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Edemag :_%j Hdemag ‘M (r)dV (II.11)

o714 N& Hkx}3} ©lA (demagnetization tensor) ©]t}.
A w2 A4 Gz we, Ad-AR A J& 54
o ystA 3yt wjdstd s A &do] sl o] AuAE AH A7)

oA oYX gtal F=w, @5 o]¥A] (uniaxial anisotropy) @ 7%

(II.12)
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L,
5

o
N
+
~

[N
L,
>
~
D
o
<

F7F2, AF AV Hpgay & A1 StellA, ARE olUA=



(II.13) 3 #Zo] vjebd
HZeeman = _IUOJ. HZeeman -Mav (II.13)
2 oAFelA s maay] AEARE gl el Mumax®[53]

skt o]= FDM 7]REE] m]Az7] AAREAL 7] Zbol™ | GPUZ|RE

i
>~
el
oo
rd

o] 8ot}

’ ks AT



Al 3%

AFHAN e 2ush A A

3.1. @AM A9y AE

3.1.1. AAEAL 4

v}

o AelMi= A §H AsE FAFHCE Ater] s

LLG ®WAAS  E3E Mumax3 FE[H3]E AFEsth, Fx2=

[23 12]9] BT, F74+= 20 nm, 4°]+= 2005 nm,

YH]E= 205

nm Q! 7F2F ARSI ARRShE Bl HEH RO (Py) Ui AERE

ge o] wule ®rh : 25 A8 M. = 860 x 107 A/m,

sin[27r x50 GHz x (t —=1ns)] ..
Plnc 27 x50 GHz x (t —1ns)

Hgol, @ AN wAbE e sqshe] Qe Hass)]

%7 (absorbing conditions) & AFE3lH, AHE 73] 45

b

27 ek (354 g <)
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5 nm 10 nm 5 nm

v (nm)
0 205

0

1005 2005
x (nm)

<™ 12> 9+ %

B A2t sk



A3 I BEE #EE] fE, AEY Ybl(y )l diEl
v F W zstel A ks A1 Al wel FET 8 d3E 24t
214 (dispersion curve) @ #WzETh ([29 13]) T3t AA o

el y = W Aske] Hd ghe Akl W FET o 21

R
[l
i
i)
)

AAsEAT. o] grEellM,  Aske] Wy Adakel dap ol

Gt $g R sl wawth k9 glol R A%, B4

etk I olfrE AW AER Ynle] =EtE o] wAs=T QlojA
TEARQL FEe Vg HAA Aol th[54]. v o R mir
n=1 ¢ R=Ee] ab HAelM A=A Aol I (group
velocity) ¥ 60~911 m/s ©oJt}. dwtxdow w3 Adus= Azt
AAdte] HlE] W@ FHEE THHTV] wEe] AdgE AR
AAZFE W AYE A5 o AY] At whepa] AgoA wsh

A vE &2 4E (decay) Aol 7HAZ] wEel 1 AZE Ay

K=
rlr

wA® AEe Jge] ok n.
Zoler) ol W Al BAL o] whEke] Un] Wgrow

ntt] o] g7t S7Rskeh[55]. 2EF ] YRzt A, Yt



FFT power (arb. units)
10-4 w1 ()0

20
-
N
an
@)
N’
>
=
89 GHz
2 72 GHz
o
o)
=
—

-0.2 0 0.2 104 102 1
k (rad/ mn) FFT power (arb. units)

<29 13> dApelA e A=Al 8l S -FFT A7) 182
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wEE G445 A8 o e dudzh Besith wed aws

TEsk] wEeolth [1d 141A9, wg Aaskel g=a A9}

Ql7}slo]  BAEtE AT HuEZE @ (57-58]. AaH

HE2L7]% (demagnetizing field) @A HdAE $=S IFEH. &

Fapgeld el FeE sk mEsh wgse, AEd AACA
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Yy
2x10¢ [ 2x10¢
7.169 GHz

time=2.7201ns time=6.1005ns

S e

7.889 GHz
time=2.7201ns time=6.1005ns

BRS RRULM I 1 DU S SR RO L OUKES B

8.929 GHz
time=2.7201ns time=6.1005ns

SRRRRRUUCL OOURRRRER AR LI LLEREN

<% 14> dAFoAe Adly e

35
5 A=dst

RGN SEOUL NATIONAL '*~1 fr T



3.2. A7EA S AWy} A

3.2.1. AALRA} ZA
28}e] T4 AES Aoz Ay 93] LLG WAAS
= Abg3tt 2= [ 15]] BRI
g3t

E3sl Mumax3 I E=[53]
FA= 20 nm, 4ol 2005 nm, YH|&= 205 nm ¢l F+FE A}

HAHZo] (Py) Ui AEHES o3 7o

ArgslE B3
3} 23 Mg = 860 x 10° A/m, 3 A4 Ao = 1.3 x 10!

A %
J/m, AWE 24 45+ o« = 0.01. HAEAR

F7]1% 5 x 5 x 20nm? 0|t} 7] AL wit) WEke x3E AFsta

b ¢rFAZIth w1807 Néel AtH T3 A3}

sinc—7s ¥TE

A7FetE. 999 vl 10nm 2 A st}
H. —10 Oe x sin[27 x50 GHz x (t -1 ns)])A(
27 x50 GHz x (t —1 ns)

tj 0], oF& AAANA WRALE = AT IS Hasksh] f8 &
%7 (absorbing conditions) & AFE3H, AHE 74 A5 o0 =1

Aot (4 )
;
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5 nm 10 nm 5 nm

= e =1 .
e ]
-~ ©

0 1005 2005

x (nm)

<71¥ 15> A9 F%
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=
o

A9 T REE oldlaly] 8, AEF Wu (yH) ol

S

xW3F zslel HAF S A7 Al wEl FETsFe] #AF 2

(dispersion curve)< Q=th ([1¥ 16]) =8, AA Gl didl] x5

WF A5 AR it gel sl Azl wek FFTES S8 £4% 2
3g G2l melth T FRO BAF FAo] vhehbel, vz
9o W Fupgeld AlmE WA FAo] Ukt oli ATuA
satso] wAsts A¥v Boolth o] Amwt: AR EW Amol
o we Fug oo, wa Auasl dasa 7] wEel wel
REE o) gste] atel &gt ol%ol Utk

2714 As}(charge) v - M 7} @AEE zppEdo] T 2 ES

Lo k= ~3} gt Elae] o s

9% (potential well) & Ao} AL I EEO #5559
M#= 750~1320 m/s oW, Fakgrh v HEC) Aol ¥ whE

TEHEEE KA

O
e
N
i)
B
)
pi
o
B
Jfu
kel
1)
(17
o
it
2
Hl
o
iy

A7 O Asixiv. =, AE" &3 (channeling effect) 7 73 A =
1ol weEl AERS] AN Atsk A4S £ F QA
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FFT Power (arb. units)
1074 w1 (-2

20

—_
N

Frequency (GHz)
S

5 =
=
= 1.9 GHz
0 = 10 GHz
-0.2 0 0.2 10 10°3 102
k (rad/nm) FFT power (arb. units)
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o
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2005 -

1005

x (nm)
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0 0SlL- 00¢-

A,HEV _MBENEE_ _
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Ao, A@sk mes [ 1813 o]y,
gFge] WMEBUFFDES Ha dorsitt. dx7 7x9 2 5%
FppolM vl RN wFY. Fuber S7EES v (node) 9

M7k S7bebe 7 @Ry, Fakrh 10GHz o173l A,

O:

AT APE 2B Ao sushh BB e Faeol
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Amx
-5x10°6 5x10°6

1.0 GHz

time=1.1406ns time=2.6409ns
1.6 GHz

time=1.1406ns time=2.6409ns
1.9 GHz

time=1.1406ns time=2.4809ns
2.3 GHz

time=1.1406ns time=2.6409ns

) R A T
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3.3. A7Y 7t AZA(cross) TFROA 2¥d HAG
3.3.1. AARA 274

Agte] BA AES FRAHOR AAE7] 8 LLG WA
&% Mumax3 FE[53]1&5 AHEEt [29 19]& Aoz 4%
Az Fxolth. FA()E 20 nm, Zol(DE 2005 nm, YH (w)+=
205 nm 1 FEE ARESTR ARgste 249 Y=ol (Py) Hio
AEFE g3y go] ey #dt : ¥£3} A3 My = 860 x 107 A/m,
W A5 An = 1.3 x 10" J/m, AWME 72 A4 « = 0.01.
AAEA o] ARE ©9] Aol 97]= 5 x 5 x 20nm’o|th 7] AL

242ke] 744 (arm) oA whel @] S-S ARstn whe g 97

@ASHE Geeld A71gEel  Ask Wl etk 7479
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3.3.2. 293 &

27bel ARA Pz LASE AUT IH REE o]

17kt
H, =10 Oe x sin[27 x50 GHz x (t =1 ns)] ., (.3)
27 x50 GHz x (t —1ns) '
I Ay, (28 201AYW F35-FFT A7l 2d8Z5 94 5+ v o

gh Ztzhe] Foistel] ot nfHEEVF S EAT F Qv AAlE d
20l &l AP E i sl FEHAE 229l 0.18 GHz A3t
A EE7F UEREE #QlE o vk (29 21 Sl 2S5 8] A

3F Ao AlRbel mE FET o wisl 334 &4 shslvh oL A3 4

U of] A 1 7t AdE = RErF PAES g 4 k. oA
Zsk 0.18 GHzE= AFtH o] watstsE A AoA 24742850 =3 vl
of ost A¥ld 3y BT F53 4 Qv FFT A7+ A9 A

Z3} wlealy] wEe] o Fugola Amdel AR 4—fold TS

Bde & g vk 1 o]l e dields V=9 12k A
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FFT plot of m, over time

100

107

102

103

FFT Power (arb. units)

~——0.18 GHz

Frequency (GHz)

<™ 20> AN AEH|A Fu—-FFT Al7] 4
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Frequency (GHz)

Frequency (GHz)

k (rad/nm)

<1 22> Z}7Ee] A 7EA] o] o
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0.18 GHz 5x104
time=23.0401ns n
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<
-5x104
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3
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6.4 GHz

time=6.0001ns

—emem——-

11.6 GHz

time=6.0001ns

N\ '\, W J
YNNI L AL 1,

<1 25> =&

D aa’s

8.7 GHz

time=6.0001ns

e

N
flt

18.9 GHz

time=6.0001ns

1x1073

-1x1073

1x1073

Fogoa A mE
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53:

<

3.3.3. 2¥3}e} Ar|ALE0] 3L

oA A of A

ol

H

X

w
B

il (27 26] 4" Al w2 2

17 s

S

Feitk 0.18 GHz 9

b=
)

o

9]

o7 90°

2 3(outputl)

=

=9 2(output?),

1 (outputl),

%9

B
fite)

o

3" FEE(gyrotropic mode),

2 Alagsols

(azimuthal mode), "WAFS X = (radial mode) 7} £A)3ttha

=

0.18GHz ¢ ~¥3 RT7t 3d Ry s

A A AT60-64].

ojiy

F71e) Al AR A F2RO

= B =]
ZE A4S

ks I 2 A S

x 205 x 20 nm® A9 A7)ALZo]9

107 deH, 0.74

32

A A=

<
T

17}

KeX
=

BEE= 200 Oe 9 A71%

AstATH(2d 27D).

HlEto 7 HgA  FEA
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4 ™

. nmI phase difference
Output 2 —> o2
Output 1 Output 3 . 0.18 GHz /
250 mnf 250 nm
- A
Outputl
§ 0 /)0(\ f Output2
Output3
—3x10*
15 20 25 30
time(ns)

time(ns)

1

<1 26> 4749 A FAR &

=

L)

A M Absh A 3}
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205 nm y
0.74 GHz
150
—~ 150
E ~— 0.74 GHz
..D' —~
- Hioo
g ks
o
Qu
=
B0
0 1 2 3 4 5 50
Frequency (GHz 50 100 150
quency (GHz) Ry (nm)

<18 27> AAE AEFOA A7 4agEole I BE
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4 £5% St BAel, AVasEel A9 9NF FHgom

S
O

A5t Y, JAsts TS A3 guiding center R=(Rx,Ry)
£ o] &3k3ith65].

R, =qudxdy / j qdxdy, R, =qudxdy/ jqudy (Im.4)

= U/ 4z)m- (8, mx0,m) (IL.5)

A714 q = f18eA sk U, m e A3k vt

il

0.18 GHz FapolA Ar|ag=s0le T4 Ass &ds]

Al [29 28] AT A7]AEEele] Z7|Q1 55nm o] Pl i
guiding center R=(Rx,Ry) & E43%9ct. 7 A3, A8 (linear) 314
+TE5= ol As #ET 4+ glglor, o] Ay FH Fel Asshed

(2% 26149 2@we] A @ie] 907 AUAE AL FY
AZow uylolde & 5 gtk whdel, Ao SeE sws
2SO A9, oY BRIl Aol AaEE} ARFE AST

NES ANNEgEO] AT AU Ao, Arbe
Fopge] A7) el @ ©HS BAYL W A7) P2 A o
W BS @2 oZlEe EAAL66-69].  A|sEEo)
Yozl sd BEel dgsts Fognt WAL Fe Tl

2712 7S W, B REVE A dEbdol B skith
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(. m 0.18 GHz
— 1005
P N X = [ xqdxdy/ [ qdxdy,
@ s Y = [ yqdxdy/ [ qdxdy,
& qg=n-(0,nXad,n) =
Nucl. Phys. B 360, 425 (1991). E 1002.5
o
1000
1000 1002.5 1005
U Y, Ry (nm)
6G & 1G
1002.75 1 Hz 2.4 GHz 3.1 GHz
\E/ 1002.5 m
~
1002.25
1002.25 1002.5 1002.75 1002.25 1002.5 1002.75 1002.25 1002.5 1002.75
Ry (nm)

<Y 28> Z7re) Apeln Avkshs Ak nf BEeld 2

ES SRS
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AFEA AT EE AdI BEeL AT 4aEE0] 919
A5 28-S ola|dty] 9éll, guiding center R & Al7te| wrel FRET 3o
[ 2919 22 AFE A9, d3E E4& R, &4 0.18 GHz 9

A7 mgmolel o i EEZE 9 oVEe #E ¢ Sl

¥ E (eigenbasis) oF #HHE 3| FEolA EAS= VIR A
mrolth, A3 wH AVZY QA7b= AR CW, CCWe 98 aFH
A7NFE ZAl  QrpEts A EAFUH[71]. @ o7)A,

2 (amplitude) &= A3 oF stv, AFFe Fdsirh o] Fio] #
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300

FFT Power
(arb. units)
N
(=]

0.18 GHz

‘/IO.IB‘GH‘Z

0 N .
01 2 3 435
Frequency (GHz)
0.18 GHz
~~
=
£
=
(=4
-1.51 i
-1.5 0
Rx (nm)

<19 29> 7+

FFT Power

Ry (nm)

Z}

9

_Zl_r
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Gl e A7) agEe] o] BE

1.6 GHz 24 GHz 3.1 GHz
50 ; ———— —————
0.18 GHz .
z “— 1.6GHz 0.18 Gz 0.18 GHz ‘
5 25 / % Tz /4 3.1 GHz
I
01 2 3 435 01 2 3 4 5 0 1 2 3 45
Frequency (GHz)
1.6 GHz 2.4 GHz 3.1 GHz
0.15 4§ "
0 S
-0.15
-0.15 0 0.15 -0.15 0 0.15 -0.15 0 0.15
Ry (nm)
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!
)
2
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2
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o
3
fl

St
)
(L
o,
=

&
r
)
©
%0,
o

X
é‘Hccw *5ch =20;, ‘ CCW‘ (ﬂ) (]]16)
‘ch‘ 1-76

AT olE T3 ZH7te] CW, CCW %< 5%t (17 30]% 22
HE o £58 7)Fo7 Z4zte] HuE HAS ok stk AuHed YAS
AA Aok stv, 2% o5 WTE Erh

SPeew=712+60,+6 , 6", =712+6,-0 (Im.7)

27kl S5 HAE Xewdh XeewE 94S ol Edte] THmE ofe g

Xew :(‘XCW‘COS(gHCW)7‘XCW‘Sin(gHCW)) s Xeew :(‘chw‘Cos(é‘Hccw):‘chw‘Sin(é‘Hccw)) (]]18)

8o CWeF CCWel #3ze] &2 B A9 #H3goln, AARAL

i

el dojdl ot olE X B RS ofdiel o] HIEE

I|n.:(X1Y) (]]19)
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<GE 1> Areel =3t A3 Fakaroq o) BhdE Al A

e

ol td s
Frequency 1.6 214 31
(GHz) . . .
776‘- 0.1341 0.089 0.0485
QG(rad) 0.3313 0.1508 0.1827
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a=la Al 4 05 g WERY, ofiel o] xd S ¢ o

(Xcos; — Ysin6;)

(1+ - j(Xcosé'G +Ysing;)
)
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ccw
cw
0.18 GHz CCW

1.6 GHz 24 GHz 3.1 GHz

time=5.9201ns. time=5.92ns ime=5.82ns
015 0.075 0.075 ot
-0.15
ol . ogs 0075 0.075
-0.075 0 0.075 0.075 0 0.075
Ry (nm)

Ry (nm)
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3.4. A7 7w AxA TEAAY $8-=7 AX

3.4.1. O Alo|E (Majority gate)

°olgAlF 3 o] W} AND—, OR— dAto] 7lsafxt). =712, Hiupd o
as Afd AFTE A EE Aol NAND—, NOR— AAM7HA]

T g 7] wEel, sty =2 AlolE dAte® 4 T dAkol

N
4
ofr
ol
ol
2
A
A

A
o
o
=
~
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re
=

BN
1o
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¥
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o
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<E 2> o AlolE =1 A4t

Input phases

rut Inpuz ([PUS Lesenee Logc ot st
0 0 0 000 0 -

n 0 0 100 0

0 n 0 010 o [ANP
m b 0 110 1

0 0 n 001 0

T 0 T 101 1

0 n n 011 1 [R
T T T 111 1 J

70



3.4.2. AARAL A

of ATME AR A ABEL Mo A 9

upe] S4e ASE WHel vk tgom Av|agEel 9

ARAE Zokom A7 glo]l AT AgECld AAE FAbeHAl AAT
7 AEE (2% 3218 Zol Fx WIS Itk 7E TERE UA
Bl x99 TdsA FA@M+= 20 nm, 4o+ 2005 nm,
Uil (w) & 205 nm Q1 TE2E ARSSTh F7b 492 tizhd o] 505
nm o™ ZtE= 307 ojth. AMEsteE B HHEEO|(Py) ks
A2EHS ggy o] 2dd " - £3}F 23 My = 860 x 10° A/m,
w3 A5 Ag = 1.3 x 10" J/m, AWME 73 A4 o = 0.01.

AAEALe] AbEE w9 Al F7]E 5 x 5 x 20nm® o]tk x7] A3}
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ARGs, AW E
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%7 (absorbing conditions)
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3.4.3. 9 Al°|E F& 74

2 Aol ArHel ddE Ay REe 23S Fi
TEACR 2 Ad AR~ FEelM Add v AolE FE
Ve e BolFETh 9714 1.6 GHz 9 F345 ARtk 1 ol
Adw adrt 7bE ek SAlel EHE ¢k lkm/s 2 7 &7
Zolth, JEAs 1 9 A, 4 2 o dis) 724 A 0.84 (42
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Abstract

Spin wave modes excited along magnetic
domain walls and its application to
magnetic logic operations

Jong—Hyuk Lee
Department of Materials Science and Engineering

The Graduate School

Seoul National University

In the field of magnonics, devices based on spin—wave logic
gates are of considerable interest, as the wave character of spin
waves holds promise for application to information—processing and
high—efficiency computing platforms. In this study, a magnetic logic
operation is presented along with an approach by which the spin wave
can be propagated in a nano—sized magnonic waveguide. It is shown
through micromagnetic simulation that the channeling of the localized
spin wave in domain walls is realized in a specific type of nano—
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magnonic waveguide, which fact allows for the spatial superposition
and interference of the confined spin—wave modes. The dynamics of
the vortex generated in the proposed structure and the interaction of
the spin wave with it are analyzed, and the scattering of the spin wave
into the magnonic waveguide is demonstrated. The proposed concept
features the utilization of the Damon—Eshbach spin—wave mode in
modern wave—based logic devices and suggests a route by which the
limitations of the previous approaches can be overcome. The present
study not only proposes the operation mechanism underlying a
majority gate function encoded in the phase of the transmitted spin
waves, but also presents a library of logic gates as a function of

amplitude.

Keyword : spin wave, magnetic domain wall, magnonic
waveguide, magnetic vortex, Interference, majority gate
operation
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