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Q Outline

Magneto-optics
Brief overview of the Magneto-optical Kerr effects (MOKE)
Advanced MOKE: vector magnetometry

Magnetic nanostructures

micro-MOKE
Approach 1: focused beam
Approach 2: microscopy

MOKE from diffracted beams:
simple theory of diffracted MOKE
In conjunction with micromagnetics and MFM
from magnetometry to magnetic imaging
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Polar and Longitudinal Configuration Transverse Configuration
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Dielectric Tensor Reflectivity matrix
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polar longitudinal transversal
_e u ~E i
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&=6Q M, g=Qm, e=Q m,

ANon-destructive;
AHigh sensitivity;
AFinite penetration depth (~ 10 nm);

AFast (time resolved measurements);

AL aterally resolved (microscopy);
ACan be easily used in vacuum and
cryogenic systems;

J. Kerr, Philosophical Magazine 3 321 (1877)

Z. Q Qui and S. D. Bader, Rev. Sci. Instrum. 71, 1243 (2000)
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The magneto-optic Kerr effect (MOKE) is widely
used in studying technologically relevant
magnetic materials.

It relies on small, magnetization induced changes
in the optical properties which modify the
polarization or the intensity of the reflected light.

Macroscopically, magneto-optic effects arise from
the antisymmetric, off-diagonal elements in the
dielectric tensor.

a A

Fresnell reflection coefficients

O ~
Q@ r.=°f +rMOm
ps PP~ " PP PP y
Sample % 8 rs O-m,-m,
SST rsp Omx_mz
r :ErTM r :ErTM r = Ere r :ErTE
S S| SS
Kpp EiTM P ETE i EiTM EiTE /

P. Vavassori, APL 77 1605 (2000)

IKerbasquel



~,CIC

\.,3 NnanocunNe P. VAVASSORI

polarization
vector

Assumption:
localized electrons

e excited by electric
field of light

e subject to Lorentz
force

European School on Magnetism (ESM-2018), Krakow 17-28 September 2018 "(erbasa UEI

Basque Foundation for Science



Microscopically, the coupling between the electric field of the propagating light and the
electron spin in a magnetic medium occurs through the spin-orbit interaction splitting of
optical absorption lines (Zeeman effect).

Eso=¢(r)S-L

Here, X (r) is the spin-orbit parameter or coupling constant, which depends on
the gradient of the electrostatic potential of the nuclear charges.

Its values are of the order of 10-100meV and, thus, the spin-orbit interaction is
much weaker than the exchange interaction (F 1eV).
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Different electronic structure
for up and down electrons EFT 2

Conductivity tensor of each layer

oc(M)=| omn, o, —Oyn,

Reflectivity matrix of whole sample

R| e T
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Measured Kerr effect
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Optical transitions between the d-orbitals and the p-orbitals

stand s~ Selectionrules Al

=41,

Amp==+1, As=0

Only transition from m = O1 to m = 0 are considered for simplicity

spin-down e

sSpin up e
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= Both spin orbit coupling and exchange are necessary for MO activity

~,CIC
. mmarﬂoeune P. VAVASSORI

European School on Magnetism (ESM-2018), Krakow 17-28 September 2018 "(erbasa UEI

Basque Foundation for Science



spin-down e spin up e absorption
|10} 1107 spectrum
Fermi £ ... S U 7
level \m=11 _ Am=-1
Am=-1 N circularly left
\_ﬁ' polarized light
P20 210 ] |
3| : Nellel o I 3
wl i 21 / [2-11) Lu“"[ W
spin-orbit A =()
coupling v T —
ge no exchange
interaction b

e.g. A, =0 = absorption spectra are the same = no MO activity
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spin-down e Spin up e
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absorption
spectrum
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e.d. E;, =0 = absorption spectra are the same = no MO activity
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Initial (non-split) electronic states

magnetization

Perturbated states and energy splitting
(spin-orbit coupling, exchange)

light

Interaction between light and matter

relation between microscopic | Fermi's golden rule,
and macroscopic world | Kubo formula

Macroscopic description
(by conductivity tensor o)
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= Fermi's golden rule, Kubo formula: « (i|, |©) - initial, final states

(calculation of conductivity tensor)

e p. =p,*ip,, p, =ihd/ox

linear momentum operator

Diagonal conductivity:
Rlow]~ 2 LEN1-FE) x|l p_ | fYE+1(i| p. | f)F | xS (E, - E, — i)
i.f

Non-diagonal conductivity:

w0y ]~ DAEN1-SEINi1p-11)F -1 (1p,1.7) P ]xO(E, ~E,=he)

’ 4

/ \ |

! I

Sumation over Occupancy of Transitions probabilities |
all initial and initial and final for left and right Energy must
final states in states (Fermi-Dirac polarized light (non-zero g conserved
k-space distribution) only if selection rules
are fulfilled)

Bruno, PRB 53, 9214 (1996)
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= Selection rules of electric dipole transitions:

» Energy: E.—-F =To <I‘p—|f>i0

(absorbed phbtan energy = difference  (i|, |f) - initial, final states
between final and initial state) . D.=D. ifﬁ}.‘ p.= ihd / Ex

e Linear momentum : fico/ ¢ =0 linear momentum operator

(photon has negligible linear momentum
= vertical transitions)

« Electron spin : As=0
(spin of electron is preserved for electric
dipole transitions)
¢ Orbitum momentum : Al=£1
(photon has angular momentum 1h).
Therefore only s<sp, p<>d etc. are allowed
e Orbital momentum along z-axis : Am=+1
(determines if photon is right/left polarized)
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MOKE results from a lifting of orbital degeneracy due to spin-orbit interaction
(SOI) in the presence of spontaneous spin polarization.
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A MagnetizationY Sp | i t t i 4stgtes ¢Ekchasge) r

I No direct cause of difference of optical response
between LCP and RCP

A Spin-orbit interactionY Spl i tti ng of ¢

I Absorption of <circular pol
motion of electrons

A Condition for large magneto-optical response
I Presence of strong (allowed) transitions
I Involving elements with large spin-orbit interaction
I Not directly related with Magnetization
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Maxwell Equation rot rOtE(W)+M“— E(w)=0

2 2
E(w)=Egkzw mp n2E- n(nCE)- & =0
an? - Ex 7 exy 0 @EXG
Eigenequation : e n-g¢, O %yg:O
E o 0 -e, %2

Eigenvalue N2 =e,° iexy » Eigenmodes LCP and RCP

Different modes :different speed and attenuation

Without off-diagonal terms No difference between LCP & RCP
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Therefore, incident
light becomes
elliptically polarized
after propagation in
a MO active
material
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Linearly polarized light can be
decomposed to LCP and RCP

Different speed
(phase lag)

Different attenuation
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Polar Longitudinal Transverse

Polarization

conversion
p, = — ¥
y

(exx' 6'0)
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Normalized representation o & 1 2
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