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ABSTRACT

Submicron- and nano-sized magnetic patterns were fabricated by e-beam
lithography with lift-off techniques. The magnetoresistance (MR) measurements and
quantitative analysis of magnetic force microscopy (MFM) were using to investigate
the spin transports and magnetic reversal behaviors of these magnetic patterns. The
commercial magnetic tunnel junctions (MTJs) were also measured at various
temperatures to observe its thermal effects.

The MFM were used to investigate a permalloy (Py) strip including two parts with
different widths. The results indicated that the magnetic behaviors in different
sections of the strip can be separated. The intensity of the phase-shift in the wider end
is stronger than that in the narrower one. In contrast, the coercive force in the
narrower end (9 Oe) is larger than that in the wider-one (8 Oe). This is due to a strong
anisotropic effect, and thus the H. in the neck section could be strongly affected by
the competition of the head-to-tail magnetic configurations in the two parts of the
strip wire. This results in a small H. in the neck section.

For the thermal effect measurement of the MTJs, the MR ratio at 140 °C remained
roughly 87% of that at room temperature. The operational temperature of electronic
equipments is generally around 60-80 ‘C and the MR ratio of the MTJs at such
temperatures be preserved in a considerable portion (90-95%) of that at room
temperature.

Single-layered and tri-layered spin valve rings were investigated by MR
measurements. The critical current density of current-induced domain wall motion in
the single-layered Py ring is about 1.5 ~ 3.5 x 10" A/cm?. With the present size, the
tri-layered spin valve was possibly in the critical boundary between the formations of

vortex and onion. Within this state, the soft ring was in vortex state and the hard one



was in the forward onion state.

The nonlocal lateral spin valve (NLSV) devices were also constructed to detect the
vortex chirality of the ring. The spin polarization induced in Cu diffusive channel of
the NLSV devices in the present work was estimated at about 2%. The spin signals
were also enhanced by shortening the distance of the diffusive channel.

Finally, we investigated the Cu-Py cross structure through which charge current
flows and the resistance of the contact region. The concept of this structure was from
the NLSV studies mentioned above. When choosing one voltage electrode as the spin
injector itself, the probe arrangement was no longer the nonlocal geometry, and hence
the signal from the local contact region was sensed. This signal exhibited a magnetic
hysteretic loop, i.e., odd-asymmetric roughly equals to the zero field. We found the
variation of the odd-asymmetric signals directly related to the switching of the spin
injector at the contact region (the Cu-Py cross). It was attributed to the anomalous
Hall effect of the injector at the contact region and the argument was supported by the

results of size dependent investigation.
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CHAPTER 1

Introduction

In the past decades, magnetoelectronic device has attracted much attention both in
the applications to spin electronics (or spintronics) and in the fundamentals of spin
physics. Its versatile applications in information storage, non-volatile memory, and
magnetic sensors have been well studied and developed. With the property in which
resistance changes from one level to the other one, multilayered spin valves such as
giant magnetoresistance (GMR) and magnetic tunnel junction (MTJ) have been
successfully implanted as the memory cell [1-2]. In spite of these devices operating
based on clear switching of electric resistance and converting to digital signals of “1”
or “0”, the physical background of:resistance switching actually originates from the
magnetization states of the individual magnetic layers in the multilayered devices.
Hence, not only the mechanism of spin transport in magnetoelectronic device but also
the magnetization reversal process in ferromagnet need to be studied in detail.

Micromagnetics was, therefore, established to investigate the magnetization
reversal process, magnetic domain, and domain wall in micro- or nano-scale
ferromagnets; and many experimental studies on magnetic thin-film patterns were
also reported [2-12]. With the advantages of direct relation to the distribution of
magnetization in real space, magnetic force microscopy [13] (MFM) is an effective
tool to observe magnetic image of micromagnetic structure in thin-film patterns [4, 9].
In addition, combined with the real-time sweeping magnetic field, the in-situ
detection of MFM images can also investigate the process of magnetization reversal
[14-16]. Among these studies, quantitative MFM analysis [16] reveals the
magnetization reversal process for local parts of a patterned magnetic film by using

the statistical calculating of phase shift, and hence promotes MFM usage to relevant
1



studies.

Unlike the clear understanding on the relations between magnetic images and
magnetic structure, the indirect relation between magnetoresistance (MR) signal and
magnetic structure, usually cannot be intuitively understood. However, MR
measurement provides a more sensitive reflection from the interactions between
conducting spin-polarized electrons and local moments in magnetic materials. Besides,
in practical applications of magnetoelectro devices, information transport and
transmission of actuating energy are mainly based on the electrical operation.
Therefore, with both interests in physical origin and feasible applications, a variety of
MR phenomena have always been the attractive topics in spintronics.

As the promising applications to spintronics and interests on physics, tunnel
magnetoresistance (TMR) phenomena and MTJ devices have caught much attention
and many studies have been carried out. Julliere [17] first dedicated to the MTJ
experiments and proposed the first theoretic model describing the origin of TMR.
According to his assumptions, spin ‘of electrons is conserved during the tunneling
process. It infers that up-spin and down-spin electrons tunnel the barrier
independently with each other, and hence the conductance occurs in the two
independent spin channels. Moreover, the conduction of each spin direction is
proportional to the densities of states of that spin in each electrode. This model
successfully explained the common TMR phenomenon that the conducting current is
larger for parallel alignment of the two ferromagnetic layers than antiparallel one of
that, but did not provide the information describing bias voltage and temperature
dependence of TMR ratio (%). Julliere’s contribution inspired other researchers to
further investigate in this field. Although the results were not reproduced by others
and Julliere’s model is not accurate for realistic TMR phenomena, this simple

two-current model still provides a substantial understanding on TMR and even used to
2



interpret the similar phenomenon of GMR [18]. Later in 1989, Slonczewski [19]
proposed the first accurate theoretical explanation of TMR. By extending the free
electron model [20], he proposed that, the polarization of tunneling electrons depends
not only on the density of states at that ferromagnet, but also on the height of the
tunnel barrier. For these free electron models, however, the lattice structure of
ferromagnetic electrodes and the variation of the band structure near the insulating
barrier are not considered, hence the predictions for TMR are quantitatively unreliable.
The most common property for MTJ is the TMR decreasing with increasing bias
voltage and temperature. Zhang et al. [21] proposed that spin excitations localized at
the interface between ferronagnet and tunneling barrier cause the decrease of TMR
ratio. This model was later used by Han et al. [22] to study the conductance and
magnetorsistance as a function of voltage and temperature for CosF,5/Al,O3/CorsFess
tunnel junctions. Another mechanism, which could contribute to the voltage
dependence of conductance and - TMR, is related to the electronic structure of the
ferromagnets [23-25]. LeClair et al.» [26] proposed a relationship between the
magnetotransport properties and the calculated density of states (DOS) for the two
different crystallinities of Co. Another crystalline-dependent TMR were also reported
[27]. Shang et al. [28] assumed that spin polarization decreases with increasing
temperature due to spin-wave excitations, as does the surface magnetization. They
then performed the work with fitting to the well known Bloch T*2 law, and obtained a
satisfactory explanation for the temperature dependence of TMR. Other studies on
explanation by Bloch T*? law were also discussed [29-36]. By modifying Brinkman
model [37], Xiang et al. [38-39] calculated the bias dependence of DOS for majority
and minority spin bands by fitting to the measured resistance, and named the
conductance minima shifts (CMS) which can also be correlated to the voltage

dependence of DOS. The similar fitting works were also carried out by other
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researchers [31, 40-43]. For MTJ devices during operation, the possibly encountered
high temperature could be near 70 ~ 100 “C. It is our interest to study the temperature
dependence of TMR for MTJ devices around this range of temperature to examine the
thermal stability of the devices.

In addtion to the spin-dependent tunneling, other phenomena of spin transport such
as spin injection and accumulation in normal metal also attract much attention due to
the interests in physics and the applications to spintronics. It was Johnson and Silsbee
[44] who first demonstrate the spin injection into normal bulk metals. Since then, spin
injection into nanometer-sized patterns of a variety of normal metals such as Cu, Al,
Au, and Ag [45-60] has been achieved. The description of theoretical model for spin
injection dates back to Fert and Campbell [61]. Van Son et al. [62] extended the
model to describe transport through ferromagnet-normal matal (F/N) interface. Later,
Valet and Fert [63] applied the-model based on Boltzamann transport equation to
describe the effect of spin accumulation and current-perpendicular-plane GMR.

The significant experiments of another spin transport phenomenon, Spin Hall effect
(SHE), has been demonstrated in metallic system [64-67] latter than previously
mentioned nonlocal measurement of spin accumulation because the observation of
SHE requires advanced experimental technique. However, SHE has been theoretically
predicted four decades ago [68]. Later in 1999, Hirsch [69] developed the
phenomenological theory with impurity scattering, and then Zhang [70] extended it to
the diffusive transport regime. SHE describes a spin current generated in the
transverse direction of a charge current and a spin accumulation at lateral boundaries
of that conductor. For nonlocal measurements or the crossed geometry, SHE could
more or less contribute to the measured signal. Therefore, one might consider and
evaluate the magnitude of signal generated by the SHE.

Compared with single domain devices such as MTJs or GMRs used in MRAM, the
4



domain wall devices are more complicated in reversal process usually associated with
single domain wall (bi-domain) or multi domain walls. Hence, the understanding on
domain wall motion and the driving source of motion is an important topic for the
research and development of domain wall devices. Parkin [71-72] proposed the
racetrack memory based on domain wall motion. Moreover, the feasibility to logic
gates has also been reported [73-75]. The common feature of these studies is that the
ferromagnetic patterns carrying domains and domain walls are narrow wires either in
straight- or curved- line shapes. The narrow wire makes domain wall and domain-wall
motion clearly defined due to the shape anisotropy along the directions of curve or
straight line. In addition, for a curve shape, it is easily for one to manipulate the initial
domain wall position by properly choosing the relative direction between the pattern
and the applied field. This useful -approach has been achieved to study the
phenomenon of domain wall motion-in narrow wires [76-79]. As the physical interest
and the requirement of electric operation  for- a magnetoelectro device, the
phenomenon of current-induced (or ‘current-driven) domain wall motion have also
given rise to a great interest to explore for single-layered ferromagnetic narrow wires
[80-85]. For these investigations, the approaches to detect domain wall motion are
MFM and AMR measurements which may be constrained by the electric operation
when used as a device. For tri-layered (ferromagnetic/normal-meteal/ferromagnetic;
F/N/F) spin valves [86-90], although the measurement fits to the application of the
device, the tri-layered structure makes the behaviors of domain wall motion more
complicated since the interaction between the two ferromagnetic (FM) layers affects
the domain wall motion which is different from that in single-layered FM.

The vortex state of a ferromagnetic ring features a bi-direction of degeneracy:
clockwise (CW) or counter clokwise (CCW). This chirality could serve as a memory

bit by considering the direction CW or CCW as “1” or “0” signal. Besides, with its
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advantages of the almost zero stray filed out of the ring structure, FM-ring memory
cell can be a stable and low noise device. Therefore, FM ring-shaped structure has
attracted much attention and many studies on basic behaviors of reversal process of
FM rings have been carried out [91-95]. Since the transition of onion-to-vortex in ring
structure is completed by domain wall propagation, the behavior the domain wall
motion plays an important role in FM-ring device when observing the reversal process
in tri-layered [96-100] or single-layered [101-102] rings by MR measurement. The
current-induced domain wall motion in FM ring was also performed for
single-layered [102] and tri-layered [103] structures. The detection of vortex chirality
of FM rings can be performed by tri-layered structure [98-100, 103]. For the
single-layered, however, the measurement with only AMR provides no crucial
information for determining the chiralities. It was-Kimura [6, 104] first carried out the
detection of vortex chirality of a-single-layered structure by using nonlocal spin valve
(NLSV) measurement to sense-spin accumulation in the normal-metal diffusive
channel and determine the spin orientation of the spin injector adjacent to the spin
diffusive channel.

In this dissertation, we review the researches related to the voltage and temperature
dependent TMR of MTJ devices, reversal process of magnetic patterns, and spin
dependent transport such as spin injection, spin accumulation and AMR behaviors in
Chapter 1. The basic theory and some phenomena that relate to the investigations in
this dissertation are described in Chapter 2. Chapter 3 presents the principle and
methodology of the experiments. In Chapter 4 we discuss the experimental results and
compare with the results repeated by other researchers for satisfied explanations.
Section 4.1 presents the results of the quantitative MFM analysis. We investigated a
magnetic patterned strip with two-different-width parts by analyzing its MFM phase

changes, and focused on the two ends of the strip and the region in which the wider
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part changes to the narrower one. Section 4.2 presents the temperature and voltage
dependent TMR measurements of MTJs. The possible physical origins of both
dependences were discussed. In Section 4.3, we describe the magnetization states and
reversal behaviors of the single-layered Py ring and the tri-layered spin valve Py ring.
Inspired by the drawback of the incapability of detecting the chirality of the
ferromagnetic rings (mentioned in Sec. 4.3), we further fabricated and measured the
nonlocal lateral spin valve (NLSV) including a Py wire and ring to sense the spin
accumulation signals and determine the direction of circulating vortex in the ring. The
results are shown in Section 4.4. Besides, to obtain the larger spin signals in the lateral
spin valve (LSV), we shortened the distance of spin diffusive channel by removing
the Cu cross inserted in between the Py ring and the wire. The structure is no longer a
nonlocal geometry. However, the. spin accumulation can still be detected and
enhanced but with an extra signal that exhibits asymmetric MR behavior. In Section
4.5, we tried extracting the spin-accumulation: signals by replacing the ring with a
second wire but in different width with the first one. We then measured the three
different geometries in this two-wired LSV. In Section 4.6, we systematically studied
the physical origin of the asymmetric signals found in section 4.4 and 4.5. The results
of the size dependent measurement suggests the physical origin is most possibly from

the anomalous Hall effect of the in-plane magnetization Py wire (the spin injector).



CHAPTER 2

Introduction to Basic Theory and Phenomena

2.1 Magnetic domain and domain wall

A stable magnetic state consists of domains and domain walls existing within a
ferromagnetic material (bulk, film, or patterned film) and reaching an equilibrium
state without varying with time in macroscopic scale. The stable state is a result of
competition among exchange energy, demagnetizing energy, anisotropic energy
(usually the crystalline anisotropy), and Zeeman energy in that material in which the

total energy stays at the minimum under the stably applied magnetic field.

Exchange interaction and energy  The exchange interaction comes from a
consequence of a quantum effect that the atomic magnetic moments tend to align to
the same direction with each other in ferramagnetic. This interaction affects the
alignment between two adjacent spin elements in a short range of few atoms. Hence,
the exchange energy of the alignment between two spin elements (usually the atomic
magnetic moments) is given by [108]

Eex = -2 Jex Si @ Sj = -2 Jex Si Sj €05, (2-1)
where S; and S; represent the angular momentum vectors of two adjacent spins, Jex IS
called the exchange integral, which occurs in the calculation of exchange effect, and ¢

is the angle between the two spins.

Demagnetizing energy The demagnetizing energy is caused by demagnetizing
field which is induced by the magnetization of a ferromagnet. The direction of the

demagnetizing field is usually opposite to the magnetization in the ferromagnet, and
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hence the field tends towards reducing the total magnetization, i.e., “demagnetizing”
the ferromagnet itself. It also gives rise to the shape anisotropy. The energy of the
demagnetizing field is completely determined by an integral over the volume of the

magnet and can be express as

1 -
Ed = _EI magnetM i Hddv , (2'2)

where H, is demagnetized field and is given by H, =—N,M . N, is the

demagnetizing factor [108] which depends on the geometric shape of the ferromagnet.
For a ferromagnetic strip or narrow wire, Nqy is very small (Ng << 1) along the
direction of wire axis. It results in that the magnetization along the wire direction
maintains little demagnetized at the remanence, i.e., most of the moments is aligned to
the wire direction in the absence of applied field. With this shape anisotropy, magnetic

wires are usually used to study domain wall motion.

Crystalline anisotropy When anapplied field turns the magnetization vector of a
crystal away from the easy direction in that crystal, the field must do work against the
anisotropic force. Hence, there must be crystal anisotropy energy (Ex) stored in the
crystal in which the saturated magnetization (Ms) points in a noneasy direction. Ex

can be expressed as [108]
E, =K, +K (afa? +alal +alal)+ K, (alaial) +.., (2-3)

where Ko, K, K,... are constants for a particular material. Higher powers are
generally neglected. Ko is independent of angle and is usually ignored. a 3, a , and

a 3 are the cosines of angles between the magnetic moment and crystal axes.

Zeeman energy The Zeeman energy (E,) is resulted from the interactions

between magnetic moments and an applied field. For a single moment, the energy is
9



expressed as

E, =—mMeH_ =-mH_ cosé, (2-4)

2
where Hey is the externally applied field, and 0 is the angle between the moment and
the applied field. For the whole volume of a ferromagnet, the Zeeman energy per unit
volume is then calculated by integrating each local magnetization over the whole

volume and is given by

E, =—[M(v)eH,dv. (2-5)
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2.2 Magnetic tunnel junction (MTJ) and Tunnel Magnetoresistance (TMR)

The phenomenon of TMR is from the measurement for an MTJ, which consists
of two ferromagnetic layers separated by an insulating tunnel barrier. The insulating
layer is thin enough (usually few A ~ 15 A) for conducting electrons to quantum
mechanically tunnel through the barrier. When a bias voltage applied across the MTJ,
a net tunneling current is flowing through the junction. The measured MTJ resistance
is usually higher when the two ferromagnetic layers are in anti-parallel alignment than
that when they are in parallel alignment. This is the general TMR phenomenon

observed. Figure 2.2-1 shows a TMR loop of a psuedo-spin-valve MTJ.

15

[E—
<
I

Resistance chan ge (%)

H (mT)
Figure 2.2-1 First observation of reproducible, large room temperature MR in a

CoFe/Al,O3/Co MTJ. The arrows indicate the relative magnetization orientation in the
CoFe and Co layers. After Moodera et al. [109].
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2.2.1 Julliere’s Model

Julliere [17] assumed that tunneling of up-spin and down-spin electrons are two
independent processes, so that the conductance occurs in the two independent spin
channels. The assumption also mentioned that conductance for a particular spin
orientation is proportional to the product of the effective (tunneling) density of states
of the two ferromagnetic electrodes. According to these assumptions, the conductance

for the parallel and antiparallel alignment, Gp and Gap, can be written as follows:
Gy p, p; + 1 P5 (2-62)
Gur PP + P\ P; (2-6b)
where ,oiT and pf are the tunneling density of states (DOS) of the ferromagnetic

electrodes (designated by index i =1, 2) for the majority- and minority-spin electrons.
According to the majority of researchers, the TMR can be defined as the conductance
difference between parallel and anti-parallel” magnetizations, normalized by the
anti-parallel conductance, i.e.

Go -Gy Rp—-Rp

TMR = —F = . (2-7)
G Re

With Egs. (2-6) and (2-7), Julliere’s formula can be expressed as

TMRe20P ,
1- PP,

(2-8)
which expresses the TMR in terms of the effective spin polarizations (SPs) of the two

ferromagnetic electrodes

P = ,0.T P. ’ (2-9)
Pi +,0.
wherei=1, 2.
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2.2.2 Slonczewski’s model

Slonczewski [19] considered the tunneling between two identical ferromagnetic
electrodes separated by a rectangular potential barrier assuming that the ferromagnets
can be described by two parabolic bands shifted rigidly with respect to one another to
model the exchange splitting of the spin bands. In the limit of thick barrier, he found
that the conductance is a linear function of the cosine of angle 8 between the

magnetic moments of the films,
G@)=G,(l+P*co0¥9). (2-10)

Here P is the effective spin polarization of tunneling electrons given by

k" —k* k? -k k*
T K kK (10

where «is the decay constant of the ‘wave function into the barrier which is

determined by the potential barrier height-¢, k :\/(Zme I7*)(@—E;) . In the limit

of a high barrier it tends to unity reducing Slonczewski’s result for TMR to Julliere’s
formula. However, if the barrier is not very high and the decay constant is comparable
to or less than the wave vectors of electrons in the ferromagnetic metals, the

magnitude of TMR decreases with decreasing ¢ and even changes sign for

sufficiently low barriers, which is illustrated in Figure 2.2-2.
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Figure 2.2-2 Spin polarization of the tunneling conductance as a function of the

normalized potential barrier height for various values of k-/k . After Slonczewski
[19].

2.2.3 Temperature dependence-of TMR

In all tunnel junctions the TMR decreases with increasing temperature. Shang [28]
et al. assumed that the tunneling spin polarization P decreases with increasing
temperature due to spin-wave excitations, as does the surface magnetization. They
thus assumed that both the tunneling spin polarization and the interface magnetization
followed the same temperature dependence, the well-known Bloch T*? law, M(T) =
M(0)(1-AT%?). By fitting parameter A, Shang et al. obtained a satisfactory
explanation for the temperature dependence of TMR, as demonstrated by the fitting in

Figure 2.2-3.
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Figure 2.2-3 Temperature dependence of TMR for a Co/Al203/Co MTJ (circles) along
with a fit to the model of Shang et al. [28] (solid. line).

2.2.4 Voltage dependence of TMR

In most MTJ’s the magnitude of TMR decreases strongly with increasing bias
voltage, similar to that observed originally by Julliere (Figure 2.2-4). Zhang et al. [21]
proposed that spin excitations localized at the interface between ferronagnet and
tunneling barrier cause the decrease of TMR ratio. However, experiments by
Wulfhekel et al. [110] seem to be inconsistent with this plausible explanation. Here
we introduce another explanation by Xiang et al. [38-39]. By modifying the Brinkman
model [37], they calculated the bias dependence of DOS for majority and minority
spin bands by fitting to the measured resistance, and named the conductance minima

shifts (CMS) which can also be correlated to the voltage dependence of DOS.
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GO

Figure 2.2-4 Original demonstration of the tunneling magnetoresistance effect. The
relative conductance change due to an applied magnetic field versus applied bias in a
Fe/Ge/Co junction at 4.2 K. After Julliere [17].

Brinkman model and its modification < Brinkman’s model [37] calculates the

tunnel barrier conductance of a metal-insulator-metal structure. Consider two metals a

and b separated by an arbitrary potential barrier ¢(x) . Assuming the WKB

approximation inside the barrier the tunneling current density is given by [111]
A f
i="7 3 [dEN, (EIN, (E ~eV)e(E,) <[ F(E) - f (E-eV)], (2-11)
ki —o

where N_(E) and N,(E) are the density of states for a given transverse

momentum k; and total energy E for systems a and b, respectively. f(E) is the usual
Fermi distribution function. Ey is the total energy in the direction perpendicular to the

barrier, z(E,) is the tunneling probability which has the form

r(E,)=C exp(—ﬁf{zmew(xzw ~E,J¥"2dx); (2-12)
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where d is the barrier thickness and ¢(x',V) is the barrier height at the voltage V and
the position x in the barrier. The preexponential factor C may depend on E.
Xiang et al. [38-39] late introduced the spin- and energy-dependent DOS into

Brinkman’s model. The current density is then expressed as
+0 d
Jo | exp(—% [{2m,[p(x.V) - Ex]}“deJN (E)[f(E) - f(E-eV)IdE, ,
—©0 0

(2-13) where ¢(x,V)=¢ +(x/d)(¢, —eV —¢,), ¢, and ¢, are the barrier height
at each interface, d is the barrier width, V is the applied bias, and x is the distance
from the interface with barrier height ¢ . N(Ex) is the DOS function and can be
expressed as

N(E,) = N, (E)N . (E—eV)+ N, (E)N,, (E—eV), (2-14a)

N(E,) = N, (E)N,, (E—eV)+ Ny (E N (E—eV). (2-14b)
(2-14a) is for parallel configuration, and (2-14b) for anti-parallel configuration. Here,
1 and 2 represent the two FM electrodes.

With the extended Brinkman model; the DOS of Co and FeNi electrodes was
derived (cases of Co(3.6nm)/AlOx/Co(3.6nm) and FeNi(8nm)/AIOx/FeNi(16nm) in
[39]), and are shown in Figures 2.2-5 (c) and (d). It is clear that the DOS functions in
both configurations are bias dependent. In the negative bias region of the parallel (P)
configuration, the DOS function decreases with increasing bias. This results in a CMS
to the left. Compared to P configuration, the DOS function in anti-parellel (AP)
configuration has a weaker dependence on bias. Thus, not only does the barrier height
contribute to the CMS, but the bias dependence of the DOS function also affects the
shift. We can see from the experimental results that this contribution is quite
significant. Since the bias dependence of the DOS function is different between the P
and AP configurations, the shifts in the conductance minima are different. In a

symmetrical junction, the DOS function is always symmetric about zero bias.
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Consequently there is no CMS.
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Figure 2.2-5 The bias dependence of (a) the di/dV in the AP (solid line) and P (dotted
line) configurations, and (b) TMR. Arrows mark the local minima in the AP and P
configurations. (c) The energy-dependent DOS function [N(Ex)] for P (squares) and
AP (circles) configurations. (d) The fitted energy-dependent DOS for FeNi majority
(solid squares), FeNi minority (solid. circles), Co majority (open squares), and Co
minority (open circles). After Xiang et al. [38-39].
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2.3 AMR and Hall Effect

In this section, we consider other effects of an applied magnetic field.

Anisotropic magnetoresistance (AMR) AMR describes the effect in which the
electric resistance depends on the relative orientation, 6, between the local moment
and the direction of charge current in a ferromagnetic material. The phenomenological
dependence of the resistance on 0 is given by

p(9)= 0, +Apcos’ (), (2-15)
where p, is the zero-field resistivity and Ap=p; —p, in which parallel and
perpendicular refer to the orientation of the in-plane magnetization and current in the
material.

Ordinary and Anomalous Hall effect -~ In 1879, E. Hall [112] discovered that a
voltage difference is produced across an electric conductor, transverse to an electric
current in that conductor with a magnetic field perpendicular to the current (Figure
2.3-1). The voltage difference or, the Hall voltage (Vnhan) can be expressed in a

phenomenological form,

Viorm Evafi=a o (2-16)
where Epay is the electric field generated in the direction transverse to the current, a is
the transverse distance of the conductor, t is the conductor thickness perpendicular to
a, | is the electric current, H is the applied magnetic field perpendicular to the current,
and a pan is the Hall coefficient which is usually a constant depending on materials.

Since Equation (2-16) describes a linear relationship between Vyay and I. We then

further derive the Hall resistance, Ruan, as

V.. 1
RHaI'I_' HT“:aH aH { (2'17)

This relation indictes that Ry is proportional to the applied field and reciprocal to the
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size parameter t in the direction of the field, and is useful for experimental
measurement to determine the a wan of a material. Hence, the Hall resistivity, p wHan,
can be expressed as

PuarTRuatmanH- (2-18)
Equation (2-18) describes the linear relation between the Hall resistivity and the
applied field. The Hall coefficient a wai can be either positive or negative, depending

on the material type.

¥

[

Figure 2.3-1 Illustration of the Hall Effect.

We then discuss the Hall Effect in ferromagnetic materials. The Hall voltage
consists of a sum of two terms. The first term is proportional to the magnetic field, as
we mentioned above, and has been called the ordinary Hall Effect. Its order of
magnitude and sensitivity to variations in temperature and in composition are
comparable with Hall Effect in non-ferromagnetic materials. The second term is
proportional to the magnetization and has been called the anomalous or extraordinary

Hall effect. Equation (2-17) can then be extended to a ferromagnetic case [113-115]

Vi 1
Ryan :HT” :I{aHaIIH +a:M (H)}' (2-19)
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where a g is anomalous Hall coefficient, and M(B) is the magnetization which is the
function of field. By neglecting the ordinary term, the Ruai-B curve exhibits almost a
magnetization process like M-B curve since M(B) is directly proportional to the Rya.

A measurement of Hall effect in ferromagnets is shown in Figure 2.3-2.
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Figure 2.3-2 Hall-effect in ferromagnetic materials [113].
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2.4 Spin injection and accumulation in lateral spin valve

Spin current [56] is generated in a ferromagnet with unequal popularities of
conducting up- and down-spin electrons. This inequality is mainly due to the unequal
DOS of up- and down-spin bands near the Fermi level (Figure 2.4-1(a)). The spin

n, —n
current Iscan be expressed as I =———~1. =P.l,, (2-20)
N, —n
r Ny

where P. =(n, —n )/(n, —n;) is spin polarization (SP) which is defined by
Equation (2-9), n, and n, are the concentrations of up- and down-spin electrons in
the ferromagnet, and 1. is the total charge current. Whereas, in nonmagnet (Figure
2.4-1(b)), the DOS is equal for up- and down-spin bands, and the current is

un-polarized.

Ferromagnet 4 Nonmagnet s

e

(a) (b)

-4 > = -

N, N, N, N,

Figure 2.4-1 Illustration of DOS in a ferromagnet (a) and nonmagnet (b).

When the spin current flows across the F/N junction (Figure 2.4-2), however, the
spin splitting in the chemical potential is induced in both F and N subsection, and
hence the non-equilibrium spin accumulation is induced in nonmagnet. The spin
dependent chemical potential without voltage drop due to charge current can be

measured by nonlocal spin valve [45].
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Figure 2.4-2 lllustrations of the spin splitting in the chemical potential induced by

spin injection.
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Figure 2.4-3 (a) SEM image of the mesoscopic spin valve junction. The two wide
horizontal strips are the ferromagnetic electrodes Pyl and Py2. The vertical arms of
the Cu cross (contacts 3 and 8) lie on top of the Py strips; the horizontal arms of the
Cu cross form contacts 5 and 6. Contacts 1, 2, 4, 7 and 9 are attached to Pyl and Py2
to allow four terminal AMR measurements of the Py electrodes. (b) Schematic
representation of the non-local measurement geometry. Current is entering from
contact 1 and extracted at contact 5. The voltage is measured between contact 6 and
contact 9. (c) The results of nonlocal measurements. Upper curve: An increase in
resistance is observed, when the magnetization configuration is changed from parallel
to anti-parallel. The solid (dashed) lines correspond to the negative (positive) sweep
direction. Middle and bottom curves: The minor loops. After Jedema [45].
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2.5 Magnetic reversal process of ferromagnetic ring

During released from saturation to low field, the magnetization of a ferromagnetic
ring gradually forms a bi-domain state in which a pair of head-to-head and tail-to-tail
domain walls positioned at both sides aligned to the initial saturated direction (Figure
2.5-1). This bi-domain is called “onion” state. It is a consequent result of the shape
anisotropy, since most of the local moments are aligned to the perimeter direction of
the ring. With the applied field continuing swept to the opposite direction, the two
domain walls start moving towards each other, resulting in the annihilation of the
domain walls. In this state, all the local moments are still aligned to the perimeter and
in the same circulation without domain walls. The whole magnetization is thus in a
vortex formation. This state is named “vortex” state. It is reasonably to understand
that the chirality of the vortex can either be clockwise (CW) or counterclockwise
(CCW), since there is no preference chirality for a symmetric ring. When increasing
stronger field magnitude in opposite direction, the vortex state is destroyed and two
domain walls nucleate at both sides of the ring aligned to the field direction. Hence,
the bi-domain forms again but its magnetization is opposite to that of the first onion
state mentioned previously. This state is called “reverse onion” state, whose direction
is opposite to the initial saturated field. For clear identification, one can also names
the first onion state as “forward onion” state when describing the magnetic switching
of a ferromagnetic ring.

However, the size dependence strongly affects the reversal process. With a larger
aspect ratio of diameter (or radius) to width of the ring, the vortex state tends to no
existence during a regular reversal sequence. Besides, the thinner film of
ferromagnetic ring also prefers no existence of the vortex. The switching phase

diagrams of the magnetic rings have been reported [91, 93] with varying sizes.

24



@

Forward
onion state /
\Vortex
state
CCW

Reverse

\ onion state

Figure 2.5-1 Reversal process of a ferromagnetic ring. Switching sequence is from left
to the right sides. The small circles indicate domain walls. The left ring is the first
“onion” state also named “forward onion”. Vortex state (middle) can either be CW or

CCW. The right is the reverse onion state.

The SEM images and typical ‘magnetic hysteretic-loops of ferromagnetic rings are

shown in Figure 2.5-2.
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Figure 2.5-2 SEM micrographs of rings (a) before and (b) after deposition. After
Rothman, et al. [94]. (c) and (d) Typical in-plane MOKE hysteresis loops measured
on rings with the same outer and inner diameter of 700 nm and of 300 nm,
respectively, but for different thickness of (¢) 50 nm and (d) 20 nm. (i) and (ii)
represent the forward and vortex state. (¢) and (f) Calculated hysteresis loops. After Li,

et al. [116].
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AMR measurement of ferromagnetic rings has been systematically studied by Lai,
et al. [101]. In their studies, the vortex states can be characterized by in AMR loop of
a ferromagnetic ring as shown in Figure 2.5-3.
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Figure 5.2-3 Transverse MR curves of Permalloy ring obtained by (a) theoretical and
(b) experimental methods. The spatial relationship between the domains and leads is
shown in the inset. The metastable states observed in the sweep-down process are
schematically represented in the lower part of each figure. After Lai [101].
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CHAPTER 3

Experiments
3.1 Sample preparation

Patterned magnetic thin films in submicron and nano sizes were fabricated mainly
by electron beam (E-beam) lithography. These patterned magnetic devices were
constructed on SiO,(50 nm)/Si substrates on which electrical contact pads were
formed by photolithography. Both E-beam lithography and photolithography were
followed by series processes of deposition and lift-off techniques.

Photolithography to fabricate contact pads The SiO,/Si substrates were first
coated with positive photoresist (LOR 10B), spined at speed of 4000 rpm for 25 sec,
and baked at temperature of 190°C . for 5 min. Then, the substrates was coated S1813
photoresist at the same spin conditions as LOR 10B and baked at temperature of 120
‘C for 3 min. After exposing and developing, the Au(40nm)/Ti(10nm) films were
deposited on the substrates. The lift-off technique was performed to complete the pad
patterns as shown in figure. 3.1-1. The EVG620 mask aligner was used as photoresist
exposure with intensity = 15 mw/cm? for 5.7 sec.

E-beam lithography to fabricate magnetic devices The PMMA electron resist
were first coated on the pre-deposited pad substrates at the conditions of spin speed =
4000 rpm for 25 sec and baked at temperature of 135°C for 1lhr. The following
processes were the same as the photolithography process. E-beam source was
provided by an FEI model XL30 SFEG SEM. The exposure dose was 0.3 ~ 0.6 nC/cm
depending on the desired widths. Both center-to-center distance and line spacing were

10 nm.
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Deposition of thin films DC magnetron sputtering was used to deposit the Cu,
and Permalloy (Py: NigoFezo), Au, and Ti thin films. The base pressure of the vacuum
system was about 5.0 ~ 7.0 x 107 torr, and the working pressure 1.0 ~ 1.2 x 107
torr with introducing Ar gas into the vacuum chamber.

Ar-ion milling Before depositing Cu leads on magnetic patterns, the Ar-ion beam
was used to pre-clean the surface of magnetic thin films at the working pressure of 1.0
x 107 torr.

Fabrication of MTJ The MTJ samples were provided by ERSO, ITRI
(Electronics Research & Service Organization, Industrial Technology Research
Institude, Hsinchu, Taiwan), and hence detailed manufacturing process of the MTJs
we measured is not discussed in this disertation. Instead, the brief processes will be

presented in section 4.2.1.
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Figure 3.1-1 SEM image of the pad substrate. There are 16 contact pads (labeled by
numbers) on a chip substrate. The four rings at the center are magnetic patterns.
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3.2 Atomic force microscopy (AFM) and magnetic force microscopy (MFM)

The used AFM/MFM equipment was NT-MDT model Solver P47H. The probes
were Nanosensor model PPP-MFMR tips with force constant = 2.8 N/m and resonant
frequency = 75 kHz. The scanning method was semi-contact (or tapping) mode with
lift height = 80nm between AFM and MFM scans. The schematic illustration of AFM

measurement system is shown in Figure 3.2-1.
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Figure 3.2-1 Schematic illustration of AFM measurement system.
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3.3 Magneoresitance (MR) measurement

The MR measurements were carried out by introducing a constant current with
sensing voltage at an external magnetic field. The current was usually less than 0.1
mA for local measurement, and 0.15~1 mA for nonlocal measurement. The field
dependence of resistance (R-H loop) was recorded by sampling a value of resistance
at a stable magnetic field, and then changed the field to the next one, sampling the
next value of the resistance.

Electric measurement For DC measurement, the current source was provided by
a Keithley Model 2400 sourcemeter, and the voltage meter was Keithley Model 2000
multimeter whose resolution is 0.1 uV. As the devices whose physical signal less
than 5 mQ such as NLSV devices, it is hard to obtain clear spin signals by only using
Keithley Model 2000 multimeter. Instead, the Keithley Model 2182A Nanovoltmeter
whose resolution can reach *1 nV.is suitable for low signal measurement. Another
accurate equipment is the Model LR-700 AC resistance bridge with built-in lock-in
technique and an AC current source of constant frequency 16 Hz. The resistance
resolution LR-700 is near +1 puQ. For current-induced measurement, however, only
DC source can provide pulse (or very short time) current into the magnetic devices.
Hence in our studies, either DC or AC source equipments was used to measure the
MR.

Measurement of magnetic field In the R-H curve measurement, the resistance
value of each sample was measured along with the magnetic field at the same time.
This simultaneous field was measured by a magnetic field probe whose analogue
signal was converted into digital by the Gauss meter and collected by computers.

The generation of magnetic field The magnetic field was generated by an
Tamagawa model TM-YSV5509C-031 electromagnet with provided current -10 ~

+10 A by a Kepco power supply model BOP 72-14MG.
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CHAPTER 4

4.1 Quantitative analysis of magnetic reversal in patterned strip wire

by magnetic force microscopy

4.1.1 Fabrication and measurement of the Permalloy (Py) strip

We fabricated the patterned Py thin film composed of two strip wires with different
widths as shown in Figure 4.1-1. The widths of the narrower wire and the wider one
were 187 and 463 nm, respectively, and the lengths were 4500 and 5500 nm,
respectively, while the thickness was 30 nm. Measurements were performed by
AFM/MFM tapping mode to detect the topographic and magnetic images of the
pattern at a simultaneously applied magnetic field of -200 Oe ~ 200 Oe aligned to the

longitudinal direction of the strip'wires.

‘|748'3 nm

. — Field + 5

AccV Spot Magn WD
100kV 3.0 65000x 48

Figure 4.1-1 SEM image of the pattern with different widths of strip wire.
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4.1.2 AFM/MFM image at a positive field

Figure 4.1-2(a) shows AFM (upper diagram) and MFM (middle diagram) images, and
the profile (lower diagram) of the phase of the line scan in the MFM image as well.
This image was detected at a 140 Oe field which was initially at 250 Oe and varied
to —250 Oe. The configuration of magnetization in the pattern (as shown in 4.1-2(b))
is briefly considered as macroscopic uniform, and in the same direction of
magnetizations in both parts with different widths. Since only the vertical component
of the interactively magnetic force between the MFM tip and the sample contributes
to the signals of the MFM image, the relatively darker or brighter signals in the MFM
image can only appear at the regions in which magnetic flux strays out of the film
plane. In our case, these regions are at both ends of the pattern as well as in the
section in which the width changes-abruptly. Although the strong anisotropy in long
strip wire causes a briefly uniform configuration, this section forms a geometric
discontinuity (indicated as b in 4.1-2(b)) in the pattern, thus causing a locally different
magnetic configuration and resulting in-a stray field out of the film plane. It is
reasonable to consider that the magnitude (absolute value) of the phase at the wider
section (labelled c) is stronger than that at the narrower one (labelled a), because the
quantity of the magnetic moment is proportional to the volume of the magnetic
material, and the more moment the material contains, the stronger magnetic flux it
radiates into an equal volume of space near the material. Furthermore, in this
magnetic configuration, since the section b connects the wider and the narrower parts,
which are supposed to have negative and positive values of phase, respectively, the
totally combined value is negative (as shown in 4.1-2(a), labeled b). Although it can
be reasonably understood that peak c is stronger than peak b (in 4.1-2(a), lower
diagram), both in experimental results and theoretical prediction, here we still could

not estimate or predict the certain relationship between peak a and peak b without
33



further quantitative investigation of the relationship between the value of the phase

and the magnitude of the stray field.
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Figure 4.1-2. AFM/MFM image and MFM magnitude of phase. (a) AFM image
(upper), MFM image (middle) and a profile (lower) of line scan in MFM image which
was observed at a 140 Oe field which was initially at 250 Oe and varied to —250 Qe.
(b) A schematic diagram of the magnetic configuration in accordance with that in (a).
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4.1.3 Observation of the phase magnitude for full loop

By measuring the completed magnetic reversal loop of the pattern, we analyzed the
values of the phases. As shown in Figure 4.1-3(a), the magnetic reversal behaviors in
the three sections can be individually separated. During the process of changing in
magnetization from field 200 to 15 Oe, the phase intensity remains roughly
unchanged. During this process, the value of the phase in section c is positive, that of
b is negative, and that of a is also negative. They retain a relationship of peak ¢ > peak
b > peak a. This also means that a certain configuration of magnetization which is in
accordance with that in 4.1-2(b) is retained. While in the process of -20 to -200 Oe,
the phase values respectively reverse to opposite signs, i.e., ¢ negative, b positive, and
a positive (shown in Fig. 3(c), lower diagram), but their absolute values still retain the
same relationship mentioned in the .previous: process. The schematic diagram and
MFM image of magnetic configuration during this process are shown in 4.1-3(b) and
(c), respectively. This configuration is reasonably the opposite direction of that in the

previous process.

35



0.14 T T T T T T T T T 014

012 h_ s 4012
e A ¢
0.10 4 < 0.10
i - [}

0.08 - Joos
0.05 " 4008
& . & = section a dod

= 0044 LE * sectionb ]
2 002 ) + section ¢ 7002
E 0.00 \ Jo00
‘@ 002 ! 4002
2 004 e _ -4 -0.04

c ————
= 0064 4008
e -2 008

-0.08 .l ° 7 ol
0.10 4 & © 4010
012 $ s Jon2
-0.14 T T T T T T T T T 0.14
200 -160 120 -80 40 O 40 8 120 160 200
Field (Oe)

014 T T T T T T T T T 014
0124 Z o Jo12
110 * 3 Jo.

0.10 A 010
0.08 - . 4008
0.08] = sectiona o5
S 00—y . m e sectionb 004
3 0024 +  section ¢ 4002
E 0.00 4 -4 000
‘@ 0.024 4002
£ 0044 2] O 4004

=

= 006 1006

d .
.08 4 ® p2 4.008
20.10 4 . 4-0.10
0124 4 - A 4 a -4-0.12
0.14 T T T T T Y T 0.14
5 40 30 20 -0 0 10 20 30 40 50
(a) Field (Oe)

\
Radid
)

a
2] 4008 6808 8000 180868

D

01
a
00s

0
005 F
01
015 C

()
Figure 4.1-3 Phase magnitude for full loop and MFM image at a negative field. (a)
Magnetic hysteresis loops (upper) for different local sections presented in values of
phase; its zoom in (lower). (b) Schematic diagram of the configuration of the
magnetization in the magnetic process of —20 to —200 Oe. (c) MFM image (upper)
at —200 Oe and profile (lower) of the line scan in the MFM image.
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4.1.4 Evaluation of the individual sections

The absolute values of the phases were presented with the longitudinal distance in
the pattern, as shown in Figure 4.1-4. As we mentioned above, phase-shift can
obviously present only in the regions in which magnetic flux strays out of the film
plane. Since sections c, b, and a radiate relatively strong magnetic fluxes, the phase
intensities (absolute values) appear more evidently at the centers of these regions, and
rapidly decrease at areas away from the centers. The result of analysis of phase
intensity shows that the magnitude is about 0.05 in section a, 0.09 in b, and 0.117 in c.
After normalization (choosing 0.117 as 1), we have 0.427 ina, 0.769 in b, and 1 in c.
In addition, the width in section a is about 200 nm, and that in section ¢ about 450 nm,
hence the volume ratio of about 0.44. That means the ratio of the quantity of magnetic
moment contained in sections a to ¢ might'be: near 0.44, slightly in accordance with

the value 0.427 (the ratio of phase: intensity In sections a to c).
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Figure 4.1-4 Phase intensity (absolute value) varying with distance in the pattern near
the magnetic saturation (20 ~ 200 Oe and -20 ~ -200 Oe).
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Furthermore, the switching field (Hc, or coercive force) for each individual local
section is also analyzed with the distance in the pattern, as shown in Figure 4.1-5. The
diagram shows that Hc in sections a and c are 9 and 8 Oe, which is much larger than
that in section b, in which Hc is almost zero. Additionally, at the areas away from the
centers of these sections, there is no so-called switching field, since at these areas
there is not even an identifiable hysteresis loop observed. Our results are quite
consistent with previous reports [105-107]. Due to the shape anisotropy, the value of
the Hc should strongly depend on the width of the wire; therefore, we have

quantitatively determined the Hc in sections a, b, and c.
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Figure 4.1-5 The switching field (or coercive force) Hc for each individual local
section.
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4.1.5 Lists of the phase magnitudes and MFM images

We have demonstrated that the magnetic behaviors in different local sections of a
patterned strip wire can be individually separated and compared with each other. The
intensity of the phase-shift in the wider end is stronger than that in the narrower one.
In contrast, the coercive force (which is defined by the reverse in the signs of the
values of phase-shifts) in the narrower end (9 Oe) is larger than that in the wider one
(8 Oe). This is due to a strong anisotropic effect, and thus the Hc in the neck section
(i.e., section b) could become strongly affected by the competition of the head-to-tail
magnetic configurations in the two parts of the strip wire. This results in a small Hc in
the neck section. Furthermore, with a simple neck shape connection in a strip Py wire,
we can easily to change a single domain configuration to a two single domain
magnetic configuration. Finally, we list the phase magnitudes and the MFM images

with its corresponding AFM images.below.
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Figure 4.1-7 List of AFM/MFM images at different field: -20, -25, -30, -35, and -45
Oe.
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4.2 Thermal effects on magnetoresistance of magnetic tunnel junction

4.2.1 Structure of MTJ and measurement

The MTJ cell with elliptic shape were studied (Figure 4.2-1). Standard commercial
manufacturing processes including photolithography, oxidization, etching, and
metallization were used to prepare the samples. SiO,/Si were chosen as the substrate,
and multiple metal layers were deposited on substrates by sputtering. For structure 2,
the first layer is Ta (20nm) used as a bottom electrode. PtMn (15nm) serves as an
antiferromagnetic layer which pins the following tri-layered synthetic antiferromagnet
(SAF) structure, CoFe(2nm)/Ru(0.8nm)/CoFe(3nm). During the depositing of PtMn
layer, an external magnetic field was also applied to define the direction of
magnetization of antiferromagnetic-layer. Due to. the exchange coupling effect, the
two CoFe layers in tri-layered SAF. structure can be aligned at anti-parallel with each
other, and hence the tri-layered SAF structure can be used as a pinned layer. The
insulator layer was made of AIl-Ox (=1.2 'nm) which was manufactured by
pre-depositing an Al thin layer (~9 A) followed by introducing O, gas for 25~30
seconds to oxidize the Al layer. Then CoFe(1nm)/NiFe(3nm) bilayer is deposited to
serve as a free layer. Finally, Ta (60nm) was deposited as the top electrode layer. In
order to ensure the function of the PtMn layer, a process of magnetic annealing was
applied to the wafer. The condition of magnetic annealing was at 275 °C, and 8000 Oe
for 5 hours. After thin film depositing, the process of photolithogrophy and dry
etching were used to pattern the MTJ structure and testing circuits. Electrical
properties including TMR and current-voltage relation (I-V curve) were measured by
using a DC source at various temperatures from 25°C through 140°C and magnetic

field aligned to long axis of ellipse of the MT]J cell.
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Figure 4.2-1 Layered structure and lateral size of the MTJ cell.
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4.2.2 Temperature-dependent TMR measurement

Typical TMR minor loop with only free layer switching at room temperature is
shown in Figure 4.2-2. The applied. voltage is'50 mV and MR ratio about 33.25%.
Temperature dependence of TMR loop of MTJ is shown in Figure 4.2-3. The whole
loop shifts to low resistance with temperature climbing up. MR ratio behaves in a
similar tendency to the resistance (Figure 4.2-4). To more clearly inspect the MR
behavior, we extract the resistance for P and AP configuration separately, and compare
them with each other (Figure 4.2-5). It indicates that the resistance for AP
configuration decreases faster than that for P configuration with temperature, and
hence resulting in the decline tendency of MR ratio. Dependence of difference in
resistance (A R) between the two configurations on temperature is shown in Figure
4.2-6 to be compared with MR ratio. Both roughly exhibit linear relation with
temperature from 25 to 140°C.

Coercivities of free layers were also extracted out from MR loops. The coercivity

46



decreases by 35% from room temperature to 140°C (Figure 4.2-7). Another important
thermal effect is the annealing effect. Compared to the intentionally annealed process
of MTJ devices, in which the annealing temperature is usually higher than 200°C to
about 350°C, 130°C~ 140°C is considerably low temperature and could not crucially
influence the material structure in MTJ. It is still our interest to explore the
non-intentionally annealing effect on MTJ devices, i.e., the encountered temperature
higher than room temperature could more or less affects the performance of the
devices during operation or other post-stepped manufacturing. Figure 4.2-8 shows the
resistance variation with annealing temperature for P and AP configurations. Not
surprisingly, the resistance behaves no obvious changes and the MR ratio varies by

less than 1% in normalized ratio (Figure 4.2-9).
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Figure 4.2-2 Typical TMR minor loops measured at 50 mV and room temperature.
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4.2.3 Bias-dependent TMR measurement

MR loops of the MTJ device was measured with changing bias voltage from 5 mV
to 1.2 V. For detailed inspection of each loop, the data are separated into several
diagrams (Figures 4.2-10 (a) ~ (j)), and the loops of full voltage range are shown in
Figure 4.2-10 (k) to observe the tendency of bias-dependent MR loop. In the same
trend with the temperature dependence, the whole MR loop also shifts towards low
resistance with increasing bias voltage. The current-voltage measurement (I-V curve)
was also carried out, and the dynamic conductance (dI/dV) was derived to further
understand the relation between MR ratio and the density of states (DOS) of the two
ferromagnetic layers on both sides of the tunnel barrier.

Figure 4.2-11 shows the typical TMR -V curves for P and AP configuration at

room temperature. It is easily to obtain the dynamic conductance, dl/dV, by
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differentiating |1 with V. The dl/dV-V relation in Figure 4.2-12 shows an obvious
difference between AP and P configurations. For P configuration, a conductance
minima shifts (CMS) appears at around 250 mV which is significantly larger than that
for AP configuration. This obvious asymmetry about zero bias ranges between -0.9 V
~+ 0.9 V. On the contrary, the AP configuration exhibits more symmetric about zero
bias than P configuration. The CMS for AP is less than 5 mV. Such a spin-dependent
asymmetry is reasonably considered as the contribution from the variation of DOS of

ferromagnetic layers on both sides of the tunnel barrier (oxide layer).
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Figure 4.2-10 Series of bias-dependent MR loops. (a)~(d) for bias voltage of 5 mV ~
250 mV.
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By extracting the resistance from Figure 4.2-11, the resistances for AP and P
configurations are derived (Figure 4.2-13). Consequently, the asymmetry also exists
in the bias dependence of resistance, and MR ratio, too. However, unlike the
conductance or resistance dependence on bias, the highest value of MR ratio (Figure
4.2-14) is roughly at zero bias, although the MR-V curve for the full voltage range
behaves slightly asymmetry. We then further measured a series of 1-V curves with
changing temperature (Figure 4.2-15), and the dynamic conductance, resistance, and
MR ratio are also derived and shown in Figures 4.2-16, 4.2-17, and 4.2-18,
respectively. The results indicate that the shapes of dI/dV-V and R-V curves remain
unchanged with increasing temperature, but just shift towards higher (for conductance)
and lower (for resistance). For MR%-V curve, however, the shape is sharper at low
temperature than that at high temperature in the range from 25 ~ 140°C. In order to
confirm the asymmetry of dynamic conductance, the polarities of applied bias were
reversed, and the resulted dI/dV-V curves also reversed about zero bias (Figure
4.2-19). Finally, we depict an MR %(T,V) function by using the measured data to give
an image describing the MR dependence on temperature and bias voltage (Figure

4.2-20).
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4.3 Magnetic reversal process and current-induced domain wall
motion in ferromagnetic curve- and ring- shape structure

4.3.1 AMR behavior and current-induced domain wall motion of single-layered
FM ring

We explored the AMR behavior of the silngle-layered Py ring (Figure 4.3-1) by
introducing the current from I+ to I- and the sensing voltage between V+ and V-
(lableled in the inset). Here I+ and VV+ are in the same electrode. Whith this probing
arrangement, the AMR signal would be more senstive than that with only two
terminals since the ratio of domain wall area to the region between the two voltage
probes is larger, and hence such arrangement is especially useful for domain wall
detection. The whole MR loop exhibits a typical AMR behavior of an FM ring as

mentioned previously in Chapter 2.
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Figure 4.3-1 AMR measurement of a single-layered Py ring with thickness 40 nm and
width 225 nm. The measureing current was 10y A at room temperature. The inset is
the SEM image of the sample and the direction of applied field is indicated by the
double-head arrow.
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The minor loop is shown in Figure 4.3-2. After switching from onion state to vortex
state (around -120 Oe), the applied field was swept back to the zero field, and the
resistance maintains in the same high level with the vortex state. Onion state is before
-120 Oe. After magnetization transformed to vortex state, the votex state exists
ranging 0 ~ -400 Oe in the present result. Thus the vortex can be examined as a stable
state after its formation. Actually, it is believed that vortex sate can exist in +550 ~

-550 Oe according to the previous data (Figure 4.3-1).
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Figure 4.3-2 The AMR minor loop. The arrows indicate the direction of field
sweeping.

We then observed the current-induced domain wall motion, by introducing a pulse
current with duration time 5 ms in advance, which is considered far from the dynamic

scale (less than tens of ns). The magnitude of pulse current is from 100y A to several

mAs. Each pulse current was followed by a resistance record by applied a measuring
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current of 10y A. Figure 4.3-3 shows the results of current-induced measurement
dependent on the magnitude of pulse current. The state was initially from onion at a
constant applied field, and then switched to vortex by pulse curren. For each constant
field, the pulse-current dependence of resistance was recorded. For the present case,
the onion-to-vortex switching field is around -120 Oe. The critical current required to
switch the state increase with the increasing difference between the held filed and the
switching field. The results are shown in Figure 4.3-4. The critical current density J. is

of the order 10" A/lem® which is in agreeemt with the typical results [80-85].
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Figure 4.3-3 Field-dependent current-induced domain wall motion measurement.
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Figure 4.3-4 Field dependence of critical current density J..

4.3.2 MR behavior in FM/N/FM tri-layered-ring spin valve

The MR measurement of a tri-layered spin valve in ring shape with structure
Py(10nm)/Cu(9nm)/Py(20nm) is shown Figure 4.3-5. The width is 200 nm and
diameter is 3 um. The applied field transverses to the current contacts (I+ and I-). The
full MR loop (inset in Figure 4.3-5(a) ) exhibits a roughly symmetry in macroscopic
scale.

The main panel shows a zoom in part (-100 ~ +200 Oe) of half loop from negative
field to the positive. The resistance gradually increase from the larger magnitude of
field to the smaller one (before zero) without a drastic change. This behavior can be
reasonably understood with the AMR effect, since both Py layers are from saturation
gradually to the onion state and maintain parallel configuration. We define this region

as configuration 1 (labeled in Figure 4.3-5). For the present case, the resistance
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increases drastically at the field magnitude near zero and reaches the highest at the

field near 32 Oe. The resistance changed imediately till 147 Oe. We label this highest

level as configuration 2.

Spin valve parameter:
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Figure 4.3-5 (a) MR measurement of Py/Cu/Py tri-layered-ring Spin valve. The inset
is the full loop. Each circle labeled with number represents a magnetic configuration

(or state) which is shown in (b). The single-head arrows indicate the sweep direction.

(b) Hlustration of each magnetic configuration. The numbers correspond to the labeled

circles in (a). The upper ring represents the Py-10nm layer (soft layer), and the bottom
one the Py-20nm (hard layer).
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With field exceeding 150 Oe, the resistance drastically drops to configuration 3,
and then decrease again at 188 Oe. After 190 Oe (configuration 4), the resistance
shows a gradual decline with field magnitude increasing and without drastic change.
The configuration 4 is in the same magnetic process with the configuration 1 that can
be explained by AMR, but in the opposite direction. The alignments of the spin valve
are also the same (parallel) for configurations 1 and 4, but opposite to each other. By
evaluating the resistance differences among configurations 2, 3, and 4, we found the
resistance value of configuration 3 is roughly half the total resistance change between
configurations 2 and 4. Since the MR behavior within this range is dominated by CIP
GMR, the highest level, configuration 2, is consequently recognized as anti-parallel
(AP) alignment. According to the results from Nam et al. [100, 103], we considered
the magnetic state as reverse onion for the 10nm-Py layer, and forward onion for the
20nm-Py layer. Another possible configuration could be the two opposite vortices
(CW-CCW and CCW-CW) for the two Py layers. In the major loop sequence,
however, the two opposite vortices cannot be formed, hence the configuration 2 is
most likely the two opposite onion states in the two Py layers. The configuration 3 is
then determined as reverse onion for the 10nm-Py layer, and vortex for the 20nm-Py
one, since both P and AP alignments occupy half of the area of the whole spin valve.
However in present measurement, there is no crucial information to determine the
chirality of the vortex and hence the 20nm-Py layer could be either in CW or CCW as
shown in Figure 4.3-5(b).

As to the region between configurations 1 and 2, there exists some metastable states
that occur occasionally during the major loop processes and are difficult to be
confirmed as certain states. Among these states, an intermediate state similar to
configuration 3 can roughly be identified. It is recognized as a configuration in which

the 10nm-Py ring is in vortex state and the 20nm-Py one the forward onion state as
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shown in Figure 4.3-6.

This intermediate configuration (or state) was observed by Nam et al. [100, 103]
and considered as a certain state existing in the major loop sequence. The size effect is
most suitable to explain the occurrence of this unstable intermediate state. According
to the phase diagram of the magnetic switching of ferromagnetic rings [93], a small
aspect ratio of the diameter (or radius) to the width of a ferromagnetic ring favors the
existence of the vortex state. As to the perpendicular size, large thickness also tends to
form the vortex state. In a ring-shaped spin valve, the dipole interaction between the
two FM layers favors the AP configuration in which the two FM layers are in the two
opposite onion states to each other at low field.
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Figure 4.3-6 Minor loop of the measurement of Py/Cu/Py tri-layered-ring spin valve
initially saturated in positive field. The arrows indicate the field sweep directions. The
circle represents the intermediate state illustrated in the inset. The upper ring
represents the Py-10nm layer (soft layer), and the bottom one the Py-20nm (hard
layer).

Now we compare the size parameters in the present work with that of ref. [100,
103]. The aspect ratio of diameter/width in the present work is 15, and that in ref.

[100, 103] is 13.5, which has more stability of the vortex formation than our sample.
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Furthermore, the thicker FM ring film produces stronger stray field at both domain
walls in the onion state, and then causes stronger dipole interaction between the two
FM layers in a ring spin valve. The thicknesses of FM layers are 4 nm for Py, and 5
nm for Co in refs. [100, 103], whose dipole interaction is relative low to the present
device (10 nm, and 20 nm for Py). Therefore, the unstable intermediate state, which
occasionally exists between the configurations 1 and 2 in the present work, can be
attributed to the critical size between the formations of vortex and onion of the softer
FM layer in a ring spin valve. As the configuration 3, soft ring in reverse onion and
hard ring in vortex, has been observed and identified [96-100, 103] firmly existing
during the major loop. This is also the consequence of size effect since the thicker
ring film prefers the formation of vortex.

The minor loop (shown in Figure 4.3-6), starting at the AP configuration (2) about
-75 Oe then back to the initial. saturated- direction (positive field), shows no
intermediate state. Instead, it directly switches from AP to P configuration at about 10

Oe.

70



4.4 Determining vortex chirality in ferromagnetic ring by lateral spin
valve

4.4.1 Structure of ring-wire lateral spin valve

We used the ring-wire lateral spin valve structure to measure and detect vortex
chirality in the ferromagnetic ring. In this structure, a Py ring, a Py narrow wire, and
Cu contacts were used as spin injector, detector, and the normal-metal spin diffusive
channel, respectively. E-beam lithography and lift-off technique were used to
fabricate the structure. The ring and the narrow wire with an empty space separating
them were first deposited on SiO, / Si substrate by using dc magnetron sputtering in
which the base pressure and the working pressure were 5 x 10" and 1.1 x 102 Torr,
respectively. Before depositing Cu contacts, the Py surface was well cleaned by
means of ion milling at a discharge bias of 3 kV for 3.5 min and at the working
pressure of 1 x 10~ Torr. Then, without breaking the vacuum, the Cu contacts were
fabricated to connect the ring and the wire to the pad leads by means of the same
fabrication process used for pattering Py ring and wire films. The MR measurement
was performed by introducing either DC or AC current source. The DC and AC
source equipments we used were mentioned in Chapter 3. A sweeping magnetic field
was applied parallel to longitudinal direction of the Py wire to alter the
magnetizations of the ring and the wire during MR measuring. The SEM image of a
ring-wire lateral spin valve is shown in Figure 4.4-1.

In sections 4.4.2 and 4.4.3, we will discuss the results from the same one lateral
spin valve device, and nonlocal measurements were used to detect vortex chirality, i.e.,
nonlocal spin valve (NLSV) measurement. The size information of the spin valve
structure in present discussion are as follow: thickness of Cu and Py is 60 nm and 30
nm, respectively. Width of Py wire is 100 nm, Py ring 300 nm, and Cu diffusive

channel 100 nm. Lateral space between the ring and wire is 350 nm. The
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measurement parameter is AC current 0.5 mA at 44K with sampling step of 30e.
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Figure 4.4-1 SEM image of the lateral spin-valve structure. The premalloy (Py) ring
and the Py narrow wire are indicated by the arrows. Cu contacts are labeled as 1
through 8. The double-headed arrow on the left side defines the direction of applied
field.
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4.4.2 AMR measurement of the individual ring

To compare with NLSV signals, the AMR of the individual Py ring was also
measured by employing Cu contacts 7 and 5 as voltage probes and contacts 6 and 8 as
current probes. Here the arrangement of current probes and the amplitude of the
current were respectively set identical to that in NLSV measurement. Therefore, the
reversal processes of the Py ring at the two different measurements (NLSV and AMR)
would not be obviously varied due to possible current induced effect. The AMR loop
for the ring is shown in Figure 4.4-2(a). Since the current flows along the perimeter of
the ring, the MR would be at the highest resistance while all magnetic moments are
aligned to the perimeter direction (current parallel to moment), and at lower resistance
while some or even most of the moments are out of the perimeter direction.
Furthermore, the vector components of magnetic: moments with higher magnitude are
aligned along the direction of stronger applied field (near saturation). At the weaker
field, however, components with higher magnitude are aligned to the perimeter
direction of the ring (onion state or vortex state) since the field is no longer strong
enough to overcome the shape anisotropic field of the ring. Hence, the AMR behavior
of the ring reveals that the resistance is relatively low at stronger field and high at
weaker one. However, the detailed reversal process behaves in a more complicate
manner during the switching of magnetization states. At the field -50 ~ -80 Oe, a
dramatically decrease and the subsequent increase in resistance separately appear due
to the expansion and annihilation of the two walls in onion state (state 1 in Figures
4.4-2(a) and (b)). After completing the annihilation of the two walls, the
magnetization reversal process goes into vortex state (state 2) in which all of the
moments are parallel along the perimeter direction of the ring, and the resistance
increases to higher than that at onion state. With the field exceeding -300 Oe, the

vortex state changes into reverse onion state (state 3). Hence, the MR shows an abrupt
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drop at -300 Oe and decrease with field increasing toward negative direction. At
vortex state, however, CW and CCW vortices occupy the common resistance level.
Therefore, the AMR loop of the individual ring provides no crucial information to
distinguish the chiralities of the vortex state. The AMR loop of the ring in the present

study reveals a tendency in accord with that in the ref. [101].
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Figure 4.4-2 (a) The AMR loop of the ring. The arrows indicate the direction of the
proceeding process on the loop. The left inset shows the full range of field -1500 ~
+1500 Oe. Vortex directions are schematically indicated in the right inset. Each
number with its solid circle is employed to represent each magnetization state and the
sequence in process, which is also shown in schematic diagram (b) and (c), in which,
the magnetization reversal process is schematically represented.
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4.4.3 NLSV measurement and comparison with AMR result

To perform NLSV measurement, current probes were set at 6 and 8, and voltage
probes at 5 and 2. An NLSV MR full loop (field exceeding the switching field of the
Py wire) is shown in Figure 4.4-3(a) (top curve). It reveals a clear spin-valve signal
without other AMR effect. Starting with the sweeping from the positive field to
negative one (forward sweep), the resistance is at low level during the process from
the onion state (spin-valve configuration 1 in Figures 4.4-3(a) and (b)) to -300 Oe.
Here the field -300 Oe is in accord with that in the previous AMR loop of the
individual ring. This indicates the magnetizations of the narrow wire and the region
near the Cu/ring interface is maintained at parallel configuration till the switching for
vortex state to reverse onion state. Hence, the vortex state (configuration 2) would be
CW direction. After the vortex state switches at -300 Oe into the reverse onion state,
the configuration of the spin-valve.magnetizations switches to anti-parallel state and
results in an increase in resistance with a clear step at -300 Oe. The high resistance
level remains till -510 Oe (configuration 3). After -510 Oe, the magnetization of the
narrow wire switches to the opposite direction, and spin-valve configuration switches
to parallel state (configuration 4). The resistance consequently changes back to the
originally low level, hence a plateau from -300 to -510 Oe forms in the NLSV loop.
At the reverse sweep (from negative to positive field), however, the NLSV signal
shows asymmetric with the former. Since the plateau (high resistance level) is from
800e (correspondent with that in the ring AMR) to 510 Oe, the spin-valve
configuration would be AP during the vortex state. Consequently, the vortex state
must be in CW (configuration 6 in Figures 4.4-3(a) and (c)) so that the magnetization
near the Cu/ring interface would be anti-parallel to the narrow wire. Furthermore, the
reverse onion state still keeps the spin valve in AP configuration (configuration 7).

Hence, the resistance remains at high level till the switching of the Py wire at 510 Oe.
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The measurement of minor loop was also performed to confirm the MR behavior of
NLSV as shown in Figure 4.4-3 (a) (middle and bottom curves). The result shows the

same switching fields and the same vortex chiralities with that of the full loop (up

curve).
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Figure 4.4-3 (a) The full MR loop of the NLSV device (top curve) and the minor
loops (middle and bottom curves). The arrows indicate the direction of the proceeding
process on the loops. The numbers (correspondent with that in (b) and (c)) represent
the sequence in reversal process and the magnetic configurations of the NLSV. (b)
Magnetic configurations in the reversal process from positive field to negative. (c)
The same as (b) but in reverse sweep.
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The other kind of NLSV loops for the present probe arrangement shows different
behavior of reversal process (Figure 4.4-4). The two plateaus form at the regions -150
~-510 Oe and 300 ~ 510 Oe in the forward sweep and reverse sweep, respectively. It
is infered that the vortex states are both CCW for both sweep processes. Furthermore,
the switching field for onion state to vortex state changes to -150 Oe in the forward
sweep. For present probe arrangement, full loop was repeated for five times, and
minor loop (applied field lower than switching field of the Py wire) also five times for
each of the two directions at which the magnetization of Py wire were held. The result
of the ten minor loops (twenty sweeps) indicates that the chiralities are all CW
regardless of the sweeping direction (forward or backward sweep) and the direction at
which the magnetization of Py wire was held. For the five full loops, three of them are
CW-CW loop (CW in forward sweep and CW in backward sweep) as shown in Figure
4.4-3(a) (up curve), and the other two are CCW-CCW loop (CCW in both forward
and backward sweeps) as shown-in Figure 4.4-4, Another NLSV measurement was
also performed with replacing current'probe 6 by 7 and maintain the others unchanged.
The number of NLSV loops repeated is identical to that in the previous probe

arrangement.
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Figure 4.4-4 Another NLSV loopfor the same probe arrangement as in Fig. 3. The
depiction for the numbers and arrows are-the-same as in Figure 4.4-3.

Within the five full loops, four loops exhibit CCW-CW loop shown in Figure
4.4-5(a), and the other one behaves CCW-CCW loop in Figure 4.4-5(b). For the four
CCW-CW loops, both plateaus are 150 ~ 510 Oe in absolute value. This means the
switching field for onion state to vortex state is 150 Oe different from that (80 Oe) in
the previous probe arrangement. In the CCW-CCW loop, the plateaus are -150 ~ -510
and 315 ~ 510 Oe for forward and backward sweeps, respectively. Hence, the
switching field for vortex state to reverse onion state is about 315 Oe higher than that
in the previous probe arrangement. According to the results from the minor loop
measurement, ten loops are all CCW-CW regardless of the sweeping direction and the

direction at which the magnetization of Py wire was held. Table 4.4-1 lists the
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statistics of the distribution of the vortex chiralities.
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Figure 4.4-5 The NLSV loops for the probe arrangement in which the current probes
were set as 7 and 8. The depictions for the arrows are the same with that in Figure
4.4-3 and Figure 4.4-4. (a) The CCW-CW loop: CCW in sweep from positive to
negative field (forward sweep); and CW in the opposite (backward) sweep (b) The
CCW-CCW loop: CCW in both forward and backward sweeps.

Here we briefly summary the observed results. In the same one probe arrangement,
the switching fields of the onion-to-vortex transition are roughly near a certain value
with small deviction. The current probes connected to Py ring are not arranged at
symmetric positions on the ring, and hence the current distribution is not uniform over
the entire Py ring. Consequently, the heat generated by current could not be uniform.
Therefore, the occurrence of CW and CCW vortex could not occupy the same

possibility. Besides, the two different current probe arrangements generate different
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thermal distribution over the ring. This could account for the dependence of switching

field and chirality upon current probe arrangement.

Full loop Minor loop

Magnetization  Magnetization
of Py wireheld = of Py wireheld

atposifive atnegative
(: # Of total direction (+) chrection (-)
-
= acquired — —
o loops: 5
= 1 # of total # of total
4 acquired acquired
- loops: 5 loops: 5
=

Three loops  Two loops All 1001)8 exhibit
exhibit CW-  exhibit L )

CWloop.  cew=ccw,. . CW-CW loop.
loop.

Magnetization = Magnetization
of Py wireheld = ofPy wireheld

atpositive atnegative

. = of total direction (+) direction (-)
= .
S acquired — —
5 loops: 5 - -
= # of total # of total
z acquired acquired
D loops: 5 loops: 5
=

Fourloops  Oneloop | AJ| [oops exhibit

exhibit exhibit ot s

cew-cw  cew-ccw | CCW-CW loop

loop. loop.

Table 4.4-1 List of distribution of vortex chiralities
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4.4.4 Comparison with the wire spin injector

Another wire-ring lateral spin valve was measured as well (Figure 4.4-6), in which
the Py wire was set as spin injector, i.e., spin-polarized current was injected from the
wire contrary to the previous case discussed. The current direction is indicated by the
white arrow shown in Figure 4.4-6. The positive voltage probe was set at 16, and the
negative one at 15 ~ 10. Therefore, we can compare the vortex chirality distribution
with the previous case. The result (Figure 4.4-7) shows invariant for different probe

arrangements.
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Figure 4.4-6 SEM image of a wire-ring lateral spin valve with multi terminals.
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Figure 4.4-7 Results of NLSV measurement for device in Figure 4.4-6. The arrows

indicate the sweeping directions.

4.4.5 Vortex chirality detection by local lateral spin valve

To enhance the spin accumulation signal, we shorten the spin diffusive channel by
removing the normal-metal cross inserted between the spin injector and detector. By
doing so, the geometry of nonlocal measurement is then equivalent to these cases
[2-4]. Unfortunately, the closed-curve feature of ring complicates the fabrication to
connect one of the two voltage probes with spin-diffusive channel. One solution,
which is no longer in nonlocal one, is to connect a voltage probe with the
ferromagnetic wire (spin injector) instead of directly with the diffusive channel, i.e.,
the spin injector itself serves as a voltage probe (Figure 4.4-8(b)). Hence, the signal of
spin accumulation can still be indirectly sensed through one more F/N contact region
within the charge current flows. To simplify the description, we temporarily name this
electrode configuration as “alternative” device to distinguish it from the nonlocal one.

Figure 4.4-9 shows the MR measurement of an alternative device. To characterize the
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respect switching fields of the wire and the ring, conventional AMR (Figure 4.4-9(b)) of
the individual ring were also measured to compare with Figure 4.4-9(a). Although
detailed comparison and magnetic reversal process of the wire-ring device has been
discussed in the previous section and in its references, here we still give a brief
description. From AMR curve in Figure 4.4-9(b), the onion-to-vortex switching is about
150 Oe which is indicated by vertically dotted lines in Figure 4.4-9(a) in which the MR
loop reveals only two switching fields 420 Oe and 465 Oe. Since the
vortex-to-reverse-onion switching was not clearly in full AMR loop, we also measured
minor loops (Figures 4.4-9(c) and (d)) to approach the switching field. The results
suggest that the vortex-to-reverse-onion switching field is 465 Oe, so that of the wire is
420 Oe. The whole reversal process of the device is sequentially shown in Figure
4.4-9(e). After released from positive saturation, state 1 is in P configuration. When field
sweeps to -150 Oe, the ring changes.into vortex state-in counter clockwise (CCW) with
the wire not reversed (state 2), hence the spin-valve is still in P configuration and the
resistance maintains unchanged. The MR then increases by 0.275 + 0.04 mQ after the
wire reversed (-4200e) with the ring maintaining CCW, and is in AP configuration. (state
3) After field exceeding -465 Oe, the ring switches to reverse onion state. MR then
changes back to P (state 4), and the resistance increases by 0.256 + 0.045 mQ. For the
negative sweep, the observed switching fields are roughly the same with the former, and
the vortex can be determined as clockwise (CW) at states 5 and 6. The resistance change
is -0.52 + 0.045 mQ from state 5 to 6, and 0.2 + 0.04 mQ from state 6 back to 1. Since the
switching from state 6 to 1 and 3 to 4 both indicate from AP to P and has roughly the
same MR change, we could roughly consider the spin accumulation signal as 0.2~0.256
mQ. Besides, both two switches of AP to P do not contain the switching of spin injector;
hence the signal of 0.52 + 0.045 mQ could be caused by the reverse of the injector.

Therefore, we can evaluate other figures with the above results. From state 2 to 3, the
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resistance was to decrease by 0.2~0.256 mQ due to spin accumulation, to increase by
0.52 + 0.045 mQ caused by injector switching from positive to negative direction. The
summation is 0.264~0.32 mQ, roughly fits the measured figure 0.275 = 0.04 mQ. The
other evaluation for that from state 5 to 6 is also in agreement. Despite of a minor AS
difference about 50~60 pQ, we could still roughly characterize a major AS signal (0.52
mQ) caused by the spin injector reverse and a major symmetric spin valve signal

(0.2~0.256 mQ) originated by spin accumulation in the present alternative device.

In this section, we have demonstrated the measurement of lateral spin valve in an
alternative geometry, and clearly determine the vortex chiralities of the magnetic ring.
Beside the spin accumulation signal, an AS Hall-like signal related to the switching of
spin injector is sensed as well. ThisAS signal of considerable magnitude contributes a

significant constitution of the whole MR loop, and catches our intention to explore.
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Vv

Figure 4.4-8 (a) SEM image of wire-ring spin valve. The numbers indicates the four
terminals. (b) Schematic illustrations of the two different voltage probe arrangements.
Left: alternative geometry, right: the conventional nonlocal geometry as in the
previous section.
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Figure 4.4-9 MR measurement of a wire-ring device. The thickness is 22nm for Py,
and the width is 120 nm for the wire and 150 nm for the ring with an outside diameter
of 1.7um. The wire-ring space is about 40nm, and is bridged by a diffusive channel
(Cu) with 170nm in width and 50nm in thickness. (a) Measurement in alternative
arrangement with DC current 500 pA. The numbers indicate each magnetic state in
accordance with that in (e). The inset illustrates electrodes arrangement and the
relative direction of applied field. (b) Measurement of conventional AMR for the ring,
with DC current 20pA. (¢) and (d) Minor loops to approach the switching field from
vortex state to reverse onion state. Before switching (c), and after switching (d). (e)
schematic illustrations for the reversal process of the device. The numbers are in

accordance with that in (a).
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4.5 Observation of Hall-like signal in all-metal lateral spin valve

At the end of section 4.4, we encountered a considerable magnitude of asymmetric
signal mixed with spin accumulation one that we purposely explored and observed.
This measurement geometry is, actually, no longer the nonlocal arrangement, since
charge current flows through the crossed region and the two electrodes are just in
contact in this region through which electric current flows. To further explore the
hybrid phenomena, we simplified the device by replacing the ring by another FM wire,
and three sorts of voltage arrangements were applied to the measurements. The narrower
FM wire with higher switching field was chosen as spin injector, and the wider one as
detector. The first arrangement is typically nonlocal geometry which was supposed to
show only symmetric spin valve signal from spin accumulation. As the result shown in
Figure 4.5-1(a), on the contrary, it reveals not-only. symmetric spin valve MR loop, but
combined with a minor AS signal. The spin valve signal is about 0.342 + 0.02 mQ, and
the minor AS signal 0.041 + 0.02 mQ'is caused by the switching of the detector. The
second arrangement was to change one voltage probe from the detector to the injector,
and the result (Figure 4.5-1(b)) shows almost only major AS loop. The two obvious
switching fields indicate the reverse of the spin injector. Cause of the noisy frustration,
however, we could not be sure if there are any other signals caused by the reverse of the
spin detector. The major AS signal in this arrangement is 0.212 £ 0.02 mQ. We finally
discuss the case of the alternative arrangement (Figure 4.5-1(c)). Not surprisingly, both a
major AS signal and a major symmetric spin valve one are detected, and a minor AS
signal is accompanying like that for the wire-ring devices mentioned previously.
Referring to the results from the first two arrangements, we can make a more clear
evaluation for this arrangement. At the switching from state 1 to 2, the MR value was

supposed to decrease by 0.342 + 0.02 mQ due to spin valve from P to AP, and to increase
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by 0.041 £ 0.02 mQ due to the reverse of the detector from positive to negative. The
summation is to decrease by 0.301 £ 0.02 mQ in accord with the measured 0.296 + 0.025
mQ. From state 2 to 3, it was to increase by 0.342 + 0.02 mQ caused by switching from
AP to P and 0.212 + 0.02 mQ due to the reverse of the injector from positive to negative
direction. The summation is 0.554 + 0.02 mQ roughly in accordance with 0.548 + 0.035
mQ measured. The other evaluations are also roughly in good agreement. Therefore, it is
reasonable to explain that the minor AS signal roughly 50~60 pQ in the previous
wire-ring devices is caused by the switching of the detector. Since a major AS signal is
only caused by the spin injector in lateral spin valve when the injector itself serves as a
voltage probe, we then removed the detector, and leaved only injector to compare with
the spin vale. The result (Figure 4.5-1(d)) fits our speculation, showing the same AS MR
loop as in Figure 4.5-1(b).

In this section, we have successfully extracted the AS signals from the combined lateral
spin valve, although the physical origin for these: AS signals is still not clear. Since the
major AS signal is caused by switching of single FM wire only, it is our interest to further
explore this phenomenon by changing widths of FM and Cu (in section 4.6). As the minor
AS signals existed in nonlocal measurement, it is doubted that the interface between FM
and Cu is clean enough in our fabrication process, since many studies on this arrangement
of nonlocal measurement have been achieved and such minor AS signal has not been

repoted.

88



- I+
59.7 -Nv"v"m&%%xm ]
B e
£
* V+ V.
59.4 4 + Field -
(a) - v
i . ,D". : I- I+ V+
85144l W «
€ |
@ L o " v-ld
gle 2\ | +Field -
84.96 (b) 58 g
S’ oo woo.nuo'oo‘pﬁ I- I+ V+
1448 —3 \ 1
— -
o
o
144.4 + Fleld -
©) =2 ____
-300 -200 100 0 100 200 300
H (Oe)
MTSR
a »‘g ¥ 7 . = b
E ' |
347.0+ |
3R Y Q’B“"sﬂpu“,c .:.PY‘
; (d) s + Fleld -
-600 -300 0 300 600
H (Oe)

Figure 4.5-1 MR measurement of the same one two-wire device [(a)~(c)] with DC
500 pA. The thickness is 20nm for Py, and the width is 110 nm for the injector and
200 nm for the dtector. The space is about 85nm. The diffusive channel is 210 nm in
width and 66nm in thickness. (a) Nonlocal arrangement. (b) Arrangement without
voltage probe contact on the detector.
measurement of single Py wire with AC 150pA. The Py wire is 30 nm in thickness
and 220 nm in width. Diffusive channel is 44 nm in thickness and 200 nm in width.
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4.6 Observation of Anomalous Hall effect in Cu-Py-crossed structure

with in-plane magnetization

4.6.1 Proposal of Cu-Py-crossed four-terminal Hall device

As mentioned at the end of section 4.5, the MR loop of the “alternative”
arrangement contains an extra and odd-symmetric hysteretic loop that is not observed
in NLSV arrangement. It is reasonable to understand that this extra signal is from the
Cu/Py contact area, in which, charge current flows through and some related effects
such as AMR, PHE, and Hall effect may be sensed. The similar odd-symmetric
hysteretic loop has been observed and named by Jedema et al. [47] as “contact” MR.
The authors attributed this MR behavior to the local Hall effect at Cu/Co contact area,
but the detailed geometry describing how the Hall voltage is generated and detected is
not clear. In this work, taking  the advantage of simplicity of fabricating
Cu-Py-crossed structure, we extend the concept of Jedema’s “contact” MR to propose
a four-terminal bipolar device, which'is an-identical geometry with the “contact” one
in MR measurement and detects Hall signal based on in-plane magnetization in Py
wire. We also propose a detailed geometry on how the Hall voltage is induced and
detected. The variation of resistance change, AR, was examined by changing size of
Cu and Py wires. By considering the current shunt in the proposed geometry, Hall
resistance was estimated by referencing ordinary Hall coefficient of Cu and
anomalous Hall coefficient of Py, and was compared with the measured AR.

Figure 4.6-1(a) shows the three-dimensional geometry of the Cu-Py-crossed
structure. In the original geometry of Jedema’s “contact” measurement illustrated in
Figure 4.6-1(b), the direction of applied field is defined opposite to that of the present
work; and the ferromagnet wire itself serves as negative voltage electrode, also

opposite to the present work. Hence, the measured polarities of voltage are in the
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same sign for the two geometries. That is, these two geometries are identical in MR
measurement, and exhibit the same configuration of MR loop. The only difference is
that an extra charge-current-induced voltage drop across a length of Cu is deteced in
the original “contact” geometry, but the voltage drop does not contribute to the

magnitude of AR.
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Figure 4.6-1 (a) 3D geometry of Cu-Py-crossed structure. The direction is denoted by
the 3D coordinate. (b) Top view of the device. Upper-left: the original geometry of
Jedema’s “contact* measurement. Upper-right: geometry in the present work. All the
directions are relative to the coordinate (bottom-left). Bottom-right: Schematic MR
loop. Both geometries exhibit the same configuration of this MR loop. AR is defined
as the difference in resistance between positive and negative magnetization at 0 Oe.
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4.6.2 Observation of size-dependent AR

The typical MR loop of the 4-terminal bipolar device with applied field aligned to
Py wire is shown in Figures 4.6-2(a) and (b). With the direction of current reversed,
the polarity of measured voltage also reverses. The clear switching indicates the
reverse of magnetization of Py wire, and the difference in resistance between both
remnant states (AR) is nonzero. To confirm the nonzero AR, resistance was recorded
only at 0 Oe with successively alternating the magnetization of Py wire in
longitudinal direction. As shown in Figure 4.6-2(c), high and low resistances present
in turn with magnetization successively alternated. Current-dependent measurement
was also performed to explore the change of AR. In Figure 4.6-2(d), the resistance
shows no obvious change with current increasing from 75 pAto 500 pA. Hence, the
nonzero AR exhibits a high reproducibility and linear relationship between current and
measured voltage in the current range of 75 pA ~ 500 pA.

Further exploration of the physical origin of nonzero AR was to change widths of
Cu and Py wires. Figures 4.6-3(a), (b), and(c) show Cu-width-dependent ARs for Py
wires at three different widths. For all the three widths of Py wires, AR presents
negative relationship with respect to width of Cu. With merging the three sets of data
together (Figure 4.6-3(d)), it shows a roughly reciprocal relation between AR and
width of Cu without obvious dependence on width of Py wire. Figure 4.6-3(e) shows
that AR is irrelavent to the width of Py wire for each individual width of Cu, and ARs
for narrower Cu are higher than that for wider one. This is in agreement with the trend

depeicted in Figure 4.6-3(d).
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Figure 4.6-2 Measured MR loops of device for positive (a) and negative (b) current.
The thickness is 65 nm for Cu, and 31 nm for Py. The insets denote the arrangements
of current and voltage probes, and direction of applied field. To clearly present the
polarity of measured voltage, resistance is calculated by dividing the measured
voltage by the absolute value of current, R=V/|l|. (c) Resistance recorded at 0 Oe,
with successively alternating magnetization of Py. The odd numbers represent positive
magnetization, and the evens represent negative one. (d) Current-dependent AR.
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Figure 4.6-3 Cu-width-dependent ARs for differently constant widths (a) 200 nm (b)
420 nm and (c) 700 nm of Py wires. (d) Merging all data of (a), (b), and (c). The
solid-down triangles represent the estimated values by our roughly simple model. (e)
Py-width-dependent ARs for differently constant widths (165 nm and 145 nm) of Cu.
All the thicknesses are 50 nm for Cu, and 20 nm for Py.
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4.6.3 Proposal of the detailed geometry explaining the origin of AR
Now we consider the most possible physical origin of AR as Hall-like effects. The
phenomenological form combining ordinary and anomalous Hall effects for

ferromagnet is expressed as [113-115],

PH =anaiH +ag M(H), (4-1)
where py is the Hall resistivity, B the magnetic induction, and M the magnetization.

anan IS the ordinary Hall coefficient and ag is the anomalous Hall coefficient which

usually is much larger than anay. To relate the measured AR to the size of Cu and Py,

the relation, pr=Rut, is considered. Here Ry is Hall resistance and t the size parameter

parallel to H or M. Hence, in the present work, t is the width of Cu. Hall geometry of
the device is illustrated in Figure 4.6:4"It should be noticed that, the plot only
indicates the net charge current components in-X, Y, and Z directions at the Cu-Py
crossed region (or Cu/Py contact area), but not the real distribution of current density.
We propose this assumption based on that-the totally combined effect can be
considered as a simply linear summation of each local effect caused by the individual
current components in all directions per unit volume. In present case, the effective
direction is +Y, or -Y. Besides, the AR is defined at 0 Oe of external field, and hence
the term (ananH) in Eq. (4.1) is canceled. Therefore, the Hall relation can be

qualitatively described as,

1

Cu

AR o«

Mx, (4-2)

where Weu is width of Cu, Mx the magnetization component in X direction at
remnant state and slightly smaller than saturation magnitude Ms. As illustrated in the
left plot of Figure. 4.6-4, with electron flow in +Y and Mx in —X, positive and
negative charges are respectively induced on top and bottom surfaces of Py layer.

Hence, the Hall voltage can be measured between Cu electrode on top surface and Py
95



electrode itself, and the measured resistance is in low level. With magnetization
reversed, the Hall voltage changes its sign and resistance switches to high level
(Figure. 4.6-4 right). The same effect of sign switching also presents when current is
reversed. Note that the induced charges on bottom surface of Py are not detected and
hence only half of the generated Hall voltage can be sensed. Moreover, since AR is
defined as the difference in resistance between positive and negative remnant states,

Mx must time a factor of 2 in Eq. (4-2). Therefore, the original form of Eq. (4-2) was
1

Cu

AR o

2Mx . This detailed geometry clearly indicates that the physical origin of

AR is mainly caused by AHE in Py at the crossed region (or Cu/Py contact area), and
reveals how the induced Hall voltage is measured. To verify this explanation, we

performed a simple estimation to examine the measured data.

[ 3
Y%—)X
PODDDD CICISICXSXS)
V+ V+
CICISKSXSXS) PPPPPP

Fig. 4.6-4 Detailed geometry to explain the generated AHE. Left: with electron flow
in +Y and Mx in —X, positive and negative charges are respectively induced on top
and bottom surfaces of Py layer. Right: with Mx reversed, the polarity of charge
accumulation also reverses. The horizontal distance between the two vertical dashed
lines denotes the width of Cu.
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4.6.4 Estimation of AHE in Py

Estimation of Hall resistance is mainly based on the current distribution in the cross
region. The very rough but simple model is to consider a parallel resistance including
Cu and Py layers, and current distribution simply depends on the widths and the
resistivity of both Cu and Py. The ratio of current distributed in the two layers is

expressed as,
IPy/I Cu = (th/tCu)(pCu/pPy) . (4'3)

Here tpy and tc, are thickness of Py and Cu, respectively. The resistivity, Ppy and pPcy,

we measured are about 25 nQcm for Py and 3uQcm for Cu, respectively. According
to Ref. [6], the anomalous Hall cofficeint Rs is about 700 mQ-nm/p,Ms. Here Ms is
saturated magnetization of Py.) In present'device, by considering Eq. (4-2), the Hall

rersitance is,

1 Ipy
Ru = a-M y 4-4
" Weu : S‘(le+ |Cu) ( )

Now we estimate an example in Figure 4.6-3, of Cu(50nm)/Py(20nm) and Cu width
of 150nm. The estimated value, (700mQ-nm/150nm)(1/21), is about 0.22 mQ,
roughly in the same order with the measured AR = 0.38 mQ. Other estimated values
were also shown in Figure 4.6-3(d) (the solid-down triangles) to compare with the
measured ones. The estimations roughly agree with the measurement at wider Cu, but
diverge from that with decreasing width of Cu. This discrepancy indicates that the
current fraction in Py does not obey the simple model of parallel resistance. Actually,
the current fraction in Py increases with decreasing width of Cu, and one can perform
more precise calculation by using finite element model (FEM). The simple model
described by Egs. (4-2) ~ (4-4) provide a qualitative understanding of physical origin
of AR, and the estimation is roughly in agreement with the measurement (Figure

4.6-3).
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4.6.5 Estimation of ordinary Hall effect in Cu

As to the ordinary Hall effect in Cu, we measured the Hall coefficient by applying a
perpendicular field to a 50 nm thick Hall cross of Cu, and obtained the coefficient
about 1.2 mQ/10kOe (Figure 4.6-5 left). With the same example mentioned in section
4.6.3, for ordinary Hall effect to result in the AR of 0.38mQ in the Cu of width 150
nm, it required an effective field of magnitude larger than 4500 Oe in positive and
negative directions (Figure 4.6-5 right). In spite of the fact that ion-beam milling to
clean surface of Py before depositing Cu results in the Cu a little sunk into Py (deepth
less than 1nm), it is still doubted that the stray field emitted from edges of the trentch
on Py at the crossed region could reach this magnitude at 0 Oe of external field.
Hence, the local Hall effect [117-119] caused by fringe field did not contribute to AR
in the present device.
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Figure 4.6-5 Left: Measurement of Hall effect of Cu. Right: Geometry illustrating the
required effective field for ordinary Hall effect to induce AR in Cu.
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4.6.6 Estimation of inverse Spin Hall effect (ISHE) in Cu

Figure 4.6-6 (a) shows the top view of the crossed device. Since spin diffuses
and relaxes in both +Y and —Y directions, it is reasonable to understand that the
decline rate of spin polarization in both directions are roughly equal. Hence, the net
value of spin current in Y direction is near zero over the crossed region, and does not
contribute to AR. Although the Hall angle of Cu is relatively small compared with Pt
and Au, the distance (original geometry in Figure 4.6-7) for spin to diffuse from Py
and to be measured by voltage electrodes is near zero (Figures 4.6-6 (b) and (c)). This
could induce a considerable magnitude of Hall resistance generated by inverse spin
Hall effect (ISHE) in Cu. According to Ref [67], the Hall resistance for the present

device can be expressed as,

ARisHe = 20 V/?/cu P exp(-d/Acu) . (4-5)

Cu

Here, ay is the Hall angle, pc, is the resistivity of Cu; Wc, is the width of Cu, P is the
effective polarization of spin current (injecting from Py into Cu), d is the distance for
spin to diffuse from Py and to be measured by voltage electrodes, and Ac, is the spin
diffusion length in Cu. Again, we estimate the same example mentioned previously.
By using P=2%, d=0 (to consider the maxima effect that ISHE could cause),
pcu=3pQcm, We,=150 nm and ay=0.004, since only half of Hall voltage can be
measured, the estimated ARspe is about 16 pQ, roughly 10 times smaller than that
generated by AHE in Py (220 uQ for estimated and 380 pQ for measured).

As a suggestion, one could use materials of high Hall angle such as Pt, Au, or other
impurity-doped materials [120] to serve as normal metal in the present device. This
normal-metal-ferromagnet-crossed structure can then be a potential tool to study
phenomena of spin injection and SHEs with very simple process of lithography to

fabricate devices.
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Figure 4.6-7 Geometry of ISHE with perpendicular magnetization and spin-current
transport in plane. The d in plane denotes the distance for spin to diffuse from
ferroganet into diffusive channel (here is Au) and to be sensed by voltage electrodes.

After Seki [67].
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CHAPTER 5

Conclusions

This dissertation has presented the results of the studies on the spin transports and
magnetic reversal behaviors in submicron- and nano-sized magnetic structures by
using MFM quantitative analysis and MR measurement. Although the varieties of
reversal behaviors complicate the analysis and the characterization of the magnetic
states, we can still identify their common features by the fundamental of the
phenomena and theory which we have presented in Chapter 2. For the observation of
the reversal behaviors, the critical switching field is strongly influenced by the size
effect. By takins the two-different-width magnetic strip as the example, the analysis of
the three local regions shows an identifiable tendency that large aspect ratio of length
to width prefers more stable energy for the ferromagnet to stay at firm state with
uniform formation aligned to the long axis.  The same result can also be concluded by
the MR measurement of the single-layered and tri-layered rings in which the large
aspect ratio enhances the formation of the onion states. Interestingly, when we
consider the two apparently different geometric patterns of straight line in uniform
state and ring in onion state, reversal behaviors of the two states are dominated by the
same shape anisotropy of narrow wires. For the spin transport, however, the
understanding of spin-dependent tunneling in MTJ has a considerable discrepancy
with the spin-dependent scattering in CIP GMR (as the tri-layered rings). Despite of
the their common phenomenon of spin polarization in ferromagnet, the transport
mechanism still requires a more fundamental understanding. Finally, we summary
some important results as following:

The magnetic behaviors in different local sections of the patterned strip wire can be

individually separated and compared with each other. The intensity of the phase-shift
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in the wider end is stronger than that in the narrower one. In contrast, the coercive
force (defined by the reverse in the signs of the values of phase-shifts) in the narrower
end (9 Oe) is larger than that in the wider one (8 Oe). This is due to a strong
anisotropic effect, and thus the Hc in the neck section could become strongly affected
by the competition of the head-to-tail magnetic configurations in the two parts of the
strip wire. This results in a small Hc in the neck section.

For the thermal effect measurement of the MTJs, the MR ratio at 140 “C can still
remain roughly 87% of that at room temperature. Generally speaking, in application,
the local higher temperature which an electronic equipment can achieve is around
60-80 C while operating, so the MR ratio of the MTJs at the operating situation
maintains a considerable portion (90-95%) of that at room temperature.

The critical current density of current-induced domain wall motion in the
single-layered Py ring is about 1.5.~ 3.5 x 10" Alem?, roughly the same order with
the typical results from others. ‘With the present size, the tri-layered spin valve is
possibly in the critical boundary between the formations of vortex and onion, since
the intermediate state appears occasionally between configurations 1 and 2. Within
this state, the soft ring is in vortex state and the hard one the forward onion state.

The spin polarization induced in Cu diffusive channel of the NLSV devices in the
present work can be estimated as about 2%, roughly in agreement with other
investigations. The spin signals are also enhanced by shortening the distance of the
diffusive channel.

The odd-asymmetric signals related to the switching of the spin injector at the
contact region (the Cu-Py cross) are attributed to the anomalous Hall effect of the
injector at the contact region. It has been supported by the results of size dependent

investigation.
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