Rspin does, and
the fitting parameter depends on the ferromagnet, then it is due to the TAMR.

6.5.4 Discussion

1. Let us first consider the tunnel contacts with Fe. The last term in Eq. 6.4 with
a pre-factor ∆Rspin is dominant only in tunnel contacts with Fe. It comes
from the misalignment of the magnetization and external field due to shape
anisotropy of the thin magnetic film. This leads to four pronounced minima in
the signal via the cos2(θ) term. Therefore this term partially accounts for the
anisotropic spin accumulation inside Si.

2. The term A2 with 6-fold symmetry is present in tunnel contacts with Fe and
absent in those with Ni. Furthermore, A2 has a bias variation similar to the
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spin resistance ∆Rspin, implying that this anisotropy originates from the spin
accumulation. Since the anisotropy with 6-fold symmetry is absent in Ni, a
contribution due to anisotropic spin-relaxation time in Si is unlikely because it
is not likely that contributions from TASP and anisotropic τs cancel at all bias
voltages. We thus conclude that 6-fold anisotropy is due to anisotropy of ∆µ
arising from the anisotropic TSP of the magnetic tunnel contact.

3. In tunnel contacts with n-Si and Fe, A1 does not vary with V as ∆Rspin does.
Thus, A1 has a contribution from TAMR and this is responsible for the change
in a sign of the tunneling anisotropy.

4. The parameter A1 (for p-Si) with two-fold symmetry has a polarity that is
opposite to the tunneling anisotropy and spin resistance. A part of A1, along
positive V, does not vary with V as ∆Rspin does. This implies that A1 has
contributions due to anisotropic TSP of the FM and TAMR. The TAMR is
responsible for the bias-induced inversion[130] of A1, and gives rise to the
experimentally observed change in tunneling anisotropy.

5. Let us now consider the tunnel contacts on n and p-Si with Ni electrode for
which only two-fold anisotropy is observed. A1 varies with bias voltage simi-
lar to the tunneling anisotropy and ∆Rspin, except that the polarity is opposite.
This indicates that A1 is due to the anisotropic spin accumulation ∆µ in the Si.
Furthermore, for tunnel contacts on n-Si with Fe and Ni, the bias variation of
the tunneling anisotropy is different. Therefore, the term A1 and the tunneling
anisotropy in these tunnel contacts must have a contribution from anisotropic
TSP of the ferromagnet/tunnel barrier interface. However, note that the pres-
ence of an additional contribution from an anisotropic τs cannot be excluded.

6. For tunnel contacts on p-Si with Fe and Ni, the tunneling anisotropy and ∆Rspin

have similar variation with the bias voltage. The term A1 with two fold sym-
metry decays similar to the tunneling anisotropy and ∆Rspin, but has opposite
polarity. In tunnel contacts with Fe, the tunneling anisotropy and A1 change
sign along positive bias. This implies that for tunnel contact with Fe, the tun-
neling anisotropy and A1 have contributions due to an ASA and TAMR. The
TAMR is responsible for bias-induced inversion of the tunneling anisotropy
and also A1. The relative ratio A1/∆Rspin for tunnel contacts on p-Si with
Fe and Ni is ≈ 0.43 and 0.087, respectively. This difference implies that the
observed anisotropy must have a contribution from the anisotropy of the TSP
of the ferromagnet/tunnel barrier interface. However, the presence of an addi-
tional contribution from an anisotropic τs cannot be excluded.

A brief summary of the conclusions is given in Table 6.1.
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Table 6.1: Summary of the different sources of tunneling anisotropy identified in this work for
different tunnel contacts.

ASA
Device Fitting TAMR TASP τs

parameter
p-Si/Al2O3/Fe A1 (2ϕ) yes yes possibly

A2 (6ϕ) no yes no

n-Si/Al2O3/Fe A1 (2ϕ) yes yes possibly
A2 (6ϕ) no yes no

p-Si/Al2O3/Ni A1 (2ϕ) no yes possibly

n-Si/Al2O3/Ni A1 (2ϕ) no yes possibly

Let us finally compare the terms having two-fold and six-fold symmetry with
the literature. Metal magnetic tunnel junctions with one FM electrode have shown
two-fold symmetry of the anisotropy[127]. In addition, two-fold and four-fold sym-
metry has been observed for MTJ’s with two FM electrodes[128]. These features are
attributed to TAMR due to anisotropic density of states at the tunnel interface. The
six-fold anisotropy term we observe here is, as shown, due to the spin accumulation
in the Si, and is therefore not observed in metal MTJ’s. The precise origin of the
six-fold term is still unclear and requires further investigations.

6.6 Conclusions

We have observed out-of-plane tunneling anisotropy in Si/Al2O3/FM tunnel contacts.
We find that different contributions to the tunneling anisotropy coexist. These can be
distinguished using tunnel contacts on n as well as p-type silicon and different ferro-
magnets (Fe and Ni). We found that an important source of anisotropy comes from
the anisotropy of the tunnel spin polarization (TASP) of the ferromagnet/tunnel bar-
rier interface. It makes the spin accumulation in the silicon dependent on the absolute
orientation of the magnetization of the magnetic layer. We did not find any conclu-
sive evidence for anisotropy of the spin lifetime in silicon. Although the presence
of a contribution from this mechanism cannot be excluded. The presence of tun-
neling anisotropic magnetoresistance (TAMR) in tunnel contacts with Fe gives rise
to a bias-induced sign inversion of the tunneling anisotropy. In comparison, tunnel
contacts with Ni do not display such a sign inversion of the tunneling anisotropy.



Chapter 7
Tunneling anisotropy in
crystalline Si/MgO/Fe devices

In the previous chapter, we described the out-of-plane tunneling anisotropy in Si
based magnetic tunnel devices with an amorphous Al2O3 as a tunnel barrier. In this
chapter, we describe the influence of the crystalline order on the tunneling anisotropy
when the magnetization of the magnetic layer is rotated within the plane of layer. We
study the in-plane tunneling anisotropy in Si based tunnel devices with crystalline
and polycrystalline MgO/Fe magnetic tunnel contacts. In addition magnetic tunnel
devices on Si with an amorphous Al2O3 tunnel barrier and polycrystalline ferromag-
netic electrode are also investigated. Out-of-plane tunneling anisotropy is studied
only for crystalline Fe/MgO/Si tunnel devices. To rule out the spurious signals we
present Hanle, inverted Hanle and tunneling anisotropy measurements on a control
device that uses a non-magnetic layer (Au) between the ferromagnet and tunnel bar-
rier.

The content of this chapter has previously been published in
S. Sharma, A. Spiesser, H. Saito, S. Yuasa, B.J. van Wees and R. Jansen, Phys. Rev. B 87, 085307
(2013).
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7.1 Introduction

In the field of semiconductor spintronics[14, 34, 35] remarkable progress has been
made during the last few years, in particular with silicon[50, 51]. Magnetic tunnel
contacts have emerged as a robust approach to inject and detect spin accumulation in
a semiconductor (SC) at room temperature [29, 100], and significant understanding
of the physics of spin transport across a magnetic tunnel contact to a semiconductor
has been obtained[50, 51]. The progress in silicon spintronics has also stimulated re-
search activities with other technologically important semiconductor materials, such
as Ge[32, 93, 96, 97], while a variety of oxides (Al2O3 [29], SiO2 [33] and crystalline
MgO [30, 32, 93, 96, 110] have been successfully employed as tunnel barrier in spin
tunnel contacts to a SC.

Calculations have predicted very high tunneling magnetoresistance[105, 106]
(TMR) for crystalline Fe/MgO/Fe magnetic tunnel junctions (MTJs), and large room
temperature TMR has indeed been realized[102, 137]. The high tunnel spin polariza-
tion (TSP) also makes the crystalline Fe/MgO system of interest for use in magnetic
tunnel contacts to a semiconductor. Besides the large TSP, the crystalline nature of
the contacts may also cause anisotropy in the TSP, as found previously for epitax-
ial (Ga,Mn)As/GaAs contacts[132]. For Si, anisotropy between in-plane and out-of
plane magnetization has recently been reported for devices with an amorphous Al2O3

tunnel barrier (see Ch-6 and Ref.[138]). However, anisotropy of spin tunneling in
MgO-based tunnel contacts to Si has not yet been investigated. Since the anisotropy
ultimately arises from spin-orbit interaction, it is of interest to investigate the tunnel-
ing anisotropy (TA) in silicon devices with crystalline MgO/Fe tunnel contacts.

In this chapter, we describe the anisotropy of spin accumulation in silicon aris-
ing from the anisotropy of spin-polarized tunneling in crystalline Fe/MgO/Si tunnel
devices, when the magnetization is rotated either in-plane or out-of-plane. For out-
of-plane rotation of the magnetization, the tunnel resistance does not follow a simple
cosine variation, implying that signals of different origin coexist. These tunnel de-
vices also display an in-plane anisotropy with fourfold symmetry that reflects the
cubic structure of the crystalline Si/MgO/Fe device. Surprisingly, we also observe
in-plane anisotropy in silicon devices with an amorphous Al2O3 tunnel barrier and
polycrystalline ferromagnet, suggesting a new mechanism of tunneling anisotropy.
We attribute it to coherent spin-polarized tunneling across the contact, such that the
anisotropy of the tunneling process reflects the cubic symmetry of the crystalline
silicon electrode.

This chapter is organized as follows. Section. 7.3 describes the measurement
principle. In Sec. 7.4, we first describe the experimental results for out-of-plane tun-
neling anisotropy in crystalline p-type Si/MgO/Fe tunnel devices. Then we describe
the fitting procedure and discuss the results. This is followed by the data on in-plane
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tunneling anisotropy obtained on magnetic tunnel contacts with a crystalline MgO/Fe
contact, and with polycrystalline MgO or an amorphous Al2O3 barrier. At the end of
this section similar measurements on a control device with zero TSP are shown. A
summary is included at the end of the article in Sec. 7.7.

7.2 Device fabrication and structural characterization

Device fabrication and structural analysis for Fe/MgO/Si devices have been described
in chapter 4. Details of fabrication of Si/Al2O3/ferromagnet tunnel devices can be
found in chapter 3. In this chapter, we only describe the experimental results on
tunneling anisotropy in the magnetic tunnel devices with crystalline, polycrystalline
or amorphous tunnel barrier. It should be noted that all measurements have been
performed on tunnel devices with contact area of 100×200 µm2.

7.3 Measurement principle

Two types of anisotropy measurements, namely the field scan and the angle scan
have been performed. In the field scan, the angle ϕout between applied field and
the surface normal [see Fig. 7.1(a)] is kept fixed while varying the field strength.
The Hanle [29] curve is obtained with the magnetic field perpendicular to the tunnel
interface (i.e., ϕout = 0◦, 180◦ and 360◦) and the magnetization lying in the plane of
the ferromagnetic layer. On the other hand, with a field parallel to the tunnel interface
(i.e., ϕout = 90◦ and 270◦) and the magnetization still in the plane of the layer, an
inverted Hanle curve is obtained[56]. In the second type of measurement, the angle
scan, the field strength is fixed at 50 kOe, and the direction of the field is changed
by rotating the sample. This rotation can be done in the out-of-plane direction (i.e.,
by varying ϕout) or in the in-plane direction. For the latter, the in-plane field angle
ϕin is defined as the angle between the field (or the magnetization direction) and
the (100) crystal axis of the Si electrode, [Fig. 7.1(b)]. For fields of 50 kOe applied
in-plane, the magnetization is always pointing along the field direction. However,
with the applied field out-of-plane and 0◦ < ϕout < 90◦, the magnetization of the
magnetic thin film makes a finite angle θ=(ϕM -ϕout) with the applied field due to
shape anisotropy[138] (see also Sec. 7.4.2). Here, ϕM represents the angle between
the magnetization direction (m⃗) and the surface normal [Fig. 7.1(a)].

In Fig. 7.1, we depict the measurement geometry using the three-terminal method
for spin injection and detection[29]. A constant current Ibias results in a voltage
V = VSi-VFM across the tunnel contact. We adopt the bias convention such that
V < 0 (or > 0) corresponds to hole injection (extraction) into (from) the valence
band of p-type silicon. By changing the angle ϕout (or ϕin), and applying a fixed
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Figure 7.1: Schematic of the three-terminal technique employed for measuring the (a) out-of-
plane and (b) in-plane tunneling anisotropy. A constant current (Ibias), across the tunnel contact
results in a voltage (Vmeas), that changes when the magnetization is rotated, either from in-
plane to out-of-plane or within the plane of the magnetic layer. In (a), ϕout represents the angle
between the applied magnetic field and the surface normal, while ϕM is the angle between the
magnetization (m⃗) and the surface normal directed along Z axis. The in-plane component of
the magnetization lies along X. In (b), ϕin is the angle between the field (or magnetization)
direction and the (100) crystal axis of the silicon.

bias current Ibias, across the tunnel contact, the voltage is Vmeas = V0 + VTAMR

+ VASA(∆µ(ϕout, ϕin)). The first term on the right-hand side is a constant voltage.
The second term (VTAMR), is due to the regular tunneling anisotropic magnetoresist-
ance [34, 122, 124, 125] (TAMR). This TAMR refers to the change in the tunnel resis-
tance when the magnetization of the magnetic layer is rotated (either within the plane
of the magnetic layer or rotated from in-plane to out-of-plane). The anisotropy origi-
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nates from spin-orbit interaction at the interface between the ferromagnet and the tun-
nel barrier. The last term VASA(∆µ(ϕout, ϕin)) refers to a voltage signal arising from
an anisotropic spin accumulation (ASA), i.e., a spin accumulation ∆µ(ϕout, ϕin) that
depends on ϕout and/or ϕin. This can be expected if the tunnel spin polarization of
the magnetic contact is anisotropic which leads to a spin accumulation ∆µ in the
silicon that depends on ϕout and/or ϕin. In addition, an anisotropic spin-relaxation
time τs in the silicon will also results in an anisotropy of ∆µ.

7.4 Out-of-plane tunneling anisotropy

We performed out-of-plane as well as in-plane tunneling anisotropy measurements
on magnetic tunnel devices made on p-type silicon with crystalline MgO/Fe tunnel
contact. On the other hand, only in-plane tunneling anisotropy measurements will be
shown for tunnel contacts with amorphous Al2O3 and polycrystalline ferromagnetic
layer. For the latter case, a detailed study of the out-of-plane tunneling anisotropy
has been reported in chapter 6 and Ref.[138].

7.4.1 Crystalline MgO/Fe tunnel contacts to Si

The Hanle and inverted Hanle measurements are shown in Fig. 7.2(a) for a spin-
tunnel contact with a 2.5 nm-thick MgO as a tunnel barrier. The field scan with the
direction perpendicular to the tunnel interface results in a symmetric Hanle (red) peak
around zero field. By increasing the field, the spin precession reduces the signal. A
further increase of the field results in an upturn in the signal due to rotation of the
magnetization of the ferromagnet towards the out-of-plane direction.

Approximately after 22 kOe, when the magnetization has aligned itself with the
external field, meaning that there is no more spin precession, the signal settles (it
increases only slightly with a linear slope, which is attributed to a background sig-
nal). On the other hand, when the applied field is parallel to the tunnel interface,
the inverted Hanle curve (blue) is obtained. The inverted Hanle curve exhibits a sup-
pression of the spin signal in the absence of external field due to spin precession in
spatially inhomogeneous local magnetostatic fields arising from finite-roughness of
the interface of the ferromagnetic layer[56]. At sufficiently large in-plane field, the
signal recovers and becomes independent of the external field.

At 50 kOe, irrespective of the field direction, there is no spin precession because
the magnetization, external field and spins injected into silicon all have the same
orientation. Nevertheless, the Hanle and inverted Hanle curves settle at two different
levels. As shown in Fig. 7.2(a), at 50 kOe these curves have a difference of about ≈
440 µV. This result is reproduced in the angle scan measurement shown in Fig. 7.2(b)
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Figure 7.2: Experimental data for crystalline p-Si/MgO/Fe tunnel contact. Data with field
(a) perpendicular (Hanle, red) and parallel (inverted Hanle, blue) to the tunnel interface.
∆Vϕout=0◦ and ∆Vϕout=90◦ are the Hanle and inverted Hanle signal amplitudes, respectively.
(b) Angular variation of the measured signal (for out-of-plane rotation of the magnetization) at
same bias voltage. Data is shown after subtracting an offset of 172 mV (Ibias = 389 µA).

taken with a constant field of 50 kOe. Thus, the situations when the field is parallel or
perpendicular to the tunnel interface are not equivalent. That is, there is an anisotropy
in the measured voltage. It depends on the absolute orientation of the magnetization
of the ferromagnetic electrode. Further, the angle scan in Fig. 7.2(b) shows that the
measured voltage has a non-sinusoidal variation with the field angle. This suggests
that different contributions to the tunneling anisotropy co-exist, as noted previously
for tunnel contacts with amorphous Al2O3 barrier in chapter 6 and Ref.[138].

For the same tunnel device, Fig. 7.3 shows the bias variation of the change in re-
sistance ∆R = R(ϕout)- R(ϕout = 0◦), where R(ϕout)= Vmeas/Ibias is the resistance
at a field angle ϕout. The tunnel resistance has four local minima at ≈ 40◦, 160◦,
215◦ and 340◦ for all bias voltages. Another two local minima can be seen at ≈ 90◦

and ≈ 270◦ but only for negative bias voltages. Nevertheless, the overall shape of the
signal does not change much with bias voltage.

7.4.2 Analysis and discussion of out-of-plane anisotropy

For further analysis, we compare the anisotropy with the spin resistance, defined
as ∆Rspin=[∆Vϕout=0◦+ ∆Vϕout=90◦]/Ibias, where ∆Vϕout=0◦ and ∆Vϕout=90◦ are
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Figure 7.3: Angular variation of the change in the tunnel resistance ∆R = R(ϕout)-R(ϕout =
0◦), when the magnetization is rotated out-of-plane at (a) -172 mV (b) -75 mV (c) 100 mV and
(d) 172 mV. All data were taken at 300 K and a field of 50 kOe. Solid black lines represent the
fits obtained using Eqn. 7.1 described in the text.

defined as the Hanle and inverted Hanle signal amplitudes as shown in Fig. 7.2(a).
The quantity ∆Rspin is proportional to the spin accumulation. The bias variation
of the spin resistance is shown in Fig. 7.4(a). As observed earlier[29, 120], the
spin resistance is larger for V < 0 (hole injection) and decays almost linearly for
V > 0 (hole extraction). We compare this to the out-of-plane anisotropy signal, i.e.,
∆Rout = Rϕout=90◦ − Rϕout=180◦ , shown in Fig. 7.4(c). It has a bias variation sim-
ilar to spin resistance. We also define the out-of-plane tunneling anisotropy (TA) as
[R(ϕout = 90◦)-R(ϕout = 180◦)]/R(ϕout = 180◦). As shown in Fig. 7.4(b) the tun-
neling anisotropy decays almost symmetrically with bias voltage. Finally, the regular
resistance of the contact versus bias voltage is shown in Fig. 7.4(d). The junction
resistance decreases for positive bias voltage whereas it is increasing for the negative
bias voltages.

Next, we describe the fitting of the experimental data with an equation con-
taining terms arising from an anisotropic spin accumulation, Hanle spin precession
and/or TAMR. As found earlier for devices with Al2O3 tunnel barrier [124, 138],
the measured tunnel resistance for out-of-plane rotation of the magnetization can be
described by an equation that consists of terms with twofold and sixfold symmetry:

∆R = A0 +A1cos(2ϕout) +A2cos(6ϕout) + ∆Rspincos
2(ϕM − ϕout),(7.1)

where A0 is a constant offset and A1 and A2 are the fitting parameters[136]. The
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factor cos2(ϕM −ϕout) in the last term on the right hand side is due to the small mis-
alignment between field and magnetization arising from magnetic shape anisotropy of
the thin magnetic layer[138]. The magnetic shape anisotropy of a thin (≈ 20nm) fer-
romagnetic film, favors a magnetization direction parallel to the surface, i.e., within
the film plane, whereas an external field of 50 kOe favors the magnetization to align
with it. As a result the external field and the magnetization are not perfectly aligned,
but they make a different angle ϕout and ϕM [Fig. 7.1(a)] with the surface normal,
respectively[138]. Due to this misalignment of the magnetization and the external
field, the spins injected into silicon make an angle θ = ϕM − ϕout with the field,
thereby leading to the spin precession in Si even at a field of 50 kOe. As a result, the
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Figure 7.4: Bias variation of (a) the spin resistance, ∆Rspin = [∆Vϕout=0◦ +
∆Vϕout=90◦ ]/Ibias, (b) the tunneling anisotropy, (c) the change in resistance
∆Rout=(Rϕout=90◦ -Rϕout=180◦ ) and (d) the junction resistance (Vmeas/Ibias) for a p-
type Si/MgO/Fe tunnel device. Note that ∆Vϕout=0◦ and ∆Vϕout=90◦ have been defined in
Fig. 7.2(a).

net signal due to Hanle spin precession in the external field will be proportional to
∆Rspincos2(ϕM − ϕout).

The fits to the data using Eq. (7.1) are shown as solid black lines in Fig. 7.3. Rea-
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sonably good fitting to the data can be achieved by considering terms with twofold
and sixfold symmetry. It is found that inclusion of a tenfold term improves the fitting
with the data (not shown), but it does not effect the other terms. We therefore limited
ourselves to terms up to sixfold symmetry. The fitting parameters A1 and A2 for this
tunnel contact are shown in Fig. 7.5. The A1 is negative, over the full bias range. It
is almost constant for V < 0 and reduces linearly for V > 0. On the other hand, A2

is positive and decays towards positive bias.
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Figure 7.5: (Color online) Bias variation of fitting parameters A1 and A2 corresponding to the
out-of-plane tunneling anisotropy of a p-type Si/MgO/Fe tunnel device.

For the interpretation of these results, we will use the following criteria [138].
The spin resistance ∆Rspin is proportional to the spin accumulation ∆µ in the silicon.
Thus, if any of the fitting parameters (i.e., A1 or A2) behaves as a function of bias
in the same way as ∆Rspin does, then we assume that the corresponding anisotropy
comes from the anisotropic spin accumulation term VASA(∆µ(ϕout)). Ignoring the
polarity, the term A1 with twofold symmetry has a bias variation similar to ∆Rspin,
but also to the junction resistance. Also the term A2 with sixfold symmetry has a
bias variation similar to ∆Rspin as well as to junction resistance. The behavior of
A1 seems to follow that of ∆Rspin more closely except that polarity is opposite. It
suggests that A1 is due to an anisotropic spin accumulation in the silicon. On the
other hand, the bias variation of the term A2 resembles with the junction resistance
as well as ∆Rspin. The former case implies a contribution due to TAMR whereas in
the latter case anisotropic spin accumulation may result in same bias variation. Due
to small difference in bias variation of these parameters different contributions (i.e.,
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TAMR and spin-accumulation) cannot be distinguished.

7.5 In-plane tunneling anisotropy

In-plane tunneling anisotropy refers to the change in the tunneling resistance when
the magnetization is rotated within the plane of the magnetic layer. We measure
the signal in three-terminal configuration by rotating the sample (i.e., by changing
the angle ϕin, see Fig. 7.1(b) in an in-plane field of 50 kOe which is large enough
to ensure that the magnetization lies always along the field direction. Devices with
crystalline and polycrystalline MgO/Fe tunnel contacts as well as those with an amor-
phous Al2O3 as a tunnel barrier and polycrystalline ferromagnet have been evaluated
to investigate the exact source of in-plane tunneling anisotropy. We begin with mag-
netic tunnel contacts to p-Si with crystalline MgO barrier.
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Figure 7.6: Measured tunnel resistance Rmeas=Vmeas/Ibias vs. angle ϕin for a tunnel contact
with 2.5 nm MgO at a bias voltages of -172 mV (-92.2 µA). Here ϕin refers to the in-plane angle
between the magnetization and the (100) crystal axis of the Si electrode, (see, Fig. 7.1(b)). Data
was taken at T = 300 K.
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7.5.1 Tunnel contacts with crystalline MgO barrier

A typical measurement on a crystalline MgO/Fe tunnel contact with 2.5 nm of MgO
is shown in Fig. 7.6, taken at a bias voltage (current) of -172 mV (-92.2 µA). The
tunnel resistance displays an in-plane anisotropy with fourfold symmetry. It has four
minima at ≈ 45◦, 135◦, 225◦ and 315◦.
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We define the anisotropy in the tunneling resistance ∆Rin as the maximum peak-to-
peak change in tunnel resistance when the magnetization is rotated within the plane
of the magnetic layer [see Fig. 7.6]. In Fig. 7.7(a), bias variation of the change in
tunnel resistance is shown. A fourfold symmetry is obtained at all bias voltages. At
-172 mV, the first minimum in resistance occurs at ≈ 45◦. By increasing the bias
voltage from -172 mV to 172 mV, the first minimum position gradually shifts from
45◦ to 70◦. The shift in the position of the minima is indicated by a black dotted line
in Fig. 7.7(a). The bias variation of ∆Rin is shown together with the spin resistance
∆Rspin in Fig. 7.7(b). It is found that ∆Rin and ∆Rspin have the same qualitative
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variation with bias voltage. For V < 0 (hole injection), ∆Rin does not vary much
whereas it decays linearly for V > 0 (hole extraction).

7.5.2 Tunnel contacts with polycrystalline MgO barrier

The crystalline quality of the tunnel contacts has been found to influence the spin
accumulation created in a semiconductor[110]. Here we examine the effect of crys-
talline structure of the tunnel contact on the in-plane tunneling anisotropy using a
p-Si/MgO/Fe tunnel device with a polycrystalline MgO/Fe tunnel contact. A mea-
surement at a fixed bias current of -582 µA (-172 mV) is shown in Fig. 7.8. We obtain
a signal with fourfold symmetry and amplitude ≈ 40 µV, which is less than the signal
(≈100 µV) obtained for a tunnel device with a crystalline MgO/Fe contact.
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Figure 7.8: (Color online) The angular variation in the measured voltage for in-plane rotation
of the magnetization for a tunnel device on p-Si with polycrystalline MgO/Fe contact. The
measurement was taken with a bias current Ibias = -582 µA (-172 mV) at 300 K. Note that the
vertical scale is the measured (negative) voltage, and that the current is also negative, such that
the maximum of resistance occurs at 0◦, 90◦, 180◦, 270◦ and 360◦, just as in Fig. 7.6.
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7.5.3 Tunnel contacts with amorphous Al2O3 barrier

The observed in-plane tunneling anisotropy may have different origins, e.g., anisotropic
tunnel spin polarization of the magnetic contact and/or the anisotropic spin relaxation
time τs in silicon[138]. In order to investigate the origin of the anisotropy, we study
the devices with an amorphous tunnel barrier and polycrystalline ferromagnet. We
performed angle scans on tunnel contacts to p-Si as well as n-Si which contain a
polycrystalline ferromagnet (Fe or Ni or Ni80Fe20) and an Al2O3 tunnel barrier that
is known to be amorphous[75, 139]. Fig. 7.9 displays angle scans for these tunnel
devices at -172 mV. For the p-Si/Al2O3/Fe device, we observe a fourfold symmetry
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Figure 7.9: The angular variation in the measured voltage for in-plane rotation of the mag-
netization for (a) p-Si/Al2O3/Fe at Ibias = -97.13 µA, (b) p-Si/Al2O3/Ni at Ibias = -192 µA,
(c) p-Si/Al2O3/NiFe at Ibias = -480 µA, (d) n-Si/Al2O3/Fe at Ibias = -777 µA. Note that these
devices have amorphous Al2O3 and polycrystalline ferromagnet. All measurements were taken
at 300 K. Note that the vertical scale is the measured (negative) voltage, and that the current is
also negative, such that the maximum of resistance occurs at 0◦, 90◦, 180◦, 270◦ and 360◦, just
as in Fig. 7.6.

with ≈ 20-25 µV change in the signal [Fig. 7.9(a)]. Similar fourfold features are
observed for tunnel devices on p-type Si with Al2O3 barrier and Ni [Fig. 7.9(b)] and
Ni80Fe20 [Fig. 7.9(c)] as ferromagnetic electrode. However, the change in signal is
small, 4-6 µV and 8-10 µV for tunnel devices with Ni and Ni80Fe20 electrodes, re-
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spectively. Finally, in Fig. 7.9(d), it is shown that a device with an Al2O3/Fe magnetic
tunnel contact to n-type Si has the same fourfold symmetry, with a signal amplitude
≈ 4-6 µV.
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Figure 7.10: (a) Bias variation of the in-plane anisotropy in tunnel resistance ∆Rin shown
together with the spin resistance, i.e., ∆Rspin for a p-type Si/Al2O3/Fe tunnel device. Note
that vertical axis is the measured negative voltage.

For the p-Si/Al2O3/Fe tunnel contact the bias variation of ∆Rin is shown together
with ∆Rspin in Fig. 7.10. We see that ∆Rin and ∆Rspin have qualitatively the same
variation with bias voltage.

7.5.4 Discussion of in-plane tunneling anisotropy

In Table 7.1 we have collected the relevant parameters, i.e., the in-plane anisotropy
signal ∆Rin, the tunnel resistance (Rtun=Vmeas/Ibias) and the spin resistance ∆Rspin,
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obtained on the various tunnel devices at -172 mV. The magnitude of ∆Rin de-
pends on the crystalline quality of the tunnel contact as can be seen from the ratios
∆Rin/Rtun and ∆Rin/Rspin for these devices.

Table 7.1: Summary of the in-plane anisotropy data obtained at -172 mV on tunnel contacts to
p-Si and n-Si. Here Rtun is the tunnel resistance, ∆Rspin is the spin resistance and ∆Rin is
the maximum peak-to-peak signal for in-plane rotation of the magnetization.

Parameters ∆Rin Rtun ∆Rin/Rtun ∆Rspin ∆Rin/∆Rspin

Units (Ω) (Ω) ( %) (Ω) (%)
Crystalline MgO

p-Si/MgO/Fe 0.976 1865 0.052 22.22 4.39
Polycrystalline MgO

p-Si/MgO/Fe 0.077 295 0.026 2.44 3.15
Amorphous Al2O3

p-Si/Al2O3/Fe 0.265 1811 0.015 14.72 1.8
p-Si/Al2O3/Ni 0.026 895 0.002 3.84 0.68

p-Si/Al2O3/NiFe 0.021 358 0.005 4.29 0.49
n-Si/Al2O3/Fe 0.006 221 0.003 0.44 1.46

The ratios of these parameters are larger for tunnel devices on p-type Si with crys-
talline MgO/Fe contact and smaller for the devices with an amorphous Al2O3 barrier
and polycrystalline Fe as a magnetic electrode. An intermediate value is obtained for
the device with a polycrystalline MgO/Fe contact. For the other devices on Si with
Al2O3, the ratio of these parameters changes by a small amount but does not differ
significantly. In crystalline tunnel contacts as well as those with polycrystalline ferro-
magnet and an amorphous tunnel barrier, the signal ∆Rin due to in-plane anisotropy
is a few percent (2 to 5 %) of the spin resistance (∆Rspin) and ∆Rin qualitatively
has the same bias variation as ∆Rspin. This suggests that the observed tunneling
anisotropy is due to anisotropic spin accumulation in the silicon. Although the am-
plitude of the signal depends on the degree of crystallinity of the tunnel contact, in-
plane rotation of the magnetization produces a change in tunnel resistance that has a
fourfold symmetry for all the tunnel devices, irrespective of the type of ferromagnet,
silicon (n or p-type) or crystalline structure of the tunnel contact. For the crystalline
p-type Si/MgO/Fe tunnel devices, a fourfold in-plane symmetry is a natural conse-
quence of the cubic crystal structure of the MgO/Fe contact. The crystalline MgO/Fe
tunnel contacts on p-type Si display a fourfold symmetry with first minima at 45◦

at a bias of -172 mV. The minima positions gradually shifts to 70◦ with change in
bias voltage. It is known that in the Fe/MgO system the states with different symme-
tries have different tunneling probability[105, 106]. Their relative contribution may
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change with bias voltage and this may lead to a change in the position of the minima.
An in-plane TAMR or tunneling anisotropy was not expected in tunnel contacts

with amorphous Al2O3 tunnel barrier and polycrystalline ferromagnet. However,
these contacts also displayed fourfold in-plane symmetry. Below, we discuss the
possible sources which may produce the observed in-plane tunneling anisotropy.

(a) An in-plane TA could arise if the Al2O3 tunnel barrier has a crystalline struc-
ture so that propagating states from the ferromagnet decay into the tunnel bar-
rier with the symmetry of the ferromagnet/Al2O3 contact. Recently, evidence
for crystalline growth of α-Al2O3 on silicon has been reported[112]. However,
the Al2O3 has hexagonal structure. Thus, any in-plane anisotropy, if it exists,
would not have the fourfold symmetry that we observe. More importantly, it is
known that the Al2O3 and ferromagnet in our devices are, respectively, amor-
phous and polycrystalline[75, 139]. Therefore, we do not expect any kind of
anisotropy arising from the crystallinity of the Al2O3/ferromagnet contact.

(b) An anisotropy of the spin-relaxation time (τs) in silicon will lead to an anisotropic
spin accumulation. We discuss the possible mechanisms that may produce an
anisotropy in the spin-relaxation time and hence in spin accumulation. In bulk
and unstrained silicon the spin-relaxation time is expected to be isotropic[140].
The Dresselhaus type of spin-orbit coupling fields (SOCF) are absent for sili-
con due to its bulk inversion symmetry. However, due to symmetry breaking
at the silicon interface, a contribution from Dresselhaus spin-orbit coupling
can be present. This would produce an anisotropy in the spin-relaxation time
with fourfold as well as twofold symmetry [see Fig. 4 of Ref.[124]]. Then, a
twofold and fourfold anisotropy would be produced in the spin accumulation
in the silicon. However, we observe only a fourfold anisotropy in the measured
voltage, implying that this mechanism is absent.

Heterostructures such as Si/oxide/ferromagnet have a built-in potential gradi-
ent in the growth direction and hence an electric field perpendicular to the tun-
nel interfaces. This leads to an effective Rashba spin-orbit coupling field[124].
However, the magnitude of the Rashba field is isotropic within the plane of the
interface, and will thus not generate an in-plane tunneling anisotropy.

(c) Given that the previous two mechanisms are not the source of the in-plane
anisotropy, we attribute the anisotropy to a different mechanism that can arise
if the tunneling process is coherent. In that case, the propagating states from
the ferromagnet couple directly to empty states in the Si. The tunneling states
thereby “inherit" part of the character and crystal symmetry of the Si electrode,
which is a crystalline wafer with (001) orientation. Together with spin-orbit
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interaction at the ferromagnet/oxide interface, this may produce an in-plane
cubic anisotropy of the tunneling spin polarization, and thereby of the spin
accumulation. We suggest that this mechanism, that has previously not been
considered, can produce a crystal-induced anisotropy in devices in which only
the non-magnetic electrode (silicon) is crystalline, but the tunnel oxide and
ferromagnet are not.

Thus, we conclude that the observed in-plane anisotropy in devices with an amor-
phous Al2O3 barrier is due to a contribution from coherent spin-polarized transport
across the tunnel device and reflects the cubic structure of the crystalline silicon elec-
trode.
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Figure 7.11: Control experiment with a p-type Si device having a non-magnetic nanolayer (10
nm Au) inserted between the ferromagnetic electrode (Ni80Fe20) and the tunnel barrier (Al2O3),
which suppresses the tunnel spin polarization to zero. (a) Hanle (red) and inverted Hanle (blue)
measurements yield a null result. (b) Similarly, a null result is obtained when the magnetization
is rotated from in-plane to out-of-plane or within the plane of the magnetic layer (right panel).
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7.6 Control device

In spin-transport measurements on semiconductor based magnetic tunnel devices, it
is important to rule out any source of spurious signals that may interfere with the
spin signal. A suitable control experiment was introduced[29, 63] that can be used
to prove or disprove spin transport across semiconductor/oxide/ferromagnet tunnel
devices. It exploits the extreme interface sensitivity of the spin-polarized tunneling.
A nonmagnetic nanolayer inserted between a ferromagnet and a tunnel barrier sup-
presses the tunnel spin polarization of the magnetic tunnel contact to a negligible
value. In such a device, the spin related effects disappear without removing the FM
materials and the associated spurious effects[63]. We studied a control sample with
structure p-type Si/Al2O3/Au(10 nm)/Ni80Fe20. It contains a nonmagnetic nanolayer
(10 nm of Au) in between the ferromagnet and the tunnel barrier. Fig. 7.11(a), dis-
plays the Hanle and inverted Hanle measurements on this device at a bias current
of -195 µA. The absence of Hanle, inverted Hanle signals [Fig. 7.11(a)] and of any
tunneling anisotropy (in-plane or out-of-plane, [Fig. 7.11(b)]) suggest that signals ob-
tained on the tunnel devices without a non-magnetic layer are due to spin polarized
transport across the tunnel contact. Therefore, the observed anisotropy is genuine
and due to anisotropy of the spin accumulation in the Si.

7.7 Summary

We have investigated the crystal-structure dependent anisotropy of spin accumula-
tion in Si/MgO/Fe and Si/Al2O3/ferromagnet tunnel devices. The in-plane tunneling
anisotropy in Si/oxide/ferromagnet tunnel devices displays a fourfold symmetry that
reflects the crystal structure of the Si and/or MgO/Fe tunnel contact. The presence of
fourfold in-plane anisotropy in devices with an amorphous Al2O3 barrier indicates a
new mechanism of tunneling anisotropy. It arises from the direct coupling of states
from the ferromagnet to states in the crystalline Si, as in coherent tunneling, which
results in an anisotropy that reflects the cubic structure of the silicon.
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Summary

The research work described in this thesis was aimed at the understanding of the spin-
polarized transport across a magnetic tunnel contact to Si. The successful demonstra-
tion of an all-electrical injection and detection of the spins and their manipulation via
Hanle effect has been achieved in magnetic tunnel contacts to n-type as well as p-type
Si with different tunnel barriers (Al2O3 and MgO) and types of ferromagnet (Fe, Co,
Ni, Ni80Fe20). Importantly, this was achieved at room temperature. Significant un-
derstanding of the physics of spin polarized transport across these tunnel devices has
been generated. However, certain new issues such as large spin signals, their varia-
tion with barrier thickness and lower effective spin lifetime have surfaced and need
to be examined in more detail. We present below the summary of the research work
described in the thesis.

This thesis

This thesis is divided into three main parts. In the first part, we describe the princi-
ple of electrical spin injection into a semiconductor. The second part describes the
fundamental results of spin injection and detection in Si at room temperature. This
part also includes the detailed study of how spin signal varies with parameters like
the voltage, the current density, temperature, interface roughness, barrier thickness
and tunnel barrier materials (Al2O3 and MgO). The third part of the thesis is devoted
to the investigation of the tunneling anisotropy in Si/oxide/ferromagnet devices. For
all measurements, we have used the three-terminal geometry for spin injection and
detection.
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Chapter 2: Principle of spin injection and detection

First, we introduced the principle of electrical injection and detection of spin polariza-
tion induced in a semiconductor via tunneling. In a magnetic tunnel contact between
a ferromagnet and a semiconductor, the tunnel current is spin-polarized because ma-
jority (↑) and minority (↓) spins have different tunneling conductance. Hence, one
type (majority) of spins are injected into the semiconductor at a higher rate than the
other type (minority), resulting in a net spin density in the semiconductor. The spins
injected into a semiconductor undergo relaxation and if a steady state is maintained,
a non-equilibrium spin accumulation ∆µ in semiconductor is obtained. This non-
equilibrium spin accumulation can be detected via the Hanle effect. We described the
Hanle effect, which is considered as a standard test to prove or disprove the existence
of the spin accumulation in a non-magnetic material. We pointed out the difference
in analyzing the data with a pure Lorentzian approach and another one that considers
vertical spin diffusion. We concluded that the time constant extracted from the pure
Lorentzian should be treated as a lower bound to the spin lifetime. We also discussed
the three-terminal and two-terminal device geometry for spin injection and detection.
Finally, we emphasized the importance of performing a control experiment to rule
out spurious signals.

Chapters 3-5: Spin Injection into Si

This part of the thesis describes the successful implementation of the magnetic tunnel
contacts to Si to electrically create and detect the spin accumulation. In chapter 3, we
demonstrated the spin injection, detection and their manipulation via the Hanle effect,
in both n-type as well as p-type Si at room temperature. We studied the variation
of the spin signals with the voltage, the current density, temperature and different
tunnel barrier materials. The control experiments with a non-magnetic layer (Yb
or Au) between the ferromagnet and the tunnel barrier confirm that the large room-
temperature spin signal is genuine and originates from spin-polarized tunneling and
spin accumulation in the Si. The spin signals are found to differ by several order
of magnitude from the standard theory. We discussed the possible causes of the
disagreement between experiment and theory. Further, the enhancement of the spin
signal due to spin accumulation in the localized states was ruled out in an experiment
that uses Cs treatment of the silicon surface.

The effective spin lifetime extracted from the Hanle curve is found to be smaller
than that obtained from electron spin resonance measurements. This indicates that
the spin lifetime is reduced by extrinsic factors that are related to the tunnel contacts.
We discussed that the process of spin tunneling into Si is sensitive to the interface
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roughness. The interface roughness gives rise to magnetostatic fields Bms, whose
magnitude depends upon the amplitude and period of the roughness. Due to these
magnetostatic fields, the injected spins precess even in the absence of an external
field. This produces an artificial broadening of the Hanle curve, that depends on the
direction and the magnitude of Bms, which in turn is proportional to the magneti-
zation of the ferromagnet. As a result the width of the Hanle curve depends on the
ferromagnet used, i.e., the width increases from Ni, to Ni80Fe20, to Co, to Fe. An in-
verted Hanle effect is introduced as an experimental signature. It denotes the increase
of the spin accumulation in an applied (in-plane) magnetic field.

Chapter 4 describes the use of crystalline Si/MgO/Fe tunnel devices for creat-
ing spin polarization in Si at room temperature. The main motivation behind this
work was to investigate the expected possibility of large tunnel spin polarization
across crystalline Si/MgO/Fe tunnel devices as previously demonstrated for metal-
based (Fe/MgO/Fe) magnetic tunnel junctions. From the structural characterization
we found that highly ordered crystalline tunnel contacts can be obtained on an an-
nealed Si surface. After the oxide removal, the annealing of Si substrate at 700◦C
gives rise to a 2×1 reconstructed surface. Subsequent deposition of MgO and Fe at
300◦C and 100◦C, respectively, results in crystalline tunnel contacts and successful
spin injection was observed into n-type as well as p-type Si at 300 K. From trans-
mission electron microscopy images we concluded that with optimum etching time
of the SiO2, a smoother interface between Si and MgO can be obtained.

We also evaluated the influence of the interface roughness on the relative ratio of
the Hanle and inverted Hanle signals. We observed that the devices with a more rough
interface have a larger inverted Hanle signal compared to the ones with a relatively
smoother interface. Thus, we conclude that the magnetostatic fields arising from the
rough interface produce stronger inverted Hanle signal and a broadening of the Hanle
curve.

In chapters 3 & 4, we concluded that ferromagnetic tunnel contacts to Si provide
a robust and technologically viable approach to create and detect the spin-polarized
carriers in Si. However, we observed that the magnitude of the spin signals differs
by orders of magnitude from the existing theory for spin injection and diffusion. In
theory, the spin accumulation (∆µ) is predicted to be proportional to the injected
spin current. In chapter 5, we present a method to check this prediction by vary-
ing the tunnel barrier thickness, which changes the current density J exponentially.
The spin accumulation is expected to exhibit a similar exponential variation, such
that ∆µ/J remains constant. Instead, we found that the measured spin signals in
Si/oxide/ferromagnet devices scale anomalously with the tunnel resistance and vio-
late the expected proportionality of spin voltage and injected spin current. The ob-
tained results are incompatible with any of the known theories, including those based
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on direct tunneling and/or two-step tunneling via localized states. In addition, the
results on a control sample rule out signal enhancement by spin accumulation in lo-
calized states in the tunnel barrier. The origin of exceptionally large spin signal is still
unclear and further theoretical as well as experimental investigations are required.

Chapters 6-7: Tunneling Anisotropy

The third main part of the thesis is devoted to the study of the contribution of the
spin accumulation to tunneling anisotropy in Si/oxide/ferromagnet devices. Tunnel-
ing anisotropy in these devices is investigated for two cases. For the first case, the
magnetization of the magnetic layer is rotated from in-plane to perpendicular to the
tunnel interface and the resulting change in the tunnel resistance is measured. For the
second case, the magnetization is rotated within the plane of the magnetic layer and
the change in the tunnel resistance is measured. These investigations have been per-
formed for devices with either amorphous tunnel barrier (Al2O3) and poly-crystalline
ferromagnetic electrode or devices with crystalline MgO/Fe tunnel contacts to Si.

In chapter 6, we have first investigated out-of-plane tunneling anisotropy in Si/
Al2O3/ferromagnet tunnel devices. A complex dependence of the tunnel resistance
on the bias voltage and the field angle was found, which are distinctly different
for tunnel devices with different ferromagnetic electrodes (i.e., Fe or Ni). We find
that different contributions to the tunneling anisotropy coexist. These can be distin-
guished using tunnel contacts on n-type as well as p-type silicon and different ferro-
magnets (Fe and Ni). We found that an important source of anisotropy comes from
the anisotropy of the tunnel spin polarization (TASP) of the ferromagnet/tunnel bar-
rier interface. It makes the spin accumulation in the silicon dependent on the absolute
orientation of the magnetization of the magnetic layer. We did not find any conclu-
sive evidence for anisotropy of the spin lifetime in silicon, although the presence of
a contribution from this mechanism cannot be excluded. The presence of tunneling
anisotropic magnetoresistance (TAMR) in tunnel contacts with Fe gives rise to a bias-
dependent sign inversion of the tunneling anisotropy. In comparison, tunnel contacts
with Ni do not display such a sign inversion of the tunneling anisotropy. Further,
we noticed that due to the magnetic shape anisotropy of the thin magnetic layers the
magnetization of the magnetic layer and the external field are not perfectly aligned.
As a result, the spins injected into the Si undergo some degree of Hanle spin preces-
sion that changes when the field direction is changed. This mechanism is shown to
contribute to the anisotropy in the spin accumulation. From the analysis of the data
we found a term with six-fold symmetry which is associated with the ferromagnet
(Fe) and its precise origin is not yet clear.

In chapter 7, the effect of crystalline order on the anisotropy of spin accumu-
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lation in Si/oxide/ferromagnet tunnel devices has been investigated. The tunneling
anisotropy has been studied in Si based tunnel devices with crystalline and poly-
crystalline MgO and amorphous Al2O3 tunnel barriers. The induced spin accumula-
tion in silicon changes when the magnetization is rotated out-of-plane or within the
plane of the magnetic layer. The observed fourfold in-plane anisotropy reflects the
cubic structure of the Si and/or the MgO/Fe tunnel contact. The anisotropy is propor-
tional to the spin accumulation and is a few percent of it. This together with the null
result for Hanle, inverted Hanle and tunneling anisotropy on a control sample sug-
gest that the observed anisotropy is due to anisotropic spin accumulation in silicon.
Most likely, it is due to the anisotropic tunnel spin polarization of the magnetic tunnel
contact. The presence of fourfold in-plane anisotropy in devices with an amorphous
Al2O3 barrier indicates a new mechanism of tunneling anisotropy. It arises from the
direct coupling of states from the ferromagnet to states in the crystalline Si, as in
coherent tunneling, which results in an anisotropy that reflects the cubic structure of
the silicon electrode.

The present research work has made a key advancement in the development of
silicon-based spintronics devices by using ferromagnetic tunnel contacts. Following
a similar approach, the spin injection and detection has now also been established
in Ge, another technologically important material. The successful injection, manip-
ulation and detection of spin polarization in a semiconductor at room temperature
have proved these tunnel devices to be a robust and reliable buildings block of sil-
icon spintronics. These advancements have enabled us to investigate the influence
of the various parameters which may affect the spin transport and the spin dynam-
ics in such devices. Significant understanding of the physics, materials engineering
and technology of silicon-based spin-transport devices has been generated, although
certain aspects such as the magnitude of the spin accumulation and the spin lifetime
require further investigations. The demonstration of the electrical field control of
the spins in the channel is, however, still a big challenge. Another challenge is to
demonstrate efficient spin injection in Si (n and p-type) with lower doping density so
that complementary devices can be realized on the same chip. The present work has
significantly brought us closer to the point where we can address the prospects for
realizing spin functionality in semiconductor based spintronics devices.
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Samenvatting

Het onderzoek beschreven in dit proefschrift is gericht op het begrijpen van spin-
gepolariseerd transport in silicium structuren met een ferromagnetisch tunnelcontact.
De volledig elektrische injectie en detectie van spin polarisatie in het Si en de ma-
nipulatie van de spins via het Hanle effect is bereikt in magnetische tunnelcontacten
op n-type en p-type Si met verschillende tunnelbarrières (Al2O3 en MgO) en fer-
romagnetische materialen (Fe, Co, Ni, Ni80Fe20). Cruciaal is dat dit is gedaan bij
kamertemperatuur. Het onderzoek heeft een belangrijk begrip opgeleverd van de
fysica van spin-gepolariseerd transport in silicium structuren met dergelijke tunnel-
contacten. Er zijn ook bepaalde onverwachte aspecten opgedoken, zoals de grootte
van de spin signalen, de rol van de dikte van de tunnelbbarrière en de kortere effec-
tieve spin levensduur. Deze aspecten dienen nader onderzocht te worden. Hieronder
is een samenvatting gegeven van het onderzoek beschreven in dit proefschrift.

Dit proefschrift

Dit proefschrift is verdeeld in drie delen. In het eerste deel wordt het beginsel van
elektrische spin injectie in een halfgeleider beschreven. Het tweede deel beschri-
jft de fundamentele experimentele resultaten van spin injectie en detectie in Si bij
kamertemperatuur. Dit deel bevat ook een gedetailleerde studie van de afhankeli-
jkheid van het spin signaal van parameters zoals de spanning, stroomdichtheid, tem-
peratuur, ruwheid van het grensvlak en de dikte van de tunnelbarrière, waarbij tevens
verschillende materialen (Al2O3 en MgO) zijn gebruikt. Het derde deel van het
proefschrift betreft het onderzoek aan de tunnel anisotropie in Si/oxyde/ferromagneet
structuren.
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Hoofdstuk 2: Principe van spin injectie en detectie

In dit hoofdstuk is allereerst het principe beschreven van de elektrische injectie en
detectie van spin polarisatie in een halfgeleider door middel van een tunnelstroom.
Deze tunnelstroom is spin-gepolariseerd in een magnetisch tunnelcontact van een
ferromagneet op een halfgeleider, omdat elektronen met meerderheidspin een andere
tunnelkans hebben dan elektronen met minderheidspin. Daardoor wordt een groter
aantal spins van een bepaald type (bijvoorbeeld de meerderheidspin) geïnjecteerd in
de halfgeleider. Hierdoor ontstaat een netto spindichtheid in de halfgeleider. De geïn-
jecteerde spins ondergaan spin verstrooiing in de halfgeleider, en in een "steady-state"
situatie wordt een netto spin accumulatie in de halfgeleider verkregen. Deze spin ac-
cumulatie kan worden gedetecteerd met behulp van het Hanle effect. Dit effect wordt
algemeen beschouwd als een goede test om het bestaan van een spin accumulatie
in een niet-magnetisch materiaal te bewijzen. De Hanle metingen kunnen worden
beschreven met behulp van een Lorentz curve, of met een aangepaste curve indien
diffusie van de spins loodrecht op het tunnel grensvlak wordt meegenomen. Een be-
langrijke conclusie is dat een beschrijving van de metingen met een zuivere Lorentz
curve niet de spin levensduur geeft, maar slechts een ondergrens daaraan. Verder
zijn in dit hoofdstuk de verschillende meetgeometrieën (driepunts en vierpunts) be-
sproken, en is het belang benadrukt van controle experimenten om valse signalen te
indentificeren en uit te sluiten. Alle spin-transport experimenten beschreven in dit
proefschrift zijn gedaan met driepuntsmetingen.

Hoofdstuk 3-5: Spin injectie in silicium

Dit deel van het proefschrift beschrijft het succesvolle gebruik van magnetische tun-
nelcontacten op Si voor de elektrische creatie en detectie van een spin polarisatie in
het Si. Hoofdstuk 3 beschrijft experimenten die laten zien dat het inderdaad mo-
gelijk is om een spin accumulatie in het silicium te induceren, detecteren en tevens
te manipuleren (met behulp van het Hanle effect), en dat alles bij kamertemper-
atuur. De variatie van de spin signalen als functie van de aangelegde spanning,
de stroomdichtheid, en de temperatuur is bestudeerd voor verschillende materialen.
Controle experimenten, waarbij een zeer dunne niet-magnetische laag (Yb of Au)
tussen de ferromagneet en de tunnelbarrière wordt opgenomen, laten eenduidig zien
dat de spin signalen daadwerkelijk het resultaat zijn van spin-gepolariseerd transport
en het ontstaan van een spin polarisatie in het silicium. Er werd gevonden dat de spin
signalen vele ordes van grootte verschillen van wat verwacht werd op basis van de
bestaande theorie. De mogelijke oorzaken van dit verschil zijn besproken, waarbij
een voorgestelde versterking van het spin signaal door tunnelen via gelokaliseerde
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toestanden aan het halfgeleidergrensvlak werd uitgesloten met behulp van speciaal
daarvoor ontworpen experimenten.

De effectieve spin levensduur in het silicium, zoals bepaald uit de Hanle metin-
gen, blijkt kleiner te zijn dan werd verwacht op basis van eerdere metingen van de
bulk spin levensduur met behulp van elektron spin resonantie. Dit geeft aan dat
de spin levensduur in het Si onder het tunnelcontact wordt gelimiteerd door ex-
terne factoren. Er werd gevonden dat de spin levensduur afhangt van de ruwheid
van de contacten. Ruwheid van de grensvlakken produceerd locale magnetostatische
strooivelden, met een grootte die afhangt van de amplitude en typische lengteschaal
van de ruwheid. Als gevolg van deze locale velden wordt de accumulatie en dy-
namica (precessie) van de spins in de buurt van het grensvlak veranderd. In de
afwezigheid van een extern magnetisch veld wordt de spin accumulatie al onderdrukt,
terwijl tevens een inhomogene verbreding van de Hanle curve optreedt waardoor de
bepaalde spin levensduur korter lijkt te zijn. De kunstmatige verbreding hangt af
van de grootte en de richting van de locale strooivelden, en daarmee tevens van de
magnetisatie van de ferromagneet. Er werd inderdaad gevonden dat de breedte van
de Hanle curve toeneemt als een ferromagneet met een grotere magnetisatie wordt
gebruikt (bijvoorbeeld Fe of Co in plaats van Ni of Ni80Fe20). Als experimenteel
kenmerk is het geïnverteerde Hanle effect geïntroduceerd. Dit effect beschrijft de
toename van de spin accumulatie in een aangelegd magnetisch veld parallel aan de
magnetisatie van de ferromagneet, waardoor de invloed van de locale strooivelden
wordt onderdrukt.

Hoofdstuk 4 beschrijft het gebruik van kristallijne Si/MgO/Fe tunnelcontacten
voor het creëren van spin polarisatie in Si bij kamertemperatuur. De belangrijkste
motivatie voor dit werk is dat een grote tunnel spin polarisatie kan worden verwacht,
zoals reeds was aangetoond voor magnetische tunneljuncties met twee metalen mag-
netische elektroden (Fe/MgO/Fe). Er werd gevonden dat de preparatie van het sili-
cium een belangrijke factor is. Na het verwijderen van de oxydelaag werd het Si
substraat verhit tot 700◦C, waarbij een oppervlak met een 2×1 reconstructie ontstaat.
Depositie van MgO en Fe bij, respectievelijk, 300◦C en 100◦C resulteert vervolgens
in kristallijne tunnelcontacten waarmee spin injectie en detectie bij kamertemper-
atuur inderdaad werd waargenomen, zowel voor n-type als voor p-type Si. Tevens
werd gevonden dat de ruwheid van het oppervlak kan worden verbeterd door een
juiste keuze van de etstijd voor de verwijdering van de oxydelaag op het Si. Dit heeft
niet alleen invloed op de grootte van het spin signaal, maar ook op de relatieve grootte
van de Hanle en geïnverteerde Hanle signalen. Voor contacten met grotere ruwheid
van de grensvlakken werd gevonden dat het geïnverteerde Hanle effect meer promi-
nent aanwezig is. Dit strookt met magnetostatische strooivelden als de oorzaak van
het geïnverteerde Hanle effect.
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Op basis van de resultaten uit de hoofdstukken 3 en 4 concluderen we dat ferro-
magnetische tunnelcontacten op Si een robuuste en technologisch haalbare benader-
ing vormen voor het creëren en detecteren van spin-gepolariseerde ladingsdragers
in Si bij kamertemperatuur. De gevonden spin accumulatie was echter veel groter
dan was verwacht op basis van de bestaande theorie voor injectie en diffusie van
spins in niet-magnetische materialen. Ook voorspelt de theorie een compleet ander
gedrag van het spin signaal als functie van de dikte van de tunnelbarrière. Volgens
de theorie is de spin accumulatie (∆µ) evenredig met de geïnjecteerde spinstroom.
Hoofdstuk 5 beschrijft experimentele resultaten voor tunnel contacten met verschil-
lende dikte van de tunnelbarrière, waarmee de stroomdichtheid J exponentieel wordt
gevarieerd. De spin accumulatie zou dan naar verwachting een vergelijkbare expo-
nentiële variatie moeten laten zien. Er werd echter gevonden dat ∆µ slechts zeer
zwak afhangt van de barrière dikte, zodat ∆µ/J geen constante is, maar, geheel on-
verwacht, evenredig is met de tunnelweerstand. De verkregen resultaten zijn onv-
erenigbaar met de bestaande theorieën, zowel die voor direct tunneltransport alsmede
die voor tunneltransport in twee stappen via gelokaliseerde toestanden. De verklaring
voor de onverwacht grote spin signalen en het gedrag als functie van de dikte van de
tunnelbarrière is vooralsnog onbekend.

Hoofdstuk 6-7: Anisotropie van het tunnel spin transport

Het derde deel van dit proefschrift is gewijd aan de studie van de anisotropie in
Si/oxyde/ferromagneet tunnelcontacten en de bijdrage daaraan van de spin accumu-
latie. De tunnel anisotropie is onderzocht voor twee configuraties. In de eerste con-
figuratie wordt de magnetisatie van de ferromagnetische laag gedraaid van parallel
aan het tunnelgrensvlak naar loodrecht op het grensvlak. In de tweede configuratie
wordt de magnetisatie gedraaid in het vlak van het tunnelcontact. In beide gevallen
wordt de verandering van de tunnelweerstand gemeten. Dit is gedaan voor contacten
op Si met een tunnelbarrière van amorf Al2O3 en een polykristallijne ferromagnetis-
che elektrode, en voor structuren met een kristallijn MgO/Fe contact.

In hoofdstuk 6 worden de resultaten beschreven van onderzoek aan de anisotropie
in Si/Al2O3/ferromagneet tunnelcontacten in de loodrechte configuratie. Er werd
een complexe afhankelijkheid van de tunnelweerstand van de richting van het aan-
gelegde magnetische veld gevonden, met duidelijke verschillen voor tunnelcontacten
met verschillende ferromagnetische elektroden (bijvoorbeeld Fe of Ni). Er wordt
geconcludeerd dat er meerdere bijdragen aan de anisotropie naast elkaar bestaan.
Deze bijdragen kunnen worden gescheiden door experimenten met tunnelcontacten
op n-type en p-type silicium en met verschillende ferromagneten (Fe en Ni). Er blijkt
dat de anisotropie van de tunnel spin polarisatie van het ferromagneet/tunnelbarrière
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grensvlak een belangrijke bron van anisotropie is. Het maakt dat de spin accumu-
latie in het silicium afhankelijk is van de absolute oriëntatie van de magnetisatie van
de ferromagnetische laag. Er werden geen aanwijzingen gevonden voor anisotropie
van de spin levensduur in het silicium, alhoewel een bijdrage hiervan niet geheel kan
worden uitgesloten. Verder werd gevonden dat in deze metingen tevens een extra
anisotropie ontstaat door de magnetische vormanisotropie van de dunne magnetische
lagen. Hierdoor staan de magnetisatie en het externe magnetische veld niet exact
parallel, waardoor de spins die in de halfgeleider zijn geïnjecteerd Hanle precessie
ondergaan die verandert wanneer het veld van richting verandert.

In hoofdstuk 7 worden experimenten beschreven die laten zien dat er een bijdrage
aan de anisotropie is door de kristallijne aard van de Si/oxyde/ferromagneet tunnel-
contacten. Hiertoe werden metingen in de tweede configuratie gedaan (magnetisatie
in het vlak van het tunnelcontact) aan structuren met kristallijne en polykristallijne
MgO tunnelbarrières en aan structuren met amorf Al2O3. De geïnduceerde spin accu-
mulatie in het Si verandert wanneer de magnetisatie in het vlak van het tunnel contact
wordt gedraaid. De waargenomen anisotropie heeft een viervoudige symmetrie die
de kubische structuur van het Si en/of het MgO/Fe tunnel contact weerspiegelt. De
sterkte van de anisotropie is evenredig met de spin accumulatie en bedraagt een paar
procent daarvan. Een dergelijke anisotropie is afwezig in controle experimenten met
structuren waarin de tunnel spin polarisatie nul is zodat er geen spin accumulatie
is. We concluderen daarom dat de waargenomen viervoudige anisotropie in het vlak
van het tunnelcontact gerelateerd is aan de spin accumulatie, en hoogstwaarschijnlijk
onstaat door de anisotropie van de tunnel spin polarisatie van het magnetische tun-
nelcontact. Geheel onverwacht werd deze viervoudige anisotropie ook gevonden in
structuren met amorf Al2O3 als tunnelbarrière. Dit suggereert een nieuw mechanisme
van anisotropie. Het ontstaat door de directe koppeling van elektronische toestanden
van de ferromagneet met die van het kristallijne Si, zoals in coherent tunneltransport.
Dit resulteert in een anisotropie die de kubische structuur van de silicium elektrode
weerspiegelt.

Het onderzoek beschreven in dit proefschrift is een belangrijke stap voorwaarts
in de ontwikkeling van silicium spintronica, mogelijk gemaakt door het gebruik
van ferromagnetische tunnelcontacten. Deze tunnelcontacten zijn uitermate geschikt
gebleken voor de injectie, manipulatie en detectie van spin polarisatie in halfgeleiders
bij kamertemperatuur, en vormen een betrouwbare bouwsteen van silicium spintron-
ica. Volgens een soortgelijke aanpak is spin injectie en detectie nu ook waargenomen
in germanium, een ander technologisch belangrijk materiaal. Deze ontwikkelingen
hebben ons tevens in staat gesteld de invloed te onderzoeken van de verschillende
parameters die het transport en de dynamica van spins in dergelijke structuren beïn-
vloeden. Belangrijk begrip is verkregen van de fysica, materiaalkunde en technolo-
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gie van spin-transport structuren die zijn gebaseerd op silicium, hoewel bepaalde
aspecten, zoals de grootte van de spin accumulatie en de spin levensduur, verder on-
derzoek vereisen. Een grote uitdaging is het manipuleren van de spin polarisatie in
het silicium met een elektrisch, in plaats van een magnetisch, veld. Er is ook nog
verder onderzoek nodig aan spin injectie in silicium met een lagere concentratie van
ladingsdragers. Desalniettemin, door het beschreven onderzoek zal het in de nabije
toekomst mogelijk zijn een goed onderbouwde inschatting te maken van de mogeli-
jkheden en potentie van silicium spintronica.
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