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Spin-wave based electronics/Magnonics - Motivation
b e
Control and manipulation of microwave signals on microscopic scales:
periodically modulated magnetic systems give rise to
(i) grating coupler effect
(H. Yu et al., Nature Commun. 4, 2702 (2013))
(ii) tailored band structures for spin waves Internet of Things
(G. Gubbiotti et al, J. Phys. D: Appl. Phys. 43, 264003 (2010)) @2020: > 24 billion devices
interconnected wirelessly
External magnonic o
control crystal with (ii)

$

sw )
source Functional detector

(input) medium (output)

J. Phys. D: Appl. Phys. 43,
264001 (2010)
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From piezoelectrics to magnonics
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Figure 1 - Basic SAW IDT Structure on Piezoelectric Substrate
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GHz electric field is
transfered into an elastic deformation:
surface acoustic wave (SAW)

Signal speed: few km/s

Different “transducers” for spin waves:
coplanar waveguides with - -
GHz magnetic field 2D magnonic crystal

g S. Neusser, PhD thesis, TU Munich (2011)
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Broadband spectroscopy at GHz frequencies
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How spins are excited

Landau-Lifshitz-Gilbert equation (Sl): the fundamental equation of magnonics

gyromagnetic factor damping constant o (Gilbert) Hine

dM(t)
dt

o (M(E) X Hine (

H,. contains different (effective) fields:
* applied dc field H

¢ demagnetization field Hyemagnetization (Shape)
* anisotropy fields (spin-orbit coupling)

+ exchange field (interaction A,,)

* microwave magnetic field hy

- The equation holds on different length scales.

* 4
@'; k = 2n/).
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Static spin orders
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From EoM to high-frequency magnetic susceptibility (cgs)
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From EoM to high-frequency magnetic susceptibility
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Components of susceptibility tensor
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Analysis of tensor components: Resonant behavior
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| Ferromagnetic resonance (FMR)l
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Equation of Motion: model system
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e Hi A
— v Landau, Lifshitz int
= IJ’|}’0(MXH1nt) C
\
M is the sum of microscopicm \ [\7,'
= sum of quantum-mechanical angular momenta (spins) \\

=53

EoM provides a resonant behavior, with frequencies typically in the GHz frequency regime and beyond

From classical physics:
Angularmomenta L vary if a torque © is present

d‘: . . Note: All relevant torques
=@ =rx F need to be considered
dt ) (acting on all atoms)
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Sepp Kressierer, Technische Universitat Miinchen
Movie at: https://www.av.ph.tum.de/Experiment/1000/Film/1306.php
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For comparison
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Gravitation
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Later on: Relaxation due to damping
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Field dependence of resonance in isotropic NiggFe,,
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Further kind of magnetic anisotropy
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How to consider in EOM? Effective fields (Landau/Lifshitz)

B B B B
EFfecrive FeLd

2 24 Variational derivative of
ty =5 = "am 23, 30 ) energy U

Example: i‘“ﬁl [« Gariatope W : Qrﬁ&) 1 ”%«ng # l(f,{

exchange Zeeman
(ininternal field)

anisotropy

Eg. of eqpliboriaonm: Vi ﬁw
— - R
28 - —pFixAy R

Note: 1) the dc (ac) part of U, does not (does) enter the EoM
2) H,; exhibits dc and ac contributions
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How about time-dependent and spatially inhomogeneous H,?
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Excitation of spin waves

@7 (=2

electron spins
precess at their
given position
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Solution of EoM for a thin film:

B. Kalinikos and A. Slavin: Theory of dipole-exchange spin

‘ wave spectrum for ferromagnetic films with mixed exchange
boundary conditions, J. Phys. C 19, 7013 (1986).
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Spin wave modes in the long-wavelength limit
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Adapted from: B. Hillebrands, U Kaiserslautern, Germany
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Limiting values extracted from
Herring-Kittel formula valid for
unrestricted geometry:
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Spin wave modes in the long-wavelength limit
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Frequency [GHz]

Adapted from: B. Hillebrands, U Kaiserslautern, Germany
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Different restoring forces
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precessional stray field line
DE mode cone /

QI M \ 7 ."___,..i... T 7-_,-7" ............. .

BVMSW mode
qllM

¢ J 4 &
precessional
cone

Adapted from: B. Hillebrands, U Kaiserslautern, Germany
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Example: ferromagnetic thin film of CoFeB
dipolar regime "; 1 K’I’ dipolar spin waves
A~ 60 nm
_9p°DE mode 30 >
: /jil 75 _ glM
o N 25
15 % =
. 4 o poH =40 mT
T / > 20 M, =1.8T
e 30 5 d=48nm
~ 10 2 15
e 157 8
0° oY & 10
5 i BVMSW >
0 2 4 6 8 10 mode | qllM
q (rad/um) :q) I "IG ] 20 40 60 80 100
4. (rad/um)
B. Kalinikos and A. Slavin: Theory of dipole-exchange spin
wave spectrum for ferromagnetic films with mixed exchange
boundary conditions. J. Phys. C 19. 7013 (1986).
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Example: ferromagnetic thin film of CoFeB
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dipolar spin waves

- / A~ 60 nm
=> -
v qglM
N 25
e
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1 qllM
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isofrequency contours
B. Kalinikos and A. Slavin: Theory of dipole-exchange spin

wave spectrum for ferromagnetic films with mixed exchange
boundary conditions. I. Phys. C 19. 7013 (1986).
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Spln wave transmission
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255-nm-wide
NigoFe,, stripes

¢ 45-nm-wide gap

CPW 1

CPW excites a distribution of wave vectors

— 1 pm —j

R. Huber, PhD thesis,
TU Munich (2014)
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Transmission through 40 air gaps

s O™

propagation length:
12 pm

(across

about 40 air gaps)

A

ferromagnets

G. Duerretal.,

J. Phys.: Condens. Matter 24, 024218 0

(2012)

Parameters

step pulse extracted from
rise time 15 ps fitting™ (red):

relaxation time:
~1.2ns

group velocity:
4 km/s
frequency:

detector signal (arb. units) source signal (arb. unit

6.9 GHz

1 2 3 4
delay time (ns)

*M. Covington et al., Phys. Rev. Lett. 89, 237202 (2002).
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Spin wave dispersion relation:

guantized modes with

different numbers n of nodes

Dipolar spin wave for

wave vector q

Quantized spin waves first reported:
\C. Mathieu et al., Phys. Rev. Lett. 81, 3968 (1998).

> >
plain NigoFe,, (Py) filmat q 1L M

In densely packed array : miniband formation by

dynamic dipolar interaction

G. Gubbiotti et al., Appl. Phys. Lett. 90, 092503 (2007).
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Reconfigurable artificial crystal for spin waves

)
J. Topp et al., Phys. Rev. Lett. 104, 207205 (2010)

Ferromagnetic order (FMO) qLM Magnonic crystal (MC):
q band structures for FMO/AFO

M I (periodic zone scheme)

A S
] 8 '
\Ng/ [©} n=0
2 o —————n-2
. ) - v n=

Antiferromagnetic order (AFO) —_ % 10k : : n=1

a Eof 1 oy,
O . .. . =0 o,
/; L 0 39 78 117 156
’ wavevector (103 rad/cm)
1

Pure Appl. Chem., Viol. 83, No. 11, pp. 1989-2001, 2011
- doi:10.1351/PAC-CON-11-03-06
© 2011 IUPAC, Publication date (Web): 7 July 2011

Reprogrammable magnonic crystals formed by
interacting ferromagnetic nanowires*

Jesco Topp', Georg Duerr2, Klaus Thurner?, and Dirk Grundler2#
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- - M. Krawczyk and D.Grundler,
Field-controlled band-StOD filter J. Phys.: Condens. Matter 26, 123202 (2014)
Pl
PoH=0mT HoH=12mT
15
fc?’ (e)
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'n=2 '% | U 5 :,
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- sl oo
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wavevector (10° rad/cm) /' wavevector {103 radicm) poH (mT)
m,
) 4 ‘H
my
X
Reconfigurable 1D magnonic crystals (exp.): Reconfigurable 2D magnonic crystals (theory):
S. Tacchi et al., Phys. Rev. B 82, 184408 (2010); J. Shibata et al., Phys. Rev. B 70, 012404 (2004);
J. Ding et al., Phys. Rev. Lett. 107, 047205 (2011). R. Verba et al., Phys. Rev. B 85, 014427 (2012).
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Spin-wave based electronics/Magnonics

o o o o o b

‘ | Control, transmission and manipulation of GHz signals on microscopic scales |

External
control

A 4

SW SwW

Soncee Functional . detector

(input) medium (attput)

J. Phys. D: Appl. Phys. 43,
264001 (2010)

Review on reconfigurable devices:
M. Krawczyk and D.G.,
J. Phys.: Condens. Matter 26, 123202 (2014)
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