RPTl wemaren - 2024 European School on Magnetism "%‘?ﬁ’%"ﬂé’fwm

Landau

27 August - 6 September 2024, York, UK

Dipolar and exchange spin waves

Burkard Hillebrands

Fachbereich Physik and Landesforschungszentrum OPTIMAS
Rheinland-Pfalzische Technische Universitat Kaiserslautern-Landau
Kaiserslautern, Germany

/ +
((«Of | .SSF,I;I/I%’R Rxl 73 \OPTIMA\

light-spin-matt:

Kaiserslautern ® Mainz

https://physik.rptu.de/ags/hillebrands



Tl Rheinland-Pfdlzische
Technische Universit&t

RP oo Definitions and relations

Matter in external magnetizing field H shows magnetic moment.

Magnetization M is the total magnetic moment per unit volume.

Dia- and paramagnetic materials: relation between M and H is linear: M = xH
Magnetic field: B = yo(ﬁ+ﬂ7l) = uH
withpu=p (1+x)=uu, p isthe relative permeability of the material.

—

Magnetic poIarization:jIool =u,M

Energy E_, torque T, and force F of a single magnetic dipole . in magnetic field B:

—i ‘B (Zeeman energy of a magnetic dipole ii_in magnetic field B)
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Field B generated by magnetic dipole p_ indistance r:
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RP oo Definitions and relations

Interaction energy Edip_ o of two dipoles i, and pi, at positionsr, and 1, :

di

_ ﬁfﬁz 3(111_’712)('&2_?12)
dip-dip — Ho 3 - 5
12 12

with r,=r-r,

Magnetic moment u:
can be viewed at a circular current I of an electron about an area A = An,
n:normal vector of area:
i=IA

0)
Circular orbit with radius r, A=nr?, I:—‘e‘-— :
2T
fi=—|dor*
2

Comparison to angular momentum J of an electron with mass m_:

J=Fxmv=mori
e e
_ ‘e‘ i
= ,Ll:—_
2m

e

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



T e e
RP oo Definitions and relations

Angular momentum] is quantized in units of 71
=> Elementary quantum of magnetic moment is Bohr magnetron
Gk
p,=—-——=9.2740-10""J/T
2m_
Electrons also have spin. They have orbital momentum (i, and spin momentum /i :

4

fo=——t1 , IP=I(+1)
2m_
i
A =-g —-5 , s°=s(s+1)h°
S ezme

with g_=2.0023 the gyromagnetic ratio of the electron.
The spin moment is oriented (anti-) parallel to the external field with value
=g,
T 2m

with s the magnetic spin quantum number

1
zll.B , S =iE

h=ge#B Sz

S
z
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RP 0 Ferromagnetic spin chain: magnon

Irrereeeeeees

magnetization:
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RP 2 Spin waves
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RP 20 Spin dynamics

Torque T acting on moment /Itm in field B:
N r r
T=upu xB

= moment moves perpendicular to field direction = precession

r r 1r
Angular momentum L=———pu_=——pu_
(7)o Y
rodl 14 r
T="o 2% l) B
dt y ot

with ¥ = gu, / h the gyromagnetic ratio, g = 2 (electron): y / 27 =28 GHz/T

Transition to magnetization:

r

rr
la—M =—MxB
y ot
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RP = Spin dynamics

18M rr

8t « — Landau-Lifshitz torque equation
4

with B .. the effective magnetic field, acting on the magnetization:

r r
B =B, +B(t)+B +Bexchange
with
r r
B, =u,H: external magnetic field
I
B(t): time dependent field due to precession
r 1T

B .= Y —V . Gunivo - Magnetic anisotropy field, g, ., : enthalpy density

\ gradient with respect to

the d|rections of M

r 2]
B = —= V M exchange field
exchange M

S
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RP o2 Coherent dynamics: spin waves

Spin wave: collective motion
of magnetic moments

Landau-Lifshitz torque equation
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RP o2 Coherent dynamics: spin waves

Spin wave: collective motion

) Landau-Lifshitz torque equation
of magnetic moments

lal\l/l(t) r r
y Ot
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RP 20 Coherent dynamics: spin-wave decay

Landau-Lifshitz-Gilbert torque equation with damping
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Landau Spi n WaV eS

Two types of energy contributions

= exchange energy:
generated by twist of neighbored spins

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

CRLOVOLEOODO

K
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RP 0 Dispersion of electromagnetic wave

Frequency f (GHz)

0 1 2 3 4 3
Wavenumber k (rad/cm)
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Dispersion of electromagnetic wave

)
-]
o
o)
L .
L .
For electromagpetic wave:
0 | | [ 1 vph — }IQIr
0 1 2 3 4 3

Wavenumber k (rad/cm)
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RP 0 Dipolar spin waves

8.5F MSSW B, -

Forward Volume
Magnetostatic Spin Waves

Frequency (GHz)

Backward Volume
feeeeeeeeeeeeasscccceaaaaaa---------| Magnetostatic Spin Waves

0 2 4 6 8 10
large k‘d small
wavelength wavelength
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RP 0 Control of spin wave propagation
from laser &
S
_from =1 |
microwave o
generator LL _

g
=)

Wavevector

v

to spectrometer

Wavevector Kk:

Koaraler defined by input frequency and dispersion

Dispersion shifted vertically by change in magnetic field
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RP 0 Dispersion curves for spin waves

agnetostatic Surface

— Spin Waves
T
O 4
Y b —_
> W ’
% %“( K H 0
> T """ Spin-wave dispersion
o characteristics:
L
61 » wavelengths are smaller
1 1 ] 1 1 (103 times)
0 1 2 3 4 5 + Is not linear
+ does not go to zero
Wavenumber k (10°, rad/cm) 2
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RP 0 Dispersion curves for spin waves

ic Surface

— 'aves
N

T

&

YSee

>

O

C

)

> For BVMSWs:
)

| -

LL

Bac}{waﬁd goluﬁpb gpQ

Magnetostatic Waves

0 1 2 3 4 5 group and phase velocities
Wavenumber k (1 0°, rad/cm) have different signs
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9.0
8.5

8.0

spin wave

7.9
7.0
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: MSSW 3 -
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Magnetostatic surface spin wave

9.0
8.5

Frequengy (GHz)

8.0F--.

-----

: MSSW 3 -

......................................
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RP o2 Excitation of dipolar spin waves

Input microwave signal

Alternating magnetic field
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RP o2 Backward volume magnetostatic spin waves (BVMSW)

90F | | ' T Excitation of BVMSW

@ ' measured with

Brillouin light scattering microscopy

Frequency (GHz)

Dynamic magnetization profile

m, ~ cos(kX)
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RP Magnetostatic surface spin waves (MSSW)

Excitation of MSSW
measured with
Brillouin light scattering microscopy

Frequency (GHz)

Dynamic magnetization profile
m, ~ exp(—kx)

S MSSW / —>

X8,
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RP 20 Magnetostatic surface spin wave

antenna |

5
3
3

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



Tl Rheinland-Pfdlzische
Technische Universit&t

R P Kaiserslautern
Landau

BVMSW transmission characteristics

Dependence of the transmitted power Output

Input microwave signal
e A A

on frequency

N
o

Transmission S,, (dB)
A
o

Burkard Hillebrands

plane film

Frequency (GHz)

7000

-

7100
Spin-wave frequency (MHz)

0 0.1 0.2 0.3 04 O.
Wavenumber (rad/um)
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Spin-wave waveguide

1- exp{—\/(np/ w) +k° d}
Frequency: f(k)=g,|H,+4pM,

Jnp 1wy +k2d

H, — magnetic field

M, — saturation magnetization
d — film thickness

W — waveguide width

n — transverse mode order
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Spin-wave frequency (GHz)

Burkard Hillebrands

o
o

o o9 o o N
o o o w o

N
»

Nig,Fe,o waveguide

.k

'k 'k
.*lx'1 \ 4 X.’2 \ 4 .X’3

0

0.5 1.0

k,: propagating spin wave

1.5 2.0 25 3.0
Wave vector k, (rad/um)

Material: Nig,Fe;q

k,: lateral standing spin wave with mode order n
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RP 50 Nig,Fe,q waveguide

8.0
7.5 |
7.0 |
6.5 |
6.0 |

55 : : :
A K K K
50 N B .*IX,‘! A 4 X.’2 4 .X’3|

0O 05 10 15 20 25 3.0
Wave vector k, (rad/um)

Spin-wave frequency (GHz)

Material: Nig,Fe;q

k,: propagating spin wave
k,: lateral standing spin wave with mode order n
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I(x,y)= Ale_i(klx) cos(n, P y)+ Aze_i(kzx) cos(n, P ) +...

Modes
n=1&3

n=1& 2

Wave superposition

w w

————
T —— N~
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RP o Influence of a skew

Reference waveguide

Min
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Influence of a skew

Reference waveguide

Waveguide with skew (1 pum)

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

2024 European School on Magnetism, York, UK
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RP Supporting numerical simulations

. s
I I ——

=
8

Min

n=1& 2

Excitation of the second width mode
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RP Supporting numerical simulations

. s
I I ——

=
8

Min

Edge mode

n=1& 2

Excitation of the second width mode
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RP 20 Spin waves in a thin magnetic film

A

[EEAARARARI

—_—
_)

N q

Bo Dipolar Damon-Eshbach modes:

Standing spin waves:

2
2 2
O oo Ho (0T} g a2e3,.
y M M d

S S
/., : exchange constant
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RP Landau EXChange mOdeS
Small wavelength: exchange interaction 50 )
J J Fe/sapphire
- 2 . .
exch Iéezx VZM = MEVZM 40

must be considered. 30

spin wave frequency (GHz)

Resonance condition for wavevector component perpen- 20 25 R — 77T
dicular to film: 10~ Damon-Eshbach standing
10 - mode spin waves
ql=nE; n==+1,+2 +3... Bp=01T
d 0 | | | 1 | | | I | | I | |
approximative calculation of exchange modes: 0 50 d [nm] 100 150

(outside crossing regimes with Damon-Eshbach modes)

P. Griinberg et al., IMMM 28, 319 (1982)

(%)2 = (BO +Dq2)(B0 +u,M. +Dq2)

with: D=2] /M
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RP Propagation at obligue in-plane angle

dipole-dipole interaction
and
exchange interaction

- N
w

o i o
Frequency [GHz]

Q o

Permalloy film (15nm)
Hext = 500 Oe
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Magnetization dynamics

Confinement to magnetic objects:

quantized eigen modes (,standing spin waves®)

X
Téj M, H
y / ,
— q
-w/2 0 w/2

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

Problems:
= correct boundary conditions
= modes in inhomogeneously magnetized structures

Burkard Hillebrands 2024 European School on Magnetism, York, UK
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Wires:

AccV SpotMagn Det WD

R,
300KV 10 10000x SE 148 CNRS/L2M

Burkard Hillebrands

2ym

Patterned magnetic films

Au / Nig;Fe;q (220nm) / SIO,/ Si

preparation: e-beam evaporation in UHV
coercivity: H, = 1-2 Oe

patterning: x-ray lithography (LURE, France)

Dots:

AccV  Spot Magn Det WD
300kv 1.0 10000x SE 1438 CNRS/L2M

2024 European School on Magnetism, York, UK
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RP o2 Lateral quantum size effect

X
VA
Tl' M, H
Standing lateral modes: y /

et

-w/2 0 w/2
Standing lateral modes

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

= guantization condition due to the lateral edges:
wW=n )\spin Wave/2;
an = 2Tr/)\spin wave = NTT/W; n=1,23,...

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

= calculation of frequencies by inserting g,, into
Damon-Eshbach equation of motion

Burkard Hillebrands 2024 European School on Magnetism, York, UK August 28, 2024 41
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RP 20 Boundary conditions for dynamic magnetization
M, (t
V(D) 1 (1)
Hdemag(t)
>
By

Precessing magnetization has dynamic out-of-plane component
= dynamic stray fields and thus dynamic surface torque on magnetization
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RP 20 Mode profiles

New dynamic dipole boundary condition
for non-elliptical elements:

om 1 n=
—+—m=0
on &,
t W
=—/|1+2In—
o 27:( t)
n=

= Takes dynamic stray fields into account

= Stray field induced pinning”

n=4 n=

low-index modes (A >> &) ,pinned”

high-index modes (A = ¢p) ,unpinned”

n= n=
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RP 20 Frequencies of the quantized modes
] width:
i 1.8 um
separation:

0.7 um (green)
2.2 um (blue)
thickness: 50 nm

Standing lateral modes

Spin Wave Frequency (GHz)

0,0 0,5 1,0 1,5 2,0 2,5
g, (10° cm™)

good gquantitative
agreement between the
theory and the experiment
IS obtained

C. Mathieu et al., PRL 81, 3968 (1998)
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RP 2 Magnon spectrum of in-plane magnetized YIG film
Landau-Lifshitz equation
UK
aM ol L 7 - 7 S Y ag 13 n 27
—:—|7/|,uOM><Hefr Heff(r):Ho+IG(r,r)-M(r)dr +——V°'M + ..
81: 74 YMS
dipolar interaction exchange interaction
HoHo =171 mT Frequency f (GHz)
Thickness modes having a non-uniform
harmonic distribution of dynamic
magnetization along the film thickness
6 pum thick YIG film S il e
15 10 -05 0 05 10 15 Calculations based on:

Kalinikos and Slavin,
Wavenumber k (x10°rad/cm) J. Phys. C: Solid State Phys 19, 7013 (1986)
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Room temperature ferrimagnet (7= 560 K)

Cubic crystal

Low phonon damping

3” YIG wafer
SRC “Carat”
Lviv, Ukraine

Yttrium Iron Garnet (YIG, Y3;Fe:O,,)

Cherepanov, Kolokolov, L'vov,
The saga of YIG, Phys. Rep. 229, 81 (1993)

= Lattice constant 12.376 A
= Unit cell - 80 atoms

Longest known spin-wave lifetime (up to 700 ns)

YIG bulk crystal
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RP Knowledge box: Magnon Bose-Einstein condensate (BEC)

4 . N\
Four—magnon scatterlng

_ ) “magnon gas”

= BEC is macroscopic quantum state e, P,

- Exists at bottom of the spin-wave spectrum
with zero group velocity

" Fundamental scattering processes: four-magnon scattering
- Excess magnons cannot relax within
system relaxation time
- Finite chemical potential p

= QOrder parameter: coherency
- Repulsive intermodal interaction leads to spatial stability
of magnon condensates

= Methods to generate BEC: parametric pumping,
spin-transfer torque, rapid cooling

LA DL L L L L ‘ L L
-1.5 -1.0 -0.’@‘ 0
Wavenumber q (x10°rad/cm)
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RP 0 Outlook: Magnon Bose—Einstein condensation

Bose-Einstein distribution >
e
_ D () 7
p(w) = -
ho—p @
exp| ——— |1 ©
KgT o
9
: chemical potential E
M S
External injection of magnons beyond the thermal %
equilibrium level (about 3%) increases the chemical 2
potential to the bottom of magnon spectrum and &/

leads to Bose-Einstein condensation scenario g’ :

even at room temperature :

g W
min

log Frequency
BEC of magnons — macroscopic quantum
phenomena — spontaneously formed coherent wave

in a chaotic magnon system Demokritov et al., Bose—Einstein condensation of quasi-equilibrium

magnons at room temperature under pumping, Nature 443, 430 (2006)
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RP o500 Outlook: Magnon Bose—Einstein condensation

Numerical simulation of the condensation process
of parametrically populated magnon gas in a YIG film

Bose-Einstein distribution

D(w)
p(w) =
ho—p o B
exp| ——— [-1 N
kBT (D 4.5
M: chemical potential c>f =
C
o 3.5
External injection of magnons beyond the thermal 8- 3.0
equilibrium level (about 3%) increases the chemical o '
potential to the bottom of magnon spectrum and L 25 ' '
leads to Bose-Einstein condensation scenario 30 -20 -10 0 10 20 30
even at room temperature ) \Wavevector qZ (rad/“m)
BEC of magnons —macroscopic guantum MuMax 3.0 numerical calculations
phenomena — spontaneously formed coherent wave
in a chaotic magnon system M. Mohseni et al., Commun. Phys. 5, 196 (2022)

Burkard Hillebrands 2024 European School on Magnetism, York, UK August 28, 2024 49



le Rheinland-Pfdlzische
Technische Universit&t

RP o2 Summary: what we leaned in this lecture:

= Magnetization dynamics: torque equations & torque boundary conditions
= Energy contributions to spin-wave frequency and dispersion properties

= Backward volume magnetostatic spin waves

= Magnetostatic surface spin waves

= Quantized spin waves in confined structures

= Exchange spin waves

= Magnon Bose-Einstein condensation
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