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(54) Title: NANOWIRE AND MEMORY DEVICE USING IT AS A MEDIUM FOR CURRENT-INDUCED DOMAIN WALL
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[Figure 3al

(57) Abstract: Disclosed herein are a
nanowire and a current-induced domain
wall displacement- type memory device

using the same. The nanowire has
perpendicular magnetic anisotropy and
is configured in a manner that when a

3% 10° Afem® <

O = 10° Afem®

1.53

SV

-+ 4.44

3)

10° A/ cm*
bl

parameter Q, calculated by a saturation
magnetization per unit area, a domain
wall thickness and a spin polarizability
of a ferromagnet that is a constituent
material of the nanowire, has a value
of (formula 1 should be inserted here) a
domain wall thickness, a width ™™ and

(1) a thickness -* of the nanowire satisfy
the relationship of (formula 2 should be
inserted here) The present invention can
be designed such that a current density

2) capable of driving a memory device

utilizing the current-driven domain wall
displacement has a value of less than
(formula 3 should be inserted here),
through the determination of the optimal
nanowire width and thickness satisfying
a value of a critical current density,
Jc for the domain wall displacement
below a certain value required for

commercialization, for a given material in the nanowire with perpendicular anisotropy. According to such a configuration of the
present invention, the current density required for the domain wall displacement can be at least 10 times or further lowered than the
current density in currently available nano wires. Therefore, the present invention is capable of solving the problems associated
with high power consumption and malfunction of the device due to generation of Joule heat and is also capable of achieving
low-cost production of memory devices.
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[DESCRIPTION]
[Invention Title)
NANOWIRE AND MEMORY DEVICE USING IT AS A MEDIUM FOR CURRENT-

INDUCED DOMAIN WALL DISPLACEMENT

[ Technical Field]
The present invention relates to a nanowire. More specifically, the present invention relates
to a nanowire which enables the construction of a memory device at a low current density
by the application of an electric current to a ferromagnetic nanowire to induce the domain
wall displacement and a current-induced domain wall displacement-type memory device

using the same.

[Background Art]
Ferromagnets refer to magnetic materials that become strongly magnetized in a magnetic
field direction when exposed to an external strong magnetic field and retain their
magnetism even when the external magnetic field is removed. In this case, individual
atoms of the magnetic material behave like individual magnets.

That is, the ferromagnet is a material having magnet-like properties and typically
includes iron, cobalt, nickel and their alloys. Individual atoms in the ferromagnetic
material serve as individual magnets. The magnetic moments of these atoms are relatively
less regularly aligned when they are not exposed to an external magnetic field, thus
generally providing no magnet-like effects. However, when a magnet is brought close to
the material, those atoms tend to align their magnetic moments with the external magnetic
field and are therefore attracted to the magnet. Such regular alignment of atoms in a given

direction under the influence of an external magnetic field is called “magnetization”, and

]
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the magnetized material per se can attract other ferromagnetic materials, as does a magnet.

As is known in the related art, the spins of electrons in the ferromagnet are aligned
parallel to one another in the same direction, so magnetic moments responsible for
magnetization form and increase. Further, magnetic domains are considered as large
groups of atoms whose spins are aligned parallel with one another. Within the magnetic
field, the magnetic domains whose spins are aligned with a magnetic field direction are
produced or enlarged. Even after the externally applied magnetic field is removed, the
spins of atoms are still aligned in the same direction for a long period of time,
consequently resulting in appearance of remanent magnetization. When a temperature is
elevated, thermal motion of atoms takes place in the ferromagnet, which breaks up regular
arrangement of atom spins, thus becoming paramagnetic with loss of ferromagnetism. This
temperature is called the Curie temperature above which a ferromagnetic material loses its
ferromagnetism and becomes paramagnetic. This phenomenon is exploited in a variety of
applications such as permanent magnets, magnetic permeability materials, and
magnetostrictive materials.

Recently, IBM has proposed a new type of memory device, which consists of
ferromagnetic nanowires and whose operation is based on the ferromagnetic domain wall
displacement caused by the current injected into the magnetic nanowire.

FIG. 1 shows a conventional ferromagnetic nanowire-based memory device.

As Fig. 1 illustrates, magnetization directions of magnetic domains 110,120 whose
magnetization directions are different from each other and are parallel to the nanowire
surface are recorded in a conventional ferromagnetic nanowire 100, and the magnetic
domains 110,120 are then moved by means of a current-induced domain wall displacement
phenomenon where positional displacement of domain walls takes place upon application

of an electric current to the nanowire.
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As can be seen from FIG. 1, the conventional ferromagnetic nanowire 100 has a

width ( I}F) of from several to several hundreds of nm and a thickness ( T) of from

several to several hundreds of nm.

The information of the magnetic domains in the nanowire can be recorded and
reproduced by recording and reproduction devices 130,140,150 positioned adjacent to the
nanowire. Advantages of this technique are in that the positions of information recording
and reproduction devices are fixed and the positions of information-containing magnetic
domains can be electrically moved.

In spite of advantages such as a high recording density and non-volatility of
information, conventional hard discs suffer from problems of impact susceptibility arising
from a mechanically moving head of the device and also from high power consumption,
which have been obstacles to the practical application of such hard discs to mobile storage
devices.

On the other hand, flash memories, which are widely used as mobile storage
devices, require very expensive production processes since one CMOS transistor should be
inserted for each storage unit.

In contrast, the current-induced domain wall displacement-type memory device, to
which the present invention pertains, is a storage device which is significantly
advantageous as will be explained in the following. Specifically, the problems associated
with high costs of flash memories can be solved because the memory device in accordance
with the present invention requires only one CMOS transistor per nanowire where several
tens to several hundreds of bits are stored. Further, as the mechanical rotational motion
providing an important role in operation of the hard disc is replaced with the domain wall

displacement which involves no mechanical motion, it is possible to achieve high impact
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resistance and low power consumption while retaining advantages of conventional hard
discs, i.e. high storage density and non-volatility of recorded information.

In other words, the device of the present invention is significantly attractive as a
memory device that provides prominent strengths of the hard disc (including high storage
density and non-volatility of recorded information) simultaneously with high impact
resistance and low power consumption, through the replacement of a mechanical element
with an electrical element.

The most important factor in this technique is a current-induced domain wall
displacement phenomenon, which was first theoretically proposed in 1980's by L. Berger
and was recently experimentally observed by Yamaguchi, Klaui, Parkin and many other
research groups.

According to the experimental research results reported up to date, a critical

current density for the domain wall displacement using an electric current alone without
10° A/cm”
the application of a magnetic field is about **' “17¢#? which is 10 to 100 times

%
Alcm

greater than a value of 10 required for commercial application.

Increases in the critical current density disadvantageously result in very high
power consumption for application of an electric current, and incapability to control the

domain wall displacement due to generation of Joule heat.

[Disclosure]
[ Technical Problem]
Therefore, the present invention has been made in view of the above problems,
and it is an object of the present invention to provide a nanowire which enables the

construction of a low-current-density memory device, by establishing the conditions that

4
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allow for the displacement of domain walls even when a low density current is applied to a
nanowire formed of a ferromagnetic material.
It is another object of the present invention to provide a memory device including

the same nanowire and utilizing the current-induced domain wall displacement.

[ Technical Solution]
In accordance with an aspect of the present invention, the above and other objects can be

accomplished by the provision of a nanowire with perpendicular magnetic anisotropy,

wherein when a parameter < reflecting properties of the nanowire (as defined in

v .:\ " ;} - o 9 I @ .3
10 Afem” < O = 10" Afem

Equation 3 below) has a value of 3 - , a domain wall

thickness A ~ awidth ¥ and a thickness & of the nanowire satisfy the relationship of

L LU ;L S

VTTA A T/ A

In accordance with another aspect of the present invention, there is provided a

nanowire with perpendicular magnetic anisotropy, wherein when a parameter ¢

reflecting properties of the nanowire has a value of

8 2 B 8 2 - i
10" A/em” < Q < 3x10 A/fcm , a domain wall thickness ”A“,awidth " and

a thickness #  of the nanowire satisfy the relationship of

1274 455 < AL 108

NE2 Y X VI

+4.37

In accordance with a further aspect of the present invention, there is provided a

nanowire with perpendicular magnetic anisotropy, wherein when a parameter &

5
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reflecting properties of the nanowire has a value of

3x10 A/em® < Q < 10° A/ sz, a domain wall thickness ~* ~ awidth ¥

and a thickness £  of the nanowire satisfy the relationship of
0.91 W 2.18

—=———+4.68 < — < +4.14
vV T/N A v T/ _

In accordance with a still further aspect of the present invention, there is provided

a nanowire with perpendicular magnetic anisotropy, wherein when a parameter &)

reflecting properties of the nanowire has a value of

7 2 7 2 - .
100 A/em” < Q < 3x10° A/cm , a domain wall thickness """", a width ¥¥

and a thickness #  of the nanowire satisfy the relationship of

0.014 W < 42.3

——+4.92 <
NN A VETh)

In accordance with another aspect of the present invention, there is provided a

+3.19

nanowire with perpendicular magnetic anisotropy, wherein when a parameter 2

reflecting properties of the nanowire has a value of

6 2 7 2
7x107 A/cm” < Q = 10" A/cm , a domain wall thickness p’“,a

width F¥ and a thickness & of the nanowire satisfy the relationship of

0 4405 < Ko 989 5,

VI A T/

In accordance with yet another aspect of the present invention, there is provided a

O.

nanowire with perpendicular magnetic anisotropy, wherein when a parameter %

6 2
reflecting properties of the nanowire has a value of Q@ =< 7x10° A/cm”® , qomain
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wall thickness " “ awidth ¥¥" and a thickness #  of the nanowire satisfy the

W 13.5
g ryt
relationship of A 17 A

A material for the nanowire may be any one selected from the group consisting of
Fe, Co, Ni and any combination thereof. Alternatively, the nanowire may be formed of a
rare-earth metal.

Further, the present invention provides a memory device including the aforesaid

nanowire and utilizing the current-induced domain wall displacement.

[ Advantageous Effects]
The present invention can be designed such that a current density capable of
driving a memory device utilizing the current-driven domain wall displacement has a value

- a
107 A S

of less than , through the determination of the optimal nanowire width and

thickness satisfying a value of a critical current density, Jc for the domain wall
displacement below a certain value required for commercialization, for a given material in
the nanowire with perpendicular anisotropy. According to such a configuration of the
present invention, the current density required for the domain wall displacement can be at
least 10 times or further lowered than the current density in currently available nanowires.
Therefore, the present invention is capable of solving the problems associated with high
power consumption and malfunction of the device due to generation of Joule heat and is

also capable of achieving low-cost production of memory devices.

[Description of Drawings]

FIG. 1 shows a conventional ferromagnetic nanowire-based memory device;

7
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FIG. 2 shows a ferromagnetic nanowire-based memory device in accordance with
the present invention;
FIG. 3a shows one embodiment of a domain wall being possible in a nanowire
whose magnetization direction is perpendicular to the nanowire surface;
5 FIG. 3b shows a conventional domain wall whose magnetization direction is
parallel to the nanowire surface, which corresponds to a counterpart of FIG. 3a;
FIG. 3¢ shows another embodiment of a domain wall being possible in a nanowire
whose magnetization direction is perpendicular to the nanowire surface;
FIG. 3d shows a conventional domain wall whose magnetization direction is
10 parallel to the nanowire surface, which corresponds to a counterpart of FIG. 3c;

FIG. 4a shows changes of a domain wall thickness A with respect to a

P

perpendicular magnetic anisotropy density = %

N

FIG. 4b shows changes of a domain wall anisotropic energy density Ka with

respect to a nanowire width FV;

15 FIGS. 5 to 10 are graphs illustrating ranges of TV and Wik satisfying the

f(.m <10" Alem”

condition of ° with respect to a range of a parameter < which is

determined by the kinds of nanowire-forming materials;

FIGS. 11ato 11c show contours for a thickness 4 and awidth ¥ ofa
: ‘oh Qo 107 Alem”
nanowire which is configured to have a parameter = of less than Arco .
20 FIG. 12 is a graph illustrating a critical current density Je vSs. nanowire width

W relationship for a memory device (IA) whose magnetization direction is parallel to the

8
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nanowire surface and a memory device (PA) in accordance with the present invention; and

FIGS. 13a and 13b are graphs illustrating a critical current density Je vs.

I "'ro,

pinning potential relationship for a memory device (IA) whose magnetization

direction is parallel to the nanowire surface and a memory device (PA) in accordance with

the present invention.

[Mode for Invention]
The present invention is aimed to lower a critical current density for induction of

the domain wall displacement using an electric current alone without the application of a
107

magnetic field to a level of less than 4 /em” For this purpose, a manner whose

magnetization direction is perpendicular to the nanowire surface is employed instead of a
conventional manner whose magnetization direction is parallel to the nanowire surface,
and a structure of the nanowire is optimized.

As shown in FIG. 2, the present invention employs a scheme whose magnetization
direction is perpendicular to the nanowire surface, not a conventional one whose
magnetization direction is parallel to the nanowire surface.

FIG. 2 shows a ferromagnetic nanowire-based memory device in accordance with
the present invention.

Referring to FIG. 2, magnetization directions of magnetic domains 210,220 whose
magnetization directions are different from each other and are perpendicular to the
nanowire surface are recorded in a conventional ferromagnetic nanowire 200, and the
magnetic domains 210,220 are then motioned by means of a current-induced domain wall
displacement phenomenon where positional displacement of domain walls takes place

upon application of an electric current to the nanowire.

9
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As can be seen from FIG. 1, the conventional ferromagnetic nanowire 200 has a

width ( Hy) of from several to several hundreds of nm and a thickness ( T) of from

several to several hundreds of nm.

In this connection, the information of the magnetic domains is recorded and
reproduced by recording and reproduction devices 230,240,250 positioned adjacent to the
nanowire. Advantages of this technique are in that the positions of information recording
and reproduction devices are fixed and the positions of information-containing magnetic
domains can be electrically moved.

As to the nanowire formed of a ferromagnetic material, the current-induced
magnetization behavior is depicted in terms of a motion equation according to Equation 1
below.

oM o oM

X 3T

O ey MxH.. +—2-M
a7 Y o H

£

(Equation 1)

In Equation 1, M represents a magnetization vector, Y represents a gyro

magnetic coefficient, Iy represents the total effective magnetic field vector, o

d A

represents a Gilbert attenuation coefficient, an s represents a saturation

magnetization of a ferromagnet.

T,

Meanwhile, a spin torque st caused by the applied current is calculated

according to Equation 2 below.

M b oM
TM=—b‘lzl“le(l\/lxa )—'B"Mx—
s Ox M, Ox (Equation 2)
¢ P /et o :
In Equation 2, 2 represents hgt/eM s wherein represents a spin

10
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_ 24
polarizability of a ferromagnet and has a value of 0 to 1, np(=9.274X10J/T)

T - 1.6x 10"

represents a Bohr magneton, represents a current density, el

d M

represents an electron charge quantity, an s represents a saturation magnetization of a

ferromagnet.

In Equation 2, the first term is an adiabatic spin torque and the second term is a

non-adiabatic spin torque, and a constant i is a relative magnitude of the non-adiabatic

spin torque vs. the adiabatic spin torque.

At present, an accurate value is not yet known for the magnitude of constant B

i#n

Meanwhile, a critical current density (Intrinsic So T S ) for the domain wall
displacement is given according to Equation 3 below.
n €7 )\ H
Jo = []‘d|““ |f’\ d= @V
(Equation 3)

- 1.76 X107 Oe ' sec™

In Equation 3, ¥(= ) represents a gyro-magnetic ratio,

and A represents a value obtained when the distribution of magnetization components in

the nanowire thickness direction around the domain wall is approximated in terms of

s LYY
M, tanh [(x-X aw ' J, which corresponds to a domain wall thickness and is

determined by magnetic components of a ferromagnet.

o~

. . o . )
In this connection, = *** represents a position of the domain wall center, and .

has a relationship defined by Equation 4 below.

11
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A
K,;— N, M2/2

(Equation 4)

In Equation 4, B represents an effective exchange constant of a ferromagnet,

C

. o . . N

“ represents a perpendicular magnetic anisotropic energy density, = * represents a
. . . . . N .

demagnetization factor in the nanowire thickness direction, and *" ¢ represents a domain

5  wall demagnetizing factor corresponding to Ka and is determined by the dipole-dipole

interaction of a magnetization vector constituting the domain wall.

Parameter Q, as previously defined in Equation 3, is a quantity determined by

components of the nanowire such as # * , etc., is a variable that is calculated by a

saturation magnetization per unit area, a domain wall thickness and a spin polarizability of

6 2 , 9 2
10  aferromagnet, and has a value of 10° Afem™ < Q < 10" Afem”,

Equation 3 implies that the domain wall is displaced when the magnitude of
current-induced spin torque overcomes the anisotropic domain wall energy.

From Equation 3, in order to satisfy the condition that a critical current density
< for the magnetic field-free current-induced domain wall displacement has a value of

VT A g
15 lessthan 17 »’”i'vfum

using a scheme of the present invention whose magnetization

direction is perpendicular to the nanowire surface, it is required that Na meets the

requirements of Equation 5 below.

107
& & (Equation 5)

|V, |=

12
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-

In Equation 5, Na is a domain wall demagnetizing factor and is therefore a

physical quantity that is determined upon the determination of a nanowire width I(F, a

)

nanowire thickness r and a domain wall thickness

That is, as depicted in Equations 6 and 7, Na is a function only of T7A and

£ 3

Then, when the parameter & is determined with respect to the kinds of magnetic
. J;,\VYL-J . v q}c,
materials, to satisfy the condition that ™ ¢ has a value of less than

P 2 e ,
10" A/em” gye 1o Equation 5, that is, T/ and P72 correlated to a structure of

the nanowire are then determined.
10 The present invention is directed to an optimum nanowire structure satisfying a

in 7 2
value of S = 10" Alem under Equation 5, that is, optimum ranges of T/

and 7 ?’*, for a given magnetic material.

. . .
As described above, when Na is made to have a value below the critical value

x

by controlling a nanowire width T¥" and a nanowire thickness in a given material,

T 2
15  the critical current density can be set to a value of 10" A/cr™ which is the required

level for practical commercialization.

.

Meanwhile, Na can be calculated according to Equations 6 to 8.

In addition, ** disclosed in Equations 6 to 8 corresponds to ¥ disclosed

throughout the present invention, and ¥ corresponds to =

13
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r —_— 7 T — n
‘/\d - "\/cl.‘zr jvdy

e = 2;/1 I(/S.\‘J‘c'/"{.\"K_‘,‘ (r—rsech(x’/ 4 ysech(x ' 4 )
Jde = l - J‘(/ﬁ.\"[ d YK (e —r)sech(a’/ A Ysech(x 4 ) )
254 ' (Equation 6)
As can be seen from Equation 6, Na is calculated from the difference between
N N N N .
5 “s and *" %, and values of Ve and *" % are also calculated according to
Equation 6.

S e 1 Ja‘xF(t) 2x _4xcosh2(x/2) 4cosh(x/’,{ )
T asn? T A sinh(x/4) Asinh*(x/A)  sinh*(x/2)

F(x =%[‘xlg +(.a:Z +u )m —(xz +w )m —(x2 4+ )m]

P S wix e w1 4 wt
+4wt| win +tin =xtan™| —

N NS olxt+wt

+2[IZ\/.\'2+12 +Wsz2 +w —‘!1\/)(2 +w ——1&!2\/4\:2+w2 +t2}

-&-2|:tx2 In(’+ X+ )-{»wxz IH[MH

l+ I+

=2 [l (.\'2 +wt ) In (M—) + w(.a:2 + tz)ln( Lk i ’;—]jl

Vx? +w? Nt + 7

(Equation 7)

Fa

. A'?\r' . . - .
10 Meanwhile, a value of ~ % is calculated using a value of £ Details for

. x . . Ny . .
calculation of F(x) are as defined in Equation 7. <. in Equation 7 is perfectly

determined by T/ and I’V{?’“, as the integration of “* is carried out from ~ 1o

-+ O
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2x
smh(x//i )

W, = j dxG(x)

G(x) =4|:!JCI+\/A:Z W+ =AW -+ ]

tax? +1 i~ tx? 4w+
b Va4 w?

4| tln

(Equation 8)

In addition, a value of Na, is calculated using a value of CT(I'). Details for

. Hx . . - N .
5  calculation of G(x) are as defined in Equation 8. Similar to 4. of Equation 7,
N . . . ' ¥ i b . .
“. of Equation 8 is perfectly determined by oy and W7 A as the integration of
- . - -+ 00
X s carried out from ~ 77 to 7.

FIGS. 3a and 3¢ show two types of domain walls being possible in a nanowire

whose magnetization direction is perpendicular to the nanowire surface.

10 In FIGS. 3a and 3¢, -“-axis represents a length direction of the nanowire, K axis
represents a width direction of the nanowire, and <= -axis represents a thickness direction
of the nanowire. In FIGS. 3a and 3b, He represents a thickness of the domain wall
magnetized in a given direction, and W represents a nanowire width in a given material
and £ represents a nanowire thickness in a given material.

15 On the basis of a magnetization direction, the magnetization configuration

according to FIG. 3a is referred to as a ¥ domain wall which is a stable domain

15
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wall when the condition of Wit.> 1 is satisfied. The corresponding conventional

counterpart nanowire whose magnetization direction is parallel to the nanowire surface is
as shown in FIG. 3b.
On the basis of a magnetization direction, the magnetization configuration

according to FIG. 3c is referred to as a %< domain wall which is a stable domain wall

e Wi €1

with the condition o . The corresponding conventional counterpart nanowire

whose magnetization direction is parallel to the nanowire surface is as shown in FIG. 3d.

FIG. 4a shows changes of a domain wall thickness A with respect to a

L

perpendicular magnetic anisotropy density ~ **, when the nanowire has a thickness T

of 10 nm, a width W of77 nm, a saturation magnetization M 5 of 400 emu/cm’, and

an effective exchange coefficient <A £ 1.3%x10°¢ erg/cm,

A

As can be seen from FIG. 4a, it is possible to control a thickness of the domain

K

wall, by changing a value of K at the thickness £ and width ¥ ofa given
nanowire.

¥ -

FIG. 4b shows changes of a domain wall anisotropic energy density ~ 4 of

Equation 3 with respect to a nanowire width I When the nanowire has a thickness £

of 10 nm, a perpendicular magnetic anisotropy density Ao of 1.5x10%erg/em’, a

saturation magnetization A of 400 emu/cm’, and an effective exchange coefficient

A of 1.3%10 erg/cm.

As can be seen from FIG. 4b, it is possible to establish so that the domain wall

16
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ot

anisotropic energy density ~ < has a value of 0, by changing a nanowire width W in

a nanowire having a given material and structure. In this connection, the point at which the
-

domain wall anisotropic energy density < becomes zero is the point at which the

ZYZ jomain wall and the 4<X< domain wall have the same energy level.
Therefore, through the adjustment of the nanowire thickness 4" and nanowire
width ¥ ofa given nanowire material according to Equations 6 to 8, it is possible to

A
design so that the domain wall demagnetizing factor Na or the domain wall anisotropic

o

Ad

.. i
energy density approximates to 0. As a result, a critical current density ~ * for the

domain wall displacement can be lowered to a significantly small value according to

Equation 3.

Then, for any magnetic material, a maximum value of the domain wall

o AN oo J =107 alom?
demagnetizing factor - Va satisfying a value of ~ = can be

determined according to Equation 5.

Y e

When the domain wall demagnetizing factor ° is determined, optimum ranges

278 rf NT
of 1% ang /A satisfying the thus-determined value of Na can be determined,

g s '!_rr"
and ranges of YA and Wi can be determined according to Equation 9 below.

S B L. S
VTN ’

A 17X (Equation 9)
When the parameter o is determined by a nanowire-forming material, ranges of
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7.7 <107 Alem”

W Wit o .
"/ and """ satisfying a value of T ¢

can be determined.

rie

S ey
FIG. 5 shows ranges of 7% and Wik satisfying the condition of

i

I <107 Alem’®

when a parameter & determined by a constituent material of the

8 2 +9 2
nanowire has a value of 3X107 A/cm” < Q < 10 A/cm”

5 In this connection, the ferromagnetic nanowire with perpendicular magnetic
anisotropy may be formed of any one selected from the group consisting of Fe, Co, Ni and
any combination thereof. Alternatively, Examples of the material for the nanowire may
include one or more rare-earth metals.

In FIG. 5, an area between the upper curve 410 and the lower curve 420

F “f ; -"‘y‘f . . o,
10 corresponds to ranges of T and Wik satisfying the condition of
J." <107 Alem”
When values of 1> Fz2 21> &2 4y Equation 9 are calculated by matching of

Equation 9 with FIG. 5, they are as shown in Equation 10 below. In addition, ranges of

L & £ rd ] 2 9 2
LFh gng W7 satisfying the conditions of 3x10° A/em” < Q < 107 A/em

i 7 o}
J.7 < Alen , . ,
15 and £ 10" Alem can be determined according to Equation 10.
1.39 54 1.53
i ] B L e L e 4,44
VA A vV ITX (Equation 10)

.7‘;'“ A and I‘f}}"i A of

Therefore, when the parameter € is determined and then

the nanowire are set to within the specified range according to Equation 10, it is possible to

20  design so that a current density capable of driving a memory device taking advantage of

18



WO 2009/072819 PCT/KR2008/007165

a7 a2
the current-driven domain wall displacement has a value of less than 10 A/cm”

FIG. 6 shows ranges of L7 and Wik satisfying the condition of

i»n

J.)7 <107 Alend®

when a parameter &) determined by a constituent material of the

8 2 8 2
nanowire has a value of 10 A/cm” < Q < 3x10° A/cm ,

5 In this connection, the ferromagnetic nanowire with perpendicular magnetic
anisotropy may be formed of any one selected from the group consisting of Fe, Co, Ni and
any combination thereof. Alternatively, examples of the material for the nanowire may
include one or more rare-earth metals.

In FIG. 6, an area between the upper curve 510 and the lower curve 520

75 Fih e .
10 corresponds to ranges of 75 and Wik satisfying the condition of

£

J,=< 10” A/em”

When values of <12 Fz> &1 P2 4y Equation 9 are calculated by matching of

Equation 9 with FIG. 6, they are as shown in Equation 11 below. In addition, ranges of
r & L7/ 8 il 8 2
L7h and Wik satisfying the conditions of 10° A/em® < Q < 3x10° A/em

in

J <107 Aleni g

15 and ¢ can be determined according to Equation 11.
1.27 W 1.68
— =t 4.55 < Y = = +4.37
17 A 17 A (Equation 11)

. ."" 1 ,z"‘{
Therefore, when the parameter < is determined and then L% and Wik of

the nanowire are set to within the specified range according to Equation 11, it is possible to

20  design so that a current density capable of driving a memory device taking advantage of

19
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+n7 . 2
the current-driven domain wall displacement has a value of less than 19 d/em”

> 4
FIG. 7 shows ranges of ey and Wik satisfying the condition of

Fr

J. <107 Alem”

when a parameter < determined by a constituent material of the

7 2 8 2
nanowire has a value of 3X10° A/em” < Q < 10 Afcm”,

In this connection, the ferromagnetic nanowire with perpendicular magnetic
anisotropy may be formed of any one selected from the group consisting of Fe, Co, Ni and
any combination thereof. Alternatively, examples of the material for the nanowire may
include one or more rare-earth metals.

In FIG. 7, an area between the upper curve 610 and the lower curve 620

'!J;'a ’ ! /':'lf

corresponds to ranges of 7 satisfying the condition of

in 7 2
J.T <10 Alcmn

f ¥y Ao bl.‘-‘ b,,

When values o % in Equation 9 are calculated by matching of

Equation 9 with FIG. 7, they are as shown in Equation 12 below. In addition, ranges of

' g 7 2 8 2
T7h and Wi satisfying the conditions of 3%10° A/em” < Q < 10° A/em

J. " <107 Alerm’

and can be determined according to Equation 12.

091 ., eg< W 218
v T;)‘ AT V T;'\ | (Equation 12)

L P fr."
Therefore, when the parameter € is determined and then L and Wik of

the nanowire are set to within the specified range according to Equation 12, it is possible to

design so that a current density capable of driving a memory device taking advantage of

20
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i T 2
the current-driven domain wall displacement has a value of less than 109 A/cm™

FIG. 8 shows ranges of 73 and Win satisfying the condition of

fri 7 2 .
. < 1/cm ~ : : :
£ 10" A/em when a parameter & determined by a constituent material of the

7 2 7 2
nanowire has a value of 107 A/cm” < Q < 3x10 A/cm”

5 In this connection, the ferromagnetic nanowire with perpendicular magnetic
anisotropy may be formed of any one selected from the group consisting of Fe, Co, Ni and
any combination thereof. Alternatively, the nanowire may also be formed of one or more
rare-earth metals.

In FIG. 8, an area between the upper curve 710 and the lower curve 720

% ¥ {J’J'
10 corresponds to ranges of 75 and Wik satisfying the condition of

i

I <10” Afem”

Gy ¥y brl& &Ho

When values of % in Equation 9 are calculated by matching of

Equation 9 with FIG. 8, they are as shown in Equation 13 below. In addition, ranges of
£ 7 ods 7 2 7 2
T7% ang WA satisfying the conditions of 10" A/em” < Q < 3x10° A/cm

in I 2
* < O " i . . .
15 and £ 10" A/cm can be determined according to Equation 13.

14 A A
DO psge = W 423 54
NETP)

A VITA (Equation 13)

b R ] j)'f‘/
Therefore, when the parameter < is determined and then T and Wik of

the nanowire are set to within the specified range according to Equation 13, it is possible to

20 design so that a current density capable of driving a memory device taking advantage of

21
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. 2
the current-driven domain wall displacement has a value of less than 10" Alenm”™

B y r‘,!
FIG. 9 shows ranges of T7h and Wik satisfying the condition of

i 7 2 .
. = A . . .
£ 10" 4/cm when a parameter Q determined by a constituent material of the

6 2 7 2
nanowire has a value of 7x10° A/em” < Q < 10" A/ -

5 In this connection, the ferromagnetic nanowire with perpendicular magnetic
anisotropy may be formed of any one selected from the group consisting of Fe, Co, Ni and
any combination thereof. Alternatively, the nanowire may also be formed of one or more
rare-earth metals.

In FIG. 9, an area between the upper curve 810 and the lower curve 820

£
and Wik

10 corresponds to ranges of T satisfying the condition of

J <107 Atem”

£ s Fao 2y, Ha

When values o * in Equation 9 are calculated by matching of

Equation 9 with FIG. 9, they are as shown in Equation 14 below. In addition, ranges of

b BT Sy " }Jr.*'— anb 2 - 7 2
I and Wi, satisfying the conditions of 7x10 A/ am” < Q < 10" A/em

g, " <10" Alem”

15 and can be determined according to Equation 14.

0 4405 < W - 9.89

NE D) A

+1.22

V' T/ (Equation 14)

L and Wi of

Therefore, when the parameter € is determined and then

the nanowire are set to within the specified range according to Equation 14, it is possible to

20  design so that a current density capable of driving a memory device taking advantage of
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. 2
the current-driven domain wall displacement has a value of less than 10" Alem”™

FIG. 10 shows ranges of 73 and Wik satisfying the condition of

ir 7 2
. < 1/ . . .
/e 10" Afcm when a parameter Q determined by a constituent material of the

6 2
nanowire has a value of Q@ = 7x10 A/cm”,

5 In this connection, the ferromagnetic nanowire with perpendicular magnetic
anisotropy may be formed of any one selected from the group consisting of Fe, Co, Ni and
any combination thereof. Alternatively, the nanowire may also be formed of one or more

rare-carth metals.

In FIG. 10, an area under the curve 910 corresponds to ranges of L7k and

1544 J. "< 10" Alem”

10 satisfying the condition of

When values of <17 @2» 21> 2 i Equation 9 are calculated by matching of
Equation 9 with FIG. 10, they are as shown in Equation 15 below. In addition, ranges of
I"f 2 and Wik satisfying the conditions of Q = 7x10° A/ cm” and
I <10" Aem®

¢ can be determined according to Equation 15.

W 13.5
< + 0.296
A V1 / A (Equation 15)

i Ty

Therefore, when the parameter € is determined and then
the nanowire are set to within the specified range according to Equation 15, it is possible to
design so that a current density capable of driving a memory device taking advantage of

7 2
20  the current-driven domain wall displacement has a value of less than 10 Alem”

23



10

15

20

WO 2009/072819 PCT/KR2008/007165

el

The aforesaid method of lowering a domain wall anisotropic energy density Ka

through the control of a nanowire thickness ¥ and a nanowire width ¥¥" in the

nanowire made of a ferromagnet is also applicable to a nanowire whose magnetization

direction is perpendicular to the nanowire surface.

o

”

This is because the domain wall anisotropic energy density 4 becomes zero at
the point where the AFX domain wall and the -¥ <X domain wall have the same

energy level, as shown in FIGS. 4a and 4b. Therefore, the same basic principle applies to
both of the nanowire whose magnetization direction is perpendicular to the nanowire
surface and the nanowire whose magnetization direction is parallel to the nanowire surface.

However, upon practical fabrication of the nanowire, it will have the distribution

of a critical current density Je with respect to overall nanowire thickness ¥ and
nanowire width pp’, due to various reasons accompanied by a manufacturing process.

FIGS. 11ato 11c show contours for a thickness 2 and a width ¥¥ ofa

nanowire configured to design so that a current density capable of driving a memory

device utilizing the current-driven domain wall displacement has a value of less than

7 2
10" Alem™ yim respect to each perpendicular magnetic anisotropy density =~ *.

Referring to FIGS. 11a to 1lc, it can be confirmed that a thickness 7 anda

width ¥ of the nanowire configured to have a memory device-driving current density

107

, 2
of less than Alem” pave different values depending on each perpendicular

X

magnetic anisotropy density = *. When a nanowire is configured with the thickness x
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and width ¥ of the nanowire conforming to the aforementioned contour, it is possible to

design so that a memory device-driving current density has a value of less than

1 0744/6‘17?2.

FIG. 12 is a graph illustrating a critical current density Je vs. nanowire width
e relationship for a memory device (IA) 1110 whose magnetization direction is parallel

to the nanowire surface and a memory device (PA) 1120 in accordance with the present
invention.

Referring to FIG. 12, the conventional memory device (IA) with a magnetization
direction parallel to the nanowire surface should be fabricated with the precision of less

than 0.1 nm in terms of nanowire width or thickness in order to obtain a value of

6 2
Je < 10" A/cm” However, it is impossible to fabricate such a high-precision device

due to the occurrence of many errors accompanied during practical processes.

On the other hand, the memory device (PA) in accordance with the present

6 2
invention can achieve the condition of Je < 10° A/em , if it is fabricated with the

precision of less than 3 nm.
Further, the conventional memory device (IA) with a magnetization direction
parallel to the nanowire surface should be fabricated with the precision of less than 1 nm in

terms of nanowire width or thickness in order to satisfy the condition of

in - 7 ’ . 2
Je 10" A/cm . Similarly, it is impossible to fabricate such a high-precision device

due to the occurrence of many errors accompanied during practical processes.

On the other hand, the memory device (PA) in accordance with the present

e

in

<10’ Alem”

invention can satisfy the condition of * , if it is fabricated with the
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precision of less than 27 nm.

In the graph of FIG. 12, the spin polarizability 47 {5 0.7, the saturation

Ad o is 400emuicm”

magnetization per unit area , the perpendicular magnetic

e

& & 3
anisotropy density K is 1.3x10%erglom

t.&"‘qy.

, the effective exchange coefficien

¥

1.3X10 % erglcm”

is , and the nanowire thickness is 10 nm.

A

In this connection, a thickness of the thus-formed domain wall is 13 nm, and

then the parameter Q, which is calculated by a saturation magnetization per unit area, a

domain wall thickness and a spin polarizability of a ferromagnet, has a value of about

. ? i3 2
8.9x 10 4dicm

In this case, the ferromagnet falls within the specified range of FIG. 7 which was

previously defined by Equation 12. When this value is assigned to Equation 12, the critical

J e J.""<10" A/em”

current density ~ “ satisfies arange of ¢ which is sought by the

W

present invention, for all the values of the nanowire width within the range of

T3 5803 pm = I = 35,189‘41%1'

Referring to FIG. 12, a range of the nanowire width 43 satisfying the condition

J,"" <10 Alem” .

of s ©F e < W <950 Tpiq range encompasses a range

of 8:9% 107 d/cm”

of the nanowire width calculated by the parameter & . From

these results, it is validated for a range of the nanowire width H depicted by Equation

12 of the present invention.

The reason why the memory device (PA) in accordance with the present invention
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has a low critical current density at a much broader nanowire width or thickness is because

the domain wall anisotropic energy density 4 is relatively significantly less sensitive

to a width or thickness of the nanowire in the memory device (PA) of the present invention,
as compared to the conventional memory device (IA) which was fabricated with a
magnetization direction parallel to the nanowire surface.

Due to process and material heterogeneities upon practical fabrication of the
nanowire, there may be a variety of pinning potentials for the domain wall displacement.

Further, as described above, the present invention is required to satisfy the

characteristics that the critical current density is not sensitive to a value of B of

Equations 1 and 2 and a Gilbert damping constant ** determining energy loss of domain

walls upon the displacement of domain walls.

FIGS. 13a and 13b are graphs illustrating a critical current density Jo Vs.

.
I" 0

pinning potential relationship for a memory device (IA) whose magnetization

direction is parallel to the nanowire surface and a memory device (PA) in accordance with

the present invention.

Referring to FIGS. 13a and 13b, a critical current density Je vs. pinning

-

F (4] (2 R

potential relationship is shown with respect to and & values.

Regarding FIG. 13a, in the conventional memory device 1210 with a

magnetization direction parallel to the nanowire surface, the critical current density Je is

highly sensitive to the pinning potential, O and ﬂ", when a value of ™ is 0.1. As the

L

critical current density ~ © exhibits a critical current density value of more than
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10%4/cn” o of 10° erg/ cm’

at a practical pinning potential value , practical

application thereof is not feasible.

On the other hand, when a thickness Z” of the nanowire is 10 nm and a width

I of the nanowire is 81 nm, the memory device 1220 in accordance with the present

. . - " . 6 7 2 . ..

invention exhibits a critical current density of 10°~10 A/cm” ata practical pinning
5 3

potential value of 10 erg/ M- thus representing superior critical current density

properties, i.e. a 10 to 100 times lower critical current density value than the conventional

memory device.

Regarding FIG. 13b, in the conventional memory device 1210 with a

magnetization direction parallel to the nanowire surface, the critical current density e

- 2
exhibits a critical current density value of 107 A/cm™ 44 practical pinning potential

- 5 3 .
value o of 10 erg/ cm , when a value of ™ is 0.01. Therefore, the conventional

memory device 1210 lacks commercial viability.

On the other hand, when a thickness F” of the nanowire is 10 nm and a width

1 of the nanowire is 81 nm, the memory device 1220 in accordance with the present

. . s " . 6107 2 . .
invention exhibits a critical current density of 10°~10 A/cm” gt g practical pinning

5 3
potential value of 10 erg/ CM- thus representing superior critical current density

properties, i.e. a 100 to 1000 times lower critical current density value than the

conventional memory device.

Referring to FIGS. 13a and 13Db, it can be seen that the critical current density Je
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.

is more susceptible to the pinning potential, and ﬁ, in conjunction with a higher

a7 2
critical current density value of more than 10 A/cm™ 4, practical pinning potential

£ 10° erg/ cm’

value o in the conventional memory device 1210 with the surface-

parallel magnetization direction than in the memory device 1220 of the present invention
with the perpendicular magnetization direction, thus confirming that the memory device in
accordance with the present invention exhibits superior properties in terms of critical

current density value.

[Industrial Applicability]
As apparent from the above description, the present invention can be designed
such that a current density capable of driving a memory device utilizing the current-driven

1074 cme™

domain wall displacement has a value of less than , through the

determination of the optimal nanowire width and thickness satisfying a value of a critical
current density (J¢) for the domain wall displacement below a certain value required for
commercialization, for a given material in the nanowire with perpendicular anisotropy.
According to such a configuration of the present invention, an at least 10 times lower or
still smaller value is obtained than a current density required for the domain wall
displacement in currently commercially available nanowires. Therefore, the present
invention is capable of solving the problems associated with high power consumption and
malfunction of the device due to generation of Joule heat and is also capable of achieving
low-cost production of memory devices.

Although the present invention has been described herein with reference to the

foregoing embodiments and the accompanying drawings, those embodiments are provided
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for illustrative purposes only. Accordingly, those skilled in the art will appreciate that
various substitutions, modifications and changes are possible, without departing from the
technical spirit of the present invention as disclosed in the accompanying claims. It is to be
understood that such substitutions, modifications and changes are within the scope of the
present invention. Therefore, the scope of the present invention should be defined by

attached claims only.
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[CLAIMS]
[Claim 1]

A nanowire with perpendicular magnetic anisotropy, wherein when a parameter

Q, calculated by a saturation magnetization per unit area, a domain wall thickness and a

5  spin polarizability of a ferromagnet that is a constituent material of the nanowire, has a

3% 10" dfem” = 0 = 10° Afem’

value of - = , a domain wall thickness p’“, a width ¥¥°
and a thickness F of the nanowire satisfy the relationship of Equation 10.
A (S g 4 /' . 5.' 1.
139 asr< Lo L5 4y

A v / A (Equation 10)

10
[Claim 2]
The nanowire according to claim 1, wherein the nanowire is formed of any one
selected from the group consisting of Fe, Co, Ni and any combination thereof.
15 [Claim 3]
The nanowire according to claim 1, wherein the nanowire is formed of a rare-earth
metal.
[Claim 4]
20 A nanowire with perpendicular magnetic anisotropy, wherein when a parameter
Q, calculated by a saturation magnetization per unit area, a domain wall thickness and a

spin polarizability of a ferromagnet that is a constituent material of the nanowire, has a
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8 2 8 2 -
value of 10" A/em” < Q < 3x10° A/em , a domain wall thickness - ~,a

width ¥¥” and a thickness #  of the nanowire satisfy the relationship of Equation 11.

127 e W _ 168
VI/X T T AT T/ (Equation 11)

[Claim 5]
The nanowire according to claim 4, wherein the nanowire is formed of any one

selected from the group consisting of Fe, Co, Ni and any combination thereof.

[Claim 6]
The nanowire according to claim 4, wherein the nanowire is formed of a rare-earth

metal.

[Claim 7]

A nanowire with perpendicular magnetic anisotropy, wherein when a parameter

Q, calculated by a saturation magnetization per unit area, a domain wall thickness and a

spin polarizability of a ferromagnet that is a constituent material of the nanowire, has a

7 8 -
value of 3x10" A/em® < Q < 10° A/em’ ;4 domain wall thickness ~, a

width ¥ and a thickness #  of the nanowire satisfy the relationship of Equation 12.

0.91 |14 2.18
— ===+ 4.68 < < +4.14
V' ITA A V7 (Equation 12)
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[Claim 8]

The nanowire according to claim 7, wherein the nanowire is formed of any one

selected from the group consisting of Fe, Co, Ni and any combination thereof.

5 [Claim 9]

The nanowire according to claim 7, wherein the nanowire is formed of a rare-earth

metal.
[Claim 10]
10 A nanowire with perpendicular magnetic anisotropy, wherein when a parameter
o

=2 calculated by a saturation magnetization per unit area, a domain wall thickness and a

spin polarizability of a ferromagnet that is a constituent material of the nanowire, has a

7 2 7 2 -
value of 10° A/em® < Q < 3x10° A/cm , a domain wall thickness “""’, a

width ¥¥ and a thickness #  of the nanowire satisfy the relationship of Equation 13.

15
RENE 7 »'__2:
%*’ 4.92 < " < 4 73 +3.19
T/ A A VI7X (Equation 13)
[Claim 11]

The nanowire according to claim 10, wherein the nanowire is formed of any one

20  selected from the group consisting of Fe, Co, Ni and any combination thereof.

[Claim 12]

The nanowire according to claim 10, wherein the nanowire is formed of a rare-
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earth metal.

[Claim 13]

A nanowire with perpendicular magnetic anisotropy, wherein when a parameter

5 Q, calculated by a saturation magnetization per unit area, a domain wall thickness and a

spin polarizability of a ferromagnet that is a constituent material of the nanowire, has a

6 2 7 2 .
value of 7*10° A/em” < Q < 10" A/cm” , domain wall thickness o ~,

awidth F¥ and a thickness ¢ of the nanowire satisfy the relationship of Equation 14.

0 H-’< 9.89 1 1.99

Y 405 < - <
10 VT A VT (Equation 14)

[Claim 14]
The nanowire according to claim 13, wherein the nanowire is formed of any one
selected from the group consisting of Fe, Co, Ni and any combination thereof.
15

[Claim 15]
The nanowire according to claim 13, wherein the nanowire is formed of a rare-

earth metal.

20 [Claim 16]

A nanowire with perpendicular magnetic anisotropy, wherein when a parameter

o , calculated by a saturation magnetization per unit area, a domain wall thickness and a
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spin polarizability of a ferromagnet that is a constituent material of the nanowire, has a

6 2 -
value of @ = 7x10° A/cm” 3 domain wall thickness ‘;"“, a width ¥ and a

thickness #  of the nanowire satisfy the relationship of Equation 15.

f\"g 251 0.296
5 vV I7A (Equation 15)

[Claim 17]
The nanowire according to claim 16, wherein the nanowire is formed of any one

selected from the group consisting of Fe, Co, Ni and any combination thereof.

[Claim 18]
The nanowire according to claim 16, wherein the nanowire is formed of a rare-

earth metal.

15 [Claim 19]

A memory device comprising the nanowire of any one of claims 1 to 18 and

utilizing the current-induced domain wall displacement.
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AMENDED CLAIMS received by the International Bureau on

27 April 2009 (27.04.2009)

Amendment of the Claims

[CLAIMS]

[Claim 1] A nanowire with perpendicular magnetic anisotropy, wherein when a
parameter -Q, calculated by a saturation magnetization per unit area, a domain wall
5 thickness and a spin polarizability of a ferromagnet that is a constituent material of the

Falem’ < Q € 10 Alewd”

nanowire, has a value of 3X10 , 8 domain wall thickness ?‘“, a

width ¥ and a thickness = of the nanowire satisfy the relationship of Egquation

10(wherein, 0 < 77 7"54),

the parameter Q and a domain wall demagnetizing factor Na meets the
JI 107
Vul= —5-< 0 g ‘
10 requirement Q & (¢ is a critical current density for the magnetic

field-free current-induced domain wall displacement has a value of less than

107 A/cm "-'),

the Na is a physical quantity that is determined upon the determination of a

nanowire width W, a nanowire thickness =z and a domain wall thickness ?“,
1.39 w 1.53
—4.5] < < +4.44
15 VI7X AT VTN (Equation 10)

[Claim 2] The nanowire according to claim 1, wherein the nanowire is
formed of any one selected from the group consisting of Fe, Co, Ni and any combination

thereof,
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[Claim 3] The nanowire according to claim 1, wherein the nanowire is

formed of a rare-carth metal.

[Claim4] A nanowire with perpendicular magnetic anisotropy, wherein

when a parameter Q calculated by a saturation magnetization per unit area, a domain

wall thickness and a spin polarizability of a ferromagnet that is a constituent material of the

¢ 10° A/em? < Q < 3x10° A/am?

nanowire, has a value o , a domain wall

thickness %, a width ¥ and a thickness @ of the nanowire satisfy the relationship of
Equation 11(wherein, 0 ¢ z/ D‘S(M /18)2),
the param;ter Q and a domain wall demagnetizing factor Na meets the
Jr 107

. | Val= Q< Q J,'" o . .
requirement ("¢ is a critical current density for the magnetic

field-free current-induced domain wall displacement has a value of less than

the Na is a physical quantity that is determined upon the determination of a

-
nanowire width W, a nanowire thickness ¥ and a domain wall thickness ?“,

1.27 |14 1.68
—+4.50 < < +4.37
vIIX A VI (Equation 11)

[Claim S} The nanowire according to claim 4, wherein the nanowire is

formed of any one selected from the group consisting of Fe, Co, Ni and any combination
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thereof.

[Claim 6) The nanowire according to claim 4, wherein the nanowire is

formed of a rare-earth metal.

[Claim 7] A nanowire with perpendicular magnetic anisotropy, wherein
when a parameter ~Q, calculated by a saturation magnetization per unit area, a domain

wall thickness and a spin polarizability of a ferromagnet that is a constituent material of the

? 2 2
nanowire, has a value of 3%¥10° A/am”™ < Q < 10 A/cm , a domain wall

thickness ?"‘, a width ¥ and a thickness #  of the nanowire satisfy the relationship of
Equation 12(wherein, 0 < Z 7 X<(127/54)2),

the parameter Q and a domain wall demagnetizing factor Na meets the

. .
JU 107

Q@ (‘jc is a critical current density for the magnetic

| V|=

requirement Q@

field-free current-induced domain wall displacement has a value of less than

107 A/cm ?*)

the ANV o is a physical quantity that is determined upon the determination of a

nanowire width w , & nanowire thickness T and a domain wall thickness ?‘“,

0.91 W 2.18
—_—— 4,68 < < = “+4.14
VI7TX A F7p) (Equation 12)
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[Claim 8] The nanowire according to claim 7, wherein the nanowire is
formed of any one selected from the group consisting of Fe, Co, Ni and any combination

thereof,

[Claim 9] The nanowire according to claim 7, wherein the nanowire is

formed of a rare-earth metal.

[Claim 10] A nanowire with perpendicular magnetic anisotropy, wherein

when a parameter Q, calculated by a saturation magnetization per unit area, a domain

" wall thickness and a spin polarizability of a ferromagnet that is a constituent material of the

nanowire, has a value of 107 A/ an’ < Q =< 3x107 A/ sz, a domain wall

thickness 5", a width ¥ and a thickness @ of the nanowire satisfy the relationship of
Equation 13(wherein, 0 < z7/ 2"$(42]6/ 1730)2),

the parameter € and a domain wall demagnetizing factor Na meets the

Jt 107

| Vo= < in
requirement @ @ ('J"' is a critical current density for the magnetic

field-free current-induced domain wall displacement has a value of less than
the Na is a physical quantity that is determined upon the determination of a

nanowire width W, a nanowire thickness <+ and a domain wall thickness 7",
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0.014 A 4.23
—_——t+4.02 € = ———=+3.19
NE 7P A T/ (Equation 13)

[Claim 11]  The nanowire according to claim 10, wherein the nanowire is
formed of any one selected from the group consisting of Fe, Co, Ni and any combination

thereof.

[Claim 12]  The nanowire according to claim 10, wherein the nanowire is

formed of a rare-earth metal.

[Claim 13] A nanowire with perpendicular magnetic anisotropy, wherein
when a parameter -Q, calculated by a saturation magnetization per unit area, a domain
wall thickness and a spin polarizability of a ferromagnet that is a constituent material of the

: 6 2 7 2
nanowire, has a value of 7%10° A/em” < Q < 10° A/em® 4 domain

wall thickness ?"', a width ™ and a thickness #?  of the nanowire satisfy the

relationship of Equation 14(wherein, 0 < Z 7/ 2<(989/283)2),

Q

the parameter %2 and a domain wall demagnetizing factor Na meets the

in

‘c 107
. INdl= Q < Q J. . . . )
requirement (¢ is a critical current density for the magnetic

field=free current-induced domain wall displacement has a value of less than

107 4/cm 2)

the Na is a physical quantity that is determined upon the determination of a
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Y

nanowire width w , a8 nanowire thickness Z anda domain wall thickness s

4.05 = T)/\V ., __9.89

= — -+ 1.22
vV IT7X (Equation 14)

[Claim 14]  The nanowire according to claim 13, wherein the nanowire is
formed of any one selected from the group consisting of Fe, Co, Ni and any combination

thereof.

[Claim 15)  The nanowire according to claim 13, wherein the panowire is

formed of a rare-earth metal.

[Claim 16] A nanowire with perpendicular magnetic anisotropy, wherein

when a parameter Q, calculated by a saturation magnetization per unit area, a domain

wall thickness and a spin polarizability of a ferromagnet that is a constituent material of the

6 2 16 2
nanowire, has a value of 100 A/em™ < Q =< 7x10° A/am” 4 domain wall

thickness 7"', a width W and a thickness < of the nanowire satisfy the relationship of
Equation 15(wherein, 0 < Z 7 2<(14900/4232)2),
the parameter <2 and a domain wall demagnetizing factor <¥# meets the

Jo¥ 107
. | Val= oS0 J. " . o :
requirement (' ¢ is acritical current density for the magnetic

field-free current-induced domain wall displacement has a value of less than
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the Ve is a physical quantity that is determined upon the determination of a

nanowire width W, a nanowire thickness < and a domain wall thickness ;",

-14 W , 135
+4528{$ < +ﬂ' 206

5 ' (Equation 15)

[Claim 17]  The nanowire according to claim 16, wherein the nanowire is
formed of any one selected from the group consisting of Fe, Co, Ni and any combination

thereof.

[Claim 18] The nanowire according to claim 16, wherein the nanowire is

formed of a rare-earth metal.

[Claim 19] A memory device comprising the nanowire of any one of ¢claims 1

15  to 18 and utilizing the current-induced domain wall displacement.
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Statement

Claims 1,4,7,10,13,16,19 and their dependent claims are clear because the relation

yv

between a parameter Q and a domain wall thickness 2%, a width Y%, a thickness 2 of

nanowire can be described based on Equation 5 to 8,

] N o meets the requirements of Equation § bc:low.
Jn 7
|V = o< L0
Q % (Equation 5)

In Equation 5, Na is a domain wall demagnetizing factor and is a physical

quantity that is determined upon the detennination of the nanowire \yidth ¥ the
nanowire thickness 2 and the domain wall thickness A according to Equation 6 to 8,

10 Therefore, Q can be represented by the nanowire width w , the nanowire
thickness < and the domain wall thickness ?“.

Meanwhile, the lower limit of FE/A in Equation 15 can be acquired by using

6 4 6 2
Equation 5, 6 to 8, and 10° A/em”™ < Q < 7x10° A/em

which results from
line 10, page 12 and line 13, page 23.
15 ‘The upper limit and lower limit 2 7 in Equation 10, 11, 12, 13, 14, 15 can be

calculated by solving the equation that the upper limit and lower limit W/ A is the

1.39 + 4.51. 1.53

same; for instance, v ZT7X = VI 7X

"= 4,44

Therefore, when the upper limit and lower limit of T7h is determined as the

/A

amended claims, the upper limit and lower limit of is not discrepancy.
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