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ABSTRACT

The discovery of giant tunneling magnetoresistance (TMR) in MgO-based
magnetic tunnel junctions (MTJs) has accelerated the development of new types of
devices. These range from passive devices, such as reading heads in hard disk
drives and magnetic random access memory, to active devices, such as microwave
oscillators and microwave detectors. In addition to these devices, new types of three
terminal devices, so-called spin transistors, have been researched intensively to
realize 4non-volatile logic circuits, as they can perform both logical operations and
store information. Many types of spin transistor have been researched theoretically
and experimentally, but the power amplification property, which is necessary for
logical operations, has not yet been realized in spin transistors at room temperature.
In this study, a spin transistor with a novel structure and operating principle is

proposed and the amplification properties are evaluated.

The basic structure of the proposed spin transistor consists of an MTdJ with
a low resistance area product and an electrically isolated metallic wire. Application
of current to the metallic wire generates a magnetic field around the wire, inducing
magnetization switching of the free layer in the MTdJ. Due to the TMR effect, the
output power from the MTJ changes as a result of the magnetization switching. If
the change in the output power between the parallel and anti-parallel
configurations in the MTJ is larger than the input power consumed by the pulse
application to the wire, this device can drive the basic cascaded structure and can
function as a logic circuit.

By employing micro-fabrication on MgO-based MTJs, which were
fabricated by magnetron sputtering, the above structure was produced. Then, its
amplification properties were evaluated at room temperature. A power gain of 5.6
was successfully obtained under a bias voltage of 0.4 V. The device scaling was also
compared to theoretical calculations and other experimental results.

Next, to further enhance the amplification, amplification properties were
evaluated under an effective coercive field, which was reduced by the application of
an assisting AC magnetic field. A power gain of 130 and fan-out value (the number
of MTJs driven by the output from a single MTJ) of 5.7 were obtained. The

non-volatility was also evaluated, and was shown to be sufficient even under an



assisting AC magnetic field. Therefore, this device can be used as a basic component

in non-volatile logic devices.

Generally, the frequencies of ferromagnetic resonance are in the gigahertz
(GHz) range. Utilizing this characteristic, the radio frequency (RF) amplification
properties of the device were evaluated. The static external magnetic field and
angular dependency of the voltage gain were systematically investigated and
reproduced quantitatively by a simple macro-spin model simulation. Although RF
gain does not reach unity, the design principles for the enhancement of the gain

factor are discussed.
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Chapter 1 Introduction

In this chapter, the magnetoresistance (MR) effect, is the most important
effect in spintronics, and magnetoresistive devices are introduced. Then, the basic

theory is described, and finally, the objectives of this thesis are outlined.

1.1 Magnetoresistance (MR) Effect

The history of spintronics is closely related to the development of the
magnetoresistance (MR) effect!!}12. Generally, phenomena in which the resistance
changes when a magnetic field is applied are referred to as MR effects. Widespread
interest in MR effects began with the anisotropic magnetoresistance (AMR) effect!3l.
The AMR effect is a phenomenon in which the electrical resistance depends on the
relative angle between the directions of magnetization and current flow. The origin
of this effect is the spin-orbit interaction, and it is larger in materials with large
orbital magnetic moments. The AMR effect was utilized in the reading head of hard
disk drives (HDDs), which is described in the section on spin devices (Section 1.4).

Further interest in magnetic layers began in 1986 with the discovery of
interlayer exchange coupling, which is the interaction between the magnetizations
of two ferromagnetic layers separated by an ultrathin, non-ferromagnetic layer. In
particular, the discovery of anti-ferromagnetic coupling in the Fe/Cr/Fe system by
Griinberg et alltl aroused great interest and it led to the discovery of the Giant
Magneto Resistane (GMR) effect independently in the groups of Griinbergl! and
Fert!s), for which they won the Nobel Prize in Physics in 2008. GMR is the change in
resistance that occurs when the magnetizations of two ferromagnetic layers change.
Fig. 1 shows an example of the GMR effect in Fe/Cr/Fe anti-ferromagnetically
coupled multilayers, as reported by Fert’s group. When the magnetizations of two
Fe layers separated by a Cr layer are in an anti-parallel state to one another with
no external magnetic field, as they are when anti-ferromagnetically coupled, the
sample has a relatively large resistance. The magnetizations of the Fe layers can be
brought into a parallel state by applying an external magnetic field. In the parallel
state, the resistance of the system is reduced. The total change in resistance is
typically up to a few tens of percent. Most of the early works on GMR focused on
sample geometries in which a current flows in the film plane (CIP). In another

geometry type, the current flows perpendicular to the film plane (CPP).
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Fig. 1 An example of the GMR effect in Fe/Cr/Fe anti-ferromagnetically coupled
multilayers, as reported by Fert et all’! When the external magnetic field is zero, the
magnetizations of the Fe layers separated by the Cr spacer layer are in the anti-parallel state,
resulting in a relatively large resistance. However, under a large external magnetic field, the

magnetizations of Fe layers are in the parallel state and the resistance is reduced.

The MR ratio (MR) is defined by following equation,

MR = RAP % RP
R

-P

x100[%] < e - (LD

where Rp, and Rap are the resistance in the parallel and anti-parallel states,

respectively.

1.2 Tunneling Magnetoresistance (TMR) Effect



A GMR device consists of a nonmagnetic layer sandwiched by ferromagnetic
layers. Here, the tunneling magnetoresistance (TMR) effect is discussed. The typical
structure of a TMR device is a tri-layer comprising
ferromagnetic/insulator/ferromagnetic layers. A thin insulator layer (e.g., Al-Ox, MgO)
is used as a spacer layer instead of the nonmagnetic metal used in GMR devices. This
junction is called a magnetic tunnel junction (MTJ). Compared with the GMR device,
the MTJ has a relatively large Resistance Area (RA) product, because the tunnel barrier
is an insulator. The RA has an exponential dependency on the insulator layer thickness.

In the MTJ, the spin-dependent electron-flow direction is usually perpendicular to the

(@) FM1 " Barrier FM2 FM1 " Barrier FM2
...... L=
)
’ @ ..... —
@ ..... ———
@ ..... _—
Parallel (low resistance: Rp) Anti-Parallel (high resistance: Rap)
(b)
DOS DOS Dg)S
N —e—
—— E
Dy, D1 Dy, D1

Fig. 2 (a) Schematic illustrations of the TMR effect in MTJs. The parallel
magnetization configuration (left figure) exhibits low resistance and the antiparallel
magnetization configuration (right figure) high resistance. (b) Schematic illustrations of the
TMR effect with the spin-dependent band structures following Jullier’s model. Dy+ and Dy |
respectively denote the density of states at the Fermi surface (£r) for the majority-spin and
minority-spin bands in FM1, and D>+ and D, respectively denote the density of states at Er

for the majority-spin and minority-spin bands in FM2.

plane of the film, i.e., in the CPP configuration. A schematic image of the TMR effect is
shown in Fig. 2(a). The first report of the TMR effect was made by Julliere!® in 1975,



using Fe/Ge/Co MTds. A TMR ratio of around 10% was obtained only under low
temperature conditions. The TMR ratio at room temperature, however, was too
small and did not attract much interest for device applications. In 1995, a
significant discovery in relation to the TMR effect was made by Miyazaki et al”
and Moodera et al® They observed a large TMR ratio (~20%) at room temperature
for MTJs with an amorphous aluminum oxide (Al-Ox) insulating barrier. The
obtained MR ratio was larger than that expected from GMR devices at that time.
Al-Oy based MTdJs were also used as reading heads in HDDs.

After these reports of a large TMR effect in Al-Ox-based MTdJs, a huge TMR
effect of more than 1000% in Fe(001)/MgO(001)/Fe(001) was predicted by
first-principles calculations!®.[10], For MTJs with amorphous aluminum oxide tunnel
barriers, the TMR ratio is defined only by the electron spin polarization of the
ferromagnetic materials. On the other hand, with a single crystal MgO tunnel
barrier, the electron momentum and the symmetry of the wave function are
conserved In tunneling transport. This coherent tunneling greatly affects the
conductance in the band gap states. In this kind of single crystal MTJ, the
conductance depends on specific band electron transmission. Thus, it becomes
possible to conduct extremely large electron spin polarizations.

Many experiments to fabricate MgO-based MTds were performed after the
prediction of the huge TMR effect in single crystal MgO based MTdJs. In 2004, Yuasa
et allll2 gnd Parkin et all3! reported a TMR effect of around 200% with single
crystal MgO-MTdJs at room temperature. Afterwards, a TMR effect greater than
200% was observed in a CoFeB/MgO/CoFeB MTJ! which was fabricated by
sputtering. Although CoFeB layers are amorphous in an as-grown state, they have a
crystalline bee (001) structure after post-annealing. These CoFeB/MgO/CoFeB
MTJs are more suitable for mass production than those produced with molecular
beam epitaxy (MBE), and this has enabled significant progress to be made in
research and development (they are used also in this study). Until now, TMR ratios
of around 600% at room temperature and 1000% at low temperature!!® have been
obtained using CoFeB electrodes and an MgO barrier. Besides the high TMR ratio,
the RA can be reduced in MgO-based MTJs. This is another good property of the
MgO barrier, since low resistance is required in the actual device. Utilizing the high

MR ratio and low RA in MgO-based MTJs, research and development of spin devices,
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such as a HDD and magnetoresistive random access memory (MRAM), have

accelerated.

To understand the TMR effect, Julliere’s theoretical model (schematically
shown in Fig. 2 (b)) is simple and powerful. In this model, the tunnel probability is
assumed to be the same for all Bloch states in the electrodes, and the spin
polarization of the tunneling electrons (# for FM1 and £ for FM2) is expressed as a
function of the spin-dependent density of states (DOS) of the ferromagnetic

electrode material,

MR=£PLxlOO%] ce (12
1- PP,

142
where

-D_\E
P _Da,T(EF) a,¢( F) (a=1,2) )

. Da,T(EF + Da,¢(EF)

Here, D, and D, are the DOS of the electrodes at the Fermi energy (Er) for the
majority spin and minority spin, respectively. When the electrode is a nonmagnetic
material (Dy1 = Dy)), P = 0, following eq. (1.3). However, when the DOS of the
electrode materials is fully spin polarized ([Dwt =1 and Dy = 0] or [Det = 0 and Dh,
=1]), P= 1. In MgO-based MTJs, the DOS of the A1 band, in which electrons mainly

contribute to conduction, is fully spin polarized, leading to a huge TMR effect.

When the two magnetization configurations are parallel, majority spin
electrons tunnel into the majority spin band of the other ferromagnetic electrode; in
this situation, the conductance is expressed as o**. For the minority spin carriers,
the electrons tunnel from one minority spin band into the other minority spin band
(67). Conversely, in the antiparallel configuration, the majority spin electrons
tunnel into the minority spin band of the other ferromagnetic electrode (¢*), and
from the minority spin band into the majority spin band (c*). The total electron
current (J) under the P and AP states can be written as follows using the sum of

the conductances (c**, 6+, 6%, 07,
JP=JT+J¢=(0'+++0'“)V (in P - states) W

< (1.4).

Jp=Ir+J, =(0'+‘ +0'_+)V (in AP - states)

The above discussion considers only collinear spins. Hereafter, the tunnel

conductance for non-collinear spins is discussed (i.e., the magnetization
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configurations are not parallel or anti-parallel but intermediate states). Here, the
angle between the directions of the magnetization in the pinned and free layers is 6,
as shown in Fig. 3. The projection between the majority spin of FM1 to the majority
spin of FM2 is cos(6’/ 2). Here, the factor of 1/2 is due to the spin. For the
minority-to-minority spin, the projection is also cos(@/ 2) . For the
majority-to-minority (or minority-to-majority) spin, it is 005([7[—19]/2)zsin(9/2).
The probabilities of these spin states are given by the squares of the projections.
Thus, the current for the MTJ can be written as eq. (1.5).

FM1 FM2

FM1 FM1 Fixi
FM2 .{min. Maj.
Maj. | -9 x'le -0 /
Maj. FM2 il
Min. i
L
.. 7 -0 . 0
Projection : cos— COS— cos =sin
2 2

Fig. 3 Schematic illustration of tunnel conductance for the non-collinear
magnetization configuration. The angle between the magnetization directions of FM1 and FM
is 6 The figures at the bottom show projections of the majority-to-majority,

minority-to-minority, and majority-to-minority (minority-to-majority) spins.
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J=Jy+J,
=[lo + o7 )eos2(@/2)+ (o™ + o~ Jsin*(6/2))y
= ,:(o-“ +o07 )—-——-1 il 02039 + (a*‘ +o™" )——1 — 02056?] vV + + +(1.5).

-+

cos 9] V

(6" +0T +0T+0 +0'+++0'"—0'+"—0'
2 2

From eq. (1.5), the conductance of the system o can be written as follows,

o+ +0"+0" oM +o T -0 -0t
= + cost

2 2 - -+ (1.6).
=0, +Aocosf

Here, oo is average conductance between the parallel and anti-parallel magnetization
configurations and Ac is the change in the conductance from the parallel to the
anti-parallel state. The conductance of the MTJ depends on the relative angle 8, as
shown in equation (1.6).

1.3 Spin-Transfer Effect

The spin-transfer effectl!6!l17 which has gained much attention in
spintronics, is described in this section. Since the spin-torque effect becomes
important when the device size becomes smaller, the ultra-low consumption device
is expected to utilize spin-transfer torque. Many phenomena have been discovered
using the spin-transfer effect, such as spin-injection magnetization switching, the

spin-torque oscillator, and the spin-torque diode effect.
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The spin-transfer effect occurs by the exchange interaction between
electron spin and localized spin. To discuss the spin-transfer effect simply, the model
of a magnetic nano-pillar is employed, which is schematically shown in Fig. 4. The
device consists of ferromagnetic layer 1 (FM1) / non-magnetic layer 1 (NM1) /
ferromagnetic layer 2 (FM2) / non-magnetic layer 2 (NM2). FM1 is called the pinned
layer (or fixed layer) and FM2 the free layer. When an electron goes from FM1 to
FM2 via NMI1, the spins of the conduction electrons become polarized by the
interaction between the localized spins in FM1. The polarized electrons are injected
into FM2 through NM1 (here, the length of NM2 is so small that spins can conserve

NM2 | &N s

2 | e

NM1 T | T
- -

FM1 h _
S, e

Fig. 4 Schematic illustration of spin-transfer torque (shown as the dotted arrow)
in a magnetic nano-pillar. Electrons are polarized by passing through the ferromagnetic
layer (FM1) and go into the ferromagnetic layer (FM2). The spin interacts with the local
spin in FM2 S,, leading to spin torque. In this current direction, the directions of S; and S»

become parallel.

their direction). The injected spins interact again with the localized spins in FM2
and the direction of the spins change to that of the spin in FM2. At this time, the
spins of electrons receive angular momentum from localized spins in FM2. The total
angular momentum must be conserved in the system (angular momentum
conservation low), and hence, localized spins also receive angular momentum from
electron spins (FM1 also receives angular momentum when the conduction electron
is polarized; however, the influence of this can be ignored because FM1 is

completely fixed). The applied angular momentum from electrons to FM2 acts as
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torque, and therefore, this is referred to as spin-transfer torque (or simply spin
torque). When the effect of spin torque is sufficiently large, the local spin in FM2
can be switched.

Next, the mathematical expression for spin-transfer torque is derived. The

localized spin in FM1 and FM2 are written as Si and 5'2, respectively. From the
low angular conservation, the spin torque can be defined as the difference between

the spin current t_jsl in NM1 and e}s2 in NM2. Therefore, the spin torque d§2 / dt
can be expressed as follows in eq. (1.7).

s, (= =
j—(Jsl—Js2)=0 Cee @)
Ss can be expressed as shown in eq. (1.8), using a (6, @) coordinate system.
cosgsinf
S, =| singsin® -+ (18
cos @

When S, is fixed in the direction of (0,0,1), the injected spin precesses around the
zaxis in FM2 coordinate system, which is discussed in the next section on spin

dynamics. If the phases and angles of precession of the electron spins are not the
same (incoherent), the injected spin components completely cancel each other out.
This difference can be understood as the spin-transfer torque. Then, equation (1.7)

can be expressed as follows,
cosgsin g 0
I i . .
= g(B)—E singsin@ |—-| 0 - - -9
—e
cosd cosé

ds,
dt

where I, e, and %/2 are the applied current, the electron charge (e > 0), and the
spin angular momentum of an electron, respectively. The factor 7/ (— e) corresponds
to the number of spins injected into FM2. Therefore, Ih/Q(—e) corresponds to the
injected-spin angular momentum per unit time. g(6) is the spin-transfer efficiency,
which is different in CPP-GMRI6l and MTJU8l, g(8) is given by eq. (1.10).

2(6)= [— 4+ (P'l/2 +P" )3 (3+cos 6’)/4}I

(CPP-GMR) - - - (1.10)
P/i+Pcos8)  (MTJ)

where Pis the spin polarization (defined by eq. (1.3)).

We note the following outer product,

15



0 cosgsind) (0 cos@sind
§,x(5,x5,)=| 0 |x|| singsin® |x| 0 ||=| singsino SRCRTY
1 cos@ 1 0

Using eq. (1.11), equation (1.9) can be rewritten as,
1

ds o . .
—d—;-zg(a)_—egszx(slxsz) -+ (1.12)

1.3 Spin Dynamics

The motion of spin is governed by the Landau-Lifshitz-Gilbert (LLG)
equation!!9.20] In this section, the mathematical form of the LLG equation is
derived and spin dynamics without damping and current is discussed.

For a constant value of the gyro magnetic ratio y (<0), the angular

momentum s and magnetic moment m have the following relationship,
M e« «(1.13)

where g, w0, and m are the g factor, the magnetic permeability (z0 = 1.26 x 106 H/m),
and the mass of an electron, respectively. The total energy % required for m to
move in the effective field Hexr can be written as (only Zeeman energy can be taken),

E=-m-Hgz=-5% -H, . e+ (1149)

To obtain the equation of motion of a spin, the Heisenberg equation can be used as,

%:%[E,E] ¢+ - (115)
1

Here, [§,E] represents the commutation relation of s and E, Using the relation

for the angular momentum G.e., [sx, s] = sxsy— sysx = i &), eq. (1.15) can be written

as,
ds ~
—=—ylsxH -+ - (116)
di 7( eff)
Since S = S;, eq. (1.17) follows naturally.
%:—y@xﬁeﬁ) c e (11D
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Eq. (1.16) and (1.17) mean that the spin rotates around the effective magnetic field,
and therefore, S Xflefr is referred to as the field torque.

If there is no energy dissipation, eqs. (1.16) and (1.17) are correct. However,
the lowest energy point for a spin in a magnetic field is that at which it is oriented
in the opposite direction to the vector of the magnetic field. Therefore, continuous
precession is no longer stable when energy loss is considered. This
phenomenological effect must be incorporated into eqs. (1.16) and (1.17). The

equations thus become,

Ll
(a) - R (b) o R
91 - [ 1t ' - 1
m 07 - - 0o -
s \‘ , . 3. . .
Lot - . - \. A .
.
/'-s'( N ‘\’, /\l( 3 I\,
Q'- -
2. 04-:*- «s_;_.Q . a.:._,+
~T - ~T

© . .
39
[N -
/\k N I\,
7 =
< - <
\\,

Fig. 5 Simulation results of spin dynamics without any currents. (a) o = 0, (b)
=0.01, and (¢) a = 0.01 with an external magnetic field of 100 Oe applied along
the x-axis. The spin precesses around the effective field, as shown in (a).
However, it goes to the stable point when « has a finite value, as shown in (b).
When there is an external magnetic field to overcome the coercive field, the

direction of the spin is switched, as shown in (c).

& _ “xFIeff+aEx—d—§ « - - (1.18)
dt dt

This is the so-called LL.G equation, where a is the damping constant. Fig. 5 shows
the simulated spin dynamics, as calculated using eq. (1.18). The damping constant o
is 0 in Fig. 5 (a) and 0.01 in Fig. 5 (b). In Fig. 5 (a), the spin continues to rotate
around the effective field when o is 0. However, the direction of spin becomes

parallel with that of the effective field when « is not equal to 0, as shown in Fig. 5
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(b). Here, the parameters used in the simulation were the coercive field H. = 50 (Oe),
the saturation magnetization (related to S M, = 1000 (emu/cc), and the initial
direction of spin was almost in alignment with the x-axis. In Fig. 5 (c), the spin
dynamics under the application of an external magnetic field to overcome the
coercive field is shown. In the simulation, Hexx = 100 Oe was applied in the

xdirection.

Eq. (1.18) expresses spin dynamics under only an effective magnetic field.
When current is applied to the system, eq. (1.18) is no longer valid because of the
presence of spin torque. From the above discussion, spin dynamics under a

magnetic field and spin torque can be expressed using eqs. (1.12) and (1.18),

—

as, = = . dS RI . . .
j:}SZXHeE+afszx7t2+g(0)5_—eSZX(S1><S2) - - (L19)

This equation is called the LLG-Slonczwski equation. The first, second, and third
terms on the right hand side of eq. (1.19) are referred to as the field torque, damping
torque, and spin torque, respectively. These torques are summarized in Fig. 6. If the

spin torque is larger than the damping torque, the direction of spin can be switched.

Effective field

Fig. 6 A summary of torques applied to a spin. Spin torque can amplify (or

attenuate) the angle of precession of spin, depending on the direction of current.
That is to say, the direction of spin can be controlled by not only a magnetic field but

also a current. The condition to realize spin transfer switching is,
-~ [z & nil._. . .
a}szx(Sszeﬁ)< g(H)—i—szx(slxsz) - - (120
—e
Therefore, the critical current Lo for spin-torque switching is given by

1 (o)
Ly=———oys,H, c oo (2D
0 g(e) h/2 2 ff
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The simulated results of the spin dynamics under a certain current, following eq.
(1.19), are shown in Fig. 7. The applied current was +1.5 mA in Fig. 7 (a) and -1.5
mA in Fig. 7 (b). Here, the positive current is defined as electrons flowing from the
free layer to the pinned layer, and the pinned layer is fixed in the (1, 0, 0) direction.
The spin is switched to the opposite direction to the initial direction under a positive
current, as shown in Fig. 7 (a). However, spin does not switch and settle at a stable
point, as shown in Fig. 7 (b). In the simulation, a junction area of 100 nm % 100 nm
and a thickness of the free layer of 2 nm were assumed.

After the prediction of spin transfer effect, magnetization switching in
GMREU-24 nano-pillars and MTJs!25.26] were observed.

.
(@) (b) , -
47 i 1! — 1
0~ - -
»Y . ) #9. oot ,
- A\"‘ - P
“ 4 A
o~k '\, o~ ’ '\’,
« -
< . = e e = g
\\, \\’

Fig. 7 Simulated spin dynamics under an applied current of (a) +1.5 mA and (b)
-1.5 mA. The direction of spin is switched under a positive current (a); however, it is not

changed under a negative current (b).

Thus far, spin dynamics in the presence of a magnetic field and a current
have been introduced. Besides spin torque, there are other torques that exist under
a finite current in an MTJ: field-like torque27-2% and voltage-induced torquel30-33),
The latter has attracted much attention recently since it could possibly be used to
realize magnetization switching with low energy consumption. However, these
topics are not closely related to this work, and hence, I have not discussed them

further here.

19



20



1.4 Spin Devices

In this section, spin devices, which utilize the advantages of spin, are

described. Spin devices are very relevant to the key objectives of this study.

* Hard Disk Drives
MR effects (AMR, GMR, and TMR) have been already utilized in the
reading heads of HDDs. As a result of the developments in MR devices and

magnetic materials for storing, the areal density of HDDs has increased
continuously. Fig. 8134 shows the development of the areal density of HDDs and
dynamic random access memory (DRAM). The areal density in HDDs reached about
1 Thit/inch? in 2010.
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Fig. 8 The development of areal density in HDDs and DRAMSs!*4.. The black dots
show the development of HDDs. The discoveries of new MR effects have contributed to
the increments in the areal density. For comparison, the developments of DRAM are

shown with the white stars.

+ Magnetic Random Access Memory

As MR devices have high and low resistance states, they can be used as a
memory device. For example, the information “0” is stored as a low resistance state
and “1” as high resistance. Memory using MR devices is called as Magnetic Random
Access Memory (MRAM). Owing to its magnetic properties, MRAM is non-volatile
memory, in which the information can be kept even if the power is turned off. In

contrast, DRAM is volatile memory and it requires “Fresh operation” because
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Fig. 9 A schematic diagram of MRAM. The magnetization configuration can be
controlled by a combination of magnetic fields produced by passing currents through the
bit and word lines. In the figure, the information “0” is stored as a low resistance state
(parallel magnetization configuration) and “1” as high resistance (anti- parallel

magnetization configuration).

information is stored using electric charges.

For use as memory devices, the electrical resistance of the memory needs to be
changed through a suitable mechanism. In MRAM, rewriting the data corresponds to
reversing the direction of the magnetization in the free layer. At present, there are two
ways of doing this, one is by the application of an external magnetic field and the other
is using spin-transfer torque!35. A schematic diagram of MRAM using magnetic field
writing is shown in Fig. 9. In this writing method, the magnetization configuration
(corresponding to stored information) can be controlled by a combination of magnetic

fields produced by passing currents through the bit and word lines.

- Spin-Torque Oscillator (STO)

Spin-injection magnetization switching has been introduced in Section 1.3.

The magnetization can be controlled by the direction of an applied current to the
MR devices. The external magnetic field prevents the spin in P-state from being
stable, while the current applied to the nano-pillar prevents the spin in the AP-state
from being stable. In this situation, the P-state is no longer stable and the

magnetization of the free layer goes into continuous precession. As explained in
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Section 1.3, the frequency of precession is in the GHz range. If the magnetization of
the free layer in an MR device has a frequency £, the resistance of the device also
oscillates with this frequency. As a result, the output voltage from an MTJ oscillates
with a frequency 6 under a certain bias current applied to the MTJ. By changing
the external magnetic field, the output frequency can be changed. This construction
is called a spin-torque oscillator (STO). It can be used as a small radio-frequency
(RF) oscillator.

The STO was first reported using a GMR device by Kiselev3l. They used
Co/Cu/Co nano-pillars with the dimensions 130 x 70 x 2 nm3. Fig. 10 (a) shows their
results for the STO. In the small current region, the resonant frequency does not
shift significantly when the current amplitude is changed. However, when a higher
current is applied, the RF output rapidly increases and resonant frequencies
become lower. This change in the resonant frequencies was explained by a change in
the precession orbit; if precession with a large angle is induced, then the frequency
becomes smaller. The maximum amplitude in their experiments was several tens of
picowatts. They also showed the phase diagram as functions of external magnetic
fields and applied current, as shown in Fig. 10 (b). If the negative magnetic field is
large, the preferred state of the system is the P-state. Under a certain current and

weak negative magnetic field, the AP-state is preferred due to spin-transfer

(a) . (b)

P/ (pW mA= GHz™)

0 T T T
2 Frequency (GHz) 18 -5 Current (mA) 15

o
I

Fig. 10 (a) RF power density spectra normalized by the square of the injected current into
the GMR nano-pillar. The external magnetic field was 2.0 kOe and the injected currents
were 2 mA, 2.6, 3.6, and 7.6 from bottom to top.

(b) A phase diagram observed in a GMR nano-pillar. The state “W” indicates a state with
resistance between P and AP states with only small RF output.

Both (a) and (b) were reported by Kiselev et. al.l*8]
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switching. In the region “L” (large current and large magnetic field), it goes into
continuous precession. They also found a region “W” in which the spectra have large
line widths. This area was explained using micro-magnetic simulations, in which
chaotic spin motion was observed.

After the first report of an STO by Kiselev, many approaches to increase the
output amplitude of an MR device were suggested[37]. One example is the phase
lock phenomenon, which uses two point nano-contacts!839, Another example was
demonstrated by Rippard“9l4ll who applied a perpendicular magnetic field and
obtained quite a large Q-value of 18000.

An STO using an MgO-based MTJ was first demonstrated by Deacl?. As a
result of the large MR ratio in the MgO-based MTJ, a large emission was obtained.
They used a CoFeB/MgO/CoFeB MTJ with dimensions of 70 X 160 X 2 nm3. The
output spectrum as a function of frequency is shown in Fig. 1.11 (a). The maximum
amplitude obtained was about 0.14 uW, which is 10 times larger than the first
values reported using GMR. Fig. 1.11 (b) shows the phase diagram of the RF output
with respect to applied current and external magnetic field. Compared to GMR

devices, the spectra are complicated, which may be caused by domain formation in
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Fig. 11 (a) RF power density spectra normalized by the square of the injected current into
the MTJ nano-pillar. The external magnetic field is 200 Oe and the injected current is
changed from -0.1 mA -1.1 mA.

(b) Current-field phase diagram observed in an MTJ nano-pillar. The asymmetrical
behavior of the bias current due to the spin torque is shown.

Both (a) and (b) were reported by Deac et. al.l*”]
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the nano-pillar. The phase diagram is related to RF amplification, as discussed in
Section 3.3.

* Spin Transistors
Spin transistors are new types of devices, in which the attractive properties

of spin, such as the MR effect and high frequency, are exploited. As described above
in regard to MRAM, spin can be used as non-volatile information storage. Since the
direction of spin can be easily controlled by magnetic fields and currents, spin can
also be used for reconfigurable logic devices. Of course, established MR devices can
also be used for logic circuits, but they are passive devices, and hence, they do
cannot recover attenuated signals through amplification and do not have sufficient
fan-out. Therefore, three-terminal active devices have attractive features that have
motivated their further development.

Spin transistors can be applied for non-volatile logic circuits. In volatile
circuits, power must always be supplied to the system to maintain information
because storage is accomplished using electrical charges. However, in non-volatile
logic circuits using spin transistors, a power supply is not required because
magnetization configurations are used for storage. Power is only needed when
operations are carried out in the non-volatile logic circuits. Therefore, spin
transistors can be employed in low-power-consumption devices. Furthermore, spin
transistors can contribute to high circuit integration since flip-flops (used for
storage in normal circuits) are not needed owing to the logical-operation and storage
functionalities of spin transistors.

Owing to the different concepts and principles of the various spin

transistors proposed and demonstrated until now, I cannot refer to the

€
(O]
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3
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Fig. 12 Output current as a function of bias voltage. Black and gray curves indicate the

output characteristics of parallel and anti-parallel configurations, respectively.
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characteristics of spin transistors in a general manner. However, it can be said that
they all contain ferromagnetic materials and change their output characteristics by
manipulating magnetic configurations. In Fig. 12, the general output
characteristics as a function of the bias voltage are shown. In the figure, the black
and gray curves indicate the output current in parallel and anti-parallel
configurations, respectively. The output current is larger in the parallel than

anti-parallel configuration due to the MR effects. The change in output current Hic
is defined by eq. (1.22).

—IPI_JXIOO[%] .. (1.22)

Ymc =
AP

Here, I and Iap are the current in the parallel and anti-parallel configurations

under a certain bias voltage. Jc is the magneto-current ratio and is an important

parameter for evaluating spin transistors.

Many types of spin transistors have been proposed, such as the
spin-diffusion transistorl43, spin-valve transistor4, Datta-Das type spin-field-effect
transistor  (spin-FET)3,  magnetic  bipolar  spin  transistorit,  spin
metal-oxide-semiconductor field-effect transistor (spin-MOSFET)47,  spin
single-electron transistor!4s], and spin-torque transistor!*?. These spin transistors
can be separated into two types. In the first type, the amplification properties of the
semiconductor are combined with spin-dependent transport. The other devices use
the amplification properties of the spin system and spin-dependent transport.

Fig. 13 shows representative examples of the two types of spin transistors. In the
spin-MOSFET, the gate voltage controls the Schottky barrier width at the

source/channel interface. In the spin-FET, the direction of the transported spin in

(a) (b)
Gate Gate oxide o
7 / i A ;W"’"k/lea'e Z 777
Z 7, eves 2
NM contact ¢ 1 NM contact 2 _c‘g%qa?('; in Al As T 7
/ y OX / 2 /////------~~---------.t--- 2
‘ ' ~ 2DEG
Ls ] Isiy | Lew | ,'L D e i
Dl ] |
HMF source i-type Si  HMF drain PR

Fig. 13 Schematic of the structures of (a) a spin-MOSFET*” and (b) a spin-FET™),
Gate voltage can control the conductance in a spin-MOSFET, however, it acts to
transport spin directly in a spin-FET.
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the channel can be controlled by the gate voltage using Rashba effect. These spin
transistors have attractive features; for example, good scalability in the
spin-MOSFET.

In addition to spin transistors, an MgO-based MTdJ can be applied in
magnetic logic circuits, such as a non-volatile full adder[5”, non-volatile field
programmable gate arrays (FPGAs)5153 magnetically coupled spin-torque
devices[54] and three terminal devices!55.56. Furthermore, new MTJ-based

applications, e.g., RF amplifiers57 have been proposed and demonstrated.
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1.5 Objectives of this Study

As discussed in the previous section on spin devices, new types of devices
using new concepts, structures, and operating principles have been both proposed
and demonstrated. However, the power amplification property, which is necessary
for Boolean logic operation, has not yet been realized in any spin transistors at room
temperature for a variety of reasons, including the difficulties of controlling the spin
in the semiconductor, the low efficiency of spin injection into Si at room temperature,
and the complicated structure of such devices.

To achieve active devices in spintronics, giant TMR ratio is very powerful.
An image of feedback system in MR devices is shown in Fig. 14. When
magnetization configuration in MTdJs changes, conductance change occurs due to
MR effect. Then, additional torques, such as magnetic field and/or spin torque,
appear because of change in current passing through MTJs. In a feedback system,
these additional torques are again applied to the MR devices as feedback forces. If
these feedback forces are too small, the feedback system is incomplete, hence, active
devices cannot be realized. However, feedback forces, in MgO-based MTdJs, can
become larger due to its large TMR ratio. To realize spintronic active devices, (e.g.,
spin torque oscillator) the feedback force should be again applied to the first MTJ.
And for the information propagation, feedback force should be applied to other cells
to control next MTJs.

4 )
Magnetization Feedback
configuration or

- “ - input to next cell

o ™) Magnetic field

Giant TMR torque

(Mgo-based MTJE or

v.v Spin torque
Conductance
change

Fig. 14 An image of feedback system using MTJs. To realize active devices with MTJs,
large feedback forces are required because it is applied to MTJs. To transfer

information, feedback force should be applied to next cells to control next MTlJs.
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In this study, MgO-based MTJs are employed to investigate its
amplification phenomena for spintronic active devices. Magnetization direction can
be controlled by three methods; magnetic field, spin torque and voltage induced
magnetization reversal. The final one has recently developed and the effect was
small at the time when this study was started. The first one is simple way, however,
still no report of amplification. The second one, as described below is investigated of
the amplification, however, no report of amplification. The brief overview of each

section is described below.

(Sec. 2) Under the background described above, I firstly propose the
concepts of spin transistor, one is driven by current-induced magnetic field and
another is driven by spin torque. Then, the characteristics, such as power gain,
current gain and fan-out, in both spin transistors are introduced by theoretical
approach. The motivation of experiments on current-field driven spin transistor is
finally described.

(Sec. 4.1) To evaluate the amplification properties of the device, CoFeB /
MgO / CoFeB MTJs were prepared by micro-fabrication on MTJs, which were
fabricated using magnetron sputtering. In addition to confirming the switching
behavior by a current-induced magnetic field, the dependency of the amplification
properties on the bias voltage was measured. To achieve this, the bias dependence of
the resistance in an MTJ was measured. To clarify the design principles of the
device, the results of theoretical calculations and experimental measurements were
compared.

(Sec. 4.2) Only sufficient power amplification in the device is not adequate
to state that the device can be used as a basic component in non-volatile logic
devices. Therefore, the fan-out value was evaluated, which indicates the number of
MTdJs driven by the output from a single MTdJ. In addition, the non-volatility is an
important parameter for the device. To evaluate this, the thermal stability factor is
introduced.

(Sec. 4.3) In order to show the new functionalities of MgO-based MTJs, the
RF amplification properties are investigated. First, the static external magnetic
field dependencies of the RF amplification properties are described. Then, a
comparison between the experimental results and those of a simple macro-spin
model simulation are shown. Finally, the design principles needed to enhance the

RF amplification property are described.
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Chapter 2 Device scaling (theoretical derivation)

In this chapter, the device scaling in the magnetic field driven and spin torque
driven spin transistors are introduced by theoretical approach. To compare the device
scaling law in each spin transistors, the characteristics of each spin transistors are

discussed.

2.1 Concept of the current-field driven spin transistors

The concept of the proposed device, driven by a current-induced magnetic
field (current-field) is shown Fig. 15. The basic structure, which is surrounded by a
dotted line-frame in Fig. 15, is composed of a magnetic tunnel junction (MTJ-A) and
an electrically-isolated metallic wire-A which is used to switch the free layer of the
MTJ-A by producing a magnetic field. It is very similar to that of the conventional
field-driven MRAM, however, the concept and the architecture are very different.
Current application to the metallic wire-A generates a magnetic field and switches
the free layer magnetization direction in the MTJ-A. Because of the resistance
change of the MTJ, the power consumed in the wire -B, which is cascaded to the
MTJ-A, is changed. This may affect the magnetization switching in the MTJ-B. If

wire-A

1

MTJ-A |

MTJ-B

Fig. 15 A schematic diagram of the electrical circuit of the current-field driven spin

transistor.
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the change in the output power (AP and the output current (Au) between the
parallel and anti-parallel magnetization configurations in the MTJ-A is larger than
the input power (P and the input current (/i) consumed by the pulse application
to the wire-A, this device can drive the cascaded basic structure and may function
as a logic circuit. Because of this power amplification property, we call this device as

a “spin transistor”. Here, we define the power gain and the current gain as,

AP P,-P
GpowerE out - —4F £ % ®® (21)
})in Ppulse
Al Ipp—d
chrrenl = ol A £ S (2-2)
Im ]pulse

The image of power and current gain are shown in Fig. 16 (a) and (b),
respectively. The power gain means that a signal, which posse information, is
amplified by getting energy from an external source (indicated as Peupply in the
figure). Due to the power amplification, the information can be transferred. Another

amplification factor is current gain. Current gain is one of the most important

@ /\/\/ \
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Fig. 16 The images of (a) power gain, (b) current gain and (c) fan-out 31



parameters because proposed spin transistors are driven by current. Current gain
means input current is amplified in output current. Besides power and current gain,
fan-out value is index parameter in the Boolean circuit. The image of fan-out value
is shown in Fig. 16(c). It represents that the number (M), which can be controlled by
an output from an MTJ. In the case of proposed spin transistors, output current (Zig,
out) from an MTJ is divided by N, and current Lig out/ N controls next MTJs, which is
cascaded to the first MTd.

2.2 Scaling of current-field driven spin transistors

Now I derive the scaling of the current-field driven spin transistor. The
scaling model is shown in Fig. 17. When a current /- is applied to a CPW whose
width is w, a generated magnetic field around CPW Hy is,

szl—w. < - - (2.3

2w
In order to induce magnetization switching, Ay > H; should be satisfied. Here, H: is
a coercive field of ferromagnetic materials in a free layer, empirically described

C [ s 0

where a, L, £, M. and Hp are the thickness of free layer, a length of junction pillar
of an MTJ, a proportional parameter, a saturation magnetization and the relative
coercive field of ferromagnetic material, respectively. Eq. (3.2) can be separated into
two parts as,
H, (L is large)
H.=9 4 . - - - (25)
é‘zM (L is small)
Then, the aspect ratio of MTJ & is introduced, i.e., w= kL. Substituting eq. (2.5) to
eq. (2.3),

2kH,L <L (L is large)

= -+ (2.6
2kéaM <L’ (L is small)

w

Eq. (2.6) describes the current for induction of magnetization switching. Further, a
resistance of CPW (R&,) is,
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B e A o g « « « (@)

w =P r P ;
Where, oand £ are the resistivity of CPW material, aspect ratio between width
and length, resistivity. Therefore, the input power that is consumed by the wire-A is

calculated as,

QkH,LY gy (L is large)
Py=I,Ry = ’k , e - (28)
2k&aM 2p— oc I’ (L is small
t

For the detail expression, eq. (2.3) will be rewritten as,
Y 2w+ m(a+2d +1)

- - (29

Where, ¢and d are a thickness of CPW and a distance between CPW and free layer,
respectively. Eq. (2.3) and (2.8) should be rewritten as,

Iwztf—z-M-kHoJ(Zw-*-7z(a+2d+t)) w = = (EI

2
PW=IW2RW={[§%M+Ho)(2w+7r(a+2d+t))} pZ;— s (2.1D)

Fig. 17 A schematic diagram of the scaling model (current-field driven spin transistor).
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Next, I consider about an output power and an output current from an MTJ.
An output power and an output current depends on states of an MTJ (parallel or
anti-parallel) and connections of an MTJ and a CPW (series connection or parallel

connection).

(1) Series connection case

In the series connection, a constant voltage source is used shown in Fig. 18.

The applied voltage to wire-B V1. is,

|18 - -+ (2.12)

= RL
AT R et By

Where, R, and V are resistance of wire-B and a voltage of constant voltage source.

Then, change in the output power APq is described as (2.13).

o Vw Ter a1 ] (o J
R R, “UR+ R R,+R,

_p RL[(RAP + RL)i ~ (R, + RL?Z} _ VzRL( Ry’ - R +2R, (R = {eP)J N
(Ro+R)(Rp+R) (Ro+R) (Rp+R)
— VZRL( (RAP + ZRP)+ 2RL 2J(RAP _ Rp)
(RP + RL) (RAP + RL)
Here, I introduce an average resistance of MTJ Fr as,
RT :% .. 2 (2.14)

Substituting eq. (2.14) to (2.13), the change in the output power (APt can be

derived as,

—

=

MTJ-A

T

wire-B § R

Fig. 18 A schematic image of the series connection of MTJ-A and wire-B with a

—— Constant
voltage source

constant voltage source.
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2V°R,

) « & % (15
o t (R +RL)3( AP P)
In order to know the maximum output, I differentiate eq. (3.15) with respect to AL,
l.e.,
0 0 R R.-2R
—(ar,,)e Ry - (2.16)
OR, oR, (R, +R) (R, +R)
0 R : : .
To satisfy BT(APM) =0, R = —2T— should be satisfied. In this condition,
NN e "
AP, (max)= MR =/ kPMR o ? - 217
218 27RA
Here, MR¥ is defined as,
* 2 R = R
MR = (_AP__P) - (2.18)
R+ Rp) ‘
Output current can be calculated in the similar manner with output power,
V(R,, — R
N "l ), - (2.19)

SRR BB R, +R.)
Eq. (2.19) trivially shows that ALu has the maximum when B = 0 (i.e., short

circuit). Then,

Nout(max)=z(lez+m=ékL2MR* o I -+ - (2.20)
T

(2) Parallel connection case

Next, I consider parallel connection of MTJ-A and wire-B (shown in Fig. 19).
In parallel connections, a constant current source is assumed. An applied voltage to

wire-B (V) is described as,

> .
. MTJ-A Constant
wire-B current source

R

7,

Fig. 19 A schematic image of the parallel connection of MTJ-A and wire-B with a =0

constant current source.



V:M] . . . (2.21)

Ropp + R,

Hence, a difference in an output power APy is,

2 2
AP =VAP2_KI:i:12R [ Ry _| B
R R “\Ryp+ R, R,+R
2 2
_p R, +R )R, ~(Ryp+R)R’

- L[ Ry +RY (R, +R,)
_ R,(R, +R,)+2R,R,,

J - 0 (2.22)

= R, -R
" Ryp+R)R, +R) Ry %)
Here,
R, = ReRe - - - (2.23)
R, +R;
Finally,
. ,
s, =R Lat Fe) Ri+2R) e 229)
2(RAP + RL) (RP + RL)

Using same manner with the series connection, the condition to obtain the

maximum output power is R, =2R.. Under this condition, the output power can be

approximated as,

AP, ~ iIZRTMR' - - - (2.25)
27
To make eq. (2.25) simply using eq. (2.17),
2 2
AP, = 2V vre 22 ipmr w2 .+ - (2.26)
3R, R4

Next, AL is estimated as,

" R R, Ry+ R, R, +R, . @27

1 RAR
rI———— (R (R + R )~ Ry(Rop + R ))= [—L——
(RT +RL)2( AP( P L) P( AP L)) (RT +RL)2

when R, = R, Alu reaches the maximum,

*

Al (max)= %IM R - (2.28)
Using eq. (2.21),
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[ (max) = V MR =L kPMR' oI - - - (2.29)
2R, 2RA

Comparing eq. (2.20) and (2.29), larger output current is obtained in a series
connection.

A theoretical input and output power (current) were calculated and
optimized in the above discussion. Next, I would like to discuss the theoretical
power and current gain in this device. At first, I show a tendency of power and
current gain against length L. From eq. (2.17) (for series connection) and eq. (2.26)

(for parallel connection), power gain (Gpower) in the device has a relation,

_APR, L’ (Lislarge)
pover = p I* (L is small )

in

G - - - (2.30)
Eq. (2.30) indicates power gain is proportional to L2 when junction size is small. And
it becomes constant (not related with L) with increasing L. For the current gain

(Geurrent), tendencies can easily be obtained from eq. (2.20) and (2.29),

AL, | (Lislarge)
Y * (L is small)

in

G - - -(2.3D)
Thus, current gain is proportional to Z? same as power gain when junction size is
small, however, is proportional to L when junction size becomes larger. For the

detail expression of power gain in parallel connection, from eq. (2.11) and (2.16),

2
%%kLZMR‘
power = 2 k' L (2.32)
{(§%M+H0)(2w+7r(a+2d+t))} P
From eq. (2.10) and (2.20), the current gain in series connection is,
Y keMmre
G = R4 - - -(2.33)

current

(é%M+H0)(2w+ﬂ(a+2d+t))

In the above discussion, the model is somewhat ideal, however, parasitic
series resistances, which are connected to an MTJ and a CPW cannot be ignored in
the real device. Therefore, I introduce an influences of parasitic resistances on

power gain and current gain hereafter. The scaling model is shown in Fig. 20.
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Parasitic resistances are connected to an MTJ (Rs 7 and a CPW (Bw2. In this model,

the power gain (eq. (2.32)) and the current gain (eq. (3.83)) can be transformed to,

2 B AR
3 Ry + Ry Ry + By

6 =

{(5 M+H)(2w+7r(a+2d+t))} [ka J
2 W
3 [ RJ ( Rsr}
Bl T —SE
_ R R,
L * ¥l B
{(§ZM+H0)(2w+zz(a+2d+t))} e 1+ S}C‘
p._
t
272 ) )
— L kMR
) . ( RSTij 1+RS—-,:Y < +(2.39)
{[‘f M+Hj(2w+7r(a+2d+t))} ,o7

The power gain based on eq. (2.34) is plotted in black curve in Fig. 23 (page 43). In

the same manner, current gain with parasitic resistance is described as,

LkLzMR* R -2
= RA (1+ Sl 4b2) - - +(2.35)

[§%M+Hoj(2w+7z(a+2d+t

curmrent

Fig. 20 A schematic diagram of the scaling model with series parasitic resistances. 3g



To estimate the fan-out value, MTJ-A and n-wire-Bs are assumed to be
connected in series, as shown in Fig. 21. The maximum voltage V without
breakdown of the MTJ-A in this circuit is described as follows,

V=1+nR, /R, -+ +(2.36)

In the case of load resistance, the output current can be described as,

14 14 |14 .
out — - ~ ML 2 MR = % % (237)
R.+R, R,+R, R.(1+nR,/R,)

From eq. (2.36) and (2.37), we conclude that,

Al,, = Vi MR’ .. -(2.38)
R.(1+nR,/R,)

Through substitution of eq. (2.10) and (2.37) in the definition of current gain (i.e. eq.

(2.2)), we obtain the expression for the current gain as,

14 "
G — M MR e » ol
W Qw+z(a+2d +1)), x R, e

The maximum fan-out value is estimated by assuming Alu = 2/n as
described in the manuscript. In this condition, the fan-out value is described as
follows:

R
Fian et S | &(—Gc"’m’ —1) - - - (241
L 2[in RL 2
Finally, to substitute (2.41) to (2.42), fan-out value is given as,
Vi X MR ]

=1 - v = (2.42)
2x Q2w+ z(a+2d +1))Iy, xR,

Fan — out =£T—
RL

Constant voltage source
I I V=(1+n’l?.L./:QT)VMTJ
I |
Ry R,
wire-B

| |
g
7
w
|
i

=

Fig. 21 A schematic diagram of the electrical circuit for fan-out estimation.
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From eq. (2.42), the fan-out value becomes larger as the ratio of resistance of MTJ
and load (CPW) is increased. This is because constant voltage is shared with an
MTJ and load resistances in series connection. The fan-out value based on eq. (2.42)

is plotted in the black curve in Fig. 24 (page 45).
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2.3 Concept of the spin torque driven spin transistor

The device concept of spin torque driven spin transistor is described in this
section. A schematic diagram of spin transistor is shown in Fig. 21(a). The structure
is similar with three terminal device, proposed in ref. 55. The left electrode is for the
writing (controlling magnetization direction), consisting of GMR device. Due to low
resistance in GMR device, the input power can be small. The bottom and right
electrodes are for the reading. The output power can be larger due to high MR ratio
in MTJ structure. Input current switches magnetization of current injection area,
then, magnetization switching spreads whole free layer under application of current.
Finally, magnetization reversal can be realized. The behavior of magnetization of

the free layer under current application is shown in Fig. 21(b).
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Fig. 21 (a) A schematic diagram of the device concept of spin torque driven spin transistor.
Writing : spin torque in GMR part, Reading : MTJ

(b) An image of magnetization switching in the free layer. Spin polarized current is injected
into a part of free layer, inducing magnetization reversal under the electrode. The domain
wall forms and spreads under application of current. Finally, magnetization reversal occurs

whole free layer.
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2.4 Scaling of spin torque driven spin transistor

In this section, the scaling of the spin torque driven spin transistor is introduced.
The input current can be written as,
L, =1. %SG < - (2.42)
Here, L is the critical current for magnetization switching and Somr is the area of
GMR device. Using the resistance of GMR (Zomr), the input power can be written as
eq. (2.39)
By = (Ic XSGMR)Z X Rovw <+ (243

If Eomr does not have series parasitic resistance, Aemris simply,

!
Rom =P SGMR . (2.44)
GMR :

Where fomr is the total thickness of GMR device. Usually, a GMR device has

parasitic resistance (Ksc) therefore,

t . . .
Ror =P—=——+Rs; (2.45)

GMR

L
Injection pad Output pad
(area: Sgyr) (area: Syty)

Fig. 22 A schematic diagram of the scaling model of spin torque driven spin transistor.

The output power and current are same as eq. (2.26) and (2.20), respectively.

From eq. (2.26) and (2.43), power gain in spin torque driven type spin transistor is,

2V er

Sy MR
Gpower= 3 RA RA . e (246)
(SGMRJc).-

SMTJ
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If the series resistance is introduced,
2

2V, .

<5 Su MR - -2

RA R

G =224 +Ry [1 +iSM,,) (247
(SGMRJ c) Somr ’ R4

The power gain based on (2.47) is plotted in the next section. The current gain can

be described from eq. (2.20) and (2.42),

QTLS MR’
M:
G, ="+*4 — C . (2.48)
SGMRJc

v Jf. R -
g S\ MR (1+ ;AT ch

G = - - (249

curment
SGMR Jc

Fan-out value in spin torque driven type spin transistor is consistent with

current gain. The fan-out value in the spin torque driven spin transistor is derived
from eq. (2.41), (in the same manner with current-field driven spin transistor),
Fan—out:i"ﬂi(lfﬂ———RA—MR'—lj -+ - (2.50)
omr \ 2 Sour RA+ S,y R ¢
Eq. (2.50) indicates that fan-out value becomes larger by increasing the
ratio of areas of injection part and reading part. However, the ratio is limited by
how far magnetization reversal spreads. Here the ratio of 3 is assumed for the
device scaling. To reveal the ratio clearly, micro-magnetic simulation must be
performed. The fan-out value in spin torque driven spin transistor according to eq.
(2.50) is plotted in Fig. 24 in the next section.
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2.5 Comparison of characteristics of spin transistors

The theoretical power gain with parasitic series resistances as a function of
MTJ size (Z) are shown in Fig. 23. The black and red curves represent the power
gain in current-field driven spin transistor and spin torque driven spin transistor
based on eq. (2.32) and eq. (2.47), respectively. The current-field driven spin
transistor has a peak around 1 pm as indicated in the black curve. The peak
position is determined by the ratio of resistance of MTJ (i.e., RA product) and series
resistance. Although the maximum power gain is around 100 in current-field driven
spin transistor, it reaches to 500 at small size in spin torque driven spin transistor.
The power gain in spin torque driven spin transistor is almost constant when L is
smaller than 100 nm. The reason is that as size becomes smaller, the input power
can be smaller since required current for switching is proportional to the size and
the output power also becomes smaller because resistance becomes higher. So, the
input and output power are cancelled each other. From Fig. 23, spin torque driven

spin transistor is superior in scaling of power gain.

f v 9000 T
100 3 <— Spin torque driven
] Field torque driven

b I

g
[a]
)
§ :
3 0.01:
[
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s 1077
£ Z
@ 106
10'8 g g gt Ry i il .
0.01 0.1 1 10 100

L (pm)

Fig. 23 The theoretical power gains as function of MTJ feature size (L). Black (red) curve
shows the estimated power gain in the current-field (spin torque) driven spin transistor.

Parameters used in the calculations are as follows.
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Fig. 24 shows the theoretical fan-out values in both type of spin transistors
as a function of device feature size according to eq. (2.41) and (2.50). Black and red
curves show the current-field and spin torque driven spin transistors, respectively.
From the red curve, fan-out value in spin torque type is difficult to obtain in all size
(the maximum value is almost 2). However, the fan-out value in current-field driven
spin transistor achieves about 8 at maximum despite that the scaling window is

very small (limited to 0.1 — 1 pm).
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Fig. 24 The theoretical fan-out values as function of MTJ feature size (L). Black (red)
curve shows the estimated power gain in the current-field (spin torque) driven spin

transistor. Parameters used in the calculations are same as Fig. 23.

The parameters used in Fig. 23 and 24 are as follows.
* MR ratio : MR = 100% (MR* = 2/3)
- Saturation magnetization : M= 1 [T] (= 8 X 105 [A/m])
- Applied voltage to an MTJ : Vs = 0.4 [V]
- Aspect ratio of an MTJ : k=3
« Aspect ratio of CPW (length / width) : £ = 10
* Thickness of free layer : a = 3 [nm]
* A proportional parameter of coercive field : £=0.3
- A relative coercive field : Hy =3 [Oe] = (= 2.4 X 102 [A/m])
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- Distance between CPW and free layer : d = 0.16 [um]
* Thickness of CPW : ¢£=0.1 [um]

- The resistivity of CPW : p=5X10-7 [Qm]

- Series resistance to MTJ : Bsr =10 [Q]

- Series resistance to CPW : Esw = 5 [Q]

* The ratio of area of MTJ and GMR : Surs / Somr = 3

» Critical current for CIMS : & = 1X 108 [A/cm?]

To conclude this chapter, the larger power gain can be obtained in spin
torque driven spin transistor. The power gain is the important parameter for
information transferring. However, the fan-out value is more important parameter
in Boolean operation. Therefore, I choose to conduct experiments (chapter 4) the

current-field spin transistor, in which the fan-out value is easier to be obtained.
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Chapter 3 Experimental method

In this chapter, the experimental methods are shown. The main topics of
this chapter consists of three topics, which are film fabrication, micro-fabrication

and measurements methods.

3.1 Film fabrication

The thin films used in this study were fabricated by a magnetron
sputtering (Canon ANELVA C7100) in the National Institute of Advanced Industrial
Science and Technology (AIST). Fig. 25 shows a schematic diagram of the thin film.
Film stack was fabricated on thermally oxide Si substrate. Ta/ CuN /Ta / CuN / Ta
layers were used as bottom electrodes. Using double CuN layers, we can reduce the
sheet resistance of bottom electrode. PtMn / CoFe / Ru/ CoFeB layers were called as
“Synthetic anti-ferromagnetic pinned layer (SyAF)”. Here, PtMn / CoFe layers are
for the spin-valve structure. Thanks to the coupling between PtMn and CoFe, it can
work as pinned layer. CoFe and CoFeB are anti-ferromagnetically coupled by
adjusting thickness of Ru. The magnetizations of these layers are opposite direction.
By this, the stray magnetic fields applied to free layers can be cancelled. MgO layer

is used as an insulator. Free layer consists of CoFeB or CoFeB/RwNiF e, depending

Cap layers (Ta/Ru)
Free layer
MgO MTJ

- CoFeB

Synthetic anti-
ferromagnetic
pinned layer

Buffer layers
(Ta/CuN/Ta/CuN/Ta)

Si / SiO, substrate

Fig. 25 A schematic diagram of cross-sectional view of sputtered film. MTJ consists of
the structure CoFeB/MgO/free layer. CoFeB or CoFeB/Ru/NiFe stacks are used as free

layer, depending on experiments.
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on the experiments. Ta / Ru layers are used as cap layers.

After film fabrication, MR and RA products were measured by the current
in-plane tunneling (CIPT) method!8. This method is convenient to know the MR
and RA because we don’t need micro-fabrication and we can directly measure MR

and RA values after film fabrication.

3.2 Micro-fabrication

To measure electric properties, micro-fabrication has to be performed to
films. In this study, micro-fabrication was done by electron beam (EB) lithography
(ELS-3700, Elionix), Ar ion milling (Hakuto) with secondary ion mass spectrometry
(SIMS) system and magnetron sputtering for depositing SiO: insulating layer and
EB evaporation system (i-Quick, Canon ANELVA) for making electrodes. The

procedure of micro-fabrication is largely separated into two parts as shown below.

(1) Junction pillar with electrodes

The detail procedure of micro-fabrication of junction pillars is shown in Fig.
26. Firstly, bottom electrodes are patterning (not shown in Fig. 26). Second, etching
masks (resist) are patterned into junction shapes using EB lithography (Fig. 26 (a)).
Third, cap layers, free layer and MgO layer are etched by Ar ion milling except for
the parts covered by etching masks (Fig, 26 (b)). Fourth, a SiO: interlayer
insulating layer (10 to 20 nm) are deposited overall the sample (Fig. 26 (c)). After
lifting-off the etching masks, finally, top electrodes, which consist of Cr / Au (80 nm),
are deposited using Ar ion milling method (Fig. 26 (d)). Fig. 26 (e) shows a typical
example of detected signal by SIMS during etching junction pillar. The etching is
stopped at the middle or end of MgO layer.
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Fig. 26 The procedure of micro-fabrication for junction pillars with electrodes. (a) An
etching mask is patterned into junction shapes by EB lithography. (b) Using patterned
etching mask, a part of the film is etched by Ar ion milling. (¢) A SiO; interlayer
insulating layer is deposited. (d) After lifting-off the etching mask, top electrode is
deposited by Ar ion milling method. (e) A typical example of detected signal by SIMS
during etching films for fabricating junction pillars. The signals are enhanced and

shifted for clarity. The etching is stopped at the middle or end of etching of MgO layer.
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1) CPW
After fabricating junction pillars, a SiO: insulating layer of 60 nm is
deposited on the sample except for probe contact area, as shown in Fig. 27 (b). Then,
CPWs are fabricated by lift-off method as shown in Fig, 27 (c). At this time, the
signal line of CPW must be aligned just over the junction pillars in order to apply

() © PV

Bottom electrode

Fig. 27 The micro-fabrication process for CPWs. (a) After micro-fabrication of junction
pillar. (b) A SiO; insulating layer of 60 nm is deposited all over the samples, excepting
for contact area. (c) CPWs are deposited on the SiO; insulating layer. The signal line of
CPW is aligned just over the junction pillars to apply magnetic fields to the free layer
of MTIJ.

o= o

o T me T n

T EE s

Fig. 28 Optical microscope images of sample. (a) over view (b) close-up of one MTJ
and one CPW.
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magnetic fields to the free layer of MTdJ. The width of CPW depends on the length of
the long axis of MTJ (e.g. the width of CPW is 2 um when MTJ size is 1 pm X 2 pm).

Optical microscopic images of sample are shown in Fig. 28.

After finishing micro-fabrication, samples are annealed in a furnace with
applying magnetic field in order to fix the direction of pinned layer!®96l. The
annealed temperature is about 300 degrees Celsius degree. The strength of a

magnetic field is 6 kOe and samples are annealed for 2 hours.

3.3 Measurements

In this section, the details of measurements methods are shown. Basically,
to measure MR or RF property required magnetic prober. I used an RF prober with
electro-magneto provided by Toei Scientific Industrial Co., Ltd (B2 FEZ). The

maximum magnetic field of 3 kOe (in-plane) can be applied by this prober.

3.3.1 MR measurements

The measurements circuit for MR measurements is shown in Fig. 29. A
lock-in amplifier (SR 830, Stanford Research Systems) is used as a voltage supply
and a detector. The series resistance of 1 kQ is connected in series with an MTJ.

Usually, resistance of an MTJ is measured by two terminals method.

1kQ

f\/ Lock-in output
Vout ~ 0.02 (V)

=
Lock-in input C\/
B

Z

Fig. 29 Measurement circuit for MR measurements. The resistance of the MTJ is

monitoring with changing external magnetic field.
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3.3.2 Pulse switching measurements
The measurement circuit for magnetic field pulse switching measurements

is shown in Fig. 30. A sourcemeter (ke2400, KEITHLEY) is used for monitoring
resistance of an MTJ. A pulse generator (AFG 3252, Tektronics) is used for
application of voltage to a CPW for generating pulsed magnetic field. Due to this
field, magnetization switching in the free layer in an MTJ occurs and resistance of
an MTJ changes. An oscilloscope (DSO 3202, Agilent) is used as a monitor of the
amplitude of the applied pulses.

(—_n_or'Lr_

Pulse generator T

r— 05Cill0SCOpe  fr—
/\Magnetic field
or -

vyl

Top electrode
Sio,
Pinned

- Buffe

Sio, subétf;te

Fig. 30 Measurement circuit for MR measurements. From a pulse generator, pulses are
applied to CPW wire and the pulses are detected by an oscilloscope. During pulse
applications, the resistance of MTJ is monitored by a sourcemeter. H, represents an

assisting ac magnetic field, that will be introduced in Sec. 3.2.

3.3.3 RF amplification measurements

Fig. 31 shows a measurement circuit for RF amplification, which is
discussed in Sec. 3.3. From the port-1 of vector network analyzer (VNA, E8364B
Agilent), RF voltage (Vi) is applied to a CPW. A bias current is applied to an MTJ
‘through the bias-Tee using a sourcemeter. The RF output from an MTJ (Vou) is
detected at port-2 of VNA. Using a VNA, S21 parameter, which is defined as S21 =V

| Vout, can be obtained.
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port-1 port-2
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SVe e
/

Bias Tee

X

Fig. 31 Measurement circuit for RF amplification measurements. From the port-1 of
VNA, Vi is applied to a CPW, generating RF magnetic field around the CPW. Bias
voltage is applied to an MTJ by sourcemeter. The RF output from an MTJ can be

detected as S; parameter. A bias Tee is used as a separator of DC and RF signal.
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Chapter 4 Results and Discussion

In this chapter, I would like to show and discuss the experimental results.
The chapter is largely separated into 2 sections. One is pulse amplification and

another is RF amplification.

4.1 Power amplification

In this section, the results of power gain measurements are shown. Before
discussing main results of the power gain, basic physical properties of MTJ are
described. The free layer of the first sample is CoFeB with the thickness of 2 nm.
From current in-plane tunneling (CIPT) measurements, the RA value and MR ratio
were evaluated to be 3.7 Qum? and 129%, respectively.

Typical MR curve of MTJ with CoFeB (2 nm) free layer after
micro-fabrication is shown in Fig. 32. The area of junction pillar is 0.5X2 um?2 and
the width of CPW is 2 um. Fig. 32 indicates MR ratio is 24%, which is 5 times
smaller than found from the results of CIPT measurements, because of an influence
of a parasitic series resistance. Fig. 33 shows the junction size dependence of
resistance of MTdJs. The horizontal axis is inverse of junction area. From the linear
fitting of the junction area, the parasitic series resistance (intercept) and actual RA

(gradient) were evaluated to be around 10 Q and 4.4 Qum?, respectively, in my

device.
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Fig. 32 MR curve measured using the circuit shown in Fig. 29. The junction size is 0.5
X2 pum?. The obtained MR ratio is about 24%. The obtained MR value is much

smaller than CIPT measurement due to parasitic series resistance.
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Fig. 33 Junction size dependence of resistance of MTJs. The vertical and horizontal axes

show resistance of MTJs and inverse of the junction area, respectively. From the linear

fitting, the parasitic series resistance (intercept) and actual RA (gradient)

were evaluated to be around 10 Q and 4.4 Qum?, respectively.
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Fig. 23 Resistance change of the MTJ, induced by the successive pulse applications to

the CPW. The width and amplitude of pulses are 500 ms and +36.6 mV, respectively.

And the interval of applied pulses is also 500 ms. The resistance changes in parallel

and anti-parallel states, according to pulses.

55



Fig. 34 shows the resistance change of the MTJ, induced by applying
successive square wave pulses, 500 ms in width and *=36.6 mV in amplitude, into
the CPW. Here the external magnetic field was set at the center of the hysteresis of
the MR curve, i.e., Hext = 55 Oe. The resistance changes between 13.3 Q and 16.3 Q
according to the pulse application were clearly observed. These resistances values
are consistence with the resistance of parallel and anti-parallel magnetization

states (Kp and Rap, respectively).

The output power strongly depends on the bias voltage ( Vhias) applied to the
MTJ. In Fig. 35, the bias voltage dependences of the MTJ resistances for both
parallel and anti-parallel configurations are shown. Following to eq. (2.26), the
power gain as a function of the bias voltage applied to the MTJ is also plotted in the
Fig. 35 (a). Here the input power (£x) and input current (%) are calculated from the
pulse voltage (36.6 mV) and the resistance of CPW (Bcpw = 6.6Q), i.e. Pn = (0.0366
VD2 / 6.6 [Q] = 0.2 [mW] and £ = 0.0366 [V] / 6.6 [Q] = 5.6 [mAl. From the
calculations, we found that the power gain of 5.6 was obtained in this device under
the high Wias of 0.4 V. The power gain obtained here is for the case where wire-B
resistance is double of the MTdJ-A resistance. For a series connection of the MTJ-A
and wire-B, the short-circuit current gain, which is another important factor for this
device, was estimated from experimental results and is shown in Fig. 35 (b). The
current gain also increased under higher voltage application and attained a value of

0.8 at Vhias = 0.4 V.
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Fig. 35 Bias voltage dependence of the (a) power gain and (b) current gain. MTJ
resistances in both parallel and anti-parallel configurations as a function of the bias
voltage are shown in the gray curves. The power and current gain are shown as black
curves. Here, the optimized load resistance is assumed to obtain higher power and

current gain.
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The ideal (i.e., series resistances Rsr= 0 [Ql, Rsw= 0 [Q]) power gain and
current gain with parasitic series resistances are shown in Fig. 36. The black dot in
Fig. 36 shows the obtained power gain and current gain in the experiments. The
power gain obtained in the experiment was 1% of the ideal expectation. Realistic
power gains, concerning an influence of Bs7=1 Q and 10 Q are shown by light gray
and gray curves in the Fig. 36(a). Including Reeries, the gain has a peak at the
optimum cell size, because the output power is mainly lost in the parasitic
resistance for large MTdJs with small resistance. The experimental result was
quantitatively in good agreement with the theoretical expectation if we assume that
the Hs 7= 10 Q. Similar scaling is calculated for the current gain, as shown in Fig.
36 (b). We can also explain these experimental results by including the Hsr
Although we could not obtain substantial current gain in this experiment, the
calculation shows that a current gain of 10 could be obtained if we can reduce the
parasitic resistance to 1 Q. In the smaller sized device, less than 0.2 pm, it is
difficult to realize the current gain in this architecture because of significant
increase in H.. To overcome this problem, use of the spin-transfer torque combined

with current-field torque should be promising.
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Fig. 36 The estimated (a) power gain and (b) current gain as a function of MTJ cell size L
with parasitic series resistances Rs = 0 Q (black), 1 Q (light gray), and 10 Q (gray). In
the theoretical calculation, RA of 4.4 Q um? is assumed. The black dot in the figure
shows the power gain or current gain obtained in the experiments, that has good

agreement with the theoretical value when Rs7= 10 Q.
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4.2 Realization of Fan-out

In the last section, the power gain larger than 1 is demonstrated in the
proposed device. However, the current gain, which is the important parameter to
drive the next MTJ (MTJ-B), is less than 1. Therefore, we cannot make logic circuit
using the device. In this section, the amplification properties of the current-field
driven spin transistor under an assisting ac magnetic field are investigated. By
reducing the effective coercivity in the free layer of the MTJ, we were able to
achieve power gain of 130 and current gain of 4.9. We also could obtain a fan-out
value of 5.7, i.e., the output power from the first MTJ can drive 5 additional MTJs.
Simple theoretical calculations show that further improvement can be expected by
optimizing the element size, the coercivity, saturation magnetization, and thickness
of the free layer while maintaining relatively high thermal stability. This technique

can provide a basic component of non-volatile logic devices.

MTJ structures were deposited on a thermally oxide Si substrate using
magnetron sputtering (Cannon ANELVA C7100). The basic film structure is buffer
layers/PtMn(15)/CoFe(2.5)/Ru(0.85)/CoFeB(3)/MgO(1.4)/CoFeB(3)/cap layers (the
numbers indicate the thickness in nanometers). In particular, the thickness of MgO
was estimated based on the deposition time and rate calibrated by X-ray
reflectometry. The RA and MR values, which were evaluated by current-in-plane
tunneling (CIPT), are 5.2 Qum? and 198%, respectively. The MTJds were patterned
into junction pillars with the lateral dimensions of 0.3 x 0.9 um2. The width of CPW
is 1 um (the width of CPW is larger than the long axis of MTJ due to difficulty of the
superposition in micro-fabrication.).

The tunneling resistance was measured by using a dc two terminal method
during the application of successive pulses. The voltage of the applied pulses was
monitored using an oscilloscope, which was connected in parallel with the CPW. A
bias magnetic field (Hhiss) of 40 Oe was applied to compensate the “orange peel”
coupling field (Fig. 37). In addition, an assisting ac magnetic field of 2 Hz and
approximately 20 Oe was applied by means of an electromagnet (schematically
shown as a curve in the upper side of the Fig. 37). We can investigate the influence
of the coercivity on the gain property by applying an ac magnetic field. In this study,
we considered an effective field (H=f) = 5 Oe to evaluate the possible maximum gain

while maintaining sufficient non-volatility. It should be noted that Hef = 5 Qe
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Fig. 37 A typical example of the MR curve. The lateral dimensions of MTJ is 0.3 x 0.9
pm?. The obtained MR ratio is about 90%. The application of an assisting ac
magnetic field (20 Oe) is illustrated in the upper side of the MR curve.

corresponds to K. = MoHe%2 = 314 [J/m3], where K is the uniaxial anisotropy and
M, is the saturation magnetization (assumed to be 1 T for CoFeB). Therefore, even
under the assisting ac field, the thermal stability factor, A = Ku.VolksT, of the free
layer exceeds 60 at room temperature, thanks to the relatively large volume of the
free layer, Vol= 0.3[um] x 0.9[pum] x 3[nm] = 8.1 x 1022[m3]. Here, ks and T are the

Boltzmann constant and temperature.

Figure 38(a) shows examples of the applied pulses. The application of both
positive and negative pulses allowed the control of the magnetization configuration
in anti-parallel (AP) or parallel (P) states, as seen in Fig. 38(b). The width and
maximum amplitude of each pulse are 500 ms and 10 mV, respectively. The
resistance fluctuation observed in the AP state was attributed to the magnetic
domain wall formation, which was induced by the external ac magnetic field. It
should be noted that magnetic switching was never induced solely with the

application of the ac assisting field.
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Fig. 38 (a) An example of the pulse voltages applied to the CPWs, as these are measured by
the oscilloscope. (b) The resistance change in the MTJ induced by the application of voltage
pulses under applying an assisting ac magnetic field. The changes in the resistance indicate

the magnetization switching of the free layer in the MTJ.

Next, the power and current gain of this device are estimated, according to
eq. (2.1) and eq. (2.2), in the same manner with section 4.1. At this point, the power
consumed by applying the assisting ac magnetic field is neglected. Output power
and current flowing through the MTJ is proportional to V2 and V, respectively.
Since the resistance of the MTJ depends strongly on the bias voltage, as seen in Fig,
39(a), both Gpower and Geurrent are also influenced by the bias voltage. For Bpuise =
0.015 mW, the input current of 1.5 mA and CPW resistance (&L of 6.6 Q. We
calculated Gpower and Geurrent under the specific bias conditions. In order to estimate
the maximum Gpower, we assume that the CPW is connected in parallel with the
MTJ. Under this condition, A Psu: becomes maximum when K. = 2Fr. Based on above
estimates, we were able to obtain the maximum power gain of 130 (shown as black

curve in Fig. 39).
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Fig. 39 Bias voltage dependence of the power gain (Black line). The MT]J resistance for both
P and AP states as a function of the bias voltage is also shown as gray-colored curves. The
obtained power gain becomes 23 times larger compared to Fig. 35 due to the reduction of the

input power.

In contrast, the Geurrent takes its maximum value when the MTJ-A and
wire-Bs are connected in series under the ideal condition that EL = 0. The current
gain of 4.9 (black curve in Fig. 40) is obtained at a bias voltage of 0.4 V. This
relatively large enhancement could be realized thanks to the reduction in the
effective coercivity of the free layer and the large MR ratio.

Of particular interest was the fan-out value, defined as the number of MTds
that can be driven by the output current. A fan-out value larger than 2 is required
to use this device for logic calculations. Specifically, the fan-out value of the device
is strongly related to the current gain because the device is driven by a current. In
order to drive the next cell, ALu > 2/ is required for controlling the P and AP states
of the additional MTJs (MTJ-B), which are driven by the output of the first MTJ.
For the calculation of the fan-out value, we took into account the real load
resistance (equal to the coplanar waveguide), assuming the circuit that is shown in
the inset of Fig. 40. The gray color curve in Fig. 40 demonstrates the bias voltage

dependence of the fan-out value. The curve was obtained by the substitution of
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Fig. 40 Bias voltage dependence of the current gain (black line) and fan-out (gray line).
Inset figure shows a schematic diagram of the electrical circuits. Current gain of 4.9 and

fan-out of 5.7 are demonstrated at bias voltage of 0.4 (V)

obtained current gain to eq. (2.40), which is introduced later. A fan-out value of 5.7
under is obtained at a bias voltage of 0.4 V, indicating that 5 cascaded MTdJs can be
driven by the output of the first MTJ. This implies that the current-field driven spin
transistor has the capability to work as a basic element of a nonvolatile logic device
if we can reduce the coercivity of the free layer while maintaining relatively high
thermal stability.

For this study, we applied a dc pulse with a long time duration of 500 ms.
When the pulse duration time is reduced to nanosecond order, the current required
for switching becomes larger, following the thermal assisted model. Therefore, the

fan-out value may be reduced under a gigahertz operation.

In the last part of this session, I show the scaling of the fan-out value of this
device. When the size of an MTJ is large enough, the distance between the wire and
free layer of the MTJ can be considered negligible. Consequently, the current

required for switching (/in) can be written as fin = 2w/, where w is the width of
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the wire. To estimate the fan-out value, MTJ-A and n-wire-Bs are assumed to be
connected in series, as shown in the inset of Fig. 40. In the case of application of
assisting ac magnetic field, eq. (2.41) can be rewritten as eq. (4.1) using the effective

coercive field (Hcef),

Fan—out=& VMTJX?;R -1 « v e (4.1)
L\ 2x2wH ™ xR,

In the calculation of fan-out value shown in Fig. 41, I assumed w= 3L (L is
the size of MTJ and factor 3 indicates the aspect ratio of the junction pillars), Rr =
RA / 312, R.is the wire resistance, defined as K. = pl/wt, p is the resistivity, /is the
length and ¢ is the thickness of the wire, respectively (details of the calculation are
included in the Appendix). Fig. 41 shows the expected fan-out as a function of L and
the effective coercivity (Hef). For this calculation, the following values for the wire
parameters were used: p = 2x107 [Q * m], /= 10L and ¢= 100 nm. According to the
experimental results, the MR ratio is 100% (MR* = 2/3), the distance between wire
and free layer of MTJ is 140 nm (thickness of the top electrode and the SiO:
insulating layer) and the RA value is 5 Qum?2. Furthermore, we took into account
the influence of the series resistance (&), which results from parasitic resistance,
such as each electrode's resistance. Subsequently, Br in (4.1) should be substituted
by Rr + Rs. It also affects the MR,

The dot in the Fig. 41 represents the experimental result. The Rs of our
device was estimated to be approximately 7 Q. The obtained result is in good
agreement with the theoretical estimate. By taking into account the series
resistance, the fan-out value becomes less than 1 when L is comparatively large,
because the series resistance causes a reduction in the MR ratio. The area above the
lines in Fig. 41 represents a region in which 4 > 60. Since the product M:¢ plays
affects 4, two examples of border lines for Mt = 3 (this experiment) and 30 [T-nm]
are illustrated (¢ is the thickness of the free layer). Further enhancement of the
fan-out value can be realized by increasing the saturation magnetization and/or the
thickness of the free layer by reducing Hf. The fan-out value becomes smaller in

the deep-submicron range.
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Fig. 41 The estimated fan-out value as a function of the MTJ cell size L and the effective
coercivity. For the calculations, MR = 100%, RA = 5§ Qum?, and Vury = 0.4 V are assumed
and finally, Reries 0f 7 € for the actual device. The lateral dimension of the MTJ cell is Lx3L.
The width of the CPW and the thickness of the SiO; insulating layer are 3L and 140 nm,
respectively. The area above the lines corresponds to a region in which the thermal stability
factor is higher than 60 when My = 3 and 30 [T-nm]. The dot represents the experimental

result.

To summarize section 4.1 and 4.2, the characteristics of current-field driven
spin transistor is investigated. The power gain is firstly obtained in a spin
transistor at RT. Fig. 42 shows the development of gain in any spin transistor at RT.
Except for the report of current gain (performed at 2.6 K), this study shows the
amplification effect in spin transistor. The fan-out value, which has not been
discussed in spin transistor, of about was successfully obtained. From these results,

the current-field driven spin transistor satisfies Boolean operations.
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Fig. 42 The development of gain in any spin transistors at RT. Except for the report of
current gain at low temperature (2.6 [K]), this study is firstly obtained gain > 1 in a spin

transistor.
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4.3 RF amplification

In the section 4.1 and 4.2, the amplification properties and fan-out of the
current-field driven spin transistor are shown. In this section, the radio-frequency
(RF) voltage amplification property of a tunnel magnetoresistance device driven by
an RF external-magnetic-field-induced ferromagnetic resonance is studied in the
same type of devices. The input RF voltage applied to the waveguide can excite the
resonant dynamics in the free layer magnetization, leading to the generation of an
output RF voltage under a DC bias current. The dependences of the RF voltage gain
on the static external magnetic field strength and angle were systematically
investigated. The design principles for the enhancement of the gain factor are also
discussed.

Thus far, several RF amplification properties of an MTJ structure have
been proposed and demonstrated experimentally. The study by Slonczewskil®3l was
the first to propose the above mentioned properties. The other concepts of RF
amplification have been proposed using negative differential resistance®4,
vortex-core resonancel®5L66l and spin-torque-induced ferromagnetic resonance in an
MTJ67, These devices for RF amplification were combined with the spin-transfer

torque effect.

A schematic structure of the proposed device with the measurement circuit
is shown in Fig. 31. When a coplanar waveguide (CPW) is combined with an MTJ,
an RF magnetic field is generated around the CPW under an application of RF
current to the CPW. Further, ferromagnetic resonance (FMR) is induced when the
frequency of the RF magnetic field is tuned to the resonant frequency of
magnetization of the free layer in the MTJ. Generally, magnetization precession can
be excited efficiently under the resonance condition, leading to the generation of a
large RF output voltage from the MTJ under a large DC bias current. If the output
voltage exceeds the input voltage, the proposed device can be used for the
amplification of RFs.

MTJ films with a structure of buffer layers/PtMn/CoFe/Ru/CoFeB(3)/MgO
(1.1)/CoFeB(3)/Ru(1.5)/NiFe(2)/capping layers (nm in thickness) were deposited on
Si/SiO2 substrates using a magnetron sputtering method (Canon ANELVA C7100).
From the current-in-plane tunneling (CIPT) measurements, the resistance-area
product and the magneto-resistance ratio were evaluated to be 3.8 Qum? and 110%,

respectively. The multilayer film was patterned into junctions (0.3 x 0.6 pm? with
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Fig. 43 Schematic image of the configuration of magnetization and magnetic fields. Mgee
and Myin denote the magnetization of the free and pinned layer; G and &eq indicate the
relative angle and the angle of the external magnetic field; and /rr, Hex, and Hain
indicate the RF magnetic field, the external magnetic field, and shifted field,

respectively.

ctrically isolated coplanar waveguide (the width of CPW is 0.8 um). The RF power,
which generates the RF magnetic field, was applied at port-1 (Vi) of the vector
network analyzer (VNA). Further, a bias current was applied to the MTdJ through a
DC port of the bias Tee. The output signal from the MTJ (Vou) was detected by
port-2 of the VNA. The RF amplification property was evaluated by monitoring the
So1 (= Voud Vin) parameter. The magnetization configurations of the pinned and free
layers and the magnetic field are shown in Fig. 43. The xaxis (direction
perpendicular to the CPW) is defined to be parallel to the easy axis of the free layer.
The external magnetic field, Hex, is applied along the direction with angle 6keld from
the xaxis. The S21 parameter was measured under various Hext and 6reld conditions.
The input RF power and the DC bias current were fixed at 20 pW and -8 mA in all
the measurements. Here, the positive current is defined as one in which the
electrons flow from the free layer to the pinned layer.

In order to extract the FMR signal clearly, the background signal, which
originates from the transmission property of the CPW, was subtracted from the raw
Se1 data. The background signal was obtained under the sufficiently large Hext = 1
kOe applied along the direction of the x-axis, because the FMR could not be induced
in this configuration. In this study, AS21 indicates the measured S21 parameter

without the background.
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Fig. 44 Typical MR curve (G = 0°). The free layer of the MTJ consists of CoFeB (2
nm) / Ru / NiFe (2 nm) ferromagnetic coupled layer. The junction size is 0.3 x 0.6 um?.
The obtained MR ratio is about 38%. From this curve, Hgia is defined as 50 Oe.

Fig. 447 shows the typical MR curve when 6@heid is 0°. The obtained MR ratio
became three times smaller than that obtained by the CIPT measurement, owing to
the influence of the parasitic series resistance. A shift field of 50 Oe was obtained,
which is caused by orange-peel coupling (a parallel state is preferred under zero
magnetic field). The measured gain factor (i.e., the absolute value [AS21], which is
hereafter simply called ASz1) as a function of frequency is shown in Fig. 45 (a),
where Giad was fixed at 55°. Depending on the strength of the external magnetic
field, the amplitude of AS21 and the resonant frequency were changed, indicating
that the FMR excitation was induced by the application of the RF signal to the CPW.
The value of AS21 becomes small when Hexx = 50 Oe, possibly because of the
inhomogeneous precession motion attributed to multi-domain formation. The
observed resonant frequency was plotted as a function of the external magnetic field
with Ged = 55° in Fig. 38 (b). The observed shift was well reproduced by Kittel’s
formula (red curve in the same figure). From the fitting, the in-plane and
out-of-plane anisotropy fields were evaluated to be 15 Oe and 7500 Oe, respectively.
Fig. 46 (a) shows AS21_max as functions of the strength and angle of Hex.. Here, we
define AS21_max as the peak height of AS21 at each angle and external magnetic field.
The red area indicates the high amplification gain, which reaches the maximum

value of approximately 0.07.
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Fig. 45 (a) Gain factor (absolute value [AS21]) as a function of frequency (s = 55°). (b)
Resonant frequency as a function of the external magnetic field (Gsa = 55°). The black
dots and red curve show the experimental results and the fitting curve, respectively.
From the fitting, the in-plane and out-of-plane anisotropy fields were evaluated to be 15

Oe and 7500 Oe, respectively.

The output voltage from the MTJ ( Vsu(w)) for small precession angles is described
by eq. (4.2) 1421,

V@)= 77(60) 2 s (6, )sin(6,,) (42

where 77'(0) is the efficiency of the RF circuit; Bp and Rap are the resistances in
parallel and anti-parallel states, respectively; 7 is the bias current; Gprec is the
precession angle; and @it denotes the relative angle between the pinned and free

layer magnetization. When 6hela = 55° and Hext = 100 Oe, a relative angle of & = 83°
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was obtained by resistance monitoring. The largest RF gain factor was obtained at
this field and angle. This behavior is consistent with eq. (4.2). Furthermore, the
resonant frequency decreases with a decrease in the external magnetic field, which
in turn results in an increase in the precession anglel68!, From the above discussion,
it can be concluded that it is important to reduce the resonant frequency and obtain
a relative angle of 90°to obtain a large output.

Here, we compare the experimental results with the simulation results.
Using the parameters obtained from our experiments and from Kittel’s fitting, we
simulated the RF gain by using a macro-spin model based on the
Landau-Lifshitz-Gilbert eq. Fig. 46 (b) shows the simulated result as functions of
Hext and 6heid. We assume that the damping factor @ = 0.01 and temperature 7= 300
K. Here, the influence of the thermal effect is treated as a random magnetic
field!69L170], The experimental results were well reproduced qualitatively by this
simple simulation. However, in the simulation, the maximum gain was obtained for
both a small magnetic field and a small tilt angle at around Hext = 50 Oe and 6held =
15°. At this field and angle, the shift field and in-plane magnetic anisotropy are
cancelled simultaneously by the external magnetic field. Subsequently, the resonant
frequency becomes very low and the RF gain increases. However, this condition is
difficult to achieve in the experiment, because a multi-domain structure is formed
in the low magnetic field range. Further, the simulated gain is approximately 5
times greater than that obtained by the experimental result. In the experiment, the
linewidth of the FMR peak is broadened because of non-uniform precession
attributed to a relatively large sample size. This leads to a small Q-value (~2) in the

experiment, and consequently, the gain factor becomes smaller than expected.

The RF gain does not exceed 1 even in the simulation. One possible
approach to realize high RF amplification is to introduce perpendicular magnetic
anisotropy. When the out-of-plane anisotropy is cancelled by the external magnetic
field, a high Q-value of 50 can be obtained!”!l. This value is 25 times greater than
that obtained by our results. Thus, the RF gain factor can exceed 1 if we apply their
condition (i.e., using Ferich CoFeB free layer for perpendicular magnetic
anisotropy!72.73l and applying external magnetic field to cancel demagnetization

field) to our experiment.
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Fig. 46 Sz1 max as functions of Gsea and Hex. (a) Experimental result and (b) simulated
result by macro-spin simulation. From (a), the maximum obtained RF gain is about 0.07
when Ggelq = 55° and Hexs = 100 Oe. From (b), the maximum gain is obtained when G
= 15° and Hex = 50 Oe, where in-plane and out-of-plance anisotropy can be cancelled by

external magnetic field.
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Another possible approach to enhance the RF gain factor is to utilize the
spin transfer effect. In the present measurement conditions, the spin transfer
torque has only a small influence on the RF gain, because &t is nearly 90 degree
when the maximum AS21 was obtained and the electric breakdown voltage of the
sample was relatively low. However, if the effect of the spin torque is sufficiently
large, the effective damping factor will be reduced, inducing a large precession
angle; hence, the output voltage from the MTJ can be increased, leading to the
realization of a higher RF gain. This techniqué can be adapted to a magnetic field

feedback oscillator!74l.

Recently, the RF gain of 0.27 was obtained in another sample by applying
larger DC bias voltage of around 0.4 (V) (DC bias voltage of only about 0.2 (V) was
applied to the sample, that is discussed above, since the breakdown voltage of MgO
is relatively low in the sample). An example of result are shown in Fig. 47. RF gain

of 0.27 is the maximum value in the all reports up to now.

Frequency (GHz)

Fig. 47 RF gain factor (ABS[AS21]) as a function of frequency. The RF gain achieved to
0.27 under an application of bias voltage of 0.4 (V).
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Chapter 5 Conclusion

The current-field driven spin transistor, which is driven by current-induced
magnetic field, is proposed in this study. Using MgO-based high performance MTds,
the device is fabricated. And the amplification properties of the device are mainly

investigated at RT.

Scaling

To compare the characteristics of current-field driven and spin torque
driven spin transistors, new types of spin transistors are proposed. Following to the
scaling models, the power gain and the fan-out value are verified as a function of
MTJ feature size by theoretical approach. From the scaling of the fan-out, I

conclude that current-field driven spin transistor is suitable for Boolean operation.

Power amplification

The author fabricated the device using CoFeB / MgO / CoFeB MTds with
low RA product. The magnetization switching according pulse applications are
clearly observed. Concerning the bias voltage dependence of MTJ resistance, the
power gain of 5.6 is obtained successfully. This is the first report of the power
amplification of a spintronic device at RT. Because of the parasitic resistance of the
system, we could not obtain a current gain under the present conditions. However,
the theoretical calculation indicates that a substantial current gain of 10 can be
realized if we reduce the parasitic resistance to less than 1 Q. Our suggestion may

open up a novel approach to the building of non-volatile spin logic devices.

Gain and Fan-out under an ac assisting field

To enhance the power gain and realize fan-out function in the device, the
amplification properties of a current-field driven spin transistor under an ac
assisting magnetic field is investigated. A power and current gain as high as Gpower =
130 and Geurrent = 4.9 were successfully demonstrated, those values are much higher
than that of without ac magnetic field due to the reduction in the input power and
the input current. These improvements made it possible to realize a fan-out value of
5.7. A reduction in the parasitic resistance and high MR ratios were necessary to
obtain the highest fan-out value. Through the device scaling, further increase in the

fan-out value—as high as 10—can be expected by optimizing the element size, free
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layer thickness and saturation magnetization.

Although the ac magnetic field is not indispensable for the basic operation,
it may be useful to enhance the element selectivity while maintaining high thermal
stability. A simple wave guide structure can be easily implemented in the proposed
device.

As already discussed in the development process of current-field driven
MRAM devices, it is difficult to realize the high thermal stability and small
switching current at the same time for the case of in-plane magnetized film. One
promising solution is to use a perpendicularly magnetized film with the spin
transfer effect. Additionally, microwave assisted magnetization reversall’s'77 and
voltage-induced magnetization switching should be helpful in improving the

performance of the proposed spin transistor.

RF amplification

The amplification property of MTdJs afforded by the magnetic-field-induced
FMR was proposed and demonstrated. A maximum voltage gain of 0.07 was
achieved under the optimized external magnetic field condition. In addition, the
static external magnetic field strength and angle dependences of the voltage gain
were systematically investigated and reproduced qualitatively by a simple
macro-spin model simulation. The improvement of the uniform precession in the
element, as well as the introduction of perpendicular magnetic anisotropy or the
spin transfer effect, were shown to be effective in achieving RF voltage gains greater
than 1. Further, the RF gain of 0.27 was obtained in another sample. The increase
in RF gain is because large DC bias voltage can be applied to the sample due to high
withstands voltage. The obtained value is the highest in the previously reported

values.

From these results, logic circuits can be formed using only MTJs. Fig. 48
shows the schematic diagram of the concept device. When RF signal is caught by
antennas, the signal can be detected by spin torque diode effect. After detection, the
signal is amplified and calculated by current-field driven spin transistors. On the
other hand, non-volatile logic circuit, consisting of current-field driven spin
transistors, calculates. The information is applied into spin torque oscillator. After
that, RF signal can be amplified by spin transistors and emitted to external through
an antenna. This device can be used in mobile devices due to low power

consumption in non-volatile logic circuits.
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Fig. 48 schematic diagram of the concept device. Current-field driven spin transistors can

be used as an amplifiers and non-volatile logic circuits.
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Future prospective

Finally, I would like to describe the future prospective. In this study,
current-field driven and spin torque driven spin transistors are investigated
theoretically and experimentally. Recent years, voltage induce magnetic anisotropy
change is rapidly developing as the next way to control magnetization direction.
Similar with semiconductor transistors, which is changed bipolar transistor
(current driven) to field effect transistor (voltage driven), power consumption in
spin transistors have possibilities to be smaller by utilizing voltage control
magnetization reversal. Fig. 49 shows the scaling of fan-out value, utilizing voltage
control magnetization reversal (the scaling model and calculation are abbreviated
in this study). As shown in the figure, fan-out value reaches around 1000 when MTJ
size is small. By comparison to current-field driven and spin torque driven types,
voltage driven spin transistor has large potential to become next generation spin
transistor. I would like to finish this thesis with expectation of new type of spin

" transistors.

10000 *Iiﬁ _
. ) ]
2 1000 @ Voltage torque driven

o
)

m -

2 100 . _:

& 3

£ E

E Field torque driven |

10 / _

1 P Spin torque driven |

L (pm)

Fig. 49 The scaling of fan-out value. Blue curve shows the fan-out value in the voltage
-driven spin transistor. Black and red curves shows fan-out values of field driven and spin

torque driven spin transistors, which are same as Fig. 24.
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