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Techniques to study spin wave excitations

Ferromagnetic Resonance (FMR)

All -electrical spin wave spectr . (AESWS)

Optical techniques

Time resolved Kerr -Effect -Experiments

Time Domain Technique

Inelastic light scattering (BLS)

Frequency Domain Technique

Providing access to the most of the Brillouin -Zone

but their sensitivity is too low for thin films

Neutrons

Spin Polarized electron energy loss 
spectroscopy

Providing access to spin waves having short

wavelength (THz regime)
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Brillouin light scattering 

Laser
wL,kL ws,ks

Polarizer

Analyzer

Detector

Light does not excite spin waves : it serves only as a probe of the magnetic modes which exist 

already inside the system

Inelastic scattering of photons from spin waves

Named after Léon Nicolas Brillouin (1889 -1969)

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

Thermally excited

naturally present in the medium              

Externally driven SW

Inductive antenna
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Brillouin light scattering technique

Stokes process
Anti -Stokes process
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k I

kS= k I-k

k

k I

kS= k I+ k

k

Conservation laws:

Ý Energy

Ý Momentum

‫ ‫ ‫

ὑ ὑ ὑ
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Brillouin light scattering technique

Å frequency range: 1-500 GHz           probed area diameter : 30 -40 µm 

Å resolution: 0.1 GHz ( 1 meV)            wavevector range: 0ï2.3Ö10 5 rad/cm

Laser

Sample

Data 
Acquisition

Sample
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The penetration depth is dopt º15 nm, but the penetration depth of the detected spin waves 

depends on their wavelength (hundreds of nm/ mm)

lopt=532 nm    Ki=1.2x105 rad/cm

Backscattering geometry

‫ḻ‫ ὑ ḙ ὑ

Silvia Tacchi Silvia Tacchi 

SWs dispersion relation can be measured on changing the incidence angle of light 
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Fabry -Perot Interferometer

ὒ ὲ
‗

ς

SWs frequency in the GHz range, while frequency of the laser light about 600 THz: 

high resolution spectrometer is necessary

Interferometer Fabry-Perot

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

Ў’ for L=2 mm       FSR~75 GHz
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Fabry -Perot Interferometer

Contrast (C) : ratio of maximum - to -minimum transmission (depends on reflectivity and
flatness of mirrors ) Ἅ
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In opaque materials, elastically scattered light is more intense than inelastically scattered 

light by about a factor of 10 4-10 5: high contrast is necessary

To extend the range of frequencies investigated

Sandercock-type Fabry-Perot interferometer: Tandem multipass

from samplefrom sample
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Fabry -Perot Interferometer

Tandem operation : two interferometers with different mirror spacing are combined to 

increase the FSR 

Silvia Tacchi 96th ItalianSchool on Magnetism

Multi - pass operation : sending back and forth the light a few times through the same 

interferometer. A contrast C ρπ



Micro -Focused BLS

Polarizing

Beam

Splitter

Cube

Glan laser prism 

polarizer

Electromagnet

Solid state laser 

(532nm)

Microscopeobjective

100 X

Beam

expander

XYZ

Piezoelectric Stage

FOCALIZATION   STAGE

Beam 

Splitter

Cube

Lens

FP1

FP2

Photodetector

FABRY-PEROT  TANDEM 3+3 PASS  

INTERFEROMETER+TFPDAS4

Blue LED

Illuminating System

Active stabilization of sample
positioning to compensate position
drift over long time acquisition .

l/2

Beam

Splitter

Photodiode

Band pass 

filter

CCD 

Camera

Lateralresolution of ~300 nm http://www.tfpdas.de

l=455 nm
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Phase- resolved micro -BLS 
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BLS allows one to measure a signal proportional to the square of the dynamical magnetization 

i.e., the spin - wave intensity .

Ὅθ ά ὸ

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

Interference
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Phase- resolved micro -BLS 
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H

K. Vogt et al. APL 95 182508 (2009)
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Time - resolved micro -BLS 
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Due to the small scattering cross -section BLS measurements are performed in a stroboscopic

way .

Time-of-flight measurements 

The elapsed time between the launch of a SWs pulse and the arrival of photons, inelastically 

scattered from SWs, is measured at the detector of the interferometer. 
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ȹK||=2Kicos(ɗ)sin(◖/2)=2K icos(ɗ)NA
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m-BLS

BLS

Micro -Focused BLS

The effect of finite collection angle at normal incidence

f

The effect of submicrometric focusing

NA=0.75

NA=0.24
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Main features of the micro -BLS setup
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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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In -plane and out -of plane anisotropy constants, 

exchange constant, thickness, magnetization, group velocity 

Extended films 

Silvia Tacchi 

In BLS, the magnetic system is treated using a continuous approach (l>> a) and the

discrete nature of spin can be neglected .

Magnetic properties are described by macroscopic parameters .

Intensity of the 
applied magnetic 

field

In -plane direction of 
the applied magnetic 

field

In -plane 
wave -vector
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Epitaxial Fe/ GaAs(001) films
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Epitaxial Fe/ GaAs(001) films
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Measurements of the SWs group velocity 
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dnominal

(Å)

d

(Å)

4pMeff

(kOe )

K2

(10 5erg/cm 3)

K4

(10 5erg/cm 3)

100 93 ± 5 20.8 ± 0.1 0.4 ± 0.1 3.2 ± 0.1

50 48 ± 3 20.8 ± 0.1 1.3 ± 0.3 2.8 ± 0.1

30 27 ± 2 16.9 ± 0.4 1.8 ± 0.2 2.1 ± 0.2

15 13 ± 2 14.0 ± 0.8 2.9 ± 0.3 1.1 ± 0.3

10 - 8.7 ± 1.3 4.8 ± 0.6 1.8 ± 0.3

6 - 3.1 ± 1.8 6.9 ± 0.6 -0.8 ± 0.2
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The uniaxial term is largest

for small thickness and

decreases with increasing film

thickness . This behavior

suggests that the uniaxial

anisotropy originates from the

interface .

The cubic fourfold term

dominates for large thickness

and it is strongly reduced for

the thinner films .

Madami et al. Phys. Rev. B 69 , 144408 (2004)

Epitaxial Fe/ GaAs(001) films
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Spin dynamics in laterally confined nanostructures

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

localized excitations due to non -uniform internal field 

H

DE BA
EM
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NiFe rectangles d=30nm

720 nm

430 nm
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G. Gubbiotti et al. J. Phys . D: Appl . Phys . 41 134023 (2008)

y

x

Spin dynamics in laterally confined nanostructures

Conventional BLS
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(2,0)-loc S(1,0) AS(1,0)
4.9 GHz 7.16GHz 7.83 GHz

S (2,0)-loc
5.53 GHz

S (1,0) 
7. 6 GHz

AS (1,0) 
7.94 GHz

Outer diameter 1060 nm ×660 nm
Inner diameter   380 nm ×120nm

Micro -BLS  2D maps of modes intensity in the vortex state 

M. Madami, IEEE Trans. on Magn . 46 , 199 (2010)H
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Control spin-wave 

propagation

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 )

Magnonic crystals are a new class of metamaterials with 

periodically modulated magnetic properties

Magnonic Crystal
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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 .

Separation (nm)

Magnonic Crystal
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Isolated nanowires 

M

The spin -wave modes of the nanostripes are characterized by a harmonic distribution of

dynamic magnetization across the width .
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1D Magnonic Crystal 

G. Gubbiotti et al., PRB 72 , 224413 (2005); APL 90 , 092503 (2007)
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NiFe stripes
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2D Magnonic Crystal

EM
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S. Tacchi et al. Phys . Rev. Lett .107 , 127204 (2011)
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Antidot lattices 

Starting from a continuous density of states,

band gaps are introduced because of the

artificial periodicity of the crystal .

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

0.6 GHz

0.3 GHz

1st BZ 2nd BZ 3 rd BZ

H

H

G. Duerr et al. APL 99 , 202502 (2011) 

At the Gpoint the modes at lower

frequency extend in effective

stripes perpendicular to the

magnetic field .
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V. Demidov et al. APL 92 , 232503 (2008)

30

NiFe stripes

Thickness 20 nm
Width 2.1mm
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B. Heinz et al. Nano Lett. 20 , 4220 (2020)

YIG stripes 500 ȉmthick

YIG stripes

Ὅὼ ὍÅØÐ ϳςὼl Ὅ
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S. R. Lake et al. APL 119 , 182401 (2021)

YIG stripes

f = 4.5 GHz

SWs wavelength decreases on

decreasing the width of the stripe
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Spin -Wave multiplexer

33

K. Vogt  et al. Nat . Comm. (2014)
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Time resolved -MOKE (TR-MOKE)

pump
t =0

SYSTEM

probe

t =Dt

SYSTEM

The pump-probe experiment

Time-resolved MOKE

In TRMOKE, pump pulse creates the perturbation in the system and a probe

pulse measures the subsequent evolution of the magnetization by

magneto - optical Kerr eРect.

The signal of a single pump -probe event is very small, so TR-MOKE

measurements are performed in a stroboscopic way .

The time delay between the pump and probe beam is changed to give a new time span
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Magneto optical Kerr effect (MOKE)

1877 ïJohn Kerr
ñMagneto optical Kerr effectò : rotation of light polarization when reflected from 
a  magnetized medium. 

Kerr rotation q

Kerr ellipticityh=b/a
qa

b
Incidence light 

Reflected light 
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1996 ïBeaurepaire

Ultrafast Demagnetization

Ni 
d=22 nm

60 fs laser pulse

3 Temperature Model (3TM)

E. Beaurepaire , et al. PRL 76 4250 (1996)

A rapid decrease of the remanent

magnetization is observed within 1 ps.

The exchange of energy

between the three

subsystems provides the

thermalization of the

system .
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Spin wave excitation

I II III

I

II

III
The oscillatory signal represents

the magnetization precession

induced by the laser perturbation
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All -optical TR -MOKE

Delay line
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Co2Fe0.4 Mn0.6 Si(t)

H

Co2Fe0.4 Mn0.6 Si Heusler alloy thin ýlms

10 nm

20 nm

30 nm

H=1.6 kOe

S. Pan et al PRB  94 , 184417 (2016)

t=20 nm

Polar MOKE
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10 nm

20 nm

30 nm

H=1.6 kOe

10 nm

20 nm

30 nm

Ms=850 emu /cm 2

Ms=898 emu /cm 2

Ms=884 emu /cm 2
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Co2Fe0.4 Mn0.6 Si Heusler alloy thin ýlms

f ὌὌ τ“ὓ
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S. Pan et al PRB  94 , 184417 (2016)
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diameter=100 nm              thickness=20nm

Py nanodots arrays

S=100 nm

S=100 nm

S. Mondal et al. JMMM  458 , 95 (2015)

Polar MOKE
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S. Mondal et al. JMMM  458 , 95 (2018)

Py nanodots arrays

Octagonal lattices S=75 nm

S=200 nm
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S. Mondal et al. JMMM  458 , 95 (2018)

Py nanodots arrays

Honeycomb lattices

S=250 nm

S=30 nm
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A. De et al. PRB  103 , 064402 (2021)

Py antidot lattices

side=200 nm      thickness=20nm 

Octagonal lattices Square lattices

1 kOe

1 kOe

1 kOe

1 kOe

1 kOe

1 kOe

1 kOe

1 kOe

Polar MOKE
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A. De et al. PRB  103 , 064402 (2021)

Py antidot lattices

Octagonal latticesSquare lattices

Simulations Simulations 
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TR-MOKE microscopy

CCD 

camera

L
E

D

LBO 
crystal

‫ᴼς‫
‗O ϳ‗ς

Spatial resolution 200 -300 nm
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Co50Fe50 (0.7nm)/Ni 92Fe8(4.5nm) nanodots arrays

80³40 nm 2 óóstadiumôô shaped elements

V. V. Kruglyak et al. PRL  104 , 027201 (2010)

Polar MOKE

Micromagnetic simulations 

Regular array on to 

a CPW
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Longitudinal  MOKE
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Irradiated YIG film 

M. Kiechle , et al. Small 2207293 (2023)
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1D DiРractionGrating

C. Riedel, et al., Adv . Physics Res. (2023)

49

YIG film 200nm thick

d=10 mm d=30 mm

Spin wave propagation through the

grating depends on both , the

external magnetic ýeldand the

lattice constant of the diРraction

grating .
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Conclusions
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