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RP o Microwave experiment
What is a microwave experiment with spin waves?

= Microwave excitation of spin waves and detection by other means (e.g. direct current/voltage, BLS, MOKE)

= Microwave input + output experiments — transmission and reflection experiments
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Koiserslautern - -
RP = Microwave technique
Magnet .
‘ Oscillos-
cope
Spectrum
analyzer
Microwave
Network — generators
analyzer

= Continuous and pulsed microwave signals having powers up to =100 W in frequency range from 1 to 20 GHz

= Precise spin-wave amplitude and phase measurements in a wide frequency range using spectrum and network
analyzers

= Temporal measurements with sub-ns resolution using a broadband oscilloscope

= Microwave characterization: both linear and nonlinear dynamics of magnetization in nano-structured and in
macroscopic samples
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T e Cversiat
RP Uniform resonant oscillation of ellipsoid

Problem: demagnetizing field is most often inhomogeneous.

- only exception: ellipsoid

r r
Magnetic field B, i{\side ellipsoid as function of external field B_, :
r r rr I
Bint :Bext_IUONM:Bext +B
t

demag

with N :demagnetizing tensor, symmetric, N, +N +N, =1,
r

B :demagnetizing field,

demag

r
N,, =0 for x # y if B, Pprincipalaxisof ellipsoid.

r
Condition of equilibrium for equilibrium saturation magnetization M, in energy minimum:
I r tr
M ><(Bext _ILIONMS) =0
r
1 0M rr r r r . r r .
Equation of motion: o -MxB,_ ., and,with M(t)=M,+me", B,,PM,Pe,
i
in linear approximation:
(io+yN,, 1M )m, + Y(Byw — N, peM+ N, pMm, = 0
_y(Bext _NZZIIJOMS +NxxluOMS)mx + (ia)_nyy/uOMS)my — O
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RP Uniform resonant oscillation of ellipsoid in oblique field

Eigen frequencies:
Cl)g = (wB +YMONXXMS )(wB +}/‘u0NyyMS ) _)/Z‘MSNijSZ
Wlth wB = )/(Bext _‘LLONZZMS)

Example: Ee along one of the principal axes = N is diagonal

= o, =" (B, +1,(N, -N_IM,)(B, +u,(N -N_IM,)

Thin film in xy-plane magnetized along z-axis, i.e., N =Nyy =0, N _=1
=, =}/(Bext —MOMS), i.e. internal field is external field minus saturation magnetization

Thin film in xz-plane magnetized along z-axis

= w,=Y \/Bext (Bext - u,M, ), i.e., internal field is geometric means of the two field

components acting on the magnetization B, and B_, —u M,

(named stiffening fields).
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RP 2 Ferromagnetic Resonance
FMR is a measurement method at microwave frequency
Experiment:
= Sample is uniformly magnetized in a static magnetic field §ext

= Alternating microwave field Buw with fixed frequency is applied to the sample
In perpendicular direction to §ext — forced precession of magnetization vector

Vector

= Sweeping of Bayt Network

Analyzer Sample

\ EEXt

= EXxperimental realization:
Sample
- In microwave cavity, or
- on micro-stripline

b

A}

™

Stripline

Magnet
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RP 2 Ferromagnetic Resonance

Resonance frequency:

/\\S

anisotropy field external field demagnetizing field
Vector
Network
Analyzer Sample

b

A}

™

Stripline

Magnet
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RP 2 Ferromagnetic Resonance

Measurement:

dl .
Change in microwave signal intensity as a function of applied magnetic field —;'meave

ext

or microwave frequency % —> determination of the complex dynamic susceptibility:
)

A ! 1
X+

ey

Source: Wikipedia Commons
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RP o2 Brillouin light scattering (BLS) spectroscopy

= Inelastic scattering of photons from spin waves:

fscattcred L — fL i fsw

- _ = 4z
scattered photon scattered L qr T4

VS = [Intensity of the scattered light is proportional to
g, *q., magnon density
magnons —_
< - £ 120- Stok Elastically scattered
ﬁwﬂggw g tokes part ||ght
S 90
= 1 Spin wave
incident photon 2 60-_ frequg\tlcy
f.q 2 anti-Stokes
S = 30- part
) .
= 1
m 01— S— —

20 15 10 -5 O 5 10 15 20
Frequency shift (GHz)
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RP 5 Brillouin light scattering spectrometer

high-resolution interferometry with high contrast
for measurements of acoustic phonons and spin waves

—

avalanche
photodiode

‘.._}w ijz with shutter prism

| Y
PC control —"C 1= |
- stabilization
- data accumulation ’ FP2 <4—»
and processing / scan direction
- display spatial
filters
polarization /
analyzer
S —
! - ‘ double FP1 scanning stage
- - shutter
magnetic  objective tandem Fabry-Perot interferometer

field lens polarization
- rotator reference beam
for stabilization

s

solid state laser

beam
splitter
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Kaiserslautern " - - -
RP = Brillouin light scattering spectrometer
—O——0- —O—F—0-
,nho,o ' ! I ' ' . T
reference beam Yetecy, ! l : ' - etalon in transmission if mirror
\' (a) FP2 1 | 1 | | . .
l ! ! ! ! ! separation L is:
T |
L=n1l /2
—o+— ) I Laser
inelastically: : I !
scat:lerebd light: % (b) FP1 : :
sample beam = | . . .
? ! | ; - suppression of neighboring orders
|
% I A_ If mirror separations L, L, of
c |
g i | ! both etalons:
|
() tandem : : L,=L,cosa
| | a : angle between etalon axes
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RP 2 Brillouin light scattering spectrometer

| |
7

.lr FP2 |

TRAMELATI&A

| % P
E E 4
TRALSLAT 0N Ser

L LT A ] )

Sketch of mechanical stage and mirror mounts
(from John Sandercock’s 1993 manual)
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RPTl Time- and space-resolved
Brillouin light scattering spectroscopy

PC control multichannel

- stabilization time analysis
- data accumulation

: < Avalanche
and processing photodiode )
- display start sog with shutter prism

= I
=

magnet
:N /

4 spatial
4 o filter

polarization /
objective  analyzer

Y

FP2 <4—p
scan direction

FP1 scan stage

tandem Fabry-Perot interferometer

spatial resolution: 40 um

. - time resolution: 1ns

dynamic range: >60dB

O. Bittner et al., Phys. Rev. B 61, 11576 (2000)
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Kaiserslautern -
RP 0 Time-resolved BLS spectroscopy
pl?é_cseg;’:..ag 2 us Pumping pulses
Photo
detector | 4 Bl
—»|Stop  Start |4 ——— Internal clock clock time - 1 ns
| om0 i
cl
@ | 5
o, : '
- 2 Detected hotons
=
| :
AV interferometer Pulse ,

generator '
Laser \ /
Accumulated ‘ I ||H
photons
~10 scans

| -
Sample Microwave
source
_@ Resulting signal
. ~100000 scans
Microwave
Pulsed pumping switch

Time resolution: 1 ns
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RP 0 Dipolar spin waves
1 1 v 1 1
9.0+ ~ i
s /\' .
8.5 MSSW B, -
T
o Forward Volume
> Magnetostatic Spin Waves
c
g i
(@p
L
L -
Backward Volume
feeeeeeeesececccssccccaaee-----------| Magnetostatic Spin Waves
- _ F -
55- 1 1 | BU 1 ]
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large k‘d small
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T\

pavint Motion of a spin wave packet in varying field
Hint,l > Hint,2 > Hint,3
A A A
® ® @

propagation propagation (d4,<q,) reflection
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RP Real-time observation of spin wave propagation

from laser

DC conductor

SW-pulses created by
; microwaves and
s el | B
,3 g i detected by
light scattering with
time and space
resolution

MW antenna

External field

DC conductor provides
a local
field inhomogeneity

UW pulse DC current
Generator source

to interferometer
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RP 20 Spin wave tunneling

o

A: zero-wavevector gap

A (2)

> Frequency

~ Hy-H
Wavevector
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T e st
RP Spin wave pulse propagation

from laser

bC conducor | position of the dc conductor

External field

Magnetic Field : -1908 Oe Pulse Length : 10 ns Time: 351.0 ns

DC t
g\évnglr‘:gr SOC;:: f Input Power  : 0.0 mw k-vector :0.01/em
to interferometer
Zero current >

Field

magnetic material: YIG

S.0. Demokritov et al., Phys. Rev. Lett. 93, 047201 (2004)
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RP o2 Spin wave pulse propagation

from laser

bC conducor | position of the dc conductor

External field

. . :
e . Magnetic Field : -1908 Oe Pulse Length: 10 ns Time: 342.0 ns
rren
[T socl:jrc: Input Power  : 0.0 mw k-vector :0.01/cm

Generator

to interferometer

positive current >

Field

magnetic material: YIG

dip in field acts like potential barrier

Potential barrier: reflection and tunneling
S.0. Demokritov et al., Phys. Rev. Lett. 93, 047201 (2004)
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RP 2 Reflection of spin wave at barrier and spin wave tunneling
Carrier frequency:
7.125 GHz
Bias field:
1836 Oe
Wave number:
112 rad/cm
Group velocity: 2. — 7 N
~30 km/s . =
® g 'g
Film thickness: n ﬁ ﬁ gw =73 pm £
5.7 um AEARAY S
x ' IaY S
C.Xl-- 1-1 -<>—2 -------------- g))
£ ' i |, . E
Scan region: ﬂ u H E{ I =
6.0 x 1.8 mm? * . ¢ £
7 0 ~
Logarithmic scale 0 0.1 ofo 0.1 o,oo 40 80 120
Distance from the barrier (cm) Barrier width (um)

A.A. Serga et al., Appl. Phys. Lett. 94, 112501 (2009)

Non-exponential decrease of spin wave intensity with barrier size
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TU e vorersrer
RP 2 Spin-wave Fabry-Perot interferometer

Carrier frequency:
7.125 GHz

Bias field:
1836 Oe

Wave number:

Short SW pulse
112 rad/cm

18 ns
Group velocity:

=30 km/s
Film thickness:
5.7 um
Long SW pulse
40 ns
Scan region: " —_
6.0 x 1.8 mm?2 = T =

Logarithmic scale

A.A. Serga et al., Appl. Phys. Lett. 94, 112501 (2009)
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RP o2 Spin-wave tunneling through mechanical gap
from laser
Film thickness: . Mecg:;ical
6 Hm MW antenna »
Gap width: v L~
20 um - u
g Substrate
Freg ulezr;C)C/;:HZ W External field IBZZ?nr
Magnetic field:
1835 Oe uW pulse to interferometer
Generator "
Logarithmic scale position
of the gap

|

T. Schneider et al., Europhys. Lett. 90, 27003 (2010)
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RP 0 Spin wave cavity
from laser
. . Mechanical Mechanical
Film thick :
IrTétu:': ness MW antenna i i
Gap width: - & —_ >
20 [ Substrate
Freg UleZHSC)C/;:H —i— External field tg:ﬁ:
. y4

»
»

Magnetic field:

1839 Oe MW pulse to interferometer
Generator
R , ositions
Logarithmic scale P
of the gaps

} !

08

(mm])
]
L }

08

00
1.7 [ns)

(rmm)
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RpTl Application: Spin waves in films
with internal field distribution

L o O O O O o O A o o O O O
rrrrrrtttrotrrrrbbbb bbb LEtEETILILILCOTILENLOLLEELCEETIIIIIILILR
ttrttetttretreeetet et At i E it et et eI rIEteieet

Internal field (Oe)

300 - ' ' ' ' ' ' '
250 -
200.' Regions with canted
) magnetization and zero
150+ internal field are located
100- ‘ near the edges of the stripe
50+ Stripe 1 pm wide
0 -

-0,50 -0,25 0,00 0,25 0,5

z/w

Burkard Hillebrands 2024 European School on Magnetism, York, UK August 28, 2024



Tl Rheinland-Pfdlzische
Technische Universit&t

RP o2 Dynamics in inhomogeneous stripe
800 A
6
g 600 - H‘g
o
43
— 400 S
()
= 200 i %
| =
0 . — . . . 0
0,0 0,1 0,2 0,3 0,4 0,5
center y (pm) edge

Yi, Y : turning points
Y-y, :localization length
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Rheinland-Pfdlzische
Technische Universit&t
Kaiserslautern

BLS microscopy

Frequency Analysis

spectral filter |
1€

photodetector

polarizing
beamsplitters reference

beam

AL TR A R R WA R R R

solid state laser

. roscone et Active
objective ili i
. CCD camera St ab | | |zation
. It
piaz:‘:;:mc U white light source Pos itiO nin g

Sample Stage @ Viewing System
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optical resolution:
250 nm
2D piezo stage

controlling sample while
measuring

frequency range:

1 GHz-1THz
spectral resolution:
100 MHz

position stability:
infinite

accuracy:

better than 20 nm
high reproducibility
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RP Micro-focused Brillouin light scattering spectroscopy
Experiment:
Brillouin light scattering microscopy Laser focus on the sample

beamsplitre,-
(P
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T U e Criversier
RP Micro-focused Brillouin light scattering spectroscopy

Experiment:

Brillouin light scattering microscopy

%

Micro-structured Co,Mn,sFe;y 4Si spin-wave conduit

INTERFEROMETER

CPW and exciting
n Oersted field intensity
P max
Hext
beamsplitte, —
B min

B
((//))
intensity (arb. u.)

20pm

Ox position (um)25

T. Sebastian et al., Appl. Phys. Lett. 100, 112402 (2012)
Burkard Hillebrands
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RP Four-magnon interactions in a spin-wave waveguide

High frequency harmonic generation

antenna structure and fe 27, 3f.
exciting field

i Intensity
|

4 8 10
Frequency (GHz)

external
field /

T. Sebastian et al., Phys. Rev. Lett. 110, 067201 (2013)
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RP 0 (Non-)linear Processes

= Linear process

Two-magnon scattering

®c.p
e11p1 ‘\b Q /

= Nonlinear processes

Three-magnon decay Three-magnon confluence
@€, P S 2 ‘\,
€ P ‘ ' / /v—’. e3’p3
1 1

Four-magnon scattering

el’pl ‘\/‘ e3’p3

e e

€0, @ 4Py
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RP Four-magnon interactions in a spin-wave waveguide

f s =10.5 GHz HoHex = 48 mT
5 4f 2f

Linear regime
20

fMW MW power =<
= 1 +5dBm | a
= 10000-g U 156
- —=—+5dBm ‘;\
o =
E 1000—§ qs)
> g .
@ 100- H .
3 2 10 A Spin-wave
£ ) A instability
(7 BT % ‘
— 3 _
om
] n
6 7 8 9 10 11 12 13 14 15 5

BLS Frequency (GHz)

. .
N + . . |
| r S 4 4 vyfee ln.n R ) a k-l )

o 4 6 8 10 12 14 16
microwave frequency (GHz)

P. Pirro et al., Phys. Rev. Lett. 113, 227601 (2014)
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R P Kaiserslautern
Landau

Nonlinear regime

A, A unstable modes

fMW MW power
+9dBm |

10000

1000

100 4

BLS Intensiy (arb. unit)

-
o
sl

6 7 8 9 10 11 12 13 14 15

BLS Frequency (GHz)

P. Pirro et al., Phys. Rev. Lett. 113, 227601 (2014)

Burkard Hillebrands

20

—_
A

BLS frequency(GHz)
=
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Four-magnon interactions in a spin-wave waveguide

f mw =10.5 GHz
3f of

HoHex = 48 mT
5f 4f

. ;.yw T T
(d“ A '.,
. _|o‘ ‘-’ "

Spin-wave j
instability

PR —

» -
- .
-

L TN | PR é.u. PR T . 3
4 6 8 10 12 14 16
microwave frequency (GHz)
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RP Landau

Nonlinear regime

A, A unstable modes

fr\QW MW power
A +13 dBm

1
|

10000
)

1000

100

BLS Intensiy (arb. unit)

6 7 8 9 10 11 12 13 14 15

BLS Frequency (GHz)

P. Pirro et al., Phys. Rev. Lett. 113, 227601 (2014)

Burkard Hillebrands
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f mw =10.5 GHz

af _ 3f iof

Four-magnon interactions in a spin-wave waveguide

MoHext= 48 mT

, :nw T
(d“ A '.,
: e ; -

Spin-wave j
instability

» -
- .
-

TN P ¢,

.
. . |
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14 16
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RP Wavenumber resolution principle

Wavenumber g (10° rad/cm)
0 2 4 6 8 10 12

10.04+—— —— |
9.5-

- |

T 9.0

g -

>

O 8.91

) |

-

3 8.0-

L : Wavenumber
7.5 uncertainty!
7.0 Frequency resolution

0 10 20 30 40 50 60 70
Dimensionless wavenumber q-d
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RP Wavenumber resolution principle

Wavenumber g (10° rad/cm)
0 2 4 6 8 10 12

10-0 ] L | L L | L |

9.5

9.0
8.5

8.0-

Frequency (GHz)

Frequency resolution

0 10 20 30 40 50 60 70 .
Dimensionless wavenumber g-d Ustvimm 24 acer Sll'1(@” )
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RP Wavenumber resolution experiment

Wavenumber g (10° rad/cm)
0 2 4 6 8 10 12

10.04+— : — : |
‘ |
Ral /
95 _ __\\*— — = =
N A
T 90 :
S |
>
O 8.5 :
) )
S |
8 8.0-
L ]
7.5 Max wavenumber 2.36%10° rad/cm
Wavenumber resolution 0.02%10° rad/cm
7.0 Frequency resolution

0 10 20 30 40 50 60 70
Dimensionless wavenumber q-d
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RP oo Time-, space- and wavevector-resolved

Brillouin light scattering spectroscopy

Resolution
BLSdata | 'M® L ns Isw =24, COS(@Q)
—> processing Frequency 50 MHz
Photo *
detector Probing laser beam
—p| Stop  Start [ ——— Pinh l
Counter o) THets &
=5 tof g Beam splitter
5! fferome "
! inte !
i3 TolN
1 * Objective
Fabry-Pérot :
interferometer Pulse
generator
Laser
Sample Microwave
e source
Microwave Max wavenumber 2.36x%10° rad/cm
Pulsed pumping switch Wavenumber resolution 2x103 rad/cm
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RP Wavevector-resolved BLS spectroscopy

Thermal spectrum of 6 um thick YIG film
Isw =24, COS(®g)

Probing laser beam

Pinhole

Magnons Phonons omete\rz " Beam splitter
f ,
nterfe

Backward Volume Spin Wave

Objective

Wavelength A
300 nm 300 pum

BLS frequency shift (GHz)

-20 -15 -10 -05 00 05 10 15 20
Wavenumber g (x105 rad/cm) Max wavenumber 2.36x10° rad/cm

Wavenumber resolution 2x103 rad/cm
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RP Outlook: Pumped magnon spectra

Calculated magnon dispersion branches BLS setup + microwave pumping circuit

to Fabry-Pérot .
interfe%meter w Probing laser

|

| beam
Objective |

|

e

Frequency w (2m GHz)

Microwave |
resonator

-20 10 Yot 0 Yo 10 20

W b 10* e (111) LPE-grown YIG film: 6.7 um

avenumber g (10"cm’) Width of the pumping area: 50 um
Microwave power: 20 W
Pumping pulse: 1 s

V. S. Lvov et al., Phys. Rev. Lett. 131, 156705 (2023) Pumping frequency: 13.2 GHz
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RP Outlook: Pumped magnon spectra
BLS wavevector-resolved spectra (time integrated) BLS setup + microwave pumping circuit

|

B et @ | provinglaser

E ch :g Objective l/

O < 2 er |

& g = Oul/

3 10°

>

&)

C

)

>

(on

@ _

L

Microwave |
resonator

-20 -10 -qbot 0 qbot 10 20

p (111) LPE-grown YIG film: 6.7 um
Wavenumber ¢ (10"cm’) Width of the pumping area: 50 um
Microwave power: 20 W
Pumping pulse: 1 s
Pumping frequency: 13.2 GHz

V. S. L'vov et al., Phys. Rev. Lett. 131, 156705 (2023)
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RP Outlook: Pumped magnon spectra

BLS wavevector-resolved spectra (time integrated)

=
7 12
I Q%
=
_I"-_/
N m .
3 10
>
O
c
o)
-
o
o)
| -
L

-20 10 Yot 0 Yo 10 20
Wavenumber g (10°cm’™)

V. S. L'vov et al., Phys. Rev. Lett. 131, 156705 (2023)
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RP Outlook: Pumped magnon spectra

BLS wavevector-resolved spectra (time integrated)

=
3 12
I Q%
=
_I"-_/
N m .
3 10
>
O
c
o)
-
o
o)
| -
L

-20 10 Yot 0 Yo 10 20
Wavenumber g (10°cm’™)

“Virtual” pumped,
forced magnons
V. S. L'vov et al., Phys. Rev. Lett. 131, 156705 (2023)
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RP Outlook: Pumped magnon spectra

BLS wavevector-resolved spectra (time integrated)

5
- 10
N 2@‘
I Qg
A - S
_Iv
) m .
3 10
>
O
c
)
=
O
D
| -
L

-20 10 Yot 0 Yot 10 20
Wavenumber ¢ (10°cm™)

“Real” parametric magnons
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RP Outlook: Pumped magnon spectra

BLS wavevector-resolved spectra (time integrated)
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RP Outlook: Pumped magnon spectra

BLS wavevector-resolved spectra (time integrated)
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RP Outlook: Pumped magnon spectra

BLS wavevector-resolved spectra (time integrated)
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Outlook: Pumped magnon spectra

BLS wavevector-resolved spectra (time integrated)
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RP Outlook: Pumped magnon spectra

BLS wavevector-resolved spectra (time integrated)
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RP Outlook: Pumped magnon spectra

BLS wavevector-resolved spectra (time integrated)
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negligibly weak process!
V. S. L'vov et al., Phys. Rev. Lett. 131, 156705 (2023)
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i Outlook: Pumped magnon spectra
BLS wavevector-resolved spectra (time integrated) = Full phase correlation in the pairs of
parametric waves with £q,,,

4

= Consider a pair of parametric magnons
as a coherent wave object
4
= Therefore, such a four-magnon
scattering process is phase enhanced
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In quantum optics:
nonlinear processes with quantum-
correlated input have higher efficiency
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V. S. L'vov et al., Phys. Rev. Lett. 131, 156705 (2023) quantum enhancement
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i Outlook: Pumped magnon spectra
BLS wavevector-resolved spectra (time integrated) = Full phase correlation in the pairs of
parametric waves with £q,,,

4

= Consider a pair of parametric magnons
as a coherent wave object
4
= Therefore, such a four-magnon
scattering process is phase enhanced
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V. S. L'vov et al., Phys. Rev. Lett. 131, 156705 (2023) quantum enhancement
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RP o2 Summary: What we leaned in this lecture:

= Ferromagnetic resonance and basics of microwave
experiment with spin waves

= Brillouin light scattering (BLS) spectroscopy
= Time- and space-resolved BLS

= BLS microscopy

= \Wavevector-resolved BLS

= Nonlinear processes

= Coherency might enlarge four-magnon processes — classical version of
guantum enhancement
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