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Introduction

(X CDIC

o Two-types of superlattices
— TM/Cu, Ag, Au —immiscible; abrupt interface
(GEE% ; R4 R m)
— TM/Pt, Pd— miscible, gradual interface
(BlisR:-FmEx1k)
« Superlattices and characteristic length
(AR F-ZEEIFER)
— L*~ A’ (light wavelength¥£ M i &) : MO enhancement
— L*~ds(roughness R E D S)—HEHLEL. &1t
— L*~ A D(de Broglie wavelenth)—Quantum confinement
=FHLIH
— L*~a (atomic size)—band modification/\> kD ek ZE



Linear magneto-optical effect in Fe/Cu
compositionally modulated multilayers

Fe/Cufl iR SHZ IR DX EFRIR

 Layer thickness ~ wavelength [[R& (A1)~ EE(d)]
— Plasma enhancement (Z2 XU TDIU/N\V AR)

— Roughly explained by effgétive permeability (EXhEE S
)

— Multiple reflection and interference(Z £ & 51 53N R)

— Unaccountable for d<a few nm (Z R B AN EnmLL T I

156 EFRBATEGL7ED)
mutual diffusion and alloy formation at the interface
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Virtual optical constant method({x
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Virtual optical constant
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Modulation period dependence of Kerr rotation in Fe/Cu
multilayers (A Aexperiments,solid and broken line: calculation)
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Magneto-optical Effect in Au/Fe/Au trilayer
Au/Fe/Au=EEBIRDIUERECFXNR

o Layer thickness ~ de Broglie Wavelength of electrons
EENEFDFIOMEREAREICIROICHE

 New magneto-optical transition In epltaX|aIIy grown
Au(cap)/Fe(ultra thin layer)/Au(buffer)/MgO(substrate)

trilayer structure
MBEA CMgOEMNR EICTEAF v )URE UIZAU(100)ZBIED
LICFefBBIRZER L. ZDLICREEE U CAUDEN
Fv v IBZENSBIE=EBRICHITDH UL\ EFER

o At first the optical structure was assigned to 2D-band.
Afterward it was re-explained in terms of quantum confinement
of electrons in Fe-layer
=% 1 2DD/\NY FICKRDERE—ZEDE, FeBANTDEFD
=FRHUCHICKDC U CERBATNIC,
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Magneto-optical ellipticity at 4eV vs. thickness of Fe layer
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Au-thickness dependence of Co/Au/Co
Co/Au/CoDRICF IR DAUE R IKEF T
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Artificial ordered alloy of Fe/Au
Fe/Au AT iRBI&E

e [Fe(IML)/Au(1ML)]\ls a L1, type ordered alloy

DR EETHS,

that does not exist in nature (Peritechtic system)
Fe(IML)/AU(IML)]\[ERARICIFFFFELALLLE

» Atinterfaces in Fe/Au, L1, type Fe(1ML)/Au(1ML)

exists

[Fe(xML)/Au(xML)][2H L TH,

FeEBLAUEDF M

[21FL1, 2 Fe(IML)/Au(AML) B TF7E
 New band structure appears due to hybridization

FeELAUDMMIZIXEFDIERME
EMNHIRL TS,

AONE S {BIRVAR] Y - -



Atomic arrangement in a unit cell of
Fe(1ML)/Au(1ML) with a L1, structure

Fe(AIML)/Au(IML) A LR B &€ D#E REE
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MgO (100)

[Fe(IML)/Au(1ML)]

Schematic structure for the
Fe/Au superlattice
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Retardation modu
FeFBEAEZE FRE (

ation technique

R I K ERE)

| Isotropic (fused silica

medium | CaF,
| Ge etc.

Retardation
0=(2n/A)Anl sin pt

=J,sin pt



Magneto-optical spectrometer system
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Magneto-optical Kerr spectra in Fe/Au
superlattices
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Calculated Kerr spectra In
Fe/Au superlattices using ab-

Initio band calculation
£1RIE/\NY FFEICKDFe(xML) /
Au ML) AT FDWKOEFEAND H)U
(WOICKD)

The structure around 4eV can
be assigned to Au(5d | ) to
Fe(3d | ) transition
4eVIaICB onNdEald. Aud
5d | /N ROBAUDSE | /N BA
DB THD, Audsf| I\ RIZ
FeD3d | /N FEBRBERLTH
N, EBHICIFAUB | )—Fe(3d | )
B2 C RixE D,

0 1 2 3 45 6 7 8
Photon energy [eV]



Peak position of Kerr rotation vs. modulation period
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MSHG study of magnetism for surfaces
and interfaces

0= > The effect is quite sensitive to surfaces and
Interfaces where inversion symmetry is broken.

~<z |}

Magnetic second harmonic generation (MSHG) has been applied to
study of magnetic thin film and multilayer

Scheme
Fe/Au superlattices with a modulation of mono-atomic layers

s |
MSHG technique was applied to Fe/Au superlattices
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- For weak incident laser field E(o) :

1 _— ., 1)
P = Xii gOE

- For strong incident laser field E(o) :

=&, (\VE, + X0 E Ec + 1,

(3)
jKi

EEE +-)

Third rank tensor is not allowed in

centrosymmetric materials.

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

— 4+ g, 7PE,sinawt|-

(
EoX

Z)E—ZOCOSZa)tJr---

2

Second harmonic generation (SHG)



Nonlinear magneto-optical effect
measurement system
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Analyzer angle-dependence of MSHG
MSHG DRI FAIKF S
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SHG intensity (counts/10sec.)
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Azimuthal angle-dependence of
MSHG

Electromagnet
Rotation of sample

Linear optical response (A=810nm)
The isotropic response for the azimuthal
angle

Nonlinear optical response (A=405nm)
The 4-fold symmetry pattern
Azimuthal pattern show 45°-rotation by
reversing the magnetic field
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Azimthal angle-dependence of MSHG intensity for [Fe(3.75ML)/Au(3.75ML)] superlattice.
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Azimuthal dependence of MSHG in | Pin-Pout
fractional superlattices
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Discussion  The equation of the azimuthal angle-
dependence by the theoretical analysis
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Surface non-magnetic term

-SHG response causes an isotropic contribution only.

Bulk non-magnetic term

P.(2w) = ;) E, (®0)E, (@) + ;) E, (0)V E, (@)

ijk ijki

- For crystallographic contribution the electric quadrupole should be
introduced to get four rank tensor.

> SHG response causes an anisotropic contribution (parameter B).

Surface magnetization induced term

Zijsk(lvl):)(i?k(o)_i_ XijSkLM L

- The surface magnetic response comes from the electric dipole term
expanded by magnetization and contributes to the parameter C.



Calculated azimuthal angle dependence of SHG
and MSHG signals

input-output surface bulk surface
. . ; ; . . . sum
polarlzatlon non-magnetlc non-mangetlc magnetlzatlon-lnduced
Sin-Sout 0 IBsind g|° |+ AT Ccoséd g | = Ass+Bsind g+ Csind g
Sin-Pout A |As, — Bcos4 g |+ Csin4 g|* |As;— Bcos4 g Csind g
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Kerr rotation calculated from parameters Axx,B,C @|(<2) =(y, -y )I2

S- tan 2y, = 2(As —Bcosdg £ _Csin 42¢)(J_rASS + Bsi_n 4¢ + Ccos4gp) 2
n (Agp —BCOs4¢ £ Csin4¢)° — (+Ag + Bsin 4¢ + Ccos 4¢)

P. tan2y, - 2(Ap +Bcosdg + ?sin A) (A — Bsi_n 4¢ + Ccos4dg)
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Calculated polar patterns of the azimuthal angle-dependence
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(b) A=5, B=0.85, C=0.85
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(Sin-Pout)

The equation of the azimuthal angle-
dependence by theoretical analysis

_ 2
1" = |A®* —Bcos4e +Csin4dgp
(a) A=5, B=0, C=0.85
-For B much smaller than C, the polar
pattern shows 45° rotation for the
magnetization reversal.

(b) A=5, B=0.85, C=0.85
‘For B comparable C, the polar pattern
undergo a smaller rotation.

The azimuthal pattern was interpreted in

terms of combination of B and C.



SHG intensity (counts/10sec.)

SHG intensity (counts/10sec.)

Azimuthal angle-dependence of MSHG for a
[Fe(3.5ML)/Au(3.5ML)] superlattice
(Sin-Pout, Sin-Sout configuration)

270

(b) Sin-Sout

The equation of the azimuthal angle-
dependence by theoretical analysis

Sin-Pout
| % = ‘ASP — Bcos4g +Csin 4(0‘2

Sin-Sout ><

155 =] A% £ C cos 4¢ + Bsin 4¢)

ASP(surface nonmagnetic term) = 460
ASS(surface nonmagnetic term) = 100
B(bulk nonmagnetic term) = 26
C(surface magnetic term) = -88



Calculated and experimental

patterns :x=3.5 Dots: exp.
Solid curve:calc.

(a) Pin-Pout (b) Pin-Sout
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The fitting parameter of the azimuthal pattern
(Sin-Pout)

2
| P =‘ASP — B cos 4¢ + C sin 4(0‘

Contribution of ASP term
- Surface nonmagnetic term
- Dependence on focused beam power

o1
o
o
T T T T T T T

Contribution of B term
- Bulk nonmagnetic term
- The parameter B is constant for the
modulation x.

Fitting parameter

0 15 20 25 30 35 40 Contribution of C term
Modulated rate x (ML) - Surface magnetic term
Fig. The fitting parameter of azimuthal angle- ~ Decrease of the parameter C for the
dependence for [Fe(xML)/Au(xML)] azimuthal patern rotation

(1.25<x<3.75) superlattices.



Parameter @B OC

—— ’\‘

The modulation period-dependence of
fitting parameters and nonlinear Kerr
rotation angle and ellipticity in
[Fe(xML)/Au(xML)] (1<x<4)
superlattices.

Input polarization is (a)Pin and (b)Sin.

> RModutated fate x{ML)*



Azimuthal angle dependence of the MSHG intensity
for the anlyzer angle

Fe(1.25ML)/Au(1.25ML)

SHG intensity

Analyzer angle = 30°
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Experimental azimuthal angle-dependence of nonlinear Kerr
rotation and ellipcity for a Fe(3.75ML)/Au(3.75ML)
superlattice.(Sin)
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Fig. Calculated azimuthal angle-dependence of
nonlinear Kerr rotation 2, and ellipcity »®, for a
Fe(3.75ML)/Au(3.75ML) superlattice.

(a) Nonlinear Kerr rotation

- Azimuthal angle-dependence of nonlinear
Kerr ellipticity is found to be sinusoidal.

(b) Nonlinear Kerr ellipticity
n@ = il:tan 1[ | max ("‘)] _tan 1[ L max (=) ):l
© 2 Iin (+) Inin (=)

I: Analyzer angle dependence of the
MSHG intensity

- Azimuthal angle-dependence of nonlinear
Kerr ellipticity showed 45°-shift compared
to Kerr rotation.

- Ellipticity 7@, was about zero for the
maximum 42, and the minimum 62,



Calculated azimuthal angle-dependence of nonlinear Kerr
rotation and ellipcity for a Fe(3.75ML)/Au(3.75ML)
superlattice.(Sin)
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Ellipticity 7, (deg.) Rotationd?, (deg.)
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(a) Nonlinear Kerr rotation 2,
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tany, =
(ASP —Bcos4g +Csin 4;0)2 -~ (ir A® +Bsindp +C cos4(o)2
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(b) Nonlinear Kerr ellipticity 7®,
I1Sin( @)=|PSPcos #+PSSsin 42

I: Analyzer angle-dependence of MSHG
intensity for Pin configulation.

| | | E:> e ZE{tanl(MJ—tan{Mﬂ
Fig. Experimental azimuthal angle-dependence of 2 L (1) Lo ()

nonlinear Kerr rotation 2, and ellipcity »®, for a
Fe(3.75ML)/Au(3.75ML) superlattice.



Calculated and experimental pattern

90 of Nonlinear Kerr rotation and ellipticity
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Nonlinear Kerr rotation (deg.)

Nonlinear Kerr rotation (deg.)

Experimental and calculated patterns of
Kerr rotation angle

(a) Experiment
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Sin configuration: (a) Experimental data,

(b) Calculated using parameters determined
by fitting to the azimuth patterns



Nonlinear Kerr rotation angle of [Fe(xML)/Au(xML)]
(1.25<x<3.75) superlattices (Sin)

35

> sk ' Calculation and experimental result
o I :
g 25 B o — o . . .
z% 20 [ ° ?\Ml ¢ Calculated nonlinear Kerr rotation angle 6,3 using
S 15L e o® the fitting parameter ASP, ASS, B, C of the azimuthal
S 10f ° pattern
T or (a) Exp. (The maximum 6,2 was selected for azimuth
o | ——] : | : |
= 35F ¢ angle)
o 30F e ©
X o5l ®. - i 2
5 ool . e,e e - The experimental maximum 6, for
2 5 e x=1.75 superlattice was 31.1°.
S 10} . x=1.75 + The calculated 6,@ reproduced the muximum
z g? i (b)Calc. 6,? for x=1.75 superlattice.
1 2 3 4
Modulated rate x (ML)
F|g Nonlinear Kerr rotation ang|e of The nonlineal’ Kerr rOtation was explained
[Fe(xML)/Au(xML)] (1.25<x<3.75) superlattices by theoretical analysis.

[(@)Calculation, (b)Experiment]



Linear magneto-optical
spectra in Co/Ru

superlattice
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Fig. 2: The Kerr (a) and ellipticity (b) spectra of

Co(5ML)/Ru(5ML) superlattice. For comparison, those of
HCP Co are also shown. Experimental data of HCP Co are

in Ref.[14]
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Azimuthal angle dependence of
MSHG in Co(5ML)/Ru(5ML)
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Conclusion

Magneto-optical spectra in Fe/Cu and Fe/Au
system depends strongly on the thickness of the
layers in comparison with characteristic length
of the material: wavelength of light, de Broglie
wavelength of electrons and atomic size.




The four-fold pattern clearly reflects the symmetry of the
MgO(100) substrate. This suggests that the Fe/Au
superlattice is perfectly epitactic to the substrate.

- The azimuthal angle dependence was analyzed in terms of
nonlinear electrical susceptibility tensor taking into account
the magnetic symmetry of the superlattice.

p

- The azimuthal pattern was explained by symmetry
analysis, taking into account the surface non-
magnetic A, bulk non-magnetic B and surface
magnetic C contributions.




- MSHG was shown to lead to a nonlinear Kerr rotation 6,
that can be orders of magnitude larger than its linear
equivalent (0.2°), e.g., 6, for x=1.75 was 31.1°

 We observed azimuthal angle-dependence of the nonlinear
Kerr rotation for the first time.

- The azimuthal angle-dependence of the nonlinear Kerr rotation

were explained using parameters determined from azimuthal
patterns of MSHG response




- Magneto-optical spectra of Co/Ru superlattice are much
reduced from those of Co

- This can be explained in terms of electronic hybridization of
electrons between Co and Ru

- Surface magnetic effect observed by MSHG is also found to
be reduced.




Other topics

* Near-field Magneto-optics
« XMCD



What is Near Field Optics?
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MO- SNOM (polarization modulation

technique)
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Images obtained by MO-SNOM
(polarization modulation technique

Topography MO image
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