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Table 5.6. Parameters used for calculation of Faraday rotation spectrum

Photon energy (eV)

transition woem™ ! (eV) ~aem™'  fx10® site

t1(r) —e* 20170 (2.50) 1800  0.25 tet
ta(m) —e* 21620 (2.68) 1800  0.40 tet
tou(w) — t3, 23110 (2.86) 1800 1.8 oct
tiu(m) — t3, 25600 (3.17) 2700 3.1 oct
t(m) — ¢35 27400 (3.40) 2500 5.5 tet
ta(m) — t5 29120 (3.61) 2500 5.5 tet

o« ARJKILDEE

Faraday Rotation (deg/cm)

— Cp,=50cm for YIG —
— (,,=2000cm* for Big Y, ;I

0.4 0.5 0.6
Wavelength (um)
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Material Crystal Range of Material Crystal Range of
structur Composition structure Composition
e
Zn, Mn S ZB 0<x<0.10 Cd, ,Mn Se Wz 0<x<0.50
WZ 0.10<x<0.45
Cd, . Mn Te ZB 0<x<0.77
Zn, MnSe ZB 0<x<0.30
WZ 0.30<x<0.57
Hg, Mn.S /B 0<x<0.37
Zn, MnTe  ZB 0<x<0.86
Hg, Mn Se /B 0<x<0.38
Cd, . MnS WZ 0<x<0.45

Hg, Mn Te /B 0<x<0.75
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Figure 3.2. Practical basic structure of the NOM using an inverted conical probe, which is a
sharpened fiber core protruding from the metal film. (a) Collection mode (C-mode). (b)
llumination mode (I-mode). (c) Definition of the foot diameter drand apex diameter d.
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Polarization Modulation with Wave Plate l

O0=,Sin(2nft)

PEM Wave plate
f(Hz)

4 )
1(0) ~ I,R{L+ J,(5,)sin 2a}

1(f)~1,R-4J,(5,){cosA-n, +sin4-6,}
1(2f) ~ I,R-4J,(5,){(1/2)sin 2a + cos 2asin A -5 —cos 2acos A6, |

\_ /
JL

Retardation Ashould be set - Compensation of Fiber Polarization
ATt A=0 or A=m/4
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Optical Fiber Probe and Near-Field Optics

light
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Sample: Pt/Co Multilayer Disk

e Structure SiN/Pt(30A)/[Pt(8A)/Co(3A)],, on glass

e Film thickness 150A

» Recording System: Light pulse strobed MFM recording
 Track pitch : 1.6um

e Mark Length: 0.1~ 6um

e, O 0.47° ,0.74°
e= Pt (8A) Track pitch
== ;i
= |y
wilt
Gl
= Mark length
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. Observed Results )

Images obtained by MO-SNOM
(crossed polarizer)

Topography

Optical image
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Electric field vector of Iight\

Intensity of light

Intensity of linearly polarized
light along x axis

Intensity of linearly polarized
light oriented by 45 degrees

Intensity of circularly
polarized light

Degree of polarization J
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a) 1f component (A=0) b) 2f component (A=0)

i Lpum
c) 1f component (A=n/2) (d) 2f component (A=n/2)
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Compensation of Probe Characteristics

c 10 |
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s
N 05
E i
o g O Before Compensation
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Compensated MO Image
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1f component at A=n/2 2f component at A= /2



Topografic and Magneto-Optical Images
of 0.2um Mark

Topography MO image
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45°
Photo multiplier
—¥
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CCD camera =

Topography and

Half mirror 4—divided Diode laser Optical Imaging
photodiodes
Ocular lens Bimorph 1000 AO 1 Ar ion laser
o Modulator T[]
Obyective lens T Photo coupler
Sample xyz Optical fiber probe
scanne;r\ Lock-in
™ Amplifier

AFM Controller

R ETE—KRSNOMIE B #ERLX
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Objective len# 2

el R AFM unit
{  (SPA 300)
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\Glass substrate
(a) Test sample

5gm  (b) Reflective mode SNOM image (8 £ m X 8 ¢ m).
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Nonlinear Magneto-optics

* What is the nonlinear magneto-optical effect?
Magnetization-induced nonlinear optics
* What is the nonlinear Kerr rotation?

When P-polarized primary light is incident both P- and
S-polarized SH light emits: which leads to rotation of E
vector from the plane of incidence.

 In centrosymmetric materials such as Fe and Au no SHG
occurs due to cancellation of P and —P.




Azimuthal angle dependence of SHG

from Si1 and GaAs wafer

Si wafer (001) GaAs wafer (001)
centrosymmetric Non-centrosymmetric
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2000000
4000000
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Theoretical prediction and experimental
verification

* Nonlinear magneto-optical Kerr rotation
larger than linear rotaion was theoretically

oredicted), and was experimentally

oroved?9.

1) W. Hubner and K.-H. Bennemann: Phys. Rev. B40, 5973 (1989)
2) Th. Rasing et al.: J. Appl. Phys. 79, 6181 (1996)
3) Th. Rasing: J. Mag. Soc. Japan 20 (Suppl. S1), 13 (1996)




Surface and interface sensitivity of

MSHG
*Application of MSHG
Sensitive to Evaluation of
the break of ™ Multilayers
symmetry at surface Imaging of domains

~This effect cannot be expected to be applied to some
practical memory devices but is thought to be useful
for characterization of surfaces and interfaces of
materials.

v




Nonlinear magneto-optical effect

- For weak incident laser field E(o) :
1 _ Q)
P = Xii € E
- For strong incident laser field E() :
— (1) (2) (3)
gO(ZU E. +;(|Jk E E +;(|JkIEjEkEI+'”)

> Third rank tensor is not allowed Iin
centrosymmetric materials.

- Nonlinear polarization P® for incident field of E=Esinmt

E, =
@ 20 4 g, 7PE, sinwt}- g, 7 70008 200+ -

Second harmonic generation (SHG)



Nonlinear polarization of 2nd order

PO = [ drd ezl (7 7B (- )Eu(t - 72)

E;(t) = {Elj exp(iot)+ E, ; exp(io,t)+ c.c.} | 2

parametr/ic process

P (1)= R (o1 -+ @3 )expli(wn + o )+ B (w1~ wp)expli(er - wp )} |
+Pi(2) +pi(i]) 20)1) p( 2a)lt)+ Pi( )(Za)z)exp( 2w2t)+C.C

/
Light rectification >HG process




Definition of nonlinear susceptibility

P (@) +@,) = i (@) + 0,0, @,)E (@,)Ey (,)
P (0 - 0,) = x5 (0, — 0,200, 0, )E (0,)E, (0,)
R#(0) = (1/2) 4 (0:0,-@)E (0)E((@) (0=01, 03)

(
[ P®(20) = (1/2) 1) (20: 0, 0)E (@) E, (@) ](a) =01, ©2)

Centrosymmetric mateli): all the x ;742 components vanish.
(from symmetry operations)

Surfaces and il.faces: symmetry bre*, leading to appreciable

amount of nonlinear magneto-optical effect even in the

centrosymmetric materials



Wave equation of linear magneto-
optical effect

P 2
rotrot E(w) + EEZ") jtz £ (0)=0
€ xx 0 0
gl@)=| 0 &y — &y
0 Eyz € xx

Y =p+inge FEFRN—EIERA)
1)

tan ¥, (@) = - 2 ((singcosd | cos(26)+ zs
K %o [|Jcos? 8 + 7 cos(29) + x5 cos® 4

X1 (1):8yz1 Xo(l)zgxx- 1=N 2. 1



Wave equation of nonlinear magneto-

2
rotrotE(Za))+i (20) = : a—P‘Z)(Zw)

c ot £C 1 o
P(20) (@) B (w)

20) = s (200, 0 Ej(l) 0,

Source term does not depend on optical constants of
materials, leading to special solution associated with the
second order susceptibility.




Susceptibility Tensor

0 e
0 0 X O

ZZXX ZZXX ZZZZ O O

0
0




Nonlinear Kerr roation

, = [1+ Z(l)i(Za))] Sf(@i)+[l+ Z(l)i(a))]szi(é?i)
L= [1+ Z(l)i(Za))]cos )




Nonlinear Kerr rotaion

Crp+r-p- _ L, @Q-p-p+p+ (2)odd
tan¥ (B= i Z(2)+ 1 Fo Py Z(Z)_Fl_FZ e Z(z)even + higher order
X EF Ry + xR RS RS

Different from the linear case
x (2)odd/ 4 (2)even contributes,

This term Is zero In centrosymmetric materials
And takes a finite value at surfaces

Surface sensitivity»useful for surface

magnetism studies !




Difference between linear and nonlinear Kerr
rotation

Linear -

1/{Jcos’ 4 + 2 factor reduces the

magnitude
Also x,, is order of

magnitude smaller that x ..
Nonlinear : no such factor exists
Also Xodd and Xeven are of

the same order /




Microscopic origin of MSHG

SHG <= 3 photon proicess

Here

|k q,l >— | k+q,lI*> |k+qg,I’>— |k+2q,I" > | kI> — | k+2q//1”">

20

Ground state Intermediate state Excited state



llustration of Mmicroscopic process

of MSHG
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Nonlinear Kerr rotation of Fe

iy
=
o3
—
=
=
e
=
. v—
o
o

60 90 120 150 180

analyzer angle o (deg.)




Nonlinear Kerr rotation of Fe/Cu

Nonlinaer Kerr e

nolinear

angle of incidence (deg.)



Cu cover layer-thickness
dependence of Co/Cu

(a)

_—— e = e —_—a m — o =

~100 _
0 2 4 6 & 10 12 14 18 (:lj(I)‘ ]

Cu thickness (ML)

il
|
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LD pump | 2=532nm [Ti: sapphire|rer80MHz _ Mirror
SHG laser laser
Electromagnet F|Iter Berek
Stage /é \ compensator
controller ,
. I _@ Mirror
Sample \
Chopper
Analyzer — Iens polarizer
Lens—
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Filter <
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Sample
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Atomic arrangement in a unit cell of
Fe(1ML)/Au(1ML) with a L1, structure

Fe(IML)AU(IML)ATH A& EDEREE

4.054 A
bce-Fe
N { i
Au(xML)
2 { Fe(xML)
1 { Au buffer layer
Fe seed layer
MgO (100)
[Fe(IML)/Au(1ML)]

Schematic structure for the
Fe/Au superlattice



Superlattices : [Fe(xML)/Au(xML)J, with
Integer and non-integer layer thickness
x=1, 1.25, 1.5, 1.75,1, 2.25, 2.5, 2.75, 3.25, 3.5, 3.75, 4, 6, 8, 10, 15

N
3 {
21 Au(xML)
1{ Fe(xML)
u buffer
Fe seed
MgO(100)
0 025 05 0.75 1

x=3.79ML



Magneto-optical Kerr spectra in Fe/Au
superlattices

Photon energy (eV)

x=1~5



’ MSHG D& ILF

x104
50

40 - ©

30 -

20 -

SHG intensity (counts/10sec.)

| 1 1 W |

0 1 1 |

IKFIE

Electromagnet

S-polarized light
«/(810nm)

Rotating

0 30 60 90 120 150 180

Analyzer angle (deg.)

Analyzer angle-dependence for

[Fe(3.5ML)/Au(3.5ML)] superlattice (Sin)

Analyzer

Analyzer
Filter

2w (405nm)

The curves show a shift for two
opposite directions of magnetic field

77}((2) _ l{tan 1( | ax (+)J _ tan 1( I vax (=) ﬂ
2 i (+) i (=)
Nonlinear Kerr rotation & ellipticity

2= 17.2°
UK(z):S °



Result Fe/Au®d JEFRE 2 Hh—[BlER

]
,J A¢ = 2_74° A¢: 31.10
D o +H | 100000
S 1000000 | 90000 -
% 80000
S 800000 70000 1
S 60000 -
Z 600000 50000
G 400001
C 400000 - 30000-
c 20000 -
5 200000 10000
I | L | L | | L | O :
n "0 30 60 90 120 150 180 20 0 20 40 60 80 100 120 140 160 180 200
Analyzer angle (deg.) Analyzer angle (deg.)
(a) Fe(IML)/Au(1ML) Pin (b) Fe(1.75ML)/Au(1.75ML) Sin

Analyzer angle dependence



MSHG D&% 75 ik 7 1%

Linear optical response (A=810nm)
The isotropic response for the azimuthal angle
Nonlinear optical response (A=405nm)
The 4-fold symmetry pattern Analyzer
Azimuthal pattern show 45°-rotation by
reversing the magnetic field Filter

P-polarized light
@ (810nm)

(405nm)

z >
o o
5 5
270 270
(a) Linear (810nm) (b) SHG (405nm)

Azimthal angle-dependence of MSHG intensity for [Fe(3.75ML)/Au(3.75ML)] superlattice.
(Pin I:)out)
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MS

SHG intensity (counts/10sec.)

SHG intensity (counts/10sec.)
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EB-patterning process

Spin coa_lting of EF exDosLre Development
resist F i
S 0 o o (R
[1]Dot size
100nm X 300nm rectangular dot with 300nm-
spacing

100nm square dot with 300nm-spacing
[2]Patterned area: 3mm X 3mm
[3]EB-resist thickness: 300 nm

= =by spin-coating with 5000 rpm rotation
[(4]Baking 160°C 20min



Dry etching process

Etching

(1 JEtching gas: CF,
[(2]Vacuum 3.0 x 103Pa
[3]Gas pressure 9.2Pa
(4]RF power: 400W
(5 JEtching rate: 0.1 ¢« m/min

LAl - LB

Resist removal

Silicon surface after etching



Embedding of permalloy

Embedding of permalloy

film by electron beam
deposition

(1Imaterial: permalloy (Nig,Fe,,)
[(2]Vacuum 3.0 X 106Torr
[3]Accelerating voltage  4kV

(4 ]Deposition rate 1.0 A/sec

Chemical mechanical polishing

flatting

[ 1 JPolishing chemicals: Si wafer
grain-size~20nm

(2]pH 11

(3 ]polishing rate: 60nm/min




lum square dot array

Square dots

[pim]
il

[pim]

[deqg]



PinPout

SHG#% Z (counts/10sec)

360000+
320000
280000+
240000
200000+
160000 -
120000 ~
80000
40000
40000
80000+
120000 A
160000 ~
200000+
240000+
280000
320000+
360000 -

SinPout

-~~~

SHG3& & (counts/10sec

180000
160000
140000
120000
100000+
80000
60000
40000+
20000+
20000+
40000
60000
80000+
100000
120000
140000
160000
180000 -

Azimuthal angle dependence of
MSHG from the square dot array

PinSout

SHG3& & (counts/10sec

-~~~

SHG5% E (counts/10sec

SinSout

80000
70000
60000 -
50000 -
40000 -
30000 -
20000
10000 -

0+
10000
20000
30000 -
40000 4
50000 -
60000 -
70000
80000 -

Londitudinal




Azimuthal angle dependence of
MSHG from 1um square dot array

PinPout

(counts/10sec)

360000
320000
280000
240000
200000
160000 -
120000 -
80000

Longitudinal Kerr
configuration



Nonlinear Kerr rotation

Longitudinal
In 1um square dots )
Nonlinear Kerr rotation 2.80° Nonlinear Kerr rotation 6.00°
6x10" 1 . iﬂ iﬁ

5x10° 7
4x10°
3x10° 7

2x10°

SHG#™ > (counts/10sec)

SHGA > ~(counts/10sec)

~50 0 50 100 150 200 250 300 350 400 ~50 0 50 100 150 200 250 300 350 400
Analyzer angle(deg) Analyzer angle(deg)

(Pin) (Sin)




SEM observation

Rectangular dots




ross sectional SEM observation

Dot depth?



MFEM image of 300nm x 100nm dot
with a low-moment probe tip

5 Y .~
55 : |
T -




300nm x 100nm dot (wide scan)
with a low-moment probe tip




Azimuthal angle dependence of

rectangular dots —
longitudinal

PinPout PinSout .
500000 - ‘ ~ . e tH
g sp0000 & 25000 e e I
& e & -
< 2500001 S 15000+
A 200000 - B0l
£ 1500001 S 1
S 100000 - 3 5000
S 50000 3 ]
g 0]
L 50000 = ,
R -
481 200000- 48 10000
250000 - D 15000
O 1 0
L 400000 - & 20000
U 450000 - 95000
500000 -
SinPout SII’]S%JO%OO
— ] iy i
S 500000 S 0000
S 000 & 200000-
= 300000 % 120000
£ 2000009 £ 100000
= 1000007 S 50000
Q 0; o 0;
= ] S ]
100000 - i 90000
o 100000 P
4@ 200000 @ 100000
pry . M 150000 - __
300000 5 ]
< ’ 200000 S
5 a00000. L 9500001 — = —
U 500000 - N 1 - D
’ 300000 - ===




Azimuthal angle dependence of MSHG
from 300nm x 100nm rectangular dot array
(Polar)

PinPout

9x10. 7
8X105i
7x10°
6x10°
5x10°
4x10°
3x10°
2x10°
1x10°

1x10;
2x10°
3x10°
4x10°
5x10°
6x10°
7x10°
8x10°
9x10° -

(counts/10sec)




Azimuthal angle dependence
of MSHG In circular dots longitudinal

PinPout PinSout
~—~~
& 500000 & 30000
< 400000 8 25000
A 300000 < 20000
= 200000 ] L 150004
S ] c 10000
S 100000 3 5000
(&] 0; o 0;
\T,( ] L 50001
Y 100000 - ]
i 200000 - X 10000 1
48 200000 | 4@ 150001
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] 40000 -
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'S’ 500000 o ;
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i 100000 1 20000 -
48 ZOOOOOi 48] 40000 -
300000 A el
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Experimental set-up at BESSY I

Polychromatic X-Radiation
e.g. L, (Fe): A=1.76nm (E,=706eV)

Monochromator
Pinhole d=20um

Mask B-Field <80mT

’//’
-
i

f‘_/

— —
_!_,_,--‘ - i
-

Micro Zone Plate
dr,=40nm, Eff. 9.1%

Circular Polarized Light
P ~60%
Condensor Zone Plate

D=9mm Monochromaticity A/AA = D/2d =225
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