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Ferromagnetic resonance
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S. Rezende, Fundamentals of Magnonics. Springer Nature (2020)
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Spin-waves in thin films
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B. Kalinikos & A. Slavin, J. Phys. C 19, 7013 (1986) G. de Loubens & M. Bailleul, in Nanomagnetism: Applications and Perspectives. Wiley (2017)
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Spin-wave eigenmodes in confined structures

Ground state
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Spectroscopy
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Spin-wave excitations

Quantized spin-wave modes in confined geometries

V. Naletov et al. Phys. Rev. B 84, 224423 (2011)
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Outline

o Electrical techniques
- Broadband and cavity ferromagnetic resonance
- Propagating spin-wave spectroscopy
- Magneto-resistive detection of spin-waves
e Optical techniques
- Time-resolved magneto-optical Kerr effect
— Time-resolved X-ray imaging
—  Brillouin light scattering
e Scanning probe techniques
- Magnetic resonance force microscopy

- NV magnetometry
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Inductive detection of magnetic resonance

RF excitation caoil
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Broadband ferromagnetic resonance of thin films
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K. C. Gupta et al. Microstrip Lines and Slotlines, Artech House (1996)
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Measurement approaches

Field-differential power detection (diode) Vector Network Analyzer

W. Legrand et al. Rev. Sci. Instrum. 96, 034708 (2025)

gregoire.deloubens@cea.fr 2025 European School on Magnetism, Liege 9


mailto:gregoire.deloubens@cea.fr

Extraction of magnetic parameters using broadband FMR

Si/Si0,/Ta/Mg0O/CoFeB 1.5 nm/Ta 0.2 nm/CoFeB 1 nm/MgO/Ta
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Measurement approaches

Field-differential power detection (diode) Vector Network Analyzer

W. Legrand et al. Rev. Sci. Instrum. 96, 034708 (2025)
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Broadband VNA-FMR of ultra-thin magnetic films
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Direct access to the susceptibility in the frequency domain

T. Devolder et al. IEEE Magn. Lett. 10, 5505804 (2019)
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Broadband VNA-FMR of skyrmion lattice
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T. Srivastava et al. APL Materials 11, 061110 (2023)
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Cavity ferromagnetic resonance

Waveguide —

Coupling hole

Sample B Klystron
L \ magnet [ e,
E :’;'_'_'_'.'_—_-.-\;‘\I i i o
REENAR Lock-in Lock-in
f : ! P . amplifier amplifier
H e ® ; | | TE011 CaVIty mode 60kHz out 80Hz out
e P P
i i ‘\‘__@__" i i D Tuning
N e
Modulation powersupp]y
Amplifier Data aquisition
\/ Cavity D
goniometer Field modulation
Gauss
Hall probe meter
Coupling coefficient Filling factor
32 v Fa M 2
Sigﬂ‘ﬂ B 2(5HVRI30 Qextﬁr dX 1l Qext i — AStF<h’n1a.x>
C p— - — A -
.. 7 7 3 % T 2\ 37
(;3() o= 1) oOH H0 Qwall 3 fcav (h(r) >(] T

Microwave diode

Frequency
meter

Attenuator

G. Woltersdorf, PhD thesis (2004)
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Temperature and angular dependence of ferromagnetic resonance
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N. Beaulieu et al. IEEE Magn. Lett. 9, 3706005 (2018)
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Outline
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Propagating spin-wave spectroscopy (PSWS)
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Typical spectrum in transmission: plenty information,
but what exactly ?

V. Vlaminck & M. Bailleul, Phys. Rev. B 81, 014425 (2010)
T. Devolder, Phys. Rev. Appl. 20, 054057 (2023)
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Antenna efficiency function
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Model of spin-wave spectrum S, (w)

(1) The excitation (3) Spin waves propagation over a distance r
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T. Devolder, Phys. Rev. Appl. 20, 054057 (2023)
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Model of spin-wave spectrum S, (w)
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T. Devolder, Phys. Rev. Appl. 20, 054057 (2023)
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Attenuation length, group velocity and dispersion relation (single mode)
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The dispersion relation of the spin-wave mode can be obtained by unwrapping of the phase
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V. Vlaminck & M. Bailleul, Phys. Rev. B 81, 014425 (2010)
T. Devolder et al. Phys. Rev. B 103, 214431 (2021)
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Dispersion relations from time-of-flight spectroscopy (multi-modes)
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Spin torque driven ferromagnetic resonance in a nano-pillar
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W. Chen et al. J. Appl. Phys. 103, 07A502 (2008)
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Electrical detection of FMR in insulating material

Adjacent normal metal layer (NM) to a ferromagnetic layer (FM)
— additional channel of relaxation for spin-wave excitations
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C. Hahn et al. Phys. Rev. B 87, 174417 (2013)
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ISHE-detected FMR spectroscopy in YIG/Pt microdiscs
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M. Collet et al. Nat. Commun. 7, 10377 (2016)
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Magneto-optical Kerr effect (MOKE)

Change in light polarization characteristics Imaging of magnetic domains
after reflection on a magnetic material ;
RK
~
E -3

Typical MOKE configurations

_R,
polar longitudinal  transverse
J. Harmle, PhD thesis (2003)
G. Woltersdorf, PhD thesis (2004) A. Hubert & R. Schafer, Magnetic Domains, Springer-Verlag (1998)
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MOKE: macroscopic (classical) understanding

Can be understood with the Lorentz concept:

Lorentz force for a R . _, inamagnetic material with a
. -
particle of charge e and Fp=e-E+e-vXgM magnetization M (q : Voigt
velocity v: coefficient)
Pt
: 1
: : [ Reflected light
Incident ligh : g From Maxwell’s equations in media:
— 1

I 1
1 1 . .
L 1 iq-M, —iq-M,
T T H ]
E : =g | —iq-M, 1 iq - My

iq-M, —iq-M, 1

i\

M

€ :electric permittivity

gregoire.deloubens@cea.fr 2025 European School on Magnetism, Liege 29


mailto:gregoire.deloubens@cea.fr

MOKE: macroscopic (classical) understanding

Can be understood with the Lorentz concept:

Lorentz force for a 5 5 _, inamagnetic material with a
. 4
particle of charge e and Fp=e-E+e-vXgM magnetization M (q : Voigt
velocity v: coefficient)
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Time-resolved scanning Kerr microscopy + ferromagnetic resonance

e === probing pulse |
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Time-resolved MOKE set-up

Frequency doubling
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Time-resolved scanning Kerr microscopy + ferromagnetic resonance
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T. Weindler et al. Phys. Rev. Lett. 113, 237204 (2014)
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Spatio-temporal imaging of spin-wave eigenmodes

0
2

0O 9 180 270 O

amplitude [arb. units]

0 1 2 3 4 567 8 8 1
frequency [GHz]
I. Neudecker et al. Phys. Rev. B 73, 134426 (2006) M. Buess et al. Phys. Rev. Lett. 93, 077207 (2004) M. Buess et al. Phys. Rev. B 71, 104415 (2005)
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Time-resolved scanning Kerr microscopy of propagating spin-waves

1004 Spinwave resonance spectrum . . .
RF excitation E.
*4 GHz ... 15 GHz T " -
* phase modulation <
£ o :
AppIiEd Field _100200 4lI]0 S;JD BIIJU 1.[;00 1.200
( Rq : Damon-Eshbach Applied Magnetic Field H (Oe)
geometry)

Spinwave magnetic imaging

Polar Kerr Signal (uv)

Py stripes : width (0.8-2.5um) , thickness (10-20 nm)
Au antenna : signal line 600*60 nm?
50 nm Al,0, between Py and Au

J.-Y. Chauleau et al. Phys. Rev. B 89, 020403(R) (2014)
35
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Time-resolved scanning Kerr microscopy of propagating spin-waves

800 nm x 12 nm stripe 2500 nm x 20 nm stripe

1080 Oe
1100 Oe

1120 Oe

1140 Oe

1160 Oe . ? ‘ ‘

1180 Oe ~ 10500e

el
1200 Oe |

1150 Oe
1220 Oe

J.-Y. Chauleau et al. Phys. Rev. B 89, 020403(R) (2014)
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Outline

o Electrical techniques

Broadband and cavity ferromagnetic resonance
Propagating spin-wave spectroscopy
Magneto-resistive detection of spin-waves

e Optical techniques

Time-resolved magneto-optical Kerr effect
Time-resolved X-ray imaging

Brillouin light scattering

e Scanning probe techniques

Magnetic resonance force microscopy

NV magnetometry
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X-ray magnetic circular dichroism (XMCD)

Negative| |Positive
helicity helicity

2p,, —o-o— Photon energy (eV)

6, ¢ E Fe metal
-l(—ul L
3d 2T
band F S BF
0 =l -
= s [
o e
e | Element specific!
W
S 4~
[®]
@
0
8]
=
&
>

o
I

J. Stéhr & H. C. Siegmann, Magnetism - From Fundamentals to Nanoscale Dynamics, Springer-Verlag (2006)
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Time-resolved scanning transmission X-ray microscopy

Pump

Excitation by an ac current

&  Synchrotron
multi bunch operation

a\

Monochromator b

Pump 375 MHz

At, At, l’

At,

t Probe: 500 MHz - 2ns " 2ns

Zone PI;te\\”_“

Probe
Single photon detection

STXM

Lateral Resolution
= 20-30 nm

Time Resolution given
by bunch length ¢ 56 ps

https://www.klaeui-lab.physik.uni-mainz.de/
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Time-resolved X-ray imaging of nanoscale spin-wave dynamics

CoFeB diskt=100 nm,R=1um

]
\ 628 314 157 126 105

“f T
32+ --""-

24
22 o
d e §'20
e 18
" I _‘9.:.15 ,,,,,
2 % 1 EpesesieEs
Z [ 12
A s o
42.8 nm ‘»\@ 8 ¢ 4% higher order |
—— 6l v 39 higherorder_-
. _ 0.5 um s = 1% higher order
0.8nm s E ® quasi uniform |
I 0 M 1 " 1 M 1 M 1 M 1 l‘. amblguous M
Q
o 0 10 20 30 40 50 60 70 80
A k [rad/um]
S. Wintz et al. Nature Nanotech 11, 948 (2016) S. Mayr et al. Appl. Phys. Rev. 11, 041411 (2024)
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Outline
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Propagating spin-wave spectroscopy
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Brillouin light scattering

e Scanning probe techniques

Magnetic resonance force microscopy

NV magnetometry

gregoire.deloubens@cea.fr

2025 European School on Magnetism, Liege

41


mailto:gregoire.deloubens@cea.fr

Brillouin light scattering (BLS)

PHYSIQUE MATHEMATIQUE. — Diffusion de la lumicre par un corps %

transparent homogéne. Note de M. LEoN BriLrouwy, présentée par 5
M. J. Violle. :

I. Lorsqu’un rayon lumineux traverse un corps isotrope, une partie de /5'1/
la lumiére est diffusée dans toutes les directions. Ce phénoméne, est visible / ;

dans le bleu du ciel (*) et dans I'opalescence critique (*). Je veux ici - =
compléter la théorie donnée par Einstein (*) pour la mettre en accord avec sohore > vl s

les travaux de Debije (") sur les chaleurs spécifiques. / g

Un corps homogéne, a température fixe, est en continuelle vibration. On peut dé-
composer ce mouvement suivant les vibrations propres du corps. Debije attribue a R
chaque vibration propre une énergie moyenne qui dépend de sa période suivant la loi
de Planck. Parmi ces vibrations, les ondes longitudinales produisent des écarts de

. . . = 2
densité capables de diffuser la lumiére. x X

Y
=

L. Brillouin, Compt. Rend. 158, 1331 (1914)
Ann. Physique 9, 88 (1922)
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Photon - spin-wave interaction

Magnon creation >
(Stokes process, energy loss) el
Kk, Q
k—q¢,0—w

Magnon creation
(anti-Stokes process, energy gain)

BLS intensity (counts)

120- Elastic scatered
Stokes part light
90 1
Spin wave
60 1 frequency
S anti-Stokes
30 1 part
ol  kF—4A 1
20 15 10 -5 0 5 10 15 20
Frequency shift (GHz)

Intensity of the scattered light is
proportional to magnon density
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Interaction term: the magneto-optical effect

—

«  First order magneto-optical effect D = £E + P, = £E + iQE x M

el

«  Static and dynamic magnetization M = My(0,0) + 71(§, w)

« Magnetic scattering is cross-polarized E(E, Q) x m(q, w) - Pyk + G Q+ w)

—_ %

. Scattering complex amplitude E; .(E; x m) = ni. (E’; X Ei)

«  Effect of phonons e = £(0,0) + 62(q, w)I pressure wave

Except for shear waves, phonon scattering is parallel-polarized
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BLS on magnetic thin films

-

+
-
~-
y 7 Stokes
V' 4

anti-Stokes

Thin film: spin-waves have only an in-plane wavevector
only the in-plane wavevector is conserved

27T

Transferred wavevector |G| = 2 X T sin 0
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Brillouin light scattering spectrometer

avalanche
photodiode

JM L_Jn with shutter prism

PC control

- stabilization

- data accumulation FP2 <4—»
and processing / scan direction

- display spatial

filters
polarization /

analyzer

double FP1 scanning stage
- Sl shutter
magnetic objective tandem Fabry-Perot interferometer
field lens polarization
rotator reference beam

for stabilization solid state laser

e a4

splitter

Illustration from B. Hillebrands’ ESM2024 lecture

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

Frequency (or wavelength) variations of
the order of a ppm!

Can detect thermal spin-waves!
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BLS measurements to extract magnetic parameters of ultra-thin films

Magnetic film: Pt/Co 1.1 nm/AIOx

Angle series at 258 mT

1000

800

600

400

1/ 10 k cycles

200

hl fAS

11F

N
o
3]

frequency (GHz)
)

©
3]

©

o
(4]

10 15
q (rad. / um)

20

f, (GHz)

fus - fs (GH2)

10.4

102

10}

9.8

96

15

-2.5

lqlt 2A

Central frequency

0 5 10 15 20 25
q (rad./pm)
Frequency asymmetry
.
S
-
0 5 10 15 20 25

q (rad. / um)

= |[B+puM—+-=q2 |( B — By —py My— +—

t 24 D A
ale 24 0\ yDa_ . A
T M, 2

Parameters extracted from full BLS data set:

B,=-0.173+/-0.01T
A(B, ) =110 mT
(corresponds to 0.1 nm thickness fluctuation,

and gives 1.5 GHz frequency fluctuation)

g=2.11+/-0.02
a=0.05

withM_=1MA/m (B =1.25T)

A=15+/-1pJ/m
D=0.77 +/- 0.02 mJ/m?

C. Balen et al. Small 19, 2302039 (2023)
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Micro-focused Brillouin light scattering

spectral filter

photodetector

scan stage

» optical resolution:
250 nm

e 2D piezo stage

« controlling sample
while measuring,
< 20 nm accuracy,
long term stability

polarizing \
beamsplitters reference

beam

A

r 4

« frequency range:
1GHz - 1THz

solid state laser

e AT T T T T

N S FFEF

microscope 100 MHz
objective X
y Active
Stabilization
+
piezoelectric 1 Positioning

stage
Sample stage

Illustration from B. Hillebrands’ ESM2024 lecture

beamSpIitter

e spectral resolution:

T. Sebastian et al. Frontiers in Physics 3, 35 (2022)
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Imaging the spatial profiles of spin-wave modes in microstructures

H
o
Parallel pumping = no selection rules fantenng //
—
YIGdisc:t=50nm,R=1.5um WBLS

f:fg:iment) y m @ (1\9 @ @ @ @

| |

BLS intensity (a.u.)
_—— .
min max

] |
X A8L

?sri(r)rfl‘ll?ation) (.) m m @

0 +—

T. Srivastava et al. Phys. Rev. Appl. 19, 064078 (2023)
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Imaging propagating spin-waves in waveguides

lge= 100 mA lge= 100 mA

P. Clausen et al. Appl Phys Lett. 99, 162505 (2011) K. Vogt et al. Appl Phys Lett. 101, 042410 (2012); Nat Commun. 5, 3727 (2014)
V. Demidov et al. Appl. Phys. Lett. 92, 232503 (2008)
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Time-resolved micro-focused BLS

At T
'y i e T »
W h
: Lt : t,t tat,
W/
I ol
uv| ] 1 ] 1] 1] 1 1 - b—
i | | time
v Y Vv
SR i
T s kg
BEEEEH R
)y Seeede
b oo 0o b ieso
seesise S3sese,
time

T. Sebastian et al. Frontiers in Physics 3, 35 (2022)
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Parametric excitation in YIG nanostructures

Parallel parametric excitation (1 pum disk) Double parametric excitation
M1 M2 M3 M4M5 Mé
3 TN T N T T T T A O A O A O A
' . 1 f - Source A 1500 ns
3 2] 5 -
Pobing 2 10" 3 = J f/2=f, =278 GHz
A laser light & . -
2 1 [
/" GGG substrate YIG disks / g . i Source B 1000 ns
0.5um  1um 2 pm / w 10 3 3
I == bt Ko = — e @ 3 S fB/Z = f5 =2.932 GHA
[ Ho=20-mT 2 58 ] - — .
v 100 TI T T[T T T T[T T T T[T T T T [TTTT[TTTT 32
Edge modes 5 @oLHE G (1,2 (2,3)(1,3) 275 280 285 290 295 3.00 3.05
a et
= '.11.1 e l.l).l“ .)“g O;Q q:)g Frequency, GHz 3.1
= g :
=
< Mode amplitude vs. time 530
S TN N T T T T A T O T O A I A O O A O S 0000
z 3 - &
§ 5 1 B =29
£ . 10° g E
% g 3 S
= —_ . = PEE A S
10 12 14 16 18 20 22 24 26 28 gﬂ . T B
Excitation frequency (GHz) &3 103 E
% 3 = 2.7
. . oy . ] N 0 250 500 750 1000 1250 1500 1750
Direct linear excitation (0.5 pm disk) = i Time, o5 g
rrrryprrrrrrrrrprrrrrrrrrprrrrrT
0 250 500
Time, ns

H. Merbouche et al. Phys. Rev. Appl. 21, 064041 (2024)
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Outline

o Electrical techniques

Broadband and cavity ferromagnetic resonance
Propagating spin-wave spectroscopy
Magneto-resistive detection of spin-waves

e Optical techniques

Time-resolved magneto-optical Kerr effect
Time-resolved X-ray imaging

Brillouin light scattering

e Scanning probe techniques

Magnetic resonance force microscopy

NV magnetometry
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Principles of magnetic resonance force microscopy (MRFM)

AM,=M_(1-cosB)

e Local, no optical access required
+ Sensitive (~ 100 p, at 300 K)

« Detection of (static) longitudinal component of magnetization (M,) AM. = My, — M, = (vh)n,

O. Klein et al. Phys. Rev. B 78, 144410 (2008)
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MRFM sensitivity

Mechanical Inductive
Detection Detection
Limited by the thermal RF excitation coil RF excitation coil

noise of the cantilever:

4k TkB d Gradient C(—-:;

Frin =\ —#~—
0o Q wr - magnet —
A& JA -IN S
1 [l
— very soft cantilever d Sample f S—
under vacuum . - Sample
Cantilever Tuned RF
— receiver coil

J. Sidles et al. Rev. Mod. Phys. 67, 249 (1995)
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Phase-lock loop tracking of the mechanical resonance

0.04
fe=13112.3 Hz

0.03+ Q=1714.8

PLL

input output

0.02 1

Photodiode
A

Amplitude (V)

e
o
=

Piezoelectric
bimorph

0.00 ' \ . ‘ 1
13040 13080 13120 13160 13200

Cantilever

Magnetic probe
_30 4

External magnetic field —60 1
_90 1

- Sample —-1201

Piezoelectric motor and tube ~150 1

phase (°)

-180-— : . w ‘
13040 13080 13120 13160 13200

frequency (Hz)

+ PID loop to maintain cantilever oscillations amplitude
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FEBID grown cobalt nanospheres on ultra-soft cantilevers

(a) ®), [[= (e
N 08 : ; :
N\ 1044 -
£ o I
‘\ i:" % 4 L . [ .
L \ § §1°4° E" gmoof + o
\N E 1038} g o = 800
— ‘% 1036 E o 800y '
¢ ) 10.34 g . 400 ii_‘
:"z 200}
—68 —(;.6 <()’4m;0lg.2r19ti(:;0ﬁe|gz(T) 0‘4 0‘6 08 -0.8 <66 —O‘dm;;i'e&:oﬁe[glz(T) 0‘4 0‘6 08 D[) 160 g;&metsgc()nm) 460 560
. 2
Cantilever Afe _m (0°B,
magnetometry £o 2k \ az* |

Biolever k = 6 mN/m; fC = 13 kHz; Q = 2000
D =500 nm, MS = 1050 kA/m

S. Sangiao et al. Beilstein J. Nanotechnol. 8, 2106 (2017)

gregoire.deloubens@cea.fr 2025 European School on Magnetism, Liege 57


mailto:gregoire.deloubens@cea.fr

MRFM signal from a single magnetic nanoparticle

—= B OB
// \\\ F= Mprobe X ( P Z) = MMNP X (
‘probe | Z / MNP
\ )
/ 6
\\/// d F= MprobeMMNP X @
4
MNP <

0B,
0z

) probe
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MRFM signal from a single magnetic nanoparticle

7 <8Bz) <8Bz)
\ F = Mprobe X = MMNP X
[ “ 9z ) yinp 0z probe

/
/ 6
o d F = mprobemmnp X T
H 6
MNP (¥ O0F = Mprobe0MMNP X T

MNP: Iron oxide particle, M = 350 kA/m, @ = 20 nm
Probe: Co nanospere, M = 1200 kA/m, @ = 100 nm

Probe-MNP separation: d = 100 nm Sm
— =107 = # ~25°
m
0B
MMNP (Bz)probe ( 82Z> F OF
probe
1.5 10718 J/T 125 mT 3.8 106 T/m 5.5pN 55fN~8F,,
(1 Hz bandwidth)
1.6 10° pg F,.in = reversal of 10 spins in the MNP
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MRFM spin-wave spectroscopy of YIG nanodisks

Out-of plane geometry (H = 5 kOe)

PLD grown YIG 20 nm

~ _""I" "I""__‘b"l""“‘ ""I"“_ 10
a=4x10 10[ @) ALY YIGIPY T
B prssnnsininigs s
— o
; 0.0
= m &)
=210 o]
— g
< =]
205 =
A%g E ® : [ ]
= a4l _ :
= 0.0 ‘ E ® ® YIGfim
=10 - —— 2=0.00043
& 5 ® YIGT700nm
= 0 i — «=0.00044
= . ® YIG/Pt700 nm
— 2=000138
0‘0\\\I L .‘..lx—|.|‘l\...'_..\ rmarwarsll P o o i 0 - - -
85 9.0 95 100 105 85 9.0 95 10.0 105 & 5 10 L 2
frequency (GHz) frequency (GHz) Frequency (GHz)

» discretization of SW modes
» increased damping: spin pumping at YIG/Pt interface

C. Hahn et al. Appl. Phys. Lett. 104, 152410 (2014)

gregoire.deloubens@cea.fr 2025 European School on Magnetism, Liege 60


mailto:gregoire.deloubens@cea.fr

Spin-wave spectroscopy in the vortex cone state

a MRFM spectroscopy b Axi-symmetric solver
500 (1 um YIG disk, in-plane rf pumping) 5 00 1e2 (nr=0,ng,nz=0)

=
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un
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o
-
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0.00 : . : : 0.00 . . | .
0.00 0.05 0.10 015 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
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Bo =0.000T Bo=0.150T Bo=0250T V. Castel et al. Phys. Rev. B 85, 184419 (2012)

B. Taurel et al. Phys. Rev. B 93, 184427 (2016)

gregoire.deloubens@cea.fr 2025 European School on Magnetism, Liege 61


mailto:gregoire.deloubens@cea.fr

Spin-wave spectroscopy of a spin-torque nano-oscillator

Mechanical-FMR at f.. =8.1 GHz

echanical-FMR

- a) RF magnetic field P =+3dBm -

in

4n(AM,) (7 G/div)

RF magnetic field

=

e | |

! b) RF curren

)
|
|
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a 11|
us]
%_

> .
5 | _
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Q <t 11
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j S
O “% [
—
o a0 C‘b, ﬂ' F
o
= |
I 1 1 lol 1 1 @lgl L 1 ol 1 L L |
0.7 0.8 0.9 1.0 1.1

Out-of-plane magnetic field (Tesla)

Different pumping symmetries — different spin-wave modes excited

V. Naletov et al. Phys. Rev. B 84, 224423 (2011)
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MRFM imaging: mode mapping in confined structures

——tip over left edge
——tip over right edge

Amplitude (arb.unit)

| Waveguide
=
Applied field H
1 1

1
120 140 160 180 200 220
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n 2504
p 1 L= center
‘c —
‘g‘ 200 4 é 5
500 nm % E- £ — Lorentzian fit
- 2 150- zL
/ "D 8 150-150 800 nm
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o Fa X (um)
210
2504
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300 4

F. Guo, et al. Phys. Rev. Lett. 110, 017601 (2013)
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MRFM imaging: mode localization in extended films
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I. Lee et al. Nature 466, 845-848 (2010)
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Nanoscale imaging of damping in extended films

3338

O  YIG/Au
104 o ve

L L] T T -4 0 A .4 8
0 10 Probe Position (um)
Frequency (GHz)

G. Wu et al. Appl. Phys. Lett. 118, 042403 (2021)
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Outline
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Nitrogen-Vacancy (NV) center in diamond: a magnetic field sensor
9 9
o9 o

o _©
Qe
9 o

Spin-dependent
o fluorescence

dark =41

W

;J\r\’ 2.87 GHz

— Dright = m. =0
/v NV ground state
green laser SPinS=1
excitation

NV polarized 2.84 2.87 2.9
inm, =20 Frequency (GHz)

Normalized PL

L Rondin et al. Rep. Prog. Phys. 77, 056503 (2014)
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Nitrogen-Vacancy (NV) center in diamond: a magnetic field sensor

e O
& o

Spin-dependent

I ) . o fluorescence
o o O dark ms = +1
I X By
o 0 dark ms = —1

W

,_‘j-\f'

— bright =—m.=0
/' NV ground state
green laser  SPinS =1
excitation

NV polarized
inm, =20

Normalized PL

Bny # O

2.84 2.87 2.9
Frequency (GHz)

L Rondin et al. Rep. Prog. Phys. 77, 056503 (2014)
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Quantum sensing with a NV center

Dyy =~ 2.87 GHz

H :h[D S 4= n E'-B’] with
> V=2 L YNV = 28 GHz T_1

EDC \gAC g é’nr:)i%e‘j, g
% it
Photoluminescence " Spinrelaxation time  § \

W Al

w0 ! 10—
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Highly sensitivite, non perturbative, quantitative, nanoscale spatial resolution
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Imaging with NV center(s)

Exc. Laser

First approach: scanning a tip with a
single NV center at its apex

Second approach: scanning the laser
spot on an ensemble of NV centers

NV ensemble

Spin wave

B. G. Simon et al. Nano Lett. 22, 9198 (2022) I. Bertelli, Science Adv. 6, eabd3556 (2020)
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Detecting the rf strayfield of spin-waves with a NV center NV — sample

distance

SW spatial profile: m (y )= mi Re{e f(kyy—mﬂ@ —in%)}
> Bsw(y)=~Byy Re{e ™0 +isgn(k,)R)} with By, = uom (1 +sgn(k,m) | k|de b1/
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I. Bertelli, Science Adv. 6, eabd3556 (2020)
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Filtering the spin-wave wavevector with the NV - sample distance

b PL/PL, y
0.8 09 1 m—s

(1) 34 mT / d=1.5 ym

(2) 35 mT / d=1.0 um

0.2 pm
i

0 1D 20 30 34 36 38 40 42 it

B. G. Simon, Nano Lett. 22, 9198 (2022)
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Measuring magnetic noise with NV relaxometry

r\ /T
\1\{\1“ ﬁ;_rrz fuy = 2.87 GHz

NV spin

Relaxation rate 'y oc Sg, (fv) magnetic field spectral density at the resonance frequency fny

Qi Low noise

a

£ 0.9 | Competition between

& optical pumping and

c . 5

T spin relaxation
0.8 +
103 102 =1 10° 10 10? 10°
T1 (ps)
M. Rollo et al. Phys. Rev. B 103, 235418 (2021)
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Thermal spin waves confined in domain walls
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* NV frequency slightly below the gap, in the tail of power spectral density, which is the reason why
we detect some noise when approaching the tip.

® No gap in the domain walls, presence of modes at the NV frequency: the NV center is more
sensitive to the noise from the walls!

A. Finco et al. Nat. Commun. 12, 767 (2021)
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Thermal spin waves confined in domain walls

norm. PL

0.85

* NV frequency slightly below the gap, in the tail of power spectral density, which is the reason why
we detect some noise when approaching the tip.

® No gap in the domain walls, presence of modes at the NV frequency: the NV center is more
sensitive to the noise from the walls!

A. Finco et al. Nat. Commun. 12, 767 (2021)
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Remarkable features

« Electrical techniques - easy implementation, close to applications
— Broadband and cavity ferromagnetic resonance - characterization of ultra-thin films
—  Propagating spin-wave spectroscopy - scalability, access to spin-wave dispersion
— Magneto-resistive detection of spin-waves - highly sensitive, small volumes
» Optical techniques - high temporal resolution, diffraction limited
- Time-resolved magneto-optical Kerr effect - phase sensitive, ~ 250 nm resolution
- Time-resolved X-ray imaging - element specific, ~ 20 nm resolution
— Brillouin light scattering - highly sensitive, spectral resolution, ~ 250 nm resolution
e Scanning probe techniques - versatile, ~50 nm resolution, quantitative
— Magnetic resonance force microscopy - broad field & frequency range

— NV magnetometry - highly sensitive, non perturbative
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Useful references to prepare this lecture (one per technique)

1. Implementation of field-differential phase-resolved microwave magnetic spectroscopy, W. Legrand, Rev. Sci. Instrum.
96, 034708 (2025)

2. Propagating-spin-wave spectroscopy using inductive antennas: Conditions for unidirectional energy flow, T. Devolder,
Phys. Rev. Appl. 20, 054057 (2023)

3. Comparative measurements of inverse spin Hall effects and magnetoresistance in YIG/Pt and YIG/Ta, C. Hahn et al.
Phys. Rev. B 87, 174417 (2013)

4. Time-Resolved Kerr Microscopy of Spin Waves Propagating in Magnetic Nanostructures, H. S. Korner, PhD thesis,
Universitat Regensburg (2017)

5. Time-resolved x-ray imaging of nanoscale spin-wave dynamics at multi-GHz frequencies using low-alpha synchrotron
operation, S. Mayr et al. Appl. Phys. Rev. 11, 041411 (2024)

6. Micro-focused Brillouin light scattering: imaging spin waves at the nanoscale, T. Sebastian et al. Frontiers in Physics 3,
35 (2015)

7. Ferromagnetic resonance force spectroscopy of individual submicron-size samples, O. Klein et al. Phys. Rev. B 78,
144410 (2008)

8. Single spin magnetometry and relaxometry applied to antiferromagnetic materials, A. Finco & V. Jacques, APL Mater.
11, 100901 (2023)
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