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Introduction

1.

Spintronics

Electrons possess two degrees of freedom: charge and spin. While conventional electronics
have utilized only the information of charge, in recent decades, the field of "spintronics",
which develops devices with new functions by controlling the information of spin, has been
actively researched'. The concept of spintronics developed from research on the magnetic
resistance (MR) effect in metallic artificial lattices using magnetic materials. MR effect
refers to the phenomenon where the electrical resistance of a material changes due to an
external magnetic field. The MR effect is classified into several types.

In spintronics, particularly important research on MR effects dates back to the discovery
of anisotropic magnetoresistance (AMR) by W. Thomson in 18572, The AMR effect is a
phenomenon where the electrical resistance of a ferromagnetic thin film changes depending
on the relative angle between the direction of magnetization and the direction of the electric
current flowing through the film. This can be explained by considering the effects of spin-
orbit interaction in the two-current model®. Although the change in electrical resistance due
to the AMR effect is at most about 3% at room temperature?, it has been applied to magnetic
sensors (AMR sensor), including the early read magnetic heads for HDDs.

Following this, the giant magnetoresistance (GMR) effect was independently discovered
in 1988 by the groups of A. Fert and P. Griinberg>®. Both A. Fert and P. Griinberg were
awarded the Nobel Prize in Physics in 2007 for their discovery of the GMR effect. The GMR
effect occurs in metallic artificial lattices of ferromagnetic/non-magnetic/ferromagnetic
layers, where the electrical resistance changes depending on the relative angle of
magnetization of each ferromagnetic layer when an electric current is passed in-plane or
perpendicular to the film. This effect is attributed to spin-dependent scattering, where the
potential experienced by electrons moving through the artificial lattice varies depending on
the spin orientation. The GMR effect is named after following: the change in electrical
resistance due to the GMR effect is "giant" compared to the AMR effect, ranging from
several percent to several tens of percent at room temperature. This significant change in
resistance enabled the creation of more advanced devices than before. For example, read
magnetic heads for HDDs were transitioned from those based on the AMR effect to those
based on the GMR effect, which is called GMR sensor.

And in recent years, the most highlighted phenomenon among the various MR effects is

the tunnel magnetoresistance (TMR) effect.



TMR effect

Magnetic Tunnel Junction (MTJ) is the element consisting of three film layers:
Ferromagnetic layer (FM1) / Insulator (I) / Ferromagnetic layer (FM2), where all layers are
nm-order films. If bias voltage (Vgias) is applied along out-of-plane direction, electrons
tunnel from FM1 to FM2 with the “Tunnel effect”, which is a famous phenomenon in
Quantum Physics. In this case, the resistance of MTJ change according to the relative angle
of FM1 and FM2 as shown in Figure I-1. This is called Tunnel magnetoresistance (TMR)

effect. The degree of resistance change is evaluated with TMR ratio as defined below.

R.,p — R
% X 100 [%)] (1)
P

TMR ratio =

Rp denotes the resistance of parallel (P) configuration, which is the lowest resistance. On the
other hand, Rap denotes the resistance of anti-parallel (AP) configuration, which is the
highest resistance. The first study of the TMR effect was conducted by Julliere in 19757,
where a TMR ratio of 14% was observed in a Fe/GeO/Co structure at the low temperature
(LT) of 4.2K, but it was not observed at room temperature (RT). TMR effect at RT was firstly
reported by T. Miyazaki at Tohoku University (TMR = 18% with Fe/Al-Ox/Fe @ RT)® and
J. S. Moodera at MIT (TMR = 11% with CoFe/Al-Ox/Co @ RT)’ at the same time in 1995.
TMR effect can be described using Julliere model (Figure 1-2)’. All spins are divided into
up-spin and down-spin, where the quantities of up-spin and down-spin are different (=
polarized) in ferromagnetic materials. Up-spin and down-spin in FM1 at Fermi energy (£F)
tunnel into up-spin state and down-spin state in FM2 respectively if we suppose that
tunneling spins conserve their spin states (not flipped). Here, we can understand that the
conductance in P state is clearly larger than AP state because P state has the big tunneling
path from Majority of FM1 to Majority of FM2. We can describe the tunneling conductance
for P (Gp) and AP (Gap) as below:
Gp < D1y(Ep)Dom(Er) + D1 (Ep)D2m(EF)
Gap X D1y (Ep)Dom(Ep) + Dy (Ep) D2y (EF)
Where, Dim(EF) denotes the density of Majority states of FM1 at Er for example. Then, we

(2)

can define spin polarization (P) as below:

_ Dyy(Ep) — D1;n(EF)

P, =
' Dim(Ep) + Dy (Ep) 3)

P, = Dyy(Ep) — Do (EF)
* " Dam(EF) + Dom(Er)

Therefore, TMR ratio is also defined using P; and Px:
2P,P,
TMR ratio = —— x 100[9 4

ratio 1-P,P, [%] (4)
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Figure I-2 Julliere model

MTJ using crystalized (001)-MgO barrier

Conventionally, amorphous Al-Ox materials have been used as the insulating layer. In
amorphous materials, due to the random arrangement of atoms, electrons undergo random
scattering during the tunneling process, and information related to the in-plane wave vector
k// of the tunneling electrons is lost. On the other hand, in 2001, first-principle calculations
were conducted on a crystallized Fe(001)/MgO(001)/Fe(001) MTJ, both in terms of the
ferromagnetic layer and insulating layer, and a very high TMR ratio of 1000% was

theoretically predicted by Butler et al'®. The mechanism is explained below.
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In an MTJ using a crystallized insulating layer with a regular in-plane arrangement,
electrons tunnel without undergoing random scattering, preserving their symmetry (Bloch
states). Figure I-3 shows the band dispersion diagram for Fe [001] (k//=0). Near the Fermi
level, which contributes to conduction, there are Bloch states of A1, Ay, As in the Majority,
and As, Az, Ay in the Minority. Figure I-4 shows the state density of tunneling electrons with
each of these Bloch states in MgO(001). At this time, in the parallel state
Majority—Majority tunneling process (a), it is evident that only A; electrons occupy the
majority of the conductance. In other tunneling processes (b)(c)(d), all Bloch states
significantly attenuate during the tunneling process. Although the above discussion pertains
to k//=0, the situation is different for k//#0. Figure 1-1-5 shows calculated tunneling
probabilities for parallel and antiparallel states in the k// in-plane. The results in the parallel
state are consistent with the A; electron dominant tunneling observed in Figure I-4. However,
in the parallel state Minority and antiparallel state, conductance peaks are observed at k//#0.
The presence of conductance in the antiparallel state limits the TMR ratio.

Although high TMR ratios were theoretically predicted for MgO insulating layer MTJs,
they were experimentally confirmed by Yuasa et al. in 2004!!. Using molecular beam epitaxy,
Yuasa et al. fabricated fully epitaxial Fe(001)/MgO(001)/Fe(001) MTJs and reported TMR
ratios exceeding the theoretical limits of the Julliere model: 88% at room temperature and
146% at low temperatures. Following this report, research on MgO insulating layer MTJs
accelerated, and Yuasa's group optimized the fabrication conditions to achieve a TMR ratio
of 180% at room temperature'?. In the same year, 2004, Parkin et al. reported a TMR ratio
of 220% at room temperature in CoFe/MgO/CoFe MTJs fabricated by sputtering'®. These
MT]Is have epitaxial relations only in the in-plane direction and are (001) oriented, which is
considered to be the reason for such high TMR ratios.

In 2005, Djayaprawira et al. reported a TMR ratio of 230% at room temperature in
CoFeB/MgO/CoFeB MTJs using amorphous CoFeB as the ferromagnetic layer'4. In this
report, the polycrystalline MgO film sputtered on amorphous CoFeB grow with (001)
orientation, and the top CoFeB ferromagnetic layer also grow amorphously. To achieve high
TMR ratios, crystallization at the ferromagnetic layer/insulating layer interface is necessary,
but in this MTJ, it was confirmed that the amorphous CoFeB grows as an in-plane
polycrystalline film on (001) oriented MgO after annealing process (Figure 1-6)5.
Furthermore, in 2008, lkeda et al. optimized the fabrication conditions of this
CoFeB/MgO/CoFeB MT]J, reporting TMR ratios of 604% at room temperature and 1144%

at low temperatures, approaching the theoretical predictive limits'®.
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Figure I-6 Mechanism of high TMR with CoFeB/MgO/CoFeB-MTJ

Magnetic sensor

Magnetic sensor is a good application using TMR effect, which is called TMR sensor!”.
There are AMR sensor and GMR sensor using AMR effect and GMR effect respectively as
well among the sensors that utilize spintronics'®. There are various applications for magnetic
sensors, including read magnetic heads for HDDs, electric compasses detecting geomagnetic
fields, automotive acceleration sensors, non-destructive sensors for detecting defects inside
objects, and the bio-magnetic sensor which is the focus of this research.

Figure I-7 compares various magnetic sensors with the perspectives of Detectivity and
Dynamic range'®2°. Hall elements, which use the Hall effect (a current magnetic effect),
offer the advantage of linear output but have the disadvantage of significant temperature
dependency due to being semiconductors’®. Fluxgate (FG) elements, utilizing
electromagnetic induction, can sensitively detect static magnetic fields or low-frequency
magnetic fields, but their disadvantages include high power consumption and detectivity
reduction with miniaturization’!-2, Magneto Impedance Sensors (MI Sensors), which apply
the magneto-impedance effect’334, are highly sensitive’® but require alternating current
power and output correction, and exhibit detectivity dependent on sensor unit size,
decreasing with miniaturization®®. SQUIDs (Superconducting Quantum Interference
Devices) represent ultra-high sensitivity magnetic sensors, reading external magnetic fields
through the change in resonance conditions of Josephson junctions made from
superconducting rings, and have an extremely low detectivity of 100 fT373%, However, they
require elaborate equipment due to the need for low-temperature operation using liquid
helium, making their running costs substantial’®. Optical pumping devices, recently

achieving sensitivities comparable to SQUIDs, are limited to use in shielded rooms due to
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5.

their small dynamic range. Furthermore, the Zeeman effect coefticient, a critical factor for
practical application, is not yet well understood***!. In recent years, the development of
diamond NV (Nitrogen-Vacancy) sensors as a new type of magnetic sensor has been
progressing*?. These sensors potentially have a high detectivity, but their complexity in
principle and cost issues present challenges.

Here, we can clearly confirm that TMR sensor has both merits of good detectivity and wide
dynamic range. In following sections, I’ll explain the basic principle and promising

application of TMR sensor in detail.
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L.E-13 SQUID

o TMR
£ ko .
> @
2 MI GMR
= LE11
2 FG
D
2 1E10
General Trend of
LE-09 || Magnetic sensor performance
AMR NV
1.E-08 ® ®
GeoMagnetism Hall effect
1LE-07
1.E-09 1.LE-08 1L.E-07 1.E-06 LE-05 1.E-04 1.E-03 LE-02 LE-01 LE+00

Dynamic range (T)

Figure I-7 Magnetic sensor comparison

TMR sensor

TMR sensor is a simple magnetic resistance effect-based sensor, operable at RT. It can
work with just a direct current power source and a voltmeter, making them inexpensive to
manufacture with low running costs. Also, the junction area of TMR elements is very small,
less than tens of um?, allowing for considerable miniaturization of the sensor size. This
enables high spatial resolution by placing sensors at high density. Furthermore, TMR sensors
use an insulating barrier layer, allowing for low power consumption as the current required
to obtain detectable voltage values is small.

Figure I-8 shows an ideal TMR curve for the application of magnetic sensor. The sensitivity
of TMR sensor is defined below:

TMR ratio

Sensitivity = —2H, [%/0e€] (5)
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In addition, the detectivity of TMR sensor is defined below using Sy (noise level) and bias

1 Sv?
Detectivity = T/NH 6
etectivity Sensitivity ’VB,-asz[ NHz| ©

There are two important points to realize the ideal TMR curve.

voltage (Vaias):

The first point is that the magnetization of pinned layer has to be pinned literally. Previous
work already discovered the spin-valve structure, where an anti-ferromagnetic material
contacted with the pinned layer ferromagnet pins its magnetization with the annealing
process under magnetic field*.

The second point is the linear response around zero field. Here, our group has previously
suggested the method of performing two annealing process on the sample**. The concept
diagram is shown in Figure 1-9. When an annealing under magnetic field is applied to an
MT]J, an exchange bias is added to the pinned layer, and induced magnetic anisotropy is
added to the free layer. The induced magnetic anisotropy in the free layer occurs due to a
slight shift in atomic positions caused by the magnetic field annealing, altering the magnetic
anisotropy. Initially, the MTJ deposited in a magnetic field possesses uniaxial anisotropy.
The first annealing is conducted while applying a magnetic field along the easy axis of both
the free layer and the pinned layer. This first annealing is performed at a temperature higher
than both the temperature at which exchange bias is applied to the pinned layer and the
temperature at which induced magnetic anisotropy is added to the free layer. Subsequently,
the MTJ undergoes a second annealing at a lower temperature than the first, with the
direction of the magnetic field rotated by 90 degrees. The temperature of this second
annealing is set lower than the temperature at which exchange bias is added to the pinned
layer but higher than the temperature at which induced magnetic anisotropy is applied to the
free layer. This second annealing allows for the rotation of the direction of the induced
magnetic anisotropy in the free layer by 90 degrees, while the direction of uniaxial
anisotropy and exchange bias in the pinned layer remains unchanged. Through this process,
the easy axes of the pinned and free layers become orthogonal to each other, and the
magnetoresistance curve reflects the magnetization curve in the hard axis direction of the
free layer. Consequently, it is believed that the magnetoresistance curve become linearly

around zero magnetic field.

In the next section, I’ll explain the detection of Magneto-Encephalo-Graphy (MEG), which

is the promising application of TMR sensors.
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6. MEG detection and TMR sensor

In recent years, the advancement of Artificial Intelligence (Al) has been remarkable, and
we are encountering a significant change of the world as various aspects of our daily lives
are being replaced by Al. While the evolution of Al represents an innovation in the software
side, on the hardware side, the evolution of electronics has led to the miniaturization of
devices and a dramatical improvement in measurement and signal processing technologies.
Currently, there is a growing trend of integrating Al with these measurement technologies
to advance neuroscience. This technology, blending the Brain with Technology, is called as

'‘Braintech' (or Neurotech), and it is believed that its market size could expand to several
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trillion to tens of trillions of yen by around 2040 (Figure I-10) 4. The founding of Neuralink
by Elon Musk in 2017 marked the beginning of Braintech as a globally highly expected
next-generation technology*®. The applications of Braintech are incredibly diverse,
including medical uses, BMI (Brain-Machine Interface: a technology that connects the brain
and machines, interpreting human thoughts to control machines and robots), and
neuromarketing, among others (Figure I-11).

Various techniques for measuring brain activity have been considered, but the most
common method involves placing electrodes on the brain to measure Electro-Encephalo-
Graphy (EEG). However, this method only allows for the collection of information from the
surface of the brain. To access deeper brain information, invasive devices with electrodes
inserted deep into the brain are necessary. Therefore, a new method of measuring brain
information is collecting attention: the detection of Magneto-Encephalo-Graphy (MEG).
Magnetic fields have the property of penetrating the brain, making it theoretically possible
to read deep brain information even when sensors are placed on the brain's surface.
Traditionally, SQUIDs have been the mainstream for measuring brain magnetic fields.
However, the detectivity of TMR sensors has dramatically improved in recent years. These
sensors are gaining attention as an overwhelmingly simpler method than SQUIDs for
detecting brain magnetic fields at RT (Figure 1-12).

Recently, our group has achieved the lowest detectivity of TMR sensor in the world
approaching SQUID as shown in Figure 1-13%7, where we used CoFeSiB free layer which
would be explained later. Then, we demonstrated the measurement of cerebral field as shown
in Figure I-14, where we successfully observed the cerebral field signal similar to SQUID
with very compact TMR sensor. Moreover, TMR sensor can potentially obtain this result
outside of a magnetic shield room as a benefit of its wide dynamic range. However, the TMR
signal is still noisy compared to SQUID, which means that we need to more improve the

detectivity of TMR sensor.
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Figure I-10 Investment Scale of the Braintech (Neurotech) Market (Global)
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7.

Conventional approach to improve the performance of TMR sensor

To date, numerous studies have been conducted to improve the detectivity of TMR sensors
aimed at detecting bio-magnetic fields. Particularly, various materials have been examined
for the free layer material, which significantly affects both the improvement of TMR ratio
and the reduction of Hy. To reduce Hy, soft magnetic materials with low magnetic anisotropy
are required, and this section summarizes the soft magnetic materials examined so far,

including their implementation in MTJ structures.

@D MTJ Structure Using NiFe Free Layer
NiFe (Permalloy) refers to a binary alloy of NiFe containing about 80% Ni, as well as

multicomponent alloys with additions of Mo, Cu, Cr, etc. It is an excellent soft magnetic
material derived from "permeability + alloy." NiFe with 35-100% Ni forms a metal solid
solution and has an fcc structure. Figure I-15 shows the composition dependence of NiFe's
magnetic anisotropy constant K; and magnetostriction constant s *8. When Ni and Fe are
randomly arranged in an irregular structure due to rapid cooling, K1 becomes zero at around
75% Ni composition, and /s also becomes zero at a similar composition, exhibiting excellent
soft magnetic properties. However, if NisFe becomes ordered due to slow cooling, the
composition at which K; becomes zero shifts significantly, and K; and 4s do not
simultaneously reach zero, failing to exhibit soft magnetic properties. Therefore, it is
necessary to inhibit the growth of NizFe ordered structure in bulk NiFe through rapid cooling.
Although the compositions at which K and 4s of NiFe alloy become zero are not exactly the
same, attempts have been made to add small amounts of Mo, Cu, Cr, or Si to simultaneously
bring K and As to zero and to suppress the growth of the NisFe phase. For example, Egelhoff,
Jr. et al. have reported a low Hi of 0.8 Oe by depositing Niz;Fe14CusMoy using ion beam

deposition®.
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Despite being an excellent soft magnetic material, the crystal structure of NiFe is fcc,
which poses a problem when creating structures like CoFeB/MgO/NiFe or
CoFeB/MgO/CoFeB/NiFe®. The coherent tunneling of A; electrons is not realized, leading
to a significant reduction in TMR ratio compared to MTJs using only CoFeB as the free
layer. In our lab, we designed an MgO barrier MTJ using a CoFeB/Ru/NiFe synthetic
structure for the free layer and achieved high magnetic field sensitivity of 25%/Oe at RT
(Figure 1-16) 3. When the thickness of the intermediate layer Ru is 0.4~1.0nm, the
magnetizations of the CoFeB layer and the NiFe layer oscillate between parallel and
antiparallel coupling depending on the thickness of the Ru layer’2. Particularly, an
antiparallel coupling is utilized when the thickness of Ru is 0.85nm. This choice is based on
a balance between coupling strength (about 200 Oe) and thermal resistance (about 325°C).
Under this structure, the magnetizations of the CoFeB and NiFe layers are antiparallel near
zero magnetic field, and if the NiFe layer is sufficiently thicker than the CoFeB layer, the
CoFeB layer reflects the soft magnetic reversal of the NiFe layer. Furthermore, the
intermediate Ru layer structurally disconnects the NiFe and CoFeB layers, minimizing the
change in the structure of bce-CoFeB due to the fce structure of the NiFe layer. Therefore,
it is possible to realize soft magnetic reversal while maintaining a high TMR ratio. However,
considering the sensitivity of 100%/Oe required for MEG detection, a further few times
improvement in sensitivity is required. Additionally, the complexity of the film structure due

to the synthetic structure leads to increased production costs.

@ MTJ Structure Using CoFeSiB Free Layer

CoFeSiB is an amorphous material, and ideally, its K; becomes zero. Additionally, when
the composition is Co7o.sFes 5S115B 10, the magnetostriction, or s, becomes zero (Figure I-17)
48 This implies that it is an exceptionally soft magnetic material. The magnetoresistance
curve of an MTJ using a CoFeSiB free layer is shown in Figure I-18°3. Like the NiFe free
layer MTJ shown in Figure I-16, a synthetic structure using Ru is adopted for the free layer.
A very high magnetic field sensitivity exceeding 100%/Oe was observed, making it a
standard structure for TMR sensor. However, simplification of the film structure is also
needed as the MTJ using a NiFe free layer. The complexity of the film structure of the MTJ
using a CoFeSiB free layer arises not only from the use of the synthetic structure but also
from the high electrical resistivity of the CoFeSiB layer, making it unsuitable as a lower

electrode. Therefore, a lower electrode layer of Ru is inserted as an underlayer.
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3 MTJ Structure Using Heusler Alloy Free Layer

Heusler alloys are a type of half-metal material. I’ll explain half-metal materials and
Heusler alloys here. As mentioned earlier, for improving sensor sensitivity, ferromagnetic
materials with high TMR ratio are required, and high spin polarization half-metal materials
have attracted attention. Figure I-19 shows the DOS concept diagram of half-metal materials.
Half-metal materials are those in which one spin at the Fermi level exhibits metallic
properties, while the other spin exhibits insulating properties. At this time, the spin
polarization rate becomes 1, so if such half-metal materials are used in an MTJ, the TMR
ratio theoretically diverges to infinity. Although in reality, the TMR ratio does not diverge
infinitely due to the effects of bias voltage and spin flip during electron tunneling, these
materials are expected to yield a larger TMR ratio compared to general 3d electron system
materials (such as Co, Fe).

Heusler alloys are ordered alloys with a molecular formula of X>YZ and were confirmed
to exhibit ferromagnetism in a Cu-Mn-Al composition by F. Heusler in 1903 34, Recently,
several compositions of Co-based Heusler alloys with the composition Co2YZ have been
reported to exhibit half-metallicity through first-principle calculations®>. Because of this
background, research on MTJs using Heusler alloys as ferromagnetic layers, such as
CooMnSi and CooMnGe, has accelerated®6~7.

The results of previous studies on MTJs using Heusler alloys as free layers in our lab are
summarized below. Figure [-20 shows a prior study on the composition dependence of TMR
ratio in MTJs with Co,FexMn;«Si/Al-O/Co7sFexs structure>®. CooFexMnSi is reported to
exhibit half-metallicity in the case of x = 0.0 ~ 0.6, and compared to Co,MnSi, it possesses
characteristics such as low H. and low Hi, making it a material expected to achieve both
high TMR ratio and good soft magnetic properties®®. Figure I-21 shows the film structure
and magnetoresistance curve of an MTJ using CozFeo.4Mno 6Si as the free layer and MgO as
the insulating layer®. The feature of this structure is that Co,Fe 4Mny ¢Si has a bec structure,
hence has an epitaxial relationship with MgO, eliminating the need for an insertion layer to
promote A electron coherent tunneling between CozFeosMnoSi and MgO. However, the
result was an almost linear magnetoresistance curve with lower sensitivity compared to

MT]Js using NiFe or CoFeSiB as the free layer.
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8.

Approach of This Study

In the previous section, I summarized the free layer materials previously considered for
improving the performance of TMR sensors and their sensor characteristics. Figure 1-22
summarizes sensitivity potentials of free layer materials, where none have yet reached the
target sensitivity of SQUID level. In the context where the sensitivity of TMR sensors seems
to be saturating, exploring novel free layer materials as alternatives to traditionally used
NiFe or CoFeSiB can potentially lead to a significant improvement in sensitivity, making it
a highly meaningful approach.

In this study, I focused on the Sendust alloy (Fer3.7Alo7Sii66 at.%, hereafter Sendust or
FeAlSi) discovered by the Institute for Materials Research at Tohoku University. FeAlSi
with a bulk form has various applications, such as magnetic heads®'~%°. However, there is no
prior research on nm-film fabrication of Sendust, which would be applicable to MTJs, while
only thicker than um order FeAlSi are investigated®*¢7. Therefore, this study's approach is
highly original, which includes verifying the feasibility of thin-film fabrication and

exploring the potential application to TMR sensors from scratch.

@D Sendust alloy

Sendust is a soft magnetic material discovered in 1937 by Hakaru Masumoto and Tatsuji
Yamamoto at the Institute for Materials Research, Tohoku University®®. Sendust exhibits
exceptional soft magnetic properties, showing characteristics equal to or better than the
conventional soft magnetic material NiFe.

Table I-1 compares various properties of NiFe and Sendust®. Its DC permeability is higher
than that of NiFe, and despite having a coercivity (H) value equivalent to that of NiFe, the
production cost of Sendust, made from Fe, Al, and Si, is significantly cheaper compared to
NiFe, which uses expensive Ni. Figure [-23 shows the composition dependence of the initial
permeability of Sendust. It can be observed that the permeability increases sharply only near
what is called the Sendust central composition, FessAls4Sio ¢ wt.%. This indicates that the
soft magnetic properties of Sendust are exhibited only in a limited composition range.
Masumoto and others made hundreds of different composition samples and repeated

experiments many times, finally leading to the discovery of Sendust.
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@ The Origin of Soft Magnetism in Sendust

Sendust exhibits soft magnetic property only when its composition is near the central
composition. Masumoto and others discovered Sendust by investigating compositions near
where the magnetostriction constant was expected to become zero’®**#. However,
Wakiyama and others have thoroughly investigated the crystal magnetic anisotropy constant
K1 and saturation magnetostriction constant As near the central composition of Sendust,
analyzing that both K; and s becoming zero simultaneously at the central composition is
the key to its soft magnetic property (Figure 1-24) 7!. In other words, the intersection of the
K1 =0 line and the 4 = 0 line on the Fe, Al, Si composition diagram corresponds to the
central composition of Sendust. However, results from other research groups have reported
that the K, = 0 line significantly differs from what Wakiyama and others have determined’?.
Wakiyama and others considered that the method of sample preparation could be the cause
of this difference. Additionally, Takahashi and others have thoroughly investigated the K
and /s of Sendust in um-order thick sputtered films’3, reporting that the intersection of the
Ki =0 line and the 4s = 0 line is the central composition of Sendust.

The crystal structure of Sendust is a D03 ordered structure, and it is believed that achieving
the DO; ordered structure is also necessary for the achievement of its soft magnetic
property®!. Therefore, according to prior research on bulk materials, the soft magnetic
property of Sendust is considered to be achieved through the combination of the central

composition and the D03 ordered structure.

@ Potential of Sendust as a Novel Free Layer Material

Using Sendust as a free layer is considered to have several merits.

First, a high TMR ratio can be expected. The FeAlSi crystal structure is a D0z-ordered
structure, an ordered arrangement of bcc(A2)74. Figure 1-26 shows the estimated epitaxial
relationship between Sendust and MgO, with a lattice mismatch of 4.7%. While there is no
prior research on epitaxial films of Sendust, and it is unknown if Sendust can epitaxially
grow on MgO, the Heusler alloy CozFeo.4Mno ¢Si has been confirmed to epitaxially grow on
MgO with a lattice mismatch of 5.3%. This suggests that an epitaxial relationship between
Sendust and MgO is quite possible. If an epitaxial relationship exists between Sendust and
MgO, the MTJ structure using Sendust as a free layer would be very simple, as shown in
Figure I-27. Like the Heusler alloy, the feature of this MT]J is that Sendust has a bcc structure,
enabling an epitaxial relationship with MgO, and the entire MTJ is manufactured in the
(001) orientation. Therefore, high TMR ratios can potentially be realized without the need
for insertion layers such as CoFeB, as suggested by theoretical calculations from previous

research!.
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Second, it is possible to reduce Hi. As shown in this section, Sendust exhibits excellent
soft magnetic properties in bulk state, equivalent or superior to free layer materials like NiFe.
If Sendust is successfully thinned into films and maintains good soft magnetic properties in
film state, it might exhibit lower Hy than other MTJ free layer materials.

Third, the film structure can be simplified. As shown in Figure 1-27, the MTJ using Sendust
(single-crystal) as a free layer has a much simpler film structure compared to conventional
MTIs. Simplification of the film structure leads to reduced production costs, and if high
sensitivity is achieved with the MTJ structure using Sendust as a free layer, Sendust has the
potential to become the standard material for TMR sensor free layers.

From the above, using Sendust as a free layer could potentially realize both high TMR ratio
and low Hi with just a single layer of Sendust, and further simplify the film structure
compared to conventional methods, making Sendust a highly promising material as a novel

free layer material.
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Table I-1 Comparison of Characteristics between NiFe and Sendust

Soft
Magnetic u, (DC) u, (4MHz) B, (G) H:(Oe) p (2 cm) T. (°C)

Material

NiFe 20000 40 8700 0.05 5510 460

Sendust 30000 30 11000 0.05 80x10¢ 500

Sendust central composition
(FegsAlg Sig s Wt.%)
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9.  Purpose in this study

In this study, I firstly investigate the film property of FeAlSi alloy and its potential as a new free

layer material in TMR sensor.

The purpose of this study is below.
Fabricate FeAlSi film of nm-order which has both of low magnetic anisotropy and

high TMR ratio to show the potential sensitivity to apply for TMR sensor.

For proving the possibility of applying FeAlSi as a new free layer material, I set the target of
the potential sensitivity as 100%/Oe, which is comparable to the conventional material of
CoFeSiB as shown in Figure 1-28. Additionally, I’ll explore the strategy to achieve the
performance comparable to SQUID.
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Figure I-28 Target of this study
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Experimental methods

1. Film fabrication

In this study, I utilized a ULVAC-manufactured 10+3+1 element sputter device (commonly
known as Helicon3) capable of depositing high-quality TMR multilayers. A schematic diagram
is shown in Figure II-1. The device consists of four chambers: a preparation chamber (#£fif =),
a transport chamber (5 =), a deposition chamber (& =), and a sputtering chamber (A ¥
v X %), with their respective vacuum levels as shown in the figure. The samples are first
transported to the transport chamber by a robotic arm and transferred to the deposition or
sputtering chamber for deposition. The transport and deposition processes are fully automated
and controlled by an integrated computer. In the deposition chamber, cathodes (CA) are
numbered counterclockwise, starting from the one closest to the transport chamber. The sample
holder in the deposition chamber includes a holder A capable of deposition in a magnetic field
and a holder B capable of substrate heating and chamber thermal processing. Permanent magnets
are attached at both ends of holder A, applying a magnetic field of approximately 100 Oe to the
samples, inducing magnetic anisotropy in the deposited ferromagnetic thin films. Detailed
heating mechanisms of holder B will be described later. The deposition chamber houses ten 2-
inch target cathodes, the transport chamber has three 2-inch target cathodes (not used in this
study), and the sputtering chamber contains one 4-inch target cathode. In this study, magnetic
and non-magnetic metals were mainly deposited in the deposition chambers, while MgO was
deposited as an insulating layer in MTJ in the sputtering chamber. The deposition method
involved DC magnetron sputtering in the deposition and transport chambers, and RF magnetron
sputtering in the sputtering chamber. Helicon sputtering was used in the deposition and transport
chambers, where high-frequency voltage (13.56 MHz) is applied to a coil mounted directly above
the cathode to generate inductively coupled plasma. This allows for concentrated, high-density
plasma near the target even under low gas pressure, minimizing damage to the substrate. The
distance between substrate and sample is approximately 30 cm in the deposition and transport
chambers, and about 20 cm in the sputtering chamber. Pure 6N Ar gas was used as the process
gas. Chamber pressures were monitored using diaphragm gauges attached to each chamber and
controlled during deposition by mass flow controllers. The deposition conditions for each target
material are summarized in Table II-1. For some ferromagnetic materials, the Ar flow and target

power were increased to ensure plasma generation.
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Regarding the substrates used for deposition, I used 10 mm square MgO(001) single crystal
substrates. The substrates were ultrasonically cleaned with high-purity acetone and ethanol for
10 minutes each, then stirred in pure water, followed by N2 blow-drying. However, due to the
hygroscopic nature of MgO substrates, surface moisture might not be completely removed by N2
blow-drying alone. Therefore, MgO substrates were flushed in the chamber at 600°C for one

hour before deposition.
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Figure II-1 Overview of Helicon 3 sputtering machine

Table II-1 Sputtering condition for each target

Target Target Power Coil Power Ar flow Ar Sputtering
W) W) (scem) pressure rate
(Pa) (A /sec)

Ta 30 20 22.0 0.1 0.342
FeAlSi 150 20 22.0 0.1 1.009
Cr 30 20 35.0 0.1 0.171
CoFeB 100 20 22.0 0.1 0.568
CorsFess 30 20 35.0 0.15 0.255
IrMn 30 20 22.0 0.1 0.478
Ru 30 20 22.0 0.1 0.295

MgO 200 - 25.6 2.00 0.0757
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2. Micro-fabrication process

For the measurement of the magnetoresistance curve of the deposited MTJ multilayer film, a
microfabrication process using photolithography was conducted. The specific process flow is
summarized in Figure 1I-2. In this study, after creating the Junction, an insulating film (SiO) was
deposited, and a contact-hole process was adopted to form contact-holes. The sizes of the
Junctions are three types: 80x40, 40x20, and 20x10 (um?). The details of each process are

summarized below.

@ Photolithography

Photolithography is a method of microfabrication that involves applying photoresist to a
substrate, transferring the pattern of a Cr mask onto the resist by ultraviolet exposure, and
then developing it to create the resist pattern. For the resist, a positive-negative photoresist
(AZ Electronic Materials' AZ5214E) was used. Cr masks for Junction formation (LOP
JUNCTION), contact hole formation (LOP CONTACT), and top electrode formation (LOP
ELECTRODE) were all manufactured by EQUA Corporation. For the exposure device,
Mikasa's Aligner MA-20 was used, and the light source was a g-line mercury lamp (USH-
500D). The following describes each step of the photolithography process.

B Substrate Cleaning
The MTJ multilayer film sample was ultrasonically cleaned with acetone for 10 minutes,

followed by N> blow-drying.

B Dry Bake
After cleaning, to remove water adhered to the substrate, a substrate bake was performed

on a 110°C hot plate for one minute.

B Adhesion Promoter and Resist Application and Bake

To enhance the adhesion between the substrate and the resist, HMDS (AZ AD Promoter,
commonly known as primer) was dropped, followed by spinning the substrate at 3000 rpm
for 30 seconds using a spin coater to flatten the primer, and then dry baking for one minute.
The resist was similarly dropped and spun at 4000 rpm for 30 seconds, then leveled for three

minutes and dry baked for one minute.
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B Exposure
The substrate and Cr mask were attached to the aligner, brought into close contact, and

then exposed at 30 EC.

B Positive-Negative Reversal Bake

With the AZ5214E positive-negative reversal resist, a 120°C bake and overall exposure are
performed after pattern exposure, turning it into a negative type of resist. The bake
temperature requires control to the degree of 1°C, which was strictly managed using a hot

plate.

B Overall Exposure

Positive-negative reversal was performed by exposing at 120 EC using the aligner.

B Development and Post Bake

The substrate was developed by immersing it in a developer solution (AZ MIF Developer).
After soaking for two minutes, the substrate was stirred for 30 seconds and then rinsed with
pure water for one minute. Finally, N> blow-drying was performed to remove water from

the substrate surface, followed by dry baking for one minute.
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@ Ar Ion Milling

Junction formation was carried out by Ar ion milling. Ar ions were accelerated to ~1 keV
and irradiated on the MTJ multilayer film, physically removing the surface based on the
sputtering principle. In this study, an Electron Cyclotron Resonance Etching System
(ULVAC's IBE-3000, commonly known as ECR2) was used. In this device, rough pumping
is performed by a rotary pump, and the vacuum level reaches the 10* Pa range with a
cryopump. The detailed milling conditions are shown in Table II-2. Atoms emitted from the
substrate during etching were monitored with an endpoint monitor by Hiden Corporation,

and the midpoint of the MgO insulating layer was used as the etching endpoint.

@ Interlayer Insulating Film Deposition

To insulate the Junction and electrodes, as well as the top and bottom electrodes, SiO»
insulating film deposition was carried out using a Plasma CVD system by SAMCO. The

deposition conditions are shown in Table II-3.

@ Contact Hole Formation
For the etching required to form contact holes, a Reactive lon Etching System (ANELVA's

EVP-39198, commonly known as RIE equipment) was used. The etching conditions of the
RIE equipment are shown in Table II-4. Since ions and Ru do not react, using Ru as the cap

layer of the MTJ automatically stops the etching at the cap layer.

® Top Electrode Formation
For the deposition of the top electrode, ULVAC's four-element sputter system QAM-4-ST

(commonly known as QAM) was used, and deposition was carried out by DC magnetron
sputtering. QAM has two vacuum chambers, a preparation chamber, and a deposition
chamber, each equipped with a two-inch cathode for four-element targets. Both chambers
are vacuum-exhausted by rotary and turbo molecular pumps. The vacuum levels reached are
below 5107 Pa in the preparation chamber and below 2x107° Pa in the deposition chamber.
In this study, Ta(5)/Al(200) (in nm) was deposited as the top electrode. The deposition

conditions for each target are shown in Table II-5.
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Table II-2 ECR Milling Conditions

Anode A/D Acceleration Ar gas flow Ar gas Etching angle
current Voltage Voltage (V) (sccm) pressure (Pa) (deg.)
(mA) V)
100 500 400 4.2 0.2 15

Table II-3 CVD Deposition Conditions

Input Top Bottom TEOS Flow O Flow Gas Deposition
Power Electrode Electrode (sccm) (sccm) pressure time
(W) (°C) (°C) (Pa) (sec)
60 200 280 3 237 45 100

Table II-4 RIE Etching conditions

RF Power CHF3; gas flow 0O gas flow Process gas Etching time
W) (sccm) (sccm) Pressure (Pa) (min)
20 44 1 10 30

Table II-5 QAM Deposition conditions

Target Input Power Ar gas flow | Ar gas pressure | Deposition rate

(W) (scem) (Pa) (A/s)
Ta 100 12.0 0.20 0.718
Al 100 12.0 0.20 0.48
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3. Annealing process

Annealing process is the heat treatment for the sample after deposition to achieve crystallization
or ordering of the sample. In this study, there were two types of Annealing process: Annealing in
a magnetic field, where a magnetic field is applied during the process, and Annealing process
without a magnetic field, where no magnetic field is applied. A comparison of the devices used
for annealing process is summarized in Table II-6.

Annealing without a magnetic field was conducted for the purpose of crystallizing and ordering
the FeAlSi film. This was carried out using the thermal treatment mechanism equipped in the
Helicon3 deposition chamber mentioned earlier. After the annealing process, the substrate was
moved to CAL1 for three hours of natural cooling.

Annealing in a magnetic field was conducted to promote crystallization at the interface between
the MgO insulating layer and the ferromagnetic layer in the MTJ multilayers, and for pinning the
pinned layer with an antiferromagnetic material. For this purpose, a custom-made device
(commonly known as ¥ %7 = — /1) was ordered from TOEI Scientific Industrial corporation.
The annealing was conducted under favorable conditions with an applied magnetic field of 1T
and a vacuum level in the 10 Pa range. The sample was heated with the magnetic field applied
in one direction, and once the target temperature was reached, it was maintained for 1 hour. Then,
it was cooled at a rate of about 1°C/min, and the magnetic field application was terminated once

the temperature inside the device dropped below 100°C.

Table I1-6 Comparison of annealing system

Methods Magnetic T rising Keeping | Pressure Cooling
field speed time (Pa)
(T) (°C/h) (h)
Helicon 3 - 100 1 106 3h
Chamber Natural cooling
TOEI 1 300 1 1073 1°C/min. cooling
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4. X-ray diffraction - XRD
I conducted X-ray diffraction (XRD) using D8-pHR by Bruker for evaluating crystal structure.
The degree of D03 order (Spes) and the degree of B2 order (Sgz2) were calculated by using the
intensity ratio between superlattice peaks (l111-D03 and 1222-B2) and fundamental peaks (la4s-
A2) observed in the (111)-plane / scan XRD patterns, with the following formulas as a Ref. 7’

Iobs. / Iobs.
_ superlattice/ * fundamental 7
- cal. /Ical. (7
superlattice/ * fundamental
a2
sin“0
Ii% = LP - - Ffyy - exp <—ZBT> (8)

LP is the Lorentz-Polarization factor of single crystals’®, 1 is the powder ring distribution
factor’®, and Fyy; is the structure factor of the D03-FeAlSi unit cell for (hkl) diffraction. The
factor expressed as an exponential function is a Debye-Waller factor.

The following is the calculation details. For example, the degree of DOs order is calculated
by following equation.

Iabs./labs.
SD()3 — \/Ical. 111/ 7444 (9)

cal.
111_D03 /1444—_003

The calculation of /°?" is shown below. LP was calculated by using scattering angle 6 measured
by XRD,

1+ cos?260
" cosOsin2 0

(10)
¥ was calculated by following two equations, where the equipment parameter s2 was the angular
divergence of the detector window and ¢ was the standard deviation of tilt angles of crystallites

determined from the w-scanned peak width,

tans2
sin 20

a x2
Y= —
fo exp < 02> dx

a = arcsin

(11D
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Structural factor Fhu is calculated as follows, considering the crystal structure,

N
j=1

where x,),z are the positions of each atoms, and f'is atomic form factor scattering considering
atomic numbers and scattering angle 6.
The temperature parameter B was calculated by plotting In{/°*j/(LP -y F*ui)} against sin6 /3>
using the fundamental diffraction lines.

Based above, I°? is calculated by equation (8).

5. Atomic force microscope - AFM

Since FeAlSi films are studied for application as the bottom free layer in MTJ multilayers, poor
surface flatness can lead to leakage paths in ultra-thin MgO insulating layers. Specifically, to
maintain the flatness of the 2-3 nm thick MgO insulating layer, it is desirable for the R, (average
surface roughness) of the FeAlSi bottom free layer to be below 0.3 nm. Additionally, high
roughness can cause static magnetic coupling known as orange peel coupling at the multilayer
interface %, so the smaller the roughness, the better. To evaluate the surface roughness of FeAlSi
films, an Atomic Force Microscope (AFM) was used. The instrument employed was a SPA-400
by SEIKO INSTRUMENTS, operated in contact mode. This method involves contacting the
cantilever with the sample, and the cantilever was Si coated with Al. The scanning area was set
to 1.0x1.0 um?, and the scanning speed to 1.0 Hz. Measurements were conducted in 2-3 locations

per sample, and the average of the calculated surface roughness (Ra) values was taken.
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6. Vibrating sample magnetometer — VSM

For the magnetic property evaluation of FeAlSi films, a Vibrating Sample Magnetometer (VSM)
from TOEI was used to measure the magnetization curves. All samples used were on 10 mm
square substrates, and the magnetic field resolution was set at 0.5 Oe. However, to observe the
soft magnetic reversal of Sendust in detail, the magnetic field resolution near zero field was finely
set to 0.16 Oe. In this experiment, the anisotropy field (Hk) of single-crystal FeAlSi was
determined from the magnetization curve when a magnetic field was applied in the hard axis
direction. Specifically, Hy was defined as the intersection of the linear fitting of the magnetization
rotation process in the magnetization curve and the linear part of the saturation magnetization as
shown in Figure II-3. However, my experiments include some samples with good soft magnetic
property with very low Hi, where the above method becomes poor accurate. In this case, I utilized

the method using Ferromagnetic resonance (FMR) to determine the detailed Hy as described in

the next section.

Domain wall
moving

Magnetization
rotating

J gy

\i Magnetization rotating |

.—a——-i Domain wall moving |

I | H,

Figure II-3 Schematic diagram of the magnetization process for a single-crystal magnetic thin

film with four-fold symmetric crystalline magnetic anisotropy.

eff
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7. Ferromagnetic resonance — FMR

FMR was measured to determine the exact magnetocrystalline anisotropy constant K;. The
rotating magnetic field was applied in the in-plane direction of the film (Figure 1I-4), and K; and
K, were calculated from the angular dependence of the resonant field as below, where K| is a
cubic magnetic anisotropy constant, K, is a uniaxial magnetic anisotropy constant, ® is the

resonance frequency, and y is a gyromagnetic ratio constant.

w 1 1—cos4¢
p” =i [Meres + K, (2 - T)] [M;H, ., + 2K, cos ¢ + 2K, cos 4¢] (13)
S

K and K, represent the four-fold and two-fold in-plane components of the magnetocrystalline

anisotropy constant, respectively.

FeAlSi [001] H

M

| FeAISi [100]

FeAlSi [010]
MgO[110]

FeAlSi film
Figure I1I-4 FMR setup for evaluating magnetic anisotropy of FeAlSi film
Here, I’ll show the calculation details for leading eq. (13) accordingly. If the external magnetic
field H is in the in-plane direction (6 = 7/2), the energy E can be expressed by the following

equation, considering Zeeman energy, in-plane uniaxial anisotropy and four-fold in-plane

symmetric anisotropy,
. . 1 : . :
E = MH(sin 0 cos(¢py — ¢)) + K, sin? ¢ + ZKl(sm4 0 sin? 2¢ + sin? 20) (14)
Therefore, Esg, Epg, Eog, Ego is calculated respectively as follows, where subscripts denote

derivatives.
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Ego = MH sin 0 cos(¢py — @) + K, ((3 sin?  cos? 6 — sin* @) sin? 2¢ + 2 cos? 20 — 2 sin? 26)

Egy = —MH cos 8 sin(¢py — ¢) + 4K, sin3 0 cos 0 sin 2¢ cos 2¢ (15)
Ey9 = —MH cos 0 sin(¢py — @) + 4K, sin3 0 cos 0 sin 2¢) cos 2¢

Ep = MH sin 0 cos(¢y — ¢) + 2K, (cos® ¢ — sin® @) + 2K sin* 0 (2 cos? 2¢p — 2 sin* 2¢)

Furthermore, the above equation can be transformed as follows, assuming that the out-of-plane

component of magnetization can be neglected (6 = 7/2),

Ego = MH cos(¢py — @) + K,(—sin?2¢ + 2)
Eyp = MH cos(¢py — ¢) + 2K, (cos? ¢ — sin® ¢) + 2K;(2 cos? 2¢p — 2 sin® 2¢)

The resonance condition is expressed by the following equation, so we obtain the equation (13).

o 1
= 3o EooEos ~ EapEqo (17)

8. Optical lever method

The optical lever method was used to determine the magnetostriction constant of the FeAlSi
films®!. T applied a rotating magnetic field in the in-plane direction of the films and observed the
change in the reflection position of the laser beam due to the distortion of the sample caused by
the inverse magnetostriction effect. The shift between the sample distortion and the laser
reflection position is expressed by equation below, where &1/1 is the film distortion, djuse, is
the laser reflection position, E is Young’s modulus, t is thickness, p is the spot position, and

L 1is the sensor position.

ﬂ _ dlaser(Esub.tgub.) (18)

I 18pLtreusiEfitm

Film strain was measured along the FeAlSi [110] direction, and then A;;; was calculated with

equation below®?, where a¢ is an offset term.

5l 3 _ 1
- = —1111S1n2¢ + —1100 + a¢ (19)
li10 4 4
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9. Magneto-optic Kerr effect - MOKE

The prepared samples were observed for magnetic domain patterns using a Kerr effect
measurement device (manufactured by Neoark Corporation, model BH-782PI-TUK). White light
from an OLYMPUS mercury lamp (U-RFL-T) was irradiated onto the measurement samples.
The current was controlled using a programmable AC power supply from NF Circuit Design
Block Company, through a control unit (MG CONT UNIT), and a magnetic field was generated
by Helmholtz coils. The reflectance in response to the magnetic field was measured using an
OLYMPUS objective lens unit (U-CMAD3), and magnetic domain observation was performed.

This apparatus measures the longitudinal Kerr effect and can observe in-plane magnetic domain
structures. The external magnetic field was applied in the direction of the hard axis of
magnetization of the free layer, and the observation was made. The reference image was captured
at an applied field of 50 Oe, and the measured data was saved after automatic adjustment of

brightness and contrast.

10. Brillouin Light Scattering — BLS

BLS was conducted following the previous work®3 as shown in Figure II-5, where a laser with
a wavelength of A =532 nm was projected onto the surface at an angle 8 from the surface normal,
in a plane perpendicular to the external field A. The in-plane component of the magnon wave
vector is oriented along the y-axis, and its wave vector transfer is represented as k = (4z/4) sin 6
8 The BLS results are affected by the Dzyaloshinskii-Moriya interaction (DMI) 3337, which is
also the first investigation for FeAlSi films by this study. I conducted two types of BLS
measurements: H=0.2 - 0.6 T with 8 =0°, and 8 = 0 - 45° with H= 0.2 T. I can determine 4

based on those two measurements and the following equations:

Moy M;t\* 2y
for = E\/H LR (7) (1 — exp(—2kt)) +

2, Dk (20)

Y4 2At , (M 2 2At , (M 2
Frssw =" J[H+”0Mst<k +( t) H+ ok +( t) + Hy,, (21)

Where, for and fpssw are frequencies of Damon-Eshbach (DE) mode and Perpendicular Standing
Spin Wave (PSSW) mode respectively, y: gyromagnetic ratio, H: external field (in-plane), M;:
saturation magnetization, Hx . effective out-of-plane anisotropy field, D: DMI constant. The
fitting parameters were y/2z (GHz/T), poHx et (T), A (pJ/m) and ¢, where ¢ was included to
determine the thickness of FeAlSi exactly. The sample for BLS was also measured by VSM to

determine the M; for the prepared sample.
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1) Damon-Eshbach(DE) mode 2) Perpendicular Standing Spin Wave (PSSW) mode

Applied T — L T
Field PP Bk

A A

(n = quantized mode number)

Figure I1-5 BLS setup

11. Four probe method

I utilized the MODEL: TKSPS-122H (commonly known as the Semi-Auto Prober), which is
capable of automatically controlling the probe position and automatically measuring the
magnetoresistance effect of each MTJ using four probe method, with an applicable magnetic
field of up to approximately 2000 Oe. For the power supply, a KEYSIGHT Precision
Source/Measure Unit (B2900A) was used to apply and measure direct current. The same device
was also used as a voltmeter, setting the applied voltage at 10 mV. Additionally, a Helmholtz coil
circuit by TOEI Scientific Industrial inc. was used to generate the magnetic field, with a bipolar
power supply also from TOEI. The magnetic field strength at the time was calculated from the
voltage using a Hall element placed beneath the probe, with an DC voltage/current generator,
using MODEL 3001 by ADCMT. Furthermore, a CCD camera was used for aligning the position
of the MTJ sensors, and a program corresponding to the mask used in photolithography was
designed to automatically control the position and carry out measurements via computer. The

applied magnetic field was set at 1500 Oe, with a step of 0.1 Oe.

12. Physical Properties Measurement System — PPMS

I used Physical Property Measurement System (PPMS) by Quantum Design Inc. for the
measurements of TMR properties at low temperature. All equipment is controlled through a
program written in LabVIEW. To improve the signal-to-noise ratio performance, the signal is
pre-processed through a preamplifier (SR560 by NF Corporation) and then inputted into a lock-
in amplifier (LI5655 by NF Corporation).
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I11. Magnetic property of FeAlSi film

1. Sample preparation
As mentioned in introduction, the soft magnetic property of FeAlSi is so sensitive to the
composition. Based on this, I prepared samples with five different compositions as
summarized in Figure III-1. The composition of prepared FeAlSi thin films measured by
inductively coupled plasma (ICP) spectrometry.
The stacking structure to investigate the film properties of FeAlSi is shown in Figure I11-2,

where FeAlSi is expected to grow on MgO buffer epitaxially.

& | (atm.%) | Al | Si
Sample 2
-~ "7 ® Sample 1| 11.1|14.1
°\. n (®
g o L Sample 1 Saniple 4 i Sample 2 | 11.7 | 14.6
=z 9 ® / 12.8 [ 15.6
Sample 5 Bulk
s (Central composition) Sample 4| 9.2 [15.5

16 17

Sample 5| 8.6 |15.2

15
Si (atm.%)

Figure II1-1 FeAlSi compositions in this study

Ta(5nm)

FeAlSi (30nm)

T,=300-600°C

MgO(20nm)
MgO subs.

Figure II1-2 Stacking structure for film properties investigation.
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2. Structural analysis

@ Crystal structure

I found that all samples showed similar behaviors, so Figure I1I-3 show the typical results
for Sample 1. (Other results are shown in Figure III-5, Figure I11-6.) In Figure I1I-3 (a), we
can clearly observe the FeAlSi peaks, which shows nm-order FeAlSi films were
successfully fabricated on MgO in (001)-orientation. In Figure III-3 (b), FeAlSi (111) D03
peaks are observed in addition to FeAlSi (222) B2 peaks and FeAlSi (444) A2 peaks. 1
firstly prepared the nm-order FeAlSi with D03 ordered structure. Figure I11-4 shows the ¢
scan for the (111) DO peaks, where we can clearly confirm the ideal epitaxial growth of

FeAlSi on MgO according to the 45-degree peak shift of FeAlSi compared to MgO.
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Figure III-3 XRD 26-0 scan for (a) (001)-plane and (b) (111)-plane
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Figure I11-4 XRD ¢ scan for (111)- D03 peak
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@ Surface structure

The dependence of R, on T, for each composition sample is shown in Figure 11I-7. For most
samples, R, values were observed below the target value, indicating that the films are
sufficiently flat for the application in MTJs. Additionally, AFM images for each composition
are shown in Figure III-8. No significant differences were observed due to composition, and

it was confirmed that the films were generally flat.
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Figure I11-7 T, dependence of R, for various sample with different compositions
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Figure I1I-8 AFM images of samples with each composition: (a) Sample 1 (b) Sample 2
(¢) Sample 3 (d) Sample 4 (e) Sample 5
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3.

Static magnetic property
(@D Magnetization curve

Figure I11-9 shows the dependence of magnetization curves on the annealing temperature,
measured by VSM, with the results for Sample 1 presented as a typical example. (Results
for other compositional samples are shown in Figure I1I-11.) The two-stage behavior of the
magnetization curves of the prepared samples is considered to be due to phase separation,
which becomes uniform with annealing process. Variations in composition and atomic
ordering might have caused the phase separation, where further investigation is needed. A
inset of the magnetization curves with a smaller scale has been added, limited to those with
small anisotropy.

In Figure III-9, it is important to note that as the annealing temperature increases, the
magnetic easy axis changes. Specifically, below 400°C, the [100] direction is the easy axis,
while above 500°C, it is the [110] direction. This indicates a change in the sign of the
magnetic crystalline anisotropy constant K; from positive to negative, with K; approaching
zero around 450°C. The reversal of the sign of Ki, observed with annealing in Al-rich
samples 1, 2 and 3, implies that the composition of Al is crucial to achieve K1=0 in FeAlSi
films. I’ll thoroughly discuss this point later. In Al-rich samples, the annealing temperature
at which K approaches zero slightly varies between 400 to 450°C, indicating that both the
sign of K and the temperature at which it changes are dependent on the film's composition.

Figure III-10 shows the 7 dependence of Hi for all samples of different compositions as

estimated from the magnetization curves, where K behavior is described with Hy as below.

Ky =—— (22)

It revealed that Hy reaches a minimum around 400-450°C for samples 1, 2, and 3. In
contrast, for samples 4 and 5 (films with less Al), no K1=0 was observed. The lowest Hx
value, less than 10e, was found in Sample 3, which is comparable to other soft magnetic

materials like NiFe or CoFeSiB.
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@ Magnetic anisotropy by FMR
Using Sample 1 (7. = 450°C), which showed optimal soft magnetic properties in VSM

measurements, | further clarified the magnetic properties of the FeAlSi film.

Figure I1I-12 illustrates the in-plane angular dependence of the resonance field in FMR. It
was confirmed that the variation in the resonance field is dominated by the four-fold
component of the epitaxial thin film, with a very small contribution from the uniaxial
component. The fitted parameter values were K; = 1.6x10? [erg/cc], Ku = 10 [erg/cc], and
w/y=188.5[Oe]. The observed K| value is similar to that of bulk FeAlSi in previous studies®®,
indicating that we have successfully fabricated nm-scale FeAlSi films with desirable soft
magnetic properties. The precise value of Hx was very small (0.43 Oe), suggesting that the
soft magnetic property of the prepared FeAlSi film is superior to that of other typical soft

magnetic materials such as NiFe or CoFeSiB.
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® Magnetostriction

I discuss the uniaxial magnetic anisotropy constant K, previously mentioned in FMR.
Uniaxial strain generated in the plane of the epitaxial film during its fabrication may have
caused uniaxial magnetic anisotropy as a result of magnetostriction. This hypothesis is
plausible, as mentioned in the introduction, where not only K but also magnetostriction is
a crucial factor affecting the soft magnetism of FeAlSi. To investigate this, magnetostriction
constants and crystal strain were evaluated using the optical lever method and in-plane
reciprocal space mapping (RSM), respectively, and the following equation was used to
estimate the magnetic anisotropy constant due to magnetostriction, where o is the strain in
the film:

3
K, = EEFeAlsMU (23)

Figure I1I-13 shows the angular dependence of 6///110 measured by the optical lever method.
The results for Sample 2 (7, = 400 °C) are shown as a typical example. The calculated i1
is 3.53x107, similar to the value in bulk (107)%. Figure III-14 shows the in-plane RSM
results for Sample 2 at 7, = 400 °C. Epitaxial growth of the FeAlSi film and the in-plane
strain calculated from the positions of the (100) and (010) peaks were observed. The 26 peak
positions of the (100) and (010) planes measured by in-plane RSM were 64.965 degrees and
64.957 degrees, respectively, and the lattice constants were determined as a100=5.7355A and

a010=5.7357A using the following Bragg's equation:

2a
————sin6 =141 (24)
Vh% + k% + 12

Here, a is the lattice constant, 4, k, [ are Miller index, and 4 is the wavelength of the X-ray.

Next, the film strain was calculated using the following equation, and the calculated value

was o =2.06 x 10:

Aa
o=——-o0
ai10 25
Q100 t+ A110 (25)
da=ayo-———5

54



The K, value calculated using the above equations is 20.3 [erg/cc], which is almost the
same as the uniaxial component of magnetic anisotropy constant in FMR. Thus, I conclude
that the in-plane uniaxial magnetic anisotropy in FeAlSi films is due to magnetostriction,
and its contribution to the total magnetic anisotropy is small. Therefore, the four-fold
symmetric magnetic crystalline anisotropy constant K; is dominant in the magnetic

anisotropy of FeAlSi films.
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Figure I11-13 Optical method result for prepared Sample 2
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Discussion of soft magnetic property
(@D The origin of soft magnetic property

The reversal of the sign of K| was observed only with Al-rich samples 1, 2 and 3, which
implies that the composition of Al is crucial to achieve K;1=0 in FeAlSi films. I’ll thoroughly
discuss this point. In the first place, the soft magnetic property for FeAlSi is achieved with
the compatibility of two factors: Sendust central composition and D0s-ordered structure as
described in introduction.

First, I conducted the composition analysis, and the result is shown in Figure I1I-15. The
important point is that K; ~ 0 was only observed in Sample 1, 2 and 3, which is deviated
from Sendust central composition. On the other hand, Sample 4 and 5 didn’t show the K ~
0, which are close to the Sendust central composition. This result is inconsistent with the
previous work of bulk. Next, I investigated the degree of D03 order (Spos) for samples which
showed K ~ 0. The behaviors of Spos increase with 7, increase for all samples are almost
same. However, the Spoz with K ~ 0 for all samples are different, and those Spoz were also
different from bulk of 100%. This result is also inconsistent with introduction that perfect
DO0s-ordered structure needs to be achieved for soft magnetic property. In summary, the film
samples in this study achieved ideal soft magnetic properties despite that the compatibility
of Sendust central composition and DO0s-ordered structure are not realized. For
understanding this reason, I’ll introduce the sub-structure model consisting of FeAlSi.

Figure I1I-17 shows the diagram of sub-structure model for FeAlSi. First, a previous work
showed that the soft magnetic properties of FeAlSi can be understood with the mixed
structure of D03-Fe3Si and D03-Fe3Al 8. Here, these two structures have different signs of
K1, so net-K; ~ 0 is achieved with the mixing these structures with the ratio of Sendust
central composition. Then, I’ll extend this idea for the results in this study of film-FeAlSi.
Film-FeAlSi also has disordered structures including B2-Fe;Si, B2-FesAl and A2-FeAlSi,
which leads the complication of estimating net-K; 88%°, To simplify this problem, I focused

on DO03-FesAl, which is the unique phase with negative K; as shown in Table III-1.
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Figure I1I-18 summarized the results of Ki-samples with the relationship between Spoz and
Al composition (at. %), where 1 supposed that the rate of DO03-Fe3Al is qualitatively
described as Spos X Al composition (at. %). This diagram clearly shows us the inverse
proportions of Spes and Al composition (at. %), which means the soft magnetic property in
FeAlSi is achieved with the same rate of D03-Fe3Al. This fact can be intuitively understood
as that the Al composition in film (including disordered structure) needs to be richer than
that of bulk (perfect D0s-ordered structure), considering the Al atoms in disordered
structures. Based on this discovery, the Sendust central composition for film is expanded
compared to bulk as shown in Figure I11-19. In other words, for nm-order FeAlSi films, soft
magnetic property can be easily achieved by controlling the film composition and atomic
ordering while varying the composition of the sputtering target and the annealing
temperature. Further investigation about composition dependence in future works would be
useful because the plotted data in my study is obviously insufficient. Our findings should be
useful for the application of FeAlSi films with optimal soft magnetic properties to highly
sensitive TMR sensors.

I’lIl move on to the more detailed investigation, which considers all sub-structures. We can
estimate each volume fraction as described in Figure I11-20, where I used the equation below
(w is the composition ratio (at. %)).

w Wg;
K1 — SD03 x [ Al Si ]

K1Fe3Al(DO3) X Wa + Wg; + K1Fe3$t(DO3) Wa + wg;

Wy Wy ] (26)

+Sp2 X [KlFegAl(BZ) X Wa + wg; + K1Fe3Si(BZ) X wa + w;

+Sa2 X K 1FeAlSi(A2)

Then, I can lead simulation lines of K; behavior as a function of Al concentration shown in
Figure III-21, where experimental values are also plotted in the same figure. Here, we can
clearly confirm that the K ~ 0 points for experiment and simulation (x marks) are consistent.
In other words, the behaviors of Al increase with Spoz decrease for both experiments and
simulations are similar. This fact proves that the sub-structure model is a good method for

understanding the soft magnetic properties of FeAlSi alloy.
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Figure I11-17 Sub-structure model consisting of FeAlSi.

Table III-1 K; for sub-structures based on previous works.

Structures DO0s-FesSi DO0s-FesAl B2-FesSi B2-FesAl A2-FeAlSi
Ki(10%rg/cc) @ RT 6 -10 5 9 3.5
100 —
Bulk Film(e.g. Sp;=50%)
. Disordered D0,-ordered
! 3 structure structure
' ® Sample 1
i ® Sample 2
:\5 '
~ 7 | DO;-ordered
%3 structure

Al concentration in total
= Shift to Al-rich with

decreasing S,;
” i
i | K,~0 area b 4
(Same D0;-Fe;Al ratio as
bulk)
40 : - : : - . : g
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Figure I1I-18 Mechanism for soft magnetic property of FeAlSi.
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@ Magnetic domain by MOKE

I’ve already explained the origin of soft magnetic properties in FeAlSi film, which is
mainly affected by magnetocrystalline anisotropy. The important point was that the whole
magnetic anisotropy is described by the mixed structure of some kinds of sub-structures.

To understand this discovery more deeply, I conducted MOKE measurement. The left
image in Figure I11-22 shows the typical MOKE results for Sample 1 annealed at 7, = 400 °C
(K1 > 0), where the contrasts correspond to the directions of magnetizations. The red and
blue notes show that the direction of applying magnetic field is [100] (= easy axis) and [110]
(= hard axis), respectively. The behavior of contrasts is shown in the right image of Figure
1122, which has good agreement with the results of VSM. Figure I1I-23 shows the results
with other 7., where MOKE shows the K sign reversal similar to VSM (extracted from
Figure I11-9).

Figure I1I-24 shows the MOKE results for Sample 1 annealed at 7, = 450 °C with ideal
soft magnetic property in VSM, where applying magnetic field [110]. Interestingly, the
MOKE image shows a separation into easy axis-like areas (which means K; < 0) and hard
axis-like areas (which means K; > 0). As a result of the phase separation, an overall K; ~ 0
is realized. The separation into different K areas suggests that the composition and atomic
ordering are not uniform in whole area of the FeAlSi films. Further detailed analyses are

needed for clarifying this point.
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Dynamic magnetic property — Exchange stiffness constant by BLS

Exchange stiffness constant (4) of FeAlSi film has not been studied previously, and it
affects TMR ratio at RT®'. T adopted BLS, which is promising method for identifying 4. The
stacking for BLS measurements was as follows: MgO (001)-substrate/MgO(20)/FeAlSi(10)
T. = 400 °C/Ta(5). The composition of FeAlSi was Sample 2. I’ve already confirmed that
the sample showed good soft magnetic property as shown in Figure I1I-25.

Figure I1I-26 shows the results of BLS measurements for the prepared FeAlSi film, where
I clearly observed the DE and PSSW mode peaks. We can only find the PSSW mode (n=1)
because PSSW modes (n=2) are too weak because the thickness of the sample is too thin
(10 nm). Both peaks of DE and PSSW modes increase with higher H in Figure I111-26 (a),
whereas almost only DE mode peak increase with higher 6 (k) in Figure III-26 (b), as
theoretically predicted as shown in equations (20) and (21). Figure III-26 (c) shows &
dependence of Afpe, which is the difference between the Stokes (S) peak (negative
frequency) and anti-Stokes (AS) peak (positive frequency) defined by below:

2y

D 2
My k @7)

Afpe=fas—fs=
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I tried the fitting of raw data using this equation. The calculated D is 4.5 + 1.9 [uJ/m?],
which suggests negligible DMI values because of small value with relatively large error.
This result corresponds that we couldn’t observe a linear behavior in Figure I1I-27. Therefore,
I conclude that there is no DMI in FeAlSi films.

Since there is no difference between the Stokes peak and the anti-stokes peak, I
summarized only the Stokes peaks dependence on H and k in Figure I1I-28 (a) and (b)
respectively. We fitted both DE mode peaks and PSSW mode peaks using the equation (20)
and (21) and determined the film thickness and various magnetic constants (Table II1-2). We
can confirm the reasonable thickness of 9.95 nm comparable to that determined during film
growth, which means my fittings are successful. The identified 4 for FeAlSi is 14.3 (pJ/m),
which is the first time determination of 4 of FeAlSi film.
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Figure I11-25 M-H curve for BLS sample
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Table III-2 Fitting results for various magnetic constant for prepared FeAlSi films.

MoH ) ef(T) A(p]/m)

¢ (nm) %T (GHz/T)

9.95 23.4 1.3 14.3

68



6. Short summary

u Successfully fabricated nm-FeAlSi thin films with a D05 structure and observed excellent

soft magnetic properties (Hi= 0.430e¢).

u For achieving soft magnetic properties in FeAlSi alloy films, the coexistence of central
composition and D03 structure is not always necessary. The balance between composition
and Spos is crucial, and can generally be understood by the ratio of sub-structures composing

FeAlSi.

u The ratio of D03-FesAl has the most significant impact on the overall K;. When Spos is
reduced, adjusting to a richer Al composition can achieve Ki~0. Based on this discovery,

the Sendust central composition for film is expanded compared to bulk.

u The origin of in-plane uniaxial magnetic anisotropy in FeAlSi thin films is considered to
be due to magnetostriction, but the contribution of magnetostriction to the overall magnetic

anisotropy is small compared to the crystalline magnetic anisotropy.

u The determined value of the stiffness constant for FeAlSi was 14.3 (pJ/m), which is similar

to that of Fe.

The general consensus has been that the area of soft magnetic property for bulk Sendust is only at
one point on the compositional diagram. However, the central composition became extremely wider
than previously known based on my discovery. My findings should be useful for applying FeAlSi
films with optimal soft magnetic properties to highly sensitive TMR sensors. Inspired by this
investigation, the study of Sendust thin films could grow significantly, with potential uses not only in

TMR sensors but also in other spintronic devices.
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IV. Magnetoresistance property of MTJ using FeAlSi electrode

1. Sample preparation

The FeAlSi composition for MTJ samples is Sample 1, which showed good soft magnetic
properties according to the last chapter. The stacking structures for FeAISi-MTJ and Helicon 3
standard MTJ are shown in Figure IV-1. The FeAlSi layer was annealed inside the sputtering
chamber without applying a magnetic field after deposition. The annealing temperature (7reaisi)
and duration were 400°C and 1 hour, respectively. Additionally, a 50 nm thick FeAlSi thin film
was used as the bottom electrode for the MTJ. The fabricated samples were annealed in a vacuum
annealing furnace for 1 hour with a 1T magnetic field applied to fix the magnetization of the

pinned layer and improve the crystallinity of the MgO barrier.

T,=250-400°C w/1T T,=350°C w/1T

Ta(5) Ta(5)
IrMn(10) CoFeB(3)
CoFe(5) MgO(2)
Ru(0.85) CoFeB(3)

CoFeB(3) Ru(0.85)

MgO(2.0) CoFe(2)
FeAlSi (50) IrMn(10)
Ter15i=400°C Ru(10)

MgO(20) Ta(5)

MgO sub. SiO, sub.

Figure IV-1 Stacking structure of MTJ sample using FeAlSi
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2.

Tunnel magnetoresistance property
@ TMR ratio and RA

Figure IV-2 shows the Ti-dependent magnetoresistance curves of MTJs using FeAlSi free
layers with a 10mV bias voltage applied. The applied magnetic field was aligned along the
exchange bias of the pinned layer (FeAlSi [110] direction). We observed the TMR effect for
the first time at RT in spin-valve-type MTJs with FeAlSi epitaxial electrodes. The TMR ratio
was dependent on the annealing temperature, reaching a maximum of 121% at an annealing
temperature of 325°C. The high TMR ratio over 100% infers the realization of A; coherent
tunneling through a crystallized MgO barrier, and the observed TMR ratio is comparable to
other MTJs for TMR sensors’> %, FeAlSi thin films fabricated with the optimal target
composition and 7, showed a very low Hy (0.43 Oe), implying a potential sensitivity of
~140%/Oe, which is greater than that of MTJs with amorphous CoFeSiB free layers9’”. The
TMR effect's T, dependence is discussed in detail.

Figure IV-3 and Figure IV-4 summarize the 7, dependence of the TMR ratio and resistance-
area product (RA). R4 values were evaluated by fitting an R versus 4! plot, where R is used
as the value of Rmin in parallel magnetic configurations. An example of the R versus 4™ plots
for 7, = 325°C is shown in Figure IV-5. The improvement in TMR with increasing 7 is due
to enhanced A coherent tunneling through the crystallization of the MgO barrier, resulting
in a decrease in R4 from 250 to 325°C. Deterioration in TMR above 325°C is considered to
be due to degradation of the synthetic pinned layer caused by excessive annealing. To clarify
this point, I investigated the pinned layer more deeply in the next section.

The magnetoresistance curve of the MTJ showing the highest TMR ratio (7, = 325°C)
exhibited a relatively low switching field of 4 Oe (the inset of Figure IV-2), reflecting the
soft magnetic properties of the FeAlSi free layer, but slightly higher than the coercivity
observed in the single FeAlSi layer shown in the previous chapter. The increase in the
coercivity of the MTJ could be due to differences in the thickness and shape anisotropy of
the FeAlSi layer, as the FeAlSi layer was microfabricated into a rectangle of 1200 % 300
um? for use as the bottom electrode. The direction of the magnetic field applied for MR
curve measurements is along the magnetic easy axis of shape anisotropy (longitudinal
direction of the FeAlSi electrode), resulting in an increased switching field. In future work,
it is possible to achieve lower magnetic anisotropy by optimizing the thickness and shape of

the FeAlSi bottom electrode.
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@ Exchange coupling in pinned layer

Deterioration in TMR above 325°C is supposed to be caused by the degradation of the
synthetic pinned layer caused by excessive annealing. I investigated the pinned layer more
deeply to clarify this point.

As shown in Figure IV-2, the shift field of the pinned layer decreased above 325°C. Figure
IV-6 shows field shift for FeAISi-MTJ. Ideal anti-parallel coupling is observed at 7.= 325 °C,
but the coupling changes to parallel at 7, = 400 °C. To clarify this reason, VSM
measurements of MTJ thin films at annealing temperatures 7, = 325 and 400°C were
conducted as shown in Figure IV-7. We confirmed that the exchange bias by the CoFe/IrMn
interface is almost maintained after annealing at 400°C, but the RKKY synthetic
antiferromagnetic coupling mediated by Ru was degraded. Therefore, the main reason for
the decrease in shift fields due to over-annealing was diffusion of Ru, not Mn?"98% T
prevent Ru diffusion, we need to thoroughly investigate other Ru thicknesses with RKKY
combinations or flatness improvement of MTJ stacking®”. However, future detailed
investigations using Transmission Electron Microscopy (TEM) and Electron Energy Loss
Spectroscopy (EELS) are necessary to clarify the mechanism of relatively low stability

against the annealing process.
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Figure I'V-6 Field shift for FeAlSi — MTJ
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Discussion of TMR property
@ Oxidation of FeAlSi/MgO interface

I discuss in detail the interface between the ferromagnetic layer and the insulating layer. In
Figure V-4, the observed RA was in the order of 10® Q pm?, which was relatively high
compared to previous MTJ studies with high TMR ratios”>*?. This could be due to oxidation
at the interface between the FeAlSi bottom layer and the MgO barrier. Figure IV-8 shows a
cross-sectional TEM image of an MTJ using a FeAlSi free layer annealed at 7, = 325°C. 1
observed a very thin layer of bright contrast at the interface between the FeAlSi free layer
and the MgO barrier. This contrast implies oxidation of the surface of the FeAlSi layer,
which could significantly reduce the TMR ratio'%. For avoiding this oxidation, Mg insertion
between FeAlSi and MgO is effective according to some previous works!'"-192, which could
further improve the TMR ratio. However, Heusler/MgO interface in a previous work (Figure
IV-9) also showed such contrast, where the relatively high TMR ratio was observed. In
future works, detailed chemical analysis such as Electron Energy Loss Spectroscopy (EELS)
or X-ray Photoelectron Spectroscopy (XPS) would be required to confirm the surface
oxidation of the FeAlSi layer.

FeAlSi

2nm

Figure IV-8 TEM of FeAlSi/MgO interface

Figure IV-9 TEM of Heusler/MgO interface
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@ Temperature dependence

Basically, the TMR ratio decreases with the increasing temperature and Vaias increase, and
the TMR reduction is mainly caused by magnetic fluctuation in ferromagnetic layers and the
large resistance drop in anti-parallel configuration due to the inelastic tunneling effect. The
previous works suggested that TMR ratio reduction against temperature and bias voltage is
related to magnon excitation in ferromagnetic layers®!'%*-1%, The Curie temperature (7¢) of
bulk-FeAlSi is previously reported as 733K!%7, which is much smaller than that of Fe (1043
K) %8 As a result, this relatively low 7. can cause the large temperature and Vs
dependences in FeAlSi-MTJs.

Figure IV-10 shows the temperature dependence of magnetoresistance curves for MTJ
using the FeAlSi free layer. Figure IV-11 summarizes the temperature dependence of TMR
ratio. I confirmed that TMR ratio increased monotonously from 104.8% at 300K to 179.8%
at 10K, and the ratio of (TMR ratio at 300K)/ (TMR ratio at 10K) is 0.58. In other previous
works of MTJ using Fe electrode!?, the TMR ratio also increase monotonously, from 170%
at 300K to 318% at 10K. (TMR ratio at 300K)/ (TMR ratio at 10K) for Fe-MT]J is 0.53,
which is almost same as FeAlSi-MTJ in our study. These results show that the temperature
dependence of TMR ratio for FeAlISi-MTJ and Fe-MTJ are almost same. On the other hand,
(TMR ratio at 300K)/ (TMR ratio at 10K) for Heusler-MTJ in other previous work is much
lower than those values (0.31) '°. This large temperature dependence of TMR ratio is
affected by the reduction of spin polarization at the interface of Heusler alloys!'!?. These
results proved the thermal stability of TMR ratio and spin polarization in FeAlSi-MTlJs
comparable to Fe-MTlJs.

Figure I'V-12 shows the temperature dependence of RA4 for parallel (R4p) and anti-parallel
(RAxp) configurations. I found that the temperature dependence of R44p is much larger than
that of RAp similar to previous works!>!19%1L12 The RAAp increase with temperature
decrease is considered to be the suppression of spin-flip tunneling caused by magnon

excitations at the interface between FeAlSi and MgO''3.
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® Bias voltage dependence of TMR ratio and Rap
Figure IV-13 shows Vgias dependence of TMR ratio evaluated by dI/dV-V curves for the

parallel and anti-parallel magnetic configurations in FeAlSi-MTJ. The TMR ratio drop with
a finite Vpias is considered to be mainly affected by magnon excitation'%. Vi, which is the
Vgias Where TMR ratio is half of that at Vgiss = 0V, is about 300 mV. This value is the almost
same as a previous work for Fe-MTJs!''4. Both temperature and Vgi.s dependences of TMR
effect for the FeAlISi-MTJ and Fe-MT]J are almost same, which indicates the FeAISi/MgO
interface appears to behave similar to that of Fe/MgO interface.

For investigating the magnon excitation at the FeAlISi/MgO interface in detail, I measured
conductance curve and IETS for AP state at 1.6 K using PPMS (Figure IV-14, Figure IV-15).
I successfully measured the IETS with very low noise, which allow us to observe various
clear peaks. The peak around Vgias ~ 80 mV is supposed to be caused by the phonon
excitation in the MgO barrier, which is typically observed in some previous works!02115.116,
The strong peak at Vpiss ~ 30 mV is considered to be originating from the magnon
excitation!!>, This is supposed to be related to temperature dependence of RAap in Figure
IV-12. In Figure I'V-15, this magnon contribution exists up to Vgias = 150 ~ 200 mV, which
is comparable to Fe-MTJs (150~200 mV) 1718 and larger than Heusler-MTJs (< 100 mV)
115 This voltage is called maximum magnon cutoff energy En!''°, which is related to 7, as

below.
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= (28)

Where, S is the spin of a ferromagnet. 7. for FeAlSi is calculated about 1000 K from this
equation, which is similar to Fe (1043 K'%®). The evaluated large 7. of FeAlSi comparable
to Fe corresponds to the small temperature dependence of TMR ratio and high Vpar. However,
the estimated 7. of 1000 K in FeAlSi-MTJ is obviously higher than a previous report of 7t
for FeAlSi (733 K '%7). The first possible reason for high Tt of FeAlSi in this study is that
the composition and the atomic ordering of FeAlSi films in this work are different from a
previous work!?’. The second possible reason is that the composition of FeAlSi at the
interface with MgO barrier is Fe-rich because of diffusion of Si and Al atoms during
annealing process.

Here, I summarize exchange stiffness constant A4 in the chapter 3, Curie temperature T,
(TMR@300K)/(TMR@10K) and E, for FeAlSi and Fe in Table V-1, where all of these
values should be correlated as mentioned already. The results for FeAlSi and Fe are similar
except for T, and this reason for discrepancy of 7t is already mentioned above. Our study
also revealed that TMR ratio reduction with finite 7"and Vgiss in FeAlSi-MT] is significantly
lower than that in Heusler-MTJ. The large TMR reduction in Heusler-MT]J is considered to
be caused by local 4 (7) reduction at the interface with MgO 3733, and thus I understand
that there is minimal such effect in FeAlSi-MT]J.
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Table IV-1 The summary of 4 and temperature dependence of TMR ratio for FeAlSi and Fe

Ferromagnetic 7. (K) A(pJ/m) (TMR@300K)/ En (meV)
material (TMR@10K)
FeAlSi 733 14.3 0.58 150~200
Fe 1043 18.5 0.53 150~200 17118
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@ Bias voltage dependence of Rp

Figure IV-16 (a) shows the Gp dependence on Vgias calculated using the /-7 curve, where
Gpr is normalized by the Gp at Vgias = 0 V. In comparison, Figure IV-16 (b) shows the
conductance dependence on Vpi,s for a Helicon 3 standard MTJ normalized by the
conductance at Vgiss = 0 V. The asymmetric feature in FeAlSi-MT]J is caused by the material
difference of top and bottom electrodes. This asymmetric behavior was not observed in the
CoFeB/MgO/CoFeB MTJ because top and bottom electrodes are the same ferromagnetic
material. For the FeAlSi-MTJ, a conductance peak was observed around Vgias = 0 V, which
is clearer than that of the CoFeB/MgO/CoFeB MTJ in Figure IV-16 (b). The zero-bias peak
was also observed in previous reports for Fe/MgO/Fe MTJs!!'812! "and is thought to be the
contribution of the As channel in the Fe(001) majority band, where the top of the As majority
band lies just above fermi energy. When the energy of tunneling electrons overcomes the
top of the As band due to high Vi, the conduction channel related to the As band
quenches!'8. The result for FeAISi-MTJ indicates that As tunneling also occurs due to the
similarity of the electronic states of Fe and FeAlSi interface with MgO. There are two
hypotheses for the similarity of those two electronic states. The first is that the band
structures of FeAlSi and Fe are similar as motivated in introduction. The second is that the
FeAlSi interface with MgO becomes Fe rich, which is caused by Al and Si diffusion by
annealing process. To clarify this point, detailed chemical analysis such as Electron Energy
Loss Spectroscopy (EELS) or X-ray Photoelectron Spectroscopy (XPS) is required in future

works.
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® Tunnel anisotropic magnetoresistance property
To more thoroughly investigate the TMR characteristics of FeAlSi-MTJs, we measured the

Vvias-dependence of Tunnel Anisotropic Magnetoresistance (TAMR) and compared it with
typical Fe/MgO/Fe MTJs. The TAMR effect differs from the conventional TMR effect.
When the magnetizations in MTJs are in parallel configuration along in-plane or out-of-
plane directions induced by a strong magnetic field, the resistance changes according to the
direction of magnetization. The TAMR ratio is defined using the conductance in in-plane

configuration (Gip) and out-of-plane configuration (Gop) as follows:

Gyp-G.
TAMR ratio=———2% x100 (%) (29)
Gop

The origin of TAMR is thought to be the Interface Resonant States (IRS) introduced by
band calculations at the interface considering spin-orbit coupling with MgO and is related
to tunneling through hotspots!®122-126, Previous studies investigated the Vpias-dependent
TAMR in Fe/MgO/Fe MTJs, observing a TAMR ratio of 1.1% originating from IRS. I
conducted measurements of Vpias-dependent TAMR in FeAlSi-MTJs and compared them
with Fe-MTlJs.

In Figure IV-17, a difference between G and Gop at low Vpias is observed, which I believe
is due to TAMR effect stemming from IRS. Figure IV-18 shows the Vyias-dependence of the
TAMR ratio. A high TAMR ratio of 1.0% at Vyias = +0.12 V is observed, comparable to the
1.1% observed in Fe/MgO/Fe junctions at Vpias = £0.25 v, Additionally, the negative
TAMR peak at Vyias =+0.4 V is similar to that observed in previous studies at Vijas=-0.3V!18,
Previous studies theoretically predicted and experimentally verified that IRS enhances the
TAMR effect!?>12°_ Currently, the reason for the difference in Vpias where the TAMR peak
is observed is not clear, but the high TAMR effect in FeAlSi-MT1Js is speculated to be due
to tunneling via IRS, similar to Fe-MTJs.

34



(a)

MgO MgO
FeAlSi

14

1.2 |
l 4

08 |

0.6

GP/GP(O)ln-plane

0.4

—In-plane

= —OQOut-of-plane

-1 -0.8 -0.6 -0.4 -0.2 0.2 0.4 0.6 0.8 1

0
VBias (V)
Figure IV-17 Conductance curve on Vs for prepared MTJs at 10 K. Gir and Gop for FeAlSi-

MTJ normalized by G'p at Vgias =0 V.

4
n

TAMR ratio (%)
E

-0.5

0.5 1

0
VBias (V)

Figure I'V-18 TAMR ratio dependence on Vgias for FeAISi-MTJ

85



4. Short summary

u Successfully observed room temperature TMR effect in MTJs using FeAlSi electrodes
(TMR ratio = 121%)).

] At 10K, the reduction in Rap due to inelastic tunneling processes was suppressed,

enhancing the TMR ratio to up to 180%.

u It was found that the temperature and bias voltage dependence of the TMR effect in
FeAlSi-MTlJs are almost the same as those in MTJs with Fe free layers.

] IETS measurements conducted at low temperatures confirmed a relatively large cutoff

energy for magnon excitations at the FeAlSi and MgO interface.

[ | Results from the conductance curve at 10K confirmed zero-bias conduction of As electrons
similar to Fe, suggesting a similarity in band dispersion between Fe and FeAlSi interface

with MgO.

] In FeAlSi-MTJs, a high TAMR ratio (=1%) comparable to Fe-MTJs was observed,
indicating the presence of Interface Resonant States (IRS) at the FeAlSi/MgO interface
similar to those at the Fe/MgO interface.

Based on the discoveries above, I found that FeAlSi is considered to have the potential to show higher
TMR ratio at RT comparable to Fe because of some similar behavior of FeAlSi/MgO-MTJ and
Fe/MgO-MT]J (band dispersion, magnetic fluctuation at the interface). Here, the cause of the relatively
low TMR ratio in my study has been investigated: FeAlSi/MgO interface oxidation and degradation
of pinned layer with Ru diffusion. For avoiding this oxidation, Mg insertion between FeAlSi and MgO
is effective. To prevent Ru diffusion, the optimization of Ru thicknesses with RKKY combinations or
flatness improvement of MTJ stacking are beneficial. Therefore, FeAlSi has the big possibility to show

higher TMR ratio by attempting these approaches in future works.
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V. Summary

In this study, I firstly investigated FeAlSi film for the application of TMR sensor.
The key discoveries are two points below.

B Successfully fabricated nm-order FeAlSi film with ideal soft magnetic property.
The observed Hyx was 0.430e, which is lower than conventional free layer
materials.

Nanometer-order FeAlSi epitaxial films with partial D03 ordered structure were
grown on MgO substrates, resulting in ideal soft magnetic properties. In certain FeAlSi
compositions, it was found that the sign of the magnetocrystalline anisotropy constant
K changes as the annealing temperature increases. This is caused by a change in the
volume balance of the ordered phases with the annealing process and the point at which
K;1=0 shifts to the Al-rich concentration as the degree of D0s-ordering decreases. Based
on this discovery, the Sendust central composition for film is expanded compared to
bulk. K; was accurately measured by FMR under optimal conditions, yielding a value
of 1.6x10? (erg/cc), which is comparable to that of bulk. The uniaxial component of
magnetostriction-induced magnetic anisotropy was small, with the quadrupolar

component due to magnetocrystalline anisotropy being dominant.

B Firstly observed high TMR ratio (> 100%) with MTJ using FeAlSi electrode. The
confirmed TMR ratio was 121%, which is comparable to other MTJs.

MTJs with (001)-oriented DO03-FeAlSi epitaxial thin films were fabricated and
characterized. A TMR ratio of 121% was observed, and a relatively low switching field
reflecting the soft magnetism of FeAlSi was also confirmed. TMR ratio at LT was
180%, where thermal stability is comparable to Fe-MTJ. The band structure of FeAISi
interface with MgO is considered to be similar to Fe based on As tunneling and high
TAMR. The relatively low TMR ratio is considered to be attributed to the film quality
of'the MT]J (interface oxidation, crystallinity, stacking flatness, etc.). Therefore, FeAlSi
holds significant potential for demonstrating a higher TMR ratio by addressing these

issues in future researches.
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Based on these findings, I conclude that FeAlSi has good potential sensitivity as a new free layer
material as shown in Figure V-1, which is better than the conventional material of CoFeSiB. We should
note that the potential sensitivity of FeAlSi is calculated by each value of TMR ratio and H in my
study, which means there is the other challenge of linear response of sensor with maintaining the high
TMR ratio and low Hx. To achieve this, it’s supposed that we need further study of induced anisotropy
of FeAlSi film or (011)-oriented FeAlSi film (in-plane rectangle).

As mentioned above, FeAlSi can potentially achieve the several times higher TMR ratio by
improving the film quality of MTJ. Therefore, FeAlSi has the prospect to realize a high-sensitive TMR
sensor with the comparable performance to SQUID. Additionally, Fe/MgO-based MTJs potentially
shows the TMR ratio over 600% according to the most recent work'?’, which indicates that FeAlSi-

MT]J is expected to show further higher TMR ratio and sensor sensitivity.
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Figure V-1 My achievement and future goal

This study has discovered a method for fabricating Sendust films exhibiting soft magnetic properties
and over 100% TMR ratio, thereby significantly increasing the potential for Sendust alloys to gain
renewed attention not only as bulk soft magnetic materials but also as cutting-edge quantum device
materials. The emergence of such new materials holds the potential to dramatically enhance the
performance of quantum devices. It is expected that this research will lead to a significant leap in the
sensitivity of TMR sensors. Furthermore, this research may initiate the application and development
of Sendust films in quantum devices beyond TMR sensors, with the expectation of widespread

expansion of research in Sendust films.
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