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Chapter 1  Introduction

**spin”, this word is old but also new. The old part comes from 900 year ago, to describe women making
yarn. In 1764, the invent of “Spinning Jenny” claimed the start of Industrial Revolution. This is the first time
the “spin” brought changes to our world. After the Industrial Revolution, the physic entered a new age with
the developing a quantum mechanics. In 1925, the word “spin” was given a new meaning in physics: Krnig
suggested Pauli to image the rotation of an electron about its own axis, the “spin”, to explain the “two-
valuedness” of an intrinsic electron quantum number in his “exclusion principle”[1]. Pauli disliked the idea of
“Spin” since electron should not rotate, however the same year, Uhlenbeck and Goudsmit also hypothesized
that the spin as an intrinsic property of the electron,[2] and in 1926 Thomas sealed the relativistic analysis
based on this classic assumption: spinning electron.[3] From then, “spin”, stated its journey in physics rather
than just making yarn. Soon in 1928, Dirac successfully explained the “two-valuedness” in his relativistic
guantum mechanics[4]: spin-1/2 particles. From then, the concept that the specific angular momentum of
electrons, i.e. spin, has two components: +h/2, which are also known as “spin-up” and “spin-down”. The spin
determined the magnetic properties of solid, e.g. when all the unpaired spins in solid pointing the same
direction, it shows ferromagnetic.

However, at that moment, it was just an observation of the new intrinsic degree of freedom in electrons.
No one knew how to utilize this new degree of freedom. Even in 1950s, IBM developed magnetic tape for
their computer product, the utilization of spin is independent from the charge. Spin and charge, these two
intrinsic degree of freedom in electron seems never want to play with each other, until 1988. This year is the
birth year of “spintronics”.

In 1988, Griinberg and Fert independently observed the electric resistance of thin metal multilayers
greatly modified, up to 50%, by applying external magnetic field. This effect is called giant magnetoresistance,
which is also well-known as GMR.[5,6] From then, scientist realized spin and charge do play with each other,
and the researches to reveal how the spin affect on the conductance start to be a new subject, that is spintronics.

Since then, spintronics developed rapidly: observation of tunneling magnetoresistance(TMR) at room
temperature,[7,8] prediction of spin transfer torque(STT)[9], commercialization of the first hard disk
drives(HDDs) based on GMR, realization of STT switch[10], giant TMR at room temperature[11,12],
commercialization of magnetic random access memory(MRAM) based on TMR, observation of spin-hall
effect[13], spin seebeck effect[14], voltage-controlled magnetic anisotropy(VCMA)[15], large perpendicular
anisotropy[16], spin-orbital torque(SOT)[17] switch and so on. The area of spintronics keeps exploring.
Manipulating the most two fundamental properties of electrons, provides people infinity imagination for the
future informatic society: high speed, high density, low power consumption and nonvolatile. In this section, a
general introduction of spintronics will be described from both physics and application sides.



1.1 Magnetoresistance

1.1.1 Giant magnetoresistance

Magnetoresistance (MR) was first observed by the lord Kelvin in 1857[18]. Now we know it is anisotropic
magnetoresistance (AMR), where the electric resistance is determined by the angle between the direction of
electric current and direction of magnetization. The underneath physics of AMR is the s-d scattering probability
modified by spin-orbit interaction[19], and the ratio is normally several percent. However, AMR is not directly
related to spin, especially the two states: “spin up” and “spin down”. In 1936, Mott proposed the “two-current
model” to explain the features of electric resistance near Currie temperature in ferromagnetic metals.[20] This
model is based on the fact .that in the band structure of ferromagnetic metal, the energies split in to majority
spin(spin up) and “minority spin”(spin down) in density of states(DOS). Thus, the electrons at the Fermi level
exhibits different conductive properties due to the different states: up or down. In this model, the conductance
is combination of a set of parallel channels, one is spin up to spin up and another is spin down to spin down.
This simplistic model didn’t attract too much interests, until 1966, Fert and Campbell did a series work on the
two-current model in ferromagnetic metals, and sealed this idea, which became the basis of spintronics in the
future.
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Figure 1.1 Typical DOS of a ferromagnetic materials and the corresponding two currents model.

In 1986, Grunberg et al found the antiferromagnetic interlayer exchange coupling(IEC) in Fe/Cr/Fe tri-
layer structure, where magnetizations of two Fe layer aligned opposite to each other by the coupling exchange
through Cr layer.[21] Following with this observation, In 1988, Griinberg found the MR in Fe/Cr/Fe is up to
1.5%, which was much larger than AMR in Fe single layer, as Figure 1.3.a shows.[6] The same year, Fert also
found the Fe/Cr multilayer structure show large MR, exceeding 50% at low temperature and 17% at room
temperature(Figure 1.2.b).[5] As Figure 1.3 shows, at zero field, due to the existence of antiferromagnetic IEC,
the magnetizations of Fe layers were aliened antiparallel(AP). Thus, the passing electrons, ho matter spin up
or spin down, will be slowed down by the opposite magnetization due to the spin-dependent scattering, which
leads to high resistivity. When the magnetic field applied, the magnetizations of Fe layers were aligned
parallel(P), leading that half of the electrons passing freely, presenting as low resistivity.
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Figure 1.2 The first observation of giant magnetoresistance. (a) Reprinted with permission from [6] ©1989 by the
American Physical Society. (b) . Reprinted with permission from [5] ©1988 by the American Physical Society.
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Figure 1.3 the concept of GMR.

Since then, the GMR became a very hot topic. In 1990, Parkin developed deposition technique of GMR
multilayers by sputtering, with GMR found oscillated due to the oscillation of IEC on thickness of space
layer .[22] And in 1991, the GMR ratio found in Co/Cu multilayers exceeded the value of 65%.[23]

However, it looked like difficult to utilize the GMR in applications at that moment, due to the realization
of GMR is based on the antiferromagnetic IEC, where a large field was required to decouple the coupling. In
fact, the GMR is arise from the antiparallel configuration instead of antiferromagnetic IEC itself. In 1991, the
invention of spin valve[24] brought a bright future to applications based on GMR. In previous work, the
antiparallel configuration was provided by the IEC. In spin valve, the antiparallel configuration is provided by
a special designed tri-layer structure as figure x shows: magnetization of one of the ferromagnetic (FM) layer
is pinned by the coupling with neighbor antiferromagnetic (AFM) layer, while the other ferromagnetic layer,
spaced by a nonmagnetic(NM) layer, could be freely oriented by a small external field since it is soft magnet.
The high sensitivity brought by soft ferromagnetic layer boosted the commercialization of HDD read head
based on GMR effect. In 1997, IBM announced the first HDD with GMR head, and since then, the storage
density increased rapidly.
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1.1.2 Tunnel magnetoresistance

Inspired by the GMR, another important spin-dependent effect, re-entered the research society: tunnel
magnetoresistance (TMR). The early observation of TMR in magnetic tunnel junction(MTJ) was carried out
by Julliere in 1975.[25] However, the TMR observed was very small and difficult to be reproduced. Though,
a phenomenological model was proposed by Julliére which described the phenomenon by 2 assumptions: a.
electron spin conserve during tunneling and b. the tunneling process, consisting of two independent channels,
spin-up and -down, similar with “two-current model” in GMR mentioned above. To understand well about the
TMR, it is better to understand the tunnel behavior of electrons first, as the basis of TMR.

The tunnel effect, more exactly, quantum mechanical tunnel effect, can be traced back to 1920s, as one
of the “classic” quantum phenomena. In classic mechanics, it is impossible that particles can pass the insulating
barrier, otherwise it cannot be called “barrier”. However, in quantum mechanics, the tunnel effect is reasonable
due to the “wave—particle duality”. When the particles are regarded as wave, then, the tunnel effect can be
simplified imaged as the incidence of electron wave to the barrier, where, some are reflected, and others are
transmitted, if the potential barrier is thin enough, as Figure 1.6 shows in a metal/insulator/metal sandwich tri-
layer. The population of transmitted electrons is determined by the tunnel probability (T), which can be
described as follows in one dimensional free electron model:

T(E) = exp _zjt\]—Zme[U(x) — £l
0

hdx ’ 1.1

where x axis along perpendicular to the barrier interface, the t is thickness of barrier, E is the electron
energy, me is the electron mass, and U(x) is the energy barrier. In a simpler description, T « e~*t, with « the
decay constant determined by [U(x) — E] reveals the tunnel effect dominated by electron side with the wave
factor and barrier side with the decay constant.

i
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Figure 1.5 Typical wave function in a metal-oxide-metal junction, presenting how the quantum mechanical tunneling

works of electrons. Ex is the Fermi energy, @ is barrier height at interface between metal and oxide. When voltage applied,
current will flow while with electrons density exponetial damping respect to the oxide thickness.



If there is no voltage difference between the metal layers, the Fermi levels should be same for the two
side of the barrier, with the tunnel current equaling 0. However, once a suitable bias voltage V is applied, the
Fermi level on the other side will be lowered and hence the electrons are able to tunnel in this structure.

Since the tunneling of the electrons, a current will appear and be proportional to the product of the
occupied electron states at the left, and the empty states at the right side, and the transmission probability. So
that, we can get the net tunneling current from left to right as:

I -r(E) < N (E — ev)f(E — eV)T(E,V, ¢, t)Ng(E)[1 - f(E)] 1.2
Similarly, the current from right to left can be deduced and finally the total current could be written as:
+co
Lo [ NG = en)T (.Y, 6, ONe(B) (B)IFE - e) = F(E)IdE 13

While, when the voltage eV « ¢, the only electrons contribute to the tunneling current are these close to
the Fermi levels, Er. And, the transmission and DOS factor will also independent to E, which reduces the
current to:

1 ¢ Ny (ER)T (¢, )Na(Er) f [F(E = eV) — F(E)] dE 14

More ideally, if it is below a low enough temperature which make the kzT « eV, the transparent
expression for the tunnel conductance can be deduced as:

G = dI/dV « NL(ER)T(p, t)NR(ER) 15

As mentioned in Figure 1.1, the DOS of electrons in ferromagnetic splits into spin-up and -down, thus
the tunnel in FM/I/FM shows difference with in normal metal/insulator/metal case. As Julliére proposed, with
the two assumptions mentioned, the tunnel behavior became a parallel circuit of two independent tunnel: spin-
up tunnel and -down tunnel.

Figure 1.6 a) is parallel and b) is antiparallel configuration of the tunnel magentoresistance. The conductivitity is
propotional ot he product of the DOS factors at the Fermi level. For parallel configuration, current is proportional to
N%(E;) + N2(Ej) and for antiparallel is 2N, (E;)N_(E).

As Figure 1.7 shows, when two magnetizations of FM are parallel aligned, then electrons tunnel from
spin-up to spin-up and spin-down to spin-down, however, when two magnetizations of FM are antiparallel
aligned, the spin-up and spin-down in one of the FM layers is reversed. Considering the current is determined

6



by the population of occupied electrons in the left FM and unoccupied electrons, for simplicity, also assuming

that Ny _y = N{_,, then Equation 1.5 can be written into:

Gp = Gy + Gy = NY(Ep)T (¢, ONL (Ep) + NE(ER)T (¢, OONE(Ef)
o« NZ(Ef) + N?(E;) 1.6
Where N, and N_ are the density of dates at Er for majority and minority spin bands, respectively.

Similarly, when the spin orientation is antiparallel, the population of majority and minority of one of the

layer is reversed, which leads to Ni(_) = Nf(+), then the conductance should be like:

Gap = Gr + Gy = NY(ER)T(, )NE(ER) + NR(ER)T(, )N (Ep)
o 2N (Ef )N (Ef) L7
It’s obvious that the conductance is different and Ge>Gap. Thus, when the magnetization configuration is
manipulated, then resistance of the junction is varied and called as tunnel magnetoresistance, defined as:
Gp—Gap _ Rap —Rp
Gir  Rp 1.8
When put the population of the electrons into the TMR definition, then we have:

2
[N (Er) - N_(Ef)]
2N, (E¢)N_(Er)
And if we define the effective tunneling spin polarization of each electrode as:

_ N.(Br) - N_(&)
N, (Er) + N_(Ef) 110

TMR =

TMR =

1.9

We can generalize Equation 1.9 into the famous Julliére-formula for the magnetoresistance of MTJ:
2P, Py

However, even this classic definition works well for long time, when we really considering the DOS at
the interface, where, we thought the numbers of majority or minority electrons are determined by DOS then
induced different resistance, one may find the minority is much larger than majority in Fe, Co and Ni at Fermi
level. It reveals that the DOS discussed above is not really the DOS of the ferromagnetic materials, buta “DOS”
combined with the tunnel barrier properties, as “tunneling DOS”. It is a complex analysis to understand the
TMR behind the simple Julliere model, with coherent of electrons plays a key role.

TMR



1.1.3 Tunnel barriers

As mentioned above, the tunnel barrier is a key factor to understand the TMR. How the electrons really
“tunnel” through the barrier combined with the electron population together determined the TMR in a junction.
To understand that, it is an effective way to start from the first observed TMR at room temperature in an Al,O3
based MTJ.

1.1.3.1 Amorphous AlOx

As mentioned, for Fe, Co and Ni, minority actually dominated at Fermi level. These features will lead to
a negative spin polarization, however, being contradicted with the experimental observation through spin-
polarized tunneling technique (SPT), where most of the materials show the spin-polarization in the range of
40-60% with Al,O3 insulator.[26] Thus, the tunneling process is not simply from band structure of the electrode,
but also the transmission probability, which depends on the evanescent states in the insulator []. The Fe, Co
and Ni, has minority dominated at Fermi level (so called “d-electrons”), contributing to most of the magnetic
moments, while the majority(“s-electrons”) relatively little. However, when considering the tunneling process,
it is not simply following majority domination rule. Actually, the dominating d electrons quickly decays in the
insulator because of a large effective mass while s electrons not.

However, after the first observation of TMR by Julliére, there are almost 20 years until Miyazaki et al.
[27] observed it at room temperature. They deposited Ni-Fe/Al-Al,Os/Co junction via electron beam
evaporation. And with optimized annealing procedures, they finally find a 2.7% TMR ratio at room
temperature, as Figure 1.8[27] shows. And soon Miyazaki[28] and Moodera[8] developed the Fe/Al,Os/Fe
MTJs with the TMR value over 10% at room temperature. In 2004, Wang[29] developed AlOx based MTJ
using CoFeB as free and reference layers and got a 70% TMR ratio at room temperature, and this is also the
highest room temperature TMR using AlOx as tunnel barrier.

However, it is highly required to perform a critical oxidation on Al layer to produce a tunnel barrier. Under
or over oxidation usually leads to a significant decrease of TMR ratio. And due to the fact that the AlOy is
armouphous, the tunneling though it is incoherent. Since there is no crystallographic symetry in the
armouphous barrier, the Block states with didifferent symmetries of wave functions existing in the 3d FM
electodes will couple with evanescent states in the tunneling barrier, and make the tunneling probabilities
weakened.
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Figure 1.7 The first observation of room temperature TMR effect based on AlOy. Reprinted with permission from
[27] ©1992 Elsevier.



1.1.3.2 Crystal MgO

Unlike amorphous AlO, based tunnel barrier, the MgO based MTJs requires a well-matched crystalline
orientation of the ferromagnetic electrodes to get a high TMR ratio. Owing to the good crystalline, the
tunneling process become coherent rather than incoherent in amorphous AlOx. The coherent tunneling property
significant enhanced the TMR ratio.

The underneath physics behind the coherent and incoherent tunneling is the symmetry selection rules in
the tunneling process. As Figure 1.10 shows, the electrons have different symmetries of the Bloch wave
function regarding with the direction perpendicular to the transport, and normally we considering about A; A,
and As in the tunneling process. In 2001, Butler et al reported the theoretical calculation of tunneling behavior
based on the crystal MgO barrier[30], as Figure 1.11 shows. In the calculation, the different decay rates of
Bloch states are taken into consideration and consequently, the barrier layer acts as a symmetry filter. For
crystal MgO, it is revealed A1 symmetry has a much slower decay rate, which leading to the barrier only
“allowing” A1 to pass through the barrier, and this is the fundamental reason that crystal MgO exhibiting such
giant TMR when combined with Fe electrode

(a) (b)

Figure 1.8 a) incoherent and b) coherent tunneling in amorphous AlOy and crystal MgO. Reprinted from [26] ©2012,
with permission from Taylor and Francis.



Figure 1.9 Symmetries of wave functions of a two-dimensional square lattice, reprinted from [31] ©2016, with
permission from Springer Nature.
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Figure 1.10 DOS of Fe/MgO/Fe at four different magnetization configurations. Reprinted with permission from [30].
©2001 by the American Physical Society.
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Figure 1.11 conductance for a) majority b) minority and c) anti-parallel states of a 4-layer MgO. Reprinted with
permission from [30]. ©2001 by the American Physical Society.

In 2004. Yuasa et al reported the giant room-temperature magnetoresistance in single-crystal Fe/MgO/Fe
magnetic tunnel junctions. [11] The TMR reaches 180% and it is believed coherency of the electron wave
functions is conserved across the tunnel barrier. Figure 1.8 (a) is the TEM image of the fully epitaxial
Fe/MgO/Fe junction and Figure 1.8 (b) is the MR ratio.[11]
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Figure 1.12 a) is a TME iamge of Fe/MgO/Fe junction and b) is room temperature MR curves. Reprinted from [11]
©2004, with permission from Springer Nature.

However, the requirement of the single crystal texture of the electrode limited application of the Fe/MgO
based MTJs. Instead of single crystal Fe/MgO, Djayaprawira et al find a promising solution that even using
conventional sputtering one can get well textured tunnel barrier layer. [32] When (CoFe)soB2o is used, the
CoFeB layer is amorphous while the thin MgO layer, can easily form into (001) texture. Then post annealing
this stack multilayer can improve the crystallization of the two CoFeB layer form the MgO interface Figure
1.14[32].Hence, the final junction can maintain well crystallized CoFeB at the barrier interface which bring
out a very high TMR ratio.[33]

i e Bt
_.|||'.'_.|'. a2l inginas

Figure 1.13 crystallization at the CoFeB/MgO interface. Reproduced from [32], with the permission of AIP
Publishing.

1.1.3.3 Spinel as barrier

Spinel materials, especially MgAl-Os is a newly developed barrier material. It shares the similar band
structure and the coherent tunneling property of crystal MgO.[34,35] However, compare with MgO, the
MgAl:O, has an improved lattice matching with the common ferromagnetic electrode materials.
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Figure 1.15 shows the atomic structure of spinel MgAl.O.. The lattice constant is around 0.809 nm,

considering the Oxygen positions, giving an effective lattice constant of 0.809/(2 x v2), which is almost
perfectly matched with Fe based electrode, as Table 1-1 shows.

(@)

B site: Al
> A site: Mg
-

~0.809 nm

Figure 1.14 Structure of spinel MgAl,Os, courtesy of Dr. Sukegawa.

Table 1-1 Lattice comparison between MgAl,O4 and MgO with ferromagnetic electrode materials

Mismatch (%)
Materials a (nm)

vs. MgAILLO4 vs. MgO
Fe 0.2866 0.20 -3.79
CosoFeso 0.2851 -0.32 -4.30
B2-CozFeAl 0.573 0.17 -3.83
D022-MnGa 0.390 -3.4 -7.4

In 2009, Sukegawa et al established the demonstration of MgAIl.Os-MTJs based on post-oxidation of
MgAl alloy, where the lattice matching significantly enhanced the bias performance comparing with MgO
barrier.[36] With technique improved, the TMR ratio of MgAl,O4 based MTJs is catching up with MgO based
one as Figure 1.17 shows.

FelMgOIFe ~4% Fe/MgAl,O /Fe:~1%

AT AT

i |

AR N i

Figure 1.15 comparison of lattice matching between MgO and MgAl.Q., courtesy of Dr. Sukegawa, to be published

on Appl. Surf. Sci.
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Figure 1.16 Increasing TMR in MgAl,O4 based MTJs, courtesy of Dr. Sukegawa.
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1.1.4 Quantum well induced spin-dependent resonant tunnel

effect

As mentioned above. The coherent tunnel observed in crystal MgO barrier based MTJs lead to a
significant enhancement of TMR. Besides, the specific coherent property provides many possibilities to further
modulation on the tunneling behavior. One of these trials is to form a quantum well(QW) in where electrons
confident, with spin polarization. Generally, the approach to realize quantum confinement of spin polarized
electrons is by making one ultra-thin ferromagnetic electrodes, being sandwiched with two barriers. To form a
QW in MTJ, there are two major ways.

The first way is to make FM/l/ultrathin-FM/I/FM double barrier MTJ(DMTJ). It is the natural
consideration if one wants to realize the spin dependent QWs. In 2006, Nozaki et al established Fe based
DMTJs with Fe nano-islands in a thick MgO barrier, where they found the conductance oscillatory with the
bias voltage, owing the resonant states created by QWs.[37] And in 2008, lovan et al found a record TMR ratio
over 1000% at low temperature in Fe/MgO/Fe/MgO/Au structures through point contact measurement.[38]
However, no significant improvement of TMR has been observed at room temperature. And the growing of
ultrathin electrode layer sandwiched by two oxide layers is not easy considering one have to deposit metal
material on oxide material.

A A
Log Log
8 Fe MgO Fe MgO Fe 8 Fe MgO - Fe MgO Fe
o A (spd) Resonant o
2 (SOSAERRLELTTTS N w1l T
|..6 ........ ‘-5 ........
P I I S 21 o
@ A, (pd) @ A (pd)
() ()
Q - &) .
Layer number Layer number

Figure 1.17 Potential profile for a typical Fe/MgO/Fe/MgO/Fe quantum well at P and AP states

Thus, another method aimed to overcome the growing difficulties of ultrathin FM layer between two
barriers came out with the introduce of metallic “barrier”. Owing to the coherent tunneling properties, one can
consider the major contribution of tunneling from the majority electrons, i.e. A11 electrons. Simply saying, in
an MTJ, a metal layer can also work as barrier if there is no A; near the fermi level. And Cr is one of the best
candidate since it has perfect lattice constant with Fe, and, no A; near fermi level as Figure 1.19 shows.[39]

A theoretical calculation is performed for the structure of Cr/Fe/MgO[40], where they do find a strong
resonant states created due to the existence of QWs within the ultrathin-Fe layer as Figure 1.20 shows . With
the assistance of the QW states, the spin-dependent resonant tunneling effect will dominate the transport, where
the TMR ratio can easily over 1000% when the SDRT is switched on or off by applying different bias voltage.
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Figure 1.18 DOS of a) Fe and b) Cr. Reprinted with permission from [39]. ©2008 by the American Physical Society.
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Figure 1.19 DOS of Cr/Fe/MgO with quantum well formed in Fe, Reprinted with permission from [40]. ©2005 by
the American Physical Society.

In 2007, Greullet et al reported the observation of oscillated dl/dV in Cr spaced Fe/MgO/Fe MTlJs, and a
clearer oscillation in d?1/dVZ2[41] Soon in 2008, Niizeki et al reported a clearer oscillation behavior in
Cr/Fe/MgO/Fe MTJs. More interesting, the observed resonant peaks show periodic behavior with the QW
width increased, as predicted in theoretical calculation.[40]
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Figure 1.20 oscillation behavior of Cr spaced Fe/MgO/Fe MTJs. Reprinted with permission from [41]. ©2007 by
the American Physical Society.

Here, the dI/dV spectrum is the major method to detect the existence of QWs. Since the DOS of the
electrode is somehow reflected by the dI/dV spectrum. From the equation[42]:
dl  2me?
v~ h
where |[t[? is the tunnel probability, D: and D; is the DOS of two electrode besides the barrier, Er is the
fermi level and V is the voltage applied to electrode 2.

[t|>Dy (Ep) D, (Er + eV) 1.12

A4+ band edge _ _
__ For parallel configuration

E » . :,fli-l_/____ AE oc 1/(m t7,)
n=0

Cr(A; barrier) QW-Fe Barrier Fe

Figure 1.21 A typical potential profile for Cr/Fe/Oxide/Fe quantum well

Owing to this method, one can easily investigate the relationship between DOS and applied bias. Here,
since the conductance is majorly contributed from A; electrons, one can easily observe how the A; electrons
modulated by the QWSs. Sheng et al performed detailed analysis of spin dependent resonant tunneling of
Cr/Fe/MgO/Fe with continuous wedge Fe. A map of applied bias voltage, thickness of Fe, i.e. QW width, and
conductance is plotted as Figure 1.24 shows. A clear periodic behavior can be observed which indicating the
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guantum interference modulation characters of A1 QWSs.
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Figure 1.22 peak positions from experiment and calculation. Reprinted with permission from [39]. ©2008 by the
American Physical Society.
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Figure 1.23 conductance map on applied voltage and Fe thickness. Reproduced from [43], with the permission of
AIP Publishing.
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1.2 Magnetic Anisotropy

Magnetic anisotropy is actually the first property of magnetic materials people utilized. Over 2000 years
ago, the ancient Chinese people using a tool named as Sinan (meaning as "south-governor”) to find the
direction. This is actually the first magnetic compass, and the physics behind this interesting and useful tool
revealing the anisotropy property of the magnetic materials: the Sinan favored to point to south.

Figure 1.24 A model of Sinan, the first magnetic compass invented by ancient Chinese.

In scientific description, the magnetic anisotropy is: the magnetic moment inside the ferromagnetic
materials will tend to lie with one or some fixed directions called “easy axis”, which the energy is much easier
to transport when put the materials inside a field parallel with the “easy axis”. In the case of Sinan, the easy
axis is the direction of the spoon and the external filed is the earth's magnetic field.

The general description of magnetization to lie along an easy axis is as follow:

E, = K;sin?0 1.13
Where 6 is the angle between magnetization and the anisotropy axis. Thus, rotating the magentic moment
to parrallel to the exteran field can minimized the energy.
Nowadasy, the magenttic compas is just one of the applications of the magentic anisotropy, there are a lot
of applications based on it no mater it is a strong magentic anistroy or a weak magentic anisotropy such as:
1) For strong magenetic anisotropy: permanent magent, electric motors, speakers, microphones,
magnetic memories...
2) For weak magnetic anisotropy: transformers, electromagnets, electric motors, magnetic field
Sensors...
In this study, a brief introduction will give and then focus on the magnetic anisotropy in thin film and its
application in magnetic memories.
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1.2.1 Phenomemological description of magnetic anisotropy

As mentioned above, the states of the magentic moment are defined as easy, hard and intermediate
between these two, as Figure 1.26[44] shows. The ground of the magnetic energy is defined when the magnetic
moment is laying along easy axis, where the energy takes the minimum value. Thus, the total magnetic energy
can be deduced applying the field (H) in hard axis as following:

Mg
1.14
Eya = .Uof H(M)dM
0

10 20

Field, H (kA m-1)

Figure 1.25 magnetization curves of single crystal Fe, Ni and Co under different external field direction respect to
crystal direction. Reprintted from [44] ©2010, with permision from Cambridge Univerisity Press.

If the equation is applied to the magnetization curves in Figure 1.26, one can easily find that simply
rotating the sample, different MA energies can be obtained. And the area between two curves, e.g. from [100]
to [001] in Co case, is the magnetocrystalline anisotropy (MCA) energy density. That describes the fact that to
saturate the Co sample, it is much harder from [100] direction while less energy is cost from [100] direction.

The MCA is a widely existed anisotropy in crystallized magnetic materials. As the name, this kind of MA
is directly determined by the crystalline structure of the materials. Figure 1.27 shows the MCA energy surfaces
for Fe, Co and Ni. And the different surfaces come from the different crystalline that Fe of bcc, Co of hep and
Ni of fcc.

In general, the conventional expressions for the anisotropy energy in different symmetries are:

Hexagonal: E, = K; sin? 0 + K, sin* 0 +K5 sin® 6 + K} sin® 0 sin 6¢ 1.15

Tetragonal: E, = K;sin?0 + Kzlsi.n469 +' K} sin* 6 cos 4¢ + K3 sin® 6 116
+ K3 sin® 0 sin4¢

Cubic E, = Ki(@?a? + azas + a2a?) + Ky (atasa?) 1.17

where «; are the direction cosines of the magnetization.
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Figure 1.26 Magnetocrystalline anisotropy energy surfaces for Fe, Co and Ni. Fe has three easy axes along <100>,
Ni has four easy axes along <111> and Co has one easy axis along [001]. Reprintted from [44] ©2010, with permision
from Cambridge Univerisity Press.

The anisotropy field H, is defined as the field where the magnetization reaches saturated along hard axis.
The energy is:

T
E = K, sin? § — uyM Hcos (E -9), 1.18

minimizing E, with dE/ 96 = 0 and 6 = /2, the solution is:

B, = K 1.19
¢ oM '
This equation can also use to evaluate the MA energy density as:
ol 120
2

which is commonly used to preliminarily determine the MA energy of samples by simple measure the
value of Hy and Ms.
As the MCA is widely existing in crystallized ferromagnetic materials, there are two individual origins of

1) Single-ion contributions, which arise from electrostatic interaction of the orbitals contacting the
magnetic electron with the potential created at the atomic site by the rest of the crystal;
2) Two-ion contributions, which arise from dipole-dipole interaction, such as energy difference from
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broadside configuration and heat-to-tail configurations regarding to two dipoles.
The discussion above is intrinsic property considering an infinite extended crystal (or uniaxial sphered
sample). However, other factors must be considering when the sample is a thin film.
The first one is the shape anisotropy. As the name, the shape anisotropy arises from the shape, which is
an extrinsic factor derives from the demagnetizing field. The magnetostatic energy of a ferromagnetic ellipsoid
with magnetization M is:

1
Em = EroNME 1.21

This is the basic energy formula. The other simple shapes can be approximated to ellipsoids. When the
ellipsoid is magnetized along hard or easy directions, the difference in the magnetostatic energy can be used
to derive the anisotropy energy. For the ellipsoid, the demagnetizing factor for the easy direction is ' and for

the hard direction is %(1 — V). Hence, the energy difference is:

1 1
bem = 5HoVME |5 (1= W) = V|, 1.22

Thus, the shape anisotropy for an ellipsoid is:

1
Ksn = 7HoMZ (1= 3N), 1.23

For uniaxial sphered shape, the & =1/3 which means the Ks, is zero, with no contribution to the
anisotropy energy. And for thin films, the demagnetizing factor V" is 1 at the perpendicular to plane direction.
Thus, the shape anisotropy of a thin film is:

1
Ksn = —EMoMsZ. 1.24

The value of shape anisotropy and MCA for Fe, Co and Ni are listed in Table 1-2

Table 1-2 magnetocrystalline anisotropy and shape anisotropy in Fe, Co and Ni at 4K.

Fe(bcc) Co(hcp) Ni(fcc)
Unit: J/m3
MCA (1° order) 54,800 760,000 -126,300
Shape anisotropy 1,910,000 1,290,000 171,000

It is easily being awarded that for thin films, the shape anisotropy dominates the over MCA.

However, it is not always that thin film will have easy axis along the film’s plane direction since shape
anisotropy dominate the MA. Especially when the film is thin enough, it is necessary to reconsidering the
MCA since the surface/interface contribution cannot be ignored as the dissuasions about MCA above, where
an infinite sphere crystal, with MCA coming all from volume contribution without any consideration of the
surface/interface. Néel pointed it out that atoms located near an interface is different from those of the bulk,[45]
witch contributed to the MA as symmetry is always broken near the surface/interface. Thus, it is better to
distinguish the surface contribution and the volume contribution as:

K,
K=Ky, +TS' 1.25
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Considering the surface contribution, one can assume a system that the bulk moments prefer to lay in-
plane of the film, and the surface moments prefer to perpendicular to the film as Figure 1.28 a) shows. When
the film is thick enough, the contributions is dominated by the bulk component, which shows an in-plane easy
axis. However, when the film is thin enough, then the strong enough surface anisotropy can reorient the whole
moments perpendicular to the film. And this the perpendicular magnetic anisotropy(PMA), which plays a very
important role in various application of thin magnetic films. The next section will be a detailed introduction

about the PMA.
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Figure 1.27 The illustration for reorientation phase transition from a) thick films to b) thin films
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1.2.2 Perpendicular magnetic anisotropy

As mentioned above, the easy axis is hormally in-plane of films since the shape anisotropy dominates.
However, the PMA exists when an ultra-thin film is investigated due to the in-negligible contribution from the
surface/interface. Generally, the broken of symmetry near the interface is the origin of the surface anisotropy.
When the contribution from surface is larger than from bulk, the film presents with out-plane easy axis.

1954, Neéel firstly pointed out that the atoms located near a surface/interface have total different
circumstance comparing with those inside the bulk, which will result in the interface/surface anisotropy.[45]
In 1968, the first experiment was performed by Gradmann and Muller on ultrathin NiFe films on Cu(111) to
reveal such an interface anisotropy.[46] In their study, a 1.8 monolayers of NiFe was observed with an easy
axis perpendicular to the film plane.

Mo T/ M, (0) —>
b b
R S

R
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]74_'(0-)—-—-

Figure 1.28 Magnetization temperature dependence of NiFe, where 1.8 ML sample show a perpendicular easy axis
while others with in-plane easy axis. Reprinted from [46] with permission. ©2000 by John Wiley Sons, Inc.

In these studies, the anisotropy energy, exactly speaking, effective anisotropy energy is described with
both contribution from volume and surface/interface. A typical NM/FM/NM structure is described as:

2K,

where K, (Jm?) is the volume contribution and Ks (Jm?) is the surface/interface contribution. The
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thickness of magnetic layer is used for the convention of volume and surface. And the factor 2 is given with
the two interfaces. From this, one can easily figure out the Ky and Ks distinctly with the plot of K and
thickness of materials. Figure 1.30 [47] is a typical example of Co/Pd multilayers by den Broeder[48]. When
the Kef is positive, it means the magentization perfered lay perpendicularly to the plane of sample and negative
for the parallel to the plane of sample. And the negative slope, namely negative volume anisotropy Ky, trends
to make the magnetization lay the in plane direaction, while the positive intercept indicating a postive Ks which
favors perpendicular magentization. Such a conflict between the K and Ky make it possible that under a certain
value of thickness t., the Kerr will be a positive value which makes the whole sample show perpedicualr
magentic anisotropy and above this certain value, the K, will prevail and make the whole sample show in-
plane magentic anisotropy.
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Figure 1.29 Thickness dependence of MAE of cobalt in Co/Pd multilayer structure. Reprintted with permision from
[47] ©1996 by IOP publishing.

With the development of PMA, it firstly wildly utilized in the application of HDDs, where the PMA can
significant increase the data storage density by minimizing the domain size with the PMA. These PMA
materials used for HDDs are basically alloy materials with large spin-orbital coupling (SOC) such as CoPt
based alloy or multilayers. Since the topic will focus on thin films, especially related to MRAMSs. The following
part will focus on the PMA arise from transition metal/oxide interface, which is identified as interfacial-PMA(i-
PMA) and its energy density usually expressed as:

1 K;
Kepy = Ky =5 M3 +—, 1.27
where K, is the contribution from bulk, —(u/2)M? is the demagnetization energy and K; is the sum of
contribution from the surface: one surface or both two surfaces. As the demagnetization energy is a thickness-
independent value, the plot of Kes versus t still works to figure these values out, where the slope representing
the net bulk anisotropy and intercept with vertical axis representing the net interfacial anisotropy.
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Comparing with the PMA observed in large SOC system such as Co/Pt (~1.4mJ/m?), the first observation
of i-PMA in a CoFe/alumina based MTJ[49] is quite small, however, very surprising considering there is
neither heave metal materials nor large SOC from theoretical calculation. In their, study, anomalous Hall
effect(AHE), also known as extraordinary Hall effect(EHE) is measure for sample with CoFe/AlOx where AlOx
post-oxidized from Al with external field applied out-plane of thin films. The EHE signal shows an out plane
easy axis within certain range of the Al layer as Figure 1.31[49] shows. Monso et al assumed this i-PMA comes
from the CoFe/AlOy interface as oxidization penetrates from the top.
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Figure 1.30 a) EHE signals with different ta and initial R(H) slope versus tai. A large slope indicates an out-plane
easy axis. Reproduced from [49], with the permission of AIP Publishing..

This kind of phenomenon is soon found existed in many materials systems except AlOx such as MgOx,
TaOy and RuOy.[50] To close the hypothesis that i-PMA arise from metal/oxide interface, x-ray absorption
(XAS) and x-ray photoemission (XPS) measurement is performed.[50] The results, as Figure 1.33 shows,
convinced the hypothesis: the i-PMA is originated from the formation of chemical bonds between the oxygen
ions in oxide and the ions in the neighboring transition metals.
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Figure 1.31 EHE measurement performed to various materials with out-plane external field. Reproduced from [50],
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with the permission of AIP Publishing.
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Figure 1.32 XAS spectrum. Reproduced from [50], with the permission of AIP Publishing.

Soon, a remarkable observation is reported by lkeda et al.[16] A giant i-PMA exhibited in a
Ta/CoFeB/MgO based MTJ, where the MgO is directly sputter from the oxide target. As Figure 1.34[33] shows,
the i-PMA density reaches ~1.3 mJ/m2. More important, a large TMR ratio up to 120% is obtained
simultaneously. This big step towards application based on perpendicular MTJ(p-MTJ) is owing to the easy
absorption of B from CoFeB by the buffer Ta layer.

B - ey T AP A P A i
‘l __ tCDFEB - 13 nm "*“l - - -
e | SEg
~ 0 V=
= i E |
L -1 ! | | |
e 0 2
;*Tf’ | | | | tCPFEB (Inm) |
-0.5 0 0.5 1.0
1gH ()

Figure 1.33 Perpendicular magnetic anisotropy of CoFeB/MgO. Reprinted with permission from [16] ©2010 by
Springer Nature.
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In 2013, the largest iPMA is reported by Koo et al from an epitaxial Fe/MgO.[51] The Kes reached
~1.4MJ/m? and K; reached ~2.0 mJ/m? as Figure 1.35 shows. This large PMA is due to a proper oxidized

Fe/oxide interface where a just Fe-O band is formed.[52]
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Figure 1.34 PMA energy densities regarding to various Fe thickness and annealing temperature. Reproduced from
[51], with the permission of AIP Publishing.

To understand the physic pictures of the large i-PMA arise from the transition metal/oxide interface, the
term of K; in the Equation 1.27 should be well understood. And it is better start with the SOC mentioned above,
which is normally large in the FM/NM type PMA samples such as Co/Pt, however, is considering weak in the
FM/Oxide type i-PMA samples.

The SOC can be regarded as the string between the electron spin and the magnetic field created by the
Circular motion around the nucleus, with the latter one known as orbital motion. Thus, the Hamilton term of
the spin-orbital system with spherical symmetric potential can be written as[53]:

eh dV eh d
50 = a2, gy 0 UXP)=o 55 —-L-S={(L-S, 1.28
where the L - S is the product of the orbital angular momentum and spin operator, which can be written
using the longitudinal and ladder operators as:

1
L : S = E(L+S_ + L_S+) + LZSZ 1.29

thus, Equation 1.28 can be rewritten in a matrix form;
Hiy Hip) _ 1 (LZ L )
Hepy = E(r ==¢(r ,
For simplicity, considering a free magnetic atom with 1=2d orbitals, with the existence of the SOC, the
eigenstates of the Hamiltonian matrix are as follows:

\dyyi0) = éu 20y~ |2 0)),

i
)
|d322—r2;0-> = (|0; 0), 1.31

|dyz;0) =—=(—10)+[1;0)),

1
|dyz; 0) = E(l —1;0)—11;0)),

ey o) == (1= Zi o) = [Zi)),

It is obvious that the spin-up dj,2_,2 state is mixed with the spin-down d,, and d,,, states though SOC
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in states with m; = +1/2. This kind of hybridization through SOC is considered as the origin of the interfacial
PMA especially arise from the Fe/Oxide interface, as reported by Yang et al in 2011.[52] In their ab initio
calculation, the SOC effect on the Fe/Oxide is carefully evaluated that with or without SOC it exhibited
different PMA energies. Moreover, the oxidation conditions are also evaluated that both over-oxidation or
under-oxidation will significantly reduce the value of i-PMA.
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Figure 1.35 ab initio calculation of Spin-orbit coupling effects on interfacial Fe d and neighbor oxygen p, orbitals
for the pure Fe/MgO interface. In each column, the band levels are shown for no SOC case(middle) and with SOC case
for out-of-pane and in-plane orientations of magnetizations. Reprinted with permission from [52]. ©2011 by the American
Physical Society.
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1.2.3 Manipulation of perpendicular magnetic anisotropy

The PMA is a very important role for development of the modern magnetic memories. It not only
determines the possibilities to reduce the junction size to increase storage density, but also determines the data
storage endurance and writing energy efficiency directly. Here, the benefit to reduce junction size by
introducing PMA to the p-MTJ is easy to understand naturally, the latter two about storage endurance and
writing energy efficiency will be detailed introduced.

Regarding the data storage of magnetic materials, no matter the HDDs, the Magento-disk or the magnetic
memories, the fundamental idea is how to keep the magnetization, or more exactly, the direction of the
magnetization. As the bistable states coming from the configuration of the magnetization directions, if the
magnetization is easily reversed, then the data is easily lost

Thus, by evaluate how difficult the magnetization reversed, one can easily see how stable this system is.
And the major origin of this kind of disturbance is thermal thus the endurance is normally correlated with the
thermal stability.

Nevertheless, as the anisotropy always existed with those pattern small junctions or small magnetic
domains, the energy that required to switch the magnetization of the two states is just the anisotropy energy as
discussed in the beginning of the Chapter 1.2.1, connected the volume of the small magnetic materials should
be:

AE = K,\V, 1.32

where the Ky is the anisotropy energy density (in J/m®) no matter the anisotropy is in-plane or out-plane
or just uniaxial. And this energy gap is also called as energy barrier as Figure 1.37 shows.

V=0

N
|

Magnetic energy barrier:
Kesi V(volume)

Figure 1.36 the magnetic energy barrier in a typical bistable data storage element.

If one system has a small AE, it indicated that switch of the magnetization is easily switched by accident
due to the thermal fluctuations, i.e. KgT. By statics analysis, the information degradation by the thermal
fluctuations is defined by the time required to switch the magnetizations trough the energy barrier as:

AE
= ToeXp (), 1.33
where 7, is a characteristic attempt time of ns order. Thus, we can connect this time with a so-called
retention time (T,), which described how long one want the information stored stable with the requirement of

the energy barrier:
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T
AE > KBTrolog(é). 1.34

And normally, for a p-MTJ to store the information over 10 years, the AE is required to:
AE = K,V > 60 KpT, 135

From this we can roughly calculated that for an MTJ with a junction size less than 20 nm and free layer
around 1 nm, a K, larger than 1MJ/m? is normally required.

One may think, as discussed above, it seems that the larger AE is, the more stable for the storage system.
And it is even possible to obtain infinite endurance time to store information just if we get large enough AE.
However, the nature never provides perfect solution for human. The AE is also related to another important
sided for data storage: that is writing information. It is easily understood that for writing data, the magnetization
must be switched desirably. l.e. for the MTJ, if one wants to write “0”, the free layer must be switched to
parallel to the reference layer, while if to write “1”, it must be switched to antiparallel to. And the energy cost
to switch is also the energy barrier discussed above. For example in the STT switch method, the current
required to switch the magnetization is[54]:

4ekpT1a AE
co = [ A ]Em' 1.36
and it is clear to see the critical current for switch process is proportional to the energy barrier.

Facing such a dilemma, a natural idea is that if, the magnetic anisotropy can be manipulated, i.e. in the
STT switch, the energy barrier is reduced for writing process while keeps a high value for long endurance
besides the writing, then it is possible to achieve both low writing energy and long endurance/ better stability.

The most promising method to manipulate the magnetic anisotropy is introduced the voltage induced
modification as considering the usage for magnetic memories. Actually in 1965, it was already observed the
potential applied to the rare earth materials can modify its magnetic properties.[55] Until 2007, Weisheit et al.
firstly reported about the electric-field induced modification for ferromagnetic thin films[56]. However, in this
work, a liquid electrolyte is required for applying a high electric field to the thin film surface. The first
experiment for voltage induced perpendicular magnetic anisotropy modification in an all solid state thin film
was carried out in 2009, by Maruyama et al.[15] From then, how to utilize the voltage induced PMA
modification to provide a more efficient writing technique start to be a hot topic. And this phenomenon is
described as voltage-controlled magnetic anisotropy(VCMA).
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Figure 1.37 Voltage-controlled magnetic anisotropy in ultrathin-Fe, reprinted with permission from [15] ©2009 by
Springer Nature.
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Figure 1.38 Magnetization switched by pulse. reprinted from [57] ©2012, with permission from Springer Nature.
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Figure 1.39 Resistance change by voltage-assisted coercivity manipulation. reprinted with permission from [58]
©2012 by springer Nature.

In the experiment of Maruyama et al., ultrathin Fe/MgO MTJs are used, which is the typical element for
MRAMs. Figure 1.38[15] shows the M-H curves under large external voltages of £200V. For 200V, the easy
axis is close to in-plane direction of the Fe thin film, while for -200V, close to out-of-plane direction. Such a
clear modification, up to ~39% change due to the report, indicated a viable way to switch the magnetization
by voltage itself: “pushing” the magnetization into precession motion to cross the energy barrier by the initial
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application of the voltage.

Soon in 2012, the switching of the magnetization related to the voltage-controlled magnetic anisotropy
are reported by two groups. Shiota et al. applied electric field pulses to MTJs to realize coherent processional
magnetization switching.[59] A FeCo/MgO/Fe MTJ with orthogonally aligned magnetizations in top and
bottom layers is used. the bottom FeCo layer has perpendicular easy axis while the top Fe layer has in-plane
easy axis. The junction is put in an in-plane external field. The applied electric pulse shortly “pulled” the
magnetization from perpendicular to the in-plane direction, causing precession of the magnetization to switch
the magnetization. Figure 1.39 shows the possibility of switching due to different external magnetic field and
pulse duration. [59]

Another group, Wang et al. utilized the voltage introduced coercivity modification to realize the switching
with field assistance.[58] As Figure 1.40[58] shows, the applied electric field reduces the coercivity of the
CoFeB electrodes and make the magnetization of electrodes aligned with the applied magnetic field. However,
in this design of experiment, the STT switching is believed to induce switching in the opposite direction.
Besides, the switching of magnetization by VCMA combined with STT[60] or SOT[61] are also investigated.

=
Lt

V=0 Voltage applied

Magnetic anisotropy energy

A J

Figure 1.40 schematic illustration of PMA modulation by voltage

Among these switching methods related to VCMA, one of the most critical issue is how efficient can we
modulate the PMA as Figure 1.41 shows. Hence, the VCMA coefficient is defined as the modification of PMA
energy density(J/m?) per applied electric-field(\//m) as:

AK t _ t i
VCMA coefficient = efy freeAl;;yer bamer, 1.37

To quantitively evaluate the VCMA coefficient, Shiota et al developed a method by measuring the
magnetoresistance of a special aligned MTJ as Figure 1.42 shows.[62] The orthogonal aligned MTJ gave a R-
H loop when the bottom ultrathin-Fe with PMA rotating its magnetization with enlarging external field as:
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Figure 1.41 Detection of anisotropy change caused by electric field effect. Reproduced with permission from [62].
©2011 The Japan Society of Applied Physics

Rgo R,
R, + (Rgo - Rp) -cosf 1.38
Since the magnetization direction of the top Fe layer is considered to be parallel to Hex (i.e., in-pane
direction), the ratio of the in-plane component of the magnetization Min-piane t0 its saturation magnetization Ms
in the bottom ultrathin Fe layer can be determined as:

R(®) =

Min—plane — cosf = R90 - R(G) Rp
M R(6) Roo— Ry 1.39
Then, the PMA energy density can be evaluated as:
Hy
Kerr :J (MS - Min—plane)dH 1.40
0

As the obtained Kes is corresponded to each bias voltage, then the slope of the plot of Kess and V represents
the quantitively evaluation of VCMA.

To realize the practical application based on VCMA, a large VCMA is preferred with large PMA. Figure
1.43 shows recent progress on the VCMA research. The value is still far away from the requirement by
application view. And the mechanism of VCMA is still not solid. There are many unexplored places regarding
the manipulation of magnetic anisotropy through electric method. In this study, | focused on exploring the
VCMA of a Fe/Oxide interface, as well as its fundamental PMA and transport properties.
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Figure 1.42 Summary of recent VCMA and PMA researches.
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Chapter 2 Experimental methods

This chapter describes the details about the experimental methods used in this study, including but not
only the sample preparation, characterization, measurement set-up and related calibrations. The basic
introduction of each instrument used in this study is briefly given. However, the underneath mechanism and
related physics are just slightly touched due to the author’s limited knowledge. Some details about the
measurement set-up is also discussed though the set-up may not be perfect. In general, the topic is given by
the natural order of the experiment: sample preparation including magnetron sputtering and electron-beam(EB)
evaporation, microfabrication, measurement including in-sitt RHHED measurement, magnetic properties
measurement using vibrating sample magnetometer (VSM) and VSM incorporated with superconducting
guantum interference device (SQUID), transport measurement using 4-probe direct current(DC) and physical
property measurement system (PPMS).

2.1 Sample preparation

The very important factor that spintronics developed almost 60 years later than the observation of spin, is
due to the poor sample preparation techniques. Unlike other subjects, the spintronics research requires precise
sample preparation techniques such as molecular. beam. epitaxy (MBE). The early observation of GMR, by
Fert and Grunberg, both relies on the thin film prepared by MBE. And the quick commercialization of GMR,
is based on the preparation method transferred from MBE to sputtering technique by Parkin in 1991, which is
favored by industrial people. In this section, these two major techniques are introduced due their
irreplaceability: evaporation method for precise control of ultrathin film and sputtering method for very high
efficiency.

2.1.1 Electron-beam evaporation

Electron-beam evaporation is a type of MBE, which utilizes electron beam to heat the source materials.
Figure 2.1 shows the typical schematic of EB evaporation. Usually the electron beams come from a tungsten
filament under high vacuum, and then are steered by the magnetic field to reach source materials.

By adjusting the power of the filament, the strength of electron beam can be modulated in a wide range,
which leads to a wide deposition rate also: up to few micrometers per minute and down to sub-nanometer per
minute. The ultra-low deposition rate, combined with the high vacuum during the deposition, one can realize
precise control of the film deposition, with flat and uniform surfaces.

36



Direction of
Sublimated
Material

©

Magnetic Field
(out of the screen)

Water Cooled Holder

Figure 2.1 Illustration of EB evaporation, adapted from Wikipedia.
2.1.2 Sputtering
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Figure 2.2 Schematic illustration of magnetron sputtering system.

Sputtering, as one kind of Physical Vapor Deposition (PVD) techniques, is widely used in industrial due

to its wide coverage of “target” materials.
As Figure 2.2 shows, generally, during the deposition, the gas, normally Ar, is ionized by applied power,
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which leads to the formation of plasma near the target cathode. The ionized gas has a positive core and a
negative charge around it. And as the gas ions have high energy, when they are attracted by the target cathodes
due to coulomb attraction, bombardment of the gas occ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>