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Abstract

Spintronics initiated by the discovery of the giant magneto resistance effect (GMR) has
been considered as the core domain in the next generation nano-electronics owing to their
numerous potential applications such as nonvolatile memory and logic device with low pow-
er consumption. Moreover, unique characteristics originating from the quantum nature of
spin degree of freedom provide a lot of fascinating fundamental physics and surprising pos-
sibilities. Especially, the concept of the spin current, a flow of the spin angular momentum,
opens up the innovation in the operation of the spintronic devices and provides a new aspect
in the charge and spin transport in a solid state.

Laterally configured ferromagnetic/nonmagnetic multi-terminal hybrid structures en-
able us to create a spin current without accompanying a charge current, namely pure spin
current by mean of nonlocal spin injection technique. The pure spin current efficiently trans-
mits the spin information with the absence of the Joule heating and allows us to observe
novel spin-related phenomena such as spin Hall effect and spin Seebeck effect owing to the
reduction of the spurious signals induced by the charge current. However, the application
feasibility of the pure spin currents was quite low because of their extremely low generation
efficiency in spite of its high energy efficiency for propagating the spin information. Thus,
the drastic enhancement in the generation efficiency of the pure spin current should be
achieved. For this purpose, in the present thesis, novel methods for the efficient generation
and manipulation of the pure spin current have been developed.

Firstly, the existence of the thermal current was confirmed even in nonlocally induced
pure spin current. The thermal current was found to induce the large thermoelectric effect
under the high bias current in the nonlocal configurations using the conventional ferro-

magnetic electrodes. Secondly, a significant enhancement of the efficiency in the electrical

Xiv



XV

generation of the pure spin current has been demonstrated by using spin-polarized ferro-
magnetic electrodes based on polycrystalline CoFeAl. Moreover, the CoFeAl electrodes were
found to generate the pure spin current by using the heat rather than using the electricity
because of its favorable band structure for the thermal spin injection. Then, by mixing the
electrical and thermal generation of the pure spin current, a highly efficient generation of
the pure spin current has been achieved. In addition, by extending the efficient thermal
spin injection, a novel method for detecting the spin direction has been demonstrated. Fi-
nally, in order to generate a giant pure spin current, two methods, using multi-terminal spin
injectors and nano-pillar-shaped spin injector, have been demonstrated.

These innovative demonstrations open a new route for spin-device integration and its
applications, leading to the realization of functional spin devices utilizing pure spin currents

with an extremely low power consumption.
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Chapter 1

Introduction

1.1 Background

The discovery of giant magneto resistance (GMR) effect in 1988 done by A. Fert and P.
Griinberg [1, 2], who are the Nobel Prize winners in 2007, opens up an emerging field of
spintronics, in which the spin degree of freedom plays a main role in the electron transports
instead of the electron charge. The birth of spintronics enables us not only to develop
magnetic storage device but also to propose an innovative micro and/or nano electrical
devices such as magnetic random access memory (MRAM) and spin transistor [3, 4]. The
performance of these novel devices has been extensively improved by the demonstration of
the room-temperature tunnel magneto resistance (TMR) [5, 6] and was further enhanced
by the discovery of the giant TMR effect [7—-9]. Apart from the spin-dependent transports,
the concept of the spin-transfer torque has been verified in 1998 and 1999 [10, 11]. These
innovative demonstrations open up a new paradigm for controlling the magnetization ori-
entation without the use of the magnetic field. Thus, recent development in spintronics
requires good understanding of spin transfer torque of spin current.

However,the charge current and spin current are mixed together in the most common
structures in the spintronics, such as vertical heterostructures, which regulates our under-

standing regards to the spin-transfer torque effect. The pure spin current, which is a flow of
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spin angular momentum without accompanying a charge current offers a route to efficiently
transmit the spin information and observe novel spin-related phenomena. One approach
which can create the pure spin current by using non-local geometry in lateral spin valve was
first reported by Johnson and Silsbee in 1985 [12]in micro-structure. The method had not
drawn more attention until the developing of nano fabrication technology from the early of
21 Century. Prof. Van Wees’ group in Groningen reported the generation and detection of
pure spin current in all-metal lateral spin valve at room temperature in 2001 [13]. 6 years
later, Prof. Otani’s group in Tokyo realized the switching of magnetization in nano-particle
using the spin transfer torque effect of pure spin current in lateral spin valve at low temper-
ature [14]. Spin transfer torque of pure spin current induced in non-local lateral spin valve
structures has attracted great interest both in the fundamental study and technological ap-
plication. So the application of pure spin current becomes promising in the next generation
device [15-17]. So far, the efficiency of generating pure spin current is quite low at room
temperature. Therefore, it’s a urgent issue to enhance the generation efficiency of pure spin

current.

1.2 Outline

This thesis aims to efficiently generate and manipulate pure spin current. The experiment
results are divided into four chapters and located between Chapter 3 and Chapter 8 as
shown in flow diagram in figure 1.1. In the list below, a briefly summarization for each

chapter is given:

e Chapter 1 provides the introduction and motivation of the thesis.

e Chapter 2 reviews the basic theory of the electrically and thermally driven charge and

spin transport in metal.
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e Chapter 3 firstly briefly introduces the fabrication techniques of conventional later-
al spin valves. Then, the measurement setup will be introduced for evaluating the

transport of charge and spin.

e Chapter 4 systematically studies the influence of the heat current in conventional
Py/Cu LSVs by evaluating the bias current dependence of spin signal. The large
current was found that it not only reduces the generation efficiency of the pure spin
current but also induces unconventional asymmetric field dependence of nonlocal spin
signal due to anomalous Nernst effect. The developed multi-terminal and pillar based
LSVs can improve the generation efficiency and prevent the Anomalous Nernst Effect.
But the magnitude of pure spin current is still low using the conventional ferromagnet.

It gives rise to an urgency for searching high performance materials.

e Chapter 5 is devoted to the discussion of the excellent ferromagnetic material CoFeAl.
Here, special attention was paid to seeking promising CoFe-based ferromagnetic ma-
terials with higher spin injection efficiency by using simple deposition technique (elec-
tron beam evaporation deposition). An excellent ferromagnetic material CoFeAl was
obtained, which enables 10 times larger spin signal in the CFA LSV than that with
Py, indicating high efficient generation of pure spin current. Surprisingly, the spin
signal was found to enhance under high bias current. This had been well explained
by the mixing of electrically and thermally driven spin injection. It’s naturally to ask

how large of the thermally driven spin injection.

e Chapter 6 focuses on the evaluation of thermally driven spin injection. Firstly, The
spin current injection was investigated by only using the heat current by employ-
ing the optimized CoFeAl ferromagnetic materials. A heat generated spin voltage

with approximately 100 times larger than the conventional ferromagnetic injector was
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successfully obtained under room temperature using CoFeAl electrodes. This innova-
tive demonstration may open a new route for spin-device integration and its future

applications.

e Chapter 7 discusses the spin transport properties by employing novel structures such
as multi-terminal LSVs and Pillar-based LSVs with excellent material. The giant
pure spin current has been achieved in the multi-terminal LSVs. The switching of
the nanomagnet have been demonstrated by spin transfer torque of giant pure spin

current.

e Chapter 8 closes this thesis with the conclusion.
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Chapter 2

Basic theory of electrically and
thermally driven charge and spin
transport

2.1 Introduction

Manifestation of the conduction electrons in a solid state is one of the most important
aspects for the electrical transports in the condensed matter physics. It is well known that
an electron, which is a subatomic particle, has an elementary negative electric charge and
an intrinsic spin angular momentum. While the charge of the electron is the basis of the
electricity, the spin of the electron is the origin of the magnetism. In ferromagnetic metals,
these two quantities interact each other and induce the intriguing phenomena through the
spin-dependent scattering. Moreover, the heat in the ferromagnet is found to induce the
spin-dependent phenomena. In this chapter, the basic theory for the electrically-driven and

thermally-driven charge and spin tranposrts are introduced.
2.2 Electrically driven charge transport
2.2.1 Charge current and electrochemical potential

The total density of current j in conductors includes drift current jqf which is driven by

the electric field E and diffusion current jgigusion Which arises from the gradient of local
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electron density deviation from the equilibrium (Vén).

j = jdrift + jdiffusion =oF — eDVén, (221)

where, ¢ and D are the electrical conductivity and diffusion constant. According to
dn = Noe (N is the density of states in the subband and de is the shift in the chemical

potential of electrons from its equilibrium value), Einstein relation o = e2N D in metal,
) o
j=——V(de +ed), (2.2.2)
e

Where @ is electrical potential. Therefore, the current density can be expressed by the

defined electrochemical potential (ECP) p = de + e®,

j= —gvu, (2.2.3)

This relation expresses the fact that the driving force for the total current is the gradient

of the eletrochemical potential.
2.2.2 Anisotropic magnetoresistance

Anisotropic magnetoresistance (AMR) which was discovered by Thomson in 1856 explains
electrical resistance in ferromagnet depends on the angle (6) between the direction of electric
current (I) and direction of magnetization (M) as shown in figure 2.1 (a). By defining the
resistances R for current parallel to the magnetization, I || M, and R, for I 1L M, the
AMR effect is defined as

AR Ry — Ry

AMR = = 2.24
Ravg. (R +2R1)/3 (2.24)

For example, the obtained AMR for NiFe(Py) thin film was shown in figure 2.1(b).

The resistance is highest when the magnetization M is parallel to the direction of current



Chapter 2. Basic theory of electrically and thermally driven charge and spin transport 11
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Figure 2.1: (a) Anisotropic magnetoresistance measurement. (b) Resistance as a function of
sweeping external field. Blue curve corresponds to the resistance of current parallel to mag-
netization state. While the red curve corresponds to the resistance of current perpendicular
to magnetization state.

R and lowest when it is perpendicular R;. The AMR ratio is about 2.18% for present Py

film using the Eq. ( 2.2.4).
2.2.3 Anomalous Hall effect

The anomalous Hall effect (AHE) which was discovered in 1881 by Hall explains an addition
contribution Hall resistivity is observed in ferromagnetic materials, which depends directly
on the magnetization of the material, and is often much larger than the ordinary Hall effect.

The detection of AHE is described as flow: when one current flows in the ferromagnet
without magnetic field, one can obtain the static electric field (E) in transverse direction as

shown in figure 2.2. The generated electron field is given by the following equation:

E=pIxM (2.2.5)

Where, p is Hall resistivity, M is the magnetization.
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Figure 2.2: Illustration of Anomalous Hall effect

The anomalous Hall effect is an important phenomenon for the charge transport in

ferromagnetic materials.

2.3 Thermally-driven charge transport

2.3.1 Seebeck effect

The classical Seebeck effect is the conversion of temperature gradient into a electric voltage
in the materials as shown in figure 2.3. The relationship of Seebeck voltage and temperature
difference is given by equation:

AV = —SAT (2.3.1)

Where, S is defined as Seebeck coefficient which is strongly correlated to the band structure
around the Fermi level in conductors.
For simple approximation in metals, the Seebeck coefficient can be well described by
Mott’ formula:
dlno

S = _eLOT(a_E)E:EF (2.3.2)

Where Lo = (7%/3)(kp/e)? is Lorenz constant, o is the energy dependent conductivity

around the Fermi energy Ep.
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Figure 2.3: Illustration of Seebeck effect.

The Seebeck coefficient is about a dozen of micro volt per Kelvin in conventional fer-
romagnet at room temperature. And the generated Seebeck voltage which is in a range of
micro voltage is comparable to the electrical signal in nano-device. Thus, Seebeck effect

becomes inneglectable problem especially in nano structures.
2.3.2 Anomalous Nernst effect

Another well known thermo-electron effect is anomalous Nernst effect (ANE) which de-
scribes that a temperature gradient could induce electron field in the direction of perpen-
dicular to temperature gradient and magnetic field direction in ferromagnet as shown in

Figure 2.4. The generated electric field is given by the following equation:

E =5,V xM (2.3.3)

Where S, is defined as the anomalous Nernst coefficient. M is the magnetization of
ferromagnet.

In the experiment of spin related thermal effect, such as spin dependent effect, they
always accompany the obstacle of Anomalous Nernst signal[1-3]. It is important to clarify

such effect in the thermal spin transparent experiment.
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E =[S,VT x

-

Figure 2.4: Tllustration of Anomalous Nernst effect in ferromagnet.

2.4 Electrically driven spin transport

2.4.1 Spin dependent conductivity

The electrical conductivity which is contributed by the number of electrons (n) is pro-
portional to the density of states at Fermi energy in metal. The low conductivity of the
transition metals is produced by the strongly scattering of s state electron on the d hole
state as shown in figure 2.5. The more d states are available, the stronger is selective spin
scattering [4]. Because the density of empty states near Er is larger for the spin down than
the spin up channel, the scattering probability for the spin down is larger, or the conduc-
tivity for the spin down is lower. Therefore, the conductivity can be treated as independent
for up and down spin states. This indicates the conductivities can be separated to two

channels and added in series.
o = op + 0oy = ne*ry/me + ne’r /me (2.4.1)

2.4.2 Spin diffusion equation

Now, we consider the spin dependent transport. The electrical current density j4 | for spin

up and down channels is expressed as

s
e
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Figure 2.5: Illustration of the spin dependent conductivity.|[5]

Where, p4,| = €4, + e® is the spin-dependent electrochemical potential. Here, a charge
current j. = jy + j, and a spin current js = j4 — 7. The continuity equations for charge

and spin in the steady state are

Vje. =0, (2.4.3)

nT_ﬁT_eni_lﬁ’i

L T

: (2.4.4)

Where, n4 | is the equilibrium carrier density and 74 (74) is the scattering time of
an electron from spin state 1T () to | (1). The detailed balance principle imposes that
Ny/my = N| /T4y, so there isn’t net spin scattering in equilibrium. N;(IV}) is the spin

dependent density of states at Fermi energy. So one obtains the basic equations for ECP

VA (ot + o) =0, (2.4.5)
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v

Apg = Py — py)/2

0

Figure 2.6: Schematic of the spin chemical potential distribution under a constant current
flowing F/N transparent interface

VAt — ) = g — 1), (2.4.6)

Where, A = /D7y is the spin-diffusion length, with the spin-relaxation time 7,; and d-
iffusion constant D, which is given by: 1/75¢ = 1/7+1/7)4,1/D = (N4+/D+N,/Dy)/(N4++

Ny)
2.4.3 Electrically driven spin accumulation

If one constant circulate current is applied between the ohmic interface F/N, one charge
current with density of j. flows from F to N along the x direction, as shown on the figure
2.7. The applied current could induce the electrochemical potential difference around the
interface for the tow spin channels. The difference of electrochemical potential for up and
down spins around the interface is called spin accumulation (us = g4 — p) which obeys
Eq.( 2.4.6) from the non-equilibrium state to equilibrium state in the steady state in the
non-magnet.

A splitting of averaged chemical potentials (Apg) which can generate a directly detected
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voltage will be yielded by solving the continuity equations of the charge and spin currents in

a steady state at the interface. The electrical conductivity satisfies the following relationship

in Ferromagnetic and nonmagnetic: op = o4 + 0),0N = 20%I = 203I and defined the
. . o UT_O—i . .
polarization P = oo, I ferromagnetic.

Therefore, the relationship of splitting of averaged chemical potential and the spin ac-

cumulation could be obtained at interface as: Aug = P(uy — py)/2 = Pps/2.
2.4.4 Detection of spin accumulation

The spin accumulation information could be evaluated in conventional lateral spin valve
as shown in Figure 2.7. When one electron current flows from the F1 to the left side of
nonmagnet (N), the accumulation of spins will be built up at the interface and diffuse in
tow directions. The diffusion process from the nonequilibrium into the equilibrium state
induces the motion of the electrons. Since the chemical potential of up spin is higher in the
left side, up spins diffuse towards the right side. On the other hand, down spins chemical
potential which is lower in the left side induces the incoming flow of the down spins, opposite
to the motion of the up spins. Thus, a pure spin current, which carries the spin angular
momentum without electric charges, can be generated in right side of N channel.

The generated pure spin current can be detected by using another ferromagnetic (F2)
voltage probe. When the pure spin current is injected into the F2, a splitting of average
chemical potential in the F2 is induced because of the spin-dependent conductivity. The
sign of the potential splitting depends on the relative angle between the spin direction of the
injecting spin current and the magnetization direction. When the direction of the injecting
spin is parallel to the majority (minority) spin of the spin detector, the electrostatic potential
of the spin detector shifts positively (negatively). Therefore, when the voltage between
the ferromagnet and the right-hand side of the nonmagnet is measured by sweeping the

magnetic field, one observes a voltage change. The difference of voltages for the parallel
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Figure 2.7: (a) Ilustration of generation of pure spin current driven by electrical current.
(b) One typical non-local spin signal was measured in LSV

and antiparallel (AVg = Vp—Vap) is defined as spin voltage which determines the magnitude
of pure spin current. The voltage normalized by the injecting current is known as the spin
signal as shown in figure 2.7(b).

In the transparent interface lateral spin valve, the value of the detected spin signal (Rgs)

can be derived by solving the spin diffusion equation ( 2.4.5) and ( 2.4.6) in one-dimensional

model [6-8].

_ PLR%2Ry
"~ 2Rp(Rp + Ry)(cosh(L/AN) + sinh(L/AN)) + R3sin(L/AN)

Rs (2.4.7)

where, P is the spin polarization for the ferromagnet and Ay is the spin diffusion length for
the nonmagnet. Rrp and Ry are the spin resistances for the ferromagnet and nonmagnet,
respectively. The spin resistance is defined as 2pA/((A(1 — P2)), where P, p, and X are the
spin polarization, the electrical resistivity, and the spin diffusion length, respectively. For a
nonmagnet, P should be zero. A is the effective cross section for the spin current. For the

ferromagnet, since the spin diffusion length is known to be quite short, the effective cross
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section is given by the area of the ferromagnetic/nonmagnetic junction.

2.5 Thermally driven spin transport

2.5.1 Spin dependent Seebeck coefficient

The conductivity is independent for two spin states in the ferromagnetic metals. Since
the Seebeck coefficient is proportional to the energy derivative of the napierian logarithm
conductivity at Fermi level. The spin dependent seebeck coefficient can be expressed as

following:

8lnam

55 E=Er (2.5.1)

ST# = —€LOT(

Where, S; | is the Seebeck coefficients for up-spin and down-spin. Lo = (72/3)(kp/e)?
is Lorenz constant, o4 | is the energy dependent conductivity around the Fermi energy E'r

for up and down spins.
2.5.2 Thermally driven spin accumulation and detection

The model of thermally driven spin accumulation, which is spin dependent seebeck effect will
be briefly introduced. When one heat current flows in the ferromagnet and the temperature
gradient is V1¥ in F, the spin dependent current in F can be described by the following
equation.

Iy = —oq4.)AVugy/e + Sa) V) (2.5.2)

Here, py and pu) are the spin-chemical potential for up-spin and down-spin, respectively. A
is the area of crossing section of heat current.

Therefore, the generated spin current can be described as follows:
IS = IT — Ii = AVTF[S(O’T — Ui) + (JTST - J¢S¢)] = (1 — PQ)AO'SsVTF/2 (2.5.3)

Here, Ss is the spin-dependent Seebeck coefficient defined by S; — S|. P is the elec-

trical spin polarization defined by (o4 — o})/(o4 + o). When one heat current Q flows
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v

Figure 2.8: Illustration of thermal spin accumulation. The spin dependent chemical poten-
tial has been off set by contribution of conventional seebeck effect

through the ferromagnet/nonmagnet interface as shown in Figure 2.8, the spin current
given by Eq. 2.5.3 is generated at the interface, depending on the temperature gradient in
the ferromagnet. The generated spin current is injected into the nonmagnet and induces
the non-equilibrium spin accumulation. The spin accumulation at the interface could be
given by using the boundary condition. In the Ohmic junction( Rsp > Ry), the splitting
of average chemical potential could be written as Apg = ePApSsVTF as shown in Fig-
ure 2.8. This spin accumulation diffuses not only into the nonmagnet but also back to the
ferromagnet.

The thermally excited spin current can be treated similarly to the electrically generated
spin current in the lateral hybrid structure. In this case, the position dependence of the spin
signal due to spin accumulation is simply obtained by replacing the value of P on Eq. 2.4.7.
Finally, the interval dependence of the thermal spin voltage due to thermal spin injection

could be expressed as:

PrRNAFVTES;
2Rp(Rp + Ry)(cosh(L/AN) + sinh(I/AN)) + R3rsinh(l/AN)

AVg = (2.5.4)
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Here, VI'F and Ss are the temperature gradient in the ferromagnet around the interface

and the spin-dependent Seebeck coefficient for the ferromagnetic injector, respectively.
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Chapter 3

Device fabrication and transport
measurement

3.1 Introduction

With the rapid development of science and technology, the fabrication of nanoscale devices
and detection of extremely small signals can be easily realized nowadays. All the nano-
sized devices discussed in this thesis are fabricated and evaluated using all the facilities in
Advanced Electronics Research Division of INAMORI Frontier Research Center. Before
starting fabrication of the device, a full 5-inch Si wafer with 100 nm thickness of thermally
oxidized Si is cut into 10 mm x 10 mm pieces. Then the devices are fabricated on such a
substrate using two or three steps electron-beam lithography combined with physical evapo-
ration techniques. After observing the structures of device by scanning electron microscopy
(SEM), the substrate is cut and divided into suitable pieces. The wanted devices will be
glued on the chip. The probes of device are bonded with pins on the chip by Al wire using
the bonder made by WEST BOND. Finally, the transport properties have been evaluat-
ed by temperature controlled lock-in measurement system. Besides, one flow diagram of

experimental process is presented in figure 3.1.

24
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Figure 3.1: Flow diagram of the experimental process.
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3.2 Device fabrication process

Cleaning substrate

e The substrate is cleaned in Acetone and isopropyl alcohol (IPA) for few ten seconds

by high power ultrasonic.

e The substrate is cleaned in semiconductor cleaning liquid and Milli-Q water for few
minutes by high power ultrasonic. After drying it, the condition of surface will be
checked by using optical microscopy. If there are still some dusts, the substrate should

be cleaned several times only by using Milli-Q water until no dusts remaining.

Coating resist

e Here, the positive photoresist has been used in our fabrication process. The thickness

of the photoresist is adjusted by changing the spin speed of the spinner.

e After coating the resist, the substrate with the potoresist should be baked on hot

plate.

Electron beam lithography (EBL)

e The exposure is performed in the ELIONIX ELS-7800 electron beam lithography
system. The patterns are written with an accelerated voltage 80 kV and beam current
0.2 nA for fine patterns and 4 nA for coarse patterns. The total exposed dose is 200

p C/em? for both case.

e The exposed patterns are developed in O-xylene for 1 minute and quickly rinsed in
IPA for few ten seconds. Then, the remained IPA is blown off by using nitrogen gas

gun.
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Deposition by electron beam evaporation

e Alloy sources: The alloy sources (Py, CoFeAl) had been melted by arc furnace in
the Ar atmosphere. Py is made by the NiFe wires. CoFeAl alloy are made by pure
elementary substance of Co,Fe and low dose of Al. In order to obtain uniform alloy,

the melting and quenching procedures are operated over 10 times for each alloy source.

e Deposited condition: Usually, the deposited rate is about 0.5 - 0.9 A/s which can be

controlled by emitted current under the pressure of 1.0 x 107 Pa.

Deposition by joule evaporation

e The Cu channel and probes of devices are deposited using Joule heating evaporating
at the pressure < 3.0 x 107° Pa. In order to get clean interface between ferromagnet
and Cu, the surfaces are well cleaned by low dose Ar™ ion milling in the same chamber.

The deposition rate of Cu is about 6.0 A/s.

Lift-off

e The sample with thin ferromagnet is bathed in the ZDMAC (N,N-Dimethylacetamide)
and the remained resist can be easily shook off. In order to completely remove the

resist, low power sonic cleaning should be performed.

e The thick film (over 100 nm) should be bathed in the ZDMAC with more than 2 hours
shaking. Finally, the low power sonic cleaning should be performed.
3.3 Structure observation

The nano-structures were observed by Scanning electron microscope (SEM). Figure 3.2

shows one image of the typical lateral spin valve consisting of two ferromagnetic wires
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Figure 3.2: SEM image of one typical lateral spin valve.

bridged by a Cu strip. Here, one ferromagnetic wire has large pads connected to its edges
to facilitate the domain wall nucleation while the other one has a flat end. This enables us

to control the magnetization configuration by adjusting the magnetic field.

3.4 Transport measurement setup

3.4.1 Lock-in setup

Lock-in amplifier is an extremely important and powerful measuring tool to detect very
small signal-all the way down to a few nanovolts. In this thesis, most of the experiments
are performed using lock-in measurement setup. The schematic of standard lock-in mea-
surement setup is shown as in figure 3.3.
When one AC current I(t)=+/2Ipsin(wt), with frequency w and room mean square value
Io, is applied in the device. The detected voltage can be expressed as: V™(t) = RiI(t) +
RoI?(t) + R3I3(t) + RyI*(t) + - - -. The output voltage of a lock-in amplifier at a set phase
p is given by:
Vout(t) = \;é /tTT sin(nws + @)V (s)ds (3.4.1)

where, VIi(s) is the input voltage, the V2% (t) is the output harmonic voltage. It should
be noted that the displayed harmonic voltage V" is the rms value of the output voltage by

lock-in amplifier in this thesis. If we just consider a voltage response up to 3rd order, the
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source I(t) Lock-in
_______________ . e out
i : Vin(t amplifier Va™t ()
: DC current - ®) O >
. source Igc Detected voltage Voltage
Input output
S(N) | N(S) S(N)| N(S)
Device
Figure 3.3: Schematic of lock-in measurement system.
harmonic voltage can be calculated as flowing:
3
VU =R I+ 53315’, (¢ = 0) (3.4.2)
2
v = {Rglg, (= —/2) (3.4.3)
1
V= —§R3[§’, (¢ =0) (3.4.4)

The electrically driven spin injection is evaluated by measuring the first harmonic spin

voltage V/ with supplying low bias AC current which is confirmed in the linear responding

range of I-V curve. The heat current is arising from the local Joule heating by flowing one

AC current. Because of the heat current @ oc I2(t), the thermal driven spin injection effect

could be performed by measuring the second harmonic responding.

3.4.2 DC bias current dependent measurement

During the dc bias current dependent measurement, the current source is a constant small

ac current I(t) superimposed on the dc bias current Ij.. So the detected voltage is given as
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Figure 3.4: Probe configuration of the crossing junction resistance measurement.

following;:
VIR(t) = Ra(1(8) + Tc] + RalI(8) + Tacl® + Re[I(t) + Tac® + RalI(t) + Tacl* + -+ (3.4.5)

By assuming the 3rd order is valid, the first harmonic voltage can be calculated as:

VY = Ry Iy + 2Ry D014 + 3R31013, (3.4.6)

Therefore, the spin and heat transports in the lateral spin valve are also evaluated by

measuring first harmonic voltage under the dc bias current.

3.4.3 Evaluation of resistance for junction interface and ferromagnetic

wires

Before evaluating the spin transport properties, the measurements of resistivity for the in
junction interface and wires have been introduced.

Since the interface conditions could significantly affect the spin injection, such as resis-
tivity mismatching, impurity of interface by oxidation and vacuum gap. Before measuring
the spin signal, all of the crossing junction resistances were checked by local four probes
measurement as shown in figure 3.4. And all of them are below the spin resistance in

the Cu, which indicates our devices are transparent interface. So some interface scattering
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effects could be ruled out and the evaluated spin polarization of Py is much closer to the
bulk of ferromagnet.

Another important parameter is the resistivity of ferromagnetic wires. In this thesis,
all of the resistivity of ferromagnetic wires are evaluated by four probe measurement in our

well-defined wires with the same batch of devices.



Chapter 4

Spin transport in conventional
Py/Cu LSVs

4.1 Introduction

Efficient manipulation of the spin current is a central issue for developing spintronics as well
as understanding the underlying physics of spin transport.[1-3] Pure spin current, a flow
of spin angular momentum without a flow of electric charge, is known as an ideal tool for
investigating the spin-current-induced phenomena. Nonlocal electrical spin injection,[4, 5]
spin Hall effect,[6-9] and spin pumping[10, 11] are representative methods for producing pure
spin currents. Recently, in such methods the thermal current, a flow of heat, was found to be
generated in addition to the spin current.[7, 12-16] Since the heat also plays an important
role for the spin transport, especially in nanostructures, utilizing the thermal current may
open a new avenue for the efficient manipulation of the spin current.[17] However, there are
still numerous controversial and unknown phenomena related to the thermoelectric effects in
nanostructured spintronic devices. Slight deviation from the ideal experimental condition
produces undesired spurious signals mimicking spin-current-induced phenomena.[18, 19]
Therefore, the preparation of a reliable experimental situation is key for understanding the
correlation between the spin and heat currents.

To investigate the precise influence of the thermal current on the spin current, the

32
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nonlocal spin valve signal which is one of the most reliable and well-established methods for
evaluating the spin transport has been considered. A conventional metallic lateral spin valve
consists of two ferromagnetic wires bridged by a nonmagnetic strip. To produce a pure spin
current, the electric current flows across the ferromagnetic-nonmagnetic metal interface.
Simultaneously, a thermal current can be generated by two effects.[14] One is the Peltier
effect originating from the difference in the Peltier coefficients between the ferromagnetic
injector and the nonmagnetic strip. This is known to induce the background offset signal
in the nonlocal spin valve configuration under the low bias current. The other one is Joule
heating due to the current flowing in each metallic wire. Since the ferromagnetic metals
have relatively high resistivity compared to the nonmagnetic metals, the heating mainly
occurs in the ferromagnetic wire. The heat locally generated in the ferromagnetic injector
produces the thermal current in the device according to their thermal conductivities and
was recently found to induce the thermal spin injection.[13, 20] In the present chapter,
the nonlocal spin signals had been systematically investigated under various bias currents.
Unconventional features are induced in the nonlocal spin valve signal because of the thermal

current under high bias current.

4.2 DC bias current dependence of spin signal in Py/Cu
LSVs

4.2.1 Geometry of the evaluated device

Figure 4.1(a) shows a scanning electron microscope (SEM) image of the sample used for

the present study. Two Py wires, 150 nm wide and 30 nm thick, are separated as 500 nm

from the center-center. Then, a Cu channel is 300 nm wide and 120 nm thick. wires.
When the dc current flows, the local heating generates not only in the Py wire but also

in the vicinity of the injecting junction. The heating produces the thermal current diffusing
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Figure 4.1: (a) Scanning electron microscope (SEM) image of the measured LSV and the
probe configuration for the nonlocal spin valve measurement using the dual spin injection.
(b) Schematic illustration of the temperature distribution in the device under the nonlocal
spin injection and the temperature gradient in the vicinity of the nonlocal detecting junction.

in the nonmagnetic Cu wire and reaches the Py detector, as shown in figure 4.1(b).[13] This
has a possibility for inducing an additional spin-dependent or independent thermal effect
even in the nonlocal configuration. It also should be noted that the thermal current can be
conducted via the substrate. Although the thermal current density in the substrate is much
smaller than that in the Cu wire because of much smaller heat conductance of the SiOq
layer, the contact area between the substrate and the Py wire, in which the current flows,
is much larger than the Py-Cu injecting junction. This heat flows into the substrate may
reduce the temperature rise in the device. However, the main heat transports in the vicinity
of the Py-Cu detection junction is dominated by the heat flow via the Cu wire. To create a
large thermal current, we use the dual spin injection geometry, as shown in figure 4.1(a). In
this configuration, the maximum allowable current across the interface, which is limited by
the maximum tolerance current in a ferromagnetic spin injector, increases two fold because
the current is divided into two segments in the ferromagnetic injector.[21] Moreover, the

spurious voltage due to the inhomogeneous current distribution in the injecting junction is
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Figure 4.2: Field dependencies of the nonlocal spin valve signal under various dc bias
currents, (a) +3.5 mA, (b) 0 mA, and (c) -3.5mA. Solid and dotted curves correspond to
the forward and backward field sweeps, respectively. Py

minimized by this configuration.[22] In the present study, the dc current was changed from
-3.5 mA to 3.5 mA. Here, the positive current corresponds to a case in which the current

(electron) is injected from the Py (Cu) to the Cu (Py), as shown in figure 4.1(a). The

measurements were performed in air at room temperature.

4.2.2 Results and Discussion

In figure 4.2(a)-(c), the nonlocal spin valve curves are shown for various bias dc currents
(+3.5, 0, and -3.5 mA). In the absence of the dc current, a typical room-temperature
nonlocal spin valve signal with the magnitude of 0.2 m{2 is clearly observed. Here, the
negative resistance jump at lower magnetic field corresponding to the switching of the Py
injector and positive one at higher field is the switching of the Py detector. When the
dc current is superimposed, the field dependence of the spin signal becomes unexpectedly

asymmetric with respect to the sweep direction of the magnetic field. For the positive
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current, the signal shows higher value under the positive magnetic field [figure 4.2(a)].
For the negative current, the field dependence of the asymmetric component seems to be
reversed [figure 4.2(c)]. By carefully observing the field dependence of the signals under
the dc bias current, we found that the resistance change due to the switching of the Py
detector (positive resistance jump) depends on the sweep direction, although that of the Py
injector (negative resistance jump) does not show the sweep direction dependence. In other
words, the asymmetric component in the spin signal under the dc bias current is related
only to the magnetization direction of the Py detector. Since the dc current creates the
thermal current as explained in figure 4.1(b), this implies that the observed asymmetric
signal is induced by the interaction between the thermal current and the magnetization of
Py detector. To explore the detailed origin of the bias dependence of the nonlocal spin valve

signal, we define the following values:

RS ERTT_RiT%Rii_RTM (4.2.1)

ARas = Ryp — RUL = Ry — Ry, (4.2.2)

Ra = Bt Ry o+ Ryy 4 Ry
Avg. = .

4

(4.2.3)

Here, Ry, Ry}, Ry, andRy are the four resistance states depending on the magnetiza-
tion configuration in the nonlocal spin valve signal. The first and second arrows in the
subscripts correspond to the magnetization directions for the injector and the detector, re-
spectively. Rg corresponds to the resistance changes due to the magnetization switching of
the Py injector in the forward or backward sweep. ARag is the resistance asymmetry in
the parallel or antiparallel state. Rayg. corresponds to the average resistance value for four

states.
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Figure 4.3: Bias current dependencies of (a) Rg,(b) ARas,and (c) Rayg. Solid lines are
obtained by fitting the plots on the parabolic or linear dependence.

Figure 4.3(a) shows the bias current dependencies of Rg. As explained above, this
change does not depend on the field sweep direction and depends only on the relative mag-
netization configuration between the injector and detector. This means that Rg corresponds
to the spin signal induced by the spin accumulation. As shown in figure 4.3(a), the signal
seems to decrease parabolically with increasing the magnitude of the dc current. This can
be understood by the temperature change due to the Joule heating and Peltier effect or
thermal spin injection, which originate from the dc bias current. The relationship between
the temperature change AT and the current I can be described by AT = al + bI?. Since
the spin signal is known to decrease linearly with increasing temperature around room tem-
perature, the current dependence of the spin signal should be given by Rgo[1 —r(al +bI?)],
where, ARy is the spin signal at zero dc bias current. As can be seen in figure 4.3(a), the
dependence is well fitted by the relationship Rs = ARgg — (Al + BI?), meaning that the

effective temperature is really modified by the Joule heating, the Peltier effect and thermal
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spin injection. Moreover, the Joule heating is found to be a dominant contribution of the
heating above 1 mA. We then discuss the bias dependence of ARag shown in figure 4.3(b).
As describe above, the asymmetric signal change is caused by the magnetization switching
of the Py detector, meaning that the ARag does not depend on the relative magnetiza-
tion configuration. Moreover, ARag linearly decreases with increasing the dc bias current.
These facts indicate that ARag is induced by the interaction between the thermal current
and the magnetization of the Py detector. As mentioned above, the thermal current Iq
along the Cu wire, schematically shown in in figure 4.1(b), is mainly induced by the Joule
heating. Although the thermal current flows mainly in the Cu because of the high thermal
conductivity of the Cu, a finite thermal current is injected into the Py detector. Here,
the flow direction of the thermal current should be normal to the Py-Cu interface in the
vicinity of the junction, as shown in the inset of figure 4.1(b). Since the thermal current
in the ferromagnetic metal with the magnetization My is known to produce the transverse
voltage along the direction given by Ig x Mg because of the anomalous Nernst effect, the
transverse voltage along the y direction is induced in the vicinity of the detecting junction.
This additionally induced voltage can be detected by the nonlocal voltage probes, similarly
to the measurement of anomalous Hall voltage in a ferromagnetic narrow wire.

As described in the previous paragraph, the voltage induced by the the anomalous Nernst
effect is proportional to the thermal current Iq, which is given by al+b1 2. Since the current
Iis given by I4c 41, sin(wt), the contribution to the nonlocal spin valve signal V. /I, from
the anomalous Nernst effect is proportional to a + 2b14. corresponding to the coefficient of
I sin(wt) in al + bI%. As seen in figure 4.3(b), the strong linear dependence is clearly
confirmed. This indicates that the additional asymmetric nonlocal voltage is induced by
the anomalous Nernst effect in the lateral spin valve structures under the dc bias current.

We also discuss the bias dependence of Rayg. shown in figure 4.3(c), The origin of

Rayg. in the absence of the dc current is now explained as follows. The heat induced by the
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Figure 4.4: (a) Schematic illustration of the nonlocal spin valve measurement for the inter-
changed probe configura- tion. Observed nonlocal spin valve signals for (b) +2.5 mA and
(c) -2.5 mA

Peltier effect in the injecting junction propagates to the detecting junction and induces the
temperature change at the detecting junction. The temperature change at the interface can
be detected by the nonlocal voltage probe via the Seebeck effect, similar to the functioning
of a thermocouple. Therefore, the finite Ry, in the absence of the bias dc current can be
explained by the interplay between the Peltier and Seebeck effects. Rayg. decreases with
increasing the dc current. As described in the previous paragraph, the dc bias current
induces the additional temperature change mainly due to the Joule heating. Therefore, the
linear increase of the background signal is simply understood by the scenario similar to the
bias dependence of Ras. The slight deviation from the linear relationship may be caused

by the temperature dependencies of the electrical resistivities and the Seebeck coefficients.
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Figure 4.5: Transverse field dependence of the non- local signal under the bias current
injection with the magnitude of +5 mA. The inset shows the schematic illustration for the
measurement with the probe configuration

4.2.3 Additional evidence for the anomalous Nernst effect

As further evidence for the anomalous Nernst effect in the nonlocal spin valve configurations,
we measure the nonlocal spin valve signal under the high bias current while interchanging
the voltage and current probe configuration. Here, we used a similarly designed lateral spin
Hall device with a different sample dimension. As shown in figure 4.4(a) and (b), we also
confirmed that the asymmetric signal change was caused by the magnetization switching of
the Py wire with the pad. We also investigate the thermoelectric transports in the lateral
spin valve under the transverse magnetic field along the y direction. As mentioned above,
the thermal current flows along the z direction in the vicinity of the interface. Therefore,
when the magnetization of the Py detector is aligned with the y direction, the voltage along
x direction is induced by the anomalous Nernst-Ettingshausen effect. This voltage can be
detected by measuring the voltage difference along the Pyg4e;. wire, as shown in the inset of
figure 4.5. Figure 4.5 shows the induced nonlocal signal under the bias current injection

with the magnitude of +5 mA. As we expected, the signal varies in proportion to the y
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component of the magnetization for Pyqe;.. It was also confirmed that the overall resistance
change shows the linear dependence of the dc bias current, as in figure 4.3(b). These facts
strongly support that the anomalous Nernst-Ettingshausen effect can be detected under

high dc bias current injection even in the nonlocal configurations.

4.3 Summary

The influence of the dc bias current on the nonlocal spin valve signal had been systematical-
ly investigated. The dc bias current was found to induce not only the reduction of the spin
signal but also the asymmetric field dependence of the nonlocal spin signal with respect
to the sweep direction. These unconventional features are well explained by considering
the thermal current mainly induced by the Joule heating at the injecting junction and the
anomalous Nernst effect in the nonlocal Py detector. The proper treatments of the ther-
moelectric effects using reliable experimental situations are indispensable for investigating
the emerging field of the spin caloritronics. Besides, the efficiency of generation pure spin
current by reducing or utilizing heat current may be got much more enhancement.

The Py is not the best material for generate the giant pure spin current. So it’s emer-

gency to search the excellent materials.
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Chapter 5

Spin transport in CoFeAl/Cu LSVs

5.1 Introduction

Numerous reports concerning the detection of the spin signal in spin based devices with
half-metal such as Heusler alloy has been developed and accordingly remarkable progress
has been achieved because of their high polarization. However, special technique to grow
the ordered crystal materials is required for the preparation of Heusler alloy, which is a
complicate process. Therefore, special attention was paid to seeking promising CoFe-based
ferromagnetic materials with higher spin injection efficiency by using simple deposition
technique (electron beam evaporation deposition). The experiment of fabrication lateral
spin valve by using CoFeAl alloy have been first reported by G.Bridoux[1]. The spin signal
is 10 times larger than the LSV with CoFe injector. In this chapter, the magnetic properties
of the CoFeAl thin film have been evaluated. Also the electrically spin transport properties
will be investigated in CoFeAl/Cu lateral spin valves. Then the DC bias current dependence
of spin signal is systemically evaluated and analyzed by one dimensional spin diffusion

equation.

45
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Figure 5.1: M-H curve observed for CoFeAl thin films with different composition.
5.2 Evaluation of CoFeAl thin film

The CoFeAl thin film is deposited by electron-beam evaporation from a CoFeAl ingot pro-
duced by Arc furnace. The composition of the evaporated film and its uniformity were
confirmed by the Energy Dispersive X-ray (EDX) detector in a scanning electron micro-
scope system. The obtained composition from EDX analysis is almost same with the ingot.
This indicates the film composition can be easily controlled by adjusting the element com-
position of ingot.

The magnetic properties of CoFeAl are very sensitive with the dose of Al. In order to
evaluate the influence of Al composition in this alloy, several kinds composition alloys film
had been prepared. The static magnetic properties of films were evaluated by the magnetic
hysteresis loop (M-H) curve using a vibrating sample magnetometer (VSM) measurement.
Figure 5.1(a) shows a M-H loop obtained in the 30 nm thick CoFeAl film deposited using
source composition Co:Fe:Al=36:45:19 (wt%). It looks like a typical paramagnetic alloy

properties, because it does not retain the magnetic properties when the external field is
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removed. If the Al ratio reduces to 4wt%, one significant different M-H loop has been
observed in figure 5.1(b). The saturation of magnetization (M;) is about 1300 emu/cm?
for present thin film. This value is comparable to the film growing on crystal substrate.
However, the coercive field (Hc) is about 50 Oe. which is almost 2 times larger than film
growing on crystal[2]. This special property is probably due to the polycrystal structure
which has low anisotropic effect. For the purpose of further understanding this point, the
anisotropic magnetoresistance (AMR) of CFA was evaluated as shown in figure 5.2(a). Here,
the value of AMR is about 0.176%. As we know, the microscopic origin of the AMR effect
arises the second order in the spin-orbit coupling. This indicates the CFA film probably
has low spin-orbit coupling. We can see that the switching field is quite broad from the red
curve. This result is also in accordance with the static magnetic properties, such as large
saturation magnetization field and high coercivity.

The value of coercive field has strongly relationship to the damping parameter in the
dynamic properties[3]. The dynamic properties of CFA film have been evaluated by ferro-
magnetic resonance (FMR) measurment using a coplanar wave guide. As shown in figure
5.2(b), a clear FMR spectra has been obtained. Then, the damping constant for this film

has been roughly evaluated by using the following equation:

2Af 1
=3 PP 5.2.1
a=V3 v 2HR + 47w M ( )

Where, « is the gyromagnetic ratio and Mg is the saturation magnetization in CFA
film, A fpp is the line width of the Lorentzian curve fitting and Hp is the external magnetic
field. Finally, the value of damping constant is about 0.052, which is a quite large value
comparing with 0.008 of Py.

In the next subsection, the spin transport properties will be introduced in lateral spin

valve with CoFeAl fabricated from the source with composition of (Co:Fe:Al=48:48:4 wt%).
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Figure 5.2: (a)AMR measurement for well defined CoFeAl wire. (b)FMR spectrum in CFA
film with thickness of 30 nm under magnetic field of 225 Oe

5.3 Electrically driven spin injection in CoFeAl/Cu LSVs

5.3.1 Influence of interface in the CFA /Cu LSVs

One conventional processing has been performed to fabricate the CoFeAl/Cu lateral spin
valve. Here, There are two batches of lateral spin valve devices with different milling time
for cleaning ferromagnet interface. The pre-milling time is 20 second for device A and 30 s
for B.

First, the junction resistances and nonlocal spin signal have been evaluated at room
temperature. The junction resistance (Ropa/cy) for A device is 79.3Q (114 fOm?) and
—26m$Q (0.0374fQm?) for B device. The high junction resistance indicates the interface
of device A is not clean enough. This probably comes from the oxidation of CFA. The
corresponding spin signal of device A is quite low value (0.09m2) for interval distance 600
nm. However, the spin signal is about 3.92mf) for B device with small junction resistance.
This indicates large resistance with high interface scattering, which generally dominates the
device properties from quantum mechanical calculations[4, 5]. So I will keep the pre-milling

time for this kind lateral spin valve to obtain the transparent interface.
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Figure 5.3: (a) The typical electron spin signal for device A. (b) The typical electron spin
signal for device B.

5.3.2 Evaluation of the spin polarization of CoFeAl

The spin polarization of CoFeAl could be evaluated by electrically driven nonlocal spin
signal. Figure 5.4(a) gives us one SEM image and the geometry information of the CoFeAl
(CFA)/Cu LSV used in the present study.

First, the typical nonlocal spin signals have been shown in figure 5.4(b) for the CoFeAl/Cu
(black curve) and permalloy (Py)/Cu (red curve) LSVs at the center—center distance L of
200 nm, respectively. We confirmed that the spin signal for the CFA/Cu LSV was almost
ten times larger than that for the Py/Cu LSV, indicating the superior properties of our de-
veloped CFA injector. To elucidate the main mechanism for the significant enhancement of
the spin signal in the CFA /Cu LSV, we measured the interval dependence of the spin signals
for both the CFA/Cu and Py/Cu LSVs. As shown in figure 5.4(c), the room-temperature
spin signals as a function of interval distance (L) for CoFeAl/Cu (solid dots) and Py/Cu
(solid triangles) LSVs are plotted. For the purpose to calculate spin polarization, the resis-
tivity for the CFA wire was evaluated from the four terminal resistance of the well-defined
wire in the same batch and was estimated to be 4.5+ 0.2 x 1077 Qm at room temperature.
If we assume that the spin diffusion lengths for the CFA and Py are the same value of 2 nm

[6], the dependences of the spin signal on the interval L for both devices were well fitted by
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Figure 5.4: Evaluation of electrical spin polarization. (a) Scanning electron microscope
image of the CoFeAl (CFA)/Cu lateral spin valve (LSV) in the present study and a schematic
figure of the nonlocal spin valve measurement to evaluate the electrical spin polarization.
(b) Room temperature nonlocal spin signals for the CoFeAl/Cu (black curve) and permalloy
(Py)/Cu (red curve) LSVs at the centercenter distance L of 200nm. The dotted and solid
curves denote the forward and backward field sweeps, respectively. (¢) Room-temperature
spin signal as a function of interval distance (L) for CoFeAl/Cu (solid dots) and Py/Cu
(solid triangles) LSVs. The red lines are fitted curves based on Eq. ( 2.4.7) with A\¢,, =450

nm at room temperature.
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the one-dimensional spin diffusion equation ( 2.4.7) by using the spin polarizations 0.62 and
0.36 for the CFA and Py, respectively. It should be noted that the spin diffusion lengths
for the Cu obtained from the fittings in both CFA/Cu and Py/Cu LSVs were estimated to
be the same value of 450 nm. Thus, the strong enhancement of the spin signal by a factor
of 10 is attributed to the efficient generation and detection of the spin current due to the
large spin polarization and the significant reduction of the back flow of the spin current [7].
The obtained spin polarization of the present CFA is close to the previous reported values,
although the Al content and electrical resistivity are notable different, which suggests that

our CFA has a different crystal structure from those in the previous reports.

5.4 DC bias current dependence of spin signal in CoFeAl/Cu
LSVs

Here, the DC bias current dependence of spin signal is also systematically measured and
analyzed. Since a large current induces a nonlinear voltage, the detected voltage includes
higher-order terms, namely V = RiI + RoI? + R3I® + R4I* + - - -. The contribution of the
spin-dependent term can be extracted from the voltage difference between the parallel and

anti-parallel states, namely,
Vo =Vp — Vap = Rs1I + ReoI? + Rs3I® + RgyI* + - - - (5.4.1)

where Rg; is the spin dependent component defined by the difference between the parallel
and antiparallel state, R;p — R;ap.

Then, the first harmonic spin signal Réf was systematically investigated under the DC
bias current as shown in figure 5.5(a)~(c). Here, the first harmonic spin signal R is
defined as AVZ! /Iy = (V! — VL) /Iy, which is the normalized voltage difference between
parallel and antiparallel states. Réf shows the largest value of 7.66 mQ) at Iz = 1 mA

while it takes the smallest value of 5.28 mQ at I;. = —1 mA. Figure 5.5(d) shows RY as a
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function of Iy.. Overall signal change from —1 mA to 1mA is 2.38 m(2, which exceeds 30
% of Réf at Ig. = 0. Thus, the spin signal Réf is found to be strongly modulated by 4.
Especially, the enhancement of the spin signal under the positive high bias current is an
attractive characteristic from the view point of the spin injection.

To understand the heating effect quantitatively, we consider higher order effects in the
first harmonic voltages under the ac and dc currents I = I + Iq.. If we consider the

second, third and fourth order effects in Eq. ( 5.4.1), the first harmonic spin-dependent

voltage AVslf and spin signal Réf = AVSIf /Iy are obtained by the following equations.
AV4h = (Rg1 + 2Rsolac + 3Rs313, + ARsaI3) 1o (5.4.2)
Ry = Rs1 + 2Rgolac + 3RssI;. + ARsal,, (5.4.3)

Importantly, the dc current dependence of Réf observed in 5.5(d) is well reproduced by
Eq.( 5.4.3) with Rs; = 6.96 m{), Rz = 0.60 m§2/mA, Rsz = —0.16 m§2/mA? and Rgy =
—0.02 m§/mA3,

We then discuss the physical meanings of the higher order effects, Rgo, Rg3 and Rgy4. By
taking into account the contribution of the thermal spin injection under the temperature

gradient VT, Eq. ( 2.5.4) can be expanded as follows.

Pp(PpI + ApSsVT/Rsr)Rsp

Ve ~
S Rsn sinh(L/Ax)

(5.4.4)

Here, 1st term of the denominator in Eq.( 2.4.7) is neglected by considering the condition
Rgn > Rgp. Sg is the spin-dependent Seebeck coefficient for CFA. We also consider the
influence of the reduction of Ay due to the increase of the dc bias current by using the
following relationship Ay = Anyg — AAn. Here, Ang is the spin diffusion length for the Cu
at room temperature and Ay is its change due to the temperature rising. By using the

approximation m R /\szo (1 + %) with Taylor expansion of sinh z, Eq. ( 5.4.4) can
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Figure 5.5: (a) ~ (c) The detected first harmonic spin signal under various DC bias current
by sweeping external filed under the small AC current. The insets show the value of DC
bias currents. (d) First harmonic spin signal R as a function of DC bias current (Iq.)
in CFA/Cu LSV with the interval distance 400 nm. The solid line is obtained by fitting
Eq.( 5.4.3)

be extended to

1 _ cosh(L/Ano) L Aln
Sinh(L/)\No) SinhQ(L/)\No) )\NO )\NO

R2
Vs ~ R—SEPF(PFI + ArSsVT/Rsr) ( > (5.4.5)

Since the temperature change due to the dc bias current is caused by Joule heating, it is
natural to assume VT = al?, where a is the constant conversion factor. Ay is also caused
by the temperature change due to the Joule heating. In the temperature range above 50 K,
the spin diffusion length monotonically decreases with increasing the temperature [8-10].
Therefore, when the temperature variation AT due to the Joule heating is much smaller
than the base temperature Ty, in the present case 300 K, we obtain AAy o« AT from the
Taylor series approximation. Since the temperature variation is proportional to the Joule
heating, we also obtain AAy = bI?, where b is the constant conversion factor. where the a
and b are the constant conversion factors.

Then, the first harmonic spin signal Réf can be expressed by the following equation:
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Vs PFRgp alpSs bL coth(L/Ano) 9 GAFSS 3
Rg=— = P I— Prl —1
7 1 7 Rensinh(L/Ano) ' © ' Rsp 22, e R
(5.4.6)

From the comparison between Eq.( 5.4.3) and Eq.( 5.4.6), The second, third and fourth
resistances Rgo, Rs3 and Rgy are found to stem from the thermal spin injection, influence of
the reduction of the spin diffusion length of Cu on the electrical spin injection and that on
the thermal spin injection, respectively. Especially, the comparisons of the first and second

terms yield the following relationship.

2Rg9 _ aApSs
Rs1 PrRsp

(5.4.7)

Here, Rg; can be given by the first harmonic spin signal without the dc current. Since the
value of a can not be directly obtained from the experiment results, we’d better try to the
simulation which will be discussed in the next chapter.

For further confirmation of the influence of the thermal spin injection, we also evaluated
the second harmonic voltage in the same measurement configuration. This approach enables
to exclude the influence of the electrical spin injection, and directly obtain Rgs from the
signal. As shown in figure 5.6(a) ~ (c), the clear spin signals with the magnitude of can be
seen also in the second harmonic voltage under various AC bias currents. Since the detected
second harmonic voltage is given by RgaI3/ V2, Rgs can be calculated as 0.6 m2/mA, which
is exactly same as the value obtained in the results of fitting DC bias current. The base
resistance is also found to be reproduced by the same manner.

For the comparison, we also evaluated Réf for various dc current injection for the Py/Cu
LSV with a similar device dimension. Figure 5.7 shows Réf as a function of I3, with a
representative spin signal for Ig. = 0. As can be seen in figure 5.7, Réf parabolically
reduces with increasing I4. and it is difficult to see a monotonic tendency originating from

the thermal spin injection. From the fitting curve using Eq.( 5.4.3) , we obtain Rg; = 0.79
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Figure 5.6: (a) ~ (c) The second harmonic voltage spin signal under various AC bias
current for the same CFA/Cu LSV. The insets are the exactly value of AC currents. (d-e)
The second harmonic spin voltage VSQf = V}?f — Vﬁ{; and base voltage of second harmonic
VA = (V2 +V2L) /2 as a function of AC bias current (Ip), respectively. The solid red curves
are corresponding to the parabolic fitting.
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Figure 5.7: First harmonic spin signal Réf as a function of DC bias current (/4.) in Py/Cu
LSV. The solid blue line is obtained by fitting Eq.( 5.4.3). The inset shows the typical
lateral spin signal under 0 DC bias current in this LSV device.
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mQ, Ry = 0.0079 mQ/mA, Rg3 = —0.016 mQ/mA? and Rsy = —0.00024 m$2/mA3. This
means that the variation of the spin signal Rg is dominated by Rgsl gc, resulting in the

parabolic reduction of the spin signal.
5.5 Summary

Let’s review this chapter, three main parts have been demonstrated.

First part introduces magnetic properties of the CoFeAl film fabricated by EB evapora-
tor. The present CoFeAl film bares large saturation magnetization (> 1000emu/cm?). The
coercivity (Hc) and the damping constant («) are larger than the crystal structures.

The second part contribute on evaluation of spin transport in CFA/Cu LSVs both in
electrically and thermally driven. The electrical spin signal in CFA/Cu is 10 times larger
than these in Py/Cu LSVs. The evaluated polarization of CFA is about 0.63.

The DC bias current dependence of electron spin signal results indicate that the spin
signal could be significantly modulated by efficient thermal spin current. Especially, 10
percent enhancement of the spin signal under high bias current is a great advantage for
generating the large spin current. From the analysis based on one dimensional spin diffusion
model with considering the bias-current heating effect, we find that the contribution of the
thermal spin injection is much larger than the influence of the reduction of the spin diffusion
length due to the Joule heating. In addition, we know that in the Py/Cu LSV, the spin
signal is significantly smeared out by anomalous Nernst-Ettingshausen effect and anisotropic
magneto-Seebeck effect. Negligible spurious signals in the nonlocal signal under high-bias
current for CFA /Cu LSVs is another important advantage.

In order to deeply understand the thermally driven spin transport properties, the sys-

temically experiments and discussion will be operated in the next chapter.
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Chapter 6

Thermally driven spin transport

6.1 Introduction

Spin current plays a central role in the operation of spin-based nano-electronic devices.
The efficient manipulation of the spin current is essential for developing functional and
energy efficient nano-spintronic devices. Recently, utilizing heat has attracted considerable
attention as a new approach for controlling the spin in ferromagnetic/nonmagnetic hybrid
nanostructures [1-8]. One of the representative and fascinating phenomena is thermal spin
injection, in which excess heat can be used to produce the spin current because of the
spin-dependent Seebeck coefficient [5-7]. So far, thermally driven spin injection has been
demonstrated only by employing conventional ferromagnetic metals such as Permalloy (Py)
and cobalt [2, 4]. However, the thermally excited spin current can only generate a few
ten nV, which is quite low. This is due to the low spin-dependent Seebeck coefficient of
conventional ferromagnetic metals. In the chapter 5, the efficient thermally driven spin
injection has been observed and briefly discussed for CoFeAl. To further understand the
thermally driven spin injection properties in the ferromagnet, the conceptual figures of
thermally driven spin injection will be introduced. We also experimentally evaluated the
spin dependent seebeck effect for CoFeAl. A combination of heat and spin transports will

not only enhance the generation of spin current, but also produce unique technique to detect

59
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the magnetic orientation indirectly. I also experimentally investigated the nonlocal thermal
spin signal in CoFeAl/Cu lateral spin valve with dual spin injectors to valuable insight into
how to precisely detect the magnetization switching of nano magnetic by using residual

heat.

6.2 Conceptual figures of thermally driven spin injection

In electrical spin injection, the difference in the electrical conductivity between the up and
down spins produces the spin current [9, 10]. However, since the moving direction of the
electrons is determined by the electric field, the electrons with both up and down spins
move in the same direction. Therefore, the generation efficiency of the spin current cannot
exceed 100% even by using a fully spin-polarized material, namely a half-metal. On the
other hand, the spin current induced by the thermal spin injection is determined by the
difference of the Seebeck coefficient between the up and down spins [5, 11]. This is known
as spin-dependent Seebeck effect. This effect is different from spin Seebeck effect [3, 4]
although both effects produce spin current and spin accumulation from the temperature
gradient. The Seebeck coefficient is strongly correlated to the band structure around the
Fermi level, and, under simple approximation in metals, the coefficient is known to be
proportional to the energy derivative of the logarithmic density of state (DOS) at the Fermi
level [12-14]. In a ferromagnetic material, since the DOS shows different features between
the up and down spins, one has to separately consider the moving directions of the up-spin
electrons and the down-spin electrons.

For conventional ferromagnets, the difference in the band structure between the up
and down spins can be considered approximately as a small shift of the DOS. In this
case, although the up-spin and down-spin electrons produce a Seebeck effect of different
magnitudes, the difference is very small. Moreover, the electrons for each spin diffuse

toward the same direction, as shown in figure 6.1(a, b). Therefore, the magnitude of the
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Figure 6.1: Conceptual figures of highly efficient thermal spin injection. (a) Schematic il-
lustration of the spin-dependent DOSs for a conventional ferromagnetic metal at high (left)
and low (right) temperatures. Both the up-spin and down-spin electrons diffuse from the
left-hand side (the high temperature) to the right-hand side (the low temperature). (b)
Charge and spin current flow in the conventional ferromagnet/nonmagnet junction under
the temperature gradient. The generation and injection efficiencies are quite low because
both the up-spin and down-spin electrons move along the same direction. (c) Schematic
illustration of the spin-dependent DOSs for a highly spin-polarized ferromagnetic metal at
high (left) and low (right) temperatures. The small DOS for the minority spin around the
Fermi level reverses the moving direction of the electrons under the temperature gradien-
t. As a result, the moving direction for the down-spin electrons is opposite that for the
up-spin electrons. (d) Charge and spin current flow in the highly spin-polarized ferromag-
net/nonmagnet junction under the temperature gradient. The spin current is efficiently
generated and injected into the nonmagnet
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spin current diminishes. On the other hand, if a ferromagnetic material has a large difference
in the DOS between up and down spins, the sign reversal of the Seebeck coefficient between
the up and down spins may be produced. In such a situation, the up-spin and down-spin
electrons flow in opposite directions, as shown in figure 6.1(c, d). Therefore, the generation
efficiency of the spin current due to thermal spin injection is significantly enhanced by the
large spin-dependent Seebeck coefficient.

To realize such a favorable situation for the efficient thermal spin injection, we focused
on a ferromagnetic CoFeAl (CFA) alloy, which is expected to have high spin polarization
even in a simply evaporated polycrystalline film because of the local formation of a highly
spin-polarized Heusler compound [15, 16]. In the next section, the thermally driven spin

injection properties have been evaluated.

6.3 Evaluation of thermal spin injection

6.3.1 Evaluation of spin dependent Seebeck coefficient

We performed the thermal spin injection by using a special probe configuration in the lateral
spin valve device. To create a temperature gradient across the ferromagnetic/nonmagnetic
interface, which is the driving force of thermal spin injection, a large ac charge current flowed
in the ferromagnetic wire, as shown in figure 6.2(a). From a numerical simulation based on
COMSOL multiphysics, a large temperature gradient around the interface can be effectively
produced by the large current flow in the ferromagnetic injector, as shown in figure 6.2(b).
Because of the low resistivity of the Cu, a partial current flowing in the ferromagnetic
injector is injected into the Cu around the junction, which may contribute to the spin
accumulation via the electrical spin injection. However, such contributions can be excluded
by the second harmonic lock-in technique. In addition, we confirmed that the contribution
of the electrical spin injection was negligible from the first harmonic measurement in the

subsection 6.3.3.
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Figure 6.2: Giant spin accumulation due to thermal spin injection. (a) Schematic illustration
of the thermal spin injection and detection using the LSV structure. Thermally excited spin
current is generated by flowing a large current in a ferromagnetic wire (F1), which is then
detected by the ferromagnetic detector (F2) with the second harmonic voltage detection
technique. (b) Numerically simulated result of the spatial distribution of the temperature
around the CFA /NM injecting junction under a large current of 0.78 mA. Here, the current
value corresponds to the root-mean square. It is clearly confirmed that the Joule heating
induced by the current flow in the ferromagnetic wire produces a temperature gradient
across the FM/NM interface. (c) Field dependence of second harmonic voltage under the
thermal spin injection for CoFeAl/Cu LSV (black line) with a 200 nm interval distance
under a bias current of 0.78 mA, together with the second harmonic signal for the Py/Cu
LSV with the same sample dimensions under a bias current of 1.08 mA. The asymmetric
field dependence is induced by the anomalous Nernst effect in the Py detector. (d) Bias
current dependence of the second harmonic spin voltage V2! for the CFA /Cu LSV. The red
line is the fitting curve assuming the parabolic dependence. (e) The thermal spin signal,
defined as AR = AV2/I?, as a function of interval distance L for CFA/Cu LSV at room
temperature. The solid red line is a fitted curve based on Eq. (2) assuming Ac, =450 nm.
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We measured the second harmonic voltage under the large ac current flow as a function
of the magnetic field in the CFA/Cu LSV. As seen in figure 6.2(c), the voltage clearly
reflected the relative angle between the spin injector and the detector, similar to the spin
signal under the electrical spin injection. We performed similar measurements using the
Py/Cu LSV with the same device dimensions. The signal was found to be dominated by
the anomalous Nernst-Ettinghausen effect in the Py detector, although a tiny spin signal
with a magnitude of 7 nV was observed [17].

We also confirmed that the voltage difference between the parallel and antiparallel states
parabolically increased with increasing ac bias current, as shown in figure 6.2(d). In
addition, the interval dependence of the voltage difference is well explained by Eq. ( 2.5.4)
obtained from the one-dimensional spin diffusion model.

It should be noted that the parameters obtained in the electrical spin injection ex-
periments well reproduce the experimental results in the thermal spin injection. These
characteristics are clear evidence for the thermal spin injection. As shown in figure 6.2(e),
by fitting diffusion function to interval dependence of the thermal spin signal, defined as
AR = AV2?/I?, with the COMSOL simulation results (ATy = 64K /uV 1=0.78 mA), we
obtained —72.1uV /K as the spin-dependent Seebeck coefficient for the CFA. This value is
approximately 20 times larger than the value previously reported by A. Slachter[4], which
implies that our CFA is a highly efficient thermal spin generator.

We can also estimate the effective Seebeck coefficient Sy from the background of the sec-
ond harmonic voltage [18]. The background voltage increased parabolically with increasing
bias ac current. From the fitting with the assumption, we obtained the conventional Seebeck
coefficient of -22/V /K. Notably, the spin-dependent Seebeck coefficient was larger than the
conventional Seebeck coefficient. From the relationships of Sy = (Syor + Si0))/(o4 + o))

and Sg = Sy — 5|, the Seebeck coefficients for up-spin (S;) and down-spin (5)) electrons
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Figure 6.3: Numerically simulated spatial distributions of the temperature in the whole
device (a) and in the vicinity of the CFA/Cu junction (b) under the bias current of 0.78
mA. The temperature gradient from CFA1 to Cu is clearly confirmed

were calculated as -35.7uV/K and 36.4 uV /K, respectively. Thus, the significant enhance-
ment of the spin-dependent Seebeck coefficient is due to the sign reversal of the Seebeck
coefficient. We note that some of the band structure calculations show that the sign of the
energy derivatives of the density of states around the Fermi level for up and down spins
are opposite each other [19, 20]. Understanding the correlation between the electrical spin
polarization and the spin-dependent Seebeck coefficient may be the key for further develop-
ment of the thermal spin injection and may provide a relationship between spin-dependent
and spin Seebeck effect [21]. Systematic experiments for various ferromagnetic alloys with
further development of the band-structure calculations are indispensable for finding more

excellent material for the thermal spin injector.
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6.3.2 Numerical simulation of temperature profile

We have numerically calculated the spatial distributions of the current and the temperature
of our CFA /Cu lateral spin valve under the bias current I, = 0.78 mA in the CFA wire by
using the finite element program Comsol Multiphysics. The current flows in the CFA wire
through the top and bottom contact pads. Here, we assume that the thermal conductivities
of Cu, CFA, Si, and SiO2 are 400, 29.8, 130 and 1.4 Wm ™K1, respectively. Figures
6.3(a) and (b) show the three dimensional color plots for the calculated the temperature on
lateral and vertical profile, respectively. As shown in figure 6.3(a), the temperature of the
CFA injector becomes maximum at the center between the pad and the junction. However,
from the magnified image shown in figure 6.3(b), we can confirmed that the temperature

gradient (VTp=64K/um) from the CFA to the Cu is effectively induced at the junction.

6.3.3 Confirmation of detected thermal spin signal without electrical spin
injection contribution
In order to evaluate the contribution from the electrical spin injection under the thermal
spin injection shown in top of figure 6.4(a), we measured the first-harmonic spin voltage
together with the second-harmonic voltage. As shown in the bottom of figure 6.4(a), we
can see a spin valve signal with the small magnitude of 0.06 mf2. This value corresponds to
0.0468 1V much smaller than the magnitude in the second-harmonic signal. Therefore, the
contribution from the electrical spin injection can be negligible. In addition, the parabolic
current dependence of the second-harmonic signal also supports the thermal nature of the
obtained spin signal. The observed tiny spin signal in the first-harmonic voltage originat-
ed from the inhomogeneous current distribution around the junction. A partial current
flowing in the ferromagnetic injector is injected into the Cu channel because of the high
electron conductivity of Cu. According to the one-dimensional spin diffusion mode, the

contribution of spin current is canceled out because the magnitudes of the incoming and
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Figure 6.4: Thermal spin resistance under the thermal spin injection. (a) The first-
harmonic spin valve signal under the thermal spin injection together with the schematic of
the measurement probe configuration for CoFeAl/Cu lateral spin valve. Here, the interval
distance between ferromagnetic wires is 300nm and (b) those under the reversed current
injection.

outgoing currents at the interface are the same. However, in realistic case, the current has
an inhomogeneous distribution. The nonlocal voltage cannot exclude such inhomogeneous
contribution completely. We also confirmed that the reversed spin signal with the same

magnitude was observed by reversing the current probe configuration as shown in figure

6.4(b). These experimental facts strongly support the above scenario.
6.3.4 Thermal spin injection in LSV with different materials

For further conformation of the origin of the enhanced thermal spin signal, we also fabricated
another type lateral spin valve containing of CoFeAl and Py wires which are separated by
500nm from center to center. We compared the thermal spin signal by reversal the injector
and detector. As shown in figure 6.5(a), the thermal spin signal of 0.064 p©V/mA? is
observed by using injector of CoFeAl and detector of Py. However, the thermal spin signal

is only 0.018 V/mA? shown in figure 6.5(b) even by using higher spin polarized detector
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Figure 6.5: Thermal spin signal in the lateral spin valve consisting of Py and CFA wires
which are separated by 500 nm between center to center. (a) Thermal spin signal observed
for injector of CFA and detector of Py as shown in the right schematic of measurement
configuration. (c) The thermal spin signal with measurement configuration for injector of
Py and detector of CoFeAl.
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of CFA and larger resistance joule heater of Py. From the qualitative analysis, the thermal
spin signal could be evaluated as the proportion of the spin dependent of injector Sénj',
polarization of detector Ppe¢. and resistance of injector wire Ryyj.. It should be noted that
the temperature gradient of injector is proportional to the resistance of the joule heater. So
the thermal spin resistance is also proportional to the resistance of injector wire. Then we
can give the following relationship by above considering,

AR o Sénj'PDet.PDet.Rheater

By using the value of Ppy=0.36, Pcrpa=0.62, Rﬁgater:490 Q and Rgiﬁer = 170 Q, we
can evaluate the ratio of SSCFA / Sg Y~ 22.7. The giant ratio of the spin dependent seebeck
coefficient is the origin of the giant thermal spin signal. By consider the value to SSCF A=
—72.1uV /K, we can also obtain Sgy ~ —3.2uV/K which is quite close to the value in the

previous reports. This indicates that this method could be used to evaluated the spin-

dependent seebeck coefficient for the low thermal generation efficient materials.
6.3.5 Temperature evaluation of thermal spin signal

The thermal spin injection performances were also evaluated at low temperature. Figure
6.6(a) shows the thermal spin signal as a function of external field at 5.5 K under bias current
of 0.77 mA. Very clear different thermal spin signal was also observed for the parallel and
antiparallel states for CoFeAl/Cu LSV with the interval distance of 200 nm.

The temperature dependence of thermal spin resistances is also plotted in the figure
6.6(b) for the CoFeAl/Cu LSV (solid dot). For comparing, the data for Py/Cu is also
plotted as triangle dot. The reduction of the thermal spin resistance is gradually change
with increasing temperature. However, the difference becomes increasing between the two
types spin valve results. The thermal spin resistance of CFA/Cu is over 100 times larger
than Py/Cu LSV from 220 K. This results indicates the CFA /Cu lateral spin valve expresses

excellent properties for thermal spin injection especially at room temperature. It’s also
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Figure 6.6: Temperature evaluation of thermal spin signal. (a) Thermal spin signal as a
function of external field at 5.5 K under bias current of 0.78 mA both for CFA/Cu and
Py/Cu LSVs. (b) Temperature dependence of thermal spin resistances for Py/Cu and
CFA /Cu LSVs, respectively.



Chapter 6. Thermally driven spin transport 71

Figure 6.7: SEM image with the schematic of present LSV structure consisting of 3 CFA
wires.

expected to be used in the high temperature.

6.4 Detection of the magnetic orientation by thermal spin
current

6.4.1 Geometry of device

We fabricated one type lateral spin valves by two-steps lift-off processes based on the electron
beam lithography. Figure 6.7 shows the scanning electron microscope (SEM) image and
schematic of lateral spin valve device consisting of three CoFeAl (CFA) wires, which are
separated each other by 300 nm from center to center. First, CFA wires 30-nm-thick and
120-nm-width were deposited by electron beam evaporation on a thermally oxidized Si
substrate under ultra-high vacuum. Here, the different shapes of CoFeAl wires on its edges
enable us to control the magnetization configuration by adjusting the magnetic field. Then,

a Cu channel 180-nm-thick and 120-nm-width was deposited crossing the CoFeAl wires.
6.4.2 Results and discussion

First, we evaluated the spin transport properties of present lateral spin valve device by
measuring nonlocal spin signal. Figure 6.8(a) shows the typical field dependence of
nonlocal spin signals at room temperature with the schematic illustration of the mea-

surement configuration in left. Where, sufficient large spin signal, which is defined as
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Rgle = (fo - VTlf) /1y =~ (VTlTf - Vfo) /Iy, is observed as 4.2 m{) for the interval distance
300nm. Such a result is identical with our previous report for CoFeAl alloy. This indicates
our device is also excellent for spin injection and detection. And then, we checked the spin
absorption effect in this device.

Figure 6.8(b) shows the measured configuration and electron spin signal which is about
0.75 mf). Such a spin signal is much smaller than 2.56 mf2, which is the value without
middle CFA wire. This indeed indicates that most of the spins absorbed in the middle
CoFeAl wire, in other words the spin current lost most of their momentum after flowing
one ferromagnetic due to its large spin relaxation.

However, we couldn’t see any changing in the spin signal shown in figure 6.8(b) at the
switching field of the middle wire. This implies that the approach can not distinguish the
magnetic orientation of middle wire because the magnitude of spin current absorption does
not depend on its orientation of magnetization.

In order to confirm the values of switching field for each CoFeAl wires at same curve, we
evaluated the electric spin signal in dual spin injectors as shown in figure 6.8(c). Three levels
resistances are clearly obtained from the electron spin signal. In the forward sweeping (dash
line), the overall distinct switching fields are observed around 33.5 mT, 47.5 mT and 70.3
mT owing to the different magnet orientation of the three CFA wires, separately. When we
swept the field from one saturation field to opposite one, the first dropping of spin resistance
Rgle = (Vm Tu)/Io ( TlTJ; WT)/IO = 0.67mf2, which is the same magnitude with
figure 6.8 (b). This indicates the dropping is corresponding to the magnetization (M1 ~
33.5 mT) switching of spin injector CFA1 wire. If continuing increasing filed, the highest
value of spin resistances is observed at the states of V#ﬂ; /Iy and Vfﬁ /Iy. By comparing the
value of switching with figure 6.8(a), this corresponds to the magnetization (M3 ~ 47.5 mT)
switching of spin detector CFA3. After all the magnetizations in these wires are parallel,

the spin resistance drops again and defined RSy a (VTTT i H) JIp ~ (V} f i 1= Vir i) /1o, which
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Figure 6.9: (a)Measurement configuration and the schematic of thermal spin injection for
this device. (b) Second harmonic voltage as a function of sweeping field.

is about 3.55 mf).

So the switching magnetization (M2 ~ 70.3 mT) of middle wire can be detected from the
curve of spin signal by using such a dual spin injectors. It should be noted the negative spin
resistance corresponding to the direction of the current flowing from Cu to CFA2. However
this approach couldn’t be used in technique without wire connection.

After that, We developed another technique which uses the injection of spins generating
by local heat current as shown in figure 6.9(a). when one AC current of 0.63 mA flows into
CFA1 wire, a local Joule heat current will be created and flows into Cu through CFA/Cu
interface. Owing to different seebeck coeflicient for spin up and down states, the heat current
Q though CFA1/Cu interface enable to create the accumulation of spin momentum which
diffusion apart from interface to generate a spin current Ig; in Cu channel. Simultaneously,
the heat current propagates to the lateral CFA2 wire and through Cu/CFA2 to create one
opposite temperature gradient in CFA2 wire around interface. So an additional spin current

Iso will be created in Cu channel. In addition, the two current model indicates that the sign
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Figure 6.10: Schematic configuration and thermal spin signal of detection the magnetiza-
tion of embedded CFA dot.

of the spin current is also related to the direction of magnetization. Therefore, the direction
of ferromagnetic could be responded by the sign of spin current. Here, the spin current will
be detected in the vicinity CFA3 wire by measuring the second harmonic voltage changing
under sweeping field using standard lock-in measurement system.

We found an unique thermal signal loops which also included three levels thermal resis-
tance with clearly distinct switching field.

The thermal spin resistance RY} = (Vfifi - Vﬁi)/IOQ A (VTQTfT — VfoT)/Ig = 0.12pV/mA?
is corresponding to the switching of magnetization of CFA1 and Rg% = (VﬁfT — VTQfT) J13 ~
(foi — VA )/1§ = —0.023uV/mA? is due to the switching of magnetization of CFA2. This
indicates the CFA2 can also generate additional spin current, which is large enough to
be detectable. The different signs of RtS}i and Rgg are arising from the opposite tempera-
ture gradient at junctions of CFA1/Cu and CFA2/Cu. We can detect and distinguish the

switching field of middle magnetic wire without wire connection.

However, the ratio of R} /RE) is quite different from REY/RES. This can be understood
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by the different heat current in CFA1/Cu and Cu/CFA2 junctions. As we know the back-
ground of thermal spin signal comes from the joule heating and Seebeck effect. Therefore
we confirmed that by evaluating the background signal.

For further confirmation, we fabricated an another type device as shown in figure 6.10,
one nano-dot has been buried in the 300 nm Cu channel. when we apply the current in one
wire, by measuring the second harmonic resistance between the other wire and Cu, we can
also see clearly three level thermal resistances. These results give us the directly evidence

the orientation of the nano dot can be detected by the thermal spin signal.
6.5 Summary

The thermally driven spin signal is two folder higher than conventional ferromagnet based
LSVs. The spin dependent seebeck coefficient of CFA is evaluated as ~ —72.1uV/K. There-
fore,realization of the efficient generation of the spin current due to thermal spin injection
provides unique architectures for wireless spintronic devices, which greatly simplify device
integration. In addition, from the viewpoint of energy harvesting, utilizing heat is one of the
most promising approaches for clean energy technology. Discoveries of excellent materials
for thermal spin injection open a new avenue for spintronic device application.

One example of the application is indirectly detection of the magnetic orientation of
nanomagnet. Here, one succeed in detecting the magnetization switching of nano dot em-
bedded in the nonmagnetic wire. Our work demonstrates the potential of efficient thermal

spin injection in the application of spintronics.
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Chapter 7

Novel LSV structures for giant
pure spin current generation

7.1 Introduction

Generation and Manipulation of spin current enable to realize the utilization of spin transfer
properties in spintronics devices. Lateral spin valve as a conventional spintronics devices
could separate charge and spin current and generate pure spin current. The conventional
LSVs devices which include one nonferromagnet material and two closed ferromagnets wires
are always applied as the study of spin injection, precessing and relaxation. However, such
structure suffers one problem of low generation efficiency for the application.

In order to enhance the generation efficient, several approaches have been discussed
in the previous chapters, such as utilization of excellent materials (CoFeAl)with high spin
polarization and efficient thermally driven spin injection technique. This chapter devotes to

the design of the special lateral spin valve structures combined with the excellent materials.

80
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7.2 Multi-terminal lateral spin valves

7.2.1 Multi-terminal lateral spin valve with Py injectors

As we know the pioneer advantage of lateral spin valve is the flexible configuration to
generate and manipulate pure spin current. Apart from considering the generation efficiency,
the simplest method to enhance the amplitude of the pure spin current is to increase the
amount of driven charge current[1-4]. However, the key bottleneck for this technique is the
Joule heating in both ferromagnetic (FM) and NM channel, as the spin diffusion length
and the spin polarization strongly deteriorate with increasing charge current, resulting in
an overall decrease of the pure spin current. Therefore, it’s naturally to expand the single
injector to multi-injectors which can overcome the issue of the tolerant limitation of charge
current.

Figure 7.1 (a) shows the scanning electron microscopy image of multi-terminal lateral
spin valve which was fabricated on a SiO4 substrate by three-step electron beam lithography
and lift-off technique. First the four Py injectors (Pyl, Py2, Py3 and Py4) width 120 nm
width and 60 nm thickness and the detector (Py dot) with an area of 400 nmx200 nm
and 10 nm thickness were deposited after first two step electron beam lithography by using
electron beam evaporator in ultra low pressure. The Cu channel with 250 nm width and
150 nm thickness was deposited bridge on the Py wires using Joule evaporation. Prior to
Cu deposition, the surface of Py wires was carefully cleaned by low power Art ion milling
to get good transparent interface. The performance of this device was evaluated by using
lock-in amplifier system with variable DC bias current superimposed on a small AC probing
current.

To understand the performance of this device, first each spin signal characteristics of
four injectors were observed without DC bias current as shown in figure 7.1(b). All four

figures show typical non-local spin valve signal with a high and a low resistance for parallel
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Figure 7.1: (a) SEM image of the multi-terminal spin injection device. (b) Spin signal at
near zero bias for each Py injectors. (c¢) Schematics for signal, double, triple and quadruple
spin injections. (d) DC bias current dependence of the normalized spin signals for each
injections.
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and antiparallel states between the injector’s and detector’s magnetization. The spin signal
resistance Rgg is defined as the difference of the two states resistances at zero bias current.
However, the magnitude of the spin signal is different with each other. This can be under-
stand by the different size of the injectors and the different distance between the injectors
and detector. This indicates our device is well working.

After that, the DC bias current dependent behaviors were evaluated for varying number
of injectors as measurement configuration shown in figure 7.1(c). The figure 7.1(d) shows
a comparative study of the DC bias dependent performances for different combinations of
the injectors. Here, the bias current of spin signals were initialized by Rgg. As the DC
bias current increases, the ratio of Rgy/Rg reduces due to the Joule heating. However, such
effect is least pronounced for the case with quadruple injectors. For instance, when single
injector is used, at 2 mA the spin signal reduces to 54%. However, the spin spin signal
still possesses 95% value of zero DC bias current at this DC bias current injection for the
quadruple injectors. The reason is the less heat for the quadruple Py injectors than the
single injector under the same total bias current. It can be clearly confirmed that the critical
current, where the spin signal starts to reduce, is improved by increasing the number of
the spin injectors. Thus, by using a multi-terminal spin injector, the Joule heating problem

and electromigration issue in non-local spin injection can be tackled.

7.2.2 Multi-terminal lateral spin valve with CoFe injectors

The spin transfer torque of spin current has been confirmed to be used for writing magnetic
bits with high speed and and high density[5-8]. In order to demonstrate the switching of
nanomagnet by pure spin current, one multi-terminal spin valve device, which consists of
four CoFe injectors and one Py dot detector, has been fabricated on quartz substrate as
shown in figure 7.2(a). For utilizing high performance CoFe, one 30 nm CoFe film was

prepared by RF magnetic sputtering technique. Then, the 100 width CoFe injector were
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Figure 7.2: (a) SEM image of the multi-terminal spin injection device with CoFe injectors.
(b) Quadruple spin signal for CoFe and Py injectors at room temperature. (c¢) Spin signal
at 4.6K for CoFe injectors.

fabricated by using the EBL and Ar™ ion milling and hot lift-off technique. After that, Py
dot with an area of 200 nm x 500 nm and 10 nm thickness was fabricated between the
CoFe injectors. Finally, Cu channel with 300 nm width and 160 nm thickness bridged over
the injectors. 200 nm x 300 nm area of Py dot has been embedded in the Cu channel for
much more spin absorption.

The spin transport properties have been performed by using the standard lock-in ampli-
fier. The spin signals of both Py and CoFe based injectors are plotted at room temperature
in figure 7.2(b). Even for long distance and large Py detector dot in CoFe device, the spin
signal is about 0.127 m{2 which is still 1.4 times larger than Py injectors device. Further
more, the low switching fields which are corresponding to the Py detector are almost same
both of CoFe and Py injectors devices. However, the high switching fields which are corre-
sponding to the injectors is quite large for CoFe which have low influence under high bias

current. Figure 7.2(c) shows the spin signal which is about 0.58 m€2 at 4.6 K. This indicates
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the multi-terminal device with CoFe injectors is an efficient spin current generators. But
the magnitude of the pure spin current is still not large enough for the efficient application

of spin transfer torque effect.

7.2.3 Multi-terminal lateral spin valve with CoFeAl injectors

Here, we use another multi-terminal device with slightly different sample structure and
dimensions as shown in figure 7.3(a). The widths of the Cu and the CoFeAl injectors
are 180 nm and 120 nm, respectively. The thicknesses of the Cu and the CoFeAl injectors
are 180 nm and 30 nm, respectively. The detector is the elliptical-shaped Py with 10 nm
thickness. The major and minor diameters are 300 nm and 150 nm, respectively. The spin
signals are 2.8 m{2 at room temperature and 8.45 m) at 2.4 K. From the magnitude of the
spin signal ARg, we can roughly estimate the injecting spin current. The injecting spin

current Ig into the middle Py dot can be calculated by the following equation:

ARg

Ig=——"5
PPyRSPy

I (7.2.1)

By using the value of ARg = 8.45mf), Ig = 0.23] is obtained. Such efficient pure
spin current generation may be applied to switch the magnetization of Py dot. Then
the experiment of switching the magnetization of nano-magnet have been operated in the
following.

Figure 7.4 (a) shows the illustration of the switching of magnetization by spin transfer
torque of pure spin current. Firstly, all the magnetization of CoFeAl and Py dot were
initialized by the large negative external field to parallel. If the positive current flows
from the CoFeAl wire to Cu, the generated pure spin current with the down spin angular
momentum will transfer the spin angular momentum to the middle Py dot. If the magnitude
of the pure spin current is large enough, the magnetization of Py dot will be successfully

reversed. In order to realize such effect, DC bias current is started to sweep from zero to
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Figure 7.3: (a) SEM image of Multi-terminal lateral spin valve with CoFeAl injectors and
the measurement configuration. (b) Typical nonlocal spin signal at room temperature and
24 K.

positive value and go back to negative value, then reduce to zero. The resistance jumping
was observed at the +7.3 mA as shown in figure 7.4 (b). However, we couldn’t reverse the
magnetization back by using the negative bias current. In the Chapter 4, the bias current
dependence of spin signal had been systemically evaluated. The positive bias current could
generated additional spin current by joule heating effect and enhance the total magnitude
of pure spin current. However, the negative bias current will reduce the total magnitude of
pure spin current. This partial switching effect could be easily understood by considering
the thermally driven spin injection.

Otherwise, only partial Py dot is explored in the pure spin current and the embedded
part of Py is a bit thin because of the pre-milling process before depositing Cu. The existing
no uniform domain may also influence the switching Py dot. So optimized designment is
needed in the future work.

All in all, we realized the switching of magnetization for nanomagnet by efficient pure

spin current in multi-terminal device with CoFeAl injectors.
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Figure 7.4: (a) Hlustration of the switching of magnetization by spin transfer torque of
pure spin current. (b) Resistance jumping as sweeping DC bias current at the temperature
of 2.4 K. DC bias current is started to sweep from zero to positive value of 10 mA and go
back to negative 10 mA, then reduce to zero.

7.3 Nanopillar based lateral spin valves

7.3.1 Fabrication of Nanopillar with different materials

One approach to efficiently produce a pure spin current is non-local spin injection by em-
ploying lateral spin valve combined with nanopillar structures. These kind lateral spin
valves can over come the limitation of maximum tolerance bias current because of short
current pass in ferromagnet. The disturbing effects, such as conventional thermoelectron
effect and anomalous nernst effect, can be sufficiently prevented at the detector owing large
heat sink of the bottom electrode. However, in the previous device which has been fabri-
cated from a ferromagnetic (F) and nonmagnetic (N) bilayer film, it is impossible to make
the injector and detector with different materials. To further explore new functionalities
of pure spin current, we have developed a novel method for fabricating nanopillar-based
lateral spin valve (LSV) consisting of two ferromagnetic dots with different materials and
thicknesses. Ome high spin polarized CoFeAl and one typical soft magnet Py have been

chosen in the present studies.
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We employ the shadow evaporation techniques to make the novel LSV([1, 9]. First, the
electron beam lithography (EBL) was performed to make II structure patterned in the
organic resist as shown in the figure 7.5(a) in the top view. The thickness of the coating
resist depends on the viscosity and concentration of solution. After carefully checking, two
times coating with 2000 rpm can obtain 1g m thickness resist. After that, 150-nm-thick
Cu bottom film was perpendicularly deposited to the substrate using thermal evaporation.
Then, two different and closely located ferromagnetic ribbons (CoFeAl and NiFe) were
deposited at different angles on Cu wire without breaking the vacuum as schematically
shown in Figure 7.5(b). In this experiment, 12 nm CoFeAl and 10 nm Py films were
deposited using electron beam evaporation deposition under the pressure of 1076 Pa. In
order to prevent the oxidation of ferromagnetic film, finally 10 nm Cu film deposited on the
top layer. One SEM image of closed located ribbons is shown in figure 7.5(c) after lift-off.
The nanopillars were fabricated by two steps lithography. Two rectangles resist mask had
been fabricated on the two ribbons by the first step electron beam lithography. After Ar™
ion milling off the extra ferromagnetic film, SiO4 as isolator layer was deposited to insolate
the bottom electrode with pillar. The top electrodes were fabricated after removing resist
mask using second step EBL and conventional lift off processes. One final SEM device
was shown in figure 7.5(d). Here, the interval distance of the tow dots is 850 nm from
the center to center. The area of the dots are design as 150 nm x 300 nm. The device
performances of the spin transport were evaluated by measuring the nonlocal spin signal

with the measurement configuration shown in figure 7.5.

7.3.2 Evaluation of nonlocal spin transport

Figure 7.6(a) shows one clearly typical lateral spin valve signal in which the high and low
resistances correspond respectively to the parallel (P) and the antiparallel (AP) magneti-

zations of injector and detector. The distinguished switching field (H¢) for the two dots



Chapter 7.  Novel LSV structures for giant pure spin current generation 89

Dot size 150nm X 300nm

Figure 7.5: Fabrication process and measurement method (a) Top view of the resist pattern.
(b) Schematic of shadow evaporation in a view of the crossing section. (c) SEM of the
closed located ribbons. (d) SEM image of one device (e) Schematic of the measurement
configuration
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Figure 7.6: (a) Typical spin signal for the present device measured at 295 K (red) and 35
K (blue). (b) The spin signal as a function of temperature. (c¢) Switching field as a function
of temperature for CFA (Solid black dot) and Py (Solid red dot) respectively.

come from the different anisotropy of CoFeAl and Py. The spin signal (Rg) which is the
overall resistance difference between the two states is bout 0.78 m{2 at 295 K and 7.7 m(2 at
35 K. The spin signal is strongly enhanced at low temperature. The curve of temperature
dependence of spin signal was plotted in figure 7.6(b). One maximum value of 8.1 mf)
was observed at 25 K, which can be explained by the spin-flip scattering of the surface.
In the one dimension model, the spin signal is mainly dominated by spin polarization of
spin injector and detector and the spin diffusion length in Cu. In order to understand the
picture of temperature dependence of polarization, the switching field as a function of tem-
perature , which corresponds the polarization of ferromagnet, are shown for CFA and Py
dots in figure 7.6(c). The switching fields are rapidly increasing, when temperature starts
to decrease from 65 K. However, the spin signal is dramatically enhanced from 165 K. This

indicates the spin diffusion length dominates the enhancement of spin signal from 165 K,
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1700 nm

Figure 7.7: The illustration of the spin reservoir effect in the pillar based lateral spin valve.

not the polarization. The inset of figure 7.6(b) shows the normalized value of spin signal
as a function of temperature for wire based (solid dot curve) and pillar based (solid triangle
dot) spin valve, respectively. The normalized value is separated when the temperature re-
duces. This indicates our pillar structure bears unique properties at the low temperature.
As mentioned, this may mainly arise from the enhanced effective spin diffusion length.

In order to explain how does the spin diffusion length work, the spin reservoir will be
introduced. Figure 6.6 shows a schematic image of present device. The dimension of the
reservoir box which is defined as the volume in red dash lines is shown as width of 1000
nm, length of 1700 nm and thickness of 100 nm. Since the very thin two probes channels
have much larger spin resistance, the generated spins prefer to propagate in the low spin
resistance channel. When the spin diffusion length is longer than the value of geometry
dimensions, the efficient spin diffusion length will be enhanced because of the reflection of

wall.

7.4 Summary

To summarize, we have investigated two special configurations of nonlocal spin devices,

named as multi-terminal and nanopillar nonlocal devices. The key motivation for exploring
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these novel configurations is to improve the spin injection efficiency by tackling the Joule
heating problem. It has been demonstrated that by increasing the number and reducing the
effective size of the spin injector electrodes, the Joule heating can be significantly circum-
vented and, thereby, a large spin signal can be generated without sacrificing the efficiency at
high bias current. We also emphasize that, by using a material with high spin polarization
as the spin injector, the generation efficiency of the pure spin current can be drastically
improved. By combining these techniques, the generation efficiency of the pure spin current
might be improved to a comparable level to that of the spin polarized current in the vertical
device. Thus, the nonlocal device configurations discussed in this article are promising for
implementing the pure spin current in a useful device and demand further attention from

the research community.
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Chapter 8

Conclusion

This thesis devotes to experimentally study on the electrically and thermally driven spin-
dependent transport properties in ferromagnet/nonferromagnet hybrid nanostructures with
the purpose to enhance the generation efficiency of pure spin current. The major results of
the thesis are as follows:

Influence of heat current on the transport of spin current.

The bias current dependence of nonlocal spin valve effect has been systematically in-
vestigated in Py/Cu LSVs. The large bias current is found to induce both the reduction
of spin valve effect and the unconventional magnetic-field-dependent features. The former
can be understood by the reduction of the spin diffusion length of the Cu channel caused
by the Joule heating. Later can be explained by the anomalous Nernst-Ettingshausen effect
induced by the heat current in the detected probe. Thus the heat current is important on
the spin transport.

Efficient pure spin current generation using CoFeAl/Cu LSVs. CoFeAl with
a specific alloy composition shows an excellent ferromagnetic materials for the electrical
spin injection in LSVs. The CoFeAl/Cu LSVs can be fabricated by the conventional lift-off
technique similarly to the Py/Cu LSVs. the spin valve effect obtained in the CoFeAl/Cu
LSV is 10 times larger than those for the Py/Cu LSV, indicating the high efficient generation

of pure spin current.
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Moreover, the obtained thermal spin voltage is approximately 100 times more than the
conventional injector at room temperature using such excellent CoFeAl alloy because the
spin-dependent seebeck coefficient is larger than the conventional charge seebeck coefficien-
t due to the favourite band structure. This leads to the development of an innovative
method for simplifying device integration without the need for electricity, namely wireless
spintronics.

Enhancement of pure spin current by mixing the electrical and thermal gen-
eration. Here, the nonlocal spin valve effect has been evaluated under bias current in
CoFeAl/Cu LSV. The nonlocal spin signal is found to increase monotonically with the bias
current. From the analysis based on one dimensional spin diffusion model with considering
the bias current heating effect, the contribution of the thermal spin injection is much larger
than the influence of the reduction of spin diffusion length in Cu channel. This indicates
heat current could enhance the generation of pure spin current.

Giant pure spin current generation in novel device structures. Two kinds of
novel device structures have been developed. One is a multi-terminal spin injection, in which
the totally generated spin can be extended by mixing the spin currents generated from each
spin injector. The divided spin injection was found to reduce the heating effect. The other
one is a nano-pillar based LSV, in which a large excitation current can flow. To further
explore new functionalities of pure spin current, LSVs consisting of two ferromagnetic dots
with different materials and thicknesses have been successfully developed.

In briefly, Permalloy has a limitation for generating the large pure spin current because of
the undesired heating effects. To overcome this serious obstacle, the CoFeAl alloy has been
developed with the high spin polarization. An efficient generation of pure spin current has
been realized by using the CoFeAl alloy. Moreover, the CoFeAl is found to have an extremely
large spin-dependent Seebeck effect. This enables us to develop the highly efficient thermal

spin injection in lateral spin valves. The novel device structures have been developed for
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increasing the generation efficiency and the magnitude of the spin current. These innovative
demonstrations provide important steps toward the practical application of the pure spin

current.
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