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Abstract

Spin current, which is a flow of the spin angular momentum, exists in a ferromagnetic
metal because the spin of the conduction electrons are polarized. In general, there is no
spin current in a nonmagnetic metal because of no spin polarization. However, by using
a ferromagnetic/nonmagnetic hybrid structures, the spin current can be injected into
the nonmagnetic metal. This spin injection can be performed by electrically, thermally
and optically. However, because of the extremely short life time with a tiny quantity,
the detection of the spin current is not so simple. Lateral spin valve consisting of two
ferromagnetic electrodes bridged by a nonmagnetic strip enables to perform the nonlocal
spin injection measurement, which can detect the spin current sensitively and precisely.

Therefore, the spin transport in a lateral spin valve has been investigated intensively.

It is well known that the additional structure in contact with the materials having
non-equilibrium spins significantly affects its spin distribution when the spin relaxation
of the contact is very strong. By extending this phenomenon intentionally, we can
extract the spin current from the nonmagnetic metal effectively. This is known as the
spin absorption effect. Especially, when the ferromagnetic electrode is connected to

the nonmagnetic metal, the absorbed spin current exerts the spin transfer torque in the
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magnetization. It is an important milestone to deepen understanding the spin absorption
effect because this phenomenon is attractive both from the fundamental and application
viewpoints. Here, we intensively investigate the spin absorption effect in the laterally

configured ferromagnetic/nonmagnetic hybrid structure.

First, we investigate the influence of the geometry on the spin absorption effect.
Since, in most cases, the additional contact brings the geometrical disorder, which pro-
duces the spin scattering. To exclude the influence of the geometrical scattering, we
have developed a specially designed lateral spin valve. In this device, we were able to
estimate the spin absorption effect not only from the top surface but also from the side

surface.

During the above geometrical study, we observed a small unexpected change of the
nonlocal spin signal. To explain this, we focused on the anisotropy of the spin absorption
effect. Since it is expected that the transverse spin diffusion length is much shorter than
the longitudinal spin diffusion length, the observed additional change may be related
to the anisotropy. To confirm our expectation, we have developed a lateral spin valve
with the V-shape electrodes. We confirmed that the quantized axis of the spin is well
controlled by the magnetic field. By using this device, we clarified the difference between

the longitudinal and transverse spin current absorption.

Although we have obtained the expected property of the spin absorption effect, the
quantitative evaluation of the spin absorption effect is difficult because of the significant
reduction of the spin accumulation. To overcome this difficulty, we have recently devel-
oped a high performance lateral spin valve based on highly spin-polarized ferromagnetic

CoFeAl electrodes. This allows us to estimate the spin absorption effect more precisely.



iii
In the last chapter, we investigate the spin absorption effect more quantitatively and
precisely by using the spin absorber with the large junction. Finally, we obtained the
quantitative information of the spin absorption effect. Also, we found that the spin ab-
sorption with the large junction size induces un-conventional temperature dependence
of the spin accumulation signal.
Thus, the systematic experimental studies on the spin absorption effect provides not
only the validity of the spin diffusion model but also the unique characteristics, which

are useful for manipulating spin currents.
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Chapter 1

Introduction

1.1 Background

The development of physics of magnetism in recent years is a result of microfabrica-
tion technologies. Although magnetism has been studied in macroscopic systems so far,
quantization of angular momentum was discovered by Stern and Gerlach experiments [I].
Recognizing the existence of spin, research on the magnetization process of the artificial
micro magnetic material has started to draw attention. In order to clarify the proper-
ties of magnetic materials smaller than the magnetic domain size, the micro-fabrication
technology which is cultivated in the semiconductor field was applied. However, as the
sample became submicron size, it was difficult to observe the magnetization process of
the ferromagnet. Under such circumstances, research on high sensitivity magnetization
measurement using the galvanomagnetic effect has started. In the ferromagnet, the band
structure is different between up and down spin band because of the exchange splitting.
Therefore, it causes the spin dependent conductivity of electrons [2]. As a representative

1
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effect, the anisotropic magnetoresistive effect is known. The anisotropic magnetoresis-
tive effect is a phenomenon in which the conductivity of electrons in a ferromagnetic
material varies depending on the relative angle to the magnetization direction. By this
phenomenon, when the magnetization in the ferromagnetic material is rotated, the elec-
tric resistance is modulated. This enables us to detect the magnetization characteristics
of the ferromagnetic material electrically. However, since the magnetoresistance ratio
changes only by a few %, it is insufficient as a detection method of the magnetization.
Therefore, research using laminated artificial lattice was attracted attention as a next
step. In 1986, P. Grunberg et al. discovered that Fe are antiferromagnetically coupled
via Cr in a Fe/Cr/Fe hybrid structure [3]. In response to this result, A. Fert et al. dis-
covered the 50 % magnetoresistance ratio by sweeping the external magnetic field while
applying an in-plane current to the Fe/Cr artificial lattice in 1988 [4]. This is called giant
magnetoresistance (GMR) effect, and research based on a composite structure including
a magnetic material came to attract attention as a result of this. The origin of GMR
effect was thought to be the spin dependent scattering at the interface. Therefore, it was
expected that a larger magnetoresistance effect can be obtained when the same experi-
ment is performed by directly applying a current normal to the surface in the Fe/Cr/Fe
hybrid structure. However, since the cross-sectional area of the sample is large, it was
difficult to detect the magnetoresistance ratio electrically when a current is applied di-
rectly normal to the surface. Hence, research on CPP-GMR (current perpendicular to
the plane giant magnetoresistance) was conducted using various microfabrication tech-
niques [5H9]. From this series of research, unique microfabrication technologies have

been proposed, and CPP-GMR measurements in nano-meter-scale samples have been
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realized. As described above, in order to realize a large magnetoresisance, the develop-
ment of microfabrication technology had been drawing more and more attention, because

the magnetoresistance ratio depends on the resistance-area product of the channel.

While research on the galvanomagnetic effect was in progress, research on multiple-
degrees of freedom of electrons in a composite structure including a magnetic material
was reported in 1985 [10]. Although spin current was observed in this report, the signal
at this time was small and not much attention was paid. As the development of micro-
fabrication technology enabled the fabrication of samples shorter than the spin diffusion
length of electrons, spin current became a focus of attention. Research on spin current
has been developed using a nonlocal method in a lateral spin valve [I2HI6]. The lateral
spin valve eliminates the charge of electron, and can create only spin conduction which
is called pure spin current. And, the lateral spin valve enables to control the pure spin
current, and various methods for controlling it have been reported [I7[I8]. Furthermore,
the amount of spin current in the channel can be estimated as a spin signal, and it is
also theoretically well agreed upon [19,21,188]. However, the experimental systems so
far have been limited to ideal one-dimensional spin conduction. One-dimensional spin
conduction is a phenomenon in which the spin channel width is sufficiently shorter than
the spin diffusion length, and the spin diffuses one-dimensionally and spin quantization

axis is limited to collinear arrangement described as parallel or anti-parallel states.

Here we propose the necessity for studies of spin diffusion with three-dimensional
geometry. Because the pure spin current has no big Joule loss, it is gaining attention as
one of the candidates for next generation energy saving devices replacing conventional

electronics [22-25]. In recent years, spin injection into various substances has been
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observed, and various types of spin devices have been also proposed [17.18,27-H30}53].
For example, in case of the spin injection into the semiconductor spin channel, the cross
sectional areas of the device are designed to be larger than that of the metal because
of its high electric resistance. Additionally, spin devices utilizing the spin quantization
axis control techniques have also been developed. Therefore, a study on spin diffusion in
a ferromagnetic/nonmagnetic hybrid system considering three-dimensional geometry is
required. Spin diffuses so as to be absorbed into a material with strong spin relaxation.
This is called the spin absorption effect which is also in good agreement with theory.
However, it is not clear the behavior of the spin absorption effect in the spin absorber
with the three-dimensional freedom is. Therefore, in this research, we investigated the

spin absorption effect in this system.

1.2 Outline

This study investigated the spin absorption effect in a system with three-dimensional
freedom. The three-dimensional degree of freedom is defined here as the following three
cases. I: The system has geometrical differences comparing to the conventional struc-
tures. II: The spin absorber has a non-colinear magnetization orientation with respect
to the polarization of the spin current. III: Length of the spin absorber is longer than
the spin diffusion length in the spin channel. A flow chart of this series of research
conducted in this research is shown in Figure [Tl and a concrete outline is described

below.

e Chapter 1: Description of research background and motivation.
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e Chapter 2: Outline of theory on spin-dependent conduction.

e Chapter 3: Experimental method; Explanation of the microfabrication technology

and measurement technique used in the experiments.

e Chapter 4: Experiments on the geometric dependence of the spin absorption effect.
We investigate the spin absorption effect in a nano-pillar-based lateral spin valve
consisting of five ferromagnetic nanodots fabricated on a uniform nonmagnetic film,
and show that the spin absorption efficiency is smaller than that of a conventional
lateral spin valve based on nanowire junctions. We also found that the absorption
efficiency of the spin current is significantly enhanced by using a thicker ferromag-
netic nanodot. This can be understood by taking into account quantitatively the
spin absorption through the side surface of the ferromagnetic dot. Additionally,
the existence of the spin scattering effect is demonstrated by using a T-shaped
lateral spin valve in which the spin absorber is located at a position branched from
the spin diffusion path. From a series of the spin signals, spin absorption effect by
transverse spin relaxation was implied in this sample structure. By observing the
inverse spin Hall effect by replacing the absorber of T-shaped lateral spin valve

with heavy metal, we confirmed transverse spin current was generated.

e Chapter 5: Experiments on the relative angle dependence between the spin vector
of the absorber and the spin current polarization direction in the spin absorption
effect. In order to investigate longitudinal /transverse spin absorption efficiency and
spin relaxation length in the same sample, we proposed a V-shaped lateral spin

valve structure. We confirmed that the V-shaped lateral spin valve can generate
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the longitudinal and transverse components of spin current by detecting the inverse
spin Hall voltage. Finally, we compared longitudinal and transverse spin relaxation

lengths using this sample.

e Chapter 6: Experiments on the spin absorption effect in a system where the
spin absorber is extremely large compared to the spin diffusion length of the
nonmagnetic material. We proposed a lateral spin valve device with a nonmag-
netic/ferromagnetic bilayer spin channel. This structure showed that the magne-
tization direction of the large spin absorber rotates by the sweep of the external
magnetic field. Here, we estimated the longitudinal and transverse spin modula-
tion ratio and its spin relaxation lengths in this device. Then, we measured the
temperature dependence of the spin signal and interestingly, the room temperature
spin signal was larger than that at low temperature. In order to investigate this
anomalous behavior, we extended the conventional one-dimensional spin diffusion
model to a bi-layer channel structure, and found that the spin signal depends on
the relative strength of flow among the two-dimensional spin absorber, the spin
detector and other regions. By applying this conclusion to the conventional type of
lateral spin valve, we have conceived that the temperature dependence of the spin
signal depends on the junction area at the injector and detector. Here, we con-
firmed it by measuring the line width dependence of the temperature dependence

of the spin signal.

e Chapter 7: Conclusion.



Conventional study: One-dimensional spin absorption

Chapter 4
Geometrical dependence

-5
i -y
}\RT

Figure 1.1: Structure of this thesis.

Chapter § Chapter 6
Non-collinear spin absorption, Spin absorber film







Chapter 2

Basic theory of electrically driven

charge and spin transport

2.1 Introduction

In this chapter, the basic theory for multiple degrees of freedom of conduction electrons
consisting of two physical quantities of charge and spin in a ferromagnetic/nonmagnetic
junction structure is introduced. Systems containing spin-polarized materials such as
ferromagnets provide spin degree of freedom in addition to electric charge. Three types
of flow of electrons mixed with spin degrees of freedom are known: electric current, spin
polarized current, and pure spin current. In this study, we investigate pure spin current
which is the spin current without the electron charge. First, we introduce that the pure
spin current is driven by diffusion, then describe the spin absorption effect which is the
theme of this research. Finally, we describe a nonlocal method using a lateral spin valve

which is a traditional research method of spin current.
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2.2 Spin-dependent transport

The flow of electrons with two degrees of freedom of charge and spin is introduced
in this section. The electron has two degrees of freedom, Charge —1 and Spin +1/2.
Therefore, the conducting electrons in the metal are mixed with two types of electrons:
charge —1, spin +1/2 and charge —1, spin —1/2. In this case, in nonmagnetic metal
such as copper wire, the two-fluid model is established because the spin diffusion length
(several hundred to a few thousand nm) is longer than the mean free path (several
nm) of electrons [31,82]. This is called Mott’s two-fluid model, and the conduction
channel of electrons is defined as two kinds, up spin channel and down spin channel.
FigurdZlis a schematic illustration showing the flow of electrons in a nonmagnetic and
a ferromagnetic material. Because there is no spin polarization for nonmagnetic material,
charge flow J, exists but spin flow J5 does not exist as shown in Fig[2.I(a). On the other
hand, the band structure of the ferromagnet has spin dependent 3d band shift due to
exchange interaction [2]. In addition, the 4s electron and the 3d electron coexist, and
the electronic state of d electron is reflected in the conduction characteristic of s due to
s-d interaction. For these reasons, although 4s electrons with a small effective mass are
the main carriers of conduction electrons, their conductivities reflect the band structure
of 3d electrons. Therefore, in case of FiglZIl(b), since the downspin state density of
3d electrons at the Fermi level is larger than the upspin state density, s-d scattering of
the downspin electron is affected strongly, resulting in the conductivity of the downspin
electrons becomes small. Here, in the two fluid model considering the spin degree of

freedom, the electron conductivity o shows a spin dependence and can be expressed by
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the following equation:

o=o01+0, (2.1)

In such a two-fluid model, the current density J can be divided into a flow of charge
and a flow of spin. The flow of charge is called electric current, whereas the flow of spin
angular momentum is called spin current. The current density J. and the spin current
density Js can be defined by the following equations:

JT + JJ/ == Jc, (2.2)

Jp—J, = Js (2.3)

Here, J; is the density of up spin current, and J| is the density of down spin current.
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Figure 2.1: (a) Electron motion and band structure in a nonmagnetic material. Because
of no exchange splitting of electrons at the Fermi surface, the conductivity of up and down
spins are equal. As a result, the current densities of up and down spins are also equal.
(b) Electron motion and band structure in a ferromagnetic material. The conductivity
for up and down spins are different due to exchange splitting and s-d interaction of 3d

electrons. As this result, the current densities of up and down spins are different.
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2.3 Spin-dependent electrochemical potential

In order to represent two physical quantities of current and spin current by one equation,
the spin dependent electrochemical potential is defined. The total current density in the
metal can be expressed by the drift current Jg,i caused by the electric field F and the

diffusion current Jyifrusion caused by the accumulation of localized electron density.
Jt,l = Jarite + Jdiffusion = o, | — €Dy | Vny |, (2.4)

Where, D; | is a diffusion constant and dn4 | is number of accumulated electrons for
up and downspin states. The electric field can be represented by the gradient of the
electrostatic potential (F = _%) , and the accumulated electron density shifts chemical
potential from equilibrium(éns | = N4 | (Er)de, where the N4 | is the density of states in
the subband and d¢ is the shift in the chemical potential of electrons from its equilibrium
value). Considering the Einstein relation oy | = >Ny | (Ep)Ds, |, the flow of electrons

can be expressed as follows using the electrochemical potential fuq |

: 01,1 ont,| 01,1 o¢ Ot
_ Ty ( ey = My ey &) = Ty 2.5
I e ( o €N¢,¢(EF)) € < v 6) e Ve (25)

2.4 Electrical spin injection

Electrical spin injection is an epoch-making technique for generating pure spin current.
It is difficult to observe the spin current because the spin scattering due to the s-d
interaction is strong in the ferromagnetic material. Here, let us consider a case where a
spin polarized current is caused to flow from a ferromagnet to a nonmagnet electrically
by giving a electrical potential difference at the junction. As shown in Fig[22 because

of no spin polarization between up spin band and down spin band, non-equilibrium
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spin accumulates in non-magnetic material (0nq ). Therefore, a difference in density
between up spin and down spin is created in a non-magnetic material. As a result, the

total potential of the nonmagnetic material can be expressed by the following equation:

Ant,

N (er)’ (2.6)

) = —eV +ef

In the vicinity of the interface of the nonmagnetic material where spins have accumulated,
the concentration of up spins is large and that of down spins is small. Therefore, up
spin spreads by diffusion to reduce its amount. On the other hand, down spin gathers
by diffusion to increase its amount. The spin current is a phenomenon in which up and

down spin electrons diffuse in opposite directions, respectively.
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Figure 2.2: Electrical spin injection in a ferromagnetic/nonmagnetic hybrid structure.
A electrostatic potential difference is applied to the junction between a ferromagnetic
material and a nonmagnetic material, and spin polarized electrons are injected into a
nonmagnetic material. A difference in density between up spin and down spin is created

in the nonmagnetic material.
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2.5 Spin polarized current and pure spin current

In this section, the spin polarized current which is the charge flow together with the spin
flow, and the pure spin current which is the flow of the spin without accompany charge
are introduced. In the electrical spin injection, the spin current distribution exists in a
region where there is no electrical potential difference. In spin current, up spin and down
spin propagate by diffusion, respectively, and signs of diffusion directions are different.
Therefore, the definition of current density with respect to up spin and down spin is as

follows, current density as drift current and spin current density as diffusion current.

Je = J1 + 41 = 2Jrite, (2.7)

Js = .jT - .ji = 2jdiffusion (28)

The current driving force is the gradient of the electrostatic potential E(= VV)
and the driving force of the spin current is the gradient of the spin dependent chemical
potential Vup . From this, it is understood that the electric current and the spin current
are propagated by independent physical laws, respectively. Now, we consider the electric
spin injection in the system as shown in Figl2.3l Since the current flows due to the drift
current, it propagates by the electrical potential difference. On the other hand, since
the spin current flows by diffusion, it spreads isotropically in the nonmagnetic material
channel. Accordingly, the spin current flows in a region not only having an electrical
potential gradient but also in a region having no electrical potential gradient. In this
way, a spin polarized current flows in a region having an electrostatic potential. On the
other hand, in the region without the electrostatic potential, only the flow of spin can

be created. This is called pure spin current [12}[14115[33].
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Figure 2.3: Nonequilibrium spin diffusion in a nonmagnetic material. The figure is a
schematic illustration when a electrostatic potential difference is applied at the ferro-
magnetic/nonmagnetic junction. Non-equilibrium spin accumulation is created at the
nonmagnetic material. Red (blue) line represents change in chemical potential due to
spin accumulation of up (down) spin band. Since non-equilibrium spin flows so as to
complement the concentration difference, up spin and down spin diffuse in opposite direc-
tions to each other. During diffusion, spin relaxation decreases the difference in density
between up spin and down spin with distance. The left hand side of the nonmagnetic
material in the figure shows the spin polarized current which has both charge and spin
flow. The right hand side of the nonmagnetic material in the figure shows pure spin

current which is only the flow of spin.
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2.6 Spin relaxation

The pure spin current diffuses into a material with a strong spin relaxation when non-
equilibrium spin accumulates. So, the spin flows from the spin accumulation source to
a region with strong spin relaxation so that the electric current corresponds to the flow
from the 4+ potential to the - potential. The spin relaxation mechanism in the metal is

D’yakonov-Perel’ mechanism and Elliott-Yafet mechanism.

In the D’yakonov-Perel’ mechanism, electrons precess by spin-orbit interaction, and
are scattered during the orbital motion resulting in loss of spin information. It is observed
in a system with strong spin-orbit interaction. For example, Pt as a heavy metal, or a
surface of oxidized copper which is a broken system of space inversion symmetry [34]. In
recent years spin relaxation caused by the Kondo effect has been proposed [35,36]. This
effect is the central topic of Chapter 6. Additionally, in a ferromagnet, it has a strong

spin relaxation occurs due to exchange interaction in addition to spin orbit interaction.

In the Elliott-Yafet mechanism, spin quantization axis is reversed due to the spin
orbital interaction during the electron scattering. It is observed in a system with weak
spin-orbit interaction. For example, copper as a spin channel. Considering the effect of
spin relaxation, the spin relaxation time can be defined as 71 . Because of no change
in the total number of electrons in the relaxation process of the spin current, the spin

current can be expressed by the following equation from the relation of spin relaxation:

OJT7¢ — ¢ (AnT 4 ATQ) ’ (29)
Ox L Tt
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Figure 2.4: Non-equilibrium spin diffusion in a non-magnetic material when spin ab-
sorbers are connected. For convenience, the electrostatic potential difference is taken as
shown in this figure. A pure spin current spreads in the nonmagnetic material. A strong
spin relaxation causes spin absorption effect from the left hand side of the nonmagnetic
channel where the spin absorber is connected. As a result, diffusion of the pure spin

current is promoted and a lot of pure spin current flows towards the spin absorber.

2.7 Spin absorption effect

As shown in Figl2.4] the spin absorption effect is a phenomenon in which a spin current
is absorbed into a material with a strong spin relaxation [22,37-40]. Heavy metals and
ferromagnets are generally used for spin absorption due to the strong spin relaxation.
Since heavy metals have large nuclei, spin orbit interaction causes electrons to dissipate
spin current. On the other hand, in ferromagnets, dissipation of the spin current is
caused by s-d scattering. Because of these effects spin relaxation becomes stronger, spin

current is preferentially absorbed by these materials.
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2.8 Spin diffusion equation

Pure spin current is expressed using diffusion equation [19,2188]. Equations (2:4]), (29,

R 11 e .. Ni(e N, (e .
and equilibrium states of non-equilibrium spin % = %TF), the spin current can be

expressed as the following equation:

PAn 1
= —A 2.1
0%z AH (2.10)

Here, A\ = /D7y is the spin-diffusion length, with the spin-relaxation time 7y and
diffusion constant D, which is given by: 1/7¢ = 1/74 +1/7,4,1/D =0 /(0, Dy +04D))

= N(N,/Dt + Ny/Dy)

2.9 Spin resistance

Let us define the concept of spin resistance as an index of the strength of spin diffusion
21141, 88]. So far, although spin current has been characterized by spin relaxation
length, it is redefined according to the concept of electric circuit. In other words, we
define Ohm’s law for spin current in this section. It enables us to quantitatively express
the pure spin current as an electrical quantity, which is a non-conserved amount. From
equation (ZI0), the general solution of the spin-dependent electrochemical potential

depending on the spin accumulation can be expressed by the following equation:

Ap = Apg exp (%)A,u_ exp (—%), (2.11)
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Consequently, the spin current driven by this potential can be expressed by the following

equation:

JTBMT Qam (1—P2)O‘FS A;L, < 1‘) A[L+ <l‘)
I = _— e = —_— — —
® < 2e Or + 2e Or S 2\ e P A e P
(2.12)
Here, P = (04 — 0})/(04 — o)) is the spin polarization, S is the cross-sectional area
of the spin channel, and A is the spin diffusion length. Here, these coefficients R}, =

2pAp/[S(1 — P?)] are defined as spin resistances. As a result, the spin current can be

represented as follows:

Iy = RlSF [Ag exp (—%) - A5+ exp <§)} (2.13)

From the above equation, the spin current can be understood by the spin accumulation

voltage which decreases exponentially with the distance with the spin resistance as a
coefficient. Here, since the spin polarization is 0 for the nonmagnetic material, the spin

resistance in a nonmagnetic channel can be expressed as Ry = 2pAn/S.
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Figure 2.5: Spin-dependent electrochemical potential diagram when electrical spin in-
jection is performed. The spin-dependent electrochemical potential can be considered

separately for the electric circuit and the spin accumulation circuit.

2.10 Spin accumulation voltage by spin injection

The injected spin current density is quantitatively expressed using electrical physical
quantities. The spin accumulation created by spin injection is represented by the volt-
age. Therefore, when a current flows from a ferromagnetic material to a non-magnetic
material, the resistance increases at the interface. As shown in Figl2.5] the electrochem-
ical potential diagram can be divided into electrostatic potential and spin-dependent

chemical potential: First of all, let us pay attention to the electric circuit by the electro-

static potential. The total current I. = % (GT%% +o iaa%) when a potential difference
is applied to the ferromagnetic/nonmagnetic interface is constant regardless of position,
and if it is far away from the interface, it is also to be constant % = A. Therefore,

the gradient of the potential indicated by the electric circuit in the figure can be
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expressed by the following equation:

el. 1
Ap = —— 2.14
F S 0_F7 ( )
Ay = e L (2.15)
S oN

On the other hand, in order to consider the voltage generated by the pure spin cur-
rent, the change of the spin dependent chemical potential should be considered. When
a potential difference is applied to the ferromagnetic/nonmagnetic junction, the spin
current flows to the ferromagnetic material and the nonmagnetic material respectively.
Therefore, the combined spin resistance of the injector junction can be expressed by the

following parallel circuit:

RSIRSQ

= o2 2.16
Rsl + Rs2 ( )

Therefore, the detected spin voltage AV; and the increase in resistance caused by spin

accumulation at the spin injection junction Rgy, can be expressed by the following equa-

tions:
ApAN P21,
AV, = 2.17
* SDrox + (1 — P2)Anor]’ (2.17)
Ap AN P2
RgL, = F2N (2.18)

S[)\FO'N + (1 - PZ))\NO'F]

Since the ferromagnetic material at the injector has a small spin resistance, most of
the spin current is reabsorbed by the ferromagnetic material, and the amount of the
generated spin current is small [42]. The spin resistance of a ferromagnetic material
depends on the spin polarization, and when a CoFe-based alloy which is a high spin
polarized material is used, the spin resistance of the ferromagnetic material increases

and the spin generation efficiency also increases.
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Figure 2.6: Spin-dependent electrochemical potential diagram in a FM/NM /FM junction
structure. Red line represents change in chemical potential due to spin accumulation of
up spin band. Accumulated pure spin current at the Junction I. (Apug) diffuses into the
Ferromagnetic I. and the Nonmagnetic channel by the spin relaxation effect. The pure
spin current reached at the Junction II. has a spin accumulated voltage Apf, which is
characterized by a transmission coefficient (T) and an accumulated pure spin current at

the Junction I. (Aug).

2.11 Spin accumulation voltage due to spin absorption

Let us consider the spin accumulation voltage in the laminated structure composed of
ferromagnetic spin injection source/nonmagnetic spin channel/ferromagnetic spin ab-
sorber. Spin accumulation created at the junction I. and spin current is absorbed into
the junction II. as shown in Fig. The spin current generated at the junction I. can
be understood by a series circuit of a nonmagnetic spin channel and a ferromagnetic spin
absorber. The spin accumulation and the spin current at the junction I., spin accumula-

tion and spin current at the junction II. and each boundary condition with x = 0,d, oo
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can be expressed by equations shown as below:

Ap(z) = Aexp + Bexp (2.19)
)\N /\N
1 x T
Igi(x) = ReL [A exp <—/\N> — Bexp <)\N>] , (2.20)
x—d r—d
Ap(x) = Cexp <—> + Dexp ( >, (2.21)
AN AN
1 x—d xr—d
Igs(x) = RaL [C’exp (_)\N> - Dexp< v >} ) (2.22)
Apg = A+ B, (2.23)
, d d
Ay = Aexp + Bexp =C+D, (2.24)
Ay AN
1 d d 1
D=0, (2.26)

Here, Rsr and Rgn are the spin resistance of the ferromagnetic material and the spin
resistance of the non-magnetic material, respectively. Also, Aug and Ayy, are the spin-
dependent electrochemical potentials at junctions I. and II., respectively. From the
above relationship, the transfer coefficient T' and the combined spin resistance Rgg at
the nonmagnetic spin channel /ferromagnetic spin absorber junction can be expressed by

the following equations, respectively:

Apy Rsn

he Apo Rgn cosh ( ) + Rgp sinh < > ’ (220
 Apo Rgn sinh ( ) + Rsp cosh ( )
Bisr = els(0) Rgy sinh ( ) + Rgp cosh ( ) ’ (2:28)

Therefore, using above equations, the spin accumulation voltage at the spin injection

junction and the spin absorption junction can be expressed by the following equations:

Rs1, Rsr
Rsr, + Rsr’
ePp R2RN I,

4Rp(Pr + PN)(cosh< ) + sinh (%) + R% sinh <%>

Apo = IR = PI (2.29)

Apg =

. (2:30)
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2.12 Quantitative detection of spin accumulation by lat-

eral spin valve

A method for experimentally evaluating of the generated pure spin current is described
in this section [I2HI6]. By using the ferromagnetic/nonmagnetic/ferromagnetic junction
structure, the spin current density can be quantitatively evaluated. As shown in Fig.
27(a), by preparing the lateral structure, it is possible to create a region where no
electrostatic potential exists. As discussed previously, this structure is called lateral spin
valve, and it can not only generate a pure spin current but also helps us experimentally
estimate the spin accumulation voltage. Considering the pure spin current where is
injected from the ferromagnetic material FM I. is absorbed by the ferromagnetic material
FM II. Because of the continuity of the chemical potential, the diffused pure spin current
is absorbed from NM to FM I.. Here, since the spin current injected into the NM and the
magnetization of the FM II. is oriented in the same direction, many spins of the injected
spin current flow through the FM II. with a slight potential energy difference. On the
other hand, the minority spins are relaxed while changing the potential energy strongly
so as to satisfy I, = 0, resulting in the flowing spin current forming equilibrium with the
potential energy. At this time, the potential energy stabilizes at 0 V, because the non-
magnetic material is stable in the same state of up spin and down spin. Therefore, when
spin polarized direction of the detected spin current and the magnetization direction
of the detector are the same direction, a positive voltage VIT — V! is observed at the
detector. On the other hand, if one side of the FM is inverted, the detected spin current

and the magnetization direction of the detector become antiparallel, and a negative
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voltage Vii — VH is observed. Since a single magnetic domain structure is generally
used as FM, the obtained spin signal has a steep signal change as shown in Fig. 2.7|(b).
As a result, the observed signal depends on the parallel and antiparallel states of the
magnetizations direction between the injector and the detector VIT — Vi‘L. Since the
signal is proportional to the amount of the applied current, the amplitude of the signal
is divided by the applied current usually. This is called a spin signal, which represents
an amount of the spin current density. The spin signal can be expressed by the following

equation:

R 2P A P2ZRZR\

el. o= 2Rp(Pr 4+ Px)(cosh (%) + sinh <%) + R% sinh <%) ’ (231
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Figure 2.7: Scanning electron microscope image and schematic illustration of the lateral
spin valve structure (a). Also, a schematic illustration of spin current density change
from the spin accumulated junction to the spin detected junction, and spin signal (b).
The spin signal can be observed by inverting the magnetization of FM injector and FM
detector. The amplitude of the spin signal represents the spin current density reaching

at the detector.
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Figure 2.8: Spin-dependent electrochemical potential diagram in FM/NM/FM/NM/FM
junction structure. Red line represents change in chemical potential due to spin accu-

mulation of up spin band.

2.13 Quantitative detection of spin accumulation in a lat-

eral spin valve including a spin absorber

Let us consider the spin accumulation voltage in the laminated structure consisting of
FM/NM/FM/NM/FM [211/88]. As shown in the figure 2.8 spin accumulation generated
at junction I., and spin absorption occurs at junction II. and junction III.. The spin

accumulation voltage generated at the junction III. is as follows:

_ 2P Abs’’! _ 4PF2RMRF
RN {cosh (ﬁ) — 1] + 2Ry sinh (ﬁ) + 2Rp (1 —+ %) (1 + 21;%—1\1\/11) exp (%) — 2Rp

Here, Rgy\ is the spin resistance of the spin absorber. Also, A,uébs, AMOAbS/, Auébs is

the spin-dependent electrochemical potential for junction I., II., and III..
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Heavy metal

Figure 2.9: Schematic illustration of the inverse spin Hall voltage detection. Up spin
and down spin receive forces in the direction of S x I due to the spin orbit interaction.
Since up spin and down spin flow in the same direction, electric current is generated.
This is called an inverse spin Hall effect, and it enables us to convert the spin current

into an electric current.

2.14 Quantitative detection of spin accumulation by in-

verse spin Hall effect

Another method for quantitatively evaluating the spin current density is the inverse spin
Hall effect [1443-48]. When observing the inverse spin Hall effect, heavy metals are used
as spin absorbers as shown in the figure Since heavy metals have large nuclei, the
orbit of conduction electrons are bent by an effective electric field. This Hamiltonian

can be expressed by the following equation:

eh? 1dV(r) _
H= 22 dr s(rxp)=2As- L, (2.33)
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Here m is the effective mass of electrons, ¢ is the speed of light, V (r) is the spherical
symmetry potential of the atom, s is the electron spin quantum number, L is the orbital
angular momentum of the atom. As the above equation shows, the sign of the Hamilto-
nian depends on the inner product of the spin quantum axis and the spin orbital angular
momentum. In addition, the spin current is a phenomenon in which up spin and down
spin diffuse in opposite directions. Therefore, in heavy metals, up spin and down spin
trajectories are bent. As a result, up spin and down spin diffuse in the same direction
as shown in Fig. 220 Electrically evaluation of the spin current density can be realized
using this effect. The magnitude of inverse spin Hall current is defined by the following
equation:

sxI,=1. (2.34)

This enables to detect the spin information without using the ferromagnetic detector,

leading to the simplification of the device structure and its integration.






Chapter 3

Device fabrication and transport

measurement

3.1 Introduction

In this section, the device fabrication techniques and equipments used in this research
are described. The device fabrication techniques used in this study are lift-off method
and etching method. For patterning the circuit, we used an electron beam lithography
system. For depositing the metal, an electron beam evaporation, a resistance heating
vapor deposition, a magnetron sputtering, and an Ar ion milling equipment were used.
The method of preparing the sample used in each experiment will be described again in
the experiment method section of each chapter.

33
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3.2 Microfabrication technique used in this research

3.2.1 Lift-off method and Etching method

The sample preparation in this study was carried out by repeating lift-off method and

etching method for several times. The flow of each processing steps for the lift-off and

etching methods are shown in Fig. Bl A lift-off method is a technique for fabricating

Lift-off
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Figure 3.1: Lift-off method Etching method
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a desired circuit by irradiating an electron beam to a highly sensitive positive resist. A

positive resist on a substrate is dissociated a combination of polymers by applying an

electron beam. A portion where an electron beam is irradiated is dissolved by immersing

it in a developer, so that a circuit mask is completed. Then, by depositing a metal and

immersing it in a remover, only the drawn metal remains. Using this process, we can
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fabricate a sample with a submicron order channel width. In the sample preparation
of this study, the lift-off method was used for fabrication of ferromagnetic thin wires
and nonmagnetic thin wires. On the other hand, the etching method is a technique for
fabricating a desired circuit by irradiating an electron beam onto a negative resist. By
immersing the sample in the developer, the area to which the electron beam is applied is
solidified and the other area is peeled off. Thereafter, a desired circuit can be formed by
removing the resist of no irradiated areas with the electron beam by an Ar ion milling
machine. In the preparation of the sample of this study, the etching method was used
to prepare ferromagnetic dots of the nanopillar lateral spin valve which is describing in
Chapter 3. The flow chart is shown in Fig. B.2] and the procedure for fabricating the
lateral spin valve and the nanopillar-based lateral spin valve are shown below. And the

flow chart for the nanopillar-based lateral spin valve is shown in Fig. 3.3l

3.2.2 Fabrication of ferromagnetic thin wire

1. First, a resist film was formed on a thermally oxidized silicon substrate by using
a spin coater, where ZEP 520 A for a positive type resist was applied, and rotate

this sample at the rotation speed of 5000 rpm.

2. In order to sinter the resist, it was heated with hot plate at 180 degree for 120

seconds.

3. In order to prevent charge-up during electron beam writing, spread Espacer uni-

formly with the spin coater 3000 rpm.

4. Patterning by electron beam, we used ELS-7800 manufactured by ELIONIX, where
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the acceleration voltage of the electron beam was 80kV, the current amount was
0.1nA, and the dose amount was 2.4 usec/dot. The current amount of 0.1nA was

used to prevent the expansion of the channel width due to the proximity effect.

5. Developing the substrate by immersing it in developer and rinse.

6. Depositing the ferromagnetic metal using ultrahigh vacuum electron beam evapo-

ration equipment.

7. Lift-off treatment was carried out by immersing in ZDMAC which is a remover.

3.2.3 Fabrication of nonmagnetic thin wire

1. First, a resist film was formed on a substrate prepared in subsection 3.2.2 by using
a spin coater, where ZEP 520 A for a positive type resist was applied, and rotate

this sample at the rotation speed of 3000 rpm.

2. In order to sinter the resist, it was heated with hot plate at 180 degree for 60
seconds. The reason for reducing the heating time is to prevent deterioration of

the ferromagnetic thin wire.

3. In order to prevent charge-up during electron beam writing, spread Espacer uni-

formly with the spin coater 3000 rpm.

4. Patterning by electron beam, we used ELS-7800 manufactured by ELIONIX, where
the acceleration voltage of the electron beam was 80kV, the current amount was
4.0nA, and the dose amount was 0.05 usec/dot. However, the current amount was

0.1nA, and the dose amount was 2.4 usec/dot for drawing of channel thin lines.
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5. Developing the substrate by immersing it in developer and rinse.

6. Depositing the nonmagnetic metal using ultrahigh vacuum Joule evaporation equip-

ment.

7. Lift-off treatment was carried out by immersing in ZDMAC which is a remover.

STEP 1 SIEERS2 STERS

SiO2/Si sub. Posi. resist EB lithography
EB lithography Lift-off

STEP 4 SIERES STEP 6

4
S "YW
Posi. resist EB eva. (for FM) Completion
EB lithography Joule eva. (for NM)
Ar ion milling Lift-off

Figure 3.2: Fabrication flowchart for the lateral spin valve.

3.2.4 Fabrication of ferromagnetic dots

1. A two-layer film of Cu/Py was deposited on a thermally oxidized silicon substrate

by using an ultrahigh vacuum evaporation equipment.
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2. A resist film was prepared using a spin coater, where TGMR for a negative type
resist was applied, and rotated this sample at the rotation speed of 3000 rpm. In
order to strengthen a connection with TGMR, HMDS was uniformly coated with

spin coater 3000 rpm in advance.

3. In order to sinter the resist, it was heated with hot plate at 110 degree for 90

seconds.

4. Patterning by electron beam using ELS-7800 manufactured by ELIONIX, where
the acceleration voltage of the electron beam was 80kV, the current amount was

0.05nA, and the dose amount was 2.6 usec/dot.

5. In order to further strengthen the area to which the electron beam was applied, it

was heated with hot plate at 120 degree for 90 seconds as a pre-bake.

6. Developing the substrate by immersing it in developer and rinse.

7. Milling the metal film with dotted resist by Ar ion milling.

8. TGMR was peeled off by immersing it in 1-methyl-2-pyrrolidone as a remover.
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Figure 3.3: Fabrication flowchart for the nanopillar-based lateral spin valve.

3.3 Sample fabrication machines

3.3.1 Electron beam lithography

An electron beam lithography is an equipment that fabricates a desired submicron circuit

by irradiating an electron beam of an extremely short wavelength. The illustration of

internal system with an exterior photo is shown in Fig. 3.4 By applying an acceleration

voltage of 80 kV to the thermal field emission electron gun, it enable to realize minimum

beam diameter of 2nm¢, and one can obtain a sample with thin line width of 10 nm or

less. The intensity of the electron beam can be controlled using a focusing lens and a

movable diaphragm. The beam can be rounded by the astigmatism corrector, and focus
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and position are adjusted by an electrostatic deflector and objective lens. The position of
the stage can be accurately adjusted by using the laser length measuring system. It has

also a secondary electron detector and has a function as a scanning electron microscope.
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=
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Figure 3.4: Electron beam lithography

3.3.2 Ultra-high vacuum quadruple electron beam evaporation system

An electron beam evaporation is an evaporation method using an electron beam. The
illustration of internal system with an exterior photo is shown in Fig. The vapor
deposition source of electron beam equipment used in this study is a quadruple inde-
pendent control type. The target metal is placed on a water-cooled hearth made of a
refractory metal and is deposited by irradiating with an electron beam. Since heat is
applied locally, it is possible to deposit a material with a high melting point. To prevent

corruption of quality, a stainless steel chamber with less gas discharge from the inner
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Figure 3.5: Ultra-high vacuum quadruple electron beam evaporation system

wall has been used. The equipment used in this study enables ultrahigh vacuum of
10~? Torr by exhausting with oil rotary pump (RP), turbo molecular pump (TMP). In

this research, this equipment has been used for depositing NiFe (Permalloy: Py).

3.3.3 Ultra-high vacuum resistance heating vapor deposition system

The resistance heating deposition method is a vapor deposition technique by melting a
metal placed on a refractory plate using Joule heating. The resistance heating vapor
deposition system is shown in Fig. The material of the boat was applied W which has
a sufficiently high melting point and does not alloy with Cu. The experimental equipment
used in this study is a composite equipment capable of resistive heating evaporation,

electron beam evaporation and ion milling. The equipment enables ultrahigh vacuum of
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1079 Torr by exhausting with RP, TMP, and a Cryo Pump (CP). The present equipment
was used for vapor deposition of Cu. In addition, in order to make the highly transparent
interfaces at each junction, the low voltage Ar ion milling was carried out. This is also

equipped with a triplet electron beam evaporation system. In experiments, it was used

for the deposition of CoFeAl (CFA) alloys.

Sfilament

electrode

Nﬂj\u pumj

1O High-voltage
y pover supply

Figure 3.6: Ultra high vacuum resistance heating vapor deposition system.

3.3.4 High vacuum magnetron sputtering equipment

Sputtering is a technique of depositing a metal by colliding with an ionized Ar gas and
a target constituting a desired metal. The sputtering system is shown in Fig. B77 This
method enable to deposit a metal having a strong adhesion uniformly on a large area
with almost no change in the composition ratio of the target. Also, since it does not
require dissolution of the target, it can be used for a wide range of metals regardless of
melting point. This sputtering machine is possible with pressure of 1078 Torr order, and

in this research we used this equipment depositing for SiOs.
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Figure 3.7: High vacuum magnetron sputtering equipment

3.3.5 Ar ion milling machine

Ar ion milling is a technique of milling a metal by colliding with an ionized Ar gas. The
Ar ion milling machine shown in Fig. An electric current is applied in the filament
to take out thermoelectrons, and these are accelerated by the anode voltage and collide
with the neutral molecules to ionize Ar. When the number of Ar ions increases, the gas
in the ion gun becomes a plasma state, and the whole is at an equipotential. Only the
ions are accelerated by the electric field between the screen electrode and the accelerating
electrode, and the Ar ions are extracted, so that atoms on the surface of the sample are
knocked out. In this research, Ar ion milling was used for fabricating the nanopillar-

based lateral spin valve.
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Figure 3.8: Ar ion milling machine

3.3.6 Scanning electron microscope

A scanning electron microscope is a microscope which is observed by detecting the
emitted electron: secondary electrons, backscattered electrons, transmitted electrons, X-
rays, cathode luminescence (fluorescence), internal electromotive force. A photo graph
and a schematic illustration of its detection systems are shown in Fig. Both the SE2
detector and the In-Lenz detector detect irregular information of secondary electrons of
the sample. In-Lenz detects secondary electrons with relatively low energy. In general,
the shortest wavelength of visible light is about 400 nm, and it is impossible to observe
the microscopic asperity structure. An electron microscope enables observation with
high resolution using an ultra short wavelength characteristic of an electron which can

not be realized by an optical microscope. In this study, the present equipment was used



3.3. SAMPLE FABRICATION MACHINES 45

to observe a fine structure of a few hundred nm.

Electron

B
e:':\m In-Lenz Detector

==
= "y

A

EEEEEEESEEEEEEEEEREEEE

Secondary . Electrostatic
Electron
N Lens
SE2 Detector $
Sample

Figure 3.9: Scanning electron microscope
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3.4 Sample evaluation equipment used in this study

3.4.1 Magnetic transport characteristics measurement system

A magnetic transport characteristics measurement system is a equipment for measuring
the spin signal of a fabricated sample. The AC current is obtained by applying the
voltage V},, of 173 Hz from the oscillator via the resistance of 5.6 k(). At the same time,
a voltage measurement terminal of V., V_ is provided at another terminal of the sample
and it is connected to the differential amplifier. Since the signal to be measured is weak,
the differential amplifier amplifies the voltage AV of V; —V_. In addition, the filter (173
Hz band pass) and the amplifier filter can more amplify AV with reducing noise. Finally,
read the AV using the digital multimeter which is amplified by the lock-in amplifier.
Two multimeters show the real part and the imaginary part of the electric resistance
(impedance), respectively, and the real part is a so-called ordinary resistance. Letting

the sample resistance be R,

1 Vi
" 2y/25600 + R

Tesr
where, I.g was taken as the effective value of I. Since 56002 > R in the above equation,
approximating 56002 yields I.g. Therefore, from the Ohm’s law, the resistance of the
sample can be measured by R = AV/I.g. On the other hand, the external magnetic
field was controlled by the DC current through the electromagnet coil. A bipolar power
supply is used as the current source, and the generated current can be controlled by
the control voltage. In this study, we used two kinds of low temperature measurement

environments such as liquid nitrogen cooling device and liquid helium freezing device

shown in Fig. [3.10
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Chapter 4

Geometrical dependence of spin
current absorption into a

ferromagnetic nanodot

4.1 Introduction

Efficient manipulation of the spin current is a key ingredient for realizing next-generation
spintronic devices with ultralow electric power consumption [49H52]. Because spin cur-
rent diffuses by driving force of a gradient of the spin-dependent electrochemical poten-
tial, the spin current is absorbed into a material with a strong spin relaxation. This
phenomenon is called spin absorption effect, and high spin absorption efficiency is re-
quired as one of the methods to control spin current. An ideal experimental platform for
studying the spin absorption effect is provided by using a lateral spin valve. The lateral
spin valve enables generation, control and detection of spin current. In addition, since it

49
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has a spin channel width shorter than the spin diffusion length, it has been regarded as
ideal one-dimensional spin diffusion so far. However, the spin absorption effect studied
by the lateral spin valve has been limited to one-dimensional diffusion. In recent years,
spin injection into various materials has been demonstrated [27H30,53]. In addition,
various types of spin devices using spin current have been proposed [12H16,54H56]. In
this context, it is important to study the spin absorption effect in a complex junction
system with three-dimensional geometry.

In this study, we investigate the spin absorption effect in various geometries. First, we
investigate the spin absorption effect using a specialized sample composed of small ferro-
magnetic dots and large two-dimensional nonmagnetic spin channel. This structure has
large asymmetry between the ferromagnetic and nonmagnetic materials, a large chemical
potential gradient is realized at the ferromagnetic/nonmagnetic junction. Therefore, the
spin injection efficiency in this structure is increased, which has been demonstrated in
previous studies [33[64,[65]. However, the spin absorption efficiency in nano-pillar based
lateral spin valves has not yet been evaluated. Since the large effective cross section for
a two-dimensional nonmagnetic film decreases the effective spin resistance of the non-
magnetic channel, the spin absorption efficiency may decrease. In the present study, we
experimentally evaluate the spin current absorption efficiency in the nano-pillar-based
lateral spin valve. In addition, we also explore the better structure for realizing the

efficient spin absorption.
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4.2 Spin absorption characteristic in a nanopillar-based

lateral spin valve

We have fabricated a nano-pillar-based lateral spin valve consisting of five ferromagnetic
nanodots formed on a uniform nonmagnetic film. First, 200-nm-thick Cu and 20-nm
thick Permalloy (Py) films were deposited by electron-beam evaporation on a thermally
oxidized Si substrate at the base pressure of 4 x 10~?Torr. Subsequently, electron-
beam lithography was performed to form the elliptical-shaped resist masks. The Ar ion
milling process has been performed to make the Py nano-pillar structures, followed by
the SiO, sputtering. After making the contact holes in the SiOs insulating layer, the top
Cu electrodes were formed by the conventional lift-off process. Thus, the array of the
ferromagnetic nanodots was formed on the two-dimensional uniform nonmagnetic Cu
film, as schematically shown in Figld.3l Here, the desired lateral dimensions for the Py1,
Py2, Py3, and Py4, which were diagonally located on the Cu film, are approximately
120nm x 180nm. The desired dimension of the middle Py dot (Py5) is 120nm x 350nm,
respectively. All the measurements in this study have been performed at 77K. Here, the
resistivity for the Py is 24 puf2em at 77K and that for Cu is 1.6 puf2cm at 77 K. First,
we evaluated the spin injection and detection efficiency for each dot by measuring the
nonlocal spin valve signals, which is a barometer for the lateral spin transports, with
various probe configurations. Here, we fixed the voltage probe to the middle dot (Py5).
The spin injection was performed from one of the diagonally located dots (Pyl, Py2,
Py3, or Py4). Since the Pyb5 is located at the shortest distance from each ferromagnetic

dot, we only consider the spin injector and detector (Py5) by neglecting the influence
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Figure 4.1: Scanning electron microscopy image of the fabricated nano-pillarbased lateral
spin valve with the multi spin injectors together with a schematic illustration for the
fabricated lateral spin valve. The top and bottom electrodes are electrically connected
via the Py nanopillars, and other regions are separated by a 100-nmthick SiO2 insulating

layer.

of the additional ferromagnetic dots. In this case, we can adapt the following basic

equation for the nonlocal spin signal ARs commonly used in a conventional lateral spin

valve [88]:

P?Rpyipyp Ry

Rs = . . )
2Rpy(Ppy + Pcy)(cosh (L/Acy) + sinh(L/Acy)) + RZ, sinh(L/Acy)

(4.1)

Here, AR corresponds to the overall change of the nonlocal voltage divided by the
excitation current. P is the spin polarization for the injector or detector. d is the center-
center distance between the injector and detector. Ay is the spin diffusion length for
the nonmagnetic channel, in this case Cu. Rp1, Rpp, and Ry are the spin resistances
for the injector, detector, and nonmagnetic channel. The spin resistance is defined by

2p\/(S(1—P?)), where p and S are, respectively, the electrical resistivity and the effective
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cross section for the spin current [21].

Figure 42 shows the spin valve signals for four different configurations. The nonlocal
spin signals exhibit clear spin-valve effects corresponding to either parallel (high) or
antiparallel (low) state. Here, the negative and positive resistance changes correspond to
the magnetization reversals for the spin injector and the detector, respectively. Although
the desired distance between the injector and detector is fixed to be 650 nm in all
configurations, the magnitudes of the spin signals are distributed from 0.57 m{2 to 0.70
m$2. This difference may be due to the distributions of the lateral dimensions for the
Py injectors and detectors, leading to the dispersion of the spin resistances for the
injector and detector. Indeed, we can confirm from the SEM image that the Py3 has
a relatively small lateral dimension compared to other Py dots. We also mention that
the effective distance between the injector and detector has a small difference, leading
to the distribution of the spin signal. Therefore, we believe that the difference in the
spin signals is not caused by the material parameters such as uniformity and interface

condition but by the dispersion of the geometrical parameters in the device.

In the above analysis, we neglected the influence of the other ferromagnetic dots on
the spin current distribution. However, the obtained spin signal was smaller than the
previously reported device with a similar lateral dimension [64]. This is because the spin
current distribution is affected by other ferromagnetic dots. To clarify the influence of
the multi spin injectors and to analyze the spin absorption efficiency due to the Pyb5,
we evaluate the nonlocal spin valve signal with various probe configurations. Here, we
compare the nonlocal spin valve signals between two configurations. One is the nonlocal

spin valve measurement using Pyl and Py4 and the other one is that using Pyl and
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Figure 4.2: Nonlocal spin valve signals by using the Py5 detector with various spin
injectors measured at 77 K. The inset shows a schematic illustration of the probe con-

figuration and the obtained spin signal.
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Figure 4.3: (a) Nonlocal spin valve signal by using the Pyl injector and Py4 detector.
(b) Nonlocal spin valve signal by using the Pyl injector and Py3 detector. Here, Py 5

is placed at the middle between Pyl and Py3.

Py3. Here, it should be noted that in the latter configuration, a middle ferromagnetic
dot (Py5) is located in between Pyl and Py4. Therefore, we expect that the significant
reduction of the spin signal is expected because of the spin current absorption effect into
Py5. As in Figll3la), the obtained spin signal using Pyl and Py4 is 0.37 m$2 , which
is smaller than the value expected from the previous nanopillar lateral spin valve [64].
Moreover, as in Fig. 3(b), we obtain 0.26 mf2, which is comparable to the spin signal
in Figl3 although a spin absorber is located at the center of the injector and detector.

These results imply that the spin current absorption exists in both configurations.

To survey the probe-configuration dependence of the spin signal, we propose two

different models based on the one dimensional spin diffusion model [68]. In the first
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Figure 4.4: Schematic illustrations for two different spin diffusion models: (a) model A

and (b) model B. (c¢) Schematic illustrations for the representative probe configurations

A, B, and C.

model (model A), we consider the spin absorption effect only in the spin current diffusion
along the diagonal direction, as conceptually shown in Figl{4[(a). Here, we neglect the
influence of the middle spin absorber on the spin diffusion to Py2 and Py3. In this
case, by using ppyApy/pcudcu = 0.2, which is approximately equal to the ratio of the
spin resistance for the ferromagnetic dot to that for the nonmagnetic Cu film [8§], we
can calculate the spin signals ARL, ARE, and ARY for the configurations A, B, and C

shown in Figll4c). From the calculation, we obtained the following relationship of the
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spin signals:

ARB = 1.41ARY ARS = 0.25ARY (4.2)

Although the second relationship is reasonable, the first relationship is quite far from
the experimental result, indicating invalid situation of the proposed model. To improve
these discrepancies, we proposed another model (model B), in which we consider the
spin absorption effect due to the middle Py dot for all branches. By using the same
values of ppyApy/pcuAcy as in model A, we obtain the following relationship for the spin

signals:

ARB = 0.65ARY, ARS = 0.32ARY (4.3)

These values show reasonable consistency with the experimental results, indicating that
the middle ferromagnetic dot acts as a good spin absorber even in the nanopillar-based
lateral spin valve because of its large lateral dimension of the Py dot. However, because of
the small spin resistance of the quasi-two-dimensional Cu film, the absorption efficiency

is smaller than the conventional lateral spin valve [69].

4.3 Spin current absorption through side surface

In order to increase the spin absorption efficiency, the spin resistance for the spin absorber
should be much smaller than the spin resistance for the nonmagnetic channel. Since the
spin resistance is inversely proportional to the cross section, increasing the effective cross
section is one of the ways for improving the absorption efficiency [21]. By increasing the
lateral dimension of the F dot or F/N junction size, one can reduce the spin resistance for

the spin absorber [38]. However, increasing the lateral dimension does not improve the
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Figure 4.5: Schematic illustration for the spin absorption measurement together with

the cross-sectional SEM image of the 100-nm-thick Py nanowire.

density of the spin current and is not suitable for nano-sized spin devices from the view
point of the device integration. To improve the absorption efficiency, we focus on the
spin absorption from the side surface, which is another way for increasing the effective

cross section for the spin current.

To investigate the spin current absorption from the side surface, we have fabricated
the lateral spin valves with middle ferromagnetic dots with different dot thicknesses,
as schematically shown in Figl4.5l Here, we have prepared 20-, 40-, and 100-nm-thick
ferromagnetic middle dots. We believe that the side surface of the thick ferromagnetic
dot was cleaned by the conventional Ar ion milling because of the forward tapered cross
section of the ferromagnetic dot as shown in FiglLHl (b). In addition, the deposition rate

of the Cu was 0.5 nm/s to obtain a better surface covering around the Py dot.

The absorption efficiency for each device has been evaluated by comparing the spin
signal to that without the middle absorber. Figures [£.0(a) and [£.6(b) show the typical

results of the spin current absorption. We have clearly observed the significant reduction
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Figure 4.6: Spin absorption effect in a conventional lateral spin valve. Nonlocal spin
valve signal (a) without and (b) with the 40-nm-thick Py dot. (c¢) Reduction of the spin

valve signal as a function of the dot thickness. The inset of (c¢) is the reduction of the

spin valve signal as a function of the effective junction size of the spin absorber.

of the spin signal. Moreover, as can be seen in Fig. [L0(c), it was confirmed that the
reduction of the spin signal increases by increasing the dot thickness. This implies that
the side surface of the middle ferromagnet acts as an efficient spin absorber [38,39]. To
clarify the influence of the spin absorption from the side surface, we replot the ratio of
the spin signal as a function of the effective cross section in the inset of Fig. [L.6/c). Here,
the effective cross section is the sum of the top surface and two side surface areas. A large

reduction of the spin signal was observed at S ~ 0.02um?. To understand this behavior,
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Figure 4.7: Scanning electron microscopy image of the modified lateral spin valve to-

gether with the schematic illustration of the fabricated device.

we may have to take into account the influence of the geometrical disorder, which may
induce the additional spin-flip scattering, when the thickness of the middle ferromagnetic
dot increases. However, since the influence of the geometrical scattering also increases

with increasing the thickness, we cannot distinguish the origin of the reduction.

To exclude the influence of the geometrically induced scattering, we have developed
a modified lateral spin valve consisting of a T-shaped Cu channel shown in Fig. E7l
Here, the spin absorber is placed under the branch of the Cu channel. Therefore, the
spin current diffusing into the Py detector is not affected by the geometrical disorder
of the spin absorber. Here, we have fabricated the modified lateral spin valves with the
different dot thicknesses, 10, 30, 60, 80, and 100 nm. The spin absorption efficiency is
evaluated from the comparison of the spin signal with and without the ferromagnetic

dot.

Figures 4.8(a) and (b) show the spin signals with and without the ferromagnetic
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Figure 4.8: Spin absorption effects in a modified lateral spin valve. Nonlocal spin valve
signal (a) without and (b) with the 30-nm-thick Py dot. (c) Reduction of spin valve

signal as an effective junction size of the Py-dot.

absorber, respectively. Here, the spin signal without the absorber is slightly smaller than
that in Fig. [.6(a), indicating that the influence of the additional Cu branch is small in
the spin diffusion in the Cu channel. However, we have clearly observed the reduction
of the spin signal in Fig. [£8(b) by putting the Py dot in the branch because of the
spin absorption effect. Moreover, as shown in Fig. [L§|(c), the spin signal monotonically
decreases by increasing the dot thickness. This is a strong evidence that the pure spin
current is efficiently absorbed from the side surface of the ferromagnetic dot similarly to
the top surface. Here, we analyze the spin absorption efficiency in the modified lateral

spin valve. Based on the one dimensional spin diffusion model, the spin signal A Rs with
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the middle absorber can be approximately calculated as follows [21},88]:

2
- (PR%y) Ribs
R%, (R, (1 —cosh(d/Acu)) + 2(RIS:,y + R3,,)sinh(d/Acy))’

Ry (4.4)

where Rlsgy, R%u, and Ribs are the spin resistances for Py, Cu, and the middle spin
absorber, respectively. P is the spin polarization for the Py. d is the distance between
the injector and detector. It should be noted that in this kind of lateral spin valve based
on the metallic wires, R%u is much larger than Ribs and R%y. Since the spin absorber
is placed in the Cu branch at a small distance from the intersection, we neglect the spin
relaxation in the Cu branch. In order to consider the influence of the absorber thickness,
we assume that the effective cross section for the spin resistance is given by Siop + 2Ssides
where Sgide 1S Weoutdot, as schematically shown in the inset of Fig. 4.8(c). Using the above
assumption, we tried to reproduce the reduction of the spin signal observed in Fig. 4.8l

The fitted curve roughly reproduces the experimental results. However, the reduction
rate significantly increases at t >80 nm. The reason for this deviation is unclear at the
moment but further reduction from the theoretical calculated value indicates that the
side surface is an efficient current absorber for the diffusive spin current. It should also
be mentioned that the expanded one-dimensional spin resistor model may be useful for

more quantitative understanding [39,[70].

4.4 Verification of transverse spin current generation in a

T-shaped lateral spin valve structure

As shown in FiglL8(b), modulation of the background of the spin signal was observed in

the T-shaped geometric lateral spin valve structure. On the other hand, this modulation
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has not been observed in the conventional lateral spin valve structure. Therefore, we
believe a spin absorption of non-collinear component occurred in the spin absorber of the
T-shaped lateral spin valve. Since the spin polarization of the transverse spin current
is 0 relative to the spin absorber, the non-collinear spin absorption efficiency increases
by considering the definition of the spin resistance. Because of its geometrical flexibility
of the T-shaped lateral spin valve, the polarized direction of the absorbed spin current
changes with respect to the relative angle of magnetization as the magnetization direction
of the spin absorber rotates. As a result, it is considered that the spin absorption
efficiency has changed and the background of the spin signal is modulated. If the non-
collinear spin current is absorbed by the absorber, the inverse spin Hall effect can be
observed as a voltage. Here, we observed the inverse spin Hall voltage by replacing the Py
spin absorber of the T-shaped lateral spin valve with a Pt. The inverse spin Hall voltage
is generated, when the direction of spin diffusion is perpendicular to polarization of spin
current [14,43H48]. Therefore, if inverse spin Hall voltage is detected, the existence of
transverse spin current can be confirmed. However, since the inverse spin Hall voltage
is generally smaller than the spin signal, it is difficult to detect with the same device
structure. Therefore, we apply a CoFeAl (CFA) alloy of highly spin polarized material
as the ferromagnet of the spin injection/detection terminal. It is known that the spin

signal significantly increases by using CFA alloy [71].

The CFA alloys were deposited using an electron beam evaporation at the base
pressure of 6 x 1072 Torr, and the Pt fine wire was fabricated at the base pressure of
7 x 10~? Torr using an ultrahigh vacuum sputtering. After that, interface cleaning was

carried out using low acceleration voltage Ar ion milling, and Cu channel deposition was
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performed at the base pressure of 6 x 1072 Torr. The film thickness and line width for
both CFA and Pt are 40 nm and 120 nm, respectively. And, the film thickness and line
width for Cu are 200 nm and 120 nm. The distance between the CFA spin injector and
the CFA spin signal detector is 250 nm, and the distance between the CFA spin injector
and the inverse spin Hall Pt detector is 500 nm.

Figurd4.9] shows the measurement results together with the SEM image of the fab-
ricated device and its measurement circuit. First, in order to confirm the amount of
generated spin current, clear spin signal of 2.2 m{) at room temperature and 4.9 mf2 at
low temperature has been observed. Then, we measured the inverse spin Hall voltage.
Clear hysteresis of 0.09 m{2 at room temperature and 0.24 m) at low temperature has
been observed. Therefore, we conclude that the spin current absorbed into the Pt spin

absorber is a transverse spin current.

4.5 Summary

We have investigated the spin absorption properties in nano-pillar-based and nanowire-
based multi-terminal lateral spin valves. Although the spin absorption efficiency in the
nano-pillar-type device was smaller than that in the conventional wire-type device, the
absorption rate in the nano-pillar device was increased by increasing the junction size
similarly in the conventional devices. However, the spin absorber had to have a large
lateral dimension in order to maintain the large spin absorption efficiency. To obtain
a large spin absorption efficiency with a small lateral dimension, we proposed the spin
absorption effect from the side surfaces of a thick ferromagnetic dot. However, it was

indicated that the spin current causes the geometrically induced scattering as the spin
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Figure 4.9: (a)Scanning electron microscopy image of the fabricated sample together
with probe configurations. Nonlocal spin valve signal (b) at room temperature and (c)

at 2.5K. Inverse spin Hall signal (d) at room temperature and (e) at 2.5K.

absorber becomes thicker. In order to evaluate the spin absorption efficiency through
the side surface properly, a modified lateral spin valve with a T-shaped nonmagnetic
wire has been proposed. First, we confirmed that the geometric spin scattering effect
becomes very small by using this structure. Then, we clearly demonstrated that the spin
absorption from the side surface was consistently enhanced by increasing the junction
area of the side surface. In addition, modulation of the spin absorption efficiency caused
by the rotation of the magnetization of the spin absorber was observed. It was confirmed
that the absorbed spin current was a transverse spin current by detecting the inverse

spin Hall effect.






Chapter 5

Modulation of spin absorption
effect by direction control of spin

polarization

5.1 Introduction

In the previous chapter, we confirmed that the spin current absorption efficiency changes
according to the relative angle between the magnetization of spin absorber and the spin
vector of spin current. The magnitude of spin absorption can be characterized by spin
resistance. Spin resistance is defined by 2[1/(1 — P?)]p)As/.S, where P, p, As, and S are
the spin polarization, the electrical resistivity, the spin diffusion length, and the effective
cross section for the spin current [21,41]. When the magnetization of the spin absorber is
parallel or antiparallel to the injected spins (longitudinal spin absorption), the effective
spin polarization is the same as that of the bulk spin polarization. This situation is

67
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known as a collinear configuration, corresponding to most of the experimental situations
in the lateral spin-valve structures reported so far [I2HI6L21[411[72]. On the other hand,
when the magnetization of the spin absorber is normal to the direction of the spin current
(transverse spin absorption), the effective spin polarization becomes zero [74]. Since the
spin resistance decreases with a decrease in the spin polarization, the spin resistance
for the transverse spin current should be smaller than that for the longitudinal spin
current. This means that the spin absorption efficiency can be tuned by the relative

angle between the injected spin and the magnetization of the spin absorber.

Magnetic domain structures in nano-structured ferromagnets are known to be con-
trolled by patterning their own shapes [75H77]. Patterned domain structures can also
be utilized for the electrodes in nano-spintronic devices, especially in lateral config-
urations [12H16,54-56]. When the width of a ferromagnetic strip is a few hundred
nanometer or less, the magnetization in the strip is strongly restricted along the wire
direction [78[79]. Therefore, except for the wire end, a fully magnetized state can be re-
alized even in the absence of the external magnetic field. This uniform domain structure
with bistable characteristic is suitable for the electrode of the electrical spin injection
and detection in the laterally configured spintronic devices because the effective spin po-
larization of the electrode is given by the vector sum of the spin directions underneath
the injecting and detecting junctions [74]. Moreover, the junction size and the interval
between the spin injector and detector can be minimized by using parallelly configured
two ferromagnetic narrow strips with a orthogonally connected nonmagnetic strip [80].
Thus, the precise manipulation of the domain structure is key for the efficient operation

in lateral spin devices. Here we conceived a V-shaped lateral spin valve structure. The
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V-shaped lateral spin valve structure has a spin injection terminal shaped into a V shape.
In this structure, the magnetization direction of the spin injector is oriented along the
end of the V shape. Therefore, it is expected that transverse spin current is generated in
the nonmagnetic spin channel without applying an external magnetic field. Using spin
Hall effects (SHEs) and its inverse effect, the electric current can be converted directly
to the spin current and vice versa [14,[43H48]. The vector relationship, in which the spin
current vector induced by the SHE is proportional to the cross product between the spin
and current vectors [43[44]. This enables to detect the spin information without using
the ferromagnetic detector, leading to the simplification of the device structure and its
integration. The ferromagnetic electrode with the perpendicular anisotropy enables the
electrical detection of the SHE in the absence of the magnetic field [48]. Here, we first
confirmed that a transverse spin current is generated by a V-shaped lateral spin valve
by detecting the inverse spin Hall effect. Then, we directly compare the spin absorption
efficiency for the transverse spin current to that for the longitudinal one by using the

specially developed lateral spin valve.

5.2 Transverse spin current generation using a V-shaped

lateral spin valve structure

Our lateral spin device consists of V-shaped ferromagnetic permalloy (Py) wires and a
Pt strong spin absorber bridged by a nonmagnetic Cu strip, as shown in Fig [5.1] (a).
For the measurement of the inverse SHE, pure spin current was created by means of the

nonlocal spin injection from the ferromagnetic wire and is injected into the Pt wire by
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using the spin absorption effect. It should be noted that the flowing (vector) direction
for the spin current in the Pt wire is almost parallel to the z axis because the absorbed
spin current is immediately relaxed by the strong spin-orbit interaction in the Pt [2141].
Therefore, the £ component of the spins is required to induce the inverse SHE along the
Pt strip. In the V-shaped wire, when the strong magnetic field is applied along the
x direction, all of the magnetizations are aligned with the x direction. Importantly,
the magnetizations around the corner maintains the applied field direction (z direction)
even at the remanent state [81]. Figurdh.d] (b) shows the numerically calculated domain
structure of the V-shaped Py wire with 80 nm in width and 30 nm in thickness at the
remanent state after the application of the horizontal magnetic field by using the object-
oriented micromagnetic frame network (OOMMF). Here, we use typical Py parameters
with the exchange constant 1.3 x 10712J/m and the saturation magnetization 1 T. The
cell size and the damping parameter are 10 nm and 0.01, respectively. At the corner
of the V-shaped wire, horizontally aligned magnetizations have been clearly confirmed.
Therefore, when the injecting junction is fabricated on the corner of the V-shaped wire,
the inverse spin Hall voltage along the Pt wire can be induced even at the zero magnetic

field by using in-plane magnetized ferromagnetic Py electrode.

The present device has been fabricated by the conventional lift-off process with
electron-beam lithography. Here, the V-shaped Py wires, 30 nm in thickness, have
been deposited by the electron-beam evaporator at the base pressure of 5 x 10° Torr.
Figurd5.1] (¢) shows a magnetic force microscopy (MFM) image of a simultaneously fab-
ricated V shaped wire, which was observed in the absence of the magnetic field after the

application of the magnetic field along x direction. The observed image reveals that the
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desired domain structure shown in Fig[5.1] (b) was formed at the corner of the V-shaped
wire. The Pt absorber, 10 nm in thickness, and a Cu strip, 100 nm in thickness, are
fabricated by the electronbeam and Joule evaporations, respectively. Here, in order to
make the highly transparent interfaces at each junction, the low voltage Ar ion milling
was carried out. The electrical resistivities for the Py, Cu, and Pt are 25.0, 2.5, and 18.4
uQlem respectively, at room temperature, and 20.6, 1.2, and 14.3 pf2cm, respectively, at
77 K. The inverse SHE was measured with the probe configuration shown in Fig[5.1] (a).
Here, the spin Hall voltage was measured by a standard current-bias lock-in technique

using 173 Hz sinusoidal constant current with the magnitude of 200 pA.

Figures [5.1] (d) and [B] (e) show the inverse spin Hall signals as a function of the
external magnetic field along the x direction measured at room temperature and 77 K,
respectively. The signals exhibit the rectangular hysteresis loops revealing the bistable
inverse spin Hall voltages in the absence of the magnetic field. Here, the overall resistance
changes were 0.07 m{) at RT and 0.18 mf2 at 77 K, which are comparable to those in the
previous reports [47,83]. The spin Hall conductivity for the Pt can be estimated from the
overall resistance changes. However, the quantitative evaluation of the spin Hall angle
is still under discussion. This is because many spin-dependent experimental parameters
such as the spin polarization for the ferromagnetic Py electrode and the spin diffusion
lengths for Py, Cu, and Pt are required for calculating the spin Hall conductivity from
the present experiment [47,[83]. Especially, the spin diffusion length for the Pt strongly
influences the estimation of the spin Hall conductivity [84]. Moreover, the significant
reduction of the spin Hall voltage due to the shunting effect from the Cu wire was pointed

out recently [83]. Since the quantitative estimation of the spin Hall conductivity is not
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Figure 5.1: (a) Scanning electron microscope image of the fabricated lateral spin Hall
device consisting of V-shaped ferromagnetic Py wires and a Pt strip bridged by a Cu
strip together with the probe configuration for the inverse SHE measurement. (b) Cal-
culated magnetic domain structure of the V-shaped Py wire at the remanent state using
micromagnetic simulation. (c¢) MFM image of the V-shaped Py wire at the remanent
state after the application of the inplane magnetic field along the = axis. Inverse spin
Hall signals as a function of the in-plane magnetic field along the x axis measured at RT
(d) and at 77 K (e). The inset of (e) shows the schematic illustration for the generation

principle of the inverse SHE in the Pt strip.
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main subject in the present paper, we do not calculate the spin Hall conductivity for our
Pt strip. However, we expect the same order of the spin Hall conductivity because the
magnitude of the overall resistance change and the electrical resistivity for the Pt are in

the same range as those in the previous reports.

We then performed an inverse SHE measurement using another V-shaped wire. Fig-
ure (a) shows the field dependence of the inverse spin Hall voltage, exhibiting a
similar rectangular hysteresis loop with the overall resistance change of 0.1 m{2. This
is because the flowing direction of the spin current in the Pt does not depend on the
position of the spin injector [47]. The magnitude of spin signal smaller than that in
Fig b1 (d) is due to the longer interval between the Pt and V-shaped wires than the
previous one. We also performed nonlocal spin valve measurements using the ferromag-
netic V-shaped injector and detector shown in the inset of Fig (b). The nonlocal
spin signals exhibit the clear spin-valve effects corresponding to either parallel (high)
or antiparallel (low) state as in Fig (b). However, the magnitude was much smaller
than that for the conventional lateral spin valve without a Pt insertion because of the
strong spin current absorption [2IL41]. These results are clear evidence that the voltage
induced in the Pt wire under the nonlocal spin injection is due to the inverse SHE of the

Pt wire induced by the pure spin current.

The direct SHE and the reciprocal relationship between the direct and inverse SHEs
have been demonstrated by using a similar designed lateral spin Hall device with a
different sample dimension [47]. Figure 53] (a) shows the probe configuration for the
direct SHE measurement, in which the spin accumulation in the Cu strip induced by

the direct SHE of the Pt was nonlocally detected by the V-shaped ferromagnetic voltage
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Figure 5.2: (a) Field dependence of the inverse spin Hall signal using another V-shaped
spin injector at the opposite side. (b) Nonlocal spin valve signal using the V-shaped Py
injector and detector with a Pt insertion. The insets of both figures represent the probe

configurations for the measurements.
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Figure 5.3: Schematic illustrations of the device for the direct SHE together with the
probe configuration for the measurement (a) and the induced mechanism of the direct
SHE (b). (c) Spin Hall signal as a function of the in-plane magnetic field along x axis.
(d) Inverse spin Hall signal as a function of the in-plane magnetic field for the same
sample. In order to directly compare the resistance changes between two measurements,

the offset resistances of 100 €2 and 20 u$2 were subtracted from (c) and (d), respectively.

probe (Fig (b)). As shown in Fig (c)), a rectangular hysteresis loop with the
opposite polarity was clearly confirmed in the field dependence of the direct SHE. By
interchanging the current and voltage probes, the inverse SHE was also measured, as
shown in the inset of Fig (d). The overall resistance change equal to that for the
direct SHE clearly indicates the verification of the reciprocal relationship between the

spin and charge currents.

Finally, we study the angular dependence of the inverse spin Hall signal under the
nonlocal spin injection from the V-shaped wire. Figures 5.4 (a) and [(4] (b) show the
field dependences of the inverse spin Hall signals for ¢ ~ 30° and ¢ ~ 90°, respectively.

Here, ¢ is the in-plane angle of the external magnetic field with respect to the Cu
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wire direction. Two step resistance changes observed in Fig [5.4] (a) can be explained
by the separate irreversible switchings of the upper and lower magnetic wires. At the
intermediate state, the spin Hall signal becomes almost zero. This is because the average
of the z component for the magnetizations at the corner is nearly zero at the intermediate
state, as schematically shown in the inset of Fig[5.4 (a). The gradual reduction of the
spin Hall signal after the second resistance jump is due to the gradual rotation of the
magnetizations toward the external magnetic field. On the other hand, in the spin Hall
signal at ¢ ~ 90° shown in Fig[5.4] (b)), a finite spin Hall voltage appears around H ~ 40
mT. This means that a magnetic domain wall was nucleated at the corner because of the
difference of the switching field between upper and lower wires, as schematically shown in
the inset. The sign of the finite spin Hall signal depends on the chirality of the domain
wall [85], meaning that the spin Hall measurement is useful for sensitive detections
of nano-sized magnetic domain structures. According to this result, the polarization
direction of the generated spin current depends on the magnetization direction of the
V-shaped ferromagnetic spin injector, and it was confirmed that this device structure

can generate the transverse spin current.

5.3 Longitudinal and transverse spin current absorptions
in a lateral spin-valve structure
In the previous section, we found that the V-shaped lateral spin valve can generate the

transverse spin current. Here, to evaluate the longitudinal and transverse spin current

absorptions precisely, we developed a lateral spin valve (LSV) using the V-shaped fer-
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Figure 5.4: Inverse spin Hall signal as a function of the external magnetic field at ¢ ~
30°(a)and ¢ ~ 90° (b). The insets show the expected magnetic domain structures for

the V-shaped Py wire.
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romagnetic injector and detector, as shown in Fig. Here, one V-shaped wire (right
side) was connected to a large pad at the wire end in order to assist the magnetization
reversal. Therefore, the switching field for the right-hand-side V-shaped wire is smaller
than that for the left-hand-side one. A ferromagnetic strip, which plays the role of the
spin absorber, is located in the middle of the V-shaped wires. The three ferromagnetic
Permalloy (Py) wires are bridged by a nonmagnetic Cu strip. It should be noted that
the V-shaped Py wires are connected to the Cu strip at the corners of the V-shaped
wires. Therefore, the directions of the injecting and detecting spins reflect the domain
structures at the corners. When a strong magnetic field is applied to the sample along
the z direction, all of the magnetizations in the V-shaped wires and the strip are aligned
along the z direction, as shown in Fig. B5(b). In this situation, the direction of the gen-
erated spins in the Cu strip is parallel to the magnetization of the spin absorber. This
situation corresponds to the longitudinal spin current absorption. On the other hand,
when the magnetic field decreases to zero, the domain structure of each ferromagnetic
wire reflects its own shape, as shown in Fig. B.5(c). The magnetization of the middle
strip is aligned with the wire direction (y direction) because of the shape anisotropy.
However, the magnetizations of the V-shaped wire around the corner maintain the field
direction (x direction) even at the remanent state [81]. Although two types of domain
walls—transverse and vortex—can exist in ferromagnetic wires, the transverse domain
wall is known to be stabilized in the present experimental geometry and magnetic con-
figuration [86]. In fact, we confirmed the formation of the transverse domain wall by
means of a magnetic force microscope observation [87]. In this situation, the injecting

spin is perpendicular to the magnetization of the spin absorber, meaning the transverse
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Figure 5.5: (a) Scanning electron microscope (SEM) image of the specially fabricated
Py/Cu lateral spin valve consisting of two V-shaped nanowires with a middle strip.
Expected domain structures in the Py wires and spin accumulation in a Cu channel for

the longitudinal configuration (b) and the transverse configuration (c).
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spin current absorption. Note that the magnetic configuration between the injector and
the detector should still be parallel at the remanent state. Therefore, the difference in
the spin signal between the two situations should mainly be caused by the change of
the spin resistance for the middle Py wire. By comparing the nonlocal spin voltages
between the two situations, we can evaluate the longitudinal and transverse spin current

absorptions precisely.

The LSV for the present study has been fabricated by the conventional liftoff process
with electron beam lithography. Here, the three Py wires, 30 nm in thickness, have been
deposited by the electron-beam evaporator at a base pressure of 5 x 1072 Torr. Then,
a Cu strip, 150 nm in thickness, has been deposited by Joule evaporation at a base
pressure of 2 x 10~ Torr. Prior to the deposition, the surfaces of the Py wires were well
cleaned by low-voltage Ar ion milling. We also fabricated a V-shaped LSV without the
middle Py wire. Here, the resistivity for the Py is 22 uQcm at 77 K and that for Cu
is 1.2 uQem at 77 K. The nonlocal spin-valve signal has been measured by a standard

current-bias lock-in technique at 77 K.

First, we measured the nonlocal spin-valve signal in a V-shaped LSV without a
middle strip in order to confirm the magnetization configuration between the V-shaped
spin injector and the detector during the field sweep along the x direction. As can be
seen in Fig. 5.6 we obtained a clear bipolar signal reflecting the parallel and antiparallel
configurations with the magnitude AR, of approximately 1.18 m [12]. Here, in the
antiparallel configuration, the righthand-side V-shaped wire was switched because of the
large pad connected at the wire end. The signal was found to decrease slightly with a

decrease in the magnetic field from the fully parallel state, although the domain structure
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Figure 5.6: (a) Nonlocal spin valve signal in a Vshaped lateral spin valve without the
middle spin absorber. The magnetic field is applied along the z direction (parallel to the
Cu strip). (b) Schematic illustrations for the domain structures of the V-shaped injector
and detector at the fully parallel (A), the remanent (B), and the quasi-anti-parallel (C)

states.
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Figure 5.7: Detailed spin structure around the injecting junction of the V-shaped ferro-

magnetic wires obtained from the micromagnetic simulation.

at the corner was not switched. The gradual signal change between the fully parallel and
the remanent states was 0.14 m2, corresponding to 24 % of that at the fully parallel state.
This reduction can be understood by the slight deviation from the fully uniform domain
structure. We numerically calculated the detailed domain structure of the V-shaped
wire from the micromagnetic simulation [82]. As shown in Fig. 5.7, most of the spins
around the corner are aligned along the x direction even at the remanent state. However,
some of the spins deviate slightly from the x direction. Since the spin accumulation in

the nonmagnet is given by the average of the vector sum of the injecting spins [74],
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the small nonuniformity of the domain structure reduces the effective spin polarization
of the injecting spins. A similar reduction of the effective spin polarization has to be
considered in the detection of the spin accumulation using the V-shaped ferromagnetic
wire. We calculated the average x component of the normalized spins n, at the lower
half of the corner of the V-shaped wire from the numerical result of the micromagnetic
simulation, and we found that n, is given approximately by 0.87. Since the spin signal
is proportional to the product of the effective spin polarizations for the injector and the
detector [211/[411[88], the reduction ratio of the spin signal at the remanent state is given
by n? x (0.76). Thus, the 24 % reduction observed in the spin signal is quantitatively
explained by the slight deviation from the uniform domain structure at the corner of the
V-shaped wire. This confirms the validity of the assumption that the magnetization of

the injector and the detector is roughly in parallel at the remanent state.

Next, we evaluate the spin transports in the V-shaped LSV with a middle Py strip.
Before showing the spin absorption experiment, we measure the nonlocal spin signal
using the V-shaped spin injector and the spin detector of the middle Py strip. This
enables us to roughly estimate the relative angle between the injected spin from the
V-shape wire and the magnetization of the middle Py wire. Figure[5.8(a) shows the spin
signal as a function of the external magnetic field along the = direction. The field depen-
dence of the spin signal exhibits a very unconventional change. This can be explained
by considering the hard-axis magnetization reversal process of the ferromagnetic middle
strip and the small inhomogeneous current distribution in the injecting junction at the
corner of the V-shaped ferromagnetic wire. Here, we discuss the field dependence of

the spin signal with the forward sweep. When the negative magnetic field is sufficiently
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large, both magnetizations of the spin injector and detector align along the direction of
the magnetic field (A). Therefore, the spin signal almost takes the value at the parallel
state. When the negative magnetic field decreases, the injecting spin remains in the — x
direction, as explained in the previous paragraph. On the other hand, the magnetization
of the middle strip starts to rotate to its easy axis (B). Here, the rotation direction of
the middle strip is determined from a small y-axis component of the external magnetic
field due to the experimental misalignment (less than +5°). It should be noted that
the spin signal at the remanent state takes the middle value between the parallel and
antiparallel states. This means that the relative angle is almost 90°, indicating that the
transverse spin current is absorbed into the middle Py wire. However, the spin signal
at zero magnetic field shows a small positive value. This can be explained by the small
inhomogeneous current distribution in the injecting junction in the half-probe configu-
ration [89,90]. In the present probe configuration, the spin accumulation injected from
the lower half of the corner of the V-shaped wire is mainly detected by the middle Py
strip. This results in a small 4y component of the spin accumulation, as schematically
shown in Fig. B.8(b). Since the spin signal is given by the inner vector product between
the accumulated and detected spins, the small y component of the spin accumulation
induces a small positive spin signal. According to the micromagnetic simulation, when
the positive magnetic field increases, the area for the spins aligned along the x direction
is found to be wider with an increase in the positive magnetic field before the switching.
This is because the magnetization reversal process is caused by switching the direction of
the domain wall at the corner, and this feature well explains the experimental fact that

the spin signal approaches zero at the positive magnetic field just before the switching
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Figure 5.8: (a) Nonlocal spin valve signal using the V-shaped Py injector and detector
with the middle Py absorber under the magnetic field along the x direction (parallel
to the Cu strip). (b) Schematic illustrations for the domain structures of the V-shaped

injector, detector, and absorber at the fully parallel (A) and the remanent (B) states.
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(B’). The micromagnetic simulation also shows that the spin direction in the lower half
tends to align along the wire direction. This spin structure change explains the negative
abrupt change of the spin signal (C). By further increasing the magnetic field, the spin
signal shows a large positive jump (D). This is due to the irreversible switching of the
middle Py strip, which is a typical feature of the rotation magnetization process for the
hard axis [91,92]. Thus, the unusual field dependence of the spin signal can be explained
by the magnetization rotation of the middle Py strip and the small inhomogeneity of

the spin injection.

We then study how the transverse spin current is absorbed by the middle Py wire
by measuring the nonlocal spin signal with the V-shaped injector and detector. As
shown in Fig. [5.8|(a), the overall resistance change was estimated to be 0.3 m2, which is
strongly reduced from the V-shaped LSV without the middle Py insertion. This is due
to the spin absorption effect in the middle Py strip [2I,41]. The spin signal gradually
decreases with a decrease in the magnetic field. This feature is also observed in the
V-shaped LSV without the middle Py wire. However, ARR is 0.11 mS2, corresponding
to approximately a 73 % reduction from the spin signal at the fully parallel state. This
reduction is much larger than that in the LSV without the middle Py. As explained in
the previous paragraph, the reduction of the spin signal due to the deviation from the
fully parallel state is 24 %. Therefore, we expect that the further reduction of the spin
signal at the remanent state is caused by the gradual transition from the longitudinal

spin current absorption in the middle Py strip to the transverse spin current absorption.

We analytically calculate the spin absorption efficiency in the middle Py strip for the

longitudinal and transverse spin currents. By using the one-dimensional spin-diffusion
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model, the ratio of the spin signal with the middle wire, RY', to that without the middle

wire, R;V/O , can be calculated as follows [19,21][4T]88]:

RY 2Rsm[e?/ o (Rsx + 2Rsr) + Rs] (5.1)
RY/° el rcu(Rgn + 2Rsr)(Rsn + 2Rsm) — Rsn(Rsn — 2Rgr) '

where Rgy, Rsp, and Rgps are the spin resistances for the nonmagnetic channel,
the ferromagnetic spin injector (or detector), and the middle spin absorber. Here, from
our previous experiments, we know P = 0.35, Apy = 5 nm, and Ac, = 1300 nm, which
are reasonable values typically reported in Py/Cu LSV systems [12,[15,[73]. By using
Eq. BT (1), the ratio RY / R;V/ ° for the longitudinal spin current absorption can be
calculated to be 0.27. This value well reproduces the experimentally obtained ratio
RY/ RY/° = 0.3/1.18. It should also be noted that the overall spin signal observed in
Fig. 5.8 (a) can be quantitatively explained by a similar one-dimensional analysis within
these parameters [93,[102].

We then calculate the reduction ratio of the spin signal for the transverse spin cur-
rent absorption. As explained above, the spin accumulation voltage for the transverse
configuration shows a 73 % reduction from the fully parallel state with the longitudinal
configuration. By considering a 24 % reduction because of the reduction of the effective
spin polarization at the remanent state, the ratio of the spin signal for the transverse
spin absorber to the original spin signal without the absorber can be estimated to be
(0.3/1.18) x (1 — 0.73) x (1/0.76) ~ 0.08. To quantitatively explain this experimental
value, we calculate the reduction ratio of the spin signal for the transverse spin cur-
rent assuming zero effective spin polarization. However, the value is 0.19, which is not

small enough to explain the experimentally observed reduction of the spin signal for the
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transverse spin absorption.

To solve this discrepancy, we consider the angular dependence of the spin relaxation
length in ferromagnetic metal. In ferromagnetic metals, the spin relaxation length is
believed to depend on the relative angle since the spin relaxation can be characterized
by the following two situations [94]. One mechanism is spin relaxation due to spin
diffusion, where the injecting spin and the magnetization of the spin absorber are in
a collinear configuration. This situation corresponds to the longitudinal spin current
absorption. The other mechanism is spin relaxation due to the exchange interaction from
the local magnetization, where the direction of the spin is normal to the magnetization
of the detector (the transverse spin current absorption). Theoretical studies suggest
that the spin relaxation length for the transverse spin current is shorter than that for
the longitudinal spin current [94-97]. Since the spin resistance is proportional to the
spin diffusion length, the shorter transverse spin relaxation length induces a further
enhancement of the spin absorption into the middle Py wire. Therefore, the transverse
spin relaxation length may explain the reduction of the spin signal at the remanent
state quantitatively. Here, we calculate the transverse spin relaxation length in order to
reproduce the reduction of the spin signal observed in Fig.[5.§|(a). By solving Eq. 5.1l the
transverse spin relaxation length can be estimated to be 1.8 nm, which is less than half
that of the longitudinal spin relaxation (spin diffusion length). In theoretical studies,
the length scale for the transverse spin relaxation is known to depend on the transport
mechanism of the conduction electrons. Although the ballistic electron model expects
the transverse spin relaxation length [95], which is the same order of the electron Fermi

wave length, a length scale of a few nanometers is expected in the diffusive electron
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model [98,99]. Since the spin current in the present lateral structure is caused by the
diffusive electrons, the present result is quantitatively explained with the transverse spin
relaxation model based on the diffusive transport.

The present method using the lateral spin valve based on V-shaped ferromagnetic
wires enables us to evaluate not only the transverse spin diffusion length but also the
longitudinal one from a single spin-signal measurement. This is a great advantage com-
pared to the rf spin pumping method, in which the transverse spin diffusion length is
estimated from the thickness dependence of the damping constant for several samples.
Since the transverse spin diffusion length is an important factor in the spin-transfer
torque [I00,[I01], the technique developed here will be very useful. Another important
factor is that the spin absorption efficiency is enhanced by using the transverse spin cur-
rent because of the reduction in the effective spin polarization and the spin relaxation
length. When we use a highly spin polarized material such as Heusler alloys [93|[102-105],
the absorption efficiency can be strongly modified by changing the relative direction of

the spin injector and the spin absorber.

5.4 Summary

We demonstrated that a transverse spin current can be generated using a V-shaped lat-
eral spin valve. First, we confirmed that this device structure can generate spin current
of polarized direction component reflecting the magnetic domain structure of V-shaped
spin injection terminal. The spin Hall voltage appears even in the absence of the mag-
netic field and shows the rectangular-shape bistable field dependence. The validity of the

observed SHE was also confirmed by changing the probe configuration and the nonlocal



90 CHAPTER 5. SPIN ABSORPTION EFFECT IN FERROMAGNETIC/ ...

spin valve measurement. In addition, we observed a longitudinal spin absorption and a
transverse spin absorption using a V-shaped lateral spin valve. Comparing the longitu-
dinal and transverse spin absorption efficiencies, it was clarified that the transverse spin
absorption efficiency is stronger than that for the longitudinal one. Furthermore, from
the numerical calculation, we found that the modulation of the spin absorption efficiency
depends not only on the spin polarization but also on the spin relaxation length, and

the transverse spin relaxation length in the Py is found to be A = 1.8 nm.



Chapter 6

Spin absorption effect in
ferromagnetic/nonmagnetic

bi-layer channel.

6.1 Introduction

Ferromagnetic metal(FM)/nonmagnetic metal (NM) hybrid nanostructures enable us to
induce the intriguing electrical transports and magnetization dynamics in association
with the spin-dependent transport and the spin momentum transfer [10,[12}37,[108,109].
In such phenomena, a spin current, a flow of the spin angular momentum, plays a central
role. Therefore, developing the precise control method of the spin current is an important
issue for deepening the understanding of the fundamental spin-related physics as well
as for further developing the spintronic devices [49-52]. So far, electrical spin injection
and detection techniques have been well established with the development of the nano-
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fabrication techniques [12}[13]. Especially, the nonlocal scheme enables us to detect tiny

spin-related signals by eliminating the charge-current-induced spurious signals.

The lateral spin valve structure provides an ideal platform for investigating the
transport properties of the diffusive spin current because of its flexible probe configura-
tions [I2H16]. In the lateral structures, the spatial distributions of the non-equilibrium
spin current and accumulation in the NM are significantly affected by an additionally
connected material when the connected material has a strong spin relaxation compared
with the NM [21[41]/88]. This is known as the spin absorption effect, where the pure spin
current is effectively extracted from the NM. Interestingly, when the spin absorber is a
FM, the extraction efficiency depends on the angle between the magnetization direction
and the injected spin owing to the following two reasons. One is the difference of the
spin relaxation mechanism between the longitudinal and transverse spins [94-97]. In the
FM, the transverse spin relaxation time is known to be shorter than the longitudinal
one because of the strong exchange interaction [98,99]. The other one is the spin polar-
ization [74]. The difficulty of the flow of the pure spin current increases with increasing
the difference of the electrical conductivity between up and down spins prevents the
absorption of the pure spin current. Therefore, the extraction efficiency decreases in the
longitudinal configuration. These features can be well characterized by introducing the
spin resistance [21,[411[88]. For the transverse spin current, the effective spin polariza-
tion becomes zero and the spin diffusion length is shorter than the longitudinal case.
Therefore, the spin resistance for the transverse spin current becomes smaller than the
longitudinal one [94H97]. Indeed, the stronger transverse spin current absorptions have

been reported experimentally [106]. However, the significant reduction of the spin signal
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makes it difficult to detect the difference between the longitudinal and the transverse
spin absorption effects precisely. We have recently developed high performance lateral
spin valves by employing highly spin polarized electrodes [107]. The magnitude of the
spin signal becomes 10 times larger than that of the conventional LSV based on the
Permalloy electrodes. This enables us to perform more precise experiments on the spin
absorption effect. From this point of view, we investigate the spin absorption property

of the Cu/CoFeAl interface and its temperature dependence.

6.2 Anisotropic spin absorption effect in a FM/NM bi-

layered channel

We have fabricated a specially developed lateral spin valve consisting of the CoFeAl
and Cu on a thermally oxidized Si substrate. The special point of the LSV is that
the spin-transport channel is not a Cu monolayer strip, but is the Cu/CoFeAl bilayer
strip. Figure 6] (a) shows the SEM image of the fabricated device together with the
schematic illustration of the device. The CoFeAl electrodes, 100 nm in width and 30 nm
in thickness, were bridged by a Cu/CoFeAl bilayer strip. Here, the CoFeAl electrodes
have been fabricated by a standard lift-off technique with an e-gun evaporation under
the base pressure of 10~ Torr. Here, one electrode has the flat end while the other one is
connected to the large electrical pad. These results in the different switching field of the
CoFeAl electrodes. The CoFeAl/Cu bilayer strip, 1000 nm in width, has been prepared
also by a standard lift-off method. Here, the Cu layer, 200 nm in thickness, was deposited

by a Joule evaporation and the CoFeAl, 10 nm in thickness, was deposited by the e-gun
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evaporation. The interface between the Cu and CoFeAl in the spin channel has been
grown continuously without breaking the vacuum, meaning the transparent interface.
In addition, prior to the Cu deposition, the surface of the CoFeAl has been cleaned
by the low voltage Ar ion milling in order to obtain the highly transparent interface.
The electrical resistivities for CoFeAl and Cu are 45 pf2cm at room temperature and 30
uQlem at 2.5 K, respectively. Therefore, in the bilayer film, the current flowing in the
CoFeAl is negligibly small.

In this LSV, owing to the ferromagnetic capping layer on the Cu channel, we expect
the modulation of the spin accumulation originating from the longitudinal and trans-
verse spin absorption. Since the easy axis for the ferromagnetic capping layer is normal
to the easy axis of the ferromagnetic electrodes, we can realize both the longitudinal
and transverse configuration by sweeping the external magnetic field along the CoFeAl
electrode. As shown in Fig. (b), when the external magnetic field is sufficiently large,
the moderate spin absorption into the capping CoFeAl layer occurs under the longitu-
dinal configuration. In the absence of the magnetic field, the transverse configuration
can be realized. Thus, we expect the modulation of spin accumulation with magnetic

configuration by the application of external magnetic field.
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Figure 6.1: (a) Scanning electron microscopy (SEM) image of the fabricated bi-layer type
lateral spin valve consisting of ferromagnetic CoFeAl wires bridged by a Cu/CoFeAl by-
layer spin channel together with the schematic illustration of the device. (b) Schematic

illustration of the longitudinal and transverse spin absorptions.
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Figure shows a room-temperature nonlocal spin valve signal. We can see clear
spin valve signal depending on the parallel and anti-parallel configurations between two
CoFeAl electrodes. In addition to the main spin valve signal, we see the gradual field de-
pendence of the spin accumulation signal. This gradual change can be understood by the
modulation of the spin accumulation due to the relative angle between the accumulated
spin and the magnetization of the capping layer, as explained in Fig. (b). Reflecting
the parallel and anti-parallel configuration, we can see a gradual change of the base line.
So, the base line at the zero magnetic field is 1.52 mOhm while that is 2.46 mOhm at
the higher magnetic field. This modulation of the base line can be understood by the
anisotropic spin current absorption into the CoFeAl capping layer, as follows. When the
magnetic field is sufficiently large, all of the magnetizations align with the direction of
the magnetic field. In this case, the accumulated spin is parallel to the magnetization
of the spin absorber, namely longitudinal configuration. The magnetizations for each
CoFeAl wire starts to rotate to their easy axes with decreasing the magnetic field. So,
the magnetizations of the CoFeAl electrodes are normal to the magnetization of the spin
absorber. This corresponds to the transverse configuration. As mentioned above, the
spin absorption at the transverse configuration is stronger than that at the longitudinal
case. Therefore, the detecting spin accumulation at the zero magnetic field becomes

smaller than that at the high magnetic field.

From our systematic experiments on the diffusive spin transport in the conventional
CoFeAl/Cu lateral spin valve, we know the spin diffusion length and the modulation
ratio of the spin signal. So, the transverse spin relaxation length is only the unknown

parameter. From the magnitude of the modulation, we can estimate the transverse spin
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Figure 6.2: Nonlocal spin valve signal in a Cu/CoFeAl bi-layer type lateral spin valve

measured at 2.5 K.
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relaxation length. The modulation of the spin signal is mainly caused by the spin polar-
ization. The reason for the non-large difference between the longitudinal and transverse
spin diffusion length may be related to the amorphous structure of CoFeAl. Since the
ferromagnetic absorber has random magnetization, the longitudinal spin diffusion length
is too short.

We then measured the temperature dependence of the nonlocal spin valve signal.
Since the nonlocal spin signal shows the gradual modulation because of the spin ab-
sorption effect, we define the longitudinal and transverse spin signals. In this case, the
modulation ratio is given by AR/ ARET in the Fig. We can see that the modu-
lation ratio increases with decreasing the temperature. This is because the increment
of the mean free path causes the increase in the longitudinal spin diffusion length. In
addition, the smaller increase in the electrical spin polarization also contributes to the

modulation increase.
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6.3 Temperature dependence of the spin signals in a fer-

romagnetic/nonmagnetic bi-layered channel

We then investigate the temperature dependence of the spin accumulation signal. The
width of Cu/CoFeAl wire is reduced to 100 nm, in order to exclude any artifact. Figure
63l (a) and (b) show the temperature dependence of the nonlocal spin signal. The mod-
ulation ratio seems to increase with decreasing the temperature as expected. However,
surprisingly, the spin accumulation signal at low temperature is smaller than that at
room temperature. Figurd6.3| (c) is the summary of the temperature dependence of the
spin accumulation signal. So, the spin accumulation signal takes a maximum value at 180
K. In conventional lateral spin valves, the temperature dependence of the spin accumu-
lation signal shows the monotonic increase with decreasing the temperature because of
the suppression of the phono scattering, and the observed non-monotonic feature should
originate from the capping layer. It should be noted that the similar non-monotonic
temperature dependence has been reported by Refs. [35]. They argue that the unique
spin flip scattering is induced by Kondo effect at low temperature. As a result, the spin
accumulation signal is smaller than the value at room temperature. However, we want to
point out that they have not reported the position dependence of the spin accumulation
signal to verify their arguments. Also, the temperature where the spin signal takes the
maximum value is far from the temperature of the minimum resistivity. Therefore, the

explanation based on the Kondo effect is still a controversial issue.

Here, we provide another argument to explain the non-monotonic temperature de-

pendence of the spin accumulation by using the spin absorption effect. In our sample,
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Figure 6.3: Nonlocal spin-valve signals in the lateral spin valve at (a) 2.5 K and (b) 302.5
K. (¢) Temperature dependence of the spin signal in the bi-layer device with channel
width of 100 nm. (d) Numerical calculation of the temperature dependence of the spin

signal.
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the junction size between the nonmagnetic channel and the spin absorber is quite large.
Especially, the length along the Cu wire is over few microns, which is much longer
than the spin diffusion length for the Cu. This means that effective junction size for
the spin absorber depends on the temperature. Since the spin diffusion length for the
Cu wire increases with decreasing the temperature, the influence of the spin absorber
should increase with decreasing the temperature. This may explain the non-monotonic
dependence of the spin accumulation signal.

To consider the influence of the spin absorber more quantitatively, we analytically
calculate the spin accumulation signal in this system under the framework of the one
dimensional spin diffusion model. Here, we consider several paths for the spin diffusion
for the non-equilibrium spin accumulation. The first one, say path 1, is the spin re-
absorption into the spin injector, which is important factor for the efficient spin injection.
The second one, path 2, is the spin diffusion into the spin detector, which is directly
related to the spin accumulation signal. The third one, path 3, is the spin absorption
into the absorber. This is the most important contribution in the present structure.
The final one, path 4, is the spin diffusion into the Cu. For the non-equilibrium spins
in the vicinity of the injecting junction, these paths exist in parallel. By defining the
spin resistance for each path as Rg, the total spin resistance is given by the following

equation.
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Here, the spin resistance for each path is given by the following equations.

2
Ri= e (62
R UL R vt ©3)
o e Pee) R s} o
| R = W, (6.5)

Where, Weoreal and Wy are the line width of CoFeAl and the line width of Cu, respec-
tively. And, L is the distance between the injector and the detector, and ¢ is the distance
between the injector and the absorber. This synthetic spin resistance can be defined us-
ing only path 3, because of its extremely low spin resistance. Path 3 is described by
the series connection between the nonmagnetic channel and the ferromagnetic absorber.
Since we treat the spin diffusion along the vertical direction, the effective junction size
should be given by Wy X Acy.

Since we know the temperature dependence for each values, we simply input the
equation then calculate the spin accumulation signal. Figure (d) shows the calcu-
lated result on the temperature dependence of the spin accumulation signal. We can
clearly confirm that the spin accumulation signal takes a maximum value at the certain
temperature. Thus, the non-monotonic temperature dependence of the spin accumula-

tion can be quantitatively explained by properly considering the spin absorption effect.
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Figure 6.4: Typical schematic illustration of the fabricated lateral spin valve together
with the SEM images. The line width of each spin channel was designed from 100 nm

to 2000 nm.

6.4 Temperature dependence of the spin signals in conven-

tional lateral spin valves

From the aforementioned analysis, we expect that the similar non-monotonic dependence
of the spin accumulation will be observed in the conventional lateral spin valve with the
wide Cu channel. This is because the spin injection mainly occurs at the edge of the
junction because of the large electrical conductivity difference. As shown in Fig. [6.4]
the injected spins from one interface diffuse into the spin detector. However, when the
width of the Cu wire is wide, the spin diffuses also along wire width direction. Then, the
similar situation will also occur in this structure. Therefore, we expect that the similar
non-monotonic temperature dependence will observe also in the conventional lateral spin

valve with a wider wire. Here, we have fabricated the lateral spin valves for different
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wire widths, 100 nm, 300 nm, 500 nm, 1000 nm and 2000 nm. Then, the temperature
dependence of the spin accumulation signals is examined. As can be seen in Fig. [6.5]
we can clearly see the non-monotonic dependence of the spin accumulation signal and
found that the temperature where the spin accumulation signal takes the maximum
value increases with increasing the wire width. This is perfectly consistent with our
expectation.

Based on these systematic study, we are able to understand the non-monotonic tem-
perature dependence of the spin accumulation signal without taking into account the
additional unique effects such as Kondo effect and surface scattering. Spin absorption
effect is quite important to characterize the spin diffusion in the laterally configured

ferromagnetic/nonmagnetic hybrid structures.
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Figure 6.5: (a), (b) Line width dependence of spin signal in the conventional lateral spin

valves. (c), (d) Temperature dependence of spin signal in the various line widths.
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6.5 Summary

The spin transport properties in a spin valve with ferromagnetic/nonmagnetic bi-layer
channel was investigated. It was found that the ferromagnetic channel plays the role
of a spin absorber and it is possible to observe the anisotropic spin absorption effect.
However, it was found that it is impossible to accurately evaluate the longitudinal and
transverse spin relaxation lengths unless the spin absorber has high crystal anisotropy.
On the other hand, the temperature dependence of the spin signal showed anomalous be-
havior. We clarified that the temperature dependence of the spin signal can be explained
by modulation of the spin resistance of the whole system caused by the temperature

change in the one-dimensional spin diffusion model.
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Conclusion

In this thesis, I have experimentally investigated the spin absorption effect in ferromag-
netic/nonmagnetic hybrid nanostructures by taking into account the three dimensional
diffusion of the spin current and the non-collinear spin configuration. The major results

of the thesis are as follows:

In the first experiments, we have investigated the geometrical contribution in the
spin absorption effect. In a nano-pillar-based lateral-spin-valve structure, the spin ab-
sorption was found to increase with increasing the lateral dimension of the ferromagnetic
dot. However, the absorption efficiency was much smaller than that in a conventional
lateral spin valve based on nanowire junctions. This is because the large effective cross
section of the two dimensional nonmagnetic film effectively reduces the spin resistance
of the nonmagnetic channel. As a result, a relatively large spin current diffuses into the
nonmagnetic channel. In a conventional lateral spin valve based on the nanowire junc-
tions, I found that the spin accumulation signal is significantly reduced by increasing the
thickness of the ferromagnetic absorber. This can be understood by taking into account

107
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the spin absorption through the side surface of the ferromagnetic dot quantitatively with
the spin scattering effect. We showed that the spin scattering effect can be removed by
using a T-shaped lateral spin valve in which the spin absorber is located at a position
branched from the spin diffusion path. Apart from the spin absorption, the base signal
of the nonlocal signal in the T-shaped lateral spin valve exhibits the gradual field depen-
dence. To explain the gradual change, I proposed the anisotropic spin absorption effect
originating from the difference between the longitudinal and transverse spin absorption

effects.

In the second experiment, we investigate the influence of the relative angle between
the direction of the spin current and the direction of the magnetization of the spin
absorber on the spin absorption effect. We proposed V-shaped ferrromagnetic injector
and detector in order to realize the non-colinear spin configuration. From the spin
Hall signal using the Pt detector, we verified that the transverse spin current is really
generated from the V-shaped ferromagnetic wire. By extending the experiments with the
V-shaped ferromagnetic wires, I examined the spin absorption effects for the longitudinal
and transverse spin currents in a Permalloy nanowire. The spin absorption for the
transverse spin current was found to be stronger than that for the longitudinal spin
current. The result is quantitatively explained by considering the angular dependence
of the effective spin polarization with the fact that the transverse spin relaxation length

is less than half that of the longitudinal spin relaxation.

In the third experiment, I have developed a novel lateral spin valve consisting of
the ferromagentic/nonmagnetic bilayer spin channel with the highly spin-polarized elec-

trodes. A large modulation of the spin valve signal has been observed even at room
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temperature and the modulation ratio increases with decreasing the temperature. In
this structure, the spin accumulation was found to take a maximum value at 180 K and
the room temperature spin signal was larger than that at low temperature. This non-
monotonic temperature dependence of the spin accumulation signal can be explained by
the considering the three dimensional spin absorption effect.

These findings provide the spin relaxation mechanism in a metallic nanostructures

and pave the way for the efficient manipulation of the spin currents.
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