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* Basics: Spin Waves
= Experiment: Brillouin Light Scattering Spectroscopy

= Dynamics in Lateral Structures

Spin Wave Tunneling Effect

Parametric Generation and Amplification of Spin Waves
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Spin wave: collective motion
of magnetic moments

Landau-Lifshitz torque equation

) |)1/| dﬂfi[t(t) =-M(©)xB,, (1)
m(7,1)=m, (F)x e« ="
Eeﬁ‘ | dynamic magnetization
(::/— —M(t)xéeﬁ
M
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Spin wave: collective motion

: Landau-Lifshitz torque equation
of magnetic moments

1 dM(@t) -, . =
=-M(t)xB_(t)
ly| dt ’

m(7,1)=m, (F)x e« ="

|

dynamic magnetization

’——-— -—

—M () x B,
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Landau-Lifshitz torque equation

dM (1)
dt

1 dM(H) -, . = a -
=-M(t)xB (t)+—M(t)x
B, T (1)x B, (1) 7 (1)

m(7,1)=m, (F)x e« ="

7 |

dynamic magnetization

’——'— bl

—M () x B,
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Two types of energy contributions

= exchange energy:
generated by twist of neighbored spins

= dipolar energy:
generated by magnetic poles in long-wavelength spin waves
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K

Burkard Hillebrands IEEE Magnetics Society Summer School - Rio de Janeiro August 10-16, 2014



o
[ = onscrvwese Dispersion of electromagnetic wave

m KAISERSLAUTERN

Frequency f (GHz)
AN

Wavenumber k (rad/cm)
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For electromagmnetic wave:

V., =V
0 ] ] i , ph i§!

0 1 2 3 4 5
Wavenumber k (rad/cm)
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B, i

Forward Volume
k 1 Magnetostatic Spin Waves

Frequency (GHz)

Backward Volume
..................................... Magnetostatic Spin Waves

0 2 4 6 8 10
large k-d small
wavelength wavelength
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from laser )

G

from =
microwave o
generator .

K

S
S

v

to spectrometer

Wavevector

Wavevector k:

Koaraliel d€fined by input frequency and dispersion

Dispersion shifted vertically by change in magnetic field
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agnetostatic Surface

— Spin Waves
T
Qf v 7 '
Y W s
§ LW > /o L7
) d..
> T Spin-wave dispersion
o characteristics:
L
T «» wavelengths are smaller
] ] ] ] ] (1 03 times)
0 1 2 3 4 5 | « isnotlinear
Wavenumber k (10°, rad/cm) & CLES MEEND e
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ic Surface
— 'aves
N
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S
>
O
c
)
> For BVMSWs:
)
LL
sackwar Voldtoe 3
Magnetostatic Waves
| ] | | ]

0 1 2 3 4 5 group and phase velocities

have different si
Wavenumber K (<1 0°, rad/cm) ave different signs
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Frequency (GHz)
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Input microwave signal

Alternating magnetic field
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9.0 Excitation of BVMSW
8 5l measured with
. Brillouin light scattering microscopy
T 8.0
S_D, A
> 7.5
(&)
C 5
g 70
oy L
()
L 6.5

6.0
5.5

Dynamic magnetization profile

m_ ~ cos(kx)

\
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/
» B
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Excitation of MSSW
measured with
Brillouin light scattering microscopy

9.0
8.5

8.0
7.5
7.0

Frequency (GHz)

6.5
6.0

5.5

Dynamic magnetization profile

m, ~ exp(—kx)
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Dependence of the transmitted power oot oot
on frequency ‘

7 -20  plane film .
o N
N I
» -30 0]
c N
R >
@ 40 =
& =
5 50f 2
= £
60 L——1 '

7000 7100 1
Spin-wave frequency (MHz)

0 0.1 0.2 0.3 04 0.5
Wavenumber (rad/um)

Chumak, et al., APL 93, 022508 (2008)
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- exp{—\/(mr /) + kzd}
Jow I wy +kd

Frequency: f(k)=v,|H,+47xM,

H, — magnetic field

M, — saturation magnetization
d — film thickness

w — waveguide width

n — transverse mode order
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Material: Nig,Fe q

k,: propagating spin wave
k,: lateral standing spin wave with mode order n
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Material: Nig,Fe q

k,: propagating spin wave
k,: lateral standing spin wave with mode order n
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2

I(x,y)= A1e_i(k1x) cos(n, il V) + Aze_i(kzx) cos(n, kil V) +...
w w

Vodes T ——
n=1& 3 . - - - A

n=1& 2 - - | —
— S
Min

Max
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Reference waveguide

= Changing interference patterns (n=1&3 to n=1&2)
= Edge mode: asymmetric source
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n=1&3

n=1&?2

Excitation of the second width mode
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n=1&3

n=1&?2

Excitation of the second width mode
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N q

Bo

Dipolar Damon-Eshbach modes

I / %} 0?/y? = [Bo(Bg + Jg) + (J/2)? (1- €7299)]
q

|
= ! Standing spin waves
- "/;._ )~ g sp

¢ o - 2A 2:A(nl2 =12
‘d’M T VI BV d) n=hg

% A: exchange constant

Mg: magnetization
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50 - _
small wavelength: exchange interaction Fe/sapphire
- . . 40
B, = zfsz - D
M M,

30
must be considered.

spin wave frequency (GHz)

20 — =
> D Eshbach .

resonance condition for wavevector component perpen- 1o amorrr;)dse a° standing

. . 10 spin waves
dicular to film: Bp=01T

| I I [N NN AN A [ (N N N SN S N

g =n"; n==xl,+2,+3.. %0 50 100 150
d d [nm]
approximative calculation of exchange modes: P. Griinberg et al., JMMM 28, 319 (1982)

(outside crossing regimes with Damon-Eshbach modes)
2
((;)) - (8, + Dg* (B, + J, + D)

with: D=24/M,
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dipole-dipole interaction
and

exchange interaction

N
w

-k

& & o
Frequency [GHz]

Q o

Permalloy film (15nm)
Hext = 500 Oe
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—_—

M .
Landau-Lifshitz equation: oM =—|v|MxH e

ot
ﬁeff(;):ﬁo +jG(?,?')-ﬁ(?')dr'3+iV2M + ...
v YM
dipolar interaction exchange interaction
Frequency f (GHz)
/Y 0(VIG)
| /

K >
H,

H,=1710Oe

T l 1 T 1 I T T T 1T I T 1 1 1 T 1 1 1 I T T T 1 I T T T 1 l T

-1.5 -1.0 -0.5 0 0.5 1.0 1.5

Wavenumber q (x10°rad/cm)
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Travelling magnons allow one to:

= transfer spin information over
centimeter distances

= process the information (using wave
nature of magnon)

= operate in insulator-based technology

Fundamental properties:

— = Minimal wavelength is down to several nm

waveguide

Frequency is in GHz and up to the THz range
<< kgT

Energy: E

magnon

Lifetime: up to several 100 ns

Burkard Hillebrands IEEE Magnetics Society Summer School - Rio de Janeiro August 10-16, 2014



I : TECHNISCHE UNIVERSITAT LeCture 1 - CONTENT

m KAISERSLAUTERN

= Basics: Spin Waves

* Experiment: Brillouin Light Scattering Spectroscopy
= Dynamics in Lateral Structures
= Spin Wave Tunneling Effect

= Parametric Generation and Amplification of Spin Waves
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Brillouin light scattering process
= inelastic scattering of photons from spin waves

scattered photon

fL f fscattered L= f f

ki £k
k scattered L = k L * k
magnons
< —~
f, k _g 120 Stokes part Flashcally scattered
5 . ight
@)
O 901
.. > 1 Spin wave
incident photon ‘@ 60 frequency
) § C \\\
f Lo ki % ' N anti-Stokes
= 30" \ part
m 04 - -

proportional to the /_20 45 10 -5 0 5 10 15 20
spin wave intensity |¢f? Frequency shift (GHz)
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high-resolution interferometry with high contrast
for measurements of acoustic phonons and spin waves

—

avalanche

[ photodiode '
L4 | with shutter prism

| |
PC control —‘—C |

- stabilization
- data accumulation FP2 <4+—»
and processing / scan direction
- display spatial
filters
polarization /
analyzer
S |
PRl
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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—O——0— —O——0—

e etalon in transmission if mirror
separation L is:

L=nMNserl?2

* suppression of neighboring orders
if mirror separations L, L, of
both etalons:

transmission — —»

(€) tandem L, =L, coso

o. : angle between etalon axes

mirror separation L,
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S ’
i

Tandem Fabry-Perot Interferometer

Sketch of mechanical stage and mirror mounts
(from John Sandercock’s 1993 manual)
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PG Ganira| multichannel
- stabilization time analysis
- data accumqlation < Avalanche
and processing photodiode )
- display start stop with shutter prism

o | Y

magnet
:N /

FP2 <

scan direction

spatial
filter
polarization /
objective  analyzer
AN
Laser
scan stage
. ,
I/'y tandem Fabry-Perot interferometer
spatial resolution: 40 um
time resolution: 1ns
O. Biittner et al., PRB 61, 11576 (2000) dynamic range: >60 dB
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= Basics: Spin Waves

= Experiment: Brillouin Light Scattering Spectroscopy
* Dynamics in Lateral Structures

= Spin Wave Tunneling Effect

= Parametric Generation and Amplification of Spin Waves
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Confinement to magnetic objects:

quantized eigen modes (,standing spin waves")

X
Téf M, H
v / ,
- (]
-w/2 0 w/2

= Find dynamic ground state, i.e., eigenmode spectrum

Problems:
= correct boundary conditions
= modes in inhomogeneously magnetized structures
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Au / Nig;Feqs (220nm) / SiO, / Si

preparation: e-beam evaporation in UHV
coercivity: H, = 1-2 Oe
patterning: x-ray lithography (LURE, France)

Wires: Dots:

AccV SpotMagn Det Wp ——— 2 AccV  Spot Magn Det WD ———— 2
300KV 1.0 10000x SE 148 CNRS/L2M S00kV 1.0 10000x SE 14.8 CNRS/L2M
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* Damon-Eshbach mode geometry:

PSSW -
3000 PSSW ” i
z
L 2000} _
= l
% |
o !
= 1000 L | ' 1 _
_J_ many modes with the
;/} % - same transferred
~-region of interest > S wavevector but with
0 ——0 0 ' 10 ' different frequencies

Frequency Shift (GHz)

Burkard Hillebrands IEEE Magnetics Society Summer School - Rio de Janeiro August 10-16, 2014




—- -
I m TECHNISCHE UNIVERSITAT Spln wave SpeCtra

m KAISERSLAUTERN

35 mm NiFe wires

1.75/0.3 um Pesw e

fo

I

PN | N 0 P
o

@ fet . " . <
e > oo ..'.' B (P Nepe % S
- Fe LT

"l 0.83

- ;-..-";."" | .",,-’A"n""”‘l-" '..-. / o A e IK] -]

% .*7. §
b L R
- "_ S /' ; ,,‘A""-:’J’A*?'f-\\:."w:s' 1.22

] &~
. o ‘.“
PV '-'a.'..-\-_w\"'-"-’r,.'g Sttt o= 1 40 _

F e

/1 Te N,

R R LT P Y S Y 4
; .
IERX

Intensity (arb. units)
}

s R
e R e e ;_7-’.'\. R L I %

- i L,\- N .7.,7 'A- ; . i
“'""'J_..\ Sesroal H PN e 1 8T localized
| ¥ Cl, . .
o [t 022, 2.00 dispersionless modes
- . ./* ; ‘ _
N T 2.11-10°cm”
L T R 7

-25 -20 -15 -10 -5 0
Frequency shift (GHz
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Spin wave frequency (GHz)

. : ! : ! : ! : 40 nm NiFe stripes
0,0 0,5 10 15 2,0 2,5 m 1.8/0.7 ym
q, (10" cm’) m 1.8/2.2 ym

no interaction, single-stripe effect
spin wave quantization in a single stripe
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Z
Té» M, H
Standing lateral modes: y /

e

-w/2 0 w/2
Standing lateral modes

= propagating dipolar modes (Damon-Eshbach modes)
perpendicular to wires: "standing lateral modes”™

= quantization condition due to the lateral edges:
w=n }\spin wave/2;

an = 2Tl"/)‘spin wave — ﬂ:n/W; n= 1’2’3""

= boundary conditions (open — pinned)
- take dynamic stray fields into account

= calculation of frequencies by inserting g,, into
Damon-Eshbach equation of motion
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M, (t)

M(t)

Hdemag(t)

B,

Precessing magnetization has dynamic out-of-plane component
=> dynamic stray fields and thus dynamic surface torque on magnetization
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New dynamic dipole boundary
condition for non—elliptical elements:

om 1
+—m=0
on &,
! w
=—|1+2In—
= 275( t)

- takes dynamic stray fields into account

low-index modes (A >> &) ,,pinned*

high-index modes (A = §p) ,,unpinned”
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17
i width:
~ 16_ i
L 15 ] 1.8 um
Q 14k 1 separation:
>
e 13| ] 0.7 um (green)
S 12 | ] 2.2 ym (blue)
o
2 11 1 thickness: 50 nm
L
(O] 10 _
o : Standing lateral modes
< -
C —
a
CD —
6 L L | L | L | L
0,0 0,5 1,0 1,5 2,0 2,5
5 -1
q,(10"cm )

good quantitative
agreement between the
theory and the experiment
is obtained

C. Mathieu et al., PRL 81, 3968 (1998
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= Basics: Spin Waves

= Experiment: Brillouin Light Scattering Spectroscopy
= Dynamics in Lateral Structures

* Spin Wave Tunneling Effect

= Parametric Generation and Amplification of Spin Waves
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B, i

Forward Volume
k 1 Magnetostatic Spin Waves

Frequency (GHz)

Backward Volume
..................................... Magnetostatic Spin Waves

0 2 4 6 8 10
large k-d small
wavelength wavelength
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In varying field

propagation propagation (q,<q,) reflection
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from laser

DC conductor

SW-pulses created by
| A microwaves and
L 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 SOLIS

to interferometer
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@)Hi-

A: zero-wavevector gap

A(2)

> Frequency

Burkard Hillebrands August 10-16, 2014
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from laser

06 conducr V position of the dc conductor

HW antenna

External field

Magnetic Field : -1908 Oe Pulse Length: 10 ns Time: 351.0 ns
é\gvn’;‘r’ggr Dgocﬁrg: nt Input Power : 0.0 miw/ k-vector :0.01/cm
to interferometer
zero current >

Field

magnetic material: YIG

S.0. Demokritov et al., Phys. Rev. Lett. 93, 047201 (2004)
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[ = oo v Spin wave pulse propagation

from laser

0 conducor V position of the dc conductor

HW antenna

External field

Magnetic Field : -1908 Oe Pulse Length : 10 ns Time: 342.0 ns
DC current
é\gvnzlr’:tgr source Input Power : 0.0 mw/ k-vector :0.01/cm
.. to interferometer
positive current >

Field

magnetic material: YIG v

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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— Reflection of spin wave at barrier
/ and spin wave tunneling

m KAISERSLAUTERN

Carrier frequency:
7.125 GHz

Bias field:
1836 Oe

Wave number:
112 rad/cm

Group velocity:
~30 km/s

Film thickness:
5.7 um

Scan region:
6.0 x 1.8 mm?

Logarithmic scale 0

J
SNNN NN NN NN NN NNNNNNNNE

7\\\\\\\\\\

Barrier transmission coefficient

—_—

ANNNNN

-0.1

0.0 0.1

0,0

40 80 120

Non-exponential decrease of spin wave intensity with barrier size
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[ = oo v Spin wave Fabry-Perot

Carrier frequency:
7.125 GHz

Bias field:
1836 Oe

Wave number:
112 rad/cm

Group velocity: — - = —
~30 km/s

Short SW pulse
18 ns

Film thickness:

5.7 um
: Long SW pulse
40 ns
Scan region: = T =
6.0 x 1.8 mm?

Logarithmic scale
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Spin wave tunneling

through mechanical gap

from laser

. . . Mechanical
FI|IT6I thickness: R gap
Mm

Gap width: .
20 um yubstrate
Frequency: External field icd
7.125 GHz > o
Magnetic field:
1835 Oe uW pulse to interferometer
Generator .o
] L I position
ogarithmic scale of the gap

l

0.0 [ns) (mm)

Burkard Hillebrands IEEE Magnetics Society Summer School - Rio de Janeiro August 10-16, 2014



—- . -
I m TECHNISCHE UNIVERSITAT Spln wave CaV|ty

m KAISERSLAUTERN

from laser
. ; Mechanical Mechanical
Film thickness: LW antenna gap gap
6 um o T >
Gap width: & & . >
20 pm Substrate
Frequency: —— External field It;::(rar:
7.125 GHz >
Magnetic field:
1839 Oe MW pulse to interferometer
Generator
| ositions
Logarithmic scale opf the gaps

} }

00Ms) ' (rm)
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— Application: Spin waves in films
I = KAISERSLAUTERN with internal field distribution

300 -
250 -
8 200 Reglo_ns vylth canted
g ) magnetization and zero
2 150+ internal field are located
‘_é, 100.- near the edges of the stripe
3 o
£ 50+
0-
-0,50
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m KAISERSLAUTERN

800 -

6
g 600 - F‘g
o =
2 ‘o
=~ 400- S

(]

E 200 2 %
| =

0 . — . . . 0

0,0 0,1 0,2 0,3 0,4 0,5

center y (um) edge

y,, y; : turning points
y,-y, :localization length
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m KAISERSLAUTERN

b -
) w0 | "=3 | 300 Oe
/\ Green's function approach
using correct internal field
FW \/ WF distribution

Numerical evaluation of the

c) n= d) n=2 | 450 Qe resulting integro-differential
equations

7\ — A =2\ | 950 Oe
-5 Increasing localization

\/ with increasing
n=1 n= internal field

dynamic magnetization (a.u.)

wire cross section
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m KAISERSLAUTERN

Basics: Spin Waves

Experiment: Brillouin Light Scattering Spectroscopy
= Dynamics in Lateral Structures
= Spin Wave Tunneling Effect

* Parametric Generation and Amplification of Spin Waves
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[ = tser Unersrn Parametric amplification of spin waves

KAISERSLAUTERN

How to swing?

www.hk-phy.org/articles/swing/swing_e.html
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[ = tser Unersrn Parametric amplification of spin waves

KAISERSLAUTERN

How to swing?

Parametric amplification is
swinging of spin waves www.hk-phy.org/articles/swing/swing_e.html
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e Parametric amplification and
I m TECHNISCHE UNIVERSITAT phase Conjugahon

m KAISERSLAUTERN

Splitting of a quasi-uniform electromagnetic pumping wave in two
contra-propagating spin waves

Frequency w, * Electromagnetic pumping
e Signal spin wave

e Reversed spin wave

O Wave number
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e Parametric amplification and
I m TECHNISCHE UNIVERSITAT phase Conjugahon

m KAISERSLAUTERN

Splitting of a quasi-uniform electromagnetic pumping wave in two
contra-propagating spin waves

Frequency ®, e Electromagnetic pumping
e Signal spin wave
W, TW; =0, e Reversed spin wave

O Wave number
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phase conjugation

Splitting of a quasi-uniform electromagnetic pumping wave in two
contra-propagating spin waves

Frequency

0 e Electromagnetic pumping
e Signal spin wave

W, TW; =0, e Reversed spin wave
k,+k =k, =0
®
————————————— (DS — P
2

I = Generation of spin waves at large
wavevectors

kl. O = Amplification of spin waves

reversed or idle spin wave = |njection of magnons in magnon
gases
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m KAISERSLAUTERN

P Microstrip antenna
P out “~
3 _—
~ AMPLIFIED -7 =~
Probe laser beam SPIN” I
WAVE 1
Microstrip -
in  antenna REVERSED —__ YiGfim
N { SPIN WAVE waveguide
7 -
Phe v JA
\ N ~ Z
s INITIAL H,
~ “SPIN WAVE <
I
3 ) Y

|
I Dielectric

1 /Inelastically scattered light © resonator
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P.

m

l

Input spin wave:
Bias magnetic field

Carrier frequency of SW packet f.=7.125 GHz
Carrier wave number of SW packet £, =180 rad/cm

Parametric amplification and phase

conjugation

) Data normalized in each frame
Pumping

resonator

- - |1?3

Pumpingpulse:

Carrier frequency  f, =2 =14.250 GHz
Power P =8W

Duration 7,=80ns

H,=1827 Oe

Group velosity of SW packet v.=-2.5-10* m/s

Signal pulse duration
Signal pulse power

N

T.=28 NS

N

=44 mW

124

A.A. Serga et al., J. Appl. Phys. 93, 8585 (2002)
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Width of the linear BVMSW packet

wave front as a function of propagation distance
observed in ~ | eicemt
_ : s 99| Packet ]
linear regime Tt [ ©
3 0.8 of S |
£ & 2
S 07 © |
Ons 35ns 70ns 2 e ! 2
@ 06 o
____________ > 5 , / —
“ O 054 ¢ .l Reversed .
o packet
_—— - 04 AR RN BN R R I T L S L
= Bt = 00 05 1.0 15 20 25

Distance z (Mm)

Input spin wave: Y 1 240ns 205ns 170ns

Bias magnetic field  H, =800 Oe W "B

Carrier frequency /., =3.966 GHz E “ 6 e Pumpingpulse :

Carrier wave number k, =95 rad/cm Ml T | Carrier frequency  f, =2,
Group velosity vy =-2.0-10* m/s +, | I —— Power P =30 W
Pulse duration 7,=30ns 'S m 7 Duration 7, =40ns
Pulse power P =22 mW

A.A. Serga et al., Phys. Rev. Lett. 94, 167202 (2005)
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2D Wave Front Reversal and Bullet
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Formation

1,4 e . 2 c .
Incident packet amplification up to nonlinear level
1,21 . A
Propagation o
z 1,01 direction - 3 g
E sl &
p= 0,8 M , 2 % @ '
© o
= 0,6 g "
; d® f 1 8
04] w7 %
W 2 36 43
0,2 o
000510152025 Y“(mm) 0 25 Z(mm) t(ns)
Distance (mm) 4.1+
1.4 s
Reversed packet
1.2 _ 3
Propagation &
—1.04 direction 3 5
g -— 5 ‘é o4
=081 P 284 226 217 208 200 191 182 174 165 156
© '635) pudt
= 0.6 S
= %%gf PR - t (ns)
0.41 \‘-w iq')) P v\Microstrip antenna
.0 B, -
0.2 T T T T T D . ~ AMPLIFIEDC; ~
0.0 0.5 1.0 1.5 2.0 2.5 Probe laserbeam T
Distance (mm) P. 'V:stf::rtgp SEersen YIG film
N l , | SPINWAVE waveguide
\:\::‘\{s ’Il'l’I'ITII:L ,' - /Hvo z
= “SPIN WAVE
g <Y

1
! / Dielectric
J__ Inelastically scattered light - resonator
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= Basics: Spin Waves

= Experiment: Brillouin Light Scattering Spectroscopy
= Dynamics in Lateral Structures

= Spin Wave Tunneling Effect

= Parametric Generation and Amplification of Spin Waves
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