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Chapter 1

Introduction

1.1 Spintronics and flexible electronics

Spintronics is a research field that use degree of freedom of spin as well as charge of electron.
One of the most important discovery is the giant magnetoresistance (GMR) effect [1, 2].
The GMR effect couples magnetization (spin) and electric resistance, enabling magnetic
field control of the electric charge transport. Magnetoresistance effects, including the GMR
effect, attract many researchers to the field since it is not only scientifically interesting but also
industrially useful for the development of magnetic sensors or information storage devices. In
recent years, magnetic random access memory, which has non-volatility, is being developed
as the researches on the spin transfer torque [3] or the spin orbit torque [4, 5] effects have
advanced and magnetization control by not magnetic field but electric current has become
possible. In the future, information storage or processing devices will be developed to reduce
their energy consumption and increase their information recording density.

On the other hand, flexible electronics devices have attracted attentions recently [6-8].
Either partial or full use of organic materials adds stretchability, bendability, or lightness to
conventional electronic devices based on metal or semi-conductor. Such characteristics are
expected to be used for soft robotics, wearable sensors and devices. Furthermore, if a large
area printing process can be applied, the production cost will be reduced and flexible devices
will become more practical [9].

In this thesis, flexible spintronics is studied. A flexible spintronic device was firstly
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Chapter 1. Introduction

reported in 1992, where GMR multilayers were fabricated on a flexible polyimide substrate
[10]. Later, wearable imperceptible magnetic sensor was realized using an extremely thin
(~14 pm) flexible substrate [11] [Fig.1.1 (a)]. Even apart from them, many examples for
flexible spintronic devices are reported [12-31]. One of the characteristics required for these
flexible spintronic devices is that their properties are invariant with a strain caused by the

deformation of the device [Fig.1.1 (b)]. Use of strain-insensitive magnetic material or pre-

(@)
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Figure 1.1: (a) A wearable magnetic sensor mounted on a finger. (b) Magnetoresistance
curves invariant with strain application. These figures are taken from Ref. [11].

stretched substrate is effective to achieve this requirement [11]. In contrast to these devices,
the aim of this thesis is to add mechanical function by proactively utilizing the strain applied
to the device. The magnetoelastic coupling, which is introduced in the next section, connects

the strain with the magnetism and accordingly with the spintronic properties.



1.2 Magnetoelastic coupling

1.2 Magnetoelastic coupling

In this section, the magnetoelastic coupling [32—34] is introduced. Representative phenomena
of the magnetoelastic coupling are magnetostriction and inverse magnetostriction effects. The

latter is particularly important for the realization of mechanical functions.

1.2.1 Magnetostriction effect

The magnetostriction is a phenomenon that the size of a ferromagnetic material changes
when a magnetization of the ferromagnetic material is changed by a magnetic field. When a
demagnetized material with its length / is magnetized by magnetic field parallel to the length
measurement direction to saturation and the length changes to [ + Al, the magnetostriction
constant A is defined as

Al

A= T (1.1)

Thus a positive (negative) magnetostriction constant corresponds to an expansion (contrac-
tion) of the material in the magnetized direction. The absolute value of the magnetostriction
constant of 3d-transition metal ferromagnets is on the order of 107-107>. In general, the
value depends on the crystal orientation. Two independent values of 1g9 and 111 are usually

used for a cubic crystalline case.

Origin of the magnetostriction and inverse magnetostriction effects is expressed using the
energy of the interaction between spins. The dipole interaction is particularly important. The

dipole interaction energy w of a pair of parallel spins is expressed as

w(r,cos ¢) = w(r) (cos2 ®— %) , (1.2)

where r is a distance between the parallel spin pair and ¢ is the angle between the axis that
connects the two spins and the direction of the spins. Though the above equation is for a spin
pair, when considering all the nearest spin pairs in cubic crystal and energy changes with a

strain (strain tensor : &y, &yy, £z, Exy, €yz Exz), the magnetoelastic coupling energy Enagel
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Chapter 1. Introduction

is derived as

, 1 , 1 , 1
Emagel = B |&xx a/x_g + Eyy a/y_g T &z a’z_g

+Br(exyacay + £y,a.ay + Ex;xQy). (1.3)

Here, (ay, a@,, a;) are direction cosines of x, y,z axes, respectively. Higher order terms of
(ax, @y, a;) are ignored. Coefficients By, B, are the magnetoelastic coupling constants.
When a magnetization direction is (ay, @y, @;), the strain (&xx, &yy, &7, Exy, €y Exg) that
minimizes the sum of Epage and the elastic energy Ee, is the spontaneous strain of the

magnet. In cubic crystal, E is expressed using the elastic constants cy1, €12, ca4 as

1 1
2 2 2 2 2 2
Eg = EC” (sxx +&), + szz) + —2C44 (sxy +é&), + szx)
+C12(8yyEzz + E228xx + ExxEyy). (1.4)

The conditions that minimize E = Epagel + Eel, i.6. 0E/0g;; = 0 (i,j = x,y,2), determine

the strain tensor to be

i = ——— |ai—=],

! cp—cpn\ '3
B> ..

&ij = —aq; @#j). (1.5)
C44

Here the strain in a measurement direction, whose direction cosines is (By, Bys B:), is

A= Sxxﬁ)zg + 8yyﬁ§ + gzzﬂg + ExyBxPy + €y ByBz + ExzPxpz- (1.6)

Therefore, when the magnetization directs [100], the strain in the same direction Ajqq is

derived to be

2 B
Ao = ~3———, (1.7)
C11 — €12
from (a,, @y, a;) = (Bx, By, Bz) = (1, 0, 0). Similarly in [111] direction,
1B
A = —5—2, (1.8)
C44



1.2 Magnetoelastic coupling

from (ay, ay, ;) = (Bx, By, B2) = (%, %, %). Thus, the magnetoelastic coupling constants

are related to the magnetostriction and elastic constants.

1.2.2 Inverse magnetostriction effect

When a strain is externally applied to a magnet, the magnetism is changed. This is called
inverse magnetostriction effect. Eq. (1.3) shows magnetic anisotropy, i.e. energy dependence
on the magnetization direction (a, ay, @ ), when the strain tensor &;; is externally determined.

For simplicity, Eq. (1.3) is often expressed as
3 2
Emagel = —E/leffYS cos” 0, (1.9)

where A and Y are the effective magnetostriction constant and Young’s modulus, respec-
tively. In this thesis, € is a uniaxial strain applied to a flexible substrate, on which magnetic
film is deposited, and its coefficient B = 34.¢Y /2 is an effective magnetoelastic coupling
constant. Here B.g > 0, accordingly A.g > 0, means that the material becomes easier to be
magnetized in the direction of an external tensile strain. The angle between the strain axis
and magnetization direction is expressed by 6 If the magnet is poly-crystalline, Ac is known

to be connected to Aygp and A1 as

_ 24100 + 3111

Aeff ~ : (1.10)

In case of an oriented poly-crystalline material, which is often the case for thin films, the
discussion is rather complex [35]. The effective magnetoelastic coupling constant for in-plane

magnetization (By,) in a (111)-oriented poly-crystalline film is derived to be

B+ B>
Bry = ————(1 + vaub), (1.11)
where vg, is Poisson’s ratio, i.e. &y, = —vsuphexx. See Appendix A.1 for the details of the

derivation.
Using the inverse magnetostriction effect, electric field manipulation of magnetic prop-

erties has been reported using a piezoelectric element [36—43]. A strain is applied to a thin



Chapter 1. Introduction

magnetic film deposited on the piezoelectric element when an electric field is applied to
the piezoelectric element. Figure 1.2 shows magnetization property of Ni film depending
on the electric field applied to the BaTiO3 substrate. Under 4 kV/cm, the hysteresis curve
is almost square. On the other hand, the squareness of the hysteresis curve reduces under
-0.6 kV/cm as a result of a magnetic anisotropy change with the inverse magnetostriction
effect. In addition to the control of the basic magnetic properties, change in a velocity of
magnetic domain wall motion [44,45] has also been observed and a logic device based on it
has been demonstrated [46]. Although these researches based on the piezoelectric elements
are interesting and have potentials for practical applications, the magnetic anisotropy changes
are usually not so large because of the limitation of the amount of the strain that can be

applied via piezoelectric elements (& ~ 0.1%).

300} (a) '“'"!i'—'_ 300 (b)
200l "0. BkViem | 200l
‘E 100t 1€ 100t
= 100} 1= -100f
-200} {1 -200}, ..
-300 _%——ﬁl!lll!lil 4kViem 1 300 4kV/cm
200 0 _ 200 40 50 5 10
uH (mT) b, H (mT)

Figure 1.2: (a) Magnetization curves depending on applied electric fields. (b) Enlarged view
of low magnetic field region. These figures are taken from Ref. [43].

Use of a flexible film as a substrate largely enhances the limit of the applicable strain. The
elastic limit of flexible films is usually & ~1-2%. Although the plastic deformation occurs at
g ~0.1% in usual bulk metals, increase in yield strength in thin films on a flexible substrate
has been experimentally observed [47—-49]. Figure 1.3 shows yield strength dependence on
thickness of Cu film. The yield strength of the thinnest film (~100 nm) exceeds 1000 MPa,
which corresponds to the yield strain of ~1%. Therefore, the yield strength of a thin (~10 nm)
metal film is expected to be even larger. Though the Hall-Petch relation, the strengthening by

a smaller grain size, can be an origin of the strengthening in thin films, Ref. [49] has reported
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1.2 Magnetoelastic coupling

that the strengthening in thin films occurs even in the sample series with the same grain size.
A model considering the plastic constraint at the interface of metal and the substrate seems

to simulate the relation most successfully so far [50].

1000 .

800

600+

Yield strength (MPa)

200 -

Film thickness (Lm)

Figure 1.3: Yield strength of Cu films on a polyimide film dependence on Cu film thickness.
The figure is taken from Ref. [49].

In fact, the large modulation of magnetic anisotropy with a large strain on a magnetic
thin film on a flexible substrate has been observed [51-54]. Figure 1.4 shows magnetic

easy axis switching with a tensile strain application. A 6 nm TbFeCo alloy layer with under

1.0 —_—
057 {l | Strain g,
G ool i1 0%
e , £0.4%
g [ R { 0.6%
-05F ¢ 4l
) F- For
[ _Lﬁj/ oo 12%
1.0 X 1 . R
-1.0 -0.5 0.0 . 1 0
1H, (T)

Figure 1.4: Anomalous Hall resistance vs magnetic field perpendicular to film plane under
different strain. The figure is taken from Ref. [53] and modified.

and capping Pt layers was deposited on a flexible substrate. The anomalous Hall resistance
was measured while sweeping a magnetic field perpendicular to the film plane. The curves

correspond to magnetization curves since the anomalous Hall resistance is proportional to

10



Chapter 1. Introduction

the perpendicular component of the magnetization. Without strain, the sample showed the
easy axis magnetization curve, suggesting perpendicular magnetic anisotropy. On the other
hand, when a strain is applied, it changes to the hard axis magnetization curve, suggesting
that the easy axis is switched to the in-plane direction with positive Beg. Although the Aeg
derived using Eq. 1.9 was much smaller than the magnetostriction constant of bulk TbFeCo,
the change in the magnetic anisotropy field is huge (sub-Tesla order) mainly due to the large
strain. It was also confirmed that the change is reversible.

The large magnetic anisotropy change was also confirmed using a simple substance of

3d transition metal Ni [54] (Fig.1.5). The magnetic anisotropy was measured using the

3\'=0%’
41.0
S H1x(y
o 40.9
$418
'
417
416+ Stress ON
H_1x(|y)
Y-} S n R S ——
-0.50 -0.25 0.00 0.25 0.50

uoH (T)

Figure 1.5: Magnetoresistance curves with (b) and without (a) strain. Black and blue lines
are measured under magnetic field in x and y directions, respectively. The figure is taken
from Ref. [54].

anisotropic magnetoresistance effect. The magnetic easy axis of Ni was in x direction before
the strain application. It changes to y direction with the application of tensile strain in x

direction due to the negative Beg of Ni.

11
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1.3 Purpose and outline of this thesis

In this section, the purpose and the outline of this thesis is stated. The aim of the thesis is
to utilize the inverse magnetostriction effect proactively in flexible spintronic devices. The
inverse magnetostriction effect should have been suppressed in the conventional spintronic
devices in order to avoid any characteristic change. However, as shown in the previous section,
the magnetic easy axis direction can easily be changed by a strain application to the flexible
substrate. In other words, magnetization direction is controlled by a strain. Combination
of this phenomenon with other effects can result in new functions. For example, use of
magnetoresistance effects enables change of resistance by the strain, leading to a function of
strain sensing.

After this Chap. 1, the general introduction for this thesis, experimental methods that
are in common for the following experiments are explained in Chap. 2. Chapter 3 shows
the inverse magnetostriction effect of Co thin films with various structure. Analysis of the
actual strain that is applied to the Co layer using the extended X-ray absorption fine structure
spectroscopy is also done.

In Chap. 4, the GMR effect is combined with the inverse magnetostriction effect. The
(pseudo) spin valve structure, consisting of two ferromagnetic layers separated by a non-
magnetic layer, is investigated. Strain effect on the magnetoresistance curve is elucidated
and the function of the strain sensing is confirmed. Furthermore, use of the exchange bias,
which is an internal magnetic field from an antiferromagnetic layer, improves the sensitivity
and makes it unnecessary to apply an external field. Thanks to the improvement, a brief
demonstration of bio-metric measurement is conducted.

In Chap. 5, formation of the magnetic tunnel junctions on a flexible substrate is performed
in order to enhance the magnetoresistance ratio. The magnetoresistance ratio of ~200% is
obtained, which is comparable to that of the sample on a rigid substrate. Strain effects and
durability are also checked. In addition, features of the magnetoelastic strain sensors are
discussed

In Chap. 6, heat transport properties are controlled by the strain application, in contrast
to the control of the electric transport properties in the former chapters. The anomalous

Ettingshausen effect, which produces a heat current depending on the magnetization direction,

12



Chapter 1. Introduction

is mainly controlled by the inverse magnetostriction effect.

Finally in Chap. 7, conclusion and the future research directions are stated.

13



Chapter 2

Experimental methods

In this chapter, experimental methods that are in common for experiments in the following

chapters are shown.

2.1 Sample preparation

2.1.1 Flexible substrates

Poly-ethylene naphthalate (PEN) or polyimide films were used as flexible substrate. The
PEN has a molecular structure similar to that of the poly-ethylene terephthalate often used
for beverage bottles, with better characteristics in mechanical strength, chemical stability, or
heat resistance. The PEN films used in this thesis are Teonex® Q65H (Dupont-Teijin Films
Ltd.) with thickness of 38 or 50 um. Teonex® Q65H has been developed for use in flexible
electronics, having high transparency and surface flatness. A surface image of Teonex®
Q65H measured with the atomic force microscope (AFM) is shown in Fig. 2.1 (a). The
surface roughness R, is sub-nanometer. The strain-stress curve of the PEN film measured
using a tensile machine (see Sec. 2.2.2 for details) is shown in Fig. 2.1 (b). The linear
relationship is maintained up to around & = 2%, where reversible strain application to the
film is expected. The Young’s modulus is 6.2 GPa.

The polyimide film was used when thermal treatment was necessary. The glass transition
temperature T, of the polyimide is around 300°C (cf. 7, ~ 120°C for PEN). Kapton® EN
(Dupont-Toray Co., Ltd.) with various product lines for thickness or UPILEX® S50 (Ube

14



Chapter 2. Experimental methods

PR TR T SN R
2 4 6 8 10
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Figure 2.1: (a) An AFM image of the surface of PEN film (Teonex® Q65H) in the area of
20 x 20 pm?. (b) A strain-stress curve of the PEN film.

Industries, Ltd.) with a flat surface. Figures 2.2 (a) and (b) show the AFM images of the
Kapton® and UPILEX®, respectively. In contrast to the rough surface of Kapton, UPILEX
has a flat surface comparable to the PEN substrate. Although 7, is no more than 400°C,
reduction of the elastic modulus is moderate over T, especially in the UPILEX®. Therefore,

annealing of the sample up to 500°C is performed in chapter 5. Magnetic thin films are

formed on these flexible substrates.

(a) Kapton (b) UPILEX
R,=4.3nm R,=0.9 nm

40 [nm]

=t
=+

0
1]

Figure 2.2: AFM images in the area of 2020 umz for (a) Kapton® 200EN and (b) UPILEX®
S50.
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2.1 Sample preparation

2.1.2 Film deposition

Magnetic films used in this thesis were deposited by radio frequency (RF) sputtering
manufactured by EIKO Engineering (see Fig. 2.3). The sputtering method is one of the
physical vapor deposition methods. Noble gas is ionized, accelerated and crashed into a
plate of target material by an RF voltage. Though the voltage source is not necessarily be
alternative for deposition of metal, the RF voltage was used, enabling deposition of insulative
materials (e.g. MgO). Atoms of the target material is then, burst out from the plate and adhere
to the substrate or the sample. Ar and Xe gases were used and the pressure was maintained
to be around 0.6 and 0.2 Pa, respectively, during the deposition. The base pressure of the
sputtering machine was on the order of 1077-107° Pa. Thickness of the deposited film and the
deposition rate were monitored by the quartz crystal microbalance thickness monitor. The
deposition rate of materials was in the range of 0.1-0.3 A/s in the thickness monitor. The
actual thickness of the deposited films can be checked with X-ray reflectivity measurements
using SmartLab® (Rigaku Corporation). Ratio of the actual thickness and the thickness

displayed in the thickness monitor was checked in advance for each material.

(a)—| | (b)F

Substrate |
o0 o o000

Ar*or X
©

Figure 2.3: (a) A schematic and (b) a picture of the sputtering machine.

2.1.3 Fabrication process

The deposited films were processed into a pattern of thin wires and electrodes for the 4-wire
resistance measurement with the photolithography and Ar ion milling, which is schematically
shown in Fig. 2.4. Details of the procedure is written below. See Sec. 5.2 for the procedure

for fabricating magnetic tunnel junctions.
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Photo-resist

"~ Deposited film
Substrate ~

Photo-resist coating  Ultra-violet lon-milling

 Photo-mask V

Photolithography Photo-resist removed

Figure 2.4: Schematics of sample fabrication process by photolithography and Ar ion milling.

1. The positive photo-resist microposit® S1813G (Shipley) was coated on the sample
surface. A spin coater MS-B100 (MIKASA Co., Ltd.) was used to rotate the sample at
the speed around 4000 rpm. The sample was baked on a hot plate at 90°C for no less

than 2 minutes.

2. A photo-mask made of glass and a Cr layer patterned into an intended shape was put
on the sample with the photo-resist and ultra-violet was irradiated on them for 30 s.

Mask aligner M-1S (MIKASA Co., Ltd.) was used for this procedure.

3. The sample was put into microposit® MFCD-26 developer (Rohm and Haas Company)
for about 30 s. This makes the photo-resist where exposed to the ultra-violet resolves

selectively.

4. The sample was etched with Ar ion milling apparatus IBE-NS10-TU-DC (EIKO En-
gineering). This method etches the area not covered by the photo-resist by crashing
the ionized high energy Ar into the sample surface . The etching time depends on the
total film thickness (e.g. about 2 minutes for 10-nm-thick metal). Films on flexible
substrates required longer time compared to those on rigid substrate. This seems to be
related to oxidization of the bottom layer as can be seen in Fig. 4.5 in Chap. 4. After
the milling, the residual photo-resist was removed by the ultrasonic cleaning in acetone

and ethanol.

17



2.1 Sample preparation

During the procedures, double sided tapes were used to fix the flexible sample, instead of
vacuum chucks or clamping tools usually used for processing rigid samples.

The sample after the above procedure can be measured with a probing device. On the
other hand, wires were connected to the samples for tensile testing. Cu wires of 0.05 mm in
diameter were connected using the CircuitWorks® Conductive Epoxy (Chemtronics). The
epoxy was dried for a few hours at room temperature. Figure 2.5 (a) shows a single device,
whose four electrodes are connected. Figure 2.5 (b) shows a sample cut into a strip for the

tensile testing.

B3
) “a
/v’ / 0'. QQ*\
{ 7/ \ '."
/‘.\‘ ’

Figure 2.5: (a) A microscope image of a single pattern with four Cu wires connected by
Conductive Epoxy. (b) A strip for tensile testing. One of the devices has wires.

18



Chapter 2. Experimental methods

2.2 Strain application

In this section, methods of tensile testing for the sample prepared with above procedure (Fig.
2.5) are explained. Tensile jigs and automated motor-driven tensile machines were used.
Although the tensile jigs are inferior to the auto-tensile machine in the precision of strain
application, the tensile jigs provide higher degree of freedom for surrounding experimental

setup.

2.2.1 Tensile jig

b
e
L PN

Figure 2.6: A small tensile jig made of brass

A small tensile jig with the size of ~ 1.5 x 1.5 x 1.5 cm?®, which was designed by the
author following the advice of Prof. Takahiro Namazu and made by Sanwa Trading (Fig.
2.6), was used. Being small and free from ferromagnetic material, the jig is suitable for use
under a high magnetic field, which is often narrow. Both ends of the strip sample were fixed
with grippers. The grippers have tooth-like projections at the side touching to the sample
in order to fix tightly. The differential mechanism enables small strain application, i.e. the
jig consists of two parts connected by a screw that has part with different pitches (0.35 mm
and 0.40 mm). With a rotation of the screw, two parts respectively move 0.35 and 0.40 mm
against the screw, thus move 0.05 mm relatively to each others. With the sample length ~1
cm, the elongation of 0.05 mm corresponds to a strain € ~ 0.5%

The actual strain applied to the metal was calibrated using a microscope. A square metal

pattern of ~ 1 x 1 mm? on a PEN substrate was prepared and captured by a CCD camera

19



2.2 Strain application

attached to the microscope [Fig. 2.7 (a)]. The lengths (I, and [,) of the edges of the square (~
1 mm) corresponded to ~800 pixels. The length in the direction of the tensile strain applied
is defined to be /.. Value of the strain is derived from

IX(y) -1

ex) = ), @.1)

x(y)

where lg(y) is a reference length for the zero strain state. The strains obtained with multiple
measurements are shown in Fig. 2.7. Though l)?(y) should originally be measured at a
state without strain, it was measured at 0.5 rotation of the screw after fixing the sample,
because it was difficult to set the zero strain state manually. The result is that the strain
is &x = 0.60 £ 0.04% per rotation of the screw and Poisson’s ratio of the PEN film is
v = —gy,/e, = 0.43 + 0.07, which is consistent with a previous work [55]. Judging from the

strain value and scars on the substrate after the tensile testing, the tooth-like projections at

farthest from the center work as grippers.

(b)
1.5 ——

PEN substrate - ' J
1.0 | ;/. _
< 05} /' -

s 00 |—=
S .
05} 5y§| i
qob v oy L]
0 1 2 3

Rotation Number

%)

Strain ¢

Figure 2.7: (a) An example of the microscope image used for the strain calibration. (b)
Strain dependence on rotation number of the screw. &, and &, denote the strains in the tensile
direction and that in the direction perpendicular to the tensile strain, respectively.

For the extended X-ray absorption fine structure (EXAFS) spectroscopy in Sec. 3.3,
where a larger sample was required, a large tensile jig shown in Fig. 2.8 (a) was used. Main
body of the jig was provided by Prof. Takahiro Namazu and attachments were made by the

author. Figure 2.8 (b) shows the relationship between nominal strain and the strain actually

20



Chapter 2. Experimental methods

observed with the method mentioned above. The actual strain matches the nominal strain

within the error bar.

S0.0%
5; N 1 N 1 N 1 N
00 05 10 15 20
Nominal Strain (%)

Figure 2.8: (a) A large tensile jig. The sample size is ~ 1 x 2 cm?. (b) A relation between
the actual strain observed with a microscope and the nominal strain.

2.2.2 Automatic tensile machine

Figure 2.9 shows an automatic motor-driven tensile machine made by Wyseroad co.Ltd. The
strip sample (Fig. 2.5 (b)) was fixed with the gap of 10 mm, where the fixed length was 11
mm with 0.5-mm-wide tooth-like projections. The gap was controlled by a screw connected
to a stepper motor with microstep control. A pulse to the stepper motor changes the gap by
~ 0.1 um, corresponding to 0.001% strain. The actual displacement was monitored by a
linear encoder with 0.1 um resolution. The load applied to the sample (F) is monitored by a
load cell with 0.01 N resolution. The stress o applied to the substrate is o = F/tw where ¢
and w are the thickness and width of the substrate, respectively. The initial (¢ = 0) state was
set by reducing the gap from a state with a measurable tensile stress until the stress becomes
zero.

The four Cu wires from the sample were connected to solder terminal blocks (Fig. 2.9
(b)), accordingly to a measuring instrument 2450 SourceMeter® (KEITHLEY). The 4-wire
resistance mode, with a source current of 50-300 nA was used for the resistance measurement.
For the measurement of magnetic tunnel junction samples in Chap. 5, the voltage source

mode was used.
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2.2 Strain application

(b)

’ \ Tensile Machme

Mﬁ

Figure 2.9: (a) An overview of the automatic motor-driven tensile machine and surroundings.
(b) An enlarged view around the sample.

An in-plane magnetic filed was applied by an electromagnet above the sample. A current
was applied to the coil with a bipolar power supply BP4610 (NF Corporation). The magnetic
flux is lead to the sample via iron arms. Although the magnetic field is not uniform around
the tip of the arms, the distance between the sample and the magnet was set by a highly
reproducible Z stage [Fig. 2.9 (a)]. With a rotation stage, the magnetic field direction was

controlled.
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Inverse magnetostriction effect on single

magnetic layer

In this chapter, the inverse magnetostriction effect of samples with one magnetic layer is
discussed. Section 3.1 shows a method for determining the effective magnetoelastic coupling
constant Beg. In Sec. 3.2, results for Co samples with various structure are discussed. In Sec.
3.3, the atomic distance change in magnetic Fe or Co layer is measured with the extended

X-ray absorption structure spectroscopy.

3.1 Determination of effective magnetoelastic constant

The anisotropic magnetoresistance (AMR) effect was used to obtain the magnetic information
from electric resistance. The AMR effect refer to the resistance R dependence on the angle

between an electric current and magnetization direction (¢) as
R = Ry + AR cos? ¢, 3.1

where Ry is the resistance when ¢ = 90° and AR/Ry is the AMR ratio. This phenomenon is
intuitively understood as following: the electron cloud distribution spread in the directions
perpendicular to the magnetization (spin) direction because of the spin-orbit interaction,

therefore the conductivity in the direction the electron cloud spread is better. In the sample
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3.1 Determination of effective magnetoelastic constant

with in-plane magnetic anisotropy, which is the case for Co film thicker than 1 nm, ¢

correspond to the azimuthal angle of the magnetization.
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Figure 3.1: Example of the AMR curves with different field directions and strain values. The
right upper inset shows the experimental configuration.

Figure 3.1 shows examples of the AMR curves of a Co sample with positive Beg under
different magnetic field directions (H,, Hy) and strains (¢, = 0, 0.6%). Note that a small
strain is already applied for £, = 0% in order to avoid the multi-domain state. With the tensile
strain in x direction and the positive B.g, magnetic easy axis is in x direction. The AMR
curves under H, have negligible change because the magnetization directs +x or —x during
the H, sweeping. On the other hand under H,, a clear resistance change is seen. When H, is
large, magnetization direct +y obeying the field, and when H, is small, magnetization direct
+x due to the magnetic anisotropy induced by the inverse magnetostriction effect. Thus, the
saturation field roughly corresponds to the anisotropy field Hx. When the strain is increased
(ex = 0.6%), Hy clearly increases. At the same time, R increases due to the strain. The

resistance R of the metal depend on the size as

[
R=p—. (3.2)

where p is the resistivity and /, ¢, w are length, thickness and width, respectively. The tensile
strain in x direction increases / and decreases ¢ and w with the Poisson’s compression.

Figure 3.2 shows normalized hard axis magnetization curves. The Ry and AR can be
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Chapter 3. Inverse magnetostriction effect on single magnetic layer

1.0F Y

& = 0.6%

0 50 100
:UOHy (mT)

Figure 3.2: Normalized hard axis magnetization curves under different strain values.

respectively determined from the R when magnetization is saturated to the current direction
(x) and the direction perpendicular to the current (y). Thus cos? ¢ can be known from R under
arbitrary magnetic field. Here, sin 6 is the y component of a normalized magnetization. The
saturation field Hy is determined from the extrapolation of a linear fitting of the magnetization
curve.

The magnetic anisotropy energy K, is determined by

_ oM Hy

Ku 2 s

(3.3)

where g is the magnetic permeability of vacuum and M; is the saturation magnetization. In
this thesis, a literature data for bulk Co, Mg = 1.79 T [56] is used. The change in K, per unit

strain change corresponds to Bef.
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3.2 Magnetoelastic constant dependence on Co film structure

3.2 Magnetoelastic constant dependence on Co film struc-

ture

The effective magnetoelastic coupling constant Beg of Co films with various structures is
summarized in Fig. 3.3. The layer structures Ta(3.3 nm)/NMU(2.0 nm)/Co(tc,)/NMC(2.0
nm) from the substrate side were deposited on the PEN substrate. The NMU and NMC stand
for under and capping non-magnetic layers (Cu or Pt), respectively. Thickness of the Co layer

is denoted as f¢,.
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Figure 3.3: B.g of Co films with various structures. NMB/Co/NMC shows the layer structure
from the bottom side, omitting the Ta layer [e.g. Pt/Co/Pt means PEN/Ta(3.3 nm)/Pt(2.0
nm)/Co(tc,)/Pt(2.0 nm)]. The figure is taken from Ref. [57].

There are three features that can be extracted from Fig. 3.3.

1. The samples with Pt under layer have large Beg compared to the Cu under layer samples.

2. In thin Co (fc, < 5 nm), large differences in Beg are seen depending on the capping

layer material.
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Chapter 3. Inverse magnetostriction effect on single magnetic layer

3. Absolute values of Beg tend to be smaller for larger 7c,.

For the first feature, the under layer material dependence, crystalline structure is supposed
to be important. Figures 3.4 (a) and (b) show the transmission electron microscope (TEM)

images of Pt and Cu under layer samples, respectively. Although the TEM images show that

a . . top (b _ top
(@] (@]

(@) (O]

> | ~o”
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Figure 3.4: The TEM images of Co samples (fc, = 12 nm) with (a) Pt and (b) Cu under
layers. Insets show the FFT images of the TEM images. The figures are taken from Ref. [57].

the Co layers are polycrystalline in both cases, the two dimensional fast Fourier transform
(FFT) reveals a difference. The Co layer on Cu has a random crystalline orientation, suggested
by the ring-shaped FFT image. On the other hand in the Pt under layer case, the FFT shows
clear spots indicating the face centered cubic (fcc) (111) texture. The crystalinity was also
checked for other structures of the Co films on a thermally oxidized Si substrate using the
X-ray diffraction (XRD) as shown in Fig. 3.5. It is confirmed that the Pt under layer samples
show the large peak for fcc (111) of Co. An existence of the peak for fcc (111) of Pt suggests
that the fcc (111) crystal orientation of the under layer is passed to the Co layers. Although
data of the magnetoelastic constants in bulk fcc Co are absent, one can attribute the large Beg
to the fcc (111) textured structure because the similarly stacked hexagonal close packed (hcp)
(0001) textured structure is calculated to have a large Beg = 11.3 MJ/m? (see Appendix A.2
for details).

The second feature, the capping layer dependence, is similar to the surface or interface
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3.2 Magnetoelastic constant dependence on Co film structure

S =
(=3 ~
o —_ ~
= ~ [e]
(%) = O
S5 &
8 Pt/Co/Pt
2
B
C
Qo
< AN g sl daverinal Cu/Co/Pt
P WA Y atbast CU/CO/CU
30 35 40 45 50

26 (deg.)

Figure 3.5: The XRD measurement of four types of Co samples (tc, = 20 nm) on thermally
oxidized Si substrates. The figure is taken from Ref. [57].

effect of the magnetoelastic effect [58,59]. This phenomenon is expressed as

B
Befr = Boui + —2, (3.4)
r—1

where Bk is the magnetoelastic constant for bulk, By, is a coeflicient for the surface or
interface effect, ¢ is the thickness of magnetic material and 7 is a constant. This suggests that
the interface or surface of the magnetic layer has different magnetoelastic property. In our Co
case, Pt and Cu capping layers seem to have positive and negative interface magnetoelastic
effects, respectively. Alloying of the interface or lattice strain due to the lattice mismatch are
supposed to be the origins for the interface effect. The magnetoelastic effect may occur also
in the magnetic moment induced to the non-magnetic material [60], which can contribute to
the interface effect.

The third feature, the overall reduction of magnetoelastic effect in the thicker sample, is
partially explained by degree of strain-transfer. This is further discussed in the next section
by measurement of atomic distance. Other parts of the #c, dependence can also be attributed
to the difference in conditions of Co. For example, degradation of the crystalinity or change

in lattice constant for thicker samples may explain such thickness dependence.
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Chapter 3. Inverse magnetostriction effect on single magnetic layer

3.3 Strain in magnetic film

In this section, the atomic distance change in the magnetic layer with substrate stretching is

measured using the extended X-ray absorption fine structure (EXAFS) spectroscopy.

3.3.1 Basics of EXAFS

An example of the EXAFS spectrum for a bulk Fe foil is shown in Fig. 3.6 (a). The axes u
and E are X-ray absorption coeflicient and energy of the incident X-ray, respectively. The
EXAFS refers to the oscillation at energy above the absorption edge in X-ray absorption
spectrum. The X-ray with energy higher than the absorption edge excites photoelectrons, and

the photoelectrons interact with the surrounding atoms [Fig. 3.6 (b)]. Therefore, the EXAFS

(a) (b)
—Fe K-edge : : : Photoelectron-wave

7000 7200 7400 7600 7800
E (eV)

X-ray Scattered
photoelectron-wave

Figure 3.6: (a) The EXAFS spectrum of the Fe foil. ¢ and E are X-ray absorption coefficient
and energy of the incident X-ray, respectively. (b) Schematics of the EXAFS. The incident
X-ray excites photoelectron-wave from the atom 1 and the photoelectron-wave interacts with
surrounding atoms, e.g. the atom 2.

oscillation reflects the structure around the atoms of the specific element of the absorption
edge [61]. The EXAFS oscillation is often expressed in a form of the EXAFS modulation
function y(k),

x(h) = 25 (3.5)
Ho
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3.3 Strain in magnetic film

where ug is a smooth component (background) of the absorption coefficient and g is the

edge jump. A wave number of the photoelectron (k) is converted from E as

k =+ /%’"(E — Ey), (3.6)

where m, 1 and Ej are the mass of electron, Dirac’s constant and the absorption edge energy,
respectively. Figure 3.7 shows the EXAFS spectrum in k space, converted from Fig. 3.6. In

order to compensate the decay in the high k range, the spectrum is weighted with k>. By

1 (k) (A°)

8 91
k (A7)

01234567 0111213 14 15
(

Figure 3.7: The EXAFS spectrum of the Fe foil in k space. k3 y(k) is the EXAFS modulation
function with k> weight.

the Fourier transform, a radial distribution function y(R), whose peaks corresponding to the
atomic bond distances, is obtained (Fig. 3.8). R is the radial coordinate. The first peak
(R ~ 2.2 A) and its shoulder (R ~ 2.5 A) correspond respectively to the nearest and second
nearest bonds of body center cubic (bcc) Fe. Fitting analysis is useful for determining the
coordination number, atomic distance r and the Debye-Waller factor o of each peak. In this
thesis the fittings were performed in so-called g space, the inverse Fourier transform of y(R) in
a selected R range. The analysis, including the data conversion, the background elimination,
Fourier transform, and fitting was performed with Demeter software [62]. Theoretical

scattering phase shifts and amplitudes were calculated using a calculation code, FEFF 6 [63].
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Figure 3.8: The EXAFS spectrum of the Fe foil in R space. y(R) is the radial distribution
function.

3.3.2 EXAFS measurement under strain

The EXAFS experiments were performed for Fe and Co samples deposited on a PEN substrate.
The Fe sample is Ta(4.0 nm)/Fe(8.0 nm)/Pt(3.0 nm) and the Co sample is Ta(3.0 nm)/Pt(2.0
nm)/Co(7.0 nm)/Pt(2.0 nm) from the substrate side. The large tensile jig (Fig. 2.8) was used
to apply the tensile strain egg to the samples with the size of ~ 1 x2 cm?. The EXAFS spectra
were collected around the Fe (Co) K-edge [~7116 (7715) €V] at room temperature at beam
line BLOIBI in SPring-8 [64]. The incident X-rays were monochromatized by a Si (111)
double-crystal monochromator. The higher harmonics in the incident X-rays were removed
by Rh-coated mirrors. The EXAFS spectra were measured in a fluorescence mode using a
19-element Ge solid state detector. In the EXAFS experiment, eps was changed as 0% —
1.6% (— 0.8% — 0.3%). Figure 3.9 shows two experimental configurations for different
X-ray polarization. The electric field vector E of the incident X-ray is nearly parallel and
perpendicular to the tensile strain epg in || and L configurations, respectively. The glancing
angle of the incident X-ray was set to ~4° in both configurations. The EXAFS spectra mainly
reflects atomic structure in the polarization direction [65], i.e. the atomic distance in the
tensile strain direction (the direction perpendicular to the film plane) can be investigated

using || (L) configuration.

Figure 3.10 shows EXAFS spectra in k space of the Fe sample at egs = 0, 1.6% in ||

and L configurations. The shape of the spectra is similar to that of a bulk polycrystalline
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3.3 Strain in magnetic film
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Figure 3.9: Schematics of || and L configurations. The information of atomic bonds in the
direction of an electric field E has a larger contribution.

Fe reference sample (Fig. 3.7), indicating that the obtained spectra are mainly attributed to
Fe-Fe bonds. Importantly, in || configuration, the spectrum is compressed slightly toward
smaller k£ and the amplitude is lowered by the strain application. These results suggest the
atomic distance elongation and increase of disorder. On the other hand, almost no change
can be seen in L configuration. Although it is difficult to see corresponding peak shifts in the
Fourier transforms in Fig. 3.11, fitting analysis reveals an significant effect of egs application
as shown in Fig 3.12. Four parameters of atomic distances for the nearest neighbor rre NN,
the second nearest neighbor rg._sn and the Debye-Waller factors for the nearest and second
nearest neighbors were used for the fitting. The coordination numbers were set to be constant
independent of eps. Datain 1.7 A < R < 2.9 A were used to perform the fitting in ¢ space.
Significant increase beyond the error bar is confirmed in rpe NN and rre_sN as increasing
ers. In addition to the increase in the atomic distances, increase in the Debye-Waller factors
suggesting the change in structural disorder is also seen (not shown). The amplitude lowering
in the spectra is supposed to be caused by an anisotropic atomic distance change due to the
uniaxial strain application. On the other hand in L configuration, almost no atomic distance

change is seen.

Similar results are obtained for the Co sample as shown in Fig 3.13. The peak at R ~ 2.2
A was fitted assuming the nearest neighbor of fcc Co, with its atomic distance rc, NN and the
Debye-Waller factor being the parameters. The fitting was performed using data in 1.7 A <
R<25A

So far, atomic distance are mainly discussed. From here atomic strain, i.e. change ratio
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Figure 3.10: EXAFS spectra in k space of the Fe sample at egs = 0, 1.6% in || and L
configurations.

Fe sample
| éonfigun‘*atién 1 O f:onlligu'ratic')n |

|2(R)| (a.u.)

Figure 3.11: Radial distribution functions of the Fe sample at egg = 0, 1.6% in || and L
configurations.
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Figure 3.12: Dependence on epg of fitting parameters, atomic distances for (a) the nearest
neighbor rre NN and (b) the second nearest neighbor 7g._sn.

of atomic distance [r(eps = 1.6%) — r(egs = 0%)]/r(eps = 0%), is discussed. The atomic
strains for the Fe sample calculated from Fig. 3.12 are summarized at the row of “EXAFS
fitting results” in Tab. 3.1. The atomic strains for the Co sample calculated from Fig. 3.13 (¢)

is also summarized at the row of “EXAFS fitting results” in Tab. 3.2. We note that the atomic

Path_Configuration NN_|| NN_ L SN_|| SN_ 1
EXAFS fitting results +0.35+0.11% | -0.03+0.12% | +0.62+0.25% | -0.03+0.27%

Calculation for bee (110) +0.82% -0.13% +0.69% +0.04%

Calculation for bee (100) +0.56% +0.21% +1.08% -0.48%

Table 3.1: Atomic strains of experimental results for the Fe sample and of calculations at
ers = 1.6% with 100% strain-transfer. NN and SN stand for the nearest neighbor and second
nearest neighbor paths, respectively.

Path_Configuration NN_|| NN_ L
EXAFS fitting results +0.26+0.14% | 0.00+0.11%
Calculation for fcc (111) +0.82% -0.13%

Table 3.2: Atomic strains of experimental results for the Co sample and calculations at
ers = 1.6% with 100% strain-transfer. NN stands for the nearest neighbor path.

strains for rre(co) NN and rre_sn obtained in || configuration ( +0.3-0.6%) are pretty smaller
than egs = 1.6%. In addition, the reduction in rre(co) NN and rre_sn for L configuration is also
smaller than a prediction from the Poisson compression (~ -0.5%, assuming the Poisson’s
ratio of v = 0.3). However, these results do not necessarily suggest that the strain in the flexible
substrate fails to be transferred to the Fe or Co layers. In order to discuss quantitatively the

degree of the strain-transfer, the ideal value, i.e. the ratio of the change in the atomic distance
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Figure 3.13: EXAFS spectra in k space of the Co sample at egs = 0, 1.6% in (a) || and (b) L
configurations. Insets show radial distribution functions. (c) Dependence on ggg of atomic
distance for the nearest neighbor rc, NN-
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3.3 Strain in magnetic film

for the 100% strain-transfer case is needed. The rows of “Calculation” in Tabs. 3.1 and 3.2
are results of the calculation considering the Poisson’s compression, crystalline orientations
of the ferromagnetic metals, and polarization of the X-ray (see Appendix B for the detail of
the calculation). The atomic distance changes are shown with respect to different crystalline
textures. These calculation values also appear to be smaller than 1.6%. The essence is that
the change in distance of oblique atomic bonds, whose angle with the strain direction or X-ray

polarization direction is non-zero, is relatively small.

The crystalline structure of the Fe layer is supposed to be a weak bcc (110) texture,
because a corresponding XRD peak is obtained for an Fe sample on a thermally oxidized Si
substrate while it is not seen on the Fe sample on a PEN substrate. However it seems difficult
to explain the experimental results for the Fe sample with the calculation only assuming
bee(110) texture, and the relatively large rre_sn change compared with the rgeco) NN change
in || configuration is rather qualitatively reproduced by the calculation for bcc (100) texture.
On the other hand in L configuration, calculation for bcc (110) texture shows better matching
with the experiment. Therefore, the Fe layer is expected to have a mixed structure of bcc
(110) and (100) textures. As a result, the above calculation suggests that at least about 60%
of epg is transferred to the Fe layer, although the crystalline structure is unclear in the present
sample. Note that the difference of the atomic strains between the nearest and the second
nearest neighbor atoms never appears when a polycrystal with perfectly random orientation

is assumed.

Next, the atomic strain for the Co sample is briefly discussed. Although the Co sample
includes hep (0001) structure [Fig. 3.4 (a)], calculation was performed using fcc (111) texture
as shown in Tab. 3.2, because the nearest neighbor paths in hcp and fce are almost the same.
As a result, the strain transferred to the Co layer is estimated to be about 30% of that in the
substrate. The difference of the strain-transfer ratio between the Fe and Co samples may
arise from the under layers. For example, existence of the additional Pt under layer in the
Co sample may introduce a larger strain relaxation. It will be important to compare samples
with various layer structures, in order to identify determinants of the strain-transfer. Since
Beg is derived using eps in Sec. 3.2, actual magnetoelastic constants of the Co layers are

three times larger, which means B.g can be tripled if a perfect strain-transfer is realized.
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3.3.3 Thickness dependence of Co sample

The EXAFS measurements were also performed for Co samples Ta(2.9 nm)/Pt(¢p,)/Co(tco)/
Pt(1.6 nm) from the substrate side, with different Co thickness #c, and under layer Pt thickness
tpr. The EXAFS spectra were obtained only in || configuration for egs = 0 and 1.6%. Figures
3.14 (a) and (b) show fc, dependence of rc, NN of the Co samples with fp; = 1.6 nm and
corresponding atomic strains, respectively. The right axis of Fig. 3.14 (b) is the ratio of
strain-transfer assuming that the atomic strain of 0.82% is the perfect strain-transfer value as
calculated above. A tendency of the atomic strain reduction with increased fc, is seen, which
is though within the error bars. This suggest that the B.g decrease in Fig. 3.3 is related to

the decrease of strain-transfer. The measurements were also performed for various bottom
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Figure 3.14: (a) Co thickness #c, dependence of rc, nn 0f Co samples with 7p; = 1.6 nm at
eps = 0, 1.6%. (b) Corresponding atomic strains and ratio of the strain-transfer.

Pt thickness. Figures 3.15 (a) and (b) show fp; dependence of rc, NN of the Co samples with
fco = 11.7 nm and the corresponding atomic strains, respectively. Cu under layer is used for
the case of tp; = 0 nm. A slight increase tendency of atomic strain with #p; increase can be
seen. The Cu insertion is particularly responsible for the smaller strain-transfer. This suggest
that the B.g dependence on the under layer material species is attributed to the difference in
the strain-transfer as well as the crystalline orientation.

Figures 3.16 (a) and (b) show Bg dependence on #¢, and tp; for the same samples used for
the EXAFS measurements. Figure 3.16 (a) shows a stronger #c, dependence compared with
Fig. 3.3. This difference may be attributed to the slight difference in the layer structure (e.g.

thinner Pt layers). By comparing these thickness dependence of Beg with that of the atomic
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Figure 3.15: (a) Bottom Pt thickness 7p; dependence of rc, NN of Co samples with 7c, = 11.7
nm at eps = 0,1.6%. (b) Corresponding atomic strains and ratio of the strain-transfer. tp; = 0
nm denotes that 2.0 nm Cu layer is used instead of the Pt under layer.

strains (Figs. 3.14 and 3.15), it is concluded that only a limited part of the B.g dependence
on thickness is attributed to the strain-transfer decrease.

Figures 3.17 (a) and (b) show the Debye-Waller factor of nearest neighbor bonds of Co
(0co_NN) dependence on 7c, and tp;, respectively. As the measurement temperature is the
same, oco NN is affected by the static structural fluctuation. The clear 7c, dependence reflects
different Co conditions at the Pt/Co interfaces, which can be induced by the lattice misfit. This
reinforces that the interface effect (Eq. 3.4) is seen in the range (fc, < 5 nm) as discussed
in the previous section. On the other hand, the B.g-fc, relation at a thicker range is not
explained by the oc, NN-fco relation. Therefore, the bulk state of the Co layer is supposed to

be dependent on 7¢,.
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Figure 3.16: The effective magnetoelastic constant Beg dependence on (a) Co thickness tc,
and (b) bottom Pt thickness fp; of Co samples. tp; = 0 nm denotes that 2.0 nm Cu layer is
used instead of the Pt under layer.
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Figure 3.17: The Debye-Waller factor of nearest neighbor bonds of Co (oc, nn) dependence
on (a) Co thickness 7c, and (b) bottom Pt thickness tp; of the Co samples. fp; = 0 nm denotes
that 2.0 nm Cu layer is used instead of the Pt under layer.
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Figure 3.18: (a) XRD spectra for the Co samples on a PEN substrate with different 7p; and
fixed fco, = 11.7 nm. (b) A dependence of lattice spacing of Co (dc,) on fpi. tpg = 0 nm
denotes that 2.0 nm Cu layer is used instead of the Pt under layer. The peaks were fitted using
the split-type pseudo-Voigt function in Rigaku PDXL.2.
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3.3 Strain in magnetic film

For the fp; dependence, the slight oc, Nnn-fpr relation may reflect Co crystalinity en-
hancement with the thicker Pt under layer, which is also confirmed by peak heights in XRD
measurements [Fig. 3.18 (a)]. It is suggested that a thicker Pt under layer leads to the better
fcc (111) crystalline orientation of the Pt and Co layers, and accordingly the larger Beg. At
the same time, the out-of-plane lattice distance of Co (dc,) is obtained from the peak of Co
(111) as shown in Fig. 3.18 (b). The thicker Pt under layer seems to reduce dc, by enhancing
in-plane lattice constant which is also seen in Fig. 3.15 (a). This in-plane lattice strain may be
the origin of the B.g-tp; relation, as a theoretical study insists that a larger lattice constant of
Pt/Co system enhances magnetoelastic constants [66]. The Beg-fco dependence can be also
attributed the lattice constant change of Co since the lattice of a thinner Co layer is strongly

affected by the Pt under layer, which is seen in Fig. 3.14 (a).
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Chapter 3. Inverse magnetostriction effect on single magnetic layer

3.4 Summary of this chapter

In this chapter, the inverse magnetostriction effect of Co thin films on a flexible PEN substrate
has been studied. The effective magnetoelastic coupling constant Beg largely depends on the
layer structure. With a Pt under layer, the Co layer has fcc (111) texture, which leads to a
relatively large positive Beg. On the other hand with a Cu under layer, the Co layer shows
a randomly oriented polycrystalline structure, resulting in an either positive or negative Beg
with a small absolute value. Pt and Cu capping layers add the interface magnetoelastic effect.
Beg of the thin Co layer (with the thickness smaller than 5 nm) deviates to positive and negative
directions when the Co layer is capped by Pt and Cu layers, respectively. Furthermore, the
larger Co thickness tends to reduce the absolute value of Beg.

The EXAFS spectroscopy shows that a part of the B.g dependence on the Co thickness
is attributed to the reduction of the strain-transfer from the substrate to the Co layer. A large
part of the origin of the Co thickness dependence, however, remains to be unclear, which
rather means that the magnetoelastic property truly depends on the Co thickness through the
differences in crystalinity or lattice constant. The EXAFS also shows that the strain-transfer
is not perfect (30-60% depending on sample structures), suggesting that Beg can be further
increased by somehow enhancing the strain-transfer.

These findings advance comprehensive understanding of the inverse magnetostriction
effect in thin films, where previous studies have reported sample-by-sample results [36—43,
51-54] . Such a control of the inverse magnetostriction effect will be useful for developing

flexible spintronic devices proposed in the following chapters.
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Chapter 4

Strain sensor with giant

magnetoresistance effect

In this chapter, the inverse magnetostriction effect is combined with the giant magnetoresis-
tance (GMR) effect. Section 4.1 briefly introduces the GMR effect. In Sec. 4.2, changes in
the magnetoresistance curves with strain application to flexible GMR samples are discussed.

In Sec. 4.3, the strain sensing characteristics of the GMR samples or are discussed.

4.1 Giant magnetoresistance effect

The GMR effect is firstly found in multilayer structures of ferromagnetic and non-magnetic
layers [1]. The magnetoresistance (MR) ratio reaches tens of % with the multilayer structures
with tens of repeated ferromagnetic and non-magnetic layers, where the MR ratio is usually
defined as AR/Rp, with the resistance change AR and the resistance when magnetization
directions of the ferromagnetic layers align parallel to each others (Rp). The GMR effect also
occurs in a tri-layer structure where a non-magnetic layer is sandwiched by two ferromagnetic
layers [2]. The resistance R depends on the relative angle a of the two ferromagnetic layers
as
I —cosa

R = Rp + RAPT, (41)

where Rap is the resistance when magnetization directions of the ferromagnetic layers align

anti-parallel to each others [67].

42



Chapter 4. Strain sensor with giant magnetoresistance effect

The origin of the GMR effect is mainly explained by the spin-dependent scattering [1,68],
i.e. up-spin and down-spin electron flows have different resistance and contribute as parallel
circuit. The spin-dependent scattering occurs in ferromagnetic transition metals because
the d bands are spin-split due to the exchange interaction. Suppose that an up(down)-spin
electron feels resistance of Ry when conducting through a ferromagnetic layer with up(down)-
magnetization, an up(down)-spin electron feels resistance of R; when conducting through
a ferromagnetic layer with down(up)-magnetization. For simplicity, spin-flip scattering is
ignored. The tri-layer structure accordingly has resistances of Rp = 2R;R|/(Ry + R}) and
Rap = (R + R)})/2 for parallel and antiparallel magnetization configuration, respectively.

Here Rap > Rp, if Rap # Rp, Rp > 0, Rap > 0 can be easily confirmed.

Some tips are often needed to obtain a good MR curve, in other words, to make «
change largely during a magnetization sweeping. The inter layer exchange coupling tries
to align the magnetization directions either parallel or anti-parallel, depending on the non-
magnetic spacer layer thickness [69]. The spacer thickness of ~1 nm often shows the
anti-parallel coupling, which is useful to obtain the GMR effect since @ becomes 0° when
a large magnetic field is applied and o becomes 180° when the magnetic field becomes
small. Another frequently used technique is the exchange bias, i.e. the internal magnetic
field applied to a ferromagnetic material from a proximity antiferromagnetic material [70].
The magnetization of one of the magnetic layers is fixed by the exchange bias while the
magnetization of the other magnetic layer can be changed freely by an external magnetic
field [67]. Such a device is called spin-valve, since an electric current is controlled by its
magnetic (spin) property. Even in the case without the exchange bias or the anti-parallel inter
layer exchange coupling, the GMR effect can be observed if a difference in coercivities of
the two ferromagnetic layers is made, by using different material, thickness or so on for the

ferromagnetic layers. These are called pseudo spin-valves.

In this thesis, we apply a strain to the (pseudo) spin valves. The inverse magnetostriction
effect changes «, resulting in a resistance change through the GMR effect. As a matter of fact,
however, a number of researchers reported the idea of combining the inverse magnetostriction
effect with the GMR effect [71-81]. Most of them showed that the MR curves changes as a

strain is induced (Fig. 4.1), insisting that the devices can be used as strain sensors. However,
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4.1 Giant magnetoresistance effect

§

§

Magnetoresistance ARR)

Field (Oe)

Figure 4.1: Magnetoresistance curves of a polyimide/(Fe 4 nm)/(Cu 5 nm)/(Co 4 nm)/(Cu 5
nm) sample with different compressive strains of —0.03-—0.16%. The figure is taken from the
first report for combining the magnetoresistance and inverse magnetostriction effects [71].

the MR curve change has been subtle and the strain sensing property has not actually been
checked in many cases. The use of a rigid substrate or a poorly designed magnetic property
is supposed to cause the subtle strain effects. Here we use flexible substrates enabling a
large strain application and design the magnetoelastic property of our (pseudo) spin valves to

realize a strain direction sensing, which takes an advantage of magnetism.
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Chapter 4. Strain sensor with giant magnetoresistance effect

4.2 Strain effect on magnetoresistance curve

4.2.1 Basic strain effect

Firstly, the basic inverse magnetostriction effect on our GMR device is schematically ex-
plained. Figure 4.2 shows the results of the strain application to a sample of PEN/Ta(2.5
nm)/Pt(1.5 nm)/Co(3.5 nm)/Cu(5.0 nm)/Co(4.1 nm)/Cu(2.5 nm)/Pt(0.3 nm) (hereinafter, re-
ferred to as the basic sample). A tensile strain ,, whose direction is defined to be x, was
applied using the motor-driven tensile machine (Fig. 2.9). The GMR effect was measured
in the current-in-plane configuration using the four-terminal method with a direct current in
the x direction. The magnetoresistance (MR) curves were measured under external magnetic
fields parallel (H,) and perpendicular (Hy) to &, which is shown in Figs. 4.2 (b) and (c),
respectively. The MR ratio (MRR) is defined as (R — Rp)/Rp, where R is the four-wire resis-

(a) (b) (c)
g, = 0%
Tet’rjsile strq‘i\n g, » - 0.36% x
,f'/’ ) 14 x
= 0.93% =
-]4%
7 N
L J 1.31%
Gri}gper fﬂ (0 pensubstrate 1510 5 0 5 10 15  -100
L—x i tpH, (MT)
| ‘ @) H, of M, (e)
| H,of M, M,
x M B
S ’ S
= =
GMR device = [ &
= = = =
H

X

Figure 4.2: (a) Experimental configuration and the devise size. Magnetoresistance curves
with different strains €, under external magnetic fields (b) parallel and (c) perpendicular to
the tensile strain direction. Each curve has an offset in the magnetoresistance ratio (MRR).
Schematics of magnetization curves and corresponding MR curves under magnetic fields
(d) parallel and (e) perpendicular to the tensile strain direction. The figures are taken from
Ref. [57].
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4.2 Strain effect on magnetoresistance curve

tance and Rp is the R value at a sufficiently high magnetic field, where the magnetizations of
the Co layers are in the parallel configuration.

At £, = 0%, almost no change in the resistance is observed under the H, sweeping,
probably because the magnetizations switch simultaneously in the two Co layers, and thus
an antiparallel magnetization configuration is not realized. In contrast, typical GMR curves
are observed at £, > 0.93%. A schematics for the typical GMR curve and its underlying
magnetization curves of the two magnetic layers (M;, M,) are shown in Fig. 4.2 (d).
Coercivities H. of M; and M, correspond to the fields where abrupt changes appear in
the MR curve. Therefore, it is supposed that the typical GMR curves are observed under
the strains because the coercivity difference increases due to a difference in the positive
magnetoelastic constants Beg of the Co layers.

When a magnetic field is applied perpendicular to &,, the MR curves develop into a
different shape, as shown in Fig. 4.2 (c). At &, = 0%, only a small MR effect, which is
mainly due to the anisotropic MR (AMR) effect, is seen. In contrast, a relatively large MR
effect is observed under the larger &,. Schematics for such a GMR curve and its underlying
magnetization curves of two magnetic layers (My, M>) are shown in Fig. 4.2 (e). Assuming
hard axis magnetization curves for M; and M, one can suppose that the fields for the peak
and saturation correspond to the anisotropy fields Hy of M; and M,, respectively. This is

discussed in detail at Sec. 4.2.4.

4.2.2 Contribution of AMR

Based only on the GMR effect, the resistance under zero and high magnetic fields in y
direction should be the same in Fig. 4.2 (e), since M; and M, align parallel in both states.
Therefore, the difference in the resistance between the two states are attributed to the AMR
effect of the two Co layers. Figure 4.3 shows MR curves under different &, of the basic
sample, where the vertical axis AR is a resistance difference from the resistance at zero field
instead of MRR. At &, = 0%, the resistance under a large H, is smaller than that under a
large H,, which is consistent with the AMR effect. Judging from the negligible MR effect
under H,, the magnetic easy axis is in the x direction even at the initial state (g, = 0%).

At g, = 1.31%, the AMR ratio, the resistance difference between under large H, and H,, is
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Chapter 4. Strain sensor with giant magnetoresistance effect
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Figure 4.3: Magnetoresistance curves under magnetic fields in x and y directions with strains
g, = 0, 1.31%. The vertical axis AR is a resistance difference from the resistance at zero
field. The figures are taken from Ref. [57].

almost the same for that at &, = 0%. The resistance at H, = 0 mT is, however, slight larger
than that at a high H,, indicating that the magnetization slightly deviates from the single
domain state under zero magnetic field. Because simulations in Sec. 4.2.4 assume the single

domain state, this deviation is not preferred in the viewpoint of analysis.

4.2.3 Interlayer exchange coupling

@ g | | (b) 3 ‘ ‘ ‘ 10
toH it
—~al e = S
X -1 £ 2t >
E £ A—A—A—A—A—A—A—A | e
X ol T [~ eesttees | L
= L1}
0 , 12
8 4 0 4 8 80 05 10 15 28

HoH, (mT) & (%)
Figure 4.4: (a) Major and minor magnetoresistance loops of the basic sample. (b) Strain &,

dependence of the shifting field Hgire and the magnetoresistance ratio (MRR) of a sample in
Sec. 4.2.6. The figures are taken from Ref. [57].

Figure 4.4 (a) shows MR curves including the minor curve (red dashed line) of the basic
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4.2 Strain effect on magnetoresistance curve

sample. The minor curve apparently shifts toward positive H,, indicating a presence of a
ferromagnetic interlayer exchange coupling. The origin of the coupling can be either the
carrier-mediated interlayer exchange coupling [69] or the Néel’s orange peel coupling [82].
The latter contributes to the ferromagnetic interlayer coupling due to the magnetostatic
coupling caused by the interface roughness. Although crystallinity and a line profile of
elements distribution of the flexible GMR film [Fig. 4.5 (d)] are similar to those of the GMR
film deposited on a thermally oxidized Si substrate [Fig. 4.5 (c)], wavy interfaces due to the
roughness of the PEN substrate are apparently seen in Fig. 4.5 (b), which is supposed to

enhance the Néel’s orange peel coupling.

a) HAADF-STEM b) HAADF-STEM

ajoid sull Sa3

Thermaily oxidized Si substrate 0 50 100
(at. %) (at. %)

Figure 4.5: Transmission electron microscope (TEM) analysis of the basic sample deposited
on different substrates. High angle annular dark field scanning TEM (HAADF-STEM)
images in a wide range for the samples on (a) thermally oxidized Si and (b) PEN substrates.
Bright field scanning TEM (BF-STEM) images and energy dispersive X-ray spectroscopy
(EDS) line profiles for the sample on (a) thermally oxidized Si and (b) PEN substrates. The
figures are taken from Ref. [57].

In the simulation in the following section, however, this inter layer exchange coupling
is ignored. It was also checked that the shift of the minor loop (uoHgnise) and the MRR are
invariant with &,, where another sample in Sec. 4.2.6 was used because the ¢, range where

the minor loop can be observed is narrow for the basic sample.
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Chapter 4. Strain sensor with giant magnetoresistance effect

4.2.4 Simulation

Here, numerical simulation of the MR curves in Fig. 4.2 (c) using the coherent magnetization
rotation model, or the Stoner-Wohlfarth model, is discussed. The model assumes the energy

densities £ and E; of the two ferromagnetic layers 1 and 2 respectively, to be

Ei@ _  poHu)

= cos® ¢1(2) — toH cos(du — P12))- 4.2)
M2 2

M2y and ¢1(2) are the saturation magnetization and magnetization direction angle of the fer-
romagnetic layer 1(2). The first and second terms represent the uniaxial magnetic anisotropy
and magnetostatic energy, respectively. Hyj() is the anisotropy field of the ferromagnetic
layer 1(2), where positive and negative Hyj (o) indicate that ¢(2) = 0° and ¢;(2) = 90° are the
easy axis directions, respectively. H and ¢y are the magnitude and direction of the external

magnetic field respectively. Figure 4.6 (a) shows the configuration for the model. According

(a) (b) #ole ﬂolsz
|l Y

-50 0 50 100
HoHy (4, =909 (MT)

Figure 4.6: (a) The definition of angles used in the simulations. (b) An example of calculated
results. Dependence of magnetoresistance ratio (MRR), magnetization direction ¢1(2) and
y component of normalized magnetization sin¢g;(2) on external magnetic field in y direction
(Hy). The figures are taken from Ref. [57].

to the coherent rotation model, ¢(2) for each H is determined as the value that satisfies the
following conditions: dE))/d¢12) = 0 and 8°Ej(») /Bqﬁ(z) > 0. The middle panel of Fig.
4.6 (b) shows ¢1(2) dependence on H calculated with above method under poHy;2) = 6(46)

mT. The bottom panel of Fig. 4.6 (b) shows the normalized magnetization curves, where
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4.2 Strain effect on magnetoresistance curve

sing (o) corresponds to y component of the normalized magnetization. The MR curve is then,
calculated by

1 —cos(¢1 — ¢2)
2

+ ARaMR1 COS*(¢1 — ¢1) + ARAMR2 COS* (2 — 1), (4.3)

R = R()+ARGMR

where Ry, ARGMR, ARamR;1(2) and ¢y are a constant part of resistance, GMR ratio, AMR
ratio for ferromagnetic layer 1(2) and direction of the current, respectively. For the calcu-
lation of the top panel of Fig. 4.6 (b), the following parameters were used: ARgMmr/Ro =
4.3%, ARamR,1(2)/Ro = 0.2(0.5)% and ¢y = 0°.

The hysteresis is one of the differences between the experiment [Fig. 4.2 (c)] and the
calculation [Fig. 4.6 (b)]. By introducing a small angle deviation which is difficult to be

eliminated experimentally, such hysteresis is reproduced as shown in Fig. 4.7. The result

(@) (b)
3 HoHs HoHo
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&5 o MRR
+off§et(au)
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Figure 4.7: (a) The simulated results for magnetoresistance ratio (MRR), magnetization
direction ¢1(2) and y component of normalized magnetization sin¢g ;) dependence on external
magnetic field in ¢y = 86° direction. (b) The ¢, dependence of E,/Ms, for each H with
¢u = 86° (solid lines). The filled symbols represent the resultant magnetization angles for
ferromagnetic layer 2. The figures are taken from Ref. [57].

shown in Fig. 4.7 (a) was calculated using the same parameters except for ¢y = 86°. The
trajectory of the magnetization direction for the ferromagnetic layer 2 is shown in Fig. 4.7

(b), using the ¢, dependence of E,/Mj, for each H as an example. The slight deviation of
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Chapter 4. Strain sensor with giant magnetoresistance effect

H from the y axis breaks the symmetry of the energy valley in E()/M;;(2) in the vicinity of
$12) = £90°, which results in the hysteresis-behavior. The jumps in ¢;(2) were set to occur
when the energy barrier on the way toward the energy minimum point was eliminated. In the
realistic case, however, such a jump occurs despite the existence of the energy barrier (e.g.
a coercivity is usually much smaller than an anisotropy field). Therefore, a better setting for
the ¢1(2) jump conditions may lead to a better simulation result.

The influence of the jumps to the MR curve is, however, occasionally small due to the
symmetry of the GMR effect [e.g. around poHg,-g¢s> = 30 mT in Fig. 4.7 (a)]. Another
effect of the ¢y deviation is the increase in the saturation field. Though the saturation field
corresponds exactly to Hy, in Fig. 4.6 (b), the saturation field becomes slightly larger than

Hy, in Fig. 4.7 (a). This point should be in consideration for the analysis of MR curves.

4.2.5 Pseudo spin valve with strain insensitive Co

So far, we have discussed the basis of the inverse magnetostriction effect on a pseudo spin
valve. One may suppose that a use of a strain-insensitive (Beg = 0) ferromagnetic layer is
instrumental in using the pseudo spin valve as a strain sensor. For a large resistance change,
¢1 — ¢2 should be largely changed. Therefor, one of the ferromagnetic layers should be
strain-sensitive (large B.g), whose magnetization can be sensitively rotated by an external
strain application, and the other should be strain-insensitive being invariant with the external
strain. The results in Chap. 3 will help control B.g of Co, e.g. a Cu under layer reduces Be.
However, in a layer structure of Pt/Co/Cu/Co from the lower side, the upper Co layer tends to
have a larger B.g since the fcc (111) texture is inherited from the lower layers as can be seen
in Fig. 4.5. A thick Co layer, which also gives a small B.g, decreases the GMR ratio due to
the increase of a shunt current.

Finally we tried to make the lower Co layer strain-insensitive. The layer structure used was
Ta(2.5 nm)/Cu(2.0 nm)/Co(4.0 nm)/Cu(4.5 nm)/Co(1.6 nm)/Pt(1.8 nm) from the substrate
side [Fig. 4.8 (c¢)], hereinafter, referred to as the insensitive-Co-GMR. The upper Co layer
was made thin in order to enhance B.g in the Cu/Co/Pt structure. Figure 4.8 (a) shows
the MR curves for H, under various £,. Magnetization switching of the upper Co layer is

abrupt, and the magnitude of the switching field increases with increasing €y, indicating that
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Figure 4.8: Magnetoresistance curves of the insensitive-Co-GMR with different strains &,
under external magnetic fields (a) parallel and (b) perpendicular to the tensile strain direction.
Each curve has an offset in the magnetoresistance ratio (MRR). (c) Layer structure of the
insensitive-Co-GMR. The figures are taken from Ref. [57].

the top layer has a positive Beg value. Indeed, the saturation field under H, increases as
&y increases. No sharp switching is observed in the lower Co layer, probably because the
application of a strain cannot cause the film to take on a single-domain state in the vicinity
of zero magnetic field because of the small magnetic anisotropy. Although the Co layers
were successfully engineered to be strain-sensitive and strain-insensitive, GMR ratio and Hy
induced by the strain are not so high. Better characteristics are observed in another sample,

which is discussed in the following part.

4.2.6 Pseudo spin valve with strain insensitive NiFe

Here, a NiggFey( alloy (denoted as NiFe) layer was used as the strain-insensitive layer. The
NiFe is known to have a small magnetoelastic constant (e.2. Beg = —0.08 MJ /m? as a
bulk [58]). The layer structure used here was Ta(2.5 nm)/Pt(2.0 nm)/Co(3.5 nm)/Cu(4.0
nm)/Co(0.4 nm)/NiFe(3.8 nm)/Cu(2.0 nm) from the substrate side [Fig. 4.9 (¢)], hereinafter,
referred to as the insensitive-NiFe-GMR. Since the Co/Cu interfaces contribute to the high
GMR ratio, an extremely thin Co layer was inserted between Cu and NiFe layers, which is
known to enhance the GMR ratio of spin valves using NiFe [83].

Figure 4.9 (a) shows the MR curves for H, obtained under various values of &,. Typical

GMR characteristics are observed when &, > 0%. The GMR ratio (~ 6.5%) is even higher than
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Figure 4.9: Magnetoresistance curves of the insensitive-NiFe-GMR with different strains &,
under external magnetic fields (a) parallel and (b) perpendicular to the tensile strain direction.
Each curve has an offset in the magnetoresistance ratio (MRR). (c) Layer structure of the
insensitive-NiFe-GMR. The figures are taken from Ref. [57].

that of the basic sample. Importantly, the inner switching field is insensitive to &,, whereas
the magnitude of the outer one clearly increases with increasing &,. This indicates that the
NiFe and Co layers are indeed the strain-insensitive and strain-sensitive layers, respectively,
as expected. Figure 4.9 (b) shows the MR curves for H, obtained under various values of &,
from which the dependence on ¢, of the anisotropy fields H of the NiFe and Co layers could

be determined by fitting simulated curves to the experimental data.

@00 ()4 ©ho
§,=0.75% - 5= 1.32%
80| ° Experiment /,—F—Ittmg 8¢
—~ / — -
= P S 6l
E 60f © < =
~ Co o x, S,
T x x
:Cj 40+ /. = < 5 H
o H, \, AMR
200 o° NiFe 0=
A.AAAﬁA—A—A"A’A 0 ‘ ‘ i — ‘ ‘ N~
30 0.5 1.0 15 J00 50 0 50 1007400 50 0 50 100
& (%) toH, (T) toH,, , (MT)

Figure 4.10: (a) Fitting parameters (anisotropy fields Hy) dependence on the external strain
g, for the Co and NiFe layers. (b) An example of the fitting for £, = 0.75%. (c) Magnetore-
sistance curves for different field directions (H, and H,) for &, = 1.32%. The vertical axis
AR is a resistance difference from the resistance at zero field. The figures are taken from
Ref. [57].
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4.2 Strain effect on magnetoresistance curve

Figure 4.10 (a) shows &, dependence of the fitting parameters Hy for the Co and NiFe
layers. For the NiFe layer, Hy is nearly insensitive to €., whereas for the Co layer it increases
almost linearly with increasing €. An example of best-fit simulated results is shown in
Fig. 4.10 (b). Only one of the hysteresis was fitted for simplicity. The influence of the
multi-domain state appears to be small for this experiment as shown in Fig. 4.10 (c), in
contrary to the case of Fig. 4.3. The fittings of Hy for different &, were performed with
other parameters fixed: ARgMr/Ro = 6.48%, ARAMR.1/Ro = 0.25% for the NiFe layer and
ARAMR2/Ro = 0.6% for the Co layer.
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Chapter 4. Strain sensor with giant magnetoresistance effect

4.3 Strain sensing characteristic

In this section, the resistance change under a continuous change in the external strain &, is

discussed.

4.3.1 Pseudo spin valve

Here, the insensitive-NiFe-GMR in the previous section is used. Figure 4.11 (a) shows
raw data of R change while sweeping &, under different H,. Under a large field (the
top panel), R change is linear due to the metal-size dependence (Eq. 3.2), where the
magnetization directions are fixed by the large field. On the other hand under a smaller field
(the bottom panel), a non-linear behavior appears, suggesting magnetoresistive contribution.
The magnetoresistive contribution is shown in Fig. 4.11 (b). The metal-size contribution
(slope of the top panel) is subtracted from the bottom panel and converted to the resistance
change ratio AR/Ry, where AR = R — Ry and Ry is R at &, = 0. Around &, = 0%, R is small
since the magnetization directions are parallel obeying H,, while R becomes larger at a larger
&, since the magnetization direction of the strain-sensitive Co layer changes with the inverse

magnetostriction effect.
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Figure 4.11: (a) Raw resistance R data with strain &, sweeping under different field H, in
the y direction. (b) Resistance change rate without the metal-size dependence. The arrows
denote the magnetization directions of Co and NiFe. (c) Simulation results for resistance
change. The figures are taken from Ref. [57].

This behavior can be simulated by expanding the coherent magnetization rotation model,

as shown in Fig. 4.11 (c). We assumed that the additional uniaxial anisotropy field Hyj (o)

55



4.3 Strain sensing characteristic

is induced proportionally to the applied strain €, as Hy1(2) = hk1(2)€x, Where magnetoelastic
anisotropy field constant Ay (o) is related to Beg as pohk = 2Begi(2)/ Ms1(2)- By adding this
effect to Eq. 4.2 and generalizing the direction ¢, of a strain &, the energy densities for the

two ferromagnetic layer (Ej(2)) can be written as

Eig _ kol
M2y 2

HoHy1(2)
2

£cos?(B1(2) — be) — cos” 1) — poH cos(du — 12),  (4.4)

where H, () is the anisotropy field initially exists in the ferromagnetic layer 1(2). The
magnetization direction ¢;() that makes Ej) minimum is determined for each & value
and R is calculated with Eq. 4.3. Lines in Fig. 4.11 (c) are calculated using the results
obtained in Fig. 4.10: B.gi(2) = 0.99(4.0) MJ/m3, M2y = 0.80(1.4) MA/m, ARGgmr/Ro =
6.48%, ARaMRr1(2)/Ro = 0.25(0.6)%, Hy1(2) = 1.8(7.0) mT, where the ferromagnetic layer
1(2) corresponds to NiFe(Co), and ¢, = 0°. The thin black line is calculated under ¢y =
90°, uoH = 20 mT, showing abrupt R increase around &, = 0.25%. The threshold strain &y,
is analytically derived from 0%E,/ 6¢%|¢2:900 =0if ¢, = 0° ¢y = 90° as

H-Hp
ho

Eth = 4.5)

The resistance change due to magnetoresistance effects is suppressed if € < ey, verifying that
the resistance change in the top panel of Fig. 4.11 (a) can attributed purely to the metal-size
dependence. The smooth change in Fig. 4.11 (b) is reproduced by assuming a small angle
deviation (¢y = 85°), shown as the thick red line in Fig. 4.11 (c). The dashed blue line
verifies that the inter layer exchange coupling (IEC) of 1.3 mT, which is aware in Fig. 4.4,

has negligible effect.

The strain € sweeping measurements with various strain directions ¢, were also performed
as shown in Fig. 4.12. In order to change ¢., samples with different current directions ¢;
with respect to the longitudinal direction of the substrate were used and a magnetic field was
applied perpendicular to ¢y (¢ = 90°). This condition was set to make the AMR (as well as
GMR) contribution to be the same as a situation that strains with different ¢, are applied with
respect to the fixed ¢y and ¢y. Figure 4.12 (a) shows experimental results under different

¢.. The resistance change becomes smaller as ¢, becomes smaller since the magnetization
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Chapter 4. Strain sensor with giant magnetoresistance effect

direction change in the Co layer becomes smaller. The similar curves can be reproduced
by the simulations as shown in Fig. 4.12 (b). At a large strain (¢ > 1.0%), the resistance
saturates to a value depending on ¢.. Figure 4.12 (c) compares the resistance at € = 1.0%
of the experiments and the simulations. The difference between the experiments and the
simulations is probably caused by an angle deviation in the experimental setup as suggested

in Fig. 4.11 (c). These results show that the strain direction can be measured with this device.

4 Experiment 4 Simulation
toH =20 mT tH =20 mT 90° 3l e=1.0%
_ 3 #y=90° g,=90° | =3[ =90 el . Vi
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Figure 4.12: Resistance change ratio AR/Ry dependence on strains & with various strain
directions ¢, of (a) experiments and (b) simulations. (c) Comparison of the experiments and
simulations of AR/Ry dependence on ¢, at € = 1.0%. The figures are taken from Ref. [57].

By using conventional strain gauges, the strain direction is determined by using three
strain gauges. On the other hand, this magnetoresistive strain sensor determines the strain
direction with a single resistance measurement (if the magnitude of the strain is large enough).
The requirement of a large strain is, however, one of the problems. The external magnetic
field H, which was applied to avoid magnetization rotation or occurrence of the multi-domain
state in the NiFe layer, is the main factor for the gradual saturation behavior since H hampers
the magnetization rotation of the strain-sensitive Co layer. In the following section, reduction
of the required strain is attempted using the exchange bias [70], which can induces an internal

field to a selective ferromagnetic layer.
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4.3 Strain sensing characteristic

4.3.2 Spin valve

Here, a spin valve sample with the layer structure of Ta(2.2 nm)/Pt(2.0 nm)/Co(2.1 nm)/Cu(4.0
nm)/Co(0.5 nm)/NiFe(2.0 nm)/FeMn(10.5 nm)/ Pt(2.2 nm) from the substrate side was used.
The composition of the antiferromagnetic FeMn layer was FesoMnsg. The sample was
annealed at 220°C for 10 minutes and cooled down to the room temperature under an
magnetic field of 0.5 T whose direction determines the exchange bias direction. A polyimide
film (UPILEX® S50) was used as a substrate so that the sample can bare the annealing

process.
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Figure 4.13: Magnetoresistance curves of the spin valve sample under external field H, in
¢u = 0° with different strain directions (a) ¢, = 0° and (b) ¢. = 90°. The figures are taken
from Ref. [84].

Figures 4.13 (a) and (b) show MR curves of the spin valve sample under strain directions
¢ = 0° and ¢, = 90°, respectively. The magnetic field direction ¢y = 0° was parallel
to the direction of the exchange bias field Hgg for both cases. Typical MR curves for the
exchange biased spin valves, i.e. abrupt resistance changes around p,H, = —80 mT due to
the magnetization reversal in the exchange biased NiFe layer and those around u,H, = 0 mT
due to the magnetization reversal in the Co layer, are seen in Fig. 4.13 (a). The magnetization
reversal field of the Co layer increases as &, increase, while that of the NiFe layer remains
unchanged, suggesting that both exchange bias and coercivity of the NiFe are invariant with
the strain £,. When a strain is applied in y direction [Fig. 4.13 (b)], the MR curves change
clearly since the magnetic easy axis of the Co layer becomes in y direction. Though a change

in the MR curves around poH, = —80 mT is aware, the exchange bias is supposed to be
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Chapter 4. Strain sensor with giant magnetoresistance effect

invariant also with & since the fields for NiFe magnetization reversal are almost unchanged.

3 Experiment

. . 3 Simulation
HoH=0mT

0.0 0'55(%)1'0

Figure 4.14: (a) Resistance change ratio dependence on strains € with different strain direc-
tions ¢, of the spin valve sample. Here, Ry is the resistance under a large magnetic field. (b)
Simulation results of the resistance change. The inset compares values of the experiments
and the simulations at € = 0.3%. The figures are taken from Ref. [84].

Figure 4.14 (a) shows ¢, dependence of resistance change with the &£ sweeping without an
external magnetic field. The resistance changes more rapidly compared to Fig. 4.12 (a) and
saturates around & = 0.3%. Simulation results are shown in Fig. 4.14 (b). For the simulation,
uoH = 1 mT in ¢y = 90° was assumed though the field was not applied experimentally.
This assumption is supposed to successfully reflects an existence of the inter layer exchange
coupling (Fig. 4.4), which affects the magnetization rotation of the Co layer. The uniaxial
anisotropy field in the Co layer puoHy, = 3 mT is also important to simulate the behavior. For
the enhancement of the strain direction sensitivity, minimization of the inter layer exchange
coupling and the initially induced uniaxial magnetic anisotropy in the strain-sensitive layer
(Hy) is effective according to Eq. 4.5.

Anyway, the introduction of the exchange bias largely improves the strain direction sensing
characteristic. At the same time, the unnecessity of the external magnetic field makes the
device suitable for practical use. Figure 4.15 shows the demonstration of finger motion
sensing by the spin valve device. Here, 25-um-thick Kapton® EN was used as a substrate and
cut into the shape shown in Fig. 4.15 (a) and mounted on the back of a human hand, where

a tensile strain in the direction of each finger is applied to the spin valve device at the center
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Figure 4.15: (a) A photograph of the spin valve device mounted on the back of a human hand.
The exchange bias direction is perpendicular to the little finger direction. (b) Resistance of

the spin valve device monitored while bending fingers in order. The figures are taken from
Ref. [84].

when each finger is bent. The exchange bias direction was set to be perpendicular to the
little finger direction. The current (wire) direction was parallel to the little finger direction.
Figure 4.15 (b) shows the resistance monitored while the little, ring, middle and index fingers
were bent in order. The resistance is highest when the little finger is bent corresponding to
¢ = 90° in Fig. 4.14, and the resistance is lower for other fingers with smaller ¢.. The
resistance when the middle finger is bent seems to be the same as the resistance without
strain, indicating that the initial magnetization direction of the Co layer is in the middle finger
direction, which is probably a result of a conflict between the interlayer exchange coupling
(parallel to the exchange bias direction) and the initially induced uniaxial anisotropy H,, in

the wire direction.
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Chapter 4. Strain sensor with giant magnetoresistance effect

4.4 Summary of this chapter

In this chapter, the combination of the giant magnetoresistance and inverse magnetostriction
effects has been studied. The magnetoresistance curves of the pseudo spin valve devices
have changed drastically with the strain application. In consideration of the uniaxial mag-
netic anisotropy induced by the strain, the anisotropic magnetoresistance effect, the slight
experimental angle deviation and so on, the coherent magnetization rotation model has repro-
duced the magnetoresistance curves. The resistance changes with strain sweeping have been
measured under various strain directions. The strain sweeping characteristic has also been
reproduced by the simulation similar to the magnetoresistance curve simulation. The pseudo
spin valve device with one of the magnetic layers insensitive to strain and the other sensitive
to strain, is supposed to be used as a strain direction sensor, whose resistance saturates with
strain application to the value depending on the strain direction.

The use of the exchange bias has decreased the strain necessary to determine the strain
direction. At the same time, it becomes unnecessary to apply an external field, which makes
the device suitable for a practical application. In fact, the finger motion sensing has been
demonstrated.

One of the problems to be solved is the magnetoresistance ratio. The devices shown in
this chapter have the giant magnetoresistance ratio of ~5-7%, and only a half of the ratio can
be used in these devices, which is still comparable to the conventional resistance dependence
on the metal shape. In the next chapter, following the history of the spintronics, the tunnel

magnetoresistance effect is focused on.
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Chapter 5

Formation of magnetic tunnel junction on

flexible substrate

In this chapter, the magnetic tunnel junction (MTJ) on a flexible substrate is discussed. Section
5.1 briefly introduces the tunnel magnetoresistance (TMR) effect and previous studies for the
formation of MTJ on a flexible substrate. In Sec. 5.2, the fabrication process and annealing
temperature dependence of the TMR properties are shown. In Sec. 5.3, the results of the strain
application to the MTJ samples are shown and discussed. In Sec. 5.4, the characteristics of
the magnetoelastic strain sensors (including the GMR-based sensors in the previous chapter)

are discussed and other types of the magnetoelastic sensors are proposed.

5.1 Tunnel magnetoresistance effect

5.1.1 Introduction of tunnel magnetoresistance effect

The MTJ is the structure of an insulator layer sandwiched by two ferromagnetic layers.
Similarly to the giant magnetoresistance (GMR) effect, a tunnel resistance of the MTJ depends
on the relative angle of the two magnetizations as Eq. 4.1 in the TMR effect. The TMR
effect is explained by the spin dependent tunneling as follows (Julliere’s model [85]). At the
Fermi level of a ferromagnetic metal, up and down spins have different electronic state due

to the exchange interaction. Assuming electrons tunnel without spin flip, the conductance
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Chapter 5. Formation of magnetic tunnel junction on flexible substrate

is proportional to aja; + (1 — a;)(1 — a) with parallel magnetizations and to a;(1 — ay) +
ay(1-ay) with antiparallel magnetizations, where aj(y) is the fraction of tunneling electrons in
ferromagnetic layer 1(2) whose magnetic moments are parallel to the magnetization direction.

Starting from the above assumption, the magnetoresistance ratio (MRR) can be written as

Rap — Rp _ 2P1P2
Rp  1-PP)

(5.1)

where Rap, Rp are the resistance for antiparallel and parallel magnetizations, and the spin
polarization is Py(2) = 2ay(o) — 1.

The TMR effect in room temperature was firstly observed using an amorphous aluminum
oxide tunnel barrier [86, 87]. Although the MRR is higher than that of a GMR with two
ferromagnetic layers, the TMR cannot exceed 70% with the spin polarization of the conven-
tional 3d transition metals based on the Julliere’s model. There are two ways to enhance the
TMR ratio. One of them is to use the half metal, whose spin polarization is Pj) = 1 and
Eq. 5.1 can be infinitely large. The other is to use the coherent tunneling effect, or the spin

filtering effect, which is firstly proposed theoretically [88]. Normally, various Bloch states
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Figure 5.1: (a) Schematics of electron tunneling through (a) an amorphous aluminum oxide
barrier and (b) a crystalline MgO (001) barrier, taken from [89]. (c) Tunneling density of
state for majority spins in Fe/8MgO/Fe with (001) orientation, taken from [88]. (d) Band
dispersion of bcc Fe in the [001] direction, taken from [89].

with different symmetries exist in a ferromagnetic electrode as shown in Figs. 5.1 (a) and (b).
In case of the amorphous aluminum oxide tunnel barrier without crystallographic symmetry,
Bloch states with various symmetries couples with evanescent states in the aluminum oxide
and have finite tunneling probabilities [Fig. 5.1 (a)]. On the other hand in case of a crystalline

MgO(001) tunnel barrier, only a A; state (spd hybridized state) coherently tunnel through the
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5.1 Tunnel magnetoresistance effect

barrier as shown in Fig. 5.1 (b). Figure 5.1 (c) shows the density of states (DOS) obtained
by first-principle calculations of the Fe/MgO/Fe system, whose evanescent states in the MgO
layer decay. The decay of the A; state is the slowest of the various Bloch states. Since the A;
state often has a high spin polarization, this band selective tunneling results in a high TMR
ratio. Figure 5.1 (d) shows the band structure of bce Fe for example. Only DOS of up spin
exists at the Fermi level Eg for the A; state.

The MRR well above the Julliere’s limit ~70% was experimentally observed later [90,91].
The epitaxially grown Fe/MgO/Fe MTJ shows MRR of ~180% at room temperature [90]. It
was also reported that even a sputter deposited CoFe/MgO/CoFe structure [Fig. 5.2 (a)] shows
a high MRR of ~220% after annealing at 350°C [91]. Further higher TMR ratios (604% at
highest) have been obtained using amorphous CoFeB (CFB) electrodes [89,92-98]. These
CFB/MgO-based MTIJs are also suitable for high density memory since a thin CFB layer

has perpendicular magnetic anisotropy [99]. The amorphous CFB layer serves as a buffer
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Figure 5.2: (a) A transmission electron microscope image of the sputter deposited
CoFe/MgO/CoFe layers, taken from [91]. (b) Annealing temperature dependence of the
TMR ratio of the CoFeB/MgO/CoFeB structures with different CoFeB layer thickness fcopeB,
taken from [98] and modified.

layer for the growth of polycrystalline MgO (001). Then, bcc (001) crystallization in the
CFB layers and the enhancement of the crystallinity in the MgO layer occur during annealing
above 300°C, resulting in the structure suitable for the coherent tunneling effect. Figure 5.2
(b) shows the TMR ratio dependence on the annealing temperature, indicating that high TMR
ratios are obtained by annealing at 400-550°C. The reduction in the TMR ratio over 500°C is

supposed to be caused by the diffusion of Ta under the lower CFB layer, which is suppressed

64



Chapter 5. Formation of magnetic tunnel junction on flexible substrate

with a thicker CFB layer [98].

Highly sensitive strain sensors using the high TMR ratio of the CFB/MgO-based MTJs
have been reported for a rigid substrate case [100-104]. The highest Gauge factor [=
(AR/Ry)/Ae] of 4016 has been obtained by adjusting magnetic properties of the CFB layer
[102].

5.1.2 Examples of flexible magnetic tunnel junction

Our aims being the formation of MTJs on a flexible substrate, a few studies reporting flexible
MT]Js are referred to here [15,20,26,27]. Two of them used the aluminum oxide tunnel
barrier [15,20], as shown in Fig. 5.3. Without the requirement of the annealing process,
no special treatment seems to be needed for observing the TMR effect. The TMR ratio of
the flexible MTJs is no less than that of control samples made on rigid substrates. It was
also confirmed that almost no change in the TMR ratio is seen during or after bending of
the substrate. The TMR ratio has been no more than 20% for these aluminum oxide based

flexible MT]Js.
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Figure 5.3: Photographs and the magnetoresistance curves of the aluminum oxide based
MT]Js on flexible substrates. (a) and (b) are taken from [15] and [20], respectively.

The CFB/MgO-based MTJs on flexible substrates were also reported, where the MTJs
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5.1 Tunnel magnetoresistance effect

were firstly made on a rigid substrate (including the annealing process) and transferred on to
flexible substrates [26,27]. Figure 5.4 (a) shows schematics of one of the transfer process.
The Si under the MTJs was etched away and MTJs were transferred on to many kinds of
substrates, one of which is shown in Fig. 5.4 (b). Interestingly, the MTJs after the transfer
process have had a larger TMR ratio compared to that before the transfer process, as shown
in Fig. 5.4 (c). The enhancement is attributed to the changes in magnetic anisotropy of the

CFB layers or the electronic states caused by a strain induced by the transfer process. The
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Figure 5.4: (a) Schematics of the transfer process, where the red and blue arrows indicate
the stress in the layers. (b) A photograph of the MTJs transferred on a polydimethylsiloxane
(PDMS) film. (c) Magnetoresistance curves of the MTJs before and after the transfer to a
polyethylene terephthalate (PET) substrate. The figures are taken from [26].

other example for the flexible CFB/MgO-based MTJs was realized by etching the Si substrate
from its back-side, down to the thickness of 14 um and placing on to a Kapton® tape [27].
Although these transfer methods successfully avoid the damage in flexible substrates with
the annealing process, there is a problem for using as strain sensors. A weak adhesion of the
MT]Js to the flexible substrates will deteriorate the strain sensing characteristics. Therefore,
we attempt to fabricate the CFB/MgO-based MTJs directly on a flexible substrate in the
following sections. Using only conventional processes, the methods will be suitable for mass

production compared with the transfer process for a small area [Fig. 5.4 (b)].
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Chapter 5. Formation of magnetic tunnel junction on flexible substrate

5.2 Fabrication of magnetic tunnel junctions

5.2.1 Fabrication process

In order to endure the annealing process with the high annealing temperature 7o > 300°C, the
polyimide UPILEX® was used as a substrate. Though a high TMR ratio can also be obtained
using Kapton®, UPILEX® seems to be better since deformation of the Kapton® film is aware
after annealing at T, > 400°C. The layer structure of one of the MTJs were Ta(4.9 nm)/Ru(11
nm)/Ta(4.9 nm)/CFB(4.1 nm)/MgO(2.0 nm)/CFB(2.7 nm)/Ta(4.9 nm)/Ru(2.2 nm) from the
substrate side. Composition of the CFB target used in this study was CooFegoB2g. Xe was
used as the process gas for sputtering the metal targets. The use of Xe tends to result in a
larger coercivity difference of the two CFB layers compared with the Ar gas case. Ar gas was
used for sputtering the MgO targets. A lower Ar pressure and a higher sputtering power tend

to enhance the TMR ratio.
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Figure 5.5: Schematics of the MTJ device. The aluminum oxide isolator is omitted from the
illustration for simplicity. The figure is taken from Ref. [105].

In contrast to the GMR case in Chap. 4, an electric current needs to flow perpendicularly
to the MgO tunnel barrier (pillar) for the measurements as shown in Fig. 5.5. Therefore, the

following relatively complex fabrication processes were adopted (see also Fig. 5.6).

1. Photo-lithography and Ar-ion milling for the dog-bone shaped bottom electrode. This
milling may be stopped before the substrate is exposed in order not to etch the substrate

deeply with the additional milling process below.

2. Photo-lithography and Ar-ion milling for the pillar (and parts of the bottom electrode).
The pillar was typically ellipse, where the lengths of the major and minor axes were 11

and 4 um respectively. The sample plane may be tilted during the milling to avoid the
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5.2 Fabrication of magnetic tunnel junctions

re-deposition of metal on the side of the pillar. This second milling should etch deeper

than the MgO layer. The photo-resist was not removed at this point.

3. Atomic layer deposition of a 30-nm-thick aluminum oxide layer that electrically isolate
the top and bottom electrodes. The photo-resist on the pillar was dissolved by sonication
in N-methylpyrrolidone. The aluminum oxide layer on the photo-resist is eliminated

simultaneously.

4. Formation of the top electrode by the lift-off process. Cu(30 nm)/Au(2.0 nm) layers
were deposited using a resistance heating evaporation system after a photo-lithography.
Although Cr deposition at first may enhance the adhesion of the top electrode, it
was not adopted because the radiant heat during the Cr layer deposition scorches the
photo-resist and makes the lift-off difficult, which is possibly because of a low thermal

conductivity of the flexible substrate.

5. Annealing in vacuum. The sample is annealed in a tubular furnace without magnetic
field. The temperature was kept at the specified temperature T for 1 hour (otherwise

noted).

Note that their is no special difference from the conventional processes for a rigid substrate.
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Figure 5.6: Schematics of the MTJ device fabrication processes.

For the 4-wire resistance measurement of the MTJs, the voltage-source mode of the
SourceMeter® was used. This sets the voltage applied to the MTJ to be constant regardless

of the resistance change. In the following measurements, a bias voltage Vg = +10 mV was
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Chapter 5. Formation of magnetic tunnel junction on flexible substrate

applied if not mentioned. Here, the positive sign of the voltage is defined that a current /

flows from top to bottom electrodes through the pillar as illustrated in Fig. 5.5.

5.2.2 Annealing temperature
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Figure 5.7: Magnetoresistance curves with different annealing temperature 75 on (a) a
thermally oxidized Si substrate and (b) a polyimide substrate. The figures are taken from
Ref. [105].

The typical magnetoresistance (MR) curves for the rigid (with a thermally oxidized Si
substrate) and flexible (with a UPILEX® substrate) samples for various 74 are shown in Figs.
5.7 (a) and (b), respectively. Here, To = 100°C indicates that the samples have no intentional
annealing, since there are unavoidable heating processes (e.g. prebaking of the photo-resist
at 90°C) during the MT]J fabrication. An external magnetic field (H,) was swept in the minor
axis direction of the elliptic pillar, which is defined to be the x axis. As a result, a clear TMR
effect is observed in both samples. The TMR ratio reached 100% for the flexible sample after
the 350°C annealing. What is more important is that a further increases in the TMR ratio in
both samples are seen with the additional annealing at higher temperatures. Interestingly, the
flexible sample tends to have a higher TMR ratio. It seems that the x axis is not perfectly the
magnetic easy axis direction for the top and the bottom CFB layers in the rigid sample, judging
from the MR curves with the moderate shapes and the small coercivity differences. On the
other hand, clear square-like MR curves can be seen for the flexible sample with the higher

Ta, which suggests that the x axis is the magnetic easy axis and the clear coercivity difference
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5.2 Fabrication of magnetic tunnel junctions

of the two CFB layers is realized. The etching or heating processes to the ellipse pillar on the
flexible substrate is supposed to induce an additional uniaxial magnetic anisotropy in the CFB
layers, which can cause such a coercivity difference. As for the heating process, the larger
thermal expansion (the linear thermal expansion coefficients of the polyimide and Si at room
temperature are 1.6x107> /K and 2.6x107® /K, respectively) or the thermal contraction of
the plastic may yield anisotropic strains in the ellipse pillar. In addition to the strain induced
during the MTJ fabrication process, a difference in the effective magnetoelastic constants Beg
of the top and bottom CFB layers, which will be discussed in the next section, results in the

coercivity difference observed here.
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Figure 5.8: Bias voltage Vg dependence of resistance R for the flexible sample with (a) a
parallel (P) magnetization state and (b) an antiparallel (AP) magnetization state. (c) TMR
ratio dependence on Vg calculated from (a) and (b). The figures are taken from Ref. [105].

Figures 5.8 (a) and (b) show the resistance R of the flexible sample as a function of Vg
at parallel (P) and antiparallel (AP) magnetization states (Rp and Rap). The Rp becomes
almost independent of Vg after the high temperature annealing (74 > 350°C), while the
mountain-like shape of Rap-Vp curves is almost unchanged. Figure 5.8 (¢) shows TMR ratio
dependence on V3, calculated from the data in Figs. 5.8 (a) and (b). The TMR ratio decreases
as |Vg| increases. For Tp = 450°C, the TMR ratio is larger than 100% for |Vg| < 0.6 V,
assuring an output voltage [(TMR ratio) X |V |] can be higher than 0.5 V, which is one of the
requirements for gigabit-scale MRAMSs [90]. Since these characteristics have generally been

seen in similar CFB/MgO-based MTJs formed on a rigid Si substrate [94], it is supposed

that the high temperature annealing of the flexible sample also improves crystallization of the
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MgO layer.
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Figure 5.9: Dependence of (a) the TMR ratio and (b) the resistance at the parallel magneti-
zation state (Rp) on annealing temperature 7 for the rigid and flexible samples. The figures
are taken from Ref. [105].

Figures 5.9 (a) and (b) summarize the Ty dependence of the TMR ratio and Rp for both
samples. The previous report using MTJs formed on a rigid Si substrate also shows a similar
trend [98] [Fig. 5.2 (b)]. Interesting point is that the TMR ratio reduction and the Rp increase
at Ta = 500°C are suppressed in the flexible sample. Although the reason is yet to be
understood, this may suggest that Ta diffusion into the bottom CFB layer, which is supposed
to be a cause of the reduction in the TMR ratio [98], is suppressed.

Figures. 5.10 (a) and (b) show the bright-field scanning transmission electron micro-
scope (STEM) images for the flexible samples annealed at 350°C and 500°C, respectively.
The exactly same MTJ fabrication process applied to the samples for the above resistivity
measurements was also applied to the samples used for the STEM observation. The two
dimensional fast Fourier transform (FFT) images for the upper CFB, MgO and lower CFB
layers are shown in panels A, B, and C in Fig. 5.10, respectively. An improved crystallinity
is confirmed at a higher T (= 500°C) from the FFT images, particularly in the lower CFB
layer. Although the upper CFB and MgO layers show only a small change in FFT images, the

sharper CFB/MgO interface and MgO layers can be confirmed in the enlarged view (inset)
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5.2 Fabrication of magnetic tunnel junctions

(a) T,=350C
CuBEEE=

Figure 5.10: Bright-field scanning transmission electron microscope (STEM) images for the
flexible sample annealed at (a) 350°C and (b) and 500°C. Panels A, B, and C show the two
dimensional fast Fourier transform (FFT) images of the upper CFB, MgO, and lower CFB
layers, respectively. The square areas in the STEM images indicated as A, B and C were
used to perform the FFT, which was averaged by the FFT images for the multiple areas. The
enlarged STEM images around the MgO layers are shown as insets. The figures are taken
from Ref. [105].

for Ta = 500°C, which can be seen in a whole region. These results confirm that a property

suitable for the spin coherent tunneling is realized on the flexible substrate.
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Chapter 5. Formation of magnetic tunnel junction on flexible substrate

5.3 Strain effect

5.3.1 Strain effect on magnetoresistance curve

Figures 5.11 (a) and 5.12 (a) show changes of the magnetoresistance (MR) curves with strain
&, application to a flexible MTJ sample under magnetic fields parallel (H,) and perpendicular
(Hy) to &,. The layer structure of the sample used here was Ta(1.7 nm)/Ru(3.1 nm)/Ta(1.9
nm)/CFB(2.7 nm)/MgO(3.3 nm)/CFB(4.3 nm)/Ta(2.2 nm)/Ru(1.8 nm) from the substrate
side and the sample was annealed at Ty = 350°C. The pillar shape was ellipse with 16.5-

um-major-axis and 8.5-um-minor-axis. Increases in the coercivities are clearly seen as &,
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Figure 5.11: (a) The MR curves measured under various strain &,. The magnetic field H, is
parallel to the stretched direction. Dependence of (b) the TMR ratio and (c) a resistance with
the parallel magnetization state (Rp) on &,. The figures are taken from Ref. [106].

increases, indicating the CFB layers have positive magnetoelastic constants B.g. Here, the
TMR ratio is almost independent of &,, and maintains the value after the sweeping up and
down of &, as shown in Fig. 5.11 (b). Figure 5.11 (c) shows that the resistance with
the parallel (P) magnetization state (Rp) reversibly decreases with the &, application. This
probably reflects the increase in the tunneling electrons with the MgO thickness reduction
caused by the in-plane tensile strain £,. Since the tunnel resistance R; is exponential to the

barrier thickness ¢ (R; o< €, where a is a constant), the resistance change ratio AR;/R; with
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5.3 Strain effect

the Poisson’s compression becomes

AR[/Rt = e_avsxt - 1, (52)

where v is the Poisson’s ratio. Therefor, this effect is suppressed if the MgO tunnel barrier is
thinner.
For the quantitative discussion of the magnetic anisotropy, MR curves under H, were

analyzed [Fig. 5.12 (a) shows an example for &, = 0.6%]. At first, the magnetizations of both
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Figure 5.12: (a) An MR curve measured under a strain €, = 0.6%. Direction of the magnetic
field Hy is perpendicular to the tensile strain direction and swept from positive to negative
field. The fitting curve is indicated by a dashed line. The magnetization directions for
CFB1 and CFB2 layers at three situations are indicated by arrows. (b) The &, dependence
of anisotropy fields Hy for CFB1 and CFB2 layers in the MTJ (left panel) and for the as-
deposited and annealed samples with a single CFB layer (right panel). The figures are taken
from Ref. [106].

CFB layers align in y direction under high Hy, and thus the resistance is low. By reducing
H,, the resistance increases as the magnetization of one CFB layer with a stronger magnetic
anisotropy (denoted as CFB1) starts to direct x direction due to the magnetic anisotropy
created by &,. At uoH, = 0 mT, the direction of the magnetization of CFB1 and that of the

other layer (denoted as CFB2) becomes parallel along x axis due to the uniaxial anisotropy
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Chapter 5. Formation of magnetic tunnel junction on flexible substrate

induced by the strain, and thus the resistance again becomes low. As shown in Fig. 5.12 (a),
the MR curve can be fitted well by the simulated curve. See section 4.2 for the detail of the
simulation. Here, contribution from the anisotropic magnetoresistance (AMR) effect is not
included. Anisotropy fields Hy for CFB1 and CFB2 were determined as best fit parameters
for various &,, as plotted in Fig. 5.12 (b). The slope Ay of the linear fitting to the data for
CFB1(2) is 135(91) mT per &, = 1%.

On the other hand, Fig. 5.12 (c) shows Hy for a single CFB sample [Ta(1.7 nm)/Ru(3.1
nm)/Ta(1.9 nm)/CFB(4.3 nm)/MgO(3.3 nm)] determined using the AMR effect. See Sec.
3.1 for details of the AMR experiment. As-deposited and 350°C-annealed samples were
prepared for the measurement. In the single CFB samples, the slope hy for the annealed
(as-deposited) sample is 127(93) mT per €, = 1%. This Beg increase by the annealing is
qualitatively consistent with a previous report [107]. Since Ay of the CFB layers in the MTJ
are comparable to that of the single CFB sample, the strain seems to be well transferred
from the substrate to CFB layers in spite of the aluminum oxide surrounding the MTJ pillar.
The CFB1 in the MTJ is supposed to be the lower CFB layer since its Ay is similar to that
of the annealed single CFB, whose layer structure is the same except for the existence of
the upper layers. The smaller Ay in the CFB2 (upper CFB layer) is attributed to the weaker

crystallization of the upper CFB layer which can be, confirmed in Fig. 5.10 (a).

5.3.2 Strain sweeping

Here, resistance R changes with a continuous strain sweeping are discussed. Figure 5.13
shows the R change with &, sweeping under poH, = 20 mT for a sample annealed at 450°C
for 3 hours. The layer structure is the same with that of the sample used in Sec. 5.2. The
negative slope of the background is caused by the MgO thickness reduction with the Poisson
effect (Eq. 5.2). Two magnetizations (M; and M>) initially direct y direction under H,
and gradually change the direction toward x direction when &, increases due to the positive
magnetoelastic effect in the CFB. A peak of R at around &, = 0.8% appears because the
two magnetizations rotate slightly differently, and a small difference in magnetization angle
is made. This suggests there are differences in Ay (i.e. Beg) and/or the initial magnetic

anisotropies between the two CFB layers. The angle difference of ~25° is supposed to arise
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5.3 Strain effect

at the maximum, which is calculated using the R increase by ~40 Q. This R-&, characteristic
is quit different from those seen in Sec. 4.3 and shows a moderate resistance change ratio in
spite of the large TMR ratio. This is because both magnetization layers are strain-sensitive,
in contrast to the existence of a strain-insensitive layer in Sec. 4.3. One should make one of
the magnetization layer strain-insensitive, maintaining the TMR ratio as high as possible to

obtain a large R change or the strain direction sensing characteristic.
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Figure 5.13: Change in resistance R while sweeping the strain &£, under a constant magnetic
field H,. The thick arrows denote the magnetization directions M; and M, for the lower and
upper CFB layers, respectively. An MTJ sample annealed at 450°C for 3 hours is used here.
The figure is taken from Ref. [105].

However, a large R change is unexpectedly observed when the strain application is started
from an anti-parallel (AP) magnetization state as shown in Fig. 5.14. The AP state was firstly
set by sweeping a small H, in the magnetic easy axis direction (the minor axis direction of the
elliptic pillar). With &, application under a small H, R drastically decreased implying the
realization of P state. When &, is swept back, the AP state surprisingly appears again. The
abrupt R change around &, = 0.5% correspond to a large Gauge factor of ~1000. Because of
the large R change of the full TMR ratio (~200%), the background R reduction is negligible

this case.
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Figure 5.14: Change in resistance R while sweeping the strain &, under a constant magnetic
field H,. The measurement was started after an anti-parallel (AP) state was set by sweeping
H,. The thick arrows denote the magnetization directions M| and M, for the lower and upper
CFB layers, respectively. An MTJ sample annealed at 500°C is used here.

5.3.3 Durability

So far, it has been confirmed that the flexible MTJ is not broken with a cycle of the over-1%-
strain application. Here, sample’s endurance against multiple cycles of the strain application
was checked. The sample and condition of the strain application for a cycle were the same as
those in Fig. 5.13. Figure 5.15 (a) shows strain cycle number N dependence of Rp and the
TMR ratio. The MR curves were measured at £, = 0% before and after every 100 cycles.

Figure 5.15 (b) shows MR curves for N = 500 and N = 1000. The results show that the
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Figure 5.15: (a) Resistance at P state (Rp) and TMR ratio dependence on strain cycle number
N. (b) Magnetoresistance curves after N = 500, 1000. The figures are taken from Ref. [105].

77



5.3 Strain effect

flexible MTJ is not degraded by 1000 times of strain (of 1.6% at the maximum) applications.
Although Rp and the coercivities decrease slightly, which is hardly seen in Fig. 5.15, the

changes decay and the MTJ characteristics settle as N increases.
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Chapter 5. Formation of magnetic tunnel junction on flexible substrate

5.4 Perspectives of magnetoelastic strain sensor

So far, it has been demonstrated that the TMR effect can be used for the flexible magnetoelastic
strain sensors as well as the GMR effect. In order to clarify the features of our magnetoelastic
strain sensors (including the GMR based sensors in Chap. 4), strain sensors based on other
mechanisms are referenced and compared with the magnetoelastic sensors in Sec. 5.4.1. As
for future perspectives, designs of other strain sensing characteristics using the magnetoelastic

effect are shown in Sec. 5.4.2.

5.4.1 Comparison with other strain sensors

At first, commercially available metal and semiconductor strain gauges are introduced [108].
The most commonly used metal strain gauges consist of plastic carrier and zigzag metal

wire or foil as schematically shown in Fig. 5.16. The zigzag structure is usually formed

Plastic carrier

Figure 5.16: A schematic of a metal strain gauge.

in one direction to measure a strain in the longitudinal direction most sensitively. Note that
three strain gauges are needed to determine the direction of the applied strain and the zigzag
structure limits miniaturization of the sensors. The metal strain gauge reflects the applied
strain as resistance R. Since R is written as R = pl/(wt), where p, [, w and ¢ are resistivity,

length, width and thickness, respectively, one can derive

—== == + £ (5.3)



5.4 Perspectives of magnetoelastic strain sensor

Using the Poisson’s ratio v, where Aw/w = —vAl/l and At/t = —vAl/l, the gauge factor GF
= (AR/R)/e = (AR/R)/(Al]l) is written as

Ap/p

GF=(1+2 .
(1+ v)+Al/l

(5.4)

Here, the actual GF of most metal strain gauges is around 2, almost independent of the metal
material [108]. In contrast, semiconductor strain gauges show a higher sensitivity (|GF| = 10-
200) [108]. Change in R of the semiconductor strain gauges (usually single-crystals of doped
Si or Ge) is caused by the band structural changes with strain applications. In exchange for the
high GF, the semiconductor strain gauges require careful treatments to suppress the problems
such as non-linearity or temperature dependence. In comparison to these conventional strain
gauges, our magnetoelastic strain sensors have not only strong points of both types, e.g. ahigh
GF and the temperature stability better than semiconductors, but also the higher stretchability

(e ~ 2%), c.f. € ~ 0.2% for the conventional strain gauges.

Secondly, flexible strain sensors in the process of research and development are introduced.
Although there are many mechanisms used for flexible strain sensors such as optical back
scattering in a fiber, Raman shift, Bragg grating, triboelectricity, and capacitance [109-113],
here we mainly focus on resistive-type strain sensors with a relatively simple read-out system.
Conductive part of the flexible resistive-type sensors are made of carbon nanotubes, graphene,
or nanowires and silicone-based elastomers or rubbers are often used as supporting materials

[114-122].

|| ==Simulation
= Experiment
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Figure 5.17: (a) A scanning electron microscope image of the surface of a strain sensor
with Ag nanowires. (b) Resistance change ratio AR/ Ry with a strain application to the strain
sensor. The figures are taken from [118].
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Chapter 5. Formation of magnetic tunnel junction on flexible substrate

Stretchability of these sensors ranges in 1.5%-800%. The percolating network of con-
ductive wires [e.g. Fig. 5.17 (a)] or particles helps the stretchability exceed 10% together
with the highly elastic supporting materials, while sensors with a single conductive compo-
nent (including our magnetoelastic films) break with a relatively smaller strain. Comparing
multiple reports, it seems difficult to establish both the high stretchability and the high GF.
A high GF of 200-1200 (varies because of non-linearity) is achieved in the low-stretchable
(~1.5%) sensor [114], while GF is lower (10-40) for the sensor with the record stretchability
(~800%) [120]. The GF (~1000 in the strain range Ae ~ 0.1%) and the stretchability (~2%)
of our TMR based magnetoelastic strain sensor range with those of the former sensor. A
further highly sensitive (GF~4000) TMR based sensor with narrow stretchability (~0.1%)
has also been reported [102]. Though increase in the stretchability of TMR based sensors
may be possible somehow, the GF will be smaller with a relation GF oc MRR/Ag as long as

the magnetoresistance ratio (MRR) in room temperature is limited (MRR < 600% [98]).

One of the features of the magnetoelastic strain sensors is “decoupled strain and pressure
sensing” [123] which is one of the challenges for most strain sensors. Since the resistivity,
capacitance, and piezoelectricity can also be used for pressure sensors [ 124], the strain sensors
are affected by a pressure, or compression in the thickness direction. In in-plane magnetized
magnetoelastic strain sensors, effects of the pressure is negligible if the MRR is large. Thus

it can prevent the erroneous detection of a compression as a stretch.

The strain direction sensing proposed in Sec. 4.3 is a unique feature making use of
magnetism that has the information of direction. In conventional or above mentioned strain
sensors, the strain direction can be determined only when three differently oriented strain
sensors are read-out, while the magnetoelastic strain direction sensor determines the direction
of a strain in the exactly single device with a single measurement of the resistance. This
merit, together with the integration technology of the spintronics, will enable strain direction
mapping. Although layered integration of differently oriented sensors [117, 125] will also
enable the strain direction mapping, it requires more wires, impairing the integration and

easy-handling.

In the semiconductor strain gauge and the flexible strain sensors, linearity is often low as

shown in Fig. 5.17 (b). Although our magnetoelastic strain sensors shown so far also have
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5.4 Perspectives of magnetoelastic strain sensor

the non-linear strain sensing characteristic, an appropriate design of the magnetic property

can enhance the linearity. The details are discussed in the following subsection.

5.4.2 Future designs of other magnetoelastic strain sensors

Here, multiple strain sensing characteristics are proposed apart from the strain direction
sensing. Such a controlability of the characteristics is another feature of the magnetoelastic

strain sensors.
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Figure 5.18: Simulated strain sensing characteristics for different (a) initial uniaxial
anisotropy directions ¢,» and (b) exchange bias direction ¢gp with constant values of the
initial uniaxial anisotropy uoHyy = 10 mT and the exchange bias poHgg = 10 mT, respec-
tively. Strain-insensitive M| is fixed while strain-sensitive M, obtains magnetic anisotropy
as Hyy = hypey, where &, and uohyy (= 60 mT/%) are strain and magnetoelastic anisotropy

field constant, respectively. A negative value of &, correspond to a compressive strain in x
direction or a tensile strain in y direction. The magnetoresistance ratio of 200% is assumed.

Figure 5.18 (a) shows simulated strain sensing characteristics with different initial uniaxial
anisotropy directions ¢, in the strain-sensitive layer. Note that ¢, has been fixed to be 0
in the simulations in Sec. 4.3. The oblique initial anisotrpy (0° < ¢y < 90°) results in
nearly linear responses around &, = 0%. Such a control of ¢, can be realized by depositing
magnetic films on a strained substrate [126, 127]. The similar control is also possible by
inducing the exchange bias Hgp in different directions ¢gg as shown in Fig. 5.18 (b). This
can be easily achieved by changing the magnetic field direction during the field cooling
process. Although the exchange bias may also be used for fixing the strain-insensitive layer,
it is possible to induce different exchange bias direction to each ferromagnetic layer by using

two antifferomagnetic layers with different blocking temperatures [104].
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Figure 5.19: Simulated strain sensing characteristics for different (a) magnetoelastic
anisotropy field constants /y,, (b) initial uniaxial anisotropy field H,» and (c) exchange
bias field Hgg with 60° initial magnetization direction. The other conditions are same as
those in Fig. 5.18.

The linear strain sensing range can be extended by reducing hy,, increasing H,, or
increasing Hgg, in exchange for reduction of GF as shown in Figs. (a), (b) and (c) respectively.
The adjustment of H,» by changing the magnitude of the strain applied during the deposition
[126, 127] seems to leave the most degree of freedom for the sensor design, though any of

the adjustments are possible.

Such controls of the magnetic parameters can also lead to qualitatively different types of
strain sensors. By setting initial magnetization directions perpendicular to each others using
above methods, a full range strain direction sensing is possible as shown in Fig. 5.20 (a).

The strain direction sensors in Sec. 4.3 have utilized only a half of the GMR ratio, since the

(a) Full-range strain ~ (b) Strain detector (c) Strain detector (PMA)
direction sensor fixed M,
fixed M, M;:hy <0 f
Non-magnetic
M,: e, >0
& MyiugH 5 (4,,=0°)
In-plane ¢

Figure 5.20: Designs for various types of magnetoelastic strain sensors.
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sensor response is an even function against the strain direction ¢, if the initial magnetizations
are parallel. One the other hand, the initially perpendicular magnetization configuration not
only uses the full GMR ratio but also detects the all strain direction (-90° < ¢, < 90°).

Two types of strain detectors regardless of the strain direction are shown in Figs. 5.20 (b)
and (c). Figure 5.20 (b) has two strain-sensitive layers with opposite signs of magnetoelastic
constants (Beg or hx). The two magnetizations direct perpendicular to each others when a
strain in any direction is applied. Ni can be used as the negative-strain-sensitive layer for
example. The interlayer exchange coupling can force the magnetizations to be (anti-)parallel
when no strain is applied.

Figure 5.20 (c) shows a schematic of a strain detector with perpendicular magnetic
anisotropy (PMA). The two magnetic layers have different PMA and only one magnetization
with a weaker PMA falls down to in-plane direction when an in-plane tensile strain (in any
direction) is applied. The other layer keeps PMA as long as the strain is smaller than a
threshold Eq. 4.5. The CFB/MgO-based MTJ will be suitable for this type of sensor because
the PMA is obtained by thinning the CFB layer and its magnitude can be adjusted by the
thickness or the annealing condition [99]. We have also confirmed that a CFB layer with PMA
switches its magnetic easy axis into in-plane with a strain application (not shown). Although
the capacitive-type sensors also isotropically detect an in-plane strain, the GF is usually low
~1 and they require a certain device area, which can be improved by the magnetoelastic strain

SENSOors.
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5.5 Summary of this chapter

In this chapter, the CoFeB(CFB)/MgO-based magnetic tunnel junctions (MTJs) have been
fabricated on a flexible polyimide substrate. The tunnel magnetoresistance (TMR) ratio of
~200% has been obtained at annealing temperature of 450°C. Significant strain effects are
also confirmed in the MTJs with a relatively complex pillar structure. A drastic resistance
change with strain application (whose Gauge factor being ~1000) has been unexpectedly
observed in spite of the absence of the strain-insensitive layer. This is due to a magnetization
configuration switching between parallel and anti-parallel states, as well as the high TMR
ratio. The strain durability test has also been conducted.

Different designs of magnetoelastic strain sensors have also been proposed. By adjust-
ing the magnetic properties of the two ferromagnetic layers, linear responses with various
sensitivities, full-range strain direction sensing or strain detecting can be realized.

In addition to the relatively high Gauge factors, the features unique to the magnetoelastic
strain sensors have been discussed to be the controllability of strain sensing characteristic,
the decoupled strain and pressure sensing, and strain direction sensing with less wires, which
simplifies a strain direction mapping. Needs for an integrated small area strain mapping may

fulfil the potential of the magnetoelastic strain sensors.

85



Chapter 6

Strain control of heat currnt generated

by magneto thermoelectric effects

So far, combination of the inverse magnetostriction effect and the magnetoresistance effects,
in other words coupling between the electric charge transport phenomena and a strain via
the magnetoelastic effect, has been studied. In this chapter, coupling between heat transport
phenomena and a strain is discussed. Section 6.1 briefly introduces the spin caloritronic
or magneto-thermoelectronic effects. In Sec. 6.2, strain-induced 180° switching of a heat
current in a Ni film on a sapphire substrate is demonstrated. In Sec. 6.3, 90° rotation and
switching on/off of heat currents with strain application are demonstrated using a TbFeCo
film on a flexible substrate. These provide novel methods for controlling thermal energy in

electronic devices.

6.1 Magneto thermoelectric effects

6.1.1 Anomalous Ettingshausen effect and spin Peltier effect

Spin caloritronics has been triggered by an observation of the spin Seebeck effect [128] and
attracts attention for future applications of energy harvesting or thermal managements [129].
Among the numerical spin-caloritronic and magneto-thermoelectric phenomena, the spin

Peltier effect (SPE) [130-132] and the anomalous Ettingshausen effect (AEE) [133] may be
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used for active thermal management in combination with the inverse magnetostriction effect.
In these effects, the direction of a heat current J is determined by a magnetization M.
In the AEE, which is the reciprocal effect of the anomalous Nernst effect [134], Jq

generated by a charge current J . follows the relation of

JqgocJex M, (6.1)

indicating that the J 4 direction can be rotated or reversed by changing the M direction [133].
In the SPE, which is the reciprocal effect of the spin Seebeck effect, a spin current in
magnetic material induces J depending on the directions of the spin in the spin current and
M. Supposing a hetero-structure of a ferromagnetic layer and a non-magnetic layer with a
large spin Hall angle [135], the spin current is excited by J. and the resultant experimental
relation of the SPE becomes the same as Eq. 6.1 as long as M directs in-plane [131]. Figure
6.1 shows schematics of Jq control with a strain via the AEE and/or SPE and the inverse

magnetostriction effect.

Strain free Strained

Heat current

Je m
J

Figure 6.1: Schematics of the strain-induced heat control. M, J4 and J . are vectors of the
magnetization, heat current and electric charge current, respectively. The figure is taken from
Ref. [136].

6.1.2 Lock-in thermography

Temperature modulation caused by the AEE (and SPE)-induced J 4 in samples was observed
using the lock-in thermography (LIT) technique [131-133, 137-141] at room temperature,
whose schematics are shown in Fig. 6.2. For the experiments in Secs. 6.2 and 6.3,

magnetic films deposited on substrates were defined into I1-shaped wires with the width
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Figure 6.2: (a) A schematic of the lock-in thermography (LIT) measurement. Thermal
images of (b) a lock-in amplitude A and (c) phase ¢. A Il-shaped sample wire is in the
area highlighted by the white dashed lines. (d) Schematic charts for the charge current input
to the II-shaped sample and the expected output thermal signals, i.e. time dependence of
temperature changes generated by the Joule heating and the AEE (SPE). (e) A T(= A cos ¢)
image calculated from A and ¢ shown in (b) and (c), respectively. The thermal images shown
here as examples were observed using a Ni sample in Sec. 6.2 at ygH = +5.6 mT without
strain application. Definition of the regions I-V are shown by the black dashed lines in (e).
The figures are taken from Ref. [136].

of 200-um. The sample surface was coated with insulating black ink whose emissivity is
>95% in order to enhance the infrared emissivity and ensure uniform emission properties.
A rectangular alternating charge current with zero offset and a frequency f of 25 Hz was
applied to the I1-shaped wire. While the Joule heating occurring with the alternating current
is invariable because of the even function nature, the thermal responses caused by the AEE
oscillate with f because the AEE is an odd function of J. [see Fig. 6.2 (d)]. Therefore, an
extraction of the first harmonic component of the temperature modulation with the Fourier
analysis can eliminate the thermal contribution of the Joule heating, purely detecting the AEE.
Therefor, the distributions of the lock-in amplitude A and phase ¢ of the AEE(SPE)-induced

temperature modulation can be visualized by this LIT technique. The ¢ represents the sign of
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the temperature modulation with respect to the sign of the input charge current as well as the
time delay caused by the thermal diffusion. Figures. 6.2 (b) and (c) show typical examples
of the A and ¢ images, respectively. Figure 6.2 (e) shows the conclusive AT (= Acos ¢)
image. Here, AT is the temperature modulation including the sign information, if the thermal

diffusion is negligible [139], which is the case of our experiments.
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6.2 180° switching of heat current

Strain-induced control of the heat current switching field using an in-plane-magnetized Ni
sample is demonstrated in this section. A Ni layer (15 nm) and a Pt cap layer (3 nm) were
deposited in order with rf-sputtering on a c-plane sapphire substrate with the thickness of
100 um. The II-shape was formed by covering the substrate with a I1-shaped metal mask
during the film deposition. An alternating charge current with the amplitude of 10 mA was
input to obtain thermal images of the Ni sample under an in-plane magnetic field along the y

axis (Hy) [see Fig. 6.3 (a) for the experimental configuration]. The field uoH, was reduced

[(a) Strain &, OFF|~ |(b) Strain . ON|
Y Sapphire
X

substrate Tensile stress

<+ -~

H S / -
VT =
IT - shaped Ni/Pt wire

Figure 6.3: Schematics of the experimental setup for the cases (a) without strain and (b) with
a strain. The figures are taken from Ref. [136].

from +5.6 mT to -5.5 mT, and the thermal images were taken with the LIT at each H,. When
the Ni sample is magnetized to the saturation in +y direction with uoH, = +5.6 mT, the
generation (positive AT') and absorption (negative AT') of heat at the sample surface on the
regions [ and V [see Fig 6.2 (e) for definition of the regions] are seen, respectively, as shown
in the right panel in Fig. 6.4 (a). The Jq perpendicular to the film plane from the bottom
side to the top side is generated according to Eq. 6.1, where J. (M) is along the +x (+y)
direction, and the heating of the sample surface is observed at the region I. The opposite
situation except for the M direction happens at the region V. The thermal images are reversed
under negative Hy, where M directs —y direction. The switching occurs between poH, = 0
mT and puoH, = —2.5 mT without strain (&, = 0%). In region III, J. and M are expected to
direct parallel to each other. Actually, the absolute value of AT for region III is much smaller
than that for regions I and V, which is consistent with the symmetry of the AEE (Eq. 6.1).

Note that the SPE also occurs at the same time and contributes to the AT because of the
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T ¥
Hy

Figure 6.4: AT images for the cases (a) without bending (&, = 0%) and (b) with bending (&,
=0.1%). Areas indicated as L. and R are the areas used for the numerical averaging for Fig.
6.5. The figures are taken from Ref. [136].

adjacent Pt layer.

A tensile strain &, was applied to the Ni sample along the x axis by bending the sapphire
substrate using a three-point bending jig made of brass [see Fig. 6.3 (b)]. The strain at the
sample surface (g, = 0.1%) was calculated from the displacement of the sample center and
the substrate thickness assuming arc-shaped deformation of the sapphire substrate. Since Ni
has a negative magnetoelastic constant B.g [54], the y axis becomes the magnetic easy axis
when the substrate is bent in the present configuration. This magnetic anisotropy modulation
leads to a coercivity increase. As a result, the negative field of uoH, = —5.5 mT manages to
completely switch the sign of AT under &, =0.1% as can be seen in Fig. 6.4 (b). The direction
of Jq between £, = 0 and 0.1% is opposite at uoH, = —2.5 mT, which demonstrates that the
strain application reverses the J 4 direction by 180°. It should be noted that M reversal only at
the edge of the I1-shaped wire is seen at ugH, = —2.5 mT and &, = 0.1%, which is probably
due to a weak magnetic anisotropy at the edges originated from the metal-mask-deposition.
Figures 6.5 (a) and (b) summarize the behavior of AT as a function of uoH, for the &, =0
and 0.1% cases, respectively. Here, the averaged AT values in areas L. and R indicated in
Figs. 6.4 (a) and (b) are plotted, where the error bars are the standard deviation. This clearly

shows the enhancement in the switching field with the strain application.
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Figure 6.5: Averaged AT in areas L and R indicated in Fig 6.4 as a function of H, for the
cases of (a) &, = 0% and (b) &, = 0.1%. The figures are taken from Ref. [136].
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6.3 90° rotation of heat current

Strain-induced modulation of the heat current direction using a perpendicularly magnetized
Tby1Feg7Co1 (TFC) sample is demonstrated in this section. The layer structure of the TFC
sample is Pt(4 nm)/TFC(6 nm)/Pt(4 nm) on a PEN substrate. The small tensile jig (see
Fig. 2.6) was used to apply a strain &, as schematically shown in Fig. 6.6 (a). The TFC
sample is known to switch its magnetic easy axis from perpendicular-to-plane to in-plane
with a strain application [53]. Such a switching was confirmed by measuring the anomalous
Hall resistance Ry, which is proportional to the perpendicular M component, under the
perpendicular magnetic field H; as shown in Fig. 6.6 (b). Although it is still unclear from
Fig. 6.6 (b) which direction in in-plane the M directs at ugH, = 0 with &, > 0, it was
confirmed using the AMR effect that the magnetic easy axis is parallel to the tensile strain

direction (x direction) when the strain &, is applied.

(@) (b)
- PEN substrat
|Strain ¢, OFF| stbstrate 1.0 '?‘ ¢ ?
N .? / Ak
\\/\\’ 0.5
Tensile jig shaped G
i Pt/TbFeCo/Pt wire 300
I ) .
- Strain ¢,
Strain &, ON _ _ * R
— Tensile strain : :
&2 ~ -0.5 { —0.6%
. X - P —1.2%
A i H 0%
< -1.0 :

-1.0 -0.5 0.0 0.5 1.0

@3\ . . ) .
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Figure 6.6: (a) Schematics of the experimental setup for the LIT measurement of the TFC
sample. &, was applied using the small jig (Fig. 2.6). (b) Results of the anomalous
Hall measurement with different in-plane tensile strain conditions of the TFC sample under
magnetic field perpendicular to the film plane. Ry, is a Hall resistance proportional to a
perpendicular component of the magnetization. A, B and C indicate the field, at which the
LIT measurements in Fig. 6.7 were performed. The figures are taken from Ref. [136].

Next, results of the LIT measurements using the [1-shaped TFC wire are shown. In
the configuration for this experiment [Fig. 6.6 (a)], regions I and V are along the y axis.

The AT images obtained under yoH, = (A) -0.15 T, (B) +0.15 T, and (C) 0.00 T for &, =
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6.3 90° rotation of heat current

Figure 6.7: (a)-(d) AT images obtained under three different H, conditions [dashed lines A-C
in Fig. 6.6 (b) indicate the field] for £, = 0, 0.6, 1.2% and 0% for second time, respectively.
The figures are taken from Ref. [136].
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0, 0.6, 1.2% and 0% for the second time are respectively shown in Figs. 6.7 (a), (b), (c)
and (d). An alternating charge current with the amplitude of 5 mA was input to obtain the
thermal images of the TFC sample. H, was applied in the order of A — B — C. In this
experiment, background signals independent of the magnetic field were eliminated from the
thermal images, where the background signals were calculated from the raw thermal images
at uoH, = £0.15 T and &, = 0%. The Jq generated by the AEE becomes parallel to the plane
and perpendicular to the wire direction J . since there is a perpendicular M component under
any H, at &, = 0%. Actually, heat generation and absorption at the edges of the wire are
seen in Fig. 6.7 (a), which is consistent with the AEE-induced signals for the perpendicularly
magnetized case [133]. The areas of generation and absorption of the heat are switched for
the cases A (— 0.15 T) and B (+0.15 T) because of the opposite M directions. For the case
C (0.00 T), the thermal image is qualitatively similar to that for the case B (+0.15 T) because

there is negative component in the remanent M.

The perpendicular magnetic anisotropy of the sample is reduced when &, is increased,
as shown in Fig. 6.6 (b) (see the curve for &, = 1.2%), and M directs toward the in-plane
(x) direction under low H;. Here, the amplitude of AT at the wire edges for the case C (0.00
T) decreases in response to this behavior, as can be seen in the images in Figs. 6.7 (b) and
(c). An important point is that the AT signals at the wire edges disappeared at €, = 1.2% C,
indicating that the J in in-plane direction is eliminated. It is noted that the AT signals at
regions I (heat generation) and V (heat absorption) under &, = 1.2% are similar to those in
the case of the in-plane magnetized Ni sample (Fig. 6.4). This suggests that the 90° rotation
of J4 from the in-plane (x) direction to the perpendicular (z) direction occurs as a result of M
switching from the perpendicular to in-plane (x) with the &, application. Although a patchy
pattern is seen in regions I and V of Fig. 6.7 (c¢) C, which reflects random M orientations,
the sign of AT indicates that most of M directs the +x direction, which is likely caused by
a small tilt of H,. The thermal images at &, = 0% for the second time [Fig. 6.7 (d)] again
show the signals similar to those for the perpendicularly magnetized situation, confirming an
almost reversible change. However, the patchy pattern seen in Fig. 6.7 (c) seems to remain
also in Fig. 6.7 (d), which is probably caused by degradation of the perpendicular magnetic

anisotropy with the long-time stretching and heating for the LIT measurements. As for the
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6.3 90° rotation of heat current

SPE in the TFC sample, the contribution is supposed to be small because of the cancellation
of spin currents from the two Pt layers. Particularly for perpendicularly magnetized case, the
SPE do not occurs because of the symmetry of the SPE [131].

It should be kept in mind that AT is proportional to the length of the ferromagnetic
material along the heat current [132], when discussing the magnitude of the AT in the TFC
sample. Since the width of the TFC wire (200 um) is larger by several orders of magnitude
than the thickness (6 nm), the AT signals in the perpendicularly magnetized case can be
orders of magnitude larger than those in the in-plane magnetized case. The difference in the
AT magnitude between these cases is, however, not so large, as shown in Fig. 6.7 (c). The

following hypotheses may explain the situation.

1. Heat dissipates into the substrate or the black ink from the TFC layer and the resul-
tant temperature modulation in the sample plane (perpendicularly magnetized case)
is reduced [133]. A calculation of temperature modulation for the perpendicularly
magnetized case using the finite element method is shown in Fig. 6.8, where the AT

normalized by that for the case without heat dissipation is on the order of 1073.

2. The dependence of the temperature modulation on the lock-in frequency f differs
between the two cases [141], where the magnitude of the AT in the perpendicularly
magnetized case is smaller for higher f, and on the other hand, that is almost inde-
pendent of f in the in-plane magnetized case (note that the present LIT measurements

were performed at a high f value of 25 Hz).

In consideration of previous studies [133, 141] and Fig. 6.8, the first hypothesis seems to be
the dominant reason.

The comparison between the AT of the Ni and TFC samples in the in-plane magnetized
case is another point to be discussed. The magnitude of AT at regions I and V for the
TFC sample [Fig. 6.7 (c¢) C] is much smaller than that for the Ni sample (Fig. 6.4). This
result may be explained by the smaller amplitude of the input current, the thinner magnetic
layer (a shorter length for the heat current accumulation [132]), the multi-domain state, the
cancellation of the SPE and the smaller coefficients for AEE in the TFC sample.

The AT signals at regions II and IV, which are clearly seen in the TFC sample with
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Figure 6.8: A result of the finite element method calculation for the distribution of temperature
modulation AT assuming the heat dissipation into the black ink and the substrate for the
perpendicularly magnetized (in-plane heat flow) case. The vertical axis is normalized by
the expected value for an isolated sample system. The 14-nm-thick TFC sample wire was
assumed to reside in —100 um < x < 100 wm and thickness of the PEN substrate and black
ink were assumed to be 50 and 10 wm, respectively. The thermal conductivity of the sample
wire, PEN substrate and black ink were set to be 10, 0.3 and 0.5 W/m/K, respectively. The
calculation was performed by Dr. Ryo Iguchi.

strains (g, > 0%), are also mentioned. These are consistent with signals from the anisotropic
magneto-Peltier effect (AMPE) if the sign of the AMPE-coeflicient of the TFC is opposite to
that of the bulk Ni [140] and M aligns along the +x direction. Although the AMPE can also
occur in the Ni sample, AT at regions II and IV is not apparent (Fig. 6.4) probably because
the high thermal conductivity of the sapphire substrate reduces AT signals induced by the
AMPE, while the AEE-induced AT for the in-plane magnetized case are almost independent

of the thermal conductivity of the substrate [141].
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6.4 Summary of this chapter

6.4 Summary of this chapter

In this chapter, combination of the magneto-thermoelectric effects and the inverse magne-
tostriction effect has been studied. In other words, the thermal transport phenomena have been
controlled by applying a strain. In the Ni sample on a sapphire substrate, a switching field of
the heat current generated by the anomalous Ettingshausen effect (AEE) has been changed
by bending the substrate. This suggests that the heat current direction can be switched 180°
by applying a strain. In the TbFeCo sample on a flexible substrate, the direction of the heat
current generated by the AEE has been rotated 90° from in-plane to perpendicular-to-plane
due to the magnetization rotation from perpendicular-to-plane to in-plane. At the same time,
additional signals from the anisotropic magneto-Peltier effect (AMPE) have appeared. The
observation of the AMPE signals has become possible thanks to the low thermal conductance
of the flexible substrate.

These heat current control may be useful for thermal management in increasingly complex
electronic and spintronic circuits. It will be important to find a material that has both the high
magneto-thermoelectric coefficients and the effective magnetoelastic constant for a further

efficient thermal management.
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Chapter 7

Summary

7.1 Conclusion

In this thesis, strain effects on flexible spintronic devices have been investigated. In contrast to
the conventional flexible spintronic devices that should be invariant with the strain, mechanical
functions using the inverse magnetostriction effect have been discussed. On a flexible
substrate, the clear inverse magnetostriction effect is easily observed due to a large strain.
Such an inverse magnetostriction effect are combined with spintronics effects to realize new

functions.

Inverse magnetostriction effect on single magnetic layer

In Chap. 3, before combining with the spintronics effects, the basic inverse magnetostriction
effect in samples with a single Co magnetic layer has been studied. The effective magnetoe-
lastic coupling constant of the Co sample largely depends on the layer structure. The thickness
of the layers, material species of the layer adjacent to the Co layer and crystalline structures
are the factor that determines the magnitude and even the sign of the inverse magnetostriction
effect of the Co thin films. These findings are not only scientifically interesting, but also
useful for designing the flexible spintronic devices.

The extended X-ray absorption fine structure (EXAFS) spectroscopy has also revealed
that the strain in the flexible substrate is not perfectly transferred to the magnetic layer. And

furthermore, the degree of the strain-transfer depends on the layer structure of the sample.
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7.1 Conclusion

Similar investigations on other sample structures will give better understandings about the

strain-transfer, contributing to a field of flexible electronics as well as the flexible spintronics.

Combination with giant magnetoresistance effect

In Chap. 4, the giant magnetoresistance effect has been combined with the inverse mag-
netostriction effect. Methods for analyzing peculiar magnetoresistance curves that appear
with strain applications have been discussed based on the coherent magnetization rotation
model. The model has appeared to be useful also for discussing the resistance change with a
continuous strain application. By optimizing the layer structure, i.e. making one magnetic
layer strain-insensitive and the other strain-sensitive, a new type of strain sensor, the strain
direction sensor has been demonstrated. In addition, the performance of the strain direction
sensor has become better by introducing the exchange bias. A higher sensitivity and the us-
ability without an external magnetic field have enabled the practical human motion sensing.

The sensor identifies the finger bent only from a single resistance measurement.

Combination with tunnel magnetoresistance effect

In Chap. 5, fabrication of the magnetic tunnel junctions (MTJs) on a flexible substrate
has been explored, in order to enhance the magnetoresistance ratio. With annealing at
450°C, the CoFeB/MgO-based MTJ on a flexible polyimide substrate has showed a high
magnetoresistance ratio of ~200%. Contrary to the expectation that the resistance change
would be small if two magnetic layers are strain-sensitive, the flexible MTJ has showed a
large Gauge factor (~1000) as a result of the magnetization configuration switching from
anti-parallel to parallel.

Characteristics of the magnetoelastic strain sensors in comparison with other flexible
strain sensors are discussed to be high Gauge factors, the decoupled strain and pressure
sensing, controllability of strain sensing characteristic, and strain direction sensing with less
wires. Designs for different strain sensing characteristics such as linear response or strain

detection independent of the strain direction are also proposed.
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Combination with magneto-thermoelectric effects

In Chap. 6, heat transport phenomena have been controlled by a strain, in contrast to the
control of electric charge transport phenomena in other chapters. The heat current generated
by the anomalous Ettingshausen effect depends on the electric current and the magnetization.
The magnetization control by a strain direction can change the configuration resulting into
the heat current controls with strain. The demonstration of the novel heat control mechanism
will stimulate researches of physics and material science and contribute to thermal energy

engineering in nanoscale devices.

7.2 Future research directions

For the improvement in characteristics of the flexible spintronic devices, the effective mag-
netoelastic coupling constants Bg should be researched for many kinds of layer structures.
Even for the Co thin films studied in Chap. 3, there still remains a plenty of room because
the combinations with non-magnetic materials are enormous. The physics that determines
B.g also needs to be investigated. The methods used in Chap. 3, including the EXAFS
spectroscopy, will be useful. Searches for not only the strain-sensitive materials but also
the strain-insensitive materials are important, since the strain-insensitive materials have been
limited to NiFe, with which it is difficult to obtain a large tunnel magnetoresistance ratio.
Integration of the strain sensors is one of the directions expected. The strain direction
mapping can be achieved more easily and densely using the strain direction sensors compared
with other strain mapping techniques [117,125]. Itis also interesting to realize the other types
of magnetoelastic strain sensors as discussed in Chap. 5. An expressive strain sensor sheet
may be made by integrating the sensors of multiple types, whose outputs may be processed
by the machine learning techniques developing these days. A magnetoelastic memory or a
magnetoelastice nanomagnet logic circuit [142, 143] are also the candidates to be developed
with the flexible spntronics. Realization of these devices adds non-volatility of information,
which is a virtue of magnetism, to the above sensors and opens up possibilities of the flexible

spintronic devices.
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Appendix A

Magnetoelastic effect in oriented

polycrystalline film

A1l Fee (111)

Thin films deposited by the sputtering often have oriented poly-crystalline, or textured,
structures. Here relations between the magnetoelastic coupling constants By, B, for cubic
single crystal and the effective magnetoelastic coupling constants are derived based on the

discussion in Ref. [35].

An xyz rectangular coordinate system with the z axis normal to the film plane and a
énd rectangular coordinate system are assumed, where [100], [010], [001] directions of a
crystal grain are respectively the &, n,  axes. In contrast to the Eq. 1.3, where the two
coordinate systems are matched, here the [111] direction is set to be the z axis. To express
the situation for example, the coordinate system is firstly rotated by -45° around the z axis
and secondly by —f around the y axis, where § is the angle between the [111] and [001]
directions (sinf = \/m cosf = M). An additional rotation by any angle ¢ around

the z axis reflects the in-plane random crystalline orientation. See also Fig. A.1 for the
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z: [111]

¢:[001]

£:1100] o

x : Tensile strain axis [112]

Figure A.1: Positional relation of the xyz and £nd coordinates.

configuration. The rotation matrixes RZ‘45°, R;ﬁ , Rf are expressed as

1/vV2 1/82 0 1/V3 0 —2/3
R =| —1/v2 172 0 |LR'=| o 1 o |
0 0 1 2/3 0 1/V3

cosp —sing 0
RY =| sing cosg O | (A.1)
0 0 1

Thus, the coordination transformation matrix T from the xyz to £énd systems is

cos sing _ cosg + sing 1

V6 V2 TV V% W3

= (RERPR¥") = | cosg _ sing  cosg | sing 1
T=(R;RyR? ) = 7 75 75 % (A.2)

—\/gcosgo —\/gsimp %

The strain tensor E in the xyz system (where diagonal components are &y, &y, &; and non-
diagonal components are &,, = &y; = &;, = 0) is transformed to a new strain tensor E’ in
the £n¢ system as E” = TET'. The magnetization direction cosines @ = (@, @, a;)" are also

transformed as o’ = Ta.
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A.2 Hep (0001)

If the magnetization direction is in the film plane, the direction cosines « in the xyz
system can be expressed as @ = (cos ¢ sin ¢ 0)'. By substituting E” and ¢’ into the original
magnetoelastic coupling energy (Eq. 1.3) and organizing the expression, the target formula

Eq. 111,
xy B+ B
magel 3

(ex — &y) cos® ¢ + const., (A.3)

is obtained. Although the formula was obtained by averaging with respect to all the in-plane
crystalline orientation ¢ in Ref. [35], this is already independent of ¢, which means that the
crystalline grains with different orientations obtain the same in-plane magnetic anisotropy
with respect to the tensile strain direction, as long as [111] direction is perpendicular to the

film plane.

In order to determine both B and B; from experiments of the inverse magnetostriction
effect, one needs another relational expression. For example, the magnetic anisotropy in xz
plane should be obtained. One can derive

< _ | B

B
magel = F(sx —&y) + T;(Ssx + &y —&;) cos’ ¢ + const., (A4)

by assuming a = (siny 0 cosy)'. This case, the averaging with respect to ¢ is needed in

contrast to the in-plane magnetization case.

A2 Hep (0001)

Bulk Co is known to have the hexagonal close packed (hcp) structure, whose magnetoelastic
constants are obtained in literatures [144, 145]. Here, the effective magnetoelastic coupling
constant Beg of an hcp (0001) textured structure is derived to compare to Beg of Co films

obtained in Chap. 3, because the hcp (0001) structure is similar to the fcc (111) structure.

In hexagonal material, the magnetoelastic energy E 1}113; o [33,146] is expressed as

hex _ 2 2 2
Emagel = Bi(ai&xx + 2a,ay8y, + ozyeyy) + By(1 - a))e,;

Bs(1 - a'zz)(gxx +&yy) + Ba(aya &y, + ax 8y,), (A.5)

+
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where the four magnetoelastic coupling constants Bi-B, are related to the elastic constants

¢;j and four magnetostriction constants As-Ap as

By = —(c11 — c12)(Aa — AB), B2 = —c13(Aa + AB) — ¢334c,

B3 = —cipda — c114B — c134c, Bs = caa(Aa + A + Ac — 44p). (A.6)

In the hep (0001) texture case, the coordination transformation matrix T is simply (RY)".
Assuming that magnetization direction is in-plane [@ = (cos ¢ sin ¢ 0)!], the strain tensor

and the magnetization direction cosines « are transformed to be

Erx = Ex cos? ptey sin’ @, S;y =&y sin? Y+ &y cos? ®,
g, =&, =0, &, =—e,5inpcos g + &, sinpcos g, (A.7)
/= : : ’ _ : . , _
@, =Ccospcos +singsing, a; = —singpcos ¢ +cospsing, a; = 0. (A.8)

Because of some zero components, only the first term in Eq. A.5 induces the magnetic
anisotropy. The induced in-plane magnetic anisotropy is independent of the in-plane crys-
talline orientation ¢, which is expressed as

hex—xy
magel

= Bi(ex — &) cos? 1) (A.9)

—(c11 — c12)(Aa — AB)(1 + V)&, cos? 0. (A.10)

With values cj; = 307 GPa, ¢j = 165 GPa [33], 14 = =50 x 1078, 15 = =107 x 107 [145]

and Poisson’s ratio v = 0.4, B is calculated to be 11.3 MJ/m3.
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Appendix B

Average atomic distance change under

uniaxial strain

A process of the calculation of atomic distance changes observed in the extended X-ray
absorption fine structure (EXAFS) spectroscopy under a perfect strain-transfer case, whose
results are shown in Tabs. 3.1 and 3.2, is explained here. Although the use of a polarized
X-ray in the EXAFS enables direction-dependent measurement, it also acquires signals from
the atoms at positions making an angle a with respect to the electric field E in the X-ray with
weighting of cos® a [65].

When a path between two atoms O_l){ = (rsinfcos ¢, rsinfsing, rcosf) changes to
O—)R’ = (rsinf cos ¢(1 + &), rsinfsin ¢(1 — vey), rcos (1 — ve,)) using polar coordinates
parameters (r, 6, ¢ with application of a tensile strain &, in x direction and compressive
strains —ve, in y and z directions with a Poisson’s ratio v, the atomic distance change ratio

of the atom in the (6, ¢) direction is

—
|OR’|
— —
|OR|

1 ~ &,[sin’ O(cos® ¢ — v sin® ¢) — v cos” 6], (B.1)

where higher orders of &, are excluded. For example, the atomic distance change ratio in
(0, ¢) = (%, 0) direction is calculated to be only 0.56% at &, = 1.6% if v = 0.3, indicating
that the change ratio smaller than &, is reasonable even for the perfect strain-transfer case.

Actually, paths are often in such directions in oriented polycrystalline structures.
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Chapter B. Average atomic distance change under uniaxial strain

In the following part, the above discussion is adapted to our experiment. Hereafter, all the
calculation results assume &, = 1.6% and v = 0.3. For the case of the Fe sample, bcc (110)
texture is firstly assumed. Calculations are based on structures that are at random in in-plane

but complete in out-of-plane. Thus, in bce (110) texture, a half of the nearest neighbor (NN)

paths is expected to distribute at § = 7 and the other half at 6 = arcsin L for any ¢. See Figs.

V3
B.1 (a) and (b) for visualization of the atomic positions. In case of the L configuration, where

(a) Bcc (110) (b)NN distribution

/.\21[110] Az [110], // E for
- 1 configuration

: Tensile strain axis
/I E for || configuration

Figure B.1: (a) Distribution of the nearest neighbor (NN) and the second nearest neighbor
(SN) atoms in one of the cases for the bce (110) texture. (b) Distribution of the NN atoms in
the bee (110) texture considering the in-plane randomness.

the E direction corresponds to z direction (a = #), the paths in § = 7 have no contribution
to the EXAFS signal because of the cos” a weight, and therefore the atomic distance change

ratio measured with EXAFS is calculated to be

1 r||or)|
5 — -1 d¢ ~ —0.13%. (B.2)
T Jo |OR| G:arcsin%

In case of || configuration, where the E is in (6,¢) = (5,0) direction, the atomic distance
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change ratio is calculated as

x|\ A
41121 lO_R>| -1 2cos? ¢pdo
T Jo |OR| 6’=arcsin\/l§
—
31 [?|OR’
+ = |_>| —1|  2cos®¢pdp =~ 0.82%, (B.3)
4271' 0 |OR| o-1

with a rough assumption that ¢ corresponds to @ and the contribution from the paths in

1

6 = arcsin 7 area third weighted compared to those in § = 7. Similarly, the calculations for

second nearest neighbor (SN) atoms in bee (110) texture, where four paths are at 6 = 7, %
and two are at # = 7 [see SN in Fig. B.1 (a)], can be performed.

For calculations of bee (001) texture, all of the NN paths are at 6 = %, %, and two and
four of the SN paths are at 6 = 0, 7 and 6 = 7, respectively. See Fig. B.2 (a) for this case.

(a) Bce (001) (b) Fec (111)
§ =+ [001] g2 011

P J.NN

SN
Y

Figure B.2: Distributions of the nearest neighbor (NN) and the second nearest neighbor (SN)
atoms in one of the cases for the bce (001) texture (a) and fcc (111) texture.

In case of Co, though the Co sample includes hcp (0001) structure, calculations are
performed using fcc (111) texture for simplicity because the NN paths in hep and fcc are
almost the same. The NN paths of fcc (111) texture are at § = arcsin —= \5 and the other half at
6 = 7, which leads to the same calculations as for bec(110) [see Fig. B.2 (b)].
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