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Abstract

Spin polarized current is of significant importance both scientifically and
technologically. Recent advances in film growth and device fabrication in spintronics
make possible an entirely new class of spin-based devices. An indispensable element in
al these devices is the magnetic tunnel junction (MTJ) which has two ferromagnetic
electrodes separated by an insulator barrier of atomic scale. When electrons flow
through a MTJ, they become spin-polarized by the first magnetic electrode. Theresfter,
the interplay between the spin polarized current and the second magnetic layer
manifestsitself viatwo phenomena:

I.) Tunneling magnetoresistance (TMR) effect. The relative alignment of the electrode
moments determines the resistance and its change. This TMR effect is largely
determined by the spin polarized density states of the electrodes, interface states,
tunneling matrix, and so on. However, despite extensive experimental and
theoretical efforts, many aspects of TMR remain poorly understood. In my
research, it is shown that thin CoFe aloy can be made amorphous by sandwiching
the normally crystalline CoFe electrode between two amorphous layers.
Incorporating amorphous CoFe with Al,O3; to form MTJs, both the TMR and the
tunneling spin polarization are significantly enhanced when the aloy is amorphous.
The tunneling anisotropic magnetoresistance effect in both MgO and Al,O5; based
MTJsisaso investigated.

ii.) Spin transfer torque (STT) effect. The spin polarized current exerts a torque on the
local moments and can thereby induce steady-state precessional excitation modes or
complete switching of a nanomagnet. This effect has mostly been studied, to date,
in metallic structures where the spin-valve magnetoresistance is small so that the
output power is limited. However, the giant TMR effect in MgO based MTJs,
which aso have much higher resistance than spin-valves, can give rise to much
higher rf power output. It is also found that the spectrum is very sensitive to small
variations in device structures, even among devices which exhibit similarly high

TMR (~120%) and have similar resistance-area product (~4-10 Qum?).
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Chapter 1

INTRODUCTION: SPIN POLARIZED CURRENT AND
SPINTRONICS



Chapter 1

As well as mass and charge, an electron has another intrinsic property, i.e. spin angular
momentum, or simply spin. In quantum mechanics, spin is a fundamental property of
atomic nuclel and elementary particles, and is an important intrinsic degree of freedom.
Although as the name indicates spin was originally thought of particles spinning around
their own axis, it had been shown by Dirac that electron spin arises naturally within
relativistic quantum mechanics. The component of electron spin measured along any
direction can only take on the values,

hs,, s,=%1/2

Namely, in a classical picture, electron spin can only point to up or down aong a
magnetic field which can be vividly illustrated by a small magnet with its north pole
pointing to up or down as shown in Fig. 1.1. The intrinsic magnetic dipole moment

associated with such a spin in an electron is very close to a universal constant called the

Bohr magneton, s, = Zi =0.927x10%(J/T or A-m’)=0.927x10" (erg/Oe).
m

. = il
mg=+75 mg=-7

Fig. 1.1 Classical illustration of electron spin as a small magnet with north pole pointing to up
or down.

In normal materials, such as Cu, Ag, etc., spin-up and -down electrons are equally
populated and randomly distributed in an equilibrium state. However, in some solids
due to the quantum mechanical exchange interaction, electron spins are aligned
spontaneoudly, resulting in unequal numbers of spin-up and -down electrons, therefore
ferromagnetic materials are formed, such as Co, Fe, Ni, and many of their alloys. In

these ferromagnetic materials, spin-resolved electronic structures show the band
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difference between the spin-up and -down electrons, as illustrated in Fig. 1.2, and the
asymmetry in density of states (DOS) at Fermi energy gives rise to most of the spin
related transport phenomena. When an unpolarized flow of electrons pass through a
norma metal, because of the identity between the bands for spin-up and -down
electrons, they experience the same scattering rate regardless of the spin, and the
emergent current still remains unpolarized. However, when they flow through a
ferromagnetic material, spin-up electrons may encounter less scattering, or may have
smaller effective mass, compared to spin-down electrons, so the conductivity due to the
majority spin channel would be higher. Then, a spin polarized current would emerge
from the ferromagnetic material[1].

Energy

A A
0.35]0.35

Co

Spin Spin
-down -up

DOS < >

4s 3d

Fig. 1.2 Diagram of the spin-resolved electronic structures for 4s and 3d bandsin Co. Red (or
blue) is for spin-down (or spin-up). Numbers denote how many electrons per Co atom are in
the corresponding band.

Such a spin polarized current is of significant importance both scientifically and
technologically because it can be manipulated either via electron charge or spin, instead
of electron charge only in conventional electronicg[2]. Since the discovery of the giant
magnetoresistance (GMR) effect in 1980 93-5], spin-electronics (spintronics) using
electron spin to control the current, has stimulated great interest in both the academic
and industrial fields. Astonishing achievements have been obtained, especialy in data

storage applications. A few years later, due to the advances in the thin film growth and

-3-
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device fabrication, an even more significant effect, called the tunneling
magnetoresistance (TMR) effect, was observed at room temperature in magnetic
tunneling junctions (MTJs)[6-9]. Because of their huge TMR and high resistance,
MTJs promise attractive applications in magnetic field sensor and magnetic random
access memory (MRAM) in very small scale of solid-state circuitry[2]. Read heads
with MTJs in hard disk are commercially available, and there are many ongoing efforts
to reaize MRAM. This new type of memory has all the key desirable attributes
required by the ever growing demand for storing and processing the explosive amount
of information, such as fast access times, non-volatility, lower power-consumption, and
high density. Moreover, from the perspective of physics, the quantum mechanical
tunneling process in MTJs is not only very interesting but also extremely complicated,
and many issues about it remain poorly understood[10].

The focus of the research in this dissertation is to deepen the understanding of the
spin dependent tunneling effect in MTJs. A brief background in MTJs is provided in
Chapter 2. Itisfirst shown in Chapter 3 that the normally crystalline CoFe can be made
amorphous when sandwiched between two amorphous layers, and when this amorphous
CoFe is incorporated as an electrode in MTJs it gives rise to an enhanced TMR
compared to its crystalline counterpart. The tunneling anisotropic magnetoresistance
(TAMR) effect is investigated in conventional MTJs in Chapter 4, and it is found that
the angular dependence of the TAMR effect shows complex two-fold and four-fold
symmetry evolution with bias voltage. Chapter 5 is devoted to the studies of the current
induced switching and microwave emission from MTJs due to the spin transfer torque
effect. Chapter 6 provides a summary of the dissertation and some suggestions for

future research.
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Chapter 2

2.1 SPINPOLARIZED CURRENT IN MAGNETIC TUNNEL JUNCTIONS

Magnetic tunnel junctions (MTJs) are sandwiched heterostructures, composed of two
ferromagnetic electrodes and an ultrathin insulator barrier in between, and present many
interesting phenomena that are important for both the exploration of underlying physics
and the applications in technology[l]. When electrons flow through a MTJ, they
become spin-polarized by the first magnetic electrode. Thereafter, the interplay
between the spin-polarized current and the second magnetic layer manifests itself via
two effects, i.e. tunneling magnetoresistance effect and spin transfer torque effect. In
the current section of this chapter, brief reviews will be given on these two interesting

effects.

211 Tunneing Magnetoresistance

The resistance of a MTJ depends on the relative alignment of the magnetic moments in
the ferromagnetic electrodes. Usually, when the moments are parallel the tunneling
resistance is low; when anti-parallel, the resistance is high, thus giving rise to a
tunneling magnetoresistance (TMR) effect,
TMR = Rip =Ry x100%,

P
where R p and Rp are the resistances for the parallel and anti-parallel configurations. A
typical magnetoresistance loop (Fig. 2.1) shows that, by cleverly engineering the
multilayered structure, e.g. growing an antiferromagnetic material as an exchange bias
layer, it is possible to control how the two magnetic electrodes respond to the external
field and therefore to obtain distinct states of different resistance values[1]. The first
successful observation of TMR in MTJs was made by Julliére about thirty years ago,
when Co and Fe were used as electrodes and Ge as insulator and a TMR of ~14% at 4.2
K was reported[2]. After that many other tunnel barriers were explored (e.g. NiO and
Gd,03)[3,4], but only a small effect was observed even at a low temperature. It was not
until 1995 when the first observation of reproducible large TMR (~18%) at room

temperature was achieved in MTJs with an amorphous Al,O; barrier[5,6]. Ever since
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then, MTJs have aroused considerable interest due to their potential applications in
spintronic devices, such as high-performance solid-state magnetic random access

memories (MRAM) and magnetic sensors[1].
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Fig. 2.1 (a) Diagrammatic structure of a MTJ with an antiferromagnetic (AF) layer grown
underneath to provide exchange bias, (b) Typical magnetoresistance loop of a MTJ device, the
inset is the minor loop. The horizontal arrows show the magnetic moments’ directions in the
two electrodes, and the vertical arrows denote the field sweeping directions.

Over the past ten years, most of the research in spin dependent tunneling has
focused on MTJs with an Al,O; tunnel barrier[7-9]. Although intensive efforts have
been made in such MTJs, the maximum TMR only reached about 70%[10,11].
Meanwhile, extensive theoretical and experimental work has been carried out to
increase the TMR by incorporating exotic oxide or half-metal layers into MTJs[12-15],
and studying crystalline tunneling barriers[16,17]. Butler et al. carried out first-
principles calculations of tunneling conductance and magnetoresistance in epitaxial
Fe/MgO/Fe sandwiches[16]. They revealed that tunneling conductance depends
strongly on the symmetry of the Bloch states in the electrodes and of the evanescent
states in the barrier, thus Bloch states of different symmetry decay at different rates

within the barrier. The A, state, due to its “s-character”, decays slowest among all the

states and can make a significant contribution to the tunneling conductance. Because

the A, state only occurs at the Fermi level for the majority band, it behaves much like a

“half-metal”. Giant TMR was expected in bcc Fe/MgO/Fe, CoFe/MgO/CoFe, and
Co/MgO/Co tunneling junctions. Experimental results of TMR above ~200% were first
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reported by Parkin et al. and Yuasa et al. respectively[18,19]. Room temperature TMR
results of about 600% in MgO based tunnel junctions have also been obtained
recently[20].

For high-quality Al,Os tunnel junctions, the magnitude of the TMR at low bias can

2RP,

be well understood within the framework of Julliére’s model, TMR = , Where

1

P;, P, are the spin polarization of the two electrode materials and they can be well
derived from the ferromagnet/insulator/superconducting tunnel junctions first
introduced by Meservy and Tedrow[21]. In this model, it is assumed that during the
tunneling process, spin is conserved, namely no spin-flipping occurs. The conductance
in each channel is thus proportional to the tunneling probability, which is determined by
Fermi’s golden rule (Fig. 2.2). However, such a quantitative comparison is not always
straightforward. For example, TMR is extremely sensitive to the interface between the
electrode and barrier in realistic systems[22,23]. In MgO based MTJs, due to coherent
tunneling effect, the physics of the spin dependent tunneling effect is far beyond this
oversimplified model. Given the simplicity of the model, Slonczewski calculated an
approximate expression of the TMR of free electrons tunneling through a square barrier
based on the Landauer-Biittiker formalism[24]. Tsymbal et al. studied the interface
dependence of the tunneling conductance[23]. For the coherent tunneling through a
crystalline system many theoretical studies emerged together with the experimental
achievements in MgO based tunnel junctions[16-19].

In conventional MTJs, TMR always decreases with applied bias voltage. The
voltage at which the magnitude decreases to half of the low bias value is called V.,
usually around 0.5 V for high quality Al,O3; or MgO based MTJs with transition metal
electrodes[11,19]. The TMR decrease mainly comes from the much greater resistance
drop in the anti-parallel (AP) state with bias voltage compared to the parallel (P) state.
One mechanism for the decrease in TMR as a function of bias is the interface magnon
excitation[25]. Another is the presence of defect states within the tunnel barrier, which
may allow an increase amount of defect-state-assisted tunneling and dilute the spin

polarization of the tunneling current at elevated bias voltage[26,27].
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Fig. 2.2 Illlustration of the Julliere’s model in a magnetic tunnel junction for parallel
configuration (left) and antiparallel configuration (right). The current is determined by the
product of the density of filled states in one electrode and the density of empty states in the other
electrode.  Parallel configuration usually has lower resistance than that of antiparallel
configuration, thus resulting in a positive TMR effect.

2.1.2 Spin Transfer Torque

Spin transfer torque (STT) effect was first theoretically studied by Slonczewski and
Berger in 1996[28,29]. When a spin-polarized current pass through a non-collinear thin
magnetic layer, due to the conservation of the spin momentum via exchange interaction,
the transverse component of the spin in the flowing electrons can be transferred to the
conduction electrons in the small magnet. Depending on the direction of electron flow
and the magnetic configuration, this spin-polarized current favors either the P state or
AP state (Fig. 2.3). The electrode of smaller thickness, which can be switched, is called
the free layer (FL); in contrast, the other electrode, which is usually thicker and
exchange biased, is called pinned layer (PL). Such a STT induced magnetization
reversal is a relatively new phenomenon, and it is observable only in magnetic
structures smaller than 100-200 nm[30-32]. A macro-spin model treats a nanomagnet

with the assumption that its internal magnetic degrees of freedom are frozen, so that the
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dynamics of macro-spin can be phenomenologically described by the following
Landau-Lifshitz-Gilbert (LLG) equation with an extra STT term[33,34]:

8t;1 = y(;qxfleff)—a(ﬁx@ﬁ%ﬂ](%x%xﬁ)
where y is the gyromagnetic ratio, a the damping coefficient, § the coefficient for the

STT which depends on both the spin polarization and the geometric configuration

between the incoming spin and the local moments in the FL, and J the current density.

Fig. 2.3 The thick electrode is pinned layer (PL), and the thin one is free layer (FL). When
electrons flow from PL to FL, due to spin transfer torque effect, it favors parallel state (left); on
the other hand, when electrons flow from FL to PL, it favors antiparallel state.

The competition between the damping term and the spin torque term is illustrated in
Fig. 2.4. When J is small and the spin torque term less than the damping term, the
dynamics damp out into an equilibrium state. When the spin torque is large enough that
it overcomes the intrinsic damping, effective damping coefficient becomes negative, the
deviation from the equilibrium state is amplified and the magnetic moments are
switched, which can be detected by a resistance change in the magnetic sandwiched
structure, e.g. MTJs or spin-valves[30,35,36]. When J and H satisfy certain conditions,
persistent precession of the magnetization can be obtained at a frequency of several
GHz. When the precession occurs, the angle between the magnetic moments in the FL
and PL changes rapidly. Due to the magnetoresistance effect, it gives rise to a
resistance change at high frequency; therefore a dc current/voltage induced rf
microwave emission can be observed in the device[32,37-42].

Since the STT can change the magnetic state of a small magnet by locally injecting
a spin polarized current, it promises a better writing scheme than that used in

conventional magnetic random access memory (MRAM). The STT-RAM has excellent
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write selectivity since the current passing through a storage cell can directly change the
state of that cell, i.e. write “0” or “1” there. The minimum current density needed to
write one bit scales down with the device size, which means that STT-RAM has much
higher scalability. Besides, STT-RAM also promises lower power consumption and
much simpler architecture. A side-by-side comparison between them in terms of circuit
design is shown in Fig. 2.5. STT-induced persistent precession can emit rf microwaves
with reasonable power, however, their frequencies can be tuned by the applied voltage

or current alone, which makes STT-nano-oscillator very promising.

Fig. 2.4 (a) Geometric illustration of Landau-Lifshitz-Gilbert (LLG) equation with a spin
transfer torque term, (b) Dynamics of the magnetic moments in the free layer (FL) when the
damping term is larger, comparable, or smaller than the spin-torque term with various
magnitudes of spin polarized current.

With these new phenomena in physics and potential applications in technology, the
STT effect has been stimulating great interest in both academics and industry since the
beginning of its discovery. Physicists first observed the STT-induced spin-wave
excitation in extended magnetic films with either a point contact or membrane
structure[30-32]. Later, full switching of a thin magnetic layer was achieved in ebeam
patterned nano-pillars[30], where the size of the device is well defined, making possible
the quantitative study of the STT effect. Initially, most of the work about the STT
effect only focused on metallic structures, e.g. spin-valves, due to the relative ease in

the fabrication of these nano-pillars compared to those with MTJs. However, MTJs are
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more attractive to use in devices because they have inherently higher resistance. This is
useful in the very small scale solid-state circuitry, and successful switching of
magnetization in MgO based MTJs has been observed[35,36]. Besides, due to their
much higher magnetoresistance effect, they are more desirable as memory storage cells
which can tolerate greater error margins. They are also promising candidates for nano-
oscillator because they can emit higher power due to their larger resistance
change[39,43,44].
Conventional MRAM Cell

20-30 F? STT-RAM Cell

Claddin MTJ S Bypass Line

anding
Pad

Source rain
Si substrate
Write Word Line

Write Current: I, ~ 1/ Volume I, ~ Volume

Fig. 2.5 Comparison between the conventional MRAM (left) and STT-RAM (right). Clearly,
much simpler electronic architecture is proposed for STT-RAM than the conventional MRAM.

2.2 EXPERIMENTAL TECHNIQUES

A number of thin film characterization techniques have been used in this research
dissertation, such as vibrating sample magnetometry (VSM), superconducting quantum
interference device (SQUID), x-ray diffraction (XRD), x-ray photoelectron
spectroscopy (XPS), x-ray emission spectroscopy (XES), Rutherford backscattering
spectroscopy (RBS), transmission electron microscopy (TEM), scanning electron
microscopy (SEM), and atomic force microscopy (AFM). Interested readers can find
references somewhere else. Most of the electrical transport results were simply based
on four-point measurements so as to exclude the influence of electrical contact
resistance on the measured device resistance. AC lock-in technique was also used to

detect small signal, or to probe the fine electronic structure in MTJs. Specific
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experimental setups for the different experiments will be discussed later in the
respective chapters. However, one special technique, i.e. superconducting tunneling
spectroscopy, will be described in details in this section due to its theoretical and

experimental complexities.

2.2.1 Superconducting Tunneling Spectr oscopy

Spin polarization is a crucial metric for all spin related phenomena. It can be probed by
a variety of techniques, such as photoemission[45], point contact Andreev
reflection[46], and superconducting tunneling spectroscopy (STS)[21]. Regarding the
spin dependent tunneling effect in MTJs, STS is the most reliable and relevant
technique to determine the tunneling spin polarization (TSP). In this technique, TSP is
measured from a tunnel junction with an electrode of the interested material and a
counter electrode of a superconducting material. Slightly doped aluminum with copper
or silicon is commonly used as the superconducting electrode, where the doping can
increase the critical temperature 7. of the superconductor. With a large field applied in
the film plane, the superconducting electrode works as an analyzer for the spin-
polarized current. This technique was first developed by Meservey and Tedow, and has
been used to measure many ferromagnetic and ferromagnetic materials including 3d
transition metals and their alloys and some rare-earth metal based alloys[21,47,48].
When a bias voltage is applied across the tunnel junction, the initially aligned Fermi
levels in the two electrodes are shifted, therefore giving rise to a tunneling current.
According to Fermi’s golden rule, the current that is directly correlated with the
tunneling probability, is determined by the product of the density of filled states of a
given energy in one electrode and the density of empty states at the same energy in the
other electrode. By this rule, the currents of tunneling electrons from left electrode to

right electrode at energy E and vice versus are,
1,(V.E)~N,(E+eV)N,(E)f(E+eV)[1- f(E)]
I.(V.E)~N,(E+eV)N,(E)[1-f(E+eV)]|f(E)
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respectively, where V is the applied voltage, N;, are the density of states of the two

electrodes, and f is the Fermi function. Thus the total current 7, given by

J?:L (V,E)-1_(V,E)dE, is equal to,

j N,(E+eV)N,(E) f(E+eV)-f(E)]dE

For a non-magnetic metal, we can assume the density of sates around the Fermi energy
within a small range is constant; however, a superconductor behaves differently.
Therefore, the integration must be carried out over it, and the differential conductance
can be easily derived,
dl(V) e
——~~N| N/(E)f'(E+eV)dE
SN N(E)f (B +er)
For the case of tunneling from a magnetic material, when we calculate the conductance
we must consider both the spin-up and spin-down channels.
di (v o0 o0
—d(V ) TL N (E)f’(E+eV)dE+N¢J: N (E) [ (E+eV)dE

Where the spin conservation is assumed during the tunneling process, and NT< ) and

N

1(s4)2T€ the spin-up (spin-down) density of states in the magnetic materials and in the

superconductor. Experimentally it was found that with a magnetic field applied in the

superconductor plane, the BCS density of states of quasiparticles, NSN (E ) ==
E°-A

Etgu,H/2
JE+guH 2 =A"

low temperature, the derivative of the Fermi function f’ approaches that of a &

dI (V)
dv

are Zeeman-split into N * (E)= , as shown in Fig. 2.6 (a). At

function. Consequently, four asymmetric peaks are obtained in the ~V curves,

with each spin channel contributing to two peaks and spin density of states asymmetry

determining the height asymmetry among these peaks (Fig. 2.6 (c)). Approximately,

the TSP can be estimated by P = (0-4 —% ) —(0'1 _ 0-3) .
(0,-0,)+(0,—0;)
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(a)

(b}

Fig. 2.6 Superconducting-ferromagnetic-metal tunneling[21]. (a) BCS density of states of a
superconductor as a function of voltage in a magnetic field; (b) Temperature-dependent kernels
for each spin channel in the integral expression for differential conductance; (c) Theoretical
normalized conductance for each spin channel (dotted and dashed curves) and the total
conductance (solid line).

In the simple BCS theory, neither the orbital depairing due to the applied field nor
spin-flip scattering due to the spin-orbit coupling (SOC) is included. A more
complicated DOS calculation was completed by Maki after taking these factors into
account[49,50],

W (£)= L0

N—"
(72
ag
=]
—~
ty
SN—"
)
o
I

HyH cu, U, —u,
AB +(1_u2)1/2 +b (1-”3)1/2 ’

A 1s the energy gap of the superconductor, N (O) is the normal density of states, ¢ is

where u, and u_ are implicitly defined by u, =

the orbital depairing parameter, and b is the spin-orbit scattering parameter[51], In

each experiment with applied field and temperature known, the conductance curve is fit
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by Maki’s theory with A, ¢, b and TSP as fitting parameters. The TSP results can be

derived with high accuracy[52]. One of our typical TSP measurements and analysis are

shown in Fig. 3.7.

2.3 DEVICE PREPARATION

All the films grown for the research are deposited on thermally oxidized 1-inch Si
wafers. The deposition system is equipped with several dc magnetron sputtering guns, a
plasma oxidation source, and an ion beam sputter source with a five target turret and an
electron-beam evaporation source shown in Fig. 2.7. Every time after opening the
chamber and loading cleaned Si substrates, the system is usually baked for 8~10 hours
at 120 °C, and the chamber thereafter reaches a base pressure of better than 10° Torr.
With the capacity of 24 substrates, any gas mixture among Ar, O, and N,, and more
than 11 targets, the system allows to explore materials intensively and to optimize
structures efficiently.

The deposition conditions vary depending on the desired materials. Metallic films
are usually deposited with an Ar atmosphere at a pressure of 3 m7orr, and oxide
barriers are normally grown by reactive sputtering in an Ar/O, mixture with an optimal
ratio between 97/3 and 95/5. Small permanent magnets with a field about 100 Oe are
placed above the substrate to set the moments direction in magnetic layer, especially to
establish the exchange bias.

There are two ways to make the final measurable devices: one is directly patterning
the film with in situ shadow masks; the other is patterning the devices from uniformly

deposited films using optical or ebeam lithography in a clean room. (Fig. 2.7)

2.3.1 Shadow Masked Devices

The film deposition and device patterning process is fully automated by computer. By

controlling a motor inside the chamber, both the substrate platter and the mask platter
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can rotate independently, therefore it is easy to move the selected substrate and desired
mask to the desired target. By remotely turning the power on and opening the shutter
afterwards, we can control the time for both pre-sputtering the target and film growth
onto the substrate. With up to 8 copper-beryllium masks of different design in the
system, we can easily in situ pattern films in to devices down to 20 pm, although for
MTlIs, usually 3 masks are enough, i.e. one each for the bottom electrode, for the barrier

and for the top electrode.

— lithography

) INE;

Fig. 2.7 Schematic of the sputtering system (left); Shadow masking is used to define the
electrodes and barriers (upper middle), and blank film is grown for lithography (lower middle);
Scanning electron microscopy (SEM) images for some devices, respectively (vight).

During film growth, all the times and deposition rates are recorded in a log file from
quartz-crystal monitors to insure the film is grown at a right rate. More accurate rate for
one material at a defined power is determined by calibration films with a nominal 500 A
thickness grown with a specially designed calibration mask. After measuring the actual
thickness by profilometer, accurate deposition rates are derived, which are typically on
the order of 1 A/s. Furthermore, the calibration films can be analyzed with other tools
to characterize the quality of the deposited films, such as, Rutherford backscattering
spectroscopy which gives the composition of alloy films as well as impurity
concentrations and thicknesses of the film, and vibrating sample magnetometer which

reveals the magnetic properties of the film.
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2.3.2 Nano-Pillar Devices

Devices used for the STT studies are fabricated by ebeam lithography and standard
optical lithography. Films were grown with the same technique, however, without use
of any shadow masks. Before being brought into the clean room, samples are usually
annealed at an optimal condition, which is determined by the thermal stability and TMR
of the shadow-masked larger devices with identical multilayered structures. It takes
four major steps to fabricate the devices with a size of ~100 nm.

(1). Alignment Mark. Bilayers of photoresist (SPR670 600nm/PMGI-SFG 50nm)
are used in this step to make an undercut for ease of later liftoff. After the resists spin
and bake, they are exposed with an alignment mark mask for 1.5 seconds with 1000 W
in a contact printer. Develop the exposed resist in Optiyield developer for 45 seconds,
and deposit Ta 5 nm/Au 65 nm metal layers where thin Ta is used to increase the
adhesion. Finally, dissolve the resist with NMP and liftoff the metal, which generates
four alignment marks with size of 10x10 pum® at each of the four corners across the
wafer.

(i1). Device Region and Bottom Electrode. Device fabrication regions with full
stack of the film are defined by ebeam lithography. After resist spinning, exposing and
developing, resist islands with bottom electrode shape remain on the wafer. Using the
resist as a hard mask, the rest of the metal layers are ion-milled to etch through the
whole film stack, thus a matrix of separated regions for later device fabrication is
formed. This process is precisely monitored by secondary ion mass spectroscopy
(SIMS). After a complete etching, Al,O3 of the same thickness as the totally etched
layers is deposited in situ by ion beam deposition (IBD). Liftoff with swabbing and
ultrasonic agitation in N-Methyl-2-Pyrrolidone (NMP), the device fabrication regions
and bottom electrodes are defined.

(ii1). Tunnel Junction. Small junctions of sizes from 50x100 to 90%270 nm’ are
fabricated by ebeam lithography. Bialyers of ebeam resist (HSQ 85 nm/Duramide 40
nm) are spun onto the substrate, with each of them baked at 100 °C and 175 °C for 30
seconds. After developing, HSQ resist islands with the desired tunnel junction shape

and size remain on the wafer. Oxygen reactive ion etching treatment transfers the HSQ
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pattern onto Duramide, which also creates a slight undercut there. With HSQ/Duramide
as a hard mask, an ion-mill is used to etch through the film to the pinned ferromagnetic
layer. The ion beam starts with an incident angle between 0 to 10 degrees from
perpendicular to the surface, followed by a sidewall cleaning roughly with 2x time of
the etching. The un-etched bottom layers beneath tunneling barrier serve as bottom
electrode, and small pillars defined by the resist islands are the active tunnel junctions.
AlLOs3 is then deposited with the same thickness as the etched depth. After liftoff, small
holes on top of the pillars, namely tunnel junctions, are opened for making top
electrodes.

(iv). Electrical Contact. The surface is first de-scummed with O, plasma for 40
seconds with a pressure of 500 Torr, and then the contact metal (Ta 5 nm/Au 180 nm) is
deposited. After resist spinning, exposing, and developing, the patterns of both the top
and bottom contacts are defined. Ion-mill is used to etch away the rest of the Ta/Au
stack, and the electrical contacts are generated. Finally, resist is removed by swabbing

and ultrasonic agitation with NMP.
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3.1 INTRODUCTION

As discussed in Chapter 2, the tunneling magnetoresistance (TMR) effect[1-4] in
magnetic tunnel junctions (MTJs) is of great importance both scientifically and
technologically. The MTJ not only provides an excellent platform to study the
fundamental physics of spin dependent tunneling, but also plays a central role in many
of the most useful spintronic devices including high-performance solid-state magnetic
random access memories (MRAM) and magnetic sensors[5]. It is now generally
accepted that TMR is very sensitive to the electronic structures of the electrodes and the
tunnel barrier, and to interfacial bonding between them([6,7]. Spin polarization can be
obtained from first-principle calculations, and it can be dependent on the tunneling
direction. Experiments showing the influence of crystalline anisotropy of spin
polarization on TMR have been reported[8]. A clear relationship between electrode
crystal structure and junction magnetotransport properties was also presented utilizing
Al,O3 based MTlJs with Co electrodes of different crystalline phases[9]. However, in all
these work, changing the orientation of the electrodes is usually made by engineering
the buffer layers on which both the electrodes and barrier were grown. This
compromises the results of the TMR and spin polarization comparison among different
crystal structures and makes them inconclusive because TMR can also be significantly
influenced by underlayers, especially when the MTJs are annealed at elevated
temperatures.

Of particular interest technologically are amorphous ferromagnetic electrodes which
may allow for more uniform magnetic switching of devices fabricated at sub-100-nm
dimensions. Recently, ferromagnetic CoFe alloys made amorphous by the addition of
boron have become of special interest because MTJs incorporating them show the
highest TMR values at room temperature of any magnetic electrode. This is found for
MTJs formed with either amorphous Al,O3[10] or crystalline MgO tunnel barriers[3,11-
13]. Whether boron plays a direct role in increasing the TMR is however unclear.
Previous studies have also considered the effect of crystallization of CoFeB alloys via
annealing on tunneling spin polarization and TMR[14,15], but they are complicated by

the diffusion of B within the structures.
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A common method to make a normally crystalline metallic material amorphous or
glassy is by quenching it from its liquid state[16,17]. However, most simple metals will
crystallize at room temperature even at the very highest cooling rates. It is possible, in
many cases, to prevent crystallization by the incorporation of small amounts of solute
atoms which are either much smaller (e.g. B, C, Si) or much larger (e.g. Mo, Hf, Zr)
than the host elements[17]. Here it is shown that normally crystalline bcc CoFe alloys
can be made amorphous without the use of any additives and that the spin polarization
of the tunneling current and the associated TMR are correspondingly increased. The
observation of amorphous and crystalline CoFe without changing any other film-growth
conditions except its thickness provides a suitable platform to compare the TSP of one
material in two different structures. The TMR enhancement resulting from the
amorphization of a crystalline electrode emphasizes the crucial role of the electrode and

barrier interface in determining the spin dependent tunneling.

3.2 MATERIALSAND METHODS

The films were prepared using a combination of ion beam and magnetron sputtering at
ambient temperature. The structure of the thin CosFes layer was studied with high
resolution cross-section transmission electron microscopy (TEM) on multilayered films
composed of five repetitions of the sequence [44 Al,Os/tscp SCF/100 CFB] where the
numbers are nominal thicknesses in angstrom. The thin sandwiched CosoFesp (SCF)
layer’s thickness tscr is 15, 20, 30, 40, and 50 A (bottom to top), and the CFB denotes
an amorphous CoFeB layer. The repetitions are capped with 50 Ta/50 Ru and are
deposited on 100 Ta/250 Ir;;Mnys/4 CosoFer1B3o/35 CojoFesp.  Several different
compositions of the CFB layer were used. In particular, CossFe,7B1o (CFB10) and
CosFer1Bsy (CFB30) were chosen to have lower and higher crystallization
temperatures, respectively, than the maximum anneal temperature Ta used in these
studies (300 °C). As can be seen clearly in Fig. 3.1(a, b) the SCF layer is amorphous
when its thickness is <20 A but is crystalline when >30 A. The amorphous to

crystallization transition as a function of the SCF layer thickness, which is one of the
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main points of this chapter, can also be unambiguously revealed by electron diffraction
images. These images clearly show the difference between the crystalline and
amorphous phases of the SCF layer, even though the diffraction spots in the images are
inevitably broadened by finite size effects due to the small volume used to obtain these
images (2 nm x 2 nm X thickness-of-sample (~10 nm)). Selected area electron
diffraction shows that when the SCF layer is crystalline it exhibits a bcc structure.

Electron energy loss spectroscopy (EELS)[18] was carried out using high resolution
scanning TEM to check whether B might have diffused into the SCF layer, thereby
stabilizing an amorphous state. No evidence for this was found within the spatial
resolution of the EELS (~5 A). In any case, an added complication is that the SCF does
not wet the Al,O3 layer on which it is deposited[19,20]. Thus the SCF grows initially as
a discontinuous islanded layer, forming a continuous film only when it reaches a
thickness of ~20 A. In cross-section, EELS will therefore see through portions of both
the SCF and CFB layers at the boundary between these layers. However, on annealing
EELS showed no change in the B profile (at 300 °C), making diffusion of B into the
SCF layer during deposition at ambient temperatures unlikely.

To check whether the morphology of the SCF layer deposited on Al,O; plays a role
in stabilizing its amorphous structure, multilayered structures were grown in which the
SCF layers are sandwiched on either side by amorphous CFB30 layers without any
Al,O; layers, such as, 100 Ta/250 IryoMngo/100 CFB30/[tcore=5, 10, ..., and 40
SCF/100 CFB30]s/50 Ta/50 Ru. The SCF layers wet well on metals and are unlikely to
form islands, even in the thickness of just several dngstroms. TEM image (Fig. 3.2)
indicates that the SCF layers are amorphous for thicknesses up to 20 A and crystalline
for layers above 25 A thick, a strikingly similar dependence to that for SCF layers
deposited directly on Al;Os. This confirms that the amorphous nature of the thin SCF
layers comes from being sandwiched between two amorphous layers, not islands

formation in amorphous hosts.
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Fig. 3.1 High-resolution cross-section transmission electron microscopy images of 100 Ta/250
Ir22Mn78/4 CO49F621830/35 CO70F930/[44 A|203/t3:|: SCF/100 CFB] 5/50 Ta/50 Ru with tcr of 15,
20, 30, 40, and 50 A; (a) CFB=CFB30, as deposited; (b) high magnification of a portion of (a),
together with diffractograms of the four regions indicated by black square outlines in the
figure. These regions are taken from (bottom to top) 20 A SCF, 100 A CFB30, 30 A SCF, and
100 A CFB30: the amorphous to crystalline transition as a function of thickness of the SCF
layer is clearly revealed; (c) CFB=CFB10 annealed at 260 <. The thicknesses (in A) of the
CF, Al,Os, and CFB layers are labeled in green, yellow, and orange, respectively.

Interestingly, the CFB10 alloy has a much lower crystallization temperature than
CFB30 so allowing its crystallization at modest temperatures. Indeed, the TEM in Fig.
3.1(c) shows that the CFB10 has become crystalline after an anneal treatment at 260 °C.
Moreover, this induces crystallization of the SCF layers which were previously
amorphous. By contrast the CFB30 alloys remains amorphous even to 300 °C, and the

thin SCF layers remain amorphous.
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Fig. 3.2 As-deposited all-metal sample, 100 Ta/250 Ir,Mngy/100 CFB30/[tser=5, 10, 15, ...,
and 40 SCF/100 CFB30]¢/50 Ta/50 Ru.  The thicknesses (in A) of the SCF, Al,O;, and CFB30
layers are labeled in green, yellow, and orange, respectively.

Thus, it is concluded that thin CoFe layers can be stabilized in an amorphous state
by sandwiching them on either side with various amorphous layers, whether insulating
or metallic, and that they display an amorphous to crystalline transition above a critical
thickness of ~25 A. Similar results have previously been found that thin Fe films grown
on suitable substrates (eg. Y, Gd, Zr, etc.) at room temperature or below initially form
an amorphous phase up to a critical thickness of ~23 A, and a rapid transformation to a
nanocrystalline structure throughout the total Fe layer occurs on further increasing its
thickness[21-23]. According to thermodynamic models, the amorphous-to-crystalline
transition of CoFe results from a competition between changes in the free energy of the
volume and the interfaces of the respective structures. Due to an interfacial-interaction-

induced strain relaxation, the amorphous/amorphous interface generally has a lower
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energy than the amorphous/crystalline interface. Therefore, thin CoFe layers which

have high surface to volume ratio become amorphous at room temperature.

3.3 EXPERIMENTAL RESULTS

3.3.1 Enhanced TMR from Amorphous CoFe

The structure of the SCF layer has an important influence on the magnetotransport
properties of MTJs in which they are incorporated. The MTJs were patterned using in-
situ shadow masks, and they have a lower electrode of an exchange biased crystalline
CoFe layer, 100 Ta/250 Ir»;Mn7g/4 CogoFer1B30/35 CozoFeso, an upper electrode formed
from a thin SCF layer of thickness tscr inserted between a top CFB layer, 100 A thick,
and the tunnel barrier. Typical TMR loops are compared in Fig. 3.3 for SCF layers 10
A and 60 A thick. The TMR is much higher for the thinner SCF layer (~74% vs. 56%).
Moreover, on annealing at 300 °C, its TMR is substantially decreased and Hc is
increased nearly five-fold (from ~11 Oe to 54 Oe). By contrast, the sample with the
thicker SCF layer shows no significant change in either TMR or H. for the same anneal.

The detailed anneal temperature dependence of TMR on tscr is shown in Fig. 3.4 for
both CFB10 and CFB30 samples. The results are quite distinct. Let’s first consider the
case of the CFB10 alloy. The TMR shows a stepwise change from a high value for thin
SCF layers to a significantly lower value for thicker layers. This transition takes place
at tsr>20 A at the lowest anneal temperature of 220 °C, but with increasing Ta the
transition moves to thinner SCF layers and disappears at Ta= 300 °C so that the TMR is
no longer dependent on tsce. As discussed above, TEM shows that the SCF layers,
more than 15 A thick, have become crystalline after annealing at 260 °C. Thus, the
change in TMR with tscr is associated with an amorphous to crystalline transition of the
SCF layer. It is reasonable to assume that the crystallization temperature depends on
tscrand that thinner layers have higher crystallization temperatures, thereby accounting

for the variation in the dependence of TMR with tscr on anneal temperature.
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Fig. 3.3 (a) Schematic of the magnetic tunnel junction structure; (b) Major and minor (inset)

TMR loops for CFB10 samples with tsor = 10 and 60 A. Blue solid and red open circles denote

results after the samples are annealed at 240 < and 300 <C, respectively.

In contrast, the dependence of TMR on tscr for the CFB30 samples varies little with

Ta (Fig. 3.4). At each anneal temperature the TMR displays a peak at tscr~25 A, and

then decreases to a constant value for thicker SCF layers. This is consistent with the

TEM results where the crystallinity of the SCF layer is not affected by annealing due to

the high crystallization temperature of CFB30. Note that the initial increase in TMR

with tscr is due to the low spin polarization of the high boron content CFB30 alloy and

the initial islanded growth of the metal SCF layer on the alumina layer[24].
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Fig. 3.4 Dependence of TMR on the SCF thickness at various anneal temperatures for CFB10
(solid circle) and CFB30 (open circle) samples.

The amorphous to crystalline transition of the SCF layer is manifested as a dramatic
variation in H¢ of CFB10 based MTlJs, as shown in Fig. 3.5. When the SCF layer is thin
and amorphous H¢ is small and independent of its thickness (see data for To=220 °C).
However, when thin SCF layers are made crystalline by thermal annealing, Hc is
increased by almost an order of magnitude (after annealing at 300 °C) and becomes
similar to that of very thick SCF layers, which are crystalline as deposited. It is well

known that amorphous ferromagnetic materials are magnetically soft[25]. It is also well
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established that Hc of thin ferromagnetic layers increases strongly with the diameter D
of the crystalline grains (as ~D6)[26-28]. Thus, the dependence of Hc on tscr and on Ta

is readily understood from an amorphous to crystalline transition of the SCF layer and
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Fig. 3.5 Dependence of H, on the SCF thickness at various anneal temperatures for CFB10
(upper) and CFB30 (lower) samples.

CFB10 layer. When the SCF layer is thin, and amorphous as deposited, the entire free
layer crystallizes all at the same time leading to large grains whose size will be
determined by nucleation and grain growth processes within the combination of the
SCF and CFBIO0 layers. The underlying alumina layer will play no significant role
since it is amorphous. As the SCF layer is increased in thickness and crystallizes, the
grain size of the as-deposited SCF layer will be limited by its comparatively small
thickness (20-30 A). (Note that the grain size of thin film layers typically varies as the
layer thickness). On annealing the CFB10 layer will crystallize but its grain size will be
templated by that of the underlying crystalline SCF layer. As tgcris increased, its grain
size and thus the grain size of the overlying CFB10 layer on crystallization will increase

and thereby increase Hc.
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Fig. 3.6 Dependence of TMR on anneal temperature for CFB10 (upper) and CFB30 (lower)
samples with tsor = 20 A (red circle) and 60 A (blue circle). The dashed lines are guides to the

eye.

The dependence of H¢ on tser for MTJs with CFB30 layers is quite similar to that
with CFBI10 layers annealed at the lowest anneal temperature considered (220 °C) (Fig.
3.5). However, there is almost no change in the dependence of Hc on tscr on annealing
up to 300 °C since the CFB30 alloy remains amorphous at these anneal temperatures.
Thus, it can be concluded that the dependence of Hcon tscr is largely determined by the
structure and grain size of the SCF layer, and that, at these comparatively low anneal
temperatures, there is little grain growth during annealing.

An important question is whether the thickness of the SCF layer tac at which the
amorphous to crystalline transition takes place is correlated with the thickness t; at
which the SCF layer becomes continuous[29]. t; can be estimated from the SCF
thickness at which the TMR reaches its maximum value (assuming that t:<ta.c). Thus,
it can be estimated that t-~20-25 A for growth of SCF on Al,O; but only ~10-15 A for
growth on CosoFes0By (see Section 3.3.3). Since tac is similar for SCF layers grown
on insulating Al,O3 and metallic CFB layers, it can be concluded that tacis not simply

related to te.
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The dependence of TMR on Tp is summarized in Fig. 3.6 for free layers with
representative thicknesses of 20 and 60 A thick SCF layers for the CFB10 and CFB30
alloys, respectively. For both CFB alloys the TMR is much higher for the 20 A
amorphous as compared to the 60 A crystalline SCF layer. Only for the thinner CFB10
alloy is any significant variation in TMR with Ta observed. In this case, the TMR
decreases on annealing to the value found for thick SCF layers, which are crystalline as

deposited.
3.3.2 Increased TSP from Amorphous CoFe

It has been discussed that when amorphous SCF layers are integrated into MTJs with
amorphous alumina tunnel barriers, significantly higher TMR is observed compared to
when these layers are crystalline. In this section, tunneling spin polarization (TSP) will
be directly compared for both amorphous and crystalline CoFe alloys using
superconducting tunneling spectroscopy (STS). It is well established that the
magnetoresistance effect in MTJs derives from spin dependent tunneling, and is largely
determined by TSP. The magnitude of TMR can be formulated in terms of the TSP for

the two corresponding ferromagnetic (FM) electrodes, P; and P, as

TMR=2RP,/(1-RR,)[30]. The TSP can be obtained by measuring the STS from

superconductor/insulator/FM structures[31,32]. Indeed, it is found that the TSP is
significantly enhanced for amorphous CoFe compared to its crystalline counterpart,
consistent with the previous measurements of TMR.

Two sets of STS samples were deposited with the basic structure: thermally
oxidized Si substrate/45 AlosSis/32 Al,Os/tsce SCF /100 CFB10, or CFB30/50 Ta/50
Ru. The thickness tscr of the SCF layer varies from 0 to 70 A. The superconducting
layer was formed from 45-A-thick AlysSis, where a small amount of Si is added to
increase the Al superconducting transition temperature[31]. The STS measurements
were conducted at ~0.250 K in a magnetic field of 2 T applied in the film plane for as-
deposited samples, and after annealing the samples at a series of temperatures from 220

°C to 300 °C. The annealing was carried out in vacuum (~5x10° Torr) ina 1 T
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magnetic field applied along the easy axis which was set by a small in-plane magnetic
field during film deposition.

In the STS measurement, the quasi-particle density of states (DOS) in the
superconducting AlysSis is Zeeman-split into spin-polarized states in the presence of a
large magnetic field, thereby serving as an analyzer for the spin-polarized current. By
detailed fitting of the conductance versus voltage curves, the TSP can be extracted with
high precision[33]. Typical STS data of the tunnel junctions, 45 AlgsSis/32 Al,Os/tscr
SCF/100 CFB10/50 Ta/50 Ru, are shown in Fig. 3.7 for tsce = 25 and 70 A. Four
pronounced peaks, labeled as o;, 62, 63, and o4, are observed in each curve, which
originate from contributions of the spin-up (o;, 63) and spin-down (o, G4) states
respectively. A rough estimate of the TSP value can be derived from the following
(0,-0,)-(0,-03)

(0-4_0'2)"'(0-1_0-3)

equation[32], P = . Thus, from the relative magnitudes of 6, o2,

o3, and oy, it can be clearly seen that: (i) for the as-deposited samples, a 25 A thick SCF
layer gives significantly higher TSP than that of a 70 A thickness, i.e. the amorphous
SCF has enhanced TSP compared to the crystalline SCF; (i1) upon annealing at 300 °C,
the TSP values of both samples decrease and become similar to each other. More
accurate TSP values can be obtained by fitting the data, taking into account orbital
depairing and spin-orbit scattering in the AlgsSis superconductor. As shown by the solid
lines in Fig. 3.7, excellent agreement with experiments is achieved using Maki’s
theory[34], The TSP of the amorphous 25 A SCF is 55.2% whereas the TSP of the
crystalline 70 A SCF is only 48.0%, for the as-deposited samples. By contrast, the TSP
values of the two samples become comparable after annealing at 300 °C, namely, 39.1%
and 36.2%, respectively.

The detailed dependence of TSP on tscr at various anneal temperatures for both the
CFB10 and CFB30 samples are depicted in Fig. 3.8. For the CFB10 samples, the TSP
of the as-deposited devices shows a peak around tscr ~25 A, and decreases to a
significantly lower value for thicker layers. After annealing at elevated temperatures,
the position of the peak moves to thinner SCF layers, and almost disappears after the

300 °C anneal, resulting in a slight dependence of TSP on tscr. The tscr dependence of
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Fig. 3.7 Typical experimental data from superconducting-tunneling-spectroscopy from the
tunnel junctions with structure, 45 AlgsSs/32 Al,Osltscr SCF/100 CFB10/50 Ta/50 Ru, at T ~
0.250 K and H = 2.0 T; (a) tr = 25 A, as-deposited; (b) tser = 25 A, annealed at 300 <C; (c)
ter = 70 A, as-deposited; (d) tr = 70 A, annealed at 300 <C. Open circles are experimental
data and solid lines arefits. A4 isthefitted AlgsSis superconducting energy gap.

the TSP of the as-deposited CFB30 samples shows a similar peak as that of the as-
deposited CFB10 samples. However, their anneal temperature dependences are
distinctly different from each other: the tscr dependence of the TSP hardly changes for
the CFB30 samples, even after annealing at 300 °C. This is related to the different
crystallization temperatures of the CFB10 and CFB30 layers same as the case in the
TMR results, although the magnitude of the TSP is diminished. Similarly, the variation
of the tscr dependence of TSP with anneal temperature is associated with an amorphous
to crystalline transition of the SCF layer and the CFB10 layer. On the other hand,
CFB30 has a crystalline temperature higher than 300 °C. As a result, the SCF layers
remain in their as-deposited states for the anneal temperature range in the experiments.
Consequently, the overall dependence of the TSP on tgcr for the CFB30 samples varies
little with anneal temperature. The TSP results are consistent with the TMR observed in

MT]Js incorporating either amorphous or crystalline SCF layers in the electrodes.
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Fig. 3.8 Dependence of TSP on the SCF thickness at various anneal temperatures for both
CFB10 and CFB30 samples.

Contrary to an increase in TMR usually observed in annealed MTJs, the TSP
decreases upon annealing. The origin of such a decrease was investigated using both
normal and inverted STS structures[31], i.e. 45 AlysSis/32 Al,03/25 SCF/100 CFB30/50
Ta/50 Ru and 100 Ta/250 Ir;4Mn76/4 CogoFer1B3o/35 CozgFes/28 Al,O3/40 AlgsSis/33
MgO, respectively. The alumina barriers were prepared in each case by reactive
sputtering from a metallic aluminum target but by using different Ar-O, gas mixtures
(O, concentrations of 7%, 9%, and 11%) and, in some cases, a post-deposition atomic
oxygen treatment (for 30 and 60 seconds). The anneal temperature dependence of the
STS results is shown in Fig. 3.9. In general, the TSP shows better thermal stability
when the AlgsSis layer is grown on top of (“inverted”) than when underneath (“normal”)
the tunnel barrier. Note that the bottom 35 A CosFes is crystalline in the inverted
structure, giving rise to a lower TSP value than that of the amorphous 25 A SCF in the
normal structure. Treatment with atomic oxygen gives rise to much improved thermal
stability for the normal structure, whereby the TSP initially increases upon annealing at
modest temperatures. On the other hand, the atomic oxygen treatment hardly affects the

thermal stability of the TSP of the inverted structure.
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When the barrier is formed by reactive sputtering in argon-oxygen gas mixtures
with high oxygen content (9 and 11%), the resistance increases much faster on
annealing compared to samples with barriers made with sputtering gases with optimal
oxygen content (~7%), by contrast, when the surface of the barrier made with the lower
oxygen content sputtering gas is subsequently oxidized by atomic oxygen the resistance
increases on annealing at about the same rate as the barrier without the surface atomic
oxygen treatment. Thus it can be concluded that excess oxygen contained within the
barrier is redistributed on annealing, resulting in a thicker tunnel barrier. The thermal
stability of the STS samples is likely related to the interplay between the AlysSis

electrode and the Al,Os barrier. In the normal structure, the AlysSis layer is very rough,
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Fig. 3.9 Anneal temperature dependence of TSP and resistance for both normal (solid symbols,
45 AlgsS5/32 Al,0O4/25 SCF/100 CFB30/50 Ta/50 Ru) and inverted (open symbols, 100 Ta/250
I124Mn7e/4 COg9Fe1B3/35 CozgFes/28 Al,04/40 AlgsSs/33 MgO) STS samples.  The tunnel
barrier Al,O3; was grown by reactive sputtering in an O,-Ar mixture with (triangles) or without
an additional atomic oxygen treatment (30 or 60 seconds) after deposition. Oxygen
concentrations in the sputter gas mixture of 7% (circles and triangles), 9% (square), and 11%
(diamond) were used.

so that Al,Oj; barriers grown on this layer are also rough (as shown by atomic force

microscopy (AFM) measurements in Fig. 3.10) and tend to have more defects which
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can facilitate oxygen redistribution upon annealing. During annealing the bottom
AlysSis will absorb oxygen from the Al,O3 barrier and form a thicker barrier, giving rise
to a pronounced increase of the sample resistance upon annealing (Fig. 3.9). The
possibility that the resistance increase could be due to the formation of boron oxide
from the diffusion of boron on annealing was ruled out by EELS measurements. No

significant boron diffusion was observed for anneal treatments up to 300 °C.

3.33nm

0.00 nm

Fig. 3.10 Atomic force microscopy images (AFM) for Al,O; barriers (a) in normal structure, 45
AlgsS5/32 Al,O3; (b) in inverted structure, 100 Ta/250 Ir,Mnzg/6 CogoFe40B0/35 CozpFesy/32
Al,O;. Both the barriers were deposited in the optimal condition with an Ar-O, (93/7) mixture.
Clear grains with RMS ~ 0.395 nm in the normal structure and much smoother surface with
RMS~ 0.190 nmin the inverted structure were observed.

The supposed redistribution of oxygen from the barrier to the AISi on annealing
could lead to a lack of oxygen at the Al,O3/CoFe interface and thereby account for the
observed decrease of the TSP at high annealing temperatures. Thus, adding extra
oxygen at the Al,Os/CoFe interface by a post-deposition atomic oxygen treatment
would make the TSP more thermally stable. This treatment is not possible in the

inverted structure. Rather, adding oxygen at the Al,03/AlysSis interface can hardly
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affect the TSP but can account for the increase of resistance upon annealing. Moreover,
AFM measurements show that the barriers in the inverted structures are considerably

smoother than those of the normal structures due to their growth on smooth underlayers
(Fig. 3.10). In addition to this, the alumina isolation pads around the tunnel barrier used

only in the inverted structures may also help to improve the thermal stability of the TSP

of these samples[31].

3.3.3 When CoFe beneath Al,O3

So far, the amorphous-to-crystalline transition of SCF layers with their thicknesses was
only investigated in structures where the SCF layers were grown on top of the Al,O;
oxide layer. The interpretation of this transition and the consequent TMR enhancement
from amorphous SCF layer, however, is complicated by the fact that the thin CoFe film
does not wet the Al,O3 barrier. As a result, the CoFe initially grows as isolated islands
on Al,O3 and becomes continuous only after its thickness reaches ~20-25 A, coincident
with the critical thickness for the amorphous to crystalline transition. Therefore, it is
difficult to conclude whether the observed TMR increase is related to the continuity of

the CoFe film or the electronic structure of the CoFe in its amorphous phase.

(a)
Ta (50)/Ru (50)
L CFB20 (60)

CoroFesp (25)
Al;O3 (24)
SCF (tscr)

CFB20 (60)
Bottom Layer

Fig. 3.11 (a) Schematic diagram of the magnetic tunnel junction structure with the SCF layer
underneath the tunnel barrier; (b) Major and minor (inset) TMR loops for ter = 15 A. Black
open and violet solid circles denote loops for an as-deposited device and for the same device

after an anneal at 260 <C, respectively.

oo 0-0=~0~0-0.0 oo
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In this section, it is reported that the tunneling magnetoresistance is significantly
higher when a thin amorphous CoFe layer is deposited underneath an Al,Os tunnel
barrier. This geometry allows for the growth of continuous layers of CoFe even when
just a few dngstroms thick. Magnetotransport measurements in combination with cross-
sectional transmission electron microscopy indicate that the TMR increase is related to
the crystallinity rather than the continuity of the CoFe film.

The thin film structures were deposited with the same techniques as previous work.
The fabricated MTJs had the following structures (from bottom to top): 100 Ta/250
[r»Mn73/4 CosgFer1B3o/5 CozgFeso/60 CFB20/tsce SCF/24 Al,03/25 CorFeso/60 CFB20
/50 Ta/50 Ru (Fig. 3.11), where CFB20 denotes an amorphous Co4oFesB,¢ layer, and
tscr 1s the thickness of the SCF layer. The TMR measurements were conducted at room
temperature. Typical resistance vs. magnetic field loops are plotted in Fig. 3.11 for the
sample with tecp = 15 A, both as-deposited and after an anneal at 260 °C. The anneal
significantly improves the exchange coupling between the bottom magnetic layers and
the IrMn layer, giving rise to a very high TMR of nearly 80%. The detailed SCF
thickness dependence of the TMR at various anneal temperatures is shown in Fig. 3.12.
A similar stepwise feature is clearly seen in each TMR vs. tscr curve. The TMR values
are considerably higher when tgr < 20-25 A than when tsr > 35-40 A, with the
transition from high to low TMR values occuring at tscr ~ 30 A.  Note that the slightly
lower TMR values at tscr = 0 result from non-existing coverage of the SCF layer on the
bottom CFB20 layer, which has a smaller tunneling spin polarization compared to
CoFe. On the other hand, the maximum TMR value obtained at tsce ~ 15 A indicates
that the SCF layer becomes continuous by at least this thickness. Therefore, the
enhanced TMR for tscr < ~ 20-25 A cannot be explained by the continuity of the SCF

layer.
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Fig. 3.12 Dependence of TMR on the SCF thickness at various anneal temperatures for the
samples with CFB20 beneath Al,Os.

High-resolution cross-section TEM was also used to study the structure of the SCF
layer as a function of its thickness in a single multilayered sample with a structure of
100 Ta/250 Ir»;Mnzs/4 CosgFerBso/5 CorzoFeso/[60 CFB20/tscr SCF/44 AlyOs)6. The
SCF layers had thicknesses of tscg = 10, 15, 20, 30, 40 and 50 A. As clearly shown in
Fig. 3.13(a), the SCF layer is amorphous when tscr is smaller than ~20-30 A and is
crystalline for thicker SCF layers. Annealing at 260 °C does not induce any significant
change in the crystallinity of the SCF layers (Fig. 3.13(b)). The amorphous to
crystalline transition of the SCF layer correlates very well with the thickness
dependence of the TMR, implying that the amorphization of the SCF layer is the origin
of the higher TMR values.
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Fig. 3.13 High-resolution cross-section transmission electron microscopy images for (a) 100
Ta/250 Ir22Mn78/4 CO49F€21B30/5 CO7QF%0/[ 60 CFBZO/tg:F SCF/44 A|203] 6 with tce = 10, 15, 20,
30,40 and 50 A (10 and 50 not shown); (b) same sample as in (a) after an anneal at 260 C. In
both images, the thicknesses of SCF, Al,O;, and CFB20 are labeled in green, yellow, and
orange, respectively.

3.4 DISCUSSION

34.1 X-Ray Emission Spectroscopy

X-ray emission spectroscopy (XES) is a powerful experimental technique for
determining detailed electronic structure of materials. It provides a means of probing
the partial occupied density of electronic states of a material, which is element-specific
and site-specific[35]. Emission spectroscopy can take the form of either resonant
inelastic x-ray emission spectroscopy (RIXS) or non-resonant x-ray emission
spectroscopy (NXES). Both methods are two-step processes involving the photonic
excitation of a core level electron, and the measurement of the fluorescence that occurs
as the electron relaxes into a lower-energy state. The differences between resonant and
non-resonant excitation arise from the state of the atom before fluorescence occurs or x-
ray is emitted. In resonant excitation, the core electron is promoted to a bound state in
the conduction band. Non-resonant excitation occurs when the incoming radiation

promotes a core electron to the continuum. When a core hole is created in this way, it is
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possible for it to be refilled through one of several different decay paths. Because the
core hole is refilled from the sample’s high-energy free states, the decay and emission
processes must be treated as separate dipole transitions. This is in contrast with RIXS,
where the events are coupled, and must be treated as a single scattering process. In the
experiments, XES spectra were recorded by the use of threshold excitation at Fermi
energy (Er), whose energy was first determined by tuning the incident x-ray energy to
the absorption maximum for the Fe and Co Lsedges, respectively. These 2ps, binding
energies are 707 eV for Fe and 778 eV for Co, respectively[36]. Then the intensity

versus energy of the emitted photons was measured using an x-ray spectrometer.

[tinerant
states

3 Binding Energy (eV)
1290 3 0 129 6309 3
Fe L i ColL i
hQ>E, ’ : ’ :
CoFe/ | .
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Er
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process

Photon Intensity (arb. unit)

H 281/
1 . 1 . 1 P | . 1 . 1 1
core level 696 700 704 708 768 772 776 780
¢-state E, Emitted Photon Energy (eV)

Fig. 3.14 Fe L; and Co L3 XES spectra as a function of the SCF thickness for 50 Ta/18
AlL,Osf[tscr SCF/20 CFB20], or 71 CozpFesy, or 62 CFB20/10 Al,Os. The thicknesses of CoFe
(CoFeB) are shown in green (orange). The Fe and Co 2ps;, binding energies relative to the
Fermi level are taken to be 707 eV and 778 eV, as indicated by the dark-yellow dashed-dotted
lines.

To explore whether the SCF/alumina interface electronic structure might be
responsible for the enhanced TMR, XES was used to probe the density of filled
electronic states at the buried Al,O3/SCF interface[37] in specially prepared structures
of the form, 50 Ta/18 Al,O3/tscr SCF/20 CFB20 (=CossFe24B20)/10 Al,O3 in which tscr

was varied across a single wafer. The measured spectra are shown in Fig. 3.14(b),
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where the valence band binding energies relative to Er are indicated. The broad,
featureless Co spectra are similar to those previously found in bulk Co and in Co/Cu
multilayers[37]. However, the Fe spectra show a feature near Er whose intensity is
significantly increased in the thickness range where the SCF is observed to be
amorphous. Moreover, since the intensity of this feature is strongest for the thinnest
SCF layers and this feature is weak in thick CFB20 layers, it can be concluded that this

feature results from modifications to the electronic structure at the ALLO5/SCF interface.

3.4.2 Band Structure Calculations

To understand whether the higher TMR of the amorphous SCF layers arises from
changes in the bulk electronic structure of this layer, density functional electronic states
were calculated for both crystalline (a bcc random solid solution) and amorphous
structures of CozF3. These calculations reveal substantial differences in the band
structure of crystalline and glassy forms of bulk Co-Fe alloys, but a decreased spin
polarization of the electrons at the Fermi energy, inconsistent with experimental results.

In order to understand the impact of the crystallinity of the CoFe electrode on its
electronic structure and consequently its spin polarization, the density functional
electronic states of Co7oF30 in two structures, bcc random solid solution and amorphous
(i.e. a glass), were calculated using the Projector Augmented Wave[38,39] method as
implemented in the Vienna Ab-initio Simulation Package (VASP)[40]. The density
functional was treated in the Generalized Gradient Approximation (GGA)[41] and all
calculations were spin polarized with collinear moments. The bcc structure was created
by random placement of 29 Fe and 67 Co atoms on bcc lattice sites (3x3x3
conventional fcc cells with large Bain strain). The atomic positions, cell volume, and
cell shape were relaxed to their local meta-stable equilibrium values using a conjugate
gradient method. The energy and forces in the relaxation process were computed with a
single k-point at I" point. Construction of the amorphous structure began with random
packing of hard spheres with a packing ratio of 0.30. The structure was equilibrated
with VASP molecular dynamics (MD) for 2 ps at an expanded volume (about 8% larger

than equilibrium) at a temperature of 2000 K. The sample was then homogeneously
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compressed to create five samples with higher densities that were then partially
equilibrated by MD for 0.4 ps. The energies of these samples were used to determine
the equilibrium volume at 2000 K. The sample nearest the equilibrium volume was
scaled to the equilibrium volume and equilibrated for another 2 ps. Equilibration was
followed by an instantaneous quench to zero temperature. All the coordinates of the
quenched sample (cell size, cell shape, and atomic positions) were then relaxed to
values that locally minimized the energy. Similar procedures have been shown to yield
glass structures for Fe based glasses that compare well to measured partial pair
distribution functions[42,43].
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Fig. 3.15 Spin-resolved s- and d- partial density of states for Fe and Co in amorphous (blue
and navy) and bcc crystalline (red and pink) CozoFeso alloy structures.

The k-point-converged densities of electronic states that were projected into angular
momentum components on atomic spheres are depicted in Fig. 3.15. Both the s- and d-
states of the CoFe alloy experience significant changes in band structure and partial
DOS when it is amorphized. The distinctive features in the energy dependence of the s
and d- partial DOS for bcc CoFe are washed out in the amorphous state[44,45] and the
net spin polarization of the DOS at Er is slightly reduced. Therefore, the observed
TMR increase for an amorphous CoFe electrode cannot be accounted for by a larger
spin polarization of the S-electron DOS at the Fermi level, contrary to what has been

reported by Paluskar et al. for amorphous CoFeB[15].
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As an aside, it is revealed that the fluctuations in the moments of the Fe atoms from
site to site are substantially increased in the amorphous structure as compared to the
crystalline structure[45], as shown in Fig. 3.16. The Co atom moments, which vary
little in the crystalline structure, also show significant site-to-site variations in the
amorphous structure but these are smaller than those of the Fe atoms. This
demonstrates the greater sensitivity of the Fe moment to its local chemical and

structural environment.
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Fig. 3.16 Spin moment of each atom in the computational ensemble for amorphous or bcc
crystalline CozFes. The horizontal axis indicates the label of the individual Fe and Co atoms
in the calculations.

3.4.3 Explanation

Small changes in the atomic structure at the interface between a tunnel barrier and the
magnetic electrodes can give rise to significant changes in the interface density of states
and hence the spin-dependent tunneling conductance[7]. In a simple tight-binding
model, spin dependent tunneling in MTJs is largely determined by the atomic structure
and bonding at the interface, via the interplay between the on-site atomic energies and
bonding strength[7]. Amorphizing the normally crystalline CoFe alloy can introduce
significant changes in both electronic and atomic structures due to atomic relaxation.
The hopping integral with nearest-neighbors, on-site potential, and bonding strength
with oxygen can all be dramatically modified for interfacial atoms. Therefore, it may
not be surprising that the TMR and TSP values are significantly influenced by whether
the CoFe is amorphous or crystalline. Moreover, the XES strongly indicates both that
the interface electronic structure is significantly altered compared to the bulk and that

the Fe states play a dominant role. An additional peak is observed in the Fe spectrum,

-51 -



Chapter 3

whose intensity is maximized for thicknesses at which the SCF layer is amorphous. On
the other hand, the Co partial DOS does not show a significant dependence on the SCF
thickness. The strong dependence of the partial DOS of the Fe 3d band on the thickness
of the SCF layer is consistent with the notion that Fe is more easily affected by
structural changes of the CoFe, as revealed by ab initio calculations in Fig. 3.16.
Material variations have explored in the composition of the SCF layer from pure Co to
pure Fe and it is found that the highest TMR values for amorphous SCF layers with
compositions is near CojFesp. It is believed that the chemical bonding at the SCF
interface with alumina is important[6]. Stronger bonding with oxygen is expected for
Fe as compared to Co at the alumina interface from bond energy considerations, and
stronger bonding with oxygen can also be expected at the interface for amorphous CoFe
since atoms are no longer restricted by the crystalline order, which helps spin dependent
tunneling and increases the tunneling spin polarization[6]. It is reasonable for us to
speculate that this difference could be accentuated when the ferromagnetic electrode is
in an amorphous compared to a crystalline state due to atomic relaxation. Therefore, it
is proposed that the enhanced TMR may rather be attributed to changes at the
SCF/Al,Os3 interface upon the CoFe amorphization.

-52-



Chapter 3

3.5 SUMMARY

Using cross-section transmission electron microscopy it is shown that films of CoFe
alloys, sandwiched between two conventional amorphous materials, undergo an
amorphous-to-crystalline transition at a critical thickness of ~25-30 A. When these
amorphous layers are integrated into magnetic tunnel junctions with amorphous alumina
tunnel barriers, significantly higher tunneling magnetoresistance and tunneling spin
polarization are found compared to when these layers are made crystalline, e.g. by
heating or by thickening them. Ab initio electronic structure calculations show
substantial differences in the band structure of crystalline and amorphous forms of bulk
CoFe alloys. However, the calculated spin polarization at the Fermi energy is reduced
when CoFe is amorphous, contrary to an explanation of the experimental observation in
terms of the bulk electronic states in bcc and amorphous CoFe. The calculations also
reveal the greater sensitivity of the Fe moment to its local chemical and structural
environment. Indeed, x-ray emission spectroscopy shows a significant increase in the
Fe, but not the Co, 3d density of states at the Fermi energy for thin amorphous CoFe
layers. Therefore, it is postulated that the increased tunneling magnetoresistance is
likely due to changes in interfacial bonding at the alumina/CoFe interface caused by

amorphization induced atomic relaxation.
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41 |INTRODUCTION

As discussed in previous chapters, magnetic tunnel junctions (MTJs) can exhibit very
large changes in resistance when the relative alignment of the electrode moments is
switched[1], and this tunneling magnetoresistance (TMR) is largely determined by the
spin polarization of the tunneling current, which is a consequence, not simply of the
spin polarized density of states (DOS) of the ferromagnetic electrodes, but also of the
tunneling matrix elements[2,3], and the spin-dependent decay of the -electron
wavefunctions across the tunnel barrier[4-7]. It is also well established that the
interface between electrode and barrier plays a crucial role in the spin-dependent
tunneling process. Although using electrodes formed from the 3d transition metal (TM)
ferromagnets, such as Co-Fe alloys, and tunnel barriers formed from Al,Os; and MgO,
high TMR values of up to ~70% and ~600% are observed at room temperature[8-12],
respectively, many aspects of TMR remain poorly understood despite extensive
experimental and theoretical efforts. Of particular interest is the influence of the
detailed electronic structure of the MTJ on the bias voltage dependence of the spin-
polarized tunneling. One way to probe such an effect is to consider the angular
dependence of the tunneling resistance, or the tunneling anisotropic magnetoresistance
(TAMR) when the electrode’s moments are rotated in large magnetic fields.

On the other hand, the effect of spin-orbit coupling (SOC) on the tunneling process
was usually neglected due to the complexity that it would add to an already complicated
problem. SOC was incorporated in the calculations of TMR of
GaMnAs/GaAlAs/GaMnAs tunnel junctions by Brey ef al.[13], and it was found that
the junction resistance depends on the angle between the current flow direction and the
electrode magnetization direction due to strong SOC. A large TAMR effect was
recently observed in distinctly different MTJs formed from semiconductor
heterostructures in which the ferromagnetic electrodes are formed from Mn doped
GaAs[14-16]. The obtained high TAMR effect in MTJs with only one single
ferromagnetic layer shows a rich phenomenology that could open new directions in
realizing the sensing and memory functionality. SOC plays an important role in the

Ga(Mn,As) so that the TAMR effect could be attributed to a significant anisotropy in
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the DOS linked to the magnetization direction along different crystal axes[14-16].
Although SOC is much weaker in TMs, a small TAMR effect has been predicted for
tunnel junctions with TM electrodes[17,18]. Calculations by Shick et al. predict that
the anisotropic DOS in Acp Co electrodes can lead to TAMR of ~ 0.3-1.3%[18].
Another important factor that needs to be taken into consideration is the resonant
interface states, which can produce sizeable TAMR effect due to SOC induced resonant
surface band shift via the Rashba effect when the magnetization direction changes[17].
These calculations did not, however, consider the detailed bias nor angular dependence
of the TAMR effect. In this chapter, the TAMR effect is studied in MTJs with CoFe
electrodes as the moments are rotated from in-plane to out-of-plane in sufficiently large
magnetic fields that the moments are nearly parallel to one another. A complex angular
dependence of the tunneling resistance is found with two fold and four fold components
which vary strongly with bias voltage. Distinctly different TAMR behaviors are
obtained for devices formed from highly textured crystalline MgO(001) and amorphous
ALLOs. A tight-binding model shows that a four fold angular dependence can be
explained by the presence of an interface resonant state which affects the transmission
of the contributing tunneling states through a spin-orbit interaction. In addition, the
TAMR effect from tunnel junctions with antiferromagnetic CrMo electrode will also be

briefly discussed.

4.2 EXPERIMENTSAND RESULTS

4.2.1 Samplesand Measurement Setup

As introduced in Chapter 2, MTJs were fabricated on thermally oxidized Si substrates
using a combination of ion-beam and magnetron sputtering at ambient temperature. A
small in-plane magnetic field was applied during deposition to define the easy axis of

the magnetic films. In situ shadow masks were used to pattern junctions of
~80x80um” in area. After deposition, the devices were annealed at 260°C for 30

minutes in a 1T field. Two types of MTJs, with CoFe ferromagnetic electrodes and
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either a MgO or Al,O; tunnel barrier, were fabricated with the following structures
(from bottom to top): 100 MgO/ 50 Ta/ 250 Ir;;Mn7g/ 3 CosgFer1Bso/ 60 CozoFeso/ 34
MgO/ 25 CozoFes/ 150 CogoFerBso/ 100 Ta, and 100 TaN/ 75 Ta/ 250 Ir,sMnze/ 5
CosoFer1B3o/ 40 CopgFeso/ 25 Al,O3/ 20 CogoFeso/ 100 CogoFer1Bso/ 50 Ta/ 75 Ru, where

the numbers are nominal layer thicknesses in A.

5
n
-
H | -
0 ™ Capping layer |

Easy axis

+\ Lock-in

dc @
ac
/ A
Phase locked

Fig. 4.1 Schematic diagram of the TAMR measurement setup. Mixer adds the dc bias voltage
and a small ac voltage together, and applies the total voltage across the tunnel junction. Lock-
in amplifier is used to measure the dynamic resistance at various dc bias voltages.

Barrier

Magnetotransport measurements, both dc and ac, were carried out at 10 K in a low
temperature cryostat equipped with a sample rotator and a superconducting magnet. An
ac lock-in technique was used to measure the dynamic resistance Rp = dV/dI of the
tunnel junctions, with a modulation amplitude of 8§ mV rms at 1001 Hz. A dc bias
voltage was simultaneously applied during the dV/dl measurement, with positive bias

corresponding to current flowing from bottom to top. The experimental geometry was

such that the magnetic field H , the normal to the film plane 7 , and the magnetic easy
axis were arranged in the same plane (Fig. 4.1). The field direction was fixed during the
experiment and the sample was rotated so that the field direction was rotated from in-

plane to out-of-plane. The dc and dynamic resistances were measured, using a four-

point technique, as a function of the angle € between H and 7i. 6 values of 0°, 180°,
and 360° correspond to magnetic fields perpendicular to the film plane, while 90° and

270° correspond to fields along the in-plane easy axis direction.

-62 -



Chapter 4

5.0
2.0
{'\4.0
G
@ 1.5
o .
= 30r -0.90.6-:0.30.00.30.6 0.9
> V (volts)
O
=20} ALO, Mgo 11-0
— -
10}
. . . . . . . 40.5
-1.0 -0.5 0.0 0.5 1.0

\/ (vnltc)

Fig. 4.2 The bias dependence of differential conductance for the MgO (red line) and Al,O;
(gray line) MTJs in a perpendicular field of 7 T at 10 K. The inset shows the bias dependence
of the differential TMR at 10 K.

Fig. 4.2 depicts the differential conductance, dI/dV, as a function of bias voltage at
10 K in a perpendicular field of 7 T (€ = 0°), for MTJs with Al,O; and MgO tunnel
barriers, respectively. Data at 8= 90° closely resemble those at 8= 0°. The inset in Fig.
4.2 shows the corresponding bias dependence of the differential TMR, defined as

(d]/dV)P — (d]/dV)AP
(at/dv),,

. Here dI/dV is measured in an in-plane field; P and AP stand for

parallel and antiparallel alignment of the CoFe moments, respectively. Zero-bias TMR
values of 377% and 89% were obtained for the MTJs with MgO and Al,O; barriers,
respectively, indicating the high quality of these devices.

422 TAMR Results

Distinct TAMR effects were observed for CoFe/MgO/CoFe and CoFe/Al,O3/CoFe
tunnel junctions; typical data at zero bias voltage are shown in Fig. 4.3, where dynamic
resistance dV/dI are normalized to their minimum values. For the MgO tunnel junction,
the resistance is larger when the field is perpendicular to the film plane than when the
field is in the film plane, giving rise to a TAMR ratio of ~ 0.3%. However, for the
Al,O3 sample, the TAMR effect is smaller than that in the MgO junction, and more

-63 -



Chapter 4

interestingly, its characteristics are significantly different and complex. To check that
the observed TAMR results from spin-dependent tunneling, tunnel junctions with non-
magnetic aluminum electrodes were fabricated with the following structure: 100
MgO/150 Al/32 MgO/150 Al/100 Ta (layer thicknesses in A). No TAMR was
measured within the experimental noise level for these control samples (black
downward triangle in Fig. 4.3). This indicates that the observed TAMR effect results
from the CoFe ferromagnetic electrodes and it is very sensitive to the tunneling barrier.

1.0036 ———F————

— —
3 —o— CoFe-MgO-CoFe H
1.0030 —A— CoFe-AlOx-CoFe
—v—Al-MgO-Al

1.0025

T
1

1.0020

/dl

T
1

2 1.0015

1.0010

T
1

1.0005

T
1

1.0000
0 60 120 180 240 300 360
0 (deg)

Fig. 4.3 Typical angular dependence of dV/dl curves for CoFe/MgO/CoFe, CoFe/Al,O3;/CoFe,
and Al/MgO/Al at zero bias in a field of 7 T at 10 K.

Detailed results about Rp vs. @ curves at various bias voltages are plotted in Fig.
4.4(a) for the MgO junction. The measurements were taken at 10 K in a field of 7 T
which is sufficiently large to almost fully saturate the magnetization of the CoFe
electrodes parallel to the field. The junction resistance is normalized to its average
value over & at each bias voltage. At low bias, the Rp vs. @ curves are two-fold
symmetric, with peaks at 8= 0°, 180° 360° and valleys at = 90° 270°. As the bias is
increased, the valleys near €= 90°, 270° broaden and, eventually, a second set of peaks
appears for bias voltages exceeding ~ -0.4 V or +0.45 V. This suggests that an
additional component with four-fold symmetry contributes to TAMR at high bias. The
magnitude of TAMR is fairly symmetric with respect to bias polarity at low bias. At

high bias, however, TAMR is much smaller for positive bias.
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Fig. 4.4 Normalized Rp vs. 6 curves (symbols) at various bias voltages for (a) MgO and (b)
Al,O3; MTJs. The data are displaced vertically for clarity. The solid lines are fits using Egs. (1)
and (2).

In Fig. 4.5(a) and (c), the normalized junction resistance is plotted as a function of
bias and angle, for the dynamic and dc resistance measurements, respectively. The data
were taken, in each case, every 2 degree and every 50 mV (Note that in the dc case no
data are possible at zero bias). The contrast in the contour plot represents the magnitude
of the normalized junction resistance, in each case. The dc and dynamic resistances
measure different quantities. The former integrates contributions from electrons
distributed over a wide energy range up to the bias voltage, whereas the latter is

sensitive to tunneling in a narrow energy range, determined by the modulation
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amplitude (here, ~24 mV, peak to peak). The ac measurement clearly accentuates the
dependence of the TAMR effect on both voltage and angle, as shown in Fig. 4.5. For
this reason, the discussion will be focused on the dynamic resistance data.

For the MgO barrier, Rp shows valleys at 8= 90° 270° at low bias, which are seen
as dark areas in Fig. 4.5(a). The emergence of a second set of peaks can be clearly
distinguished above a threshold voltage of ~ -0.4 V and +0.45 V, for negative and
positive voltages, respectively. Note that this distinctive change in the angular
dependence is obscured in the dc resistance plot. Above this threshold voltage the
angular dependence shows clear evidence for some four-fold character.

The TAMR effect of the Al,Os junction has distinctly different characteristics
compared with that of the MgO junction, as shown in Fig. 4.4(b) and 4.5(b) and (d).
Generally speaking, the TAMR magnitude is much smaller than that of the MgO
junction. In the low bias regime, the Rp vs. & curve contains a four-fold symmetric
component with minima at 8 = 0° and 90°. As the bias increases, the curve becomes
largely two-fold symmetric. Below ~+0.6 V, the curve has a maximum at = 90° and a
minimum at = 0°. Above ~ +0.6 V, however, the positions for the resistance extrema
are reversed, i.e., the maximum is at & = 0° and the minimum is at & = 90°. These
features are clearly seen in Fig. 4.5(b). Note that the basic characteristics of the contour
plots shown in Fig. 4.5 do not change with field for the explored range from 5to 9 T.

The Rp vs. @ curve at a given bias can be fitted using the following equations:

R,(0)=(4, + A, cos2¢+ A, cos4¢)" )
cos¢p HcosO—4rM cosg 2)
sin ¢ Hsind

where @is the angle between the CoFe magnetization direction and the film normal

direction 7 after taking into account the demagnetization field; M, is the saturation
magnetization of CoFe; Ao, A,, and A4 are fitting parameters. The ratios Ay/A¢ and
A4/Ap can be understood as half of the TAMR magnitude of the components with two-
and four-fold symmetries, respectively. Their signs are related to the positions of the

resistance extrema in the Rp vs.@ curves. Assuming 47M¢ = 1.93 T, excellent

agreement between data and fits are obtained (see Fig. 4.4). A,/Aj and A4/A, values,
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Fig. 4.5 (a) and (b) Contour plots of Rp as a function of bias and angle for the MgO and Al,0O;
MTIs; (c) and (d) Corresponding contour plots of dc resistance.
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obtained from the fits, are plotted in Fig. 4.6, which show very complicated bias
dependences for both types of junctions. For the MgO junction, Ay/A, depends only
weakly on bias below +£0.4 V, whilst A4/Ay is nearly zero. Around £0.4 V, Ay/Ag
increases rapidly from a negative to a positive value and reaches maximum at ~ +0.60
V. The positive values of A,/A, indicate that the maximum resistance in the Rp vs.€@
curve appears at € = 90° 270°. A,/A, decreases at even higher bias and becomes
negative for the negative bias. On the other hand, A4/Ay is negative above £0.4 V and
its magnitude increases with bias before saturating at high bias. For the Al,Os junction,
the bias dependence of A/Ay and A4/A¢ are very different. As4/A is much larger than
Aj/Ap near zero bias. It decreases monotonically with bias and approaches zero above

+0.6 V.
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Fig. 4.6 (a) and (b) Fitting parameters Ay/Ay (solid circles) and A/A, (open squares) as a
function of bias for the MgO and Al,O; MTJs.

In contrast, A,/A¢ shows a more complex bias dependence. It initially increases with
bias up to £0.2 V. After that it shows a relatively weak bias dependence before starting
to decrease for bias exceeding 0.5 V. Aj,/A, changes sign at ~ £0.6 V and becomes
negative at high bias. Note that in the low bias regime below £0.4 V, Ay/A¢ and A4/Ay
have opposite signs for the MTJs with MgO and Al,Os barriers. This means that the

angular dependence of R) is out of phase for the two types of tunnel junctions.

4.2.3 Inelastic Electron Tunneling Spectr oscopy

Inelastic electron tunneling spectroscopy (IETS) was first developed by Jacklevic and
Lambe[19]. Itis a very powerful technique to study the electronic structure of chemical
compounds, as well as the detailed electronic nature of the metal/insulator interfaces
between. Spectroscopic studies of defects, impurities, magnons, and phonons have been
carried out to investigate the tunneling processes which are extremely sensitive to the
characteristics of density of states at barrier/electrode interface in a MTJ[20]. Usually,
the number of electrons tunneling inelastically is orders of magnitude smaller than those
tunneling elastically which dominate the tunneling conductance and can be well
modeled by Simmons’ equation[21]. Therefore, it is hard to find any clue about the

inelastic tunneling process in the normal /-V or conductance-V curves because the
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background from elastic tunneling is so dominating that it overwhelms any possible
spectroscopic signal from inelastic process. However, second order derivatives of the
conductance vs. voltage can often reveal peaks at which energies such inelastic
tunneling channels open.

Lock-in amplifiers were used to measure the second harmonic of the ac current (/)
flowing through the tunnel junctions. The amplitude (V,.) and frequency of the ac

modulation are 3-5 mV rms and 1001 Hz, respectively. Applying a dc bias voltage
superimposed with this small ac modulation signal V, cos(wr) across a MTJ, the

flowing current can be written as,

I(V)=I1(V, +V, cosar)

dI Vair| o,
=1V, )+——| V. cosot+——— V. cos’wrt+..
Vae 4 Vae
2 2
:I(Vdc)+£ V. cosat++2 12 2 1d 12 V2 cos2awt...
avi, 44|, 4dre|,

Iy 5y
Therefore, the amplitude of the first harmonics is proportional to the first-derivative

term, and the second harmonics is proportional to the second-derivative term which can

be easily detected by a lock-in amplifier. The IETS signald’/ / dV? , which is measured
as I, / V2 for the two tunnel junctions are plotted in the inset of Fig. 4.7. If the

tunneling electrons have a free-electron-like parabolic band, the IETS signal is expected
to vary linearly with bias[22]. The deviation from the parabolic band is seen by
subtracting a linear background from the IETS data, as shown in Fig. 4.7. The peak
structures at low bias around zero are due to magnon and phonon scatterings. For the
MgO junction, characteristic structures are observed around +0.4 V and +0.6 V,
coincident with the threshold voltages where significant changes in A,/A( and/or A4/Ay
occur. These structures might result from the electronic structure of the interface states
in the MgO tunnel junctions. For the Al,O; MTIJ, the high bias features are less
pronounced, especially at positive bias, the position of the peak moves to lower voltage.
These results clearly illustrate the electrode/barrier interface difference between the

MgO and Al,Os tunneling junctions.

-69 -



Chapter 4

o

A

a1
T

05 00 05
V (volts)

& (a.u.) (corr.)

0.00
©
-—0.05 After background
© subtraction
CoFe-MgO-CoFe
gAY — CoFe-Al,O,-CoFe ]
" 1 M 1 1 "
-1.0 -0.5 0.5 1.0

0.0
V (volts)
Fig. 4.7 IETS data for the CoFe/MgO/CoFe (red line) and CoFe/Al,03/CoFe (gray line) MTJs
after linear background subtraction. The inset shows the original data.

4.3 DISCUSSION

The TAMR effect likely originates from SOC, which gives rise to an anisotropy of the
DOS of the bulk electrodes[14,15,18] and that of their interfaces[17] with respect to the
magnetization direction. The pronounced difference between the MgO and Al,Os MTlJs
points to the interface electronic structure as the origin of the TAMR. Using a simple
tight-binding model, it is demonstrated that the influence of resonant states on the
interface DOS of the majority band can lead to the observed evolution of TAMR from a
two-fold to a four-fold angular dependence. Note that calculations have also been
carried out to examine the band structure of bcc CoFe along the I'-H (k; = 0) direction
in the Brillouin zone. Specifically, the lifting of degeneracy in the bulk band structure
due to SOC was explored and no four-fold component in the angular dependence of the
DOS at any energy sufficient to lead to the observed variation in the experiments was
found. This suggests that the four-fold component does not arise from the bulk band

structure of CoFe.
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In the calculations, the A; majority-spin band in bcc CoFe[4] is modeled by a one-
dimensional tight-binding band. Consider the case when this band is coupled to a
minority resonant state localized at the interface via SOC described by the parameter A.
The anisotropy in the conductance is determined by the anisotropy of the interface DOS
of the majority A, band, which can be found from the corresponding interface Green’s

function, g(E). By solving Dyson’s equation it is found that

g(E)
1= 27g,(E)g, (E)cos’ ¢

where gy(E) is the interface Green’s function of the majority band in the absence of

g(E)= (€)

SOC[3] and g, (E)=(E-E, +iy, )_l is the Green’s function of the resonant level with
E, and y being the resonance energy and width, respectively.

1.04——m—m————

1.03

0.99 et

0 90 180 270 360
¢ (deg)

Fig. 4.8 Angular dependence of the interface DOS of the majority band (in arbitrary units) for
several energies E near the resonant energy E, = —0.4 eV. Energies are given in eV. The
majority band has width 4 eV and is centered at 0.6 e¢V. The width of the resonant state y, = 10
meV, and the spin-orbit coupling parameter A = 50 meV.

Fig. 4.8 shows the interface DOS of the majority band, p=—Im(g)/7z , as a

function of ¢ for several energies near the resonant level which is chosen to lie at £, =
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—0.4 eV. Away from the resonance, the angular dependence of the interface DOS has
two-fold symmetry. This two-fold angular dependence changes sign near the resonant
energy. Associated with this sign change is the onset of a significant four-fold angular
variation. Since the tunneling current will largely be determined by the interface DOS
of the majority A; channel, this same variation will appear in the Rp measurement when
the window of applied bias passes the resonance.

It is known that the bcc Fe(001) surface supports a minority-spin surface state[23].
The relevant interface state is present in Fe(001)/MgO/Fe tunnel junctions, as indicated
by theory and experiment[3,4,24]. A similar resonant state is likely present at the bcc
CoFe(001) surface and the CoFe(001)/MgO interface. Using a rigid band model to
estimate the change in the Fermi energy due to the increase in valence of CoFe as
compared to Fe it is found that the position of the interface resonant state for
Co7oFesp(001)/MgO interface is ~0.4 eV below the Fermi energy. This is consistent
with the observation of significant four-fold symmetry for bias beyond ~ -0.4 V or
+0.45 V for MgO based MTJs, as shown in Fig. 4.4.

Somebody might argue that electron states located at 0.4 eV below the Fermi level
cannot contribute to tunneling since the electron transmission through an energy barrier
decays exponentially with increasing barrier height. This, however, is a simple picture,
which is not in general valid. This picture is applicable only when the electron
tunneling can be described within a free-electron, single-band model. In general, the
efficiency of tunneling is controlled by evanescent states, arising from the complex
band structure of the insulator, and the energy dependence of their decay constant.[25]
For the case of Fe and other bcc ferromagnetic alloys such as the CoFe alloy used in the
experiments with MgO tunnel barriers, it has been shown (see, for example, Fig. 8 of
Butler et al.) that the electron decay constant does not vary significantly for states near
the Fermi energy, and that states at 0.4 eV and at even lower energies below the Fermi
level contribute significantly to tunneling. It is correct to point out that the tunneling in
the experiments is dominated by the CoFe majority A; states for the case of CoFe/MgO.
It is proposed that these states are mixed with the known minority resonant state due to
SOC, and the tight-binding model then produces the angular variation in the DOS
shown in Fig. 4.8.
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It should be emphasized that the model assumes that the majority spin-polarized
states dominate the tunneling conductance, in particular, g(E) in Eq. (3) is the interface
Green’s function component corresponding to the majority band, not the minority
resonant states. Therefore, the experiments probe the effect of the resonance states on
the transmission of the majority A; channel, not the transmission directly from the
resonant states. The latter contribution could indeed show up in the bias dependence of
the TMR although likely only for thin barriers. With increasing barrier thickness, the
contribution from resonant transmission through the minority resonant channel was
shown by Stroscio et al. to decrease quickly[23] and would not therefore be expected to
be reflected in the bias dependence of the TMR in the experiments where the barriers
are relatively thick. By contrast, the effect of the admixture of the resonant state with
the A; states should be independent of the barrier thickness. Thus, it is reasonable to
conclude that the resonant state can influence the TAMR which is a small effect
(~0.5%) but not necessarily the bias voltage dependence of the TMR, which in these
samples is ~350%. The measured bias voltage dependence of TMR on the sample is
consistent with that reported by the groups of Ohno et al. and Yuasa et al. who also
report TMR values consistent with these.

Modeling of the CoFe/Al,Os tunnel junction is not straightforward due to the
amorphous nature of the barrier. In this case, the tunneling is not dominated by one
conduction channel as in the MgO case. In addition, the electronic structure of the
CoFe/Al,O5 interface may be much more complex as compared to the CoFe/MgO
interface. For Al,O; based MTJs a similar effect may occur due to the possibility of a
narrow majority interface resonant band derived from excess oxygen at the interface[3].
It is predicted that this band lies close to the Fermi level and is strongly transmitting.
An analysis based on a model similar to that above reveals that an interface resonant
DOS also has a significant four-fold angular variation when coupled to a bulk band via
SOC. This is consistent with the observation of a strong four-fold dependence of the
variation observed in Al,Os at low bias in Fig. 4.4. In the case of CoFe/MgO tunnel
junction, since the transmission is dominated by the majority A; states, the tight-binding

model captures the basic physics of the experimental observation; however, in the case
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of the CoFe/Al,O; tunnel junction, one has to consider contributions from more than

one band, which is beyond the scope of the model.

44 OTHER RESULTS

The TAMR effect with other 3d transition metals, such as antiferromagnetic CrMo
alloy, was also investigated in MgO based tunnel junctions. Since the lattice size of this
bce alloy is very close to that of bcc Fe, epitaxial growth of a multilayered structure
with MgO can be obtained. Samples were grown and annealed with the same
techniques as discussed before. Four sets of tunnel junctions were fabricated with the
following structures (from bottom to top): 100 MgO/50 Ta/250 Ir,sMn76/60 X/~32
MgO/100 Y/50 Ta/75 Ru, where the numbers are film thicknesses given in Angstrom,
and X and Y are either CoyoFesp or CrgsMo;s. These four types of X/MgO/Y structures
will be referred as CoFe/MgO/CoFe, CrMo/MgO/CoFe, CoFe/MgO/CrMo, and
CrMo/MgO/CrMo, for short. The measurement setup was similar to that used in the
previous section, except that only dc tunneling resistance was studied. The experiments
were also carried out at 10 K. A bias voltage was applied across the tunnel junction,
giving rise to a current flowing perpendicular to the film plane. For positive bias
voltages, the current flows from the bottom electrode to the top electrode. The
experimental geometry and the definition of the angle are the same as before, i.e., 6
values of 0°, 180°, and 360° correspond to magnetic fields perpendicular to the film
plane, whilst & values of 90° and 270° correspond to fields parallel to the in-plane
easy axis.

Fig. 4.9 depicts the differential conductance dI/dV as a function of bias at 10 K in a
perpendicular field of 7 T. The dI/dV curves are reasonably symmetric for
CoFe/MgO/CoFe and CrMo/MgO/CrMo tunnel junctions. On the other hand, larger
asymmetry in dI/dV is obtained for CoFe/MgO/CrMo and CrMo/MgO/CoFe junctions.
In these junctions, the conductance is always smaller when the electrons tunnel from the

CrMo layer into the CoFe layer. This may be related to the lack of a A, state near the
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Fermi level in the CrgsMo;s electrode[26] since the decay rate of the A, state is the

slowest in MgO barriers and contributes most to the tunneling conductance. The insets
of Fig. 4.9 show the /-V curves of these devices, and the highly nonlinear curves are the

indicators for high quality tunnel junctions.

30F, o f 5 %0 o : 1
o7k e f {1250 f -
24 -'\. iéz: ! ] 2.0 .‘ é 00
21t 1
1.8} gk 41 1.5¢ e .
15} V (volts) 4 V (volts)
12L 1 1.0 .
—~ 0.9r ] o0.5¢ 1
"o 0.8fCoFe/MgO/CoFe. 1 .0[CrMo/MgO/CoFe?
S 20.80.6-04-020.00.2040.608 " -0.80.6-04-020.002040.608
30— 45—
§ 251\ o ' g'g A os ]
2.0t :Z:z: {13.0f 1
i 2.5¢ 1
19 e e T o ] 2.0} .
10L V (volts) 1 15[ V (volts) 1
0.5} ] ;'g' ]
0.0 |CoFe/MgQ/CrMo 0.0 ‘CrMo/MgO/CrMo ™
20.8-0.6-0.4-020.0 0.2 0.4 0.6 0.8 20.80.6-04-0.20.0 0.2 0.4 0.6 0.8
Voltage (V)

Fig. 4.9 Bias dependence of differential conductance for CoFe/MgO/CoFe, CrMo/MgO/CoFe,
CoFe/MgO/CrMo, and CrMo/MgO/CrMo tunnel junctions. The insets show the I-V curves of
the tunnel junctions. The measurements were taken at 10 K in a perpendicular field of 7 T.

Distinct TAMR effects were observed at 10 K for the four types of tunnel junctions,
as shown in Fig. 4.10. In these measurements, a large (7 T) magnetic field was used to
align the moments of both electrodes along the field direction.  For the
CoFe/MgO/CoFe junctions (Fig. 4.10(a)), the resistance is larger when the field is
perpendicular to the film plane than when the field is in-plane, giving rise to a TAMR
ratio of ~0.6%. As the bias increases, the valleys in the R-6 curve broadens near = 90°
and 270° (field in-plane). Eventually, a second set of peaks appears at large bias, same

as discussed previously. If both the CoFe electrodes are replaced by CrMo (Fig.
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4.10(d)), the basic characteristic of TAMR effect becomes reversed, i.e. maximum
peaks occur at 8= 90° and 270° now. Although smaller than that in CoFe/MgO/CoFe,
the TAMR effect in CrMo/MgO/CrMo shows fairly symmetric characteristics with
respect to bias voltage, and the R-6 curves only display twofold symmetry. In contrast
with CoFe/MgO/CoFe, no TAMR effect is discernible in CrMo/MgO/CrMo at the low
bias.

(a). CoFe/MgO/CoFe o (b). CrMo/MgO/CoFe .

1.004

1004 10t 1.003

1oz 1.002

roos o

0.928

1.001

AR/R (a.u)

1 0,999
09954

0,993

09 0 997

L 0,996
D .

0.5 - a0

W (volts) 10 8 (deg) W (volts) o 8 (deg)

(c). CoFe/MgO/C_r_M_o -

180 0.995

1.003

(d). CrMo/MgO/CrMo-:..

1o L e G e T 1 0025
ol F— I

1005 ot
S

£ 1 oz
vl

AR (au)

5 10014

i}

]

180 180

05
W (valts) 10 8 (deg] W (valts) 10 8 (deg)

Fig. 4.10 Contour plots for the angular dependence of normalized dc resistance at 10 K in a
field of 7 T at various bias voltages for (a) CoFe/MgO/CoFe, (b) CrMo/MgO/CoFe, (c)
CoFe/MgO/CrMo, and (d) CrMo/MgO/CrMo tunnel junctions.

If either the bottom or top CoFe electrode is replaced by CrMo (Fig. 4.10(b) and (c)),
the bias dependence of the TAMR effect will change sign accordingly. Namely, when
electrons emerge from CoFe electrode, the TAMR effect has a peak at € = 180°,
however, when electrons emerge from CrMo, the TAMR effect has a peak at &= 90°.
The CrMo caused TAMR effect is somewhat unexpected since CrMo is an

antiferromagnetic material[27], which should be not responsive to a field of 7 T.

-76 -



Chapter 4

—=—-0.90V

1.006 [ ||—+—-0.30V

-0.15V
{|—v—-0.10V
-0.05Vv
1.005 —<«—+0.05V
+0.30V
—e—+0.90V
1.004
©1.003
5
1.002
1.001
1.000 1,000 P~ T
0 60 120 180 240 300 360 0 60 120 180 240 300 360

0 (deg) 0 (deg)
: : : : (d) :

1.006
1.005
1.004

x
2 1.003 }
<

1.002

1.001

1.000 P T S I SR T 1.000 P R S S T
0 60 120 180 240 300 360 0 60 120 180 240 300 360
0 (deg) 0 (deg)

Fig. 4.11 Angular dependence of normalized resistance at 10 K in a field of 7 T at various bias
voltages for (a) CoFe/MgO/0 CoFe/CrMo, (b) CoFe/MgO/5 CoFe/CrMo, (c) CoFe/MgO/10
CoFe/CrMo, and (d) CoFe/MgO/15 CoFe/CrMo tunnel junctions. The curves are displaced
vertically for clarity.

To make sure this sign reversal of the TAMR is not an artifact, CoFe/MgO/CrMo
tunnel junctions with a CoFe interface layer inserted between MgO and CrMo were also
fabricated and measured. It was found that an interface layer as thin as 10 A was
sufficient to recover the bias dependence of TAMR, similar to that of CoFe/MgO/CoFe
tunnel junctions as shown in Fig. 4.11. This indicates that the observed reversal of the
TAMR effect from CrMo is very sensitive to the properties of the interface between the
barrier and the CrMo.
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The Bloch states in bcc CoFe and CrMo can have Aj, As, Ay, or Ay» symmetry. Ina
CoFe/MgO/CoFe tunnel junction, the Bloch state with A; symmetry decays much
slower than the other states inside the MgO barrier. As a result, the tunneling
conductance is dominated by the A; state. Therefore, the TAMR observed in these
tunnel junctions reflects only the anisotropy of the A; state which has been fully
discussed in the previous section. The observation of a reversed TAMR effect in the
CrMo/MgO/CrMo tunnel junctions is interesting, although it is difficult to explain. For
bcc CrMo, the Bloch state with A; symmetry is located at energy above the Fermi level
from the calculations with an absence of SOC. After considering the spin-orbit
interactions, bands with different symmetries mix with each other. As a result, a
marginal density of A; states can exist near the Fermi level. However, the tunneling
process is still mainly dominated by other states rather than A; at various bias voltages.
Therefore, in a sense, it is not so surprising that the TAMR effect is reversed in CrMo
compared to that in CoFe. Yet it is indeed surprising that the TAMR effect comes from
an antiferromagnetic material, since its antiparallel magnetic moments in the bulk film
should remain unresponsive to the applied field. To account for this effect, it might be
reasonable to assume that there exist some loose spins at the CrMo/MgO interface,
when the sample rotates in a magnetic field, these spins will change their orientation.
Due to the SOC, the spin orientation change might affect the interface density of states
contributing most to the tunneling conductance. Actually, field dependence of the
TAMR effect was also studied, and it was found that a field as small as about 1 T can
saturate the TAMR signal for each bias voltage, which means that these loose spins at

the interface are indeed very soft.
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45 SUMMARY

A tunneling anisotropic magnetoresistance effect has been observed in magnetic tunnel
junctions with 3d transition metal ferromagnetic electrodes for both crystalline and
amorphous tunnel barriers, despite the weak spin-orbit coupling in these systems.
Complex dependences of the junction resistance on the bias voltage and angle are
found, which are distinctly different for MgO and Al,Os tunnel barriers. A tight-
binding model suggests that the TAMR effect derives from the anisotropy in the
interface density of states of the majority band due to mixing with a resonant state via
spin-orbit coupling. In addition, a puzzling reversed TAMR effect from CrMo has also

been observed and its mechanism requires further investigation and understanding.
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51 INTRODUCTION

When a dc spin-polarized current flows through a thin ferromagnetic layer, due to the
spin-transfer torque (STT) effect, it exerts a torque on the local moments[1,2]. STT
effects were usually measured in current-perpendicular-to-plane nanopillar samples, as
discussed in Chapter 2. In magnetic sandwich structures, such as spin-valves and
magnetic tunnel junctions (MT]Js), the direction of magnetization of one magnetic layer
is fixed either by exchange bias or synthetic antiferromagnetic coupling and is thus
called pinned layer (PL); however, the moments in the other electrode of thinner layer
can be manipulated via STT, thus it is usually called the free layer (FL). Experimental
observations of STT effects include static measurements of the resistance change due to
magnetization switching by the spin torque[3-5]. Under certain conditions, STT can
induce steady-state precessional excitation modes of the magnetic layer[6-11]. Most
importantly, the frequency of these modes changes with the dc current, potentially
tunable by 1 or 2 orders of magnitude (~1-100 GHz), and can be turned on and off (slew
rate) very rapidly (~1-10 ns)[12]. The precession of the free layer moment results in a
change in the resistance of the structure. Thus, this unique phenomenon opens the
possibility for the development of new classes of radio-frequency (rf) devices, such as
frequency-tunable microwave sources and filters. This effect has mostly been studied,
to date, in metallic structures. Narrow linewidths Af have been obtained at low
temperature when the FL and PL were at a large angle to each other (4/=10 MHz at 4.2
K)[13], or the PL consisted of a synthetic antiferromagnet (4/=3-15 MHz at 150 K)[14].
However, both the resistance and magnetoresistance of spin-valves are small so that the
output power is very limited. Power levels of no more than ~1 nW have been observed,
which is too small for most practical applications. The recent observation of giant
tunneling magnetoresistance (TMR) in MTJs with MgO tunnel barriers[15], which have
much higher resistance and TMR than spin-valves, suggests the possibility of
correspondingly higher rf power output due to the much larger resistance change in the
tunnel junctions during the precession[16-18]. The potential achievement of both
narrow bandwidth and high power from the excitations in these MTJs highlights their

promising usefulness for controllable microwave generation.
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Here, it is demonstrated that high microwave intensity is emitted at room
temperature from MgO based MTJs which exhibit TMR values of ~100% and
resistance-area products (RA) of ~4~5 Qxum?®. The peak amplitude and the peak
frequency have a threshold dependence on the dc bias voltage. However, it is also
found that the spectral features vary significantly from device to device. It is speculated
that these variations are due to non-uniform spatial magnetic excitation arising from

inhomogeneous current flow through the tunnel barrier.

52 SAMPLESAND EXPERIMENTS

The MTJs were deposited on thermally oxidized Si substrates using a combination of
ion-beam and magnetron sputtering at ambient temperature. After deposition, the films
were annealed at 300 °C for 30 minutes in a 1 T in-plane field. Using e-beam
lithography, ion milling, and optical lithography as discussed in chapter two, nanopillar
devices were patterned into various sizes from 50x100 to 90x270 nm” always with an
aspect ratio of 1:2 or 1:3. For such small devices, it is crucial to make the tunnel barrier
both thin and of high quality, otherwise the device is so resistive that the current density
is low and STT effect is significantly reduced. Therefore, a RA of about 1 Qum? is
desired. The MTJs are comprised of the following structure, 75 Ta/200 Cu/50 Ta/120
Ir;;Mn75/6  CosoFes0B20/30 CozoFeso/7 Ru /27 CozFesp/11 MgO/20 CogoFesoB2o/50
Ta/50 Ru, where the numbers are nominal thicknesses in Angstréom. The PL, i.e. the
bottom electrode below the barrier, is an exchange biased synthetic anti-ferromagnet,
and the FL is formed from 2 nm CosoFe4B0. Secondary ion mass spectroscopy was
used to monitor the etching process so that milling stops just before IrMn layer;
therefore, both the FL and PL are fully patterned. A bottom thin copper layer was used
to increase the conductivity. Although dozens of devices from the same wafer were
measured, the reported main results are from 80x160 nm® elliptical junctions.

The measurement setup has four Helmholtz coils providing an in-plane field up to
15000¢ in any direction. Microwave probes with a bandwidth from dc to 40 GHz
(GGB Industries PicoProbes GS type) were used to contact the electrodes of each
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device. To reduce the microwave emission loss, several special efforts were made
during the fabrication process, such as, the bottom electrodes are isolated from each
other, the overlap capacitance between the electrodes was minimized by using a single,
very small contact finger that extended to the top of the tunnel barrier, and gold contact
pads were connected to the MTJ via planar gold contact with negligible resistance. The
characteristic impedance, Z, of the measured transmission line was 50 Q. A dc bias
voltage was applied through a bias tee (5550B Picosecond Pulse Labs), where positive
voltage means electrons flow from the PL to the FL which prefers the parallel state.
Reversing the voltage and current prefers the anti-parallel state. The rf emission signal
was measured using a spectrum analyzer (PSA E4448A Agilent Technologies) and an

external low-noise amplifier with a bandwidth of 100 MHz to 18GHz. The microwave

emission power will be defined by the voltage spectral density in units of nV /~ Hz .

Ground
Amplifier |—+

Spectrum |—<H S
Analyzer é — MTJ

o

TG > | ™ Electrodes

Overlap
Bottom

Fig. 5.1 Schematic illustration of the measurement setup for the detection of spin transfer
torque induced microware emission.

To approximate the actual microwave emission generated in the MTJs from the
detected spectrum in a spectrum analyzer, three issues should be of particular attention.
First is the signal loss in the longest transmission line used in the setup, which connects
the probes to the bias tee. Using a network analyzer, the transmission coefficient, S;;,
can be measured up to 40 GHz and is shown in Fig 5.2. Below about 10 GHz, the loss
is up to 6-7 dB. Second is the subtraction of environmental noise sources. The
subtraction was done by subtracting the noise spectral powers at zero bias from the
measured spectrum at each bias voltage. With all the other experimental conditions

same, a noise spectrum is measured and recorded at zero bias, and then the desired bias
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voltage is applied and another spectrum is measured. Afterwards, the first spectrum is
subtracted from the second one, and the result is saved as the spectrum under such
experimental conditions. This procedure also removes thermal Johnson noise and the
noise from the amplifier. After considering these two factors, the remaining issue is

how much microwave emission enters the probes from the MTJs.

\ —e<— Transmission Coefficient\

0 5 10 15 20 25 30 35 40
Frequency (GHz)

N
o

Fig. 5.2 Transmission coefficient of microwave signals at various frequencies in the
transmission line used in the setup.

Amp.
Spectrum iH— S —T
Analyzer Cpad

- @ Rsub % CMTJ RMTJ p— Coverlap

Fig. 5.3 Circuit model of the measurement setup for the detection of spin transfer torque
induced microware emission, where Ry, is the resistance of Si substrate underneath the
electrodes, Cy, is the capacitance between electrode and Si substrate, Rysy is the resistance of
MTJ, Coreriap is the overlap capacitance between top contact and bottom contact which is
minimized by an extended finger.

Due to the impedance mismatch between the probe and the MTJ, it is inevitable that
some of the STT induced microwave emission is lost in coupling to the probes. The
reduced factor for the input to the probes is mainly determined by the MTJ’s resistance
and the overlap capacitance of the top and bottom contacts. The circuitry of the
measurement setup can be modeled as in Fig. 5.3. Since Ry, is very large and the Cyzy

is very small due to the tiny size of the nanopillar, they can thus be neglected for
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simplicity. Therefore, the relation between the voltage, V.., at the input of the probes
and the microwave voltage, Vyzy, at the frequency w generated at the MTJ can be
written as[19],

Z

Vine (a)) =Vt (a)) \/

2
(RMTJZOa)C verlap ) + (RMTJ + ZO )2

o

where Z) is the 50 Q impedance for transmission line, Ry is the resistance of the MTJ,
Coveriap 18 the overlap capacitance between top contact and the bottom contact, which is
minimized by an extended finger. The overlapping area is about 2x4.5 um?, and is
filled with ~40nm-thick Al,Os, thus Coyergp is about 0.018pF. With the MTJ’s
resistance range from 350-800 Q, the microwave voltage V), is at least about 10-times
larger than the measured voltage, Vi,.. Although the factors causing microwave loss are
explained in the current section, the spectrum will not be corrected in the rest of the
chapter; i.e. only the total detected power from the spectrum analyzer will be discussed

with the environmental noise subtracted and the amplification of ~26 dB corrected.

5.3 EXPERIMENTAL RESULTS

5.3.1 Field and Current Induced Switching

As shown in Fig. 5.4 (a), the resistance when the FL. moment is anti-parallel (AP) to the
PL moment is almost 111% higher than when these moments are parallel (P). The
TMR falls to about half this value at ~£0.50 V, mainly due to a drop in the resistance of
the AP state (whereas the resistance of the P state hardly changes). In the nano-pillar
studied, the free layer moment is subjected to an ~53 Oe magnetostatic coupling field
from the PL, seen as an asymmetry in the resistance versus field hysteresis loop. When
this offset field is compensated by an external field of approximately the same
magnitude, clear current-induced-switching is found as illustrated in Fig. 5.4 (b). The
switching occurs at approximately +0.30 and -0.38 V, corresponding to current densities

of 3.7 and 8.0x10° A/cm? flowing through the junction, respectively, for the AP to P
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and P to AP transitions. In much larger fields, no such switching is observed (for [V| <

+0.50 V).
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Fig 5.4 (a) Rvs. H at bias voltages of 0.01, 0.50, and -0.50 V; (b) R vs. Vin a field of 530 Oe.
Positive voltage corresponds to electrons flowing from pinned layer to free layer.

5.3.2 STT Induced Microwave Emission

Background environmental noise was eliminated from the measured spectra by
subtracting corresponding measurements at zero bias as discussed before, and the
amplification factor of ~26 dB was also subtracted from the recorded raw data by
spectrum analyzer. Fig. 5.5 shows some typical spectra corresponding to £0.5 V with
various fields applied along the easy axis. The major dynamic excitations with the most
pronounced peaks were observed in the AP (P) states for + (-) voltage, consistent with
the expected STT induced excitation of the FL, where + voltage, i.e. electrons flowing
from the PL to the FL, stabilizes the P state and de-stabilizes the AP state, and vice
versa. Moreover, STT induced microwave emission can also occur at opposite polarity,
for example, in magnetic field of -440 Oe the MT]J is in P state; however, at 0.5 V when
electrons flowing from PL to FL, a clear peak is observed at a frequency around 3.5
GHz. This dynamic is opposed to the STT effect on the FL, and can only be accounted
for by precession of the magnetization of the PL. It is speculated that the synthetic

antiferromagnetic coupling in the PL deteriorates when the device is made too small,
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even though it works excellently in larger devices. Therefore, the so called PL, is no

longer ideally fixed but still harder to switch and process than that of the FL.

20 —— 20 ———

| (@) 0.5V,90deg - (b) -0.5V,90deg
=Tl —7860¢| { < 15l —— 4800¢] |
E 15 —— 6350e E 15 —— 1440e
L — 270e | = —-1800e
\>:/]_O i —  60e| | Elo i —— -5540¢| |
- — -4400e -
s | £
D? 5 Dcf 5

2 4 6 8 10 12 2 4 6 8 10 12

Frequency (GHz) Frequency (GHz)

Fig. 5.5 Typical spectra corresponding to 0.5 V with various fields applied along easy axis.
With large positive fields MTJ is in AP state, and with large negative fields in P state as shown
by magnetoresistance loop.

Several other striking characteristics can be clearly seen from Fig. 5.5, e.g. there
usually exist multiple complex peaks, and bandwidths of these peaks are generally
broad. For the highest peak at -0.5 V with a field -180 Oe, the full width at half
maximum (FWHM) is about 0.71 GHz. The lowest power level for all the curves is
about 0.5 nV/Hz"’ and can be considered as the intrinsic noise of the MTJ which
includes magnetic and shot noise contributions. The spectrum can be nicely shown in a
contour plot as in Fig. 5.6. Clear emissions occur in the AP state at 0.5 V and in the P
state at -0.5 V, which means that they derive from the STT induced precession in the
FL. Besides these strong emissions, though weak, there still exist other FL generated
emissions. In the opposite polarity, additional weak emissions due to the precession of
PL are also noticeable at 0.5 V for P state and -0.5 V for AP state.

By fitting each spectral trace with multiple Lorentizian functions, the peak
frequency f, the FWHM linewidth A4f, and the integrated power P of each excitation
mode can be derived. Fig 5.7 shows the field dependence of the peak frequency and
FWHM at 0.50 V and -0.5 V. In the case of the AP state, two excitation modes are

clearly observed and analyzed from the contour plot Fig. 5.6. At constant voltage, all
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the peaks’ frequency f'and FWHM linewidth Af are tunable with H for both P and AP

states. Frequency, f, increases with H according to the Kittel formula[20],

f =2l\/(H FHOH +H, +47M,)
T

where y is the gyromagnetic ratio, Hy the anisotropic field, M, the magnetization.

P (nV/Hz05 P (nV/Hz05
l 800 w500 W5
2400 18 400
O LR e o 10
o 10 = O
2 2
[T LL 5

5 -400
2 4 6 8 10 12 B4 6 8 10 12
Frequency (GHz) Frequency (GHz)

Fig. 5.6 Contour plots of spectra corresponding to £0.5 V with various fields applied along
easy axis. Dotted white lines divide the plots into P and AP state. Black downward arrow on
right shows the field sweeping direction. Colorbar shows microwave power level in the unit of
nV/Hz"".
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Fig 5.7 Field dependence of peak frequency (open circle) and FWHM (solid triangle) at (a)
0.50 Vand (b) -0.5 V.

However, the best fitting results with the Kittel equation always give much smaller
values of 47M; than that in bulk CosoFesoB2o, which is about 12 kOe. For example,
fitting to the peak AP 1* and P give a 4zM, of 4.0 kOe and 3.2 kOe respectively. The
linewidth of the lower frequency mode (AP 1) does not change much with field. By
contrast, the higher frequency mode (AP 2“d) only shows weak dependence of the

linewidth in the low field regime. It becomes much broader in a field around 700 Oe
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and the linewidth turns narrower again in the even higher field regime. For the
excitation mode in the P state, the linewidth is quite similar to that in AP 1* when the
field is larger than 200 Oe and it becomes much larger in a smaller field.

Fig. 5.8 shows the frequency f, FWHM linewidth Af, and integrated power P as a
function of the bias voltage for the two excitation modes in the anti-parallel state with a
magnetic field of 236 Oe applied along the easy axis. From the voltage dependence of
power (Fig. 5.8(c)), the microwave emission is small when the bias voltage is low.
With increasing voltage, once above a threshold voltage around 0.3 V, the emission
power starts increasing dramatically. Finally a total power of about 3 nW can be easily
obtained even under modest bias conditions. The direction of the field is crucial to the
peak’s intensity, and a 10° field deviation around easy axis can increase the emission
power by a factor of 10, but this does not mean that more deviation always results in
larger emission although the largest emission does usually occur when the field is
applied along hard axis so that the cone angle of the precession is maximized, thus
giving rise to maximal resistance change in the device. Therefore, total power that is
delivered to a 50 Q load can be as high as ~30 nW.

The bias dependence of the emission frequency (Fig. 5.8(a)) shows that the
frequency remains almost constant when the voltage is below the threshold value and
starts to decrease when the voltage exceeds the threshold, which demonstrates that the
frequency of the oscillator can be tuned only by an electrical voltage. The analysis of f
versus bias voltage confirms that the microwave emission peaks in Fig. 5.6(a) are
indeed steady state excitations above the critical threshold voltage and not thermally
excited ferromagnetic resonance modes (T-FMR). According to theory[21,22] and
experiment[14], the transition from T-FMR to steady state in-plane precession (IPP) can
be inferred from the evolution of the frequency f, linewidth Af, and the output power P
of the microwave emission as a function of increasing bias voltage. The frequency of
the T-FMR mode is expected to change little at small voltages, but decrease moderately
near the critical voltage V., consistent with the spin-wave theory[10,23] and the
macrospin simulations[24]. This red-shift in frequency with bias voltage is a
characteristic of an IPP mode where the magnetization precesses around the sub-

threshold static equilibrium position[21,22]. If the device is driven harder by bias
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voltage and the excitation becomes an out-of-pane precession (OPP) mode, a blue-shift
in frequency should be observed. To obtain the predicted blue-shift, in-plane-
magnetization MTJs with lower threshold voltage and higher breakdown voltage are
needed so that the OPP can occur before the MTJs break down; or alternatively,
materials with perpendicular anisotropy must be used as the FL to make the

magnetization in the free layer directly out-of-plane.
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Fig. 5.8 (a) Frequency f, (b) FWHM linewidth Af, and (c) integrated power P versus bias
voltage for the two excitation modes in antiparallel state with a magnetic field of 236 Oe
applied along easy axis.
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By contrast, linewidth Af versus bias voltage shows a minimum, and the occurrence
of the minimum is accompanied by an abrupt increase in power and a decrease in f, as
observed in Fig. 5.8. For the AP 1* mode, a relatively broad linewidth of ~0.45 GHz is
observed. The linewidth then narrows as the voltage in increased and reaches a
minimum at about 0.3 V, the same as determined from the current-induced-switching in
Fig. 5.4. As the voltage is increased further past this minimum point, a dramatic
broadening in the linewidth is seen. This characteristic is more pronounced in the AP
2" mode than that in AP 1% mode (Fig. 5.8(b)). The initial narrowing in linewidth can
be understood from stochastic arguments. Below threshold, the dynamical state is
dominated by amplitude and phase fluctuations due to thermal noise, which results in
the broad spectral traces observed. As the current is increased, the amplitude of
precession increases and, as a consequence, the trajectories become more immune to
amplitude fluctuations which scale with temperature and not amplitude. In the limit of
large amplitude motion, in which only phase noise contributes, the spectral linewidth
can be estimated from stochastic spin-wave theory[24]. For the linewidth broadening
past the linewidth minimum, it is speculated to result from higher-order nonlinear

effects[14].

5.3.3 Sensitive Spectrum

Obtaining a nice microwave spectrum is nontrivial, and it is found that the spectrum can
vary dramatically from device to device, even for some identical-looking tunnel
junctions. For example, Fig. 5.9 shows both the field and current induced switching for
two devices, which are nominally same in both size and structure, and furthermore, they
are also close to each other on the same wafer. From these static measurements, the
behavior of both devices is almost identical: very similar resistance, TMR, coercivity
H., dipolar coupling, and even very close threshold voltage for current induced
switching. By contrast, their microwave emission spectra are distinctly different. For
Device 11, a clear STT induced excitation is seen, though it only manifests itself near the
boundary between P and AP state where the FL becomes most easily excited by spin-

torque with the assistance of the applied field. However, for Device I, no such clear
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and nice microwave emission is detected, except some low frequency noise and some
non-coherent excitations with very broad linewidth at the AP/P state boundary which
might come from STT amplified magnetic noises at this critical point of field switching.
Therefore, there exist some non-obvious factors which can strongly influence
microwave emission, but field and current switching are not very much sensitive to.
The significant influence of the barrier roughness on the microwave emission has been
directly investigated using transmission electron microscopy (TEM). Two nominal
identical wafers with same multilayered structure are fabricated under same conditions.
However, from spectrum measurement, it turned out that the yield of obtaining clear
STT induced emission from one sample is far lower that the other one. TEM was
carried out on two typical devices, each on one wafer, using focused ion beam to cross-
section the active MTJs. The images show that the tunneling barrier of the sample with

low yield is much rougher than that of the other sample with high yield.
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Fig 5.9 (a) Field switching and (b) current induced switching of two nominally identical
devices. Magnetoresistance loops are measured at 0.01 V, and voltage switching loops are
obtained with magnetic fields applied to cancel the dipolar coupling, or the offset field in (a),
respectively. Red (blue) curves are for Device I (1).
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Fig 5.10 Microwave emission spectra for Device I (a) and Il (b) at £0.5 V with various fields
applied along easy axis. Dotted white lines divide plots into P and AP state. Colorbar shows
microwave power level in the unit of nV/Hz">. Field sweeping direction is always from positive
from negative.

The effect of dipolar coupling from the synthetic antiferromagnetic layers on the free
layer was also studied in TMR, coercivity H,, and offset field in the magnetoresistance
loop. Three samples with identical structure were fabricated under the same conditions,
except that the etching time for the bottom electrode is different for each. Using
secondary ion mass spectroscopy, the milled materials can be detected, i.e. it can define
which layer is being etched. Once the Co and Mn signals cross over, it means all the
synthetic antiferromagnetic layers are etched away. By over-etching, it mills into the
IrMn exchange layer, and more importantly, it removes the long sidewall tail of CoFe in
synthetic antiferromagnetic layers, thus reducing the dipolar coupling to FL. As shown
in Fig. 5.11, the offset field from this coupling shows a trend of slight decrease with
increasing over-etching time. However, the microwave spectrum variations among the
devices on these three different types of samples are all severe. Therefore, the
sensitivity of the STT induced precession is not from the effect of the dipolar coupling

between FL and PL.
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Fig. 5.11 The influence of the over-etching time after Co/Mn crossover in secondary ion mass
spectroscopy (SIMS) on resistance Rp, TMR, coercivity H., and dipolar coupling field H ..
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54 DiscussioN AND COMMENT

It has been demonstrated that current induced precessional excitations can produce
microwaves with power levels one to two orders of magnitude higher than in spin-valve
structures. The observation of much higher rf power emission from state of the art
MTlIs is of high technological interest. Moreover, clear evidence has been found for the
STT induced excitation modes whose frequency, linewidth and power vary substantially
with applied field and bias voltage. The detailed control and understanding of the
frequency, linewidth and emission power is critical. In particular, it is important to
identify the factors which broaden the linewidth in MTJs, whether external, i.e. thermal,
or intrinsic.

From the experimental observations, the nature of the broad linewidth can be
hypothesized and a few comments will be discussed. In all these small nanopillar
samples, to control the resistance in a desirable low regime, the tunneling barriers have
to be very thin, only of about 1 nm thick. Roughness is inevitable in such ultrathin
tunnel barriers. In such a thin barrier, even a weak nonuniformity in barrier thickness
would cause strong local variations of the current density across the sample, which
could reduce the coherence of the magnetization dynamics and lead to a
nonhomogeneous excitation mode profile. The frequency of such a nonhomogeneous
mode differs then from a homogeneously excited mode, due to different dipolar and
exchange contributions[25]. Therefore, broad linewidth develops in the microwave
emission spectrum. The low magnetization values from the frequency fitting with field
could possibly be due to the nonhomogeneous excitations, which can not be well
accounted for by Kittel equation[23,26]. Studies in micromagnetic simulations might
reveal some more details about the nature of the linewidth broadening in these high
TMR samples. The complex physical processes behind this behavior are worthy of
further investigation. Despite of all the challenges, the experimental results clearly
demonstrate the high potential of MgO based MTJs as nano-oscillators for tunable rf

emission.
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6.1 CONCLUSIONS

The research performed in this dissertation was aimed at deepening the understanding
of spin polarized current phenomena in magnetic tunnel junctions, with emphasis on
both tunneling magnetoresistance and spin-transfer torque effect. Increased tunneling
magnetoresistance from amorphous CoFe was studied. Cross-section transmission
electron microscopy reveaded that films of CoFe aloys, sandwiched between two
conventional amorphous materials, undergo an amorphous-to-crystalline transition at a
critical thickness of ~25-30 A. With these thin amorphous layers as an electrode in
Al,O3 magnetic tunnel  junctions, significant enhancement in  tunneling
magnetoresistance and tunneling spin polarization was found compared to when
crystalline layers were used. To understand this phenomenon, both x-ray emission
spectroscopy and ab initio calculations were carried out to investigate the electronic
structures of both amorphous and crystalline CoFe. Although calculation results of
crystalline and amorphous forms of bulk CoFe aloys show substantial differences in
their band structures, the calculated spin polarization at the Fermi energy is reduced for
amorphous, contrary to an explanation of the experimental observation in terms of the
bulk electronic states. From the calculations, it is also found that the spin moment of
the Fe element is more sensitive to its local chemical and structural environment.
Indeed, x-ray emission spectroscopy shows a significant increase in the Fe, but not the
Co, 3d density of states at the Fermi energy for thin amorphous CoFe layers. Therefore,
it is reasonable to postulate that the increased tunneling magnetoresistance is likely due
to changes in electronic structure and interfacial bonding at the Al,Os/CoFe interface
caused by amorphization induced atomic relaxation.

The tunneling anisotropic magnetoresistance of MgO and Al,O3 tunnel junctions
with 3d transition metal alloys was investigated. Despite the small effect due to weak
spin-orbit coupling in these systems, complex dependences of the junction resistance on
the bias voltage and angle were found, which are distinctly different for MgO and Al>O3
tunnel barriers. A tight-binding model suggests that the tunneling anisotropic effect
derives from the anisotropy in the interface density of states of the mgjority band due to

mixing with a resonant state via spin-orbit coupling. Moreover, a puzzling reversal in
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tunneling anisotropic magnetoresistance effect from CrMo has also been observed.
Further work will be required to investigate and understand this effect from an
antiferromagnetic material.

Besides the studies in tunneling magnetoresistance effect, spin transfer torque
induced microwave emission from magnetic tunnel junctions has been explored. It is
shown that, compared to spin-valves, much higher microwave power is emitted from
nano-fabricated tunnel junctions with MgO tunnel barriers which exhibit high tunneling
magnetoresistance at low resistance-area values. However, accompanied with the
increased power, it is aso found that the linewidth of the emission is usually large, and
the spectral features vary sensitively from device to device. Preliminary investigations
suggest that both the broad linewidth and the variations in the spectrum are possibly due
to non-uniform spatial magnetic excitation arising from inhomogeneous current flow
through the tunnel barrier, since the barrier is so thin that any film roughness would
cause severe variation in the local resistance and current flow.

The results discussed in this dissertation are of importance in both physics and
technology. The studies in the tunneling magnetoresistance deepen the understanding
of the complicated spin dependent tunneling process in magnetic tunnel junctions, and
the research in spin transfer torque has the potential to be relevant for device
applications such as STT-RAM and rf nano-oscillator.  Spintronic devices using
magnetic tunnel junctions have been successfully incorporated in recording read heads,
thus continuing to dramtically lower the price and increase the storage capacity of hard
disk drives. The 16Mbit MRAM has been released to the market and a 32Mbit STT-
RAM has just been demonstrated and its commercial availability seems imminent.
Beyond these, innovative Racetrack Memory has been proposed and is being researched
to use spin polarized currents to move magnetic domains along a nanowire, where as
current is passed through the domains pass by magnetic read/write heads positioned
near the wire so that patterns of bits can be read or written. If it is developed
successfully, Racetrack Memory would offer storage density higher than comparable
solid-state memory devices like Flash RAM and similar to conventional disk drives, but

with much higher read/write performance. All these promising prospects make it,
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together with MRAM and STT-RAM, one of a number of new technologies vying to

become a universal memory in the future.

6.2 SUGGESTIONSFOR FURTHER RESEARCH

Some unresolved issues in this dissertation are worthy of further investigations. For
example, large tunneling anisotropic magnetoresistance is desirable at room temperature
for potential applications in information storage and field sensing, especially when only
asingle ferromagnetic layer is present. To achieve this, materials with strong spin-orbit
coupling, e.g. Co/Pt multilayers, should be explored. In Cr based systems, where spin
density waves play a very important role in their transport properties, correlating the
tunneling anisotropic magnetoresistance with the spin density wave will be an
interesting experimental topic. In the area of spin transfer torque, there remain many
exploratory topics that are still unresolved. Lowering the critical current density to
switch the free layer is of immediate and critical importance, and many materials with
perpendicular magnetic anisotropy are being studied. A clever design of the device
structure with the commonly used materials may also be a solution. Further increase in
the rf emission power is desired, and a complete understanding of the broad emission
linewidth is both scientifically and technologically critical to this research field.

Besides the above, many other topics are of great interest. Successful demonstration
of spin logic devices will enrich the applications of spintronics. Nonloca lateral
devices and three terminal devices could open a new door to integrate spintronics with
conventional CMOS technology. Electrical field control of magnetism is certainly very
attractive, such asin multiferroic materials that are both ferroelectric and magnetic. The
combination of spintronics with exotic oxides is quite challenging, but extremely
stimulating. Research on these topics will establish fundamentally new approaches to
understand and control the wealth of electronic, spin, and collective mode excitations

associated with complex oxide interfaces.
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APPENDIX: L1ST OF ACRONYMS

AF (FM)
AFM
AP (P)
CFB
CFB10
CFB20
CFB30
DOS
EELS
FL (PL)
FM (AF)
FMR
FWHM
GGA
GMR
IBD
IETS
|PP (OPP)
LLG
MD
MRAM
MTJ
NMP
NXES
OPP (IPP)
P (AP)
PL (FL)
RA
RBS

Antiferromagnetic (Ferromagnetic)
Atomic Force Microscopy

Antiparalel (Parallel)

CoFeB Alloy

Cos3F€e27B10

CoaoF€e40B 20

CosgF€21B3o

Density of States

Electron Energy L oss Spectroscopy
Free (Pinned) Layer

Ferromagnetic (Antiferromagnetic)
Ferromagnetic Resonance

Full Width at Half Maximum
Generalized Gradient Approximation
Giant Magnetoresistance

lon Beam Deposition

Inelastic Electron Tunneling Spectroscopy
In-Plane (Out-of-Plane) Procession
Landau-Lifshitz-Gilbert

Molecular Dynamics

Magnetic Random Access Memory
Magnetic Tunnel Junction
N-Methyl-2-Pyrrolidone

Non-resonant X-ray Emission Spectroscopy
Out-of-Plane (In-Plane) Procession
Parallel (Antiparallel)

Pinned (Free) Layer

Resistance-Area Product

Rutherford Backscattering Spectroscopy
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RF
RIXS

SEM
SIMS
soc
SQUID
STS
STT
TAMR
TEM
T-FMR
™
TMR
TSP
VASP
VSM
XES
XPS
XRD

Appendix

Radio-Frequency

Resonant Inelastic X-ray Emission Spectroscopy
Sandwiched CoFe Layer

Scanning Electron Microscopy

Secondary lon Mass Spectrometry

Spin Orbit Coupling

Superconducting Quantum Interference Device
Superconducting Tunneling Spectroscopy

Spin Transfer Torque

Tunneling Anisotropic Magnetoresi stance
Transmission Electron Microscopy

Thermally Excited Ferromagnetic Resonance
Transition Metal

Tunneling Magnetoresistance

Tunneling Spin Polarization

Vienna Ab-initio Simulation Package
Vibrating Sample Magnetometry

X-ray Emission Spectroscopy

X-ray Photoel ectron Spectroscopy

X-ray Diffraction
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