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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.



(b)

L~

T
RT

I H in plane || EA

' 1 ! T

= i
£
a
o0 -
=]
= 4
5 (a) -
25 + t b
5 RT i
20 FHin plane || EA i‘w. b) o
g - A ]
& AL
=45+ Y -
e L it |
~ \
o 1o b \ .
< |
05 \'l ]
L '\_\. g
", .1.. .
0 | B L i 4
-200 0 200

Figure 1.4 (a) Typical spin valve using AFM to couple with FM. (b) M-H and MR for spin-valve structure, reprinted
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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.
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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.

Majority Density of States for Fe|MgO|Fe Minority Density of States for Fe|MgO|Fe
1 h—g‘“\'\aﬁp‘i_— ] 1 5%
(%] | [}
8 105} {1 2 103t A (pd)
& As (0d) &
5
T 1070} Fe Fe{ 5 100} Fe e
2 15 [ 1 2 45 [ ]
l%-3 10 g, 10 As(d) |
1020 | 1020 |
(d)
10-25 TR (N S PR R 1025 FATY YT ST W VU T SR T S
2 3 4 5 6 7 8 9 10 11 12 13 14 15 2 3 4 5 6 7 8 9 1011 12 13 14 15
Layer Number Layer Number
Density of States for Fe(majority)|MgO|Fe(minority) Density of States for Fe{minority)|MgO|Fe(majority)
1k 1 1 F-l-:h.l,sfk-\..
; (spd) MgO
w (7]
‘g 10-5 b \\_: % 10-5 b
& (pd) E As (pd)
5 1010} Fe MgO Fe {1 % 10F Fe Fe 4
w
£ 1015¢ 1 § 105} Ay ( ]
o o
1020 | Ag () 1 1020 | 2 (d) \
1025 ) . N ) A . L ! 1025 ) \ . . . . . i L
2 4 5] 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
Layer Number Layer Number

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.
18



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

21



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.

—

—

—_—

b

—_—

A AT

— e

e

—_— —>

—_— —>

—_ —>

e e 4

—F P

A A

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

0 47 07 03 a0 a5 06 o/
]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.
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Figure 2.1 Illustration of EB evaporation, adapted from Wikipedia.
2.1.2 Sputtering

Substrate

Sputter layer

Gas Chamber

Target(-ve)

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 occurs on to the target, which leads to ejection of target
atoms from the surface. Limited ejected atoms will reach the substrate and form thin films.

Figure 2.3 Picture of the sputtering system

In this study, a magnetron sputter system allowing possibility of 10 different targets to be deposited one
over the other is used. A turbo molecular pump is used to drive the chamber down to the ultra-high vacuum
regime (order of 107~10% Pa.), which prevents the surface from contamination. In addition to the sputtering
chamber (i.e.: the setup on the right) where deposition performed, there is also an oxidation chamber (seen on
the left) and a transport chamber enabling heat treatment and sample loading/unloading respectively.
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2.2 Microfabrication

Microfabrication is the most important work during the exploration of the transport properties. Generally,
the microfabrication contains the following procedures: photo or electron beam lithography, milling, lift-off
and deposition as following:

Promoter: Hexamethyldisilane(HMDS) photoresist: ma-N1407 Developer: ma-D533

Remover: N-Methyl-2-pyrrolidone(NMP) Rinse: Butanone

1) Spin coat with HMDS at 1000 rpm for 10s then 3000 rpm 40s

2) Post bake at 100°C for 3 mins

3) Spin coat with ma-N1407 at 1000 rpm for 10s then 3000 rpm 40s

4) Post bake at 100°C for 1.5 min

5) Exposure for 100 seconds under ultraviolet light source

6) Develop with ma-D535 for 40 seconds

7) Milling or sputtering

8) Lift-off with NMP, rinse with Butanone

The details of our procedure for microfabrication of the MTJs is schematically demonstrate in Figure 2.4:

1) Milling the cap for cleaning the surface with 250V, 30 seconds

2) Photo the bottom electrode pattern

3) Milling the bottom electrode until substrate with the milling angle of 60°
4) Sputter SiO2 around 50 hm

5) Lift-off for bottom electrode

6) Photo junction pattern

7) Milling junction with optimized angel control, until bottom electrode materials
8) Lift-off for junctions

9) Photo removal pattern

10) Milling removal until buffer layer

11) Sputter 3nm Ta and 100nm Au

12) Lift-off for removal

13) Photo pad pattern

14) Sputter SiO2 for 50 nm

15) Lift-off for pad

16) Photo Top electrode pattern

17) Milling top for cleaning surface around 20 seconds

18) Sputter 3nm Ta and 100nm Au

19) Lift-off top electrode pattern

As mentioned in the procedures, an angel control is performed to optimize the microfabrication. This is
due a critical issue in MTJ microfabrication: redeposition problem. During the milling process, the etched
materials will just redeposit to the sides. When one performs the junction milling, this kind of redeposition
will easily make the MTJs shorted once it occurs to cover the insulator layer. Thus, during the normal milling
process, we use 60° angel to avoid the redeposition. However, when deposit the junctions, a fixed 60° will

cause the shadowing effect, which make the size of the junction bottom electrode much larger than designed.
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To avoid that, a multi-angels-control process is performed with repeating 25° and 70° milling every 30 seconds.
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Figure 2.4 Process for microfabrication
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2.3 Measurement

2.3.1 Structural characterization

2.3.1.1 Atomic force microscopy

Atomic force microscopy (AFM) is a very high solution scanning probe microscopy, which can easily
reach the order of nanometer, thousands of times higher than the optical diffraction limit. This kind of
microscopy use a real probe to approach the surface of specimen and force will appear between the surface
and the probe. Due to the Hooke’s Law, a deflection of the cantilever will be caused by the forces. And the
information is gathered by detecting the change of the forces. After a whole scanning, it is easy to rebuild the
surface conditions among the scanning zone. Using this method, one can easily obtain the roughness
information. And it is also possible to use it to check is there any pinholes or unexpected construction damage
during the deposition and post annealing.

Figure 2.5 AFM used in this study

Figure 2.6 is a typical scanning result of Cr layer by an AFM. The Cr layer is post-annealed at 800°C,
which grants a terrace surface with high flatness.
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Figure 2.6 A typical AFM scanning result for surface of Cr annealed at 800°C.

2.3.1.2 Reflection high-energy electron diffraction

RHEED is an important technique used for in-situ characterization of the surface of a crystalline. Different
from transmission electron microscopy, though RHHED also use high energy electrons, it only characterizes
the surface layer of the sample. Figure 2.7[63] shows the basic setup for a RHEED system. The high energy
electrons come out from the electron gun. These electrons form a beam and reach the sample surface at a very
small angel. Then incident electrons diffract from atoms at the surface of the sample, which will cause a
fraction to interfere with the electrons themselves and form a diffraction pattern on the detector. That is to say,

the diffraction pattern contains the information of the sample surface.
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Figure 2.7 illustration of the RHEED system, adapted from Wikipedia [63].

Another benefit of the RHEED system is that one can utilize it to monitoring the growth thickness real-
time[64].
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Figure 2.8 Mechanism for thickness monitor from RHEED intensity. Reprinted from [64] ©1992 with permission
from Elsevier.
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Figure 2.9 An example of real-time thickness monitor by RHEED intensity oscillation for a 4 ML sample.
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2.3.2 Magnetic property measurement

2.3.2.1Vibrating sample magnetometer

lapjoy ajdwes
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Figure 2.10 A schematic illustration for sample measured in a VSM system.

The vibrating sample magnetometer (VSM) is the most common facility in magnetism and spintronic
research, which was invented in 1955 by Simon Foner at Lincoln Laboratory MIT to measure magnetic
properties. A sample should be placed at the center point of uniform magnetic field, and the sample will be
vibrated sinusoidally to induce voltage on the pickup coil, which is proportional to the sample’s magnetic
moment. The induced voltage is given as:

do do\ rdz
Vinducea = E = (E) (E) 2.1

Where the ¢ isthe magnetic flux enclosed by the coil, z is the vertical position of the sample with respect
to the coil, and t is time. The oscillation magnetic field of the moving sample induces an alternating
electromotive force (emf) in the pickup coils, whose magnitude is proportional to the magnetic moment of the
sample. And the alternating emf is amplified by a lock-in amplifier to make sure it is only sensitive to signals
at the vibration frequency.

Figure 2.10 is a typical scheme illustration of the measurement zone. And Figure 2.11 is the picture of the
VSM machine used in this study.
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Figure 2.11 VVSM used in this study

In this study, the target layer of prepared samples for evaluation is ultrathin, normally less than 1 nm, with
comparable weak signal as the moment strength is not strong enough. In this case, a small position change by
sample installation will introduce a significant measurement error. Thus, a careful calibration method using Ni
standard film is used with continuous in-plane and out-of-plane measurement.
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Figure 2.12 Magnetization curves for a standard Ni sample with external field in-plane(red) or out-of-plane(blue) to
the film direction.

Figure 2.12 shows the M-H curves for a standard Ni thin film measured at in-plane and out-of-plane
directions continuously, with only rotating the stage to change the measurement direction. Due to the spatial
distribution, even a same sample will generate different induced voltages due to the measurement direction. In
Ni standard sample case, the in-plane saturation moment is calibrated by its weight, density and standard
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magnetization value. As the sample is saturated at both directions, the out-of-plane saturation moment should
be as same as in-plane one. Thus, a calibration factor for measurement of out-of-plane direction can be obtained
by ¢ = 4.875/3.062 =1.6. By this way, only one calibration measurement is required before a complete
measurement of both in-plane and out-of-plane direction, with the minimalized sample spatial distribution.

2.3.2.2 Superconducting quantum interference device

In this study, the maximum field of a VSM can provide is limited to 2T, and VSM can only work for room
temperature. Thus, for large field and low temperature magnetic property evolution, A Superconducting
guantum interference device (SQUID) is used. A SQUID is a very sensitive magnetometer which can be used
to measure extremely subtle magnetic fields, based on superconducting loops containing Josephson junctions.
It is possible to measure small samples over a broad range temperature and magnetic field. There are two main
types of SQUID: one is direct current, and another is radio frequency. Generally, the DC type shows a high
sensitivity but low tolerance to disturbance while the RF type is opposite. In this study, a RF-SQUID was used.
When the magnetic field through the superconducting rings, the current passes through the Josephson junction
is:

¢ex - ¢

Lg sin (%) 2.2

where, ¢ is the magnetic flux through the superconducting ring, ¢ex is the external magnetic flux, ¢, is the
fluxoid of 2.0 x 10"emu/cm, and Ls is the self-inductance of the superconducting ring.
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Figure 2.13 a) SQUID used in this study, b) the coil to detect magnetic moment. Adapt from Quantum Design[65].

On the other hand, since the magnetization of the sample can be evaluation by VSM exactly with
calibration from easy axis measurement direction, the measurements using a SQUID is more focusing on the
capture of the M-H curve, with normalized magnetization instead of accurate values.
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2.3.3 Transport property measurement

How the transport property of magnetic structures can be modulated by the magnetization is the
fundamental issue of spintronics. Especially for the magnetic memories, the magnetoresistance behavior with
various conditions is a major topic. In this study, a 4-probe measurement is performed on prepared MTJs. For

large field and low temperature conditions, the measurement is performed using a physic Physical Property
Measurement System

2.3.3.14-probe DC measurement

As the MR is measured through the probe contact, then a 4-probe contact leads to a result ignoring the
contact resistance. Thus, the resistance change can be more accurate detected.

Reont. o
pc(7)

RCOI’]t.

RCOT‘It.

Figure 2.14 A typical 4-contact circuit with DC current source.

2.3.3.2PPMS

PPMS is a system can provide large magnetic field with various corelated angel with measured sample
under various measurement temperature with a 4-contact measurement setup.
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Figure 2.15 PPMS system used in this study.
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Chapter 3 Nonlinear VMCA behavior
observed in Fe/MgO/Fe MTJs

3.1 Introduction

The voltage-controlled magnetic anisotropy (VCMA), also known as electric field effect on magnetic
anisotropy, in ferromagnetic metal layers attracts much interest in recent years [15,56,59,62,66-84]. This
technology can help to realize low-power magnetization switching in devices, which is a key to next generation
magnetic random-access memories (MRAMS). In fact, by using the VCMA, direct manipulation of
magnetization by voltage pulse [57,85,86] and assistance to spin transfer torque(STT) switching[58,60] have
been demonstrated.

Cr-buffered Fe/MgO heterostructures are of particular importance in perpendicular magnetic
anisotropy[51,84,87] (PMA) and relevant studies, and Nozaki et al. have recently achieved a remarkable
progress in the VCMA study using magnetic tunnel junctions (MTJs) with the Cr/Fe/MgO structure [72]. First,
a very large interface PMA was predicted for the Cr/Fe/MgO structure by ab initio calculations[52,88],
followed by an experimental demonstration of PMA of ~1.4 MJ/m? (~1000 pJ/m? for areal energy density) in
previous studies[51,89]. Then, Nozaki et al. successfully reproduced such a large PMA in their MTJs including
the Cr/Fe/MgO structure, so that its VCMA was examined. The VCMA coefficient obtained for the PMA
reached 290 fJ/Vm[84]. However, those sample with large VCMA coefficient always show nonlinearity
meanwhile as Figure 3.1[84] shows.
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Figure 3.1 VCMA coefficient in ultrathin-Fe/MgO with various te.. Those with large VCMA coefficients show
nonlinearity also. Reprinted with permission from [84]. Copyright (2016) by the American Physical Society.

The mechanism of the large VCMA in Cr/Fe/MgO has not been well understood, although ab initio
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studies have described the effect of charge accumulation and depletion at the interface that affects the spin-
dependent screening and electron’s occupancy of 3d orbitals[89,90]. Furthermore, an open question is the
nonlinear behavior observed unexpectedly in the electric field dependence of PMA energy density[84]. Since
it appears to be a unique feature for the VCMA coefficient more than 200 fJ/VVm, the nonlinear behavior could
be a key to develop further large VCMA. At the same time, one may wonder if the nonlinearity can be
associated with possible sample-to-sample variation, since no theoretical explanation has been provided. As
Cr diffusion into the Fe layer (also into the Fe/MgO interface region) and possible interface contamination
with carbon and/or oxygen are somehow discussed in Ref. [84], it may be difficult to obtain the well-defined
Fe/MgO interface repeatedly and systematically.

In this experiment, | examined the VCMA in Cr/Fe/MgO under different conditions, i.e., temperature for
annealing the structure and temperature of the VCMA measurement, to confirm the presence of the nonlinear
VCMA behavior occurring characteristically in the Cr/Fe/MgO with a large VCMA coefficient. The nonlinear
VCMA that was obtained together with a large areal PMA energy of ~600 pJ/m? and a large VCMA coefficient
of more than 200 fJ/\Vm gave rise to a local minimum at around 100 mV/nm in the VCMA curves, being
independent of both the post-annealing temperature (i.e., interface quality) and the measurement temperatures.
The results insensitive to the interface quality and the measurement conditions suggest that the nonlinear
VCMA has an intrinsic origin such as a basic feature of the interface electronic structure.
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3.2 Experiment

Au

Fe (2 nm)

MgO (2.2 nm)

MgO (5 nm)
MgO (001) substrate

Figure 3.2 Schematic illustration of epitaxial magnetic tunnel junctions of Fe/MgO/Fe in this study.

In this study, MTJs based on Cr/Fe/MgO/Fe structure is prepared. Figure 3.2 shows a schematic design
of the MTJ used in this experiment. A fully epitaxial stack of MgO (5 nm)/Cr (30 nm)/Fe (0.7 nm)/MgO (2.2
nm)/Fe (2 nm)/Ru (15 nm) was deposited on a MgO (001) substrate by electron beam evaporation, while, the
capping Ru is deposited by sputtering. The bottom 0.7 nm Fe layer is the free layer to respond the voltage
effect with different PMA energy density, while the 2 nm top Fe layer with in-plane magnetization is the
reference layer to quantitatively evaluate the VCMA effect. Here, the thickness of the bottom (free) Fe layer
tre cOrresponds to five monolayers of bce-Fe (001). At the beginning, the substrate was annealed at 800°C to
clean its surface, followed by the deposition of a 5 nm MgO seed layer at 450°C. A Cr buffer layer was
deposited at 150°C, and then was post-annealed at 800°C to obtain a flat Cr (001) surface. This crucial post-
annealing temperature is critical to obtain large PMA for an ultrathin Fe layer deposited on the Cr buffer.

RA: ~0.13 nm+ RA: ~0.17 nm

[r'am]

Figure 3.3 AFM images for a) Cr with terrace surface after 800°C annealing b) ultrathin-Fe grown on Cr.
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The conditions used for the ultrathin Fe were 150°C for growth and 250°C for post-annealing to improve
the surface flatness. Then, the MgO barrier layer was deposited at 150°C, followed with post-annealing at
different temperatures (325°C, 350°C, 375°C, and 400°C) to modify the Fe/MgO interface conditions. The
reference Fe layer was deposited at 150°C without post-annealing. Finally, a Ru capping layer was sputter-
deposited at room temperature (RT). Through the growth process, surface structures and epitaxial growth were
monitored by reflection high-energy electron diffraction (RHEED). The MTJ multilayer stacks prepared were
patterned into a 5x10 pum? elliptical shape by using photo-lithography, Ar ion-beam milling and lift-off
processes. The tunnel magnetoresistance (TMR) ratio was measured using the physical property measurement
system (PPMS) under an in-plane external magnetic field at RT and low temperatures. The positive sign of
applied voltage was defined as the polarity corresponding to the current flow from the top to bottom Fe
electrode. The typical resistance-area product (RA) of the MTJs was the order of 10* Qum?. Separately, the
magnetization curve of the ultrathin Fe layer was characterized by using a vibrating sample magnetometer to
determine the saturation magnetization (Ms).

Figure 3.4 RHEED patterns taken for the surfaces of (a) ultrathin Fe and (b) Cr buffer layers. The incident electron
beams are along the [100] azimuth of MgO (001) substrate. Sub-streaks indicated by red arrows correspond to a c(2x2)
surface structure.

Figure 3.4(a) and (b) show the RHEED patterns of the ultrathin Fe (0.7 nm) and the Cr buffer layers with
the incident electron beam parallel to the [100] azimuth of the MgO(001) substrate. Formation of c¢(2x2)
surface structure is observed for both the Cr and Fe surfaces, as the additional streaks pointed by red arrows.
Such a surface structure may improve the surface flatness and the magnitude of PMA of the ultrathin Fe
layer.[51] In addition, it is noted that the absence of the c(2x2) structure for Fe was reported in Ref.[84], in
contrast to the present study.
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3.1 Results and discussion

3.1.1 Annealing temperature dependence for VCMA

Figure 3.5 shows a full TMR curve of a prepared MTJ annealed at 400 °C in the in-plane magnetic field
(Hex). Due to the small shape magnetic anisotropy energy of the ultrathin Fe layer and the sufficiently large
interface PMA induced at the Fe/MgO interface, the easy axis of the ultrathin Fe layer is aligned perpendicular
to the film plane; meanwhile, the top Fe layer has an easy axis parallel to the film plane. This orthogonal-easy-
axis design enables us to electrically detect the rotation of the magnetization in the ultrathin Fe layer by
applying an Hex [62]. As described in Figure 3.5, the two Fe layers take the orthogonal magnetization
configuration at Hex = 0, which brings about a high tunnel resistance state of the MTJ. By applying a Hex, the
magnetization of the top Fe layer (reference layer) immediately turns parallel to the Hex due to its in-plane
magnetic anisotropy and small in-plane coercivity (<a few Oe), i.e., the magnetization of the top layer is almost
always parallel to the Hex direction. On the other hand, the magnetization of the bottom Fe layer (free layer)
gradually tilts and finally becomes parallel to the Hex direction when the Hex reaches the anisotropy field of the
bottom Fe layer (Hk). Therefore, the TMR curve reflects the magnetization process of the free Fe layer, i.e.,
the tunnel resistance takes the maximum at Hex = O (orthogonal magnetization configuration) and gradually
decreases down to the minimum with the increase of |He| (parallel magnetization configuration). The TMR
ratio in Figure 3.5 corresponds to a half of the whole TMR change between parallel and antiparallel
magnetization configurations.
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Figure 3.5. Atypical TMR curve for the MTJ with annealing temperature of 400°C
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Figure 3.6 shows the normalized TMR curves in the negative Hex region for MTJs annealed at different
temperatures. The TMR ratio is normalized by using the maximum (at Hex = 0) and minimum (at Hex > Hy)
values, respectively. In the TMR curves, one can clearly see that the saturation behavior changes with the
annealing temperature. This means that Hy strongly depends on the annealing temperature, indicating that the
annealing process governs the Fe/MgO interface conditions that determine the PMA characteristics.

From the normalized TMR curves, we can evaluate the effective PMA energy density (Kef), including the
contribution of the shape magnetic anisotropy, as follows: the tunnel resistance is given by the relative angle
between the magnetizations of the free and reference magnetic layers. In the sample design, the maximum
resistance occurs at the 90° configurations (Rgo at Hex = 0), while the minimum resistance does in the parallel
configuration (R at Hex = Hk). The resistance at a given relative angle is expressed as [84]:

Rgo R,
R, + (Rgo - Rp) -cosf 3.1

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:
Min—plane — cosf = R90 - R(G) Rp 3.2

M R(G) Rgy — Rp '
The Minplane/Ms calculated from the observed TMR curve of the MTJ with post-annealing at 350°C is
shown in the inset of Figure 3.6, as an example. The Ke is finally obtained by calculating the product of the

area of shadow region Ain-piane and the Ms.
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Figure 3.6 Normalized TMR curves for the MTJs with different annealing temperatures. The inset is an example of
the in-plane component of magnetization (annealing temperature of 350°C), where the shadow area corresponds to the
PMA energy density.
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Figure 3.7. Kef tre as a function of applied electric field E at RT for MTJs annealed at different temperatures. The
dash line is the linear fitting. The dotted line indicates the position of the local minimum.

Figure 3.7 summarizes the areal PMA energy densities (Kettre) as a function of the external electric field
(E) measured at RT for MTJs with different annealing temperatures, where tre = 0.7 nm and E is defined as the
applied voltage divided by the thickness of the MgO barrier (=2.2 nm). The applied voltage range of -1000 to
+1000 mV corresponds to the E range of -450 to +450 mV/nm. For all the MTJs, the E dependences of Kestre
have a local minimum at around +100 mV/nm, which is indicated by the red dotted line in Figure 3.7. It is also
found that Kes tee varies almost linearly with E below and above the local minima. The linear fitting results
were plotted for each MTJ (dashed line). The slope below the local minimum positions were in the range of -
133 to -266 fJ/Vm. The values of the slopes are the so-called VCMA coefficient, and those observed in the
present Fe/MgO interfaces are consistent with that reported in Ref. [84]. In the range of E above the local
minima, the VCMA coefficients are much smaller than those below the local minima. Furthermore, it is a new
finding in the present study that the local minimum position around +100 mV/nm is independent of the
annealing temperature. This suggests that the nonlinear behavior is insensitive to the interface conditions, while
the PMA energies and VCMA coefficients are very likely to depend on the interface conditions.

3.1.2 Measurement temperature dependence for VCMA

The appearance of the local minimum always observed at around +100 mV/nm despite the variation in
the annealing temperature would be specific to the VCMA characteristics of Cr/Fe (0.7 nm)/MgO structures.
To explore it further, the VCMA characteristics for the MTJ annealed at 400 °C was evaluated at low
measurement temperatures. Figure 3.8 shows the K tre as a function of E at 10, 100, 200 and 300 K,
respectively. It is clearly seen that the Kes tre increases with decreasing the measurement temperature.
Interestingly, the local minimum positions (~ +100 mV/nm) are independent of the temperatures, while the
nonlinearity becomes significant at lower temperatures. In addition, there might be a few fine structures, as
implied by the faint peak at around -50 mV/nm, in the E dependence of K tee at low temperatures.
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As shown in Figure 3.7 and Figure 3.8, the nonlinear behavior, particularly the local minimum at around
+100 mV/nm, has been found to be independent of both the annealing and measurement temperatures. The
former temperature is likely to influence the interface conditions, and indeed the PMA and the VCMA
coefficient vary with the annealing temperature. The latter temperature may be related with possible extrinsic
effects such as an epitaxial strain induced in the MTJ and some kinds of artifacts. Thus, the observed
insensitivity of the minimum position suggests that the nonlinear behavior is attributed to an intrinsic origin
such as a basic feature of the electronic structure at the Fe/MgO interface. In fact, interface resonant states
(IRSs) are formed in the minority spin band of the Fe/MgO system, and the IRSs may affect the transport
properties in the Fe/MgO-based MTJs, as proposed by Belashchenko et al.[91]. The effect of IRSs on the
VCMA at the Fe/MgO interface was also studied by means of ab initio calculations[92]. Thus, the results
obtained are expected to contribute to the progress in theoretical studies, particularly in ab initio calculations
on the mechanism of VCMA.
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Figure 3.8 K tre as a function of applied electric field E at different measurement temperatures. The annealing
temperature of MTJ is 400 °C.
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3.2 Summary

The nonlinear VCMA characteristics in orthogonally-magnetized MTJs with a Cr/Fe(0.7nm)/MgO
structure was studied by evaluating post-annealing and measurement temperature dependences. A large VCMA
coefficient of more than 200 fJ/Vm and a large areal PMA energy density of around 600 uJ/m? at RT were
obtained at the 0.7-nm Fe/MgO interfaces. More interestingly, regardless of the post-annealing and
measurement temperatures, a clear local minimum around +100 mV/nm was observed in the electric field
dependence of magnetic anisotropy. The present results imply that the origin of the local minimum is attributed
to an inherent electronic structure in the Cr/Fe/MgO.
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Chapter 4 Large perpendicular anisotropy

of ultrathin-Fe/MgAl.O4

4.1 Introduction

MgAIl;O4 is considered a promising alternative barrier material to MgO for magnetic tunnel junctions
(MTJs) due to its tunable lattice constant[36,93] and the A; band preferential transport due to the coherent
tunneling effect.[11,12,34,35] Especially, a large tunnel magnetoresistance (TMR) ratio[93,94] and improved
bias dependence of the TMR ratio[36,95] have been reported in MgAl.Os-based MTJs. In addition to such
TMR properties, interface-induced perpendicular magnetic anisotropy (PMA) at an MgAl;O4 interface is a
crucial property for applications of perpendicularly magnetized MTJs (p-MTJs). The utilization of
perpendicularly magnetized films with a large PMA energy can substantially improve thermal stability of p-
MTJs to ensure long data retention for next-generation high-density non-volatile magnetic memories such as
spin-transfer-torque magnetoresistive random access memory (STT-MRAM) and magnetoelectric-
RAM.[49,96,50,15,16,52,58,77,60,84,87] So far, the largest interface PMA energy density around 1.4 MJ/m?
has been reported in an epitaxial ultrathin-Fe/MgO(001) heterostructure.[51] For MgAl,O4 based epitaxial
structures, smaller PMA energy density ~0.4 MJ/m? has been experimentally reported in Fe/MgAl,04(001)[97]
and CozFeAl/MgAIl;04(001) heterostructures[98], where the MgAI.O, layers were prepared by post-
oxidization of an Mg-Al metallic layer.
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Figure 4.1 a) PMA obtained in Fe/MgAl,O4, reprinted from [97] with permission. Copyright © 2000 by John Wiley
Sons, Inc. b-c) CoFeAl/l MgAl,O4 by post-oxidized MgAl alloy. Reproduced from [98] with the permission of AIP
Publishing.

On the other hand, based on a recent theoretical calculation,[99] the areal PMA energy density of ~1.3
mJ/m? was predicted at an Fe/MgAl,04(001) interface, which is nearly comparable to that at an Fe/MgO(001)
interface (~1.5-1.7 mJ/m?). Interestingly, even the small difference in the PMA densities between Fe/MgAl,O4
and Fe/MgO was clearly interpreted through the second perturbation theory with the orbital resolved densities
of states. Therefore, further improvement in the PMA energy of ultrathin-Fe/MgAIl.0.(001) interfaces, i.e.,
observation of the intrinsically large PMA, is expected if a clean interface is obtained by suppressing atomic
intermixing and over-oxidation through process optimization. In addition, related magnetic properties of the
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PMA heterostructures such as magnetic damping and temperature dependence of PMA properties were
evaluated: The former determines the switching speed and the current density for MRAM operations, and the
latter guarantees the device operation temperature range of p-MTJs.[100,101]

System K; (mJ/m®)  Egemagt(mJ/m?)  Kegt(mJ/m?)
Fe/MgAl,04 1.199 -0.893 0.306
Fe/MgO (a = ango/V?2) 1.467 -0.827 0.640
Fe/MgO (a = ap.) 1.715 -0.915 0.800

Figure 4.2 Calculated PMA energy density of Fe/MgO and Fe/MgAl,Oa, reproduced from [99] with the permission
of author.
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4.2 Experiment

Figure 4.3 (a) shows a schematic design of the multilayer structure to examine the PMA properties at an
Fe/MgAl,O, interface. A fully epitaxial stack of MgO (5 nm)/Cr (30 nm)/Fe (tee = 0.7 nm)/MgAIl,O4 (tmao = 2
and 3 nm) was deposited on an MgO (001) substrate by EB evaporation (base pressure ~1x10-8 Pa). Before
deposition, the substrate was annealed at 800°C to clean its surface, followed by the deposition of the 5 nm
MgO seed layer at 450°C. The Cr buffer layer was deposited at 150°C, and then it was post-annealed at 800°C
to obtain a flat Cr (001) surface. This post-annealing temperature is critical to obtain a large PMA for an
ultrathin Fe layer deposited on the Cr buffer.[51] The temperature conditions for the ultrathin Fe were 150°C
and 250°C for growth and post-annealing, respectively, to improve the surface flatness. Then, the MgAl,O,
barrier layer was deposited at 150°C with a ~0.01 nm/s deposition rate from a high-density (98.6% of the
theoretical density) sintered MgAl-O. chip (Ube Material Industries), instead of from an MgAl,O, substrate as
the previous report.[102] Although the barrier composition may slightly deviate from MgAl,O, during the
deposition,[102] in this study the notation “MgAl,O4” is used for simplicity. The deposited MgAl,O, barrier
was post-annealed at different temperatures (350°C, 400°C, 450°C, and 500°C) to modify the Fe/MgAl,O4
interface conditions. Finally, the 2 nm thick Ru capping layer was sputter-deposited at room temperature (RT).
Through the growth process, surface structures and epitaxial growth were in-situ monitored by reflection high-
energy electron diffraction (RHEED). Magnetic hysteresis loops (M-H loops) of the samples were measured
using a vibrating sample magnetometer (VSM) at RT and a vibrating sample magnetometer incorporated with
superconducting quantum interference device (VSM-SQUID) under temperatures between 100 and 300 K.
The ultrafast magnetization dynamics was measured by an all-optical TR-MOKE microscope to evaluate
magnetic damping. The 1028 nm fundamental femtosecond laser pulse was used to excite the sample whereas
the second-harmonic (wavelength, A = 515 nm) of the fundamental beam was used to probe the magnetization
dynamics by measuring the change in Kerr rotation as a function of time-delay between both pump and probe
beams. A variable magnetic field was applied at an angle of 70° with respect to the perpendicular direction of
the sample surface.

The RHEED patterns of the sample with an Fe (0.7 nm)/MgAl,O4 (3 nm) were shown in Figure 4.3. (b)-
(9). As seen in Figure 4.3 (d) and (f), the additional sub-streaks indicated by red arrows represent the formation
of the c¢(2x2) reconstructed surface of Cr and Fe, which is believed to improve the surface flatness and
consequently the magnitude of PMA of the ultrathin Fe layer when capped with MgO.[51] It is noted that the
absence of the c(2x2) structure for Fe was reported in Ref. [84], in contrast to the present study. Besides, as
shown in Figs. 1 (b) and (c), the RHEED patterns of the MgAl.O4 surface after post-annealed at 400°C are
similar to those of sputter-deposited MgAl.O4 on a thick Fe layer.[95] Therefore, the growth of a fully epitaxial
structure with (001) orientation was confirmed. The patterns of the MgAl,O4 surface also indicate that the EB-
evaporated MgAl;O4 in this study has a cation-disordered spinel structure, which ensures the giant TMR effect
similar to an MgO barrier.[93,94]
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Figure 4.3 (a) Schematic illustration of an epitaxial heterostructure. (b)-(g) RHEED patterns taken from a sample of
Fe (0.7 nm)/MgAl,04 (3 nm) annealed at 400°C; (b), (d) and (f) The incident electron beams are along [100] azimuth of
MgO (001) substrate and (c), (e) and (g) [110] azimuth. Sub-streaks indicated by red arrows correspond to c¢(2x2) surface
structure.
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4.3 Results and discussion

4.3.1 Annealing temperature dependence

The largest PMA energy density is obtained for Fe (0.7 nm)/MgAl,O, (3 nm) with annealing temperature
of 400°C. The M-H loops of this sample is shown in Figure 4.5 (a), where the effective PMA energy density,
i.e., Ker, was determined by the area enclosed by the in-plane, out-of-plane M-H loops, and the y-axis (shadow
area). The largest Kes reaches ~1.0 MJ/m2, which is comparable to the value (~1.4 MJ/m?) in the previous
report for an Fe (0.7 nm)/MgO. Firstly, it should be noted that the Kess observed in this study is more than twice
as large as the reported in an Fe (0.7 nm)/MgAl,O4 (~ 0.4 MJ/m?),[97] where the MgAl.O, was prepared by
post-plasma-oxidation of an MgssAlsz metallic layer. Secondly, the large PMA which is close to but slightly
smaller than that of Fe/MgO is in a good agreement with the theoretical predictions.[99] This fact strongly
suggests that the first principles approach describes the mechanism of interface PMA of Fe/oxide correctly.
Theoretical calculations also revealed that the over- or under-oxidation at the interface of a ferromagnetic layer
and an oxide layer significantly reduces the magnitude of the PMA energy density.[52] Thus, EB-evaporated
MgAIl,Os grown from high-density MgAl,O4 chips may have improved interface oxidation conditions
compared to the post-oxidized MgAl,O.. It was suggested in Ref.[98] that uniform oxidation of a metal layer
is not easy, which tends to cause over-oxidation or under-oxidation at the bottom-side barrier interface
depending on the oxidation condition.
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Figure 4.4 Annealing temperature dependence of PMA
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By varying the MgAl.OQ, thickness and post-annealing temperature, interface conditions, such as the
degree of oxidation, can be tuned.[87] Figure 4.5 (b) shows Kes as a function of the post-annealing temperature
for tmao = 2 and 3 nm. The samples with tmao = 3 nm show larger PMA energy density than those with twao =
2 nm at all post-annealing temperatures, which may be related to possible variation of oxygen amount near the
Fe/MgAl,O4 interface by increasing the MgAl,O, thickness. Moreover, the PMA retains even at 500°C for
tmao = 3 nm, suggesting that the PMA of ultrathin-Fe/MgAl.O. is robust enough to endure high-temperature
heat treatments during industrial manufacturing.[103]
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Figure 4.5 (a) M-H loops at RT for sample of Fe (0.7 nm)/MgAl,O. (3 nm) annealed at 400°C. Shadow area indicates
the effective PMA energy density (Ker). Positive Kess indicates PMA. (b) Annealing temperature dependence of Kes for
Fe (0.7 nm)/MgAl,O04 (2 or 3 nm).
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4.3.2 Robustness of PMA
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Figure 4.6 Normalized M-H loops under different measurement temperatures.

In addition to the magnitude of Kerr, weak temperature dependence of K is also favorable for practical
use of PMA heterostructures. To evaluate the temperature dependence of Kes, the M-H loops of Fe (0.7
nm)/MgAl.O4 (3 nm) were investigated at different measurement temperatures between 300 K (RT) and 100
K, as shown in Figure 4.6. It is found that the shape of the in-plane (hard-axis) loops is significantly temperature
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dependent. The anisotropy field of the in-plane loops (Hk) increases with decreasing temperature, indicating
the enhancement of Kes at low temperatures. To analyze the temperature dependence of magnetic properties,
we firstly fitted the saturation magnetization Ms by Bloch’s law: [104]

M.(T) = M,(0) [1 - (%)15] il

where M;(0) is Ms at 0 K, T is the absolute temperature, and T¢ is the Curie temperature.
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Figure 4.7 Temperature dependence of Magnetization. The dash line indicates the fitting using Equation 4.1.

The temperature dependence of M is plotted in Figure 4.7 with the fitting curve using Equation 4.1. The
fitting results of T and M;(0) are 1227 + 188 K and is 2.32 + 0.05 T, respectively. They are close to the values
in bulk Fe, i.e., 1043 K and 2.19 T, respectively. Although Bloch’s law is not applicable to the temperature
range close to T¢, the result indicates that T. of Fe in ultrathin-Fe/MgAl.O. is not significantly reduced. This is
in contrast to the previous reports of ultrathin-Fe on Ag[105] or thin Ni and Co on Cu.[106,107] For K, we
assumed the following simple equation:[47]

Kegr = & 2nMZ? + K,
eff t s v 4.2
Fe

where Ki, —2nMs?, and K, are the interface, shape, and volume anisotropy energy densities, respectively.
Here, we assumed K, = 0 for simplicity, and Ki = tre- (Kess + 2tMs?) was plotted as a function of T in Figure 4.8.
The difference in K between 100 and 300 K (~2.0 mJ/m? at 100 K, ~1.7 mJ/m? at 300 K) appears to be small,
compared to that of CoFeB/MgO (~1.9 mJ/m? at 100 K, ~1.45 mJ/m? at 300 K)[79], which may be attributed
to the high T of the Fe layer. Moreover, we fit the K; by a power law of Ms(T): [79]

My (T)\Y
K =60 (35) 43
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where the Ki(0) is Kiat 0 K. The exponenty=1.91 £ 0.24 obtained by fitting is close to the values reported
in CoFeB/MgO (~2.18 and ~2.16).[79,108] It is worth noting that according to the Callen-Callen law[109] for
uniaxial anisotropy, the exponent y = 3 is expected; i.e., K(T)/K(0) = (Ms(T)/Ms(0))3, where K is the anisotropy
energy.[109] A reduced exponent was theoretically predicted in the presence of large spin-orbit coupling (SOC)
materials that contribute to the PMA,[110-113] and consistent with experiment results in FePt[114]. However,
further systematic investigation is required by talking into consideration of Ky and higher order anisotropy for
better understanding.
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Figure 4.8 Temperature dependence of Magnetization. The dash line indicates the fitting using Equation 4.3.
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4.3.3 Magnetic damping constant
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Figure 4.9 Time-dependent signal (scattered data points) of Fe (0.7 nm)/MgAl;O4 (3 nm) under an external bias
magnetic field (wuH) with different strengths and their best fit using Equation 4.4(solid black lines). The calculated
effective damping constant cest is annotated.

We also evaluated the damping constant (cefr) of the ultrathin Fe layer using TR-MOKE method, since
damping constants are likely to have positive correlations with the magnitude of PMA.[115] Such a correlation
can be interpreted by the fact that both PMA and magnetic damping originate from spin orbit interaction.
Furthermore, PMA and magnetic damping can roughly be discussed based on the density of states; small
damping constants are expected to be obtained for the system with a small density of states around the Fermi
level,[116] while large PMA due to the so-called Bruno mechanism hardly appears.[117] Figure 4.9 shows the
oscillatory magnetization precessional signals of the Fe (0.7 nm)/MgAl,O, (3 hm) sample with varying wuoH.
ofr 1S determined by fitting the TR-MOKE signal with a phenomenological fitting function[118]:

t
G(t) = Ae ' + Bsin(2nft — @)e T+ C, 4.4

where f corresponds to the precessional resonance frequency, t =

is the relaxation time, and ¢
2nf aefs

is the initial phase of oscillation. A and B denote the amplitudes of oscillations. C and t; are the offset and the

decay rate of demagnetization, respectively. We obtained s = 0.0233, 0.0207, and 0.0238 at yoH = 1.77 T,

1.55T, and 1.27 T, respectively, as shown in Figure 4.9, with the lowest c.s obtained ~0.0207. Here, the aes

is not an intrinsic value and only gives the upper limit of true «.[119] It is theoretically predicted that « of very
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thin Fe films, to which the interface effect of Fe contributes most, can be much larger than that of the bulk one,
although it is unclear at present whether the theoretical prediction is applicable to our experiment.[120] A
similar enhancement has also been observed in ultrathin Fe deposited on Ag, where the damping constant for
a 0.4 nm Fe film is ~9 times larger than that for thick Fe films.[121]
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4.4 Summary

In summary, we prepared epitaxial ultrathin-Fe/MgAIl,O4 heterostructures by EB-evaporation. A large
PMA energy density up to 1.0 MJ/m? was obtained for the 0.7 nm-Fe/3 nm-MgAl,O. heterostructure annealed
at 400°C, which is in good agreement with the theoretical predictions. The PMA sustained even after post-
annealing at 500°C, and the changes in the Ms and PMA energy between 100 and 300 K were relatively small.
In addition, the areal PMA energy density K; is found to be proportional to nearly the square of Ms, suggesting
that the induced PMA at the Fe/MgAl,QO interfaces arises from the strong interface SOC. The lowest effective
damping constant was estimated to be 0.0207. This study demonstrates robust interface PMA in the ultrathin-
Fe/MgAl,O4 useful for p-MTJ applications.
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Chapter 5 Spin-dependent resonant
tunnel effect in Cr/Fe/MgAl.O4 quantum

well

5.1 Introduction

Tunnel magnetoresistance (TMR) is the key phenomenon to achieve high-performance spintronic
devices[122,123], e.g. magnetic random access memory (MRAM), which is of growing importance for a
variety of next generation information processing technologies. Magnetic tunnel junctions (MTJs) consisting
of Fe electrodes and an oxide barrier are regarded as an ideal model heterostructure for both fundamental and
applied spintronics owing to the simple structure[11,12,24,30,34,35,124]. One of the remarkable transport
properties found in the Fe-based MTJs is interplay of TMR effect and resonant tunneling through quantum
well (QW) states.[42,125,40,37,126,41,38,39,127,128,43,129,102] Which can be realized by double barrier
structure or simply by metallic layer with symmetry dependent band structure. For the ultrathin-Fe/Oxide with
(001) crystallographic orientation structure combined with a Cr buffer layer, spin-dependent QW states are
formed for the A1+ symmetry electronic states in Fe, in which the “quasi” QW potential arises from the band
mismatch between Cr A; and Fe A11[39,40,43,127,128]. It was theoretically predicted that the introduced QWSs
can generate resonant states at well-defined energy levels, giving rise to giant modulation of TMR[40]. This is
well known as spin dependent resonant tunneling (SDRT) effect that can develop new functionalities. However,
the experimental results reported for Cr/Fe/MgO/Fe “quasi” QW-MTJs so far have suggested only a slight sign
of the enhanced TMR at resonant bias voltages (Vbias)[39]. Even for Fe/MgO/Fe/MgO/Au double-barrier MTJs,
the enhanced TMR was observed only at very low temperature[38].
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In this study, Cr/ultrathin-Fe/MgAl.O./Fe based MTJs are prepared with precise control of the ultrathin
Fe layer thickness te, i.e., the QW width. Owing the exact Fe layer thickness and almost perfect lattice match
between Fe and MgAl,O4[supply], the ultrathin-Fe layer exhibit perfect two interfaces to form quantum well.
Hence, the SDRT effect dominating the coherent tunneling process of A;-state electrons was clearly observed
with a strong modification of TMR at room temperature (RT). The TMR ratio at resonant Vyiss, at which the
A1t channels are localized, is definitely larger than that at zero bias. In addition, due to the A:1 states localized
at specific energy levels, i.e., the formation of well-defined QWs, it was possible to distinguishably observe
the T dependence of tunneling conductance through the A1+-QW channels, where the dependences are opposite
when located in or out of the resonant bias range.

Besides the fundamental understanding of and the enhanced TMR, it is also important to achieve
improved high-bias performance of MTJs, i.e., large voltage output Vou (= Vbias X (Rar - Re)/Rap), particularly
for magnetic sensing applications. In fact, conventional MTJs are likely to face a serious problem of the TMR
degradation at high Vpias. For example, while a large RT TMR ratio around 250% near zero bias in CoFeB/MgO
based perpendicularly-magnetized MTJs (p-MTJs) was reported, it drastically drops to ~70% at Vpias = 0.5
V[130]. The present study offers a possible prescription to this problem.
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5.2 Experiment

A fully epitaxial MgO (5 nm)/Cr (30 nm)/Fe-QW (tFe: 0.45-1.25 nm)/MgAl,O4 (2 nm)/Fe (10 nm)/Ru
(15 nm) was prepared on a single crystalline MgO (001) substrate. All the layers, except Ru capping layer were
deposited by electron beam evaporation under base pressure of less than 1x10-8 Pa. The substrate was first
annealed at 800°C for degassing and cleaning surface. Then the 5 nm MgO was deposited on substrate at
450°C as a seeding layer. Then the Cr, QW-Fe, and MgAl,O4 layers were deposited at 150°C wherein the post
annealing was performed at 800°C, 250°C, and 400°C respectively. The wedge-shaped Fe layer was deposited
with a step of around 0.02 nm using a linear motion shutter equipped between the Fe source and substrate. The
top Fe reference layer was deposited at RT without post-annealing to prevent the formation of perpendicular
anisotropy at the MgAl,O4/Fe interface. Finally, the stacks were capped with Ru layer via RF magnetron
sputtering with the process pressure of 0.4 Pa at RT without post-annealing. The prepared film was patterned
into ellipse junctions of 5x10 um2 in size by conventional micro-fabrication method using Ar ion etching and
photolithography as Figure 5.2 shows.

wedge Fe
(0.45~1.25)

Units in nm Cr (40)

MgO substrate

Figure 5.2 Illustration of MTJ used in this experiment.
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The junctions then were measured for magnetoresistance (MR) and the current-voltage (I-V) curves using
a dc 4-probe method, with bias voltage up to 1 V. The magnetic field up to 2T is applied perpendicular to the
film surface for RT measurement. A low temperature measurement was also performed using physical property
measurement system (PPMS). The differential conductance (dl/dV) spectra were mathematic calculated from

the 1-V curves.
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Figure 5.3 (a) (b) Non-resonant and (c) (d) resonant bias voltages, with the potential profile for A11 electrons.

Figure 5.3 illustrates the concept of SDRT via Fe QWSs. To simplify the MTJ structure, MgO (001) single
crystalline substrate (sub.)/Cr (40)/Fe (tre)/MgAl,O4 (2)/Fe (10) stacks (units in nm; tre = 0.45 — 1.25) were
prepared without pinning and magnetically coupled layers. Further, no post-annealing was performed for the
top Fe layer to keep it a general free layer and to limit the QW occurring only in the bottom ultrathin-Fe layer.
As well known, the dominant states of the electron transport in epitaxial MTJs with crystalline barrier
consisting of MgO or MgAl,O, possess the A; (spd-like) symmetry, while tunneling probabilities of other
states, i.e., As (pd-like), A, (d-like) and A (d-like) states, rapidly decay with increasing the barrier
thickness[30,34,35]. This is because electron coherence can be maintained in the tunneling process across the
crystalline barrier with the A; symmetry, resulting in the symmetry filtering. Thus, only A; symmetry electrons
need to be considered for these MTJs. In addition, the TMR effect is a resistance change depending on the
relative angle of magnetization of the electrodes, and therefore the TMR ratio is given by the effective spin
polarization of A; electrons in the Fe electrodes. Since there is no A; states near the Fermi level (Eg) in Cr,
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even the metallic Cr layer can be regarded as a potential barrier in the present heterostructure of Cr/ultrathin-
Fe/MgAl,O4/Fe, leading to a pseudo double-barrier structure for the formation of QW states of A1 symmetry
electrons (see Figure 5.4 (b) and (c)). Consequently, the transport properties substantially depend on the applied
Vhias Via the energy levels of QWs. When Vyiss is far from the resonant position, even the A1 symmetry electrons
hardly contribute to the transport, as shown in Figure 5.3 (c) and (d).On the other hand, when Vyiss coincides
with the resonant position, the A; electrons can pass through the corresponding QW state, as shown in Figure
5.4 (c). In fact, considering that the effective spin polarization of A; electrons in Fe near its Er, the pseudo
double-barrier structure acts like a “spin filter” that efficiently enhances the spin polarization for the A,
symmetry electrons, as theoretically treated in Ref. [40] for Fe/MgO system. While, in this study, QW-SDRT
effect in MgAIO. is considered similar as in MgO case, since the QW-SDRT originate from imaginary band
dispersion within the band gap, where the MgAl,O, share nearly the same band gap with MgO. More
importantly, the disordered spinel structure obtained in this work can be approximate to be the MgO structure
as discussed in previous study[93].
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5.3 Results and discussion

5.3.1 Layer number dependence of quantum well states
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Figure 5.4 (a) schematic illustration of the MTJ and a dc 4-probe measurement setup. Illustration of tunnel behavior
at the (b) non-resonant and (c) resonant bias voltages, with the potential profile for A11 electrons. (d) Out-of-plane field
(Hex) magnetoresistance curve for a MTJ (tee = 5 ML) with the orthogonal magnetization configuration. Green arrows in
the inset of (d) indicate the magnetization directions.

In this study, due to the interface effect of Fe/MgAl,04[97,131], the ultrathin Fe layer interface shows
large perpendicular magnetic anisotropy (PMA), which leads to an orthogonal configuration of the easy axes
of two Fe electrodes as shown in Figure 5.4. The bottom ultrathin-Fe layer possesses an out-of-plane easy axis,
while the shape magnetic anisotropy with an in-plane easy axis is dominant in the top Fe electrode. Therefore,
TMR was measured with an out-of-plane magnetic field, aligning the magnetization of top free Fe layer to the
fixed bottom ultrathin Fe, as shown in Figure 5.4 (d). The TMR ratio of MTJs was defined as (Reo — Rp)/Rp x
100 (%), where Rp and Rgo are the tunnel resistance at saturation (i.e., parallel (P) magnetization configuration)
and zero magnetic fields, respectively. Meanwhile, due to the orthogonal configuration at zero field, the
observed TMR is smaller than the conventional TMR that is calculated as (Rar — Rr)/Rp x 100 (%), where Rap
is the tunnel resistance of antiparallel (AP) magnetization configurations. Since Rap can be calculated from the
relation of Ggo = (Gp + Gar)/2[132], where Gpar)=1/Rp(ar), the Conventional TMR ratios are also calculated
for comparison with the related results reported so far. We also investigated the differential conductance (d1/dV)
spectra of the MTJs, since the resonant states show up as peak structures in the dl/dV spectra, as discussed in
previous reports. [37,39,42,43,127,128]

To prepare the MTJs with an exact integer number of Fe atomic layers, a wedge-shaped Fe layer was
deposited with the designed thickness from 0.45 nm to 1.45 nm using a linear motion shutter. This gradually
increasing tre ensured that MTJs with an integer number of Fe atomic layers existed in a certain part of the
sample. Transport properties were measured for all the MTJs with different te, and then the dI/dV spectra were
summarized as a conductance map onto Vyias and tre as Figure 5.5 shows, in which the peak structures clearly
represent the formation of QW states oscillational with variation of tre. Here, it is considered that tr. at the peak
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positions correspond to integer numbers of Fe atomic layers. Due to shadow effect of linear shutter, possible
intermixing at the Cr/Fe interface and/or formation of FeO layer at the Fe/Oxide interface[43], the effective Fe
layer thickness, i.e., the QW width, may be smaller than te.. Based on theoretical calculations of QWs in
Cr/Fe/MgO case[40], the effective Fe layer thickness can be calibrated by the resonant peak positions (black
points in Figure 5.5(a)), which is represented by the number of Fe atomic layers ne.. Note that tre # nredre due
to discussion above, where de. ~ 0.143 nm is the thickness of a single Fe atomic layer, i.e., monolayer (ML).
We attribute the peaks of tee = 0.81, 1.02 and 1.22 nm to ng. = 5, 6, and 7 MLs in this study.
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Figure 5.5 Conductance spectrum with Fe thickness and applied bias voltage. The circle indicated the peak positions.

With the thickness of Fe calibrated, a TEM observation is performed to obtain the interlayer structure of
the prepared stacks. As the sample is prepared by a wedge Fe, the position where Fe should be 5ML is selected
to make the TEM specimen. Figure 5.6 is the obtained TEM image, with the EDS mapping and RHEED pattern.
Combining with these techniques, it is confidently to say perfect interfaces are prepared for Cr/Fe, Fe/MgAl,O..
And the EDS mapping also indicating that the position where calibrated as 5-ML is indeed 5-ML of Fe atoms.
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Figure 5.6 TEM image taken for Fe/MgO/Fe multilayer structure where the position correlated to tre= 5 ML.

5.3.2 Significant enhancement of TMR through QWs

The TMR ratios are also summarized in same format as shown in Figure 5.7. Comparing with the peak
structures in the conductance map, these in TMR ratio map shows the same period, which also indicates clearly
that the TMR peaks originate from the SDRT effect. To discuss the SDRT in detail, bias voltage dependences
of TMR ratio (observed and conventional), di/dV, resistance (R), and current for ne = 5, 6 and 7 MLs are
compared in Figure 5.8. In the dI/dV spectra, the even and odd ng samples show clear difference, i.e., two
resonant peaks arise away from zero bias for odd ng., while a single resonant peak arises at around zero bias
for the even nre. For nge = 5 MLs, the resonant peak positions are around Viiass = —0.58 V and +0.55 V, as
indicated with the dot lines. The corresponding TMR peaks are observed at Vyiss a little larger than those for
di/dV. The shift is presumably due to the fact that TMR at a given Vyiss is calculated from the R values. The
most important finding in Figure 5.8 is that the TMR peak of ~24% at the resonant Vyiss 0f —0.58 V is even
higher than that of ~22% at zero bias. This TMR enhanced behavior is in contrast to MgO-based QW-MTJs:
TMR at resonant Vyiss is 0.8 (~0.6) times as large as that at zero bias at RT in Cr/Fe/MgO/Fe MTJ [39]
(Fe/MgO/Fe/MgO/Fe-double-barrier QW-MTJ) at RT[129]. Only at very low temperature, a huge

78



enhancement of TMR was reported so far[38]. Moreover, since the resonant peak is existing at a high Vyias for
odd nge, the TMR becomes less bias sensitive: TMR vary from ~0.9 to ~1.1 of its zero-bias value within [-1V,
0 V], which hardly found in conventional MTJs.

TMR (%)

- 80

- 60

- 40

- 20

: : o
0.0 0.5 oA

Bias Voltage (V)

Figure 5.7 TMR map with Fe thickness and applied bias voltage.

As mentioned above, completely different behavior was observed in the MTJs with an even ng, showing
a single TMR peak as normal MTJs. It is because the resonant bias just located near zero bias, where the
intrinsic TMR peak normally located. For nge =5 MLS, the TMR at Vipias = 0 is around 32%.

As mentioned above, the measured TMR ratios are smaller than true value due to the orthogonal
configuration. Hence, dl/dV, and R in the AP state are also deduced from those in the parallel (P) and 90° states
to investigate the conventional TMR ratio. As shown in Figure 5.8, the SDRT effect on dl/dV in the AP states
is much weakened, compared with in P states, which agrees well with the theoretical prediction mentioned
above. To explore the possible performance in practical p-MTJs, the conventional TMR calculated from R in
the P and AP states is also plotted in Figure 5.8. For ng. = 5 MLs, the TMR ratios at resonant and zero bias are
65% and 55%, respectively. For nge = 6 MLs, the TMR ratio at zero bias reaches 92%, which is comparable to
the highest value in Fe based p-MTJ[97]. Since the top Fe electrode is not optimized at all in the present study,
much higher TMR ratios are believed to be obtained for practical p-MTJs made with optimization in the stack
structure and preparation processes. In the case of non-integer ne, €.g., 5.5 MLs and 6.5 MLs, the peak
structures in dl/dV and TMR behave as a simple sum of those with neighboring integer numbers of ne. as
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Figure 5.9 shows. This suggests that it is possible to modulate the TMR behavior between single-peak (for
even ne cases) type and multi-peaks (odd nre cases) type simply by adjusting the Fe coverage.

It is believed the significant enhancement of TMR at resonant bias, compared to previous study, is
contributed from two major factors: improved structure coherent owing to MgAI.O. and enhanced QW effect
owing atomic flat ultrathin Fe. The former one supplies a much-improved high bias performance as previous
work suggested[36]. For the later one, both the TEM image[supply] and the giant PMA observed in these
films indicate the atomic flat Fe/Oxide interface[51]. Besides, the thinner Fe thickness, e.g. effective QW width,
is natural leading the enhancement of QW formation.
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Figure 5.8 TMR, dI/dV and resistance with bias for 5,6 and 7 ML Fe samples. The dash lines indicate calculated
conventional related parameters.
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Figure 5.9 TMR and conductance spectrum for.5.5-ML and 6.5-ML samples. The features are consisted from the
neighboring integer layer number samples such as 5.5-ML comes from 5- and 6-ML samples.

5.3.3 Temperature dependence of A: transport

The observed TMR enhancement also suggests the A is successfully localized at the specific energy levels,
which provides a chance to evaluate the specific T dependence of coherent tunneling effect through the
conductance with magnetization parallel aligned, i.e. Gp, where the tunneling effect dominate the transport.
The observed T dependence of AGp (= Gp- Gpask) and AGap (= Gar- Garask) is plotted in Figure 5.10 for both
5-ML and 6-ML samples. It is clearly observed the G, has different T dependence regarding to within or
without confined states, meanwhile, the difference for AP states is not so significant. Here, | focus on the 5-
ML sample where the confined states far from zero bias to avoid the anomaly conductance observed near zero
bias.[37] The 5-ML related P states conductance is plotted as Figure 5.11 shows. The dash line indicating the
resonant bias, near which the blue region suggests the Gp significant decrease with T increase, while the red or
white region suggests the Gp increases or shows relatively small dependence with T increase. To specialize the
T dependence, normalized Gp at 3 different bias voltages, i.e. -0.915V, -0.790V and -0.585V, are plotted in (b),
where Gp give increase, unchanged and decrease with temperature increasing, respectively.
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Figure 5.10 Temperature dependence of differential conductance.

To discuss the temperature feature of the tunneling transport, there are two widely discussed major models,
i.e. Zhang model[133] and Shang model[134]. Generally, the Shang model only considered spin-conserving
elastic tunneling while the Zhang model considered the spin-flip inelastic tunneling either. Thus, when
discussing increasing temperature, the Zhang model predicts an increase Gp, on the contrast the Shang model
suggests a decrease. The increased Gp has been observed in many epitaxial MTJs and comparable less
reports[11,95] of decreased Gp. Some increased Gp is well explained by Zhang model while there is no clear
understanding for increased Gp. And recently, an extend Zhang model[135] successfully explained both
increased and decreased Gp, which suggested the inelastic tunneling provide an increase Gp and elastic
tunneling provide a decrease Gp with T increase. However, these discussions are based on free electrons, the
models are no longer applicable for confined system at finite bias. Here, we only assume the understanding of
positive or negative contribution to Gp from inelastic or elastic tunneling applicable for finite bias without
numerical meaning. In the extend Zhang model, it also suggested that large spin-polarization suggested a large
negative contribution from elastic tunneling. In this sense, the observed decrease Gp indicated a well localized
A; through the well-formed QW, showing the elastic tunneling feature. And the increase Ge is just like other
normal MTJs, and the unchanged Gp can be regarded as the result of competition between elastic and inelastic
features.
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Figure 5.11 Selected dI/dV temperature dependence of 5ML sample and associated TCR.

The tunneling transport of A; symmetry electrons can be characterized by TCR. In fact, tunneling
transport normally shows negative TCR, whereas positive TCR in the P state has been observed for high-
quality Fe/MgO (MgAIl;O4) based MTJs in which the A; electron transport should be dominant [Yuasa,
Mohamed the positive TCR is likely related to the dominance of the A; preferential transport through Fe
electrodes. Figure 3 shows dI/dV and R as a function of Vyiss for nee = 5 and 6 MLs at different temperature. As
the color scale from 5 K (blue) to 320 K (red) shows, unconventional positive TCR specific for the A; electron
transport is observed for nge = 6 MLs in the whole range of Vpias. On the other hand, it is found that the sign of
TCR changes when |Vyias| exceeds the resonant positions shown by red arrows (Vbias < —0.58 V and Vbias > +0.52
V, as the blue arrows indicate). This phenomenon of TCR can be interpreted as follows: In the well-defined
QW-MTJs, the Az transport channels are highly localized around the resonant Vyiss, as suggested by the
enhanced TMR appearing at the resonant Vpias. AS mentioned above, R at a given Vyias is given as the integration
of the inverse dI/dV from 0 bias to the Vyias, S0 that R at Vyias reflects dI/dV ranging from 0 bias to Vyias. Therefore,
for ne =5 ML, R hardly includes the A; electron character below the resonant Vyiss, Whereas above the resonant
Vhias, R turns to the resistance dominated by the A; states, changing the sign of TCR. Positive TCR is always
observed for nee = 6 ML, since the resonant Vhiss is around 0 V.
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54 Summary

In summary, we demonstrate the enhanced TMR by modifying the A; electron tunneling transport via
QWs that are definitely created in Cr/ultrathin-Fe/MgAIl.O4/Fe MTJs. TMR at resonant Vyiss iS even higher
than that at 0 bias at RT, while the behavior of dI/dV and TMR strongly depends on whether nge is an even or
odd number, suggesting that the SDRT through QWs is useful to achieve a large TMR, exclusively at high
bias-voltages. In addition, the sign change in TCR was discovered for the present MTJs, as evidence for the
formation of well-defined QWs.
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Chapter 6 Voltage-controlled magnetic
anisotropy in Cr/Fe/MgAl.O4 quantum

well

6.1 Introduction

The voltage-controlled magnetic anisotropy (VCMA) effect is supposed to be a key factor to realize low-
power, high performance and long endurance spintronics devices in the future.[15,56,59,62,66—-84] This
technology can help to realize low-power magnetization switching in devices, which is a key to next generation
magnetic random access memories (MRAMS). These years, remarkable progress has been achieved in this
area. Giant anisotropy change in FeX/MgO system[15,77,84], ultrafast pulse-based switch[57,85,86], voltage-
assisted Spin-transfer torque(STT) switch[58,60] and non-linear behavior of the VCMA[77,92,84,87].

Cr-buffered Fe/MgO heterostructures are of particular importance in perpendicular magnetic anisotropy
(PMA) and relevant studies, and Nozaki et al. have recently achieved a remarkable progress in the VCMA
study using magnetic tunnel junctions (MTJs) with the Cr/Fe/MgO structure [72]. First, a very large interface
PMA was predicted for the Cr/Fe/MgO structure by ab initio calculations[136], followed by an experimental
demonstration of PMA of ~1.4 MJ/m? (~1000 pJ/m? for areal energy density) in previous studies[51,89] . Then,
The VCMA coefficient obtained in this kind of heterostructures reached 290 fJ/\Vm.[84,87] With Cr doped at
Fe/MgO interface, the VCMA coefficient and be further enhanced.[137]

Nevertheless, VCMA is not the only factor people should care about. As there are three major switch
methods related to VCMA: pulse switch, VCMA+STT and VCMA+SOT, one important issue is the real
current required to switch the magnetization has to be reduced. However, current progress of VCMA has some
serious problem. For STT and SOT associated switch method, the required current to switch can be only
reduced by one direction, and this is the problem caused by the linearity of the VCMA. For the poly-crystal
CoFeB/MgO based VCMA research, linear VCMA is most common and with a not so large VCMA coefficient
around 100 fJ/Vm.

Voltage Switch Voltage+STT switch Voltage+SOT switch
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Figure 6.1 Three major methods to switch magnetization trough VCMA effect. a) By voltage puls to switch, reprinted
from [57] ©2012 with permission from Springer Nature. b) Combined with voltage and STT switching, reproduced from
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[60], with the permission of AIP Publishing. ¢c) Combined with voltage and SOT switching, reproduced with permission
from [61] ©2016 IEEE.
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Figure 6.2 VCMA with linear characteristics with VCMA coefficient around 100 fJ/Vm. (a) Reproduced with

permission from [78]. ©2014 The Japan Society of Applied Physics. (b) Reproduced from [138], with the permission of
AIP Publishing.

However, there is a problem with the obtained large VCMA coefficient: the VCMA exhibits nonlinearity
when applied with positive voltage. It causes a problem that the PMA can’t be reduced when apply positive
voltage while could be enhanced when applying negative voltage. One solution is doping heavy metal to the
Fe/MgO interface, successfully obtained reduced PMA at positive voltage, where VCMA shows linearity.[139]
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Figure 6.3 Large VCMA with un-favored non-linearity behavior. Reprinted with permission from.[84] ©2016 by the

American Physical Society.

Even though, the linear VCMA is still not the final preferred style, which can only realize one-direction
switch. An “A” shape VCMA is the most preferred for real switch method or combination with STT switch.
With the “A” shape VCMA, one can realize two-direction switch of the magnetization by current only.
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Figure 6.4 favored “A” shape VCMA behavior

In this experiment, a quantum well is introduced inside the ultra-thin Fe electrode to modify the DOS.
With the resonant states introduced by the QWs near zero bias, “A” shape VCMA curve is successfully
obtained, which means PMA can be reduced at both directions of applied voltages.
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Figure 6.5 Illustration of the magnetization modification in external field.
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6.2 Experiment

Two series samples are prepared in this study. Series A samples were designed to examine the Fe thickness
dependence and associated SDRT effect. Series B sample were designed to evaluate VCMA effect

Series A is same as the MTJs used in Chapter 5, as Figure 5.2 shows. A fully epitaxial MgO (5 nm)/Cr
(30 nm)/Fe-QW (tFe: 3—7 ML)/MgAl,O4 (2 nm)/Fe (10 nm)/Ru (15 nm) prepared on a single crystalline MgO
(001) substrate. Series B is a fully epitaxial MgO (5 nm)/Cr (30 nm)/Fe-QW (tr=5, 6 and 7 ML)/MgAl,O, (2
nm)/CoFeB (5 nm)/Ru (15 nm) prepared on a single crystalline MgO (001) substrate. The MgO Cr, QW-Fe
and MgAl,O, layers were deposited by electron beam evaporation under base pressure of less than 1x10-8 Pa.
The substrate was first annealed at 800°C for degassing and cleaning surface. Then the 5 nm MgO was
deposited on substrate at 450°C as a seeding layer. Then the Cr, QW-Fe, and MgAl,O, layers were deposited
at 150°C wherein the post annealing was performed at 800°C, 250°C, and 400°C respectively. The wedge-
shaped Fe layer was deposited with a step of around 0.02 nm using a linear motion shutter equipped between
the Fe source and substrate. The top Fe reference layer was deposited at RT without post-annealing to prevent
the formation of perpendicular anisotropy at the MgAl.O4/Fe interface. Then stacks were capped with Ru layer
via RF magnetron sputtering with the process pressure of 0.4 Pa at RT without post-annealing.

Series B is a fully epitaxial MgO (5 nm)/Cr (30 nm)/Fe-QW (tre=5, 6 and 7 ML)/MgAl.O. (2 nm)/CoFeB
(5 nm)/Ru (15 nm) prepared on a single crystalline MgO (001) substrate. The major difference is here an
integer layer number of Fe layer is designed, thus it can be evaluated by SQUID to detect the accurate magnetic
properties. The MgO Cr, QW-Fe and MgAl,O4 layers were deposited by electron beam evaporation under base
pressure of less than 1x10-8 Pa. The substrate was first annealed at 800°C for degassing and cleaning surface.
Then the 5 nm MgO was deposited on substrate at 450°C as a seeding layer. Then the Cr, QW-Fe, and MgAl,O,
layers were deposited at 150°C wherein the post annealing was performed at 800°C, 250°C, and 400°C
respectively. The top CoFeB reference layer and capping Ru layer were deposited at RT without post-annealing
to prevent the formation of perpendicular anisotropy at the MgAl,Oa4/Fe interface via RF magnetron sputtering
with the process pressure of 0.4 Pa at RT without post-annealing.

The prepared films were patterned into ellipse junctions of 5x10 um? in size by conventional micro-
fabrication method using Ar ion etching and photolithography. The junctions then were measured for
magnetoresistance (MR) and the current-voltage (I-V) curves using a dc 4-probe method, with bias voltage up
to £1 V. The magnetic field up to 2T is applied in-plane to the film surface for RT measurement. A low
temperature measurement was also performed using physical property measurement system (PPMS). The
differential conductance (dI/dV) spectra were mathematic calculated from the 1-V curves.
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Figure 6.6 MTJ structure in this study.
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6.3 Results and discussion

Series A samples were designed to examine the Fe thickness dependence and associated SDRT effect.
Series B sample were designed to evaluate VCMA effect

6.3.1 Thickness dependence of PMA

In this study, to examine the accuracy of MR method for PMA evaluation[84], SQUID-VSM method is
also used for un-patterned thin films for comparison. Here, series B sample are used due to its fixed Fe
thickness.

Figure 6.7 are M-H curves for series B samples using SQUID-VSM. The applied magnetic field is in-
plane, thus, the easy axis is supplied by CoFeB reference layer, while the thin Fe layers provide perpendicular
easy axis. The 5 and 6 ML samples show large PMA, with Hi ~1.7T and 2T respectively.
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Figure 6.7 a) M-H curve for the whole MTJs. The easy axis comes from reference CoFeB, b) subtracted M-H from
bottom thin Fe layer.

Figure 6.8 shows the result from MR method. Figure 6.8 a) and c) are normalized MR curves measured
using 4 prober DC method, with field applied in-plane. The polarity of applied voltage is determined relative
to the top reference layer, where, positive and negative application inducing electron accumulation and
depletion at ultrathin-Fe/MgAl,O, interface. Since the tunnel resistance is given by the relative angle between
the magnetizations of the free and reference magnetic layers. Thus, the maximum resistance occurs at the 90°
configurations (Rgo at Hex = 0), while the minimum resistance does in the parallel configuration (R, at Hex =
Hxk). The resistance at a given relative angle 6 is expressed as:

RooR,
R, + (R90 - Rp) - cos 6 6.1
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 tO its saturation magnetization Ms

in the bottom ultrathin Fe layer can be determined as:
M, Rgo —R(6 R
in—plane = cosf = 90 ( ) P 6.2
M R(H) Rgy — Rp ’
The Min-piane/Ms calculated are shown as Figure 6.8 b) and d), with the shadow area representing PMA

energy density. As comparison, the dash lines are results from the SQUID-VSM method. It is clearly confirmed

R(6) =
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that the MR method can measure PMA property correctly as SQUID-VSM.
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Figure 6.8 MR curves for 5 and 6 ML Fe sample and converted M-H curve with comparison with SQUID

measurement results.

Using MR method, the PMA properties with different Fe thickness was evaluated. Figure 6.9 shows M-
H curves with typical Fe thickness, with te increasing, the PMA decreased a lot.
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Figure 6.9 M-H curves for different Fe thickness

2.0

The PMA energies with different tre were summarized in Figure 6.10, where we assume the PMA energy
following a simple equation as:[47]

_ K 2
Keff = t_ - 27TMS + Kv

Fe

6.3

where Ki, —2nMs?, and K, are the interface, shape, and volume anisotropy energy densities, respectively.
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Here, K; is calculated around 1.86 mJ/m?.
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Figure 6.10 Kesitre as a function of tre

6.3.2 Anomaly modulated VCMA in QW

As discussed in Chapter 5, QWs can be formed in the ultrathin-Fe layer due to the band mismatch of A;
in Fe and Cr. In The conductance spectrum of Series B sample are first examined to confirm the existence of
QWs as Figure 6.11 shows. Note that at O field, the magnetization in two electrodes are perpendicular to each
other while at saturation field, are parallel to each other. Ideally, the SDRT effect is strongest at P states, while
for orthogonal and AP states are weakened and totally blocked. For 5 ML sample, there should be no resonant
peak near 0 bias, however, a small peak can be observed in Figure 6.11 a), which indicates the thickness shift
due to sample preparation.
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Figure 6.11 Conductance spectrum of sample with tee =5 and 6 ML.

And then the VCMA measurement are carried out using 5- and 6-ML samples. The MR curves are
measured under different applied voltage for samples with 5- and 6-ML Fe as Figure 6.12 shows. It is clearly
observed that saturation field is modified due to different applied voltage. Generally, negative applications of
bias voltage cause increases of PMA while positive application cause decreases.
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Figure 6.12 typical R-H loops with different applied voltage for samples with 5- and 6-ML Fe
By converting R-H loops into M-H loops using equation 6.2, the areal PMA energy density, Kestre is
collected with bias dependence. As the applied bias step is set to 10 mV, very high resolution VCMA curves

are obtained as Figure 6.13 shows. Owing to this high-resolution measurement, fine structure of VCMA curves
are observed, which, show the influence from the DOS modified by QWs inside ultrathin-Fe.
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Figure 6.13 VCMA, TMR and dI/dV spectrum for 5- and 6-ML samples

For 5-ML sample, the resonant biases are around + 0.5V as Figure 6.13 (a) shows. Both TMR and dlI/dV
spectrum show peak structure near the resonant biases. From the DOS view, the majority will show peak
structure near the resonant voltage. When Fermi level is moved to resonant energy level, the SDRT effect
occurs showing as enhancement of conductance and TMR ratio. Benefit from the majority enhancement by
QWs, the PMA energy can also be enhanced by the spin-flip from majority to minority, which contribute
positive to the total MAE of thin Fe film. Owing to the SDRT effect, the PMA energy show consist
enhancement as well as TMR and conductance. Note that this kind PMA enhancement will be more obviously
for positive bias voltage since the electrons are accumulated at Fe/MgAl>O, interface when positive bias
applied.

Another important character of SDRT effect is that sensitivity to QW width. From calculation, the odd
layer QW width will give a high bias resonant position while for even layer QW, the resonant bias located near
0 bias. Considering this, in 6-ML Fe sample, we successfully demonstrate “A” shape VCMA curve near zero
bias, where, once bias voltage applied, the PMA energy will drop, as Figure 6.13 (b) shows.

6.3.3 Exclusion the conductance effect

As the VCMA is evaluated by MR method, it is necessary to exclude the influence from the conductance,
which also show bias dependence. To clarify the VCMA shape modification came from the bias dependence
instead of conductance bias dependence, the sample were measured with magnetic field applied out-plane of
the films, which means, the anisotropy energy of the top reference layer was investigated with the same
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conductance bias dependence.
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Figure 6.14 Comparison of normalized 4K with magnetic field applied in-plane and out-plane for a) 5- and b) 6-
ML samples.

The results are shown in Figure 6.14. The normalized 4K is defined as:

[Kepr (V) — Ko (—1V)]
Kepp(—1V)

Thus, one can compare how much the magnetic anisotropy energy modified by applied bias, with
magnetic field applied in-plane direction corresponding to PMA energy density of bottom ultrathin-Fe, and
out-plane to top reference Fe layer. Ignoring the amplitudes, the most important difference is that the fine
structure only occurs when bottom ultrathin-Fe layer is modified. It suggests that the conductance feature, has
no effect on the final output of the VCMA curves. The fine structure comes from the modified DOS of ultrathin-
Fe by introduction of QWs.

Normalized 4K, sr = X 100%

6.4

6.3.4 Anisotropy field fitting trial

Except checking the reference layer from out-plane direction. Another numerical fitting to find the
possible anisotropy field from M-H curves are executed to verify the observe behavior. If one considering
many kinds of effects may modifying the M-H curves, most significant effect comes from the relative angel
between magnetization and field, which, once the magnetization saturated, will not change anymore. Inspired
by this kind of consideration, I try to describe the M-H curve using the following equation:

KOXH+k1><sm( )+k2><sm(H)+k3><sm(H)+k4><sm(HIZ>,x<Hk
M(H)—{ 1(0><Hk+K1 K3—a x = Hy

—-x20), x > Hj

6.5

><x+(1—

k 20—hk

where, H is applied field, a and K, is numerical parameter, Hk is anisotropy field which equals to
saturation field. The basic idea is only when the applied field is smaller than Hk, the M will show angel
dependence, and once it is saturated, the M will be a simple constant or linear function to the external field due
to other effects.

The fitting is performed to the measured M-H curves under various applied field. Figure 6.15 shows an
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example from 6-ML sample at bias of 20mV. The fitting M-H agrees well with the measured results. And this
fitting finally returns to the Hk value, which determined the PMA energy density.
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Figure 6.15 Fitting trial using experience equation

With collecting the fitting Hx under various applied voltage, the Kes is also calculated using simple MsHy/2,
where M; taken as 1500 emu/cc for simplicity. Then comparison from measured Ke, fitting Hy and fitting Kes
is made as Figure 6.16 shows.

The fitting result perfectly reproduced the measured results. Here, since the fitting Kes is simply product
of fitting Hx and giving Ms, the value is slightly higher than the measured results. However, the importance is
that all the features of the captures are well reproduced, which means, the obtained fine structure, is mainly
related to the anisotropy field rather than other unexpected factors.

98



Measured Kgq fro

1000 — ® Fitting A,
F|tt|ng Keff'tFe 1 17
950 [~
— 16
900 [~

850

(L 'H

2
Kot tre(Hd/m)

800

750

700

-1.0 -0.5 0.0 0.5 1.0

Bias Voltage (V)

Figure 6.16 The comparison between fitting Hy, measured Kes and fitting Kegr.

6.3.5 Barrier thickness dependence

As mentioned at the beginning. The idea to anomaly modulate the VCMA is related to the DOS
modification by the SDRT effect. However, a further theoretical calculation is required to convince it. Here, |
design a simple experiment to prove the effect is related to potential at the interface rather than to electron
accumulation/depletion at the interface, thus, | can somehow attribute the origin to the DOS as the DOS is
potential related feature rather than electric field related feature.

In this part, a different sample series is prepared with wedge barrier. As the interface of Fe/MgAIl;O4 is
critical for the PMA, the first 1 nm MgAl.O4 adjacent on Fe is deposited by EB-evaporation, then a wedge
MgAI;O4 is deposited on EB-MgAl,O, with sputtering technique.
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Figure 6.17 MgAl,O4-thickness (tmao)-dependence of resistance in parallel magnetic state (P state) at RT for epitaxial
Fe/MgAl,O4/Fe MTJ. Dash lines are least-squares fitting to c - e(*tvarrier) where C and « are fitting parameters.

As Figure 6.17 shows, the resistance shows a typical exponential relation with the barrier thickness as:
R = ¢ - e(@tbarrier) 6.6

This suggested the two-step barrier deposition technique provide a good layer-adjacent ability as one-step
deposition. Then, these junctions are measured for the VCMA as Figure 6.18 shows. The VCMA is separately
evaluated regarding to applied voltage or electric field. The former is more related to the energy levels in the
DOS, and the latter one is more related to electron accumulation/depletion at the interface.

It is clear observed that, if the VCMA is considering for potential, the features of the capture for various
barrier thickness show interesting similarity. It reveals that no matter how thick the barrier, how much the
electron passes through this interface, the VCMA gives a same response with same applied voltage. It indicates
that the VCMA obtained here, is more related to the potential, i.e. the energy levels at the interface. For more
clear comparison, the VCMA coefficient for the range near 0 bias is evaluated also for various barrier thickness.

The VCMA coefficient(&vema) is plotted as itself or divide by barrier thickness. As the barrier thickness
is different, then the electric field applied at the interface is also different with the same applied voltage. Thus,
the summarized data shows an interesting conclusion. If we evaluated the VCMA coefficient by voltage, then
the different barrier thickness sample provide a same VCMA coefficient. However, if the VCMA coefficient
is evaluated by electric field, then it increases with increasing barrier thickness. From this point of view, it
looks like the hypothesis that the VCMA obtained in this study only has potential sensitivity rather than electric
field sensitivity.
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Figure 6.18 The Kestre as a function of applied bias voltage and electric field.
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6.4 Summary

In this experiment, Cr/ultrathin-Fe/MgAl.O./Fe(CoB) MTJs are evaluated the VCMA with the existence
of QWs in ultrathin-Fe layer. The PMA energy density is evaluated up to 1.4 MJ/m? with K; around 1.86 mJ/m?,
The QWs is confirmed by the conductance spectrum and the VCMA is observe by anomalous modulated by
the SDRT effect. The largest VCMA coefficient is up to 390 fJ/Vm. It is believed that the anomalous VCMA
originated from the DOS maodification near the interface by the SDRT effect. A barrier thickness dependence
experiment is performed to confirm the observed VCMA effect is related to the potential rather than electrical
field. The anomalous VCMA also provide the possibility to obtain “A” shape VCMA curve, with the resonant
state confined near 0 bias, which can realize two direction switches by current only.

102



Chapter 7 Summary

In development of magnetic memories, PMA, TMR and writing methods are the three major aspects to
research with. In this study, the VCMA, which is crucial for next-generation writing technique, is evaluated
for a Fe/oxide interface. Meanwhile, the PMA and TMR properties are also investigated as they are the
important issues for applications.

1. AsFe/MgO is a typical structure for coherent MTJs, a VCMA evaluation if performed to an epitaxial
Cr/Fe/MgO/Fe MTJs. A large interfacial PMA is obtained at the Fe/MgO interface with H larger than
2T. Different post-annealing temperatures are performed to the Fe/MgO interface to modify the
interface conditions. A clear PMA energy density difference is observed for different annealing
temperature, which indicates the interface conditions modified. The largest VCMA coefficient
obtained is around -270 fJ/Vm. The most interesting observation is a local minimum around 100 mV,
independent from annealing temperatures. Same evaluation is performed for various measurement
temperatures with the local minimum survived. It indicated the obtained nonlinear VCMA originated
from the electronic structures which independent from the interface conditions.

2. For better understanding the VCMA, a better interface with perfect lattice match is expected to reach
the ideal interface used in theoretical calculation. Thus, a MgAl»Os is used to replace MgO which has
less than 1% lattice mismatch from Fe electrode. Epitaxial Fe/ MgAl,O4 heterostructures are prepared
by direct EB-evaporation. A maximum PMA energy up to 1 MJ/m? is obtained for optimized
conditions. And the obtained PMA is evaluated for various temperatures which shows only ~15%
fluctuance of K; regarding temperature from 100K to 300K. Meanwhile, a damping constant is
evaluated around 0.02.

3. Regarding the ultrathin-Fe sandwiched by Cr and oxide barrier structure, quantum well is supposed
established within ultrathin-Fe, attributing spin-dependent resonant tunneling effect to the tunneling
process. As the MgAl,Oy, is perfect matching with Fe, a Cr/Fe/MgAl.O4 can create a perfect quantum
well structure as there no dislocations or defects. A significant enhanced TMR is observed due to the
SDRT. When the resonant bias locating far from zero bias, the TMR at the position is even higher
than zero bias value. Comparing the enhancement of TMR at zero bias with and without resonant, a
1.5 times difference can be observed. A temperature dependence measurement is also performed to
prove the A; transport is confined at the resonant bias, where a reversed TCR is observed for resonant
position from non-resonant positions.

4. With large PMA obtained in Fe/MgAl>O4, and QWs is well established inside Fe layer, an anomalous
VCMA is observed. In this experiment, Cr/ultrathin-Fe/MgAl.O4/Fe(CoB) MTJs are evaluated the
VCMA with the existence of QWs in ultrathin-Fe layer. The PMA energy density is evaluated up to
1.4 MJ/m? with K; around 1.86 mJ/m?. The QWs is confirmed by the conductance spectrum and the
VCMA is observe by anomalous modulated by the SDRT effect. The largest VCMA coefficient is up
to 390 fJ/Vm. It is believed that the anomalous VCMA originated from the DOS modification near
the interface by the SDRT effect. A barrier thickness dependence experiment is performed to confirm
the observed VCMA effect is related to the potential rather than electrical field. The anomalous
VCMA also provide the possibility to obtain “A” shape VCMA curve, with the resonant state confined
near 0 bias, which can realize two direction switches by current only.
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