Experimental techniqgues formagnonics

(BLS andTRMOKE)

Silvia Tacchi

CNR-Istituto Officina dei Materiali (IOM) -Unita di Perugia

6t Italian School on Magnetism, Milano 7 th June 2023

| M&MEMS
AL AALEALL

tacchi@iom .cnr.it http : //ghost .fisica .unipg .it

Silvia Tacchi 6" ItalianSchool orMagnetism



@ Techniques to study spin wave excitations
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Brillouin light scattering

Inelastic scattering of photons from spin  waves

Named after Léon Nicolas Brillouin (1889 -1969)
Detector
)
Laser ‘ " Analyzer
i -
Polarizer

The scattering mechanism relies on the coupling, via magneto -optical coefficients, between the electric

field of the incoming light and the periodic variation of the dielectric constant of the medium

induced by
the SWs

Light does not excite spin waves . it serves only as a probe of the magnetic modes which exist
already inside the  system

4 N

Thermally excited Externally driven SW
naturally present in the medium
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Brillouin light scattering technique
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Brillouin light scattering technique
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Backscattering geometry

T 17 l]e |0 ]

| =532 Nm K=1.2x10°rad/cm
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SWs dispersion relation can be measured on changing the incidence angle of light

The penetration depth is dopt 15 nm, but the penetration depth of the detected spin waves

depends on their wavelength (hundreds of nm/ mm)
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Fabry - Perot Interferometer

frequency of the laser light about 600 THz:

SWs frequency in the GHz range, while
high resolution spectrometer is necessary

l

Interferometer Fabry-Perot

constructive
1 interference
7 - oflight with O ¢

| |7 wavelength 1

Valll|

e - - - -

Free spectral range (FSR) : frequency distance between consecutive transmission peaks

for L=2 mm FSR~75 GHz

y —
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Fabry - Perot Interferometer

Contrast  (C) : ratio of maximum -to-minimum transmission (depends on reflectivity and
flatness of mirrors ) A

@ 'n opaque materials, elastically scattered light is more intense than inelastically scattered
light by about a factor of 10 4-10° high contrast is necessary

@ To extend the range of frequencies investigated

!l

Sandercocktype Fabry-Perot interferometer: Tandemmultipass
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Fabry - Perot Interferometer

Tandem operation . two interferometers with different mirror spacing are combined to
increase the FSR

72 ftranslation

\\/ 0 /7 stage
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Multi - pass operation : sending back and forth the light a few times through the same
interferometer. A contrast C p Tt

n Az ‘ L - l:ra;lll}u?
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Micro - Focused BLS
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Phase -resolved micro -BLS

BLS allows oneto measure a signal proportional to the square of the dynamical magnetization
l.e., the spin -wave intensity

O a (0
Phase -resolved BLS: phase information can be obtained by interference between the light
scattered from spin waves under investigation and a reference signal with constant phase.

_} Study of spin-wave wavelength

Reference ’/ \/ \/ \/ V V M Interference
Sampl V\/\W
signal {1 I\/
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Phase -resolved micro -BLS
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Time -resolved micro -BLS

Time-of-flight measurements

The elapsed time between the launch of a SWs pulse and the arrival of photons, inelastically
scattered from SWSs, is measured at the detector of the interferometer.
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Due to the small scattering cross-section BLS measurements are performed in a stroboscopic

way .
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Micro - Focused BLS

@ The effect of finite collection angle at normal incidence
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@ Main features of the micro  -BLS setup

Conventional BLS (wave -vector resolved)
-Spatial resolution is limited by the spot size
dimension (40 mm)

-No direct information about the modes
localization is obtained

-Wave -vector resolution enables to measure the
SW dispersion relation and the SWs group
velocity

Micro -BLS
-Spatial resolution (~ 300 nm) enables to map spatial
profiles of the SW modes and SWs propagation

-Phase-and time -resolved measurements is possible

-Wave -vector resolution is lost
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Extended films

@ In BLS, the magnetic system is treated using a continuous approach (I >> a) and the
discrete nature of spin can be neglected .

@ Magnetic properties are described by macroscopic parameters .

In - plane
wave -vector

Intensity of the
applied magnetic
field

In - plane direction of
the applied magnetic
field

In -plane and out - of plane anisotropy constants,
exchange constant, thickness, magnetization, group velocity
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Epitaxial Fe/ GaAs(001)
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Epitaxial Fe/GaAs(001) films

Measurements of the SWs group velocity
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Epitaxial Fe/ GaAs(001) films

®l et d 4 PM K, K4
(kOe) The uniaxial term is largest
A) A) (o =ealiem =) {y=erglem =) for small thickness and
100  93+5 20.8+0.1 0.4+0.1 3.2+0.1 decreases with increasing film
thickness . This behavior
anisotropy originates from the
30 27+2 16904 1.8+0.2 2.1+0.2 _
interface .
15 13+2 14.0+0.8 29+0.3 1.1+£0.3
The cubic fourfold term
10 ) 8.7+1.3 48106 18+0.3 dominates for large thickness
and it is strongly reduced for
6 - 3.1+1.8 6.9+ 0.6 -0.8+0.2

the thinner films .

Madami et al. Phys. Rev.B 69, 144408 (2004)
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@ Spin dynamics in laterally confined nanostructures
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Plane spin waves are  not eigenmodes of the system due to broken translational

symmetry

New effects:

@ quantized non -dispersive resonant modes due to the lateral confinement

@ Iocalized excitations dueto  non - uniform internal field
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@ Spin dynamics in laterally confined nanostructures
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@ Micro -BLS 2D maps of modes intensity in the vortex state
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Magnonic Crystal

Magnonic crystals are a new class of metamaterials with
periodically modulated magnetic properties

Control spin-wave
propagation

periodic in periodic in periodic in
one direction two directions three directions

The spin wave dispersion is characterized by bands
of allowed magnonic states (magnonic band )
separated by frequency regions where propagation
Is prohibited (magnonic band gap )

SV EREE1]
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Magnonic Crystal

Starting from a discrete set of energy levels for SWs of isolated dots , magnonic  band

of finite width are introduced by the dynamical dipolar stray field which couples resonances

of individual elements and removes their degeneracy . Formation of collective modes , which

can propagate through the lattice, is induced by the dipolar interaction
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Isolated nanowires
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dynamic magnetization across the width .
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1D Magnonic Crystal
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2D Magnonic Crystal
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Antidot lattices

An antidot lattice is a continuous film periodically structured with holes. Antidot samples are promising
systems in the field of magnonics because they are a network of stripes comprised between holes.
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Bicomponent magnonic crystal

—_
o

oo

At the Gpoint the modes at lower
frequency extend in effective
stripes  perpendicular to the
magnetic field .
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G. Duerr etal. APL 99, 202502 (2011)
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NiFe stripes
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YIG stripes

YIG stripes 500 1 mthick 0.3

® Experimental data
—8— v, at k, = 2.62 rad/um (theory)
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B. Heinz et al. Nano Lett. 20, 4220 (2020)
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Spin-wave -
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Spin -Wave multiplexer

30-nm-thick NiFe

7 Without any Electric current Global external
[ magnetic fields running in right arm field applied
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Time resolved - MOKE (TR-MOKE)

The pump-probe experiment

t=0 =Dt

pump prObe

.. SYSTEM \ SYSTEM

The time delay between the pump and probe beam is changed to give a new time span

Time-resolved MOKE

P

K 11 . .
€rr Effect g In TRMOKE, pump pulse creates the perturbation in the system and a probe
= . L
Hepe 111 “ég pulse measures the subsequent evolution of the magnetization by
1+ .
m 28 magneto _-optical _Kerr e Pec t
i %ou:)
i
Pump W -
Probe The signal of a single pump -probe event is very small, so TR-MOKE

measurements are performed in a stroboscopic  way .
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@ Magneto optical Kerr effect (MOKE)

1877 1 John Kerr
AMagneto optical Kerr effecto : rotation of
a magnetized medium.

Longitudinal Transverse

Out-of-plane in-plane in-plane
Rotation | ] . |2 INane L] RN
Ellipticity ‘ 1 \ ‘ﬁ \ None‘ I \ ‘ 1

Polarization Intensity
Analysis measurement

Reflected light

Kerr rotation g
Kerr ellipticity h=b/a

v
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Ultrafast Demagnetization

1996 1 Beaurepaire 3 Temperature Model (3TM)
10 . — electrons lattice
; The exchange of energy
§ 09 - T’ between the three
2 G\ subsystems provides the
© es . .
c 08F . thermalization of  the
D FY system .
D S ¢¢
N 0.7 } - o> T
g s
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Zz 06 F 4
My
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1 " 1 1 ) ) M AT
0 5 10 15 = 3
(]
At (ps) B 500 f T, AM
=
= 400} Ty
A rapid decrease of the remanent 0 .
magnetization is observed within 1 ps. 0 2 4 6 0 Te T
At (ps)

E. Beaurepaire , etal. PRL 76 4250 (1996)

Silvia Tacchi 6" ItalianSchool orMagnetism 36



Spin wave excitation

The oscillatory signal represents
the magnetization precession
induced by the laser perturbation

PR R
Fitd

o1 7500 1000 1500
delay time (ps)
I I 1]

H, —4mm,
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All-optical TR - MOKE

Probe beam

(70 fs)

(100 fs)

Pump beam ‘
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Co,Fey ,Mn,Si Heusler alloy thin y | ms

Polar MOKE
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Co,Fey ,Mn,Si Heusler alloy thin y | ms
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S =100 nm
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Py nanodots arrays

Octagonal lattices
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Py nanodots arrays

Honeycomb lattices
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Py antidot lattices
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TR-MOKE microscopy
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CogoFec(0.7nm)/Ni  4,Feg(4.5nm) nanodots arrays
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Spin wave propagation through the

grating depends on both, the
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C. Riedel, et al., Adv. Physics Res. (2023)
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Conclusions

Ti-sapphire-laser ) D"f.”"v:-c Mech. delay
Lso 4 [ ai]
crystal
» 2
:}HA/‘; /\_ probe pulse

sum and difference -
signal detector

Wollaston prism

]
3
5

000 025 050 075 100 125 150
smo [ns]

Lock-in
amplifier

function

//// ‘?Q /‘// .
/" /. /é‘/ﬁ-/l/ magnetic
fom |

excitation

Silvia Tacchi 6" ItalianSchool orMagnetism




