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What is magneto-optics”
Optics vs. magnetism

Optical response of magnetically altered media

Change of the polarization state of incident light
(different propagation of LCP and RCP light)

Various phenomena
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What is magneto-optics?

Michael Faraday: 1845

Polarization rotation of a linearly polarized light
aduring the propagation through a rubic glass rod
INn magnetic field.

On 13 Sept. 1845, in paragraph #7504, under the rubric Heavy Glass, he wrote:

... BUT, when the contrary magnetic poles were on the same side, there was an effect produced on the polarized ray, and thus magnetic force and light
were proved to have relation to each other. ...

— Faraday, Paragraph #7504, Daily notebook

on 30 Sept. 1845, in paragraph #7718, famously writing:
... Still, I have at last succeeded in illuminating a magnetic curve or line of force, and in magnetizing a ray of light. ...

— Faraday, Paragraph #7718, Daily notebook
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heory of magneto-optical effects m\:,//{p

Optical properties of magnetized materials are described by
the permittivity tensor
H = Hyac
Collinear magnetic order
Oc;. 1 [ 0%
= &) + KijuMy + Gijra My M.

v

Magnetization dependent - information about magnetism
General form of permittivity tensor

5:1:x

Magneto-optics
E —=

Magneto-optics

Spectrally dependent - information about electronic structure
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P. Bruno, et al.. PRB 53, 9214 (1996)

Spectrally dependent - information about electronic structure
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Very small angles of polarization rotation (mdegQ)!

Rotating analyzer setup:
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Light source CCD spectrometer

Fast and accurate (bellow 1 mdeg) spectroscopic measurements.
Quadratic MOKE measurements.
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nie How to measure magneto-optical effects? morp

Very small angles of polarization rotation (mdegQ)!

Rotating analyzer setup: extension to microscopy

Polarizer

Accurate value of Kerr effect
for each pixel - depth sensitivity

Light source
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Longitudinal Kerr Rotation [deg]

Magnetometry - information about magnetization .
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Current research on the potential
magneto-optical applications

Route to spin-photonics
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Magneto-optical detection of malaria:

parasitaemia %
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Courtesy of University of Exeter
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.. r Magneto-optical applications of tomorrow morp

Magneto-optical imaging systems: Integration in CM, instant analysis
' ' Analyzer
Cash machines safety devices .

MO image of card magnetic stripe

www.matesy.de
regulaforensics.com

Transparent materials with high MO rotation of large
Sizes are necessary
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High magneto-optical activity
Ga influences crystal field
Energy shifting of main peaks
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agneto-optical applications of tomorrow

Metal organic decomposition:

MOD liquids were consisting of solutions made of Bi, Y, and Fe carboxylates.
The total concentration of carboxylates in those MOD liquids was 4%.

Cleaning of Substrates

I Effective, low cost,

Spin Coating 3000rpm 60sec N - | arge Scale tech n|q ue
Drying 100°C 30 min } .MODsolution
gl > @< ) Slow growth, not
Preannealing e s 000  gsuijtable for thick layers
e
Annealing 700°C 3 hours

L ETT E R S nature COMMUNICATIONS
PUBLISHED ONLINE: 17 JUNE 2012 | DOI:10.1038/NMAT3360 materlals
ARTICLE
Spin_current_driven thermoelectric coating Received 27 Jun 2014.\Accepted 20 Nov20'14 Published 8 Jan 2015 I OPEN
Akihiro Kirihara', Ken-ichi Uchida®3, Yosuke Kajiwara?3, Masahiko Ishida', Yasunobu Nakamura'f, Generation of Spin curre nts by surface plasmon
Takashi Manako', Eiji Saitoh?3*° and Shinichi Yorozu' resonance

K. Uchida?, H. Adachi®4, D. Kikuchi'®, S. Ito!, Z. Qiu®, S. Maekawa>* & E. Saitoh'34>
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High magneto-optical contrast

High resolution
200 nm thick layer!
Size limited by spin-coater
2 GHz response (up to 5 GHz)

T. Ishibashi, NUT, Japan
. Veis: What is magneto-optics? And why is it interesting? 20.10. 2020




I\/Iagneto optlcal apphcaﬂons of tomorrow morp
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Rapid development and requests of display industry

http://www.nhk.or.jp

HD TV (1920x1080): 127 cm - pixel pitch: 576 pm
4K TV (3840x2160): 127 cm - pixel pitch: 288 um
8K TV (7680x4320): 127 cm - pixel pitch: 144 pm
iIPhone (1920x1080): 14 cm - pixel pitch: 63 pm

8K IPhone (7680x4320): 14 cm - pixel pitch: 15 um

1 movie = 41B of data
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= 7" Magneto-optical applications of tomorrow

Requirements of the display industry:

* Accurate color gamut

* High contrast

* Fast pixel switching

* High pixel density (small pixel pitch)
* Low energy consumption

* 3D Imaging
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Current 3D display technology:

» Special glasses
* Narrow viewing angles

e Crosstalks

Bad user experience
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Magneto-optical spatial light modulators:

Reconstructed 3D moving images by using SLM

http://www.nhk.or.jp
Holographic data storage

http://www-g.eng.cam.ac.uk
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Magneto-optical spatial light modulators:

H. Kinjo, et al., Electronics 5, 55 (2016)

Digital Magneto- STS

Micro- Optic MO-
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3D image without necessity of additional glasses
with high viewing angle and high frequency
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Problems of the classical integrated electronics

Future apocalypse?
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© @ Magneto-optical applications of tomorrow

Moore’s law Is dead
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Magneto-optical applications of tomorrow m\?{P

Computer technology predictions: Energy

Energy consumption growth:

All opt. switch: 10 fJ
HD switch: 10-100 nJ
Flash: 10 nJ
STT RAM:450 pd-100fJ

Energy consumption is very important!!!

Enterprise
Distances:
1- 10km

Rack to Rack [RI&;
Distances:
1- 100m

10G

Board to Board

Distances:

50-100cm

Chip to Chip

Distances: ELECTRICAL
1-50cm

Intra-Chip

Distances:

0.5-10mm

Source : Intel 2005 2010

Communication speed is very important!!!
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doi:10.1038/nature16454

Single-chip microprocessor that communicates
directly using light

Chen Sunb?#, Mark T. Wade>*, Yunsup Lee'*, Jason S. Orcutt?*, Luca Alloatti?, Michael S. Georgas?, Andrew S. Waterman', | -t -t d
Jeffrey M. Shainline®+, Rimas R. Avizienis', Sen Lin!, Benjamin R. Moss?, Rajesh Kumar?, Fabio Pavanello?, Amir H. Atabaki?, n e g ra e

Henry M. Cook!, Albert J. Oul, Jonathan C. Leu?, Yu-Hsin Chen?, Krste Asanovi¢!, Rajeev J. Ram?, Milo$ A. Popovi¢? &

B magneto-optical isolator

High isolation ratio

Low energy
consumption and high
frequency modulator

No isolator, electro-optical modulator

(high energy consumption) Multiplexing
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Control Processor to memory link
On-chip optical isolation in monolithically FPGA
integrated non-reciprocal optical resonators

Lei Bi'*, Juejun Hu?, Peng Jiang', Dong Hun Kim', Gerald F. Dionne', Lionel C. Kimerling'
and C. A. Ross'*
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Magnetic garnets:
Large lattice mismatch
Impossible to grow directly on silicon

Garnet: a=12.376 A

“ e Silicon: a=5.431 A

L

Requirements:

« Strong SO coupling (high MO activity)

 Far from resonance (low absorption)

WO—F wo Cdo—l—r

« High figure of merit (deg/dB)
High demand for new, silicon compatible materials
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How to increase MO activity at telecommunication wavelength 1550 nm (0.8 eV)?

Bi substituted YIG:

Bi substituted YIG, higher MO activity
due to stronger spin-orbit coupling.

E. Jesenska, MV, et al., Opt. Mat. Expr. 6, 1986 (2016)

High FoM (769) on Si substrate
T-D B-U

T. Fakhrul, MV, et al., Adv. Opt. Mat., 1900056 (2019)
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Vision of the future magneto-optics

Still advanced experimental tool
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Magneto-optics of the future

Spintronics Photonics

Spin photonics
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Magneto-optics of the future m\:,//{p

Spintronics approaches to control magnetization
e Strain induced
* [onic migration
* Spin-transfer torque

* Spin-orbit torque

A. Manchon, Nat. Phys. (2014)
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Spin orbit torque switching of FIM insulators:
Pt/TmIG:

.35

C. Avci, et al., Nat. Materials 16, 309 (2017)

Pt/BaM: Transparent materials
i z Good MO response

d -~
6 @—l Ch
. Fast and low energy
o [ switching
_4_ | @ BaM
P ra e ~ :
Magnetic field (kOe) a .. _— b o NOV@' generathn Of
ol ] g TR 7 ¥ integrated modulators anad
i iol o f MO-SLM
n:‘I‘:g.i: -0:4 %Eﬁ*lw H=—1‘7kOef O S

i 9 s o B ' : ' 8
45 10 -5 0 5 10 15 0 90 180 270 360 Field (kOe) Charge current (mA) | " I
ol e comm 7 s ANtIfErromagnetic materials
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BIG garnets on GGG: thicknesses ~ 15 nm

ﬁ

Compensation temperature above RT | — — — —

-— -

:ﬁlé
OK T TC’um’e

Comp

L. Beran, MV, et al., submitted

Large magneto-optical effect even tor 15 nm films

The sign change of Kerr effect - crossing the compensation temperature
Suitable for MO-SLM
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Magnetization switching by polarized light:

LETTER doi:10.1038/nature20807
Ultrafast nonthermal photo-magnetic recording in
a transparent medium

A. Stupakiewicz!, K. Sze 1, D. Afan. 2, A. Kirilyuk? & A. V. Kimel?

Fastest ever write-read
event (<20 ps)!!!

Low heat - 20x20x10 nms3 - 22 ad!!!

A. Stupakiewicz, et al., Nature 542, 71 (2017)

Plasmonics:
Local confinement and enhancement of
—— polarized light via surface plasmons

'szo-Optics and Biuphotumcs roup, Department of Exp l h 5 Wlh Im- C d n-Center for Complex
ial Sysi emx( CCM) Physics Institute, Ul ty fW b A Hubla d 97074 W b G ermany
LN SS D mento di Fisic Polilecnim dt Mll ano, Pt azza ardo da ci 32, 20133 Ml Italy
(Re: d 19 ecemb 2008 sed manuscript received 5 M ch 2009 bl shed 22 J 2009)

Light switching by light via magnetic material

Route to optical transistor???
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-I\/Iagneto ophcal phenomena play an |mportant role IN
physics.

* Magneto-optical phenomena can be used as experimental
probes or for applications.

* Novel magneto-optical devices can help to overcome the
pohysical limits of current electronics

* Design of novel magneto-optical devices is possible using
macroscopic theoretical models.

e Combination of spintronic concepts and magneto-optical
ophenomena can open the way to so-called spin-photonics
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Prague magneto-optical group

WWW.MOorp.cz

M. Veis Dr. J. Zazvorka Dr. R. Antos Dr. J. Hamrle Prof. M. Kucera

Ph.D. students

E. Jesenska J. Hrabovsky L. Beran K. Tikuisis D. Kral

MSc. Students

O. Novak M. Vancik J. Setina L. Nowak
T. Malecek J. Strelecek S. Tazlaru

Thank you for your attention
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~@ Current magneto-optical applications

Magneto-optical isolator: o
Onsager principle:
simultaneous reversal of time and magnetic field

eij (M) = g;i(—M)

www.eotech.com

Optical one way

Ferrimagnetic garnets with
high Faraday rotation

www.roshelop.co.il
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Current magneto-optical applications

Magneto-optical imaging systems:

www.innovent-jena.de

Ferrimagnetic garnets as
magneto-optical indicators

LPE growth - thick layers

Visualisation of magnetic
structures and determination of
the flux density
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~ @ How to measure magneto-optical effects?

Very small angles of polarization rotation (mdegQ)!

Crossed polarisers: Malus’ law: T = I, cos? 6,

Analyzer . )

detecto\
Light source

Used in magneto-optical imaging
Image processing necessary

Polarizer

VO

A. Stupakiewicz, et al., arXiv:1609.05223 (2016)
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= @ How to measure magneto-optical effects?

Very small angles of polarization rotation (mdegQ)!

Differential method:
fast measurements

Retarder Additional modulation
iIncreases signal to
Wollaston prism noise ratio

Polarizer

detector

T T, _ 2
Light source Al =15 — I ]0|T88‘ Ok s
detector

Used in magneto-optical magnetometry and
time resolved measurements
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Very small angles of polarization rotation (mdegQ)!

Differential method:

a
H, Pt (4 nm)
< 20 um
s b
J=J,c Sin wt
YIG (50 mm) Laser spot
GGG (~mm)
b .
In-plane J
Anti-damping Anti-damping
H
y ! c Laser
= 1 m Hy
& x Chopper (~100 kHz)
20 !
X AL H
qu _1 POIanzer Wollaston
Data z " prism
Fit
. =5x10°Acm™ *
o
© 50x/0.5 N.A. /2 at 45
Anti-damping m Am, z
4 In-plane y
é:'% H
S o X
<
2
—4
8 Amy m j= ja.C. Sin a)t

-3,000 —2,000 —-1,000 0
H (Oe)

1,000 2,000 3,000

M. Montanzeri, et al., Nat. Comm. 6, 8958 (2015)

20 um

+V

Chopper

In Ref.

—v Lock-in 1

out Current
0, de. source
In Ref.
Lock-in 2
AOK Out

C.S. Goncalves, Sci. Rep. 6, 22872 (2016)
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Another materials:
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- e -
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14

L. Ohnoutek, MV, et al., Sci. Reports 6, 19087 (2016)
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I\/Iagne’uc multilayers:
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Theory of magneto-optical effects

Optical properties of magnetic materials are
described by the permittivity tensor

Polar Kerr effect: Wave equation:

0°E
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=& Magneto-optical applications of tomorrow

Another materlals SrGao 7C00.303 with Co nanoparticles

MV, et al., JAP 115, 17A746 (2015)

T T
oor.,‘%".‘_o O

Faraday rotation [deg/um]

Figure of merit 1.09 deg dB-1 and 0.03 deg dB-"

COm pa“bl“ty W|th SiliCOﬂ X. Sun, MV, et al., Nanotechnology 26, 115701 (2015)
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Magneto-optics of the future m\:,//{p

adratic effects: A novel direction in magneto-optics

i Gun Guza Guss 2Gua 2Gns 2G| [ M} K2 AG
5 Goair Gozzo Gozss 2Gazs 2Gaog1 2Gaznn M3 (I)s =A- KM; + B[ (— oy + 2G44 + _)MLMT
5 | Gasin Gasze Gasss 2Gs303 2Gsss 2Giasie M n 2
% || Gasn Gasme Gasss 2Gasss 2Gasn 2Gas MM 1 1
5 Gogin Gozzo Gagss 2Gasas 2Gasyt 2Gasin M3 M, - —AG cos4 a - MLMT — —AG sin4 a'(Mi - M%):|
5 | Gzt Gasor Gasss 2Gagas 2Gasst 2Gasiz | | MMy | 2 4

Ei' - )° 45" 90"

=

E

S g il Syl Antiferromagnets come into play

Linear polarization control (MLD)

Rotation of magnetization
only by 90 degree

L. Beran, MV, etal.,tc.) be pub.lisEh[ee(;I/] .. | | ngh quadratlc MO effeCtS In
~ Novel generation of antiferromagnetic oxides (CoO, NiO)
iIntegrated modulators and
MO-SLM Easy growth
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Magneto-optical applications of tomorrow m\?{P

mﬁm . LETTERS
p Otomcs PUBLISHED ONLINE: 13 NOVEMBER 2011 | DOI: 10.1038/NPHOTON.2011.270
Siresona tor "
N‘
On-chip optical isolation in monolithically
.\
[ ° [ N e
integrated non-reciprocal optical resonators
Lei Bi'*, Juejun Hu?, Peng Jiang', Dong Hun Kim', Gerald F. Dionne, Lionel C. Kimerling' Do
and C. A. Ross™ 5i0, . X ZZ
y
b
O -
_‘IO -
)
)
[0}
© -20
I
'E Isolation ratio
2l 0
& —30 - : 19.5 dB
= -10
1 -204
404 3 TM mode
_40j -H
1,540.8 1,541.6 1,542.4 +H
_50 T T T T T T T
1,541.4 1,541.5 1,541.6 1,541.7 1,541.8

Wavelength (nm)

Low isolation ratio, high losses

Wavelength
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Other materials: Co doped CeO»>

MO Figure-of- Optical Loss
MO Material and Substrate merit (°dB~!) Growth method (dB-cm~!) | Reference
Y, 5,Ceq 15Fes0,, (no substrate, bulk crystal) 1420 Traveling solvent floating zone 0.52 44
Single crystalline epitaxial Ce:YIG on GGG substrates 31,943 PLD 11.2,6 This study
Single crystalline CeYIG on Gd;Sc,Ga;0,, 340 Sputtering 9.7 23
Ce,Y,Fe;0;, on (111) doped-Gd;Ga;0,, 321 Sputtering 14 45
Polycrystalline CeYIG on YIG deposited at 550 °C on Si substrate 20 PLD 40 25
Polycrystalline CeYIG on YIG deposited at 100 °C on Si substrate 38 PLD 29 7
Ce,Y,Fe;0;, (Ce:YIG) on Silica 56 Sputtering 48 16
Ce:YIG on Si 21.8 PLD 58 5
Fe:InP 23.8 (not mentioned) 1.66 56
Fe:InGaAsP 23 (not mentioned) 4.34 57
STCo030 (20 mTorr) on STO 0.064 PLD 390.6 58
StTiy,7C0p ;055 on (001) LaAlO, 0.57 PLD 877 59
SrTi, ¢Fe; 4,055 0n (001) LaAlO, 1.11 PLD 700 60

M. Onbasli, L. Beran, MV, et al., Sci. Rep. 6, 23640 (2016)

Compatibility with silicon

(220)

textured
Va3
!

N\ N

(200) (111)

Im(e,)

Faraday rotation [deg/ um]
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MV, et al., JAP 115, 17A940 (2015)
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. S . A
Microscopic picture of magneto-optics m\g,{P

A l{ Aex+A4s0 T VA ! T VA ! 1
X/ /\ /\ /\
> S >
hv vroohy v \/ hv
\A X
My ] Y1 4so VT e
sz lpz sz lpz sz lpz
2 A T 2 A r A 2 A 2 4
Am =+1R/NA Am =1 Am =+1 XY/ \iA Am =-1  RY/\A VAV RSNV K/ \n EF
R ld(x+iy)z
o ey IASOE P
Td(x+iy)z “1dy, dyz IAex ld(x-iy)z S . : : IAeX
IASO > ’ IASO > 3 Asoi
Td(><—iy)z " P Bruno, etal. PRB 53, 9214 (1996) FAex=0 Xt Aso=0

Both spin orbit coupling and exchange are necessary for MO activity
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. S . A
Microscopic picture of magneto-optics m\g,{P

! Aex+4s0 T A l 1 A l f
YAl " ol I A d :"-. A
/\ > - T —
R hv v . hv v \/
My ] Y1 40l R e
sz lpz
2 4 A 4
AM =+1x/NA Am =-1 Am =+1 &/ \iA Am =-
' : E ld(x+iy)z
1 dy, dyz:: Aso E
T d(x+i )z s IAGX ) =1 d(x‘iY)Z
" Tt e O
Td(x-iy)z " P.Bruno, et al. PRB 53, 9214 (1996) Ty
Jp = [ Pss  Tps ] — Oxs =Oks+ jexs = —
Fsp  Tpp Tss

Spectrally dependent - information about electronic structure
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Magneto-optical spatial light modulators:

Non-collinear antiterromagnet Mn3NIN - piezomagnetism
Antiperovskite structure AsBX /

8xx:8yy:'o.18% oot ,SX).(:,Syy.:Q'1.6% |

RAVLY SR AT

= =
(@) ()]
A -001f o
: 5
g -0.02 | 2
e x
E -0.03 |- i Vi
L [Mn,NiN STO - - [Mn,NiN LSAT
-0.04 Experimental Data ' -0.03 - Experimental Data
| |=——— Theoretical Calculatio D. Boldrin et al., ACS Appl. Mat. Inter. 10, 18863 (2018) 004 [ |—— Theoretical Calculatio
1 1

o0 L0— . v .. )

7 e Opposite type of strain exhibits opposite ewsen
J. Zemen, MV, et al., submitted sign of MOKE - piezoelectric control
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Magneto-optical spatial light modulators:

E. Jesenska, MV, et al., Materials 9, 23 (2016)

0.6 . - . - . - . 0.6
-. —=— Gd18.3Fe/Ru
| 4 —o— Gd18.3Fe/SiO,
04 B —+ Gd20Fe/Ru 104
—~ ey, . —=— Gd24.7Fe/Ru ] =
g o) ™ ™ | o Gd24.7Fessio, lop S
< . - ", |+ Gd26.7FelRy E‘
% 0.0 — 0.0 %
Q 0.2 - __ . "'-..__"i===:_EEEEE .... = 0.2 g
r o g
0.4 ' : ' : ' : ' ' 0.4
2 3 4 5 2 3 4 5
E (eV) E (eV)
— — Ga18.3FeRuH —— GH18.3FeISIO, GdFe as light
— e | “mereso. [ Lo, St
. —— Cdz4TFaRy 7 modulation free layer
E Y / E Compensation
> 00 0.0 &
g // e g temperature depends
< " ¥ on the composition
0.2 a) T _J b) 0.2
T e I B E e Influences MO activity
Field (mT) Field (T) . .
and switching

E. Jesenska, MV, et al., Sci. Rep. 9, 16547 (2019)
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.. r Magneto-optical applications of tomorrow m\grp

How to increase MO activity at telecommunication wavelength 1550 nm (0.8 eV)?

Ce substituted YIG: Ceq1YoFes0qo

CF transition of Ce3+ ions
A11-4f05d" near 1.3 eV

FOM = —
Qb

High FR and low albsorption

M. Onbasli, L. Beran, MV, et al., Sci. Rep. 6, 23640 (2016) Magneto-crystalline anisotropy Is important
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Temperature anisotropy switching

Octahedral iron more suitable for distortion
E. Lage, L. Beran, MV, et al., APL materials 5, 036104 (2017)
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Magneto-optical applications of tomorrow m\?{P

Other materials: Hf, Co doped CeO»

E. Jesenska, MV, et al., submitted

Tunable MO
properties
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Compatibility with silicon L
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~ &' Magneto-optical applications of tomorrow

Computer technology predictions:
Estimated data growth:

High density data storage
IS hecessary

Data volume expansion: Low cost devices
© Projected High speed data transfer
(fibre optics)

High speed data transfer
(computer chip)
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Magneto-optics of the future m\:,//{p

BIG garnets on GGG: thicknesses ~ 15 nm

Sublattice contributions: o Diamagnetic transition
tzg(:ez’)£ \ I"—‘ le) 7 aph .
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a 7l 3e
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S. Wittekoek, et al., PRB 6, 2777 (1975) le)

Theoretical fitting of experimental data I
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Particular sublattice sensing - magnetization switching ot o0 o afe et ol ol
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Microscopic picture of magneto-optics m\g,{P
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Both spin orbit coupling and exchange are necessary for MO activity
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