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2.1 HSHA 271 A F(Anisotropic Magneto-

resistance, AMR)
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2.2 ZFAA 3% (Ferromagnetic Resonance,
FMR)
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,;m)ermX(Ho—NMo)JerXMo—,;Z)];meo——Moxh
(2.11)
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A7IA A7) &7 AN N O ZEA - $3 mdoln, 0 2EA 9|
tiztete A8 2 No(HA 22 42 No, Ny, N.)&F o= 22

N= Noy Naz Nog (2.13)

= R;N(0) R, (9) NoRy(¢) R-(0) (2.14)
Ho9t Mo 2V7F 271733 24718 Alabe-s SAS0l, 39 2102
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H
= pM? H MO —Cg®N, — Sp* (qub? - NyS¢,2> + N, Cy2+ N$S¢2}
Hy
x {M +Cp2 (chqf +N,S,2 — Nz)
+ 592 (—Nx0¢2 — NyS¢2 + Nz) }

— (N; — N,)? ngc¢25¢2} (2.17)

o], § =7 /2(IP, in plane)Ql 7422} ¢ = 0(OOP, out of plane)3l 7

7} 747}
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2 H
(“’OOP) = M%MSQKO—NmSgQ—i-Ny—NZCgQ)
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(2.19)

o= FolA|m, ol 4 @) Kitteld] F40+ & o} ol it
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% 9le.

M;
4

Hres,IP = {{Nx+Ny—2NZ+3(Nx—Ny)CQ¢}

+[< e >2+(N + N, —2N,)?
Yo M v -

+ (NI — Ny)02¢{—2(Nx —l—Ny — 2Nz)

+(No = N,)Ca))] 5] (2.20)

M;
4

Hres,OOP: |:{Nx_2Ny+Nz+3(Nz_Nr)C20}

2
N, N, —2N,)?
* KWOMS> (NG + v)

1
2
+4N,S3(N,Ca + N, —2N,) + 4NZQS§} }

m=xh (2.22)
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Xzz Z'Xzz:y

1= (2.23)
—iXyz Xyy
1 MsNio+iw/7y —(Hy+ Ms(Nag — N33)) (2.24)
D\ Ho+ My(Nyi = Nis) M, Ny + i)y
. AH(H—HTSS) +iAH? Az ZACL’y (2 25)
= _ 2 2 :
(H—H,es)?+AH Y Ay
1 -1
D (wr —iwh)? — (2.26)
-1
= 2.27
(w2 —wp?) — 2iw,wl; (2.27)
_ ; 2
AH(H — Hyes) +iAH (2.28)
(H — Hyes)?+ AH?
AN w2 T AFFR, 4 216)°MA Hos Hyes2 AFRF Fho]
Eﬂ’ Axx,zy,yz,yy% H]Eﬂ jg = EO] O]'qu_ WH—Q’} AH= q—%ﬂ z,:}O]

= <Isteiet

3Xay = xy2 Q) AS A7) 58 94 (= Polder ¥lA g 27t} [22]
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Wi = ’YMO\/(H+ M(N11— N33))(H + Mg(Naz — N33)) (2.29)

B = V1o MsNi2 (2.30)

wr” = wy” +w” (2.31)
2w

AH = T(Mleg+Ha)/[H—|—Hres—|—MS(NH—|—N22—N33)] (2.32)

THO

AHE= Axte] ®olde Sl == JAAT &84 on = 7o AH
= A Lorentzian ¥F42] 21118 2] 1/2 1 2] 2] HH]|el AZ(line-
width)-& ¢Jn|s}H, o]+= Hitf tf & (anti-symmetric) Lorentzian &<=2]
=42 zhe] vuet 2o,

A @20)9] D= A @2.23)0A § FE HEo] FF Huoln, A
Hs] Aok A (2.28) 7 Zo] thA, WA Lorenzian $+4=2] 419
Aol He Ae g 5

Al (@320l @t2H, AE AHE vto|ag2ut g4 HlH|otn,
|H — Hyes| < Hyes D 735 Th3 o] 917 2717 Hot F85HA| A

d

AH =~ awf /vy (2.33)
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2.3 A7] H5HA oA (Magnetic Aniso-
tropic Energy)

Aol v A B Fe WiRAUA 9k Ut EHEER Hghe]
A% F(Uint,T) = Uint — ST BAZF YA, AHEAQ1 A9, 2= T
AA

P} RAG S e ARR B2 A7) thRo] STFE PAHOE 2
LT AR thet Zol & 4 AT
F(U,mt,T) ~ Uint = —/,L()M -H (234)

A} A (orbital)e] o wITF LA A2BA, 27 A}

0]9] w2t A5 2Fg(exchange interaction)< 54 (isotropic) 0| B2,

4} #] 5934 (cubic anisotropy) 5.0 & T8t 4 Qlr}. gl B4 Fx0]

LSTRE BASHEE, A8 Mt 22 BejEe o 5] 2k Tof Ht i
Hofof: ghet.
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memzqwmﬂﬁgxMNM)
+ {Z Ky sin2i(go) }
=1

+ {Kc,l(oz%oz% +a3ai+aial)+ Ko adadal +--- }
(2.35)

4714 A WA -2 Zeeman o J A W, T HA 2 27| 4274
(demagnetization field)of] 2Jgt of| 2] W, A|HA| F-L b= v SHMA

AU B, WA 2 G Bl o|A Bk o

)
2
o
rr
N
>

7}
Ark=of gt vieF FAFQI(direction cosine) groltt. E Ao AREH
mezolo] A9 Y MERAL 2N 4 Aok

2717 Hyz 2b718F Moj| ]t A4 ou 2] B F o] 7] &7 = -

w:'Y\/Fm|equy‘eq_Fwy’gq (2.37)

F,=F,=0 (2.38)

oz ZolAu, 7|0l in-plneO R 17HE A9 (0 = n/2) ThE}
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0=0g (2.39)

Sin(¢_¢H) . (Nx_Ny)
sin(2¢)  2H,

(2.40)

S5 B 5 & Qe 48 27147

Heff = 7N8ffM = 7VMFC7‘ystal (241)

A @.16)9] N2 Ny + NG 2 qgketel 28 4 glt.[20]
in-plane o4 @2 24 MISYAL Nalet e the} o] 13

At} [24]

2
wip 20 r2 Hy 2KU1) 9 2)}
Qe _ a2l (20 N, (N : _
( y > HoiVig |:{(Ms + IV < x T Ms Cd’ Ny5¢
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2.3.1 On-off HZX(modulation) H|32Y

22ko] At A2 Ohme| W2 o] BA 7} 9ot

V(t) = [RL + ARcos?(p)][Io + I1 cos(wt)] (2.44)

o= A7I3E M3} AR 0|2 ZEolo], thaT} 2e BAA0] 4

gt

ap = sin(ay) = my /M (2.46)

B1 = sin(B1) = my/Ms (2.47)

EAD S TAR RS 013t 519 27 F7A) ARG hgo] A2

cos?(p) = cos?(pp) — oy sin(2a) cos(wt)

— o cos(2ap) cos? (wt) — B cos? (ap) sin? (wt) (2.48)

59 = /29 W ag = ¢, o =022 E 4 Qlrh
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VI =V]on = Vlogs (2.49)

= _¥ {I1a1 sin(2ag) + Ip (a% cos(2ap) + 7 cosz(ao)) } (2.50)

2 @)l ©Iske] m, St my= 1/Do] leaA Ak,

. AH(H — Hres) +ZAH2 Az iAxy

h (2.51)
H-HoP T80 | L, 4,
AH(H — Hyeo) +iAH?
Mg X My X (H = Hyon)2 + A2 (2.52)
mebA ViE 4 (246 A7) s,
AH(H — Hyes) +iAH?
2.
WO H “Hywo)2 + AL (2:53)
2
AH(H — Hyes) +iAH? AH?
2 2 res — 2 4
oo AT T T 2 AR (H—Hopram 25

ojm, 12} FollM= WA A W A Aol BF vheal, 27

>
e
N
ot
I=|
~
ot
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L 2-54)E HresOll HsH TRt A2 Viym 3 HIT] THA
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VT = ‘/sym + Vasy
AH?

=B
s (H - Hres)2 +AH2

AZ1A Bsym ¥ Basye 242F 117 42 vhe o3 A

o], Aol 9L 7Har

+ Basy

21
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Al 3%
378 1%

3.1 34 33
3.1.1 AA 24 A

1. Align mark : 48] 3} Py 98] Yyl 11umo] 22 4
(align)5h= Z o] ZQ 35}t align mark2 7|&H2 T ot Pt
U Au 22 352 A7 A7t =7] 2o AA; @] (SEM)
o ZF Ho|B 7 align mark=® 2 7]o]| 45}t

2. Py o€l : Py sj&19] Alo]=+= 1.1umx 15umx 40nm o]t} &

Z 9o Py W92 2 A Pyol ©a7k AA % Py wjelo]
ZolA7] }2o] PyS WA ZHshe], DC 296y ZHHL of
g3,

3. A=, mpola2xt A - =3 mpo] 22w} 442 Ti/AuZ 5nm/95nm
o] B8 F&6t BT 1ume] HH|S 740, Az Z2hy
|-&<ttt.

o

(]
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Evaporation

Sputtering

Mechanism of
production of
depositing species

Thermal energy

Momentum transfer

Deposition rate

Can be very high up
to 75,000 nm/min

Low except for pure
metals
(e.g. Cu - 1,000

nm/min)

Deposition species

Atoms and ions

Atoms and ions

Step coverage

Poor except by gas

Poor except bias

scattering sputtering
Energy of deposit | Low Can be high
species (~ 0.1 to 0.5 eV) (1 ~ 100 eV)
Bombardment of Yes or No
substrate/deposit Not normally (depending on
by inert gas ions geometry)
Metal deposition Yes Yes
Alloy deposition Yes Yes
Refractory
compound Yes Yes
deposition
Bombardment of Yes or No
substrate/deposit Not normally (depending on
by inert gas ions geometry)
Growth interface Not normally Yes

perturbation

Substrate heating
(by external
means)

Yes, normally

Not generally

23

) 2203} A9 e o) ¥l @ [25)




19 5: SEM o]u|Z]

1% Ao Oersted 2}717-& Q17Foh= Aol a =t A, ofefj& 2f<lo]
i 2olet HEZo|et HMIFS Adot= Ti/Au A. HEHZo]=
1.1pm x 15um x 40nm ©| ¥, ajfo|Z 21} A7= 1.1umE oA Ut
HuAe IHEY O #HAEAR =t

24



3.1.2 ZH 34

GaAs [100] 7]H-E tfo|otRE 7 EE 0]85}0] Smmx5mm A}o]
22 A2 Gads 7102 0hg Be] ggo] olole Ae 2 4%
SR T 23 T2 Folw Az F AT LT Gads 8

At

= 2 A=d7 GaAs THES 102 <

A, IPAS] M2 Al %53 A A0 FolZrh CaAst 37] 5o
w39 79 4A8}slo] 7l5o] Ashd 4 7] BRel, 10% FAte] 15%
St B0 A5HES AASI 187 FRA4TF 921 vlo]Ae] Yol o
T3, E T2 F55 Hlo|A e 187} thA] 2§ AAP0E FRA7H

akE g7t Zolzeh.
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3.1.3 AR A1 (E-beam Lithography)

A B A ] = ele 18] aA} sk 7] flo HA 2 E(re-

5 dHl= oA ZHEe 5, S FARSH g e

T4 "ol AzHE]-2 SEM(Scanning Electron Microscope)o 2] 5]

FALE =Y, FAF 42 SEM-2 NPGS(Nanometer Pattern Genera-
tion System)He: SEM 43+ 71E0] o]} EA I}

MELSHA) 85 GaAs 71T 9o HAAE R PMMA (Polymethyl

methacrylate) S Z®HTTH PMMA+= AT =2 tjE Al oFA]

=

Z| A~ E (positive resist) 2, A2 of] AR H T E2}7F obH © 2 ZI|A

MIBK} IPA:Z 54 S@-897} 22 @419 (developer)] & &85

ok
e

t}. Smmx5mm AFe|Z9] GaAs 99| Anisol 4%<%1 PMMAE 3t 4t
A

Fojx g H 4000rpm O 2 127 A1 7 ¥ (spin coating) gt 160°C2]
A G7] (hot plate) 9]0 2427t ¢4 (bake) H-2 W& SLAIXIT.
oAl NPGSE o]-&sto] sieds I8t} onff pe= 170]1, A%

(dose)-2 HZ A& (area dose) 2 25 C/cm |t} 1A S IPA:

lo

H
102 o4 AW (rinse) AAAC R Bolzr}. ofu], A4 HEE 1o

PMMA PMMA PMMA

3. Patterning by SEM

1. GaAs substrate 2. PMMA spin coating Lithography
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3.1.4 F& 5Z(Metalization)

=24 53} 52 (Physical Vapor Deposition, PVD)-& 0|85}

Aoz wEld 7)o HEzo|(Py, Permally, Nike), Ti/Au -5-2]

o
o|N
X
olt
<l
£
o|N
L2
o

| B oMIECE PMMAS Holma] 74
PMMA $lo] 249 245 §7 Wold Urhn(lift off), A4os
A4 | 2L dolglA) ok oL g 108 B 5, 28
THEAF7] (sonicator) 2 10 7F 24 "oy £, F4 x7to] 7]

7]
Aol FA GEF ot ELR AH A2 Fo| a0 oM ES 2T

PMMA E PMMA E

4. Py Metalization by

Sputtering 5. Lift off

6. Ti Metalization 7. Au Metalization

by e-beam evaporation by e-beam evaporation 8. Lift off

2% 8 A4 FHWE TG Ti/Au A3 8 o]zt 4 F3

&

& Aol A At PVDE 23 B F (sputtering) 7 A2 S2

A

H
i=]
(e-beam evaporation)-& ARSI S W, HHE 0|9} align marko] A

—

= Pt AnElg o R AT} ufo|F 2} Hof] AFRH Ti/Auk AAtH
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Hegow FREG 2 Age]AE DC AHE Fol4 A Hwlo]
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2HH P2 g g e ot Sert vlsestal, vhey 7 Alo)7h
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% Qe Aol ok, Xeray7} WS 27 o]
©Hdo] QIT. 2 P4 AT} ntol 2zt 42 Ti/Au
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o
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ﬁ
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Zlatshe 2 @folth. M5 A7) Mgl 24 M OR 2-point-
probe WP AFESIAT, HAHA 0] A7leh Were] wste] whE gl
2 Lock-in Amplifier E3te] 24515k, 9% A7149] 4|7 #o
240mT 7] Q7Fe 4 9lom, 4 10~ mT B¢7HA] 24o] FHs st}

Z7gte 2 [ 2ol vehdth. Apk 9% A Hy gFoz
25 92 W) py—po Golm, Ap/py = 136 %2 AL,
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Modulation)2}a? 8 Stct.
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4.2.2 ZAAR 2ol ulo|a 2w AES o]FA

JA4 Brgol vtolazat 54 o)24L B9lsly] $1ste] vfol
AR} AES fo.s DAAA 2 AR A7 4-L 240mTE Q71
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+ ZtZt Lorentzian &4=9] i A& Vi, 7} HHof o AR Vasygi

A
Vi= —7Rfla1 sin(2ap) (4.1)
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A het g B4R Tolsto] HAYSH grolct. wheba] Bl o3 Loren-
tzian §Hpof] SFHE 2] A5 Oersted 2H714 T} 914Fo] D)5}
g2, 4 Lorentzian <=of dfjgels dl45 $JAto] 90° xpo|it
= ARoR AT 4 ek (1™

nfo] A 2ut Z5E v 7 SAe dlole+ 17 [120f] Loren-
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(4.2)

w? = 72#3 [HO + (Ny - Nw)MS] [HO + (NZ - NZ)MS]

)2 (N, —Ny)2] (4.3)
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Lorentzian T ®-& 53l A& H,., 32 $12] 4] [1.3) 22 t}A] 0¥
& & Qlom(a-[13), o] & Fall 3} Ae5] S & 4 ook
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ol Rt
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4.2.3 FA ¥]5H A (Shape Anisotropy)?] Z}&= 2]
24

A B ZAT o vpet 12 29, in plane AH N, =
N, =0, out of plane 4E<1 N, = 10]7] wEo] @4 u]5P4o| 7
al

T OEAS ARG ey ereptset

29 5 ntelaznt AFS fo = w/2m = 11GHzo] A A
AT AR olRE A% §F HPRolzk e ol olchf0°e]
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A7) o] o) 2w o] gt 2|24 2 HAFI) 916 1 +1mV A4
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A
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Abstract

On-chip driven FMR
modulation technique for
characterizaton of permalloy
magnetic anisotropy

Kitae Kim
School of Physics & Astronomy

The research of magnetic materials is important part of the spin-
tronics which starts from the discovery of the GMR(giant magne-
toresistance) and is promised as one of the key industries in the 21st
century. Characterization of magnetic anisotropy has played a big role
in the research the spintronics matterials and its application to the
magnetic device. Ferromagnetic resonance has been used for the char-
acterization of magnetic anisotropy, because it is very sensitive to the
precession state of the magnetization.

We characterized permalloy magnetic anisotropy by on-chip driven
FMR modulatrion technique. the rf(radio frequency) line is arranged
parallel to the permalloy pattern to apply uniform magnetic field, and
a lock-in amplifer and a high frequency generator is synchronized to

pick up clear FMR signal.

55 :



And we researched the in-plane angular dependency of the shape
anisotropy. magnetic anisotropy is classified by crystalline anisopropy
and shape anisotropy. In the case of thin film, the shape anisotropy
has been approximated as independent of the angle between the film
and in-plane external magetic field, because of its boundary condition.
We, however, calculate the apparent angular dependency of shape
anisotropy analytically, if aspect ratio deviates significantly from 1,
even though the case of thin film. and we confirmed it by the on-chip

driven FMR modulation technique introduced above.

Keywords : FMR(ferromagnetic resonance), shape anisotropy, On-
chip
Student Number : 2017-21720
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