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MechanicalOscillators
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Mechanics with	magnetic systems

Magnetism Mechanics

typical classical representation:
magnetization vector motional amplitude

• quantum	effects	in	large	objects

Gina	Waga (2014)wondermagnet.com



Acoustics @	Walther-Meißner-Institute
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Strings

10μm

• mechanical	resonance	frequency

σ ≡ tensile	 stress	(≈	800	MPa)
ρ ≡	material	density (≈	2700	kg/m3)
L	≡	length of the nanostring (≈	30 μm)

nano-string
σ ≡ tensile	 stress	(≈	1200	MPa)
ρ ≡	material	density (≈	7800	kg/m3)
L	≡	length of the string (≈	300 mm)

violine

⌦m ⇡ ⇡

L

r
�

⇢

6.598 6.599 6.600 6.601

0.0

0.2

0.4

0.6

0.8

1.0

1.2

no
rm

. m
ec

ha
ni

ca
l r

es
po

ns
e

drive frequency (MHz)

Ωm

Γm



Nano-spinmechanics - magnetostriction

10μm

• Magnetostriction in	thin magnetic films
• Mangon-phonon	interaction
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Magnetic strain control

M

⌦m ⇡ ⇡

L

r
�

⇢ε

σ
lattice

ε =	Δc/c
H

M

piezoelectric

inverse	
piezoelectric

magnetoelectric

converse	
magnetoelectric

magnetic

magneto-
elastic

magneto-
strictive

Spaldin &	Fiebig,	Science	309,	391	(2005).

P

E

dielectric
-

+
P

M

μ0H



Magnetic strain control
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Magnetostriction– nanomechanical detection

Pernpeintner et	al.,	J.	Appl.	Phys.	119,	093901	(2016)

• 10	nm thin
magnetic Co	film

• λ‖			=	-79.7	x	10-6
• λ⟂ =		27.9	x	10-6
• λ ‖/⟂ comptible
with bulk Co

• Model	à
technique
applicable
to ultrathin films

• only resonance
frequency required

cos$Φ



Magnetic strain control
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Dynamic	strain – magnetization coupling

magnons (spin	wave)

phonons	(sound	wave)

magnon-phonon-coupling
(spin-sound-wave)

New	physics
(e.g.	acoustic	FMR)
Natural	mode	matching
vsound ≈	vmagnon

+



Ferromagnetic resonance

dynamic equilibrium
relaxation	time

𝑯eff

𝑴

Dynamics:	Landau-Lifshitz-
Gilbert	equation

𝜕𝑡𝒎 = 	−𝜸𝒎×𝜇0𝑯eff

+𝒂	𝒎×𝜕𝑡𝒎
𝜸:	gyromagnetic	ratio
𝒂	:	damping	parameter

In	equilibrium:	𝑴 ∥ 𝑯eff

𝑯eff

𝑴

𝑯eff

𝑴

M excitation
equilibrium

𝑯eff	 ≈	external	magnetic	field

precession

damping



Ferromagnetic resonance– excitation schemes

(microwave)	photon-driven
ferromagnetic	resonance

phonon-driven
ferromagnetic	resonance

this	talk

real,	external	magnetic	driving	field virtual,	internal	magnetic	driving	field

𝜔9:; = 𝛾𝜇=𝐻:??

𝒉A(𝑡) = 𝒉A cos(𝜔DEF𝑡) 𝑯GHI:J(𝑡) = 𝑯GHI:J cos(𝜔DEF𝑡)



Ferromagnetic resonance– free energy

M: magnetization
H: external	magnetic	field

𝒎 = 𝑴/𝑀s

𝒖: unit	vector

Zeeman	term

𝐹VW = −𝜇=𝑯 ⋅ 𝒎

shape	anisotropy
2𝐵[ ≈ 1T

in-plane	anisotropy
2𝐵^ ≈ 10	mT

+𝐵` 𝒖 ⋅ 𝒎 $ + 𝐵a𝑚c
$

in-plane	
FDC contour

shape	anisotropy

in-plane
anisotropy

M direction:	along	min(FDC)

𝜇=𝑯eff	=	−𝛻𝒎𝐹
VW effective magnetic	field



Surface	acoustic waves (SAWs)

• Nickel/Cobalt	 thin	film
• LiNbO3 substrate
• Surface	acoustic	wave
• Magnetoelastic	coupling

• rf	strain	ε(t)	≈	10-5	along	x
• velocity	≈	3500	m/s	

(λSAW=20μm,	f=175	MHz)

ε>0
ε<0

x

kSAW



Magnetoelastic	drive

Magnetoelastic	material	
(B1≠0):	Nickel	thin	film

radio	frequency	strain	ε:	
surface	acoustic	wave

𝐹ef(𝑡) = 𝐵A𝜀h(𝑡)𝑚h
$

𝜇=𝑯GHI:J = −𝛻𝒎𝐹ef

magnetoelastic	
coupling	constant	(≈20	T)

strain	(≈10-5)
Pure	strain	ε along x

𝜀h >	0𝜀h <	0



Port	1

Port	2

Aluminium
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Aluminium

LiNbO3

SAW

200μm

micrograph	of	actual	sample

rotatable Electromagnet:
µ0|H|	≤	1	T

VNA:	measure	complex	S21
(transmitted	SAW	power	and	phase)

Weiler et	al.,	
Weiler et	al.,	Phys.	Rev.	Lett.	106,	117601	(2011)	&	Dreher et	al.,	Phys.	Rev.	B	86,	134415	(2012)



Microwave transmission
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Acoustic ferromagnetic resonance

Δ|S21|(7mT)
=|S21|(7mT)-|S21|(150mT)
=-5	dB
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Weiler et	al.,	Phys.	Rev.	Lett.	106,	117601	(2011)	&	Dreher et	al.,	Phys.	Rev.	B	86,	134415	(2012)



Acoustic ferromagnetic resonance
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Weiler et	al.,	Phys.	Rev.	Lett.	106,	117601	(2011)	&	Dreher et	al.,	Phys.	Rev.	B	86,	134415	(2012)



Acoustic ferromagnetic resonance
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Acoustic ferromagnetic resonance
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Pabs

Pdisp

Measurement

Simulation

Measurement

Simulation

in-plane
rotation

quantitative	
Simulation
no	further	
parameters

u=x
Bu=2.5	mT
Bd=400	mT
B1=25	T
Ms=370	kA/m
a=0.1

ε≈5×10-7
(measured)

Comparison:
Measurement	 vs.	
simulation

Weiler et	al.,	Phys.	Rev.	Lett.	106,	117601	(2011)	&	Dreher et	al.,	Phys.	Rev.	B	86,	134415	(2012)



Spin	pumping in	a	nutshell

F.	Czeschka,	PhD	thesis,	TUM	(2011)

1	Ferromagnetic	resonance

𝑉 ∝ 𝑱s×𝒔

2	Relaxation	
(Spin	pumping contribution)

𝜕𝑡𝒎 = 	−𝜸𝒎×𝜇0𝑯eff
+𝒂	𝒎×𝜕𝑡𝒎

𝐽s =
ℏ
4𝜋

𝑔↑↓𝒎×𝜕𝑡𝒎

	𝐽s	 ≈
ℏ𝜈
2
𝑔↑↓𝑠𝑖𝑛$𝛩

3	Detection:	Inverse	spin Hall	effect

𝐉c	 = 𝛼SHE	
2𝑒
ℏ

𝑱s×𝒔
𝛼SHE	:	Spin	Hall	angle
𝛼SHE	 ≈ 0.01	(Pt)



Acousticly driven spin pumping /	time	domain
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Weiler et	al.,	Phys.	Rev.	Lett.	108,	176601	(2012)



Acousticly driven spin pumping
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Summary
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• Sensing magnetoelastics in
nanostructures

• Acousticly driven
ferromagnetic resonance

• Acousticly driven
spin pumping


