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What are magnons and spin waves? RPTlJ

Ferromagnetic ground state Spin wave
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What is magnonics? RPTlJ

Spin wave (quanta of excitation: magnons) Prototype magnon logic device

: ‘..-u'f\\..‘ : “J?\\..’ :

L, 4
A= 10nmto 10 pm

Wave-based logic

log. intensity

Klingler et al., APL 106, 212406 (2015) 1 ” R 5
Heinz et al., Nano Lett. 20, 4220 (2020)
Sci. Adv. 6, eabb4042 (2020)
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Why is magnonics (potentially) useful? RPTlJ

Magnonic majority gate CMOS majority gate
-— ’ NAND gate - U
e ' L }: > 8 A
g ——>out H— " n n
DD
log. intensity }
Klingler et al., APL 106, 212406 (2015) =
Majority Logic Gate « Downscaling = @
'"P:" '"P:” ‘“P:” °“;P“‘ « Direct input of GHz signals W .
. - : 5 « CMOS integration possible R
0 . 0 0 « Advanced functionalities
0 : I ! |:| METAL1 |: N DIFFUSION
| 0 0 0
| 0 | | [ ]pory | P DIFFUSION
| I 0 . See review article: I conmer L
| | | |

J. Appl. Phys. 128, 161101 (2020)
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v layer ayer Magnonics beyond binary logic RPTl j

layer layer layer

input waveguide absorbing boundary input waveguide
i AL

Magnonic
neural networks

INPUT RESERVOIR OUTPUT Nature Communications 12, 6422 (2021)

Magnon-Scattering Reservoir

g only linear dynamics

a4 A" B f
% same average
AW‘WVF Excited output spectrum
magnons for "AB" and "BA"

(NN | I | |
Frequency, f

Frequency, f

different radio- h with magnon scattering

frequency patterns

Scattered

Lol different average
output spectra

gV

e Jo fa

same average
input spectrum
for "AB" and "BA"
| N ] NEREN!
Frequency, f

= JL L Magnonic reservoir computing

il | I |
Frequency, f

Nature Communications 14, 3954 (2023)
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Magnon dispersion RPTlJ

"l Quantum Materials 2, 63 (2017) Dipolar-Exchange Spin-Wave dispersion
100 1 meV & 240 GHz ] f (GHZ)
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Ferromagnetic resonance

Ferromagnetic resonance (q=0):

/= 4 /|| Allspins precess in phase

S q (104;(1 /C:n) s Consider only shape anisotropy:
uoHegr = tioHo — poMsN m

am q. o+ am
— = — m X am X —
ot Yo eff ot N N, O 0

N~ 0 N, 0
Landau-Lifshitz-Gilbert (LLG) equation 0O 0 N,
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Ferromagnetic resonance RPTlJ
4 om om

—_— = — mXH_ +amX—
ky ot YUo eff ot
poH s = poH(y — .qust

my,my K1&m, =1 We describe only the transversal components of m and h!

— iwt _

y(t) =y 0
h,(t) = h, e'®t (my + amy)w
. h, =m, Hy+ Ms(N, — N;)| +1i
hy(t) — hy ela)t Y v [ 0 ( Y Z)} 1oy

small angle dynamics are described by a system of two linear coefficient equations
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Ferromagnetic resonance RPTlJ

om om

—_— = — X H ¢ + X —
ky ot YoM eff T @M ot

poH e = uoH(y — HoMsN m

X
(my — amy)w
) HO+MS(NX — NZ)] — 1 1oy ( hx ) _ }(_1 ( iy )
h m
Hy+ Ms(N, — N2)] + I iy ) ! Y
) HOY
1 Hp + MS(N.’.C — N.) + ;f;‘fy —?i;’t’y |
i o M(N, - NG) ¢
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Ferromagnetic resonance RPTlJ

4 om H + om

_ = — m X am X —

ky ot YUo eff ot
X poH e = oHy — .UoMsi\7 m

u [ Ho MANG - N e
oy Ho+ M(Ny = Nz) + 3
ey iw
mM, =y h, X:# H0+MS(N}/.—NZ)+W oy |
det(x 1) — Ho+ My(Nx = N:) + i

(unitless) Polder susceptibilty y relates transversal components of m and h
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Ferromagnetic resonance RPTlJ
4 om om

o mXH_ +amX—
ky ot YUo eff ot
X poH s = uoHy — #oMst

AT
<
. A
M (HoJrM(N' N;) + e )2;”
det(x 1) —e Ho + Ms(Ny — N:) + it =
&
x=x+ix " =
y =
o |me] Ho + Ms(Ny — Nz) T_..mx
my HO + Ms(Nx - NZ)
ellipticity
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Ferromagnetic resonance
z .
M, Hy + My (N, — N.) 4 18
ky P det(x ) i
HoY

Resonance condition: det(y ™) = 0

mM; = x hy

Fora «< 1:

WEMR = yo'r\/[Ho + Ms(Ny — N;)] [Ho + Ms(N, — N;)] Resonance

i @ W . :
Aw = a\/(EMs’ﬂto(Nx - M,)) + w? AH = a— Linewidth
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dw
HoY '
Ho + My(Ny — N.) + e

X11 (€ YTWMy/2A0)
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Broadband magnetic resonance spectroscopy RPTlJ

w
wesr = pory/[Ho + Ma(Nx = No)J [Ho + Ma(Ny — No)] - SH=ag 2
V.
Sz1 = = Ving & oM
Vi ot
= | I //II/ ; I -
| S o OOP
- ‘ 57
- Pt/Cu/Co,sFe,s(2.5nm)/Cu/Ta £200 GHz
0op geometry T Ty S S T
0.15 0.20 0.25 2.40 2.45 2.50
uoHo (T)
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Broadband magnetic resonance spectroscopy

RPTU

w
YIG/AIOX(1.5 nm)/Co(50 nm) T=5K__ Hliz Hyllx Holly Re(sS,)
O EE—— 1 19F | i A ' AN\ 0.002
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Exchange spin waves RPTlJ
M f (GHz) T/ T/ T/ T/ T/ T/ T/ Ferromagnetic resonance (g=0):

All spins precess in phase

q # 0: Spin wave

VAN /AR

: ‘..-Jf\\..“ “Jf\\,‘ :

* * ,
A _z<sn
lq| = 7

Exchange spin waves are isotropic!
f is independent of 2(q, M)




Exchange spin waves

LA HAREER

FRINFFFRHLLE N

A A
A >
> YRPUD S

wavelength, A

J. Phys.: Condens. Matter 27 243202 (2015)
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= =2 Jex Zsi *Sit1

Eex = hwg = 4 JexS (1
hw, = Dg q°

—cos(qa)) = 2JS (qa)?

Parabolic dispersion

Spin wave stiffness:

spin-wave energy dispersion

A ? _
Dy =2],Sa2=2 2988  [B@)=h
Mg <

exchange constant A 2

_ E(g — 0) x ¢
exchange field: < :

N”
D, 5 2A wavevector, ¢

UoHeyx = g_‘uB q- = E wavelength! X'
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Dipolar spin waves

o B B B~ B, B« B -8«

O B O e B P A P B B
[ ol S o R e 2
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RPTU

U1 = U = Up

Image: AG Budker, JGU Mainz

_Ho

Edipole — 47_[7,,3 U (ﬂl r)(u; - r)

Dipolar interactions are anisotropic and long range
Generally not easy to treat

Propagating dipolar waves are propagating
electromagnetic waves and thus need to satisfy
Maxwell's equations

We assume that dipolar spin waves propagate much slower than light

O APPLIED SPIN PHENOMENA
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Magnetostatic spin waves in infinite media

V X h = 0 magnetostatic limit for dynamic fields in insulator

Vb = 0 Gauss law

_ M, Ho + Ms(N, — N,) + i o __|x s
X=—"+ . ’ ' . X = |
det(x~") — Hy + Ms(Nx — N;) 4 2 kX
Infinite medium: N, = N, =N, =0
Neglect damping: a = 0 WOWM
1+x —ik O AR
b=u(m+h)=puh p=puo | « 14+x 0 WWM
K _— _—
0 0 1 w% 2
wy = YpoM;
h=-Vy
wo = YpoHy

Mathias Weiler
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Magnetostatic spin waves in infinite media RPTlJ

V X h = 0 magnetostatic limit for dynamic fields Y = WoWM
o 2 _ .2
Vb =-V(Vy) =0 Gauss law A “o T
....... .
: i Z Wy = YoM
P =1ppe™ N S
0 ™~ X wo = YHUoHy
2 2 2
v, a w 0% ‘
—) (1+)()[ Z| T35,z =0
- 0
Walker equation > M, He,
lpzlpoeikr ‘ (1 +X)(k9%+k32,)+k§ =0 (l):\/(l)o[(l)0+a)MSin29]
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Magnetostatic spin waves in infinite media RPTlJ

w = \Jwolwy + wyy sin? 0] wy = YHoMs wo = YUoHy
K
Adding exchange contribution:
24 0
hwey = Dy CIZ —) wexzy_qz > M, Hey
M, .
dw Wy
15 Vg = — Oy 0.5
: 9 dq M
W = +/[wy + Wexl[Wg + Wex + Wy SINZ 6] _
% 1 6=m2
05 0=0
Volume dipolar spin waves do not propagate!
q02 10° 165 108
q (1/m)
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Magnetostatic spin waves in infinite media RPTlJ

w = \Jwolwy + wyy sin? 0] wy = YHoMs wo = YUoHy
K
Adding exchange contribution:
24 0
hwey = Dy q2 _—) (Vo = yﬁqz > M, Hex
S 2
dw Wy
15: Vg = a— wy 0.5
w = \/[a)O + Wexl[Wo + Wex + Wy SiN? 6] _ q
% 1 6=m2
0=0
Dipolar wave bandwidth:
0 2 4 ‘6 8
wo < w < Vwo(wo + wn) 10 10 wm 10 10
g (1/m
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Spin waves in thin films RPTlJ

Thin film: N, = N, =0, N,= 1 /y q
/ Spin-waves can only propagate | éx /M

within the film plane

Out-of-plane magnetized thin film: in-plane magnetized thin film:

[ /\ -
No symmetry breaking in the : /?/ 3‘ («(M, q) can be arbitrary)
plane (M 1 g always) 2R J« _ . _ _
— |sotropic spin-wave dispersion ) — Anisotropic spin wave dispersion

Ko 3
Edipole:4_ 3 [ﬂl Uy — 2(”1 r)(u; - T)]

OS85 APPLIED SPIN PHENOMENA Mathias Weiler 22




Forward volume spin waves RPTlJ
/Z’ / (1 + ) [ 2?,0 021/1 + 002715 =0 b = o piker [eikzz _;e—ikzz]

= 9y cos(k,z) e“kt

z

<w </ + W) = M <0
|. dielectric UJO w Lu’() UJU wl\l X w% — wz X
5
I1. ferri ~gkzz =
a| e /‘ “ \ - ‘jr 4t
ke
—’ -
lll. dielectric § 3t
_|_
Ky =)
Boundary cond: tan(k,d/2) = P ro2f
# :;‘N n=0
= 1
tan |22 \/<(T+ ) 1
an | —+/— X)| = 0 . ‘ . .
2 v—(1+x) 0 1 2 3 4 5
V-1+y)
SO S S APPLIED SPIN PHENOMENA Stancil, Prabhakar Spin Waves
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Forward volume spin waves

a,

—(14x)

tan[£.d \/—(1+ X)),
N

L APPLIED SPIN PHENOMENA

Stancil, Prabhakar Spin Waves

0.9
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Forward volume spin waves RPTlJ
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Backward volume spin waves

|£/M/ qllmM

(1+ ) le oy +62¢—0
az2 dy?
Yy = Yo sin(k,z) ettiyy
n=1:
w? =wy |w + w 1— ™
= Wo (Wo M k.d
] YT
dw W
vy =<0 v, =—2>0 o |
dq q “0 1 2 3 4 5
kyd
S5 LGS APPLIED SPIN PHENOMENA Stancil, Prabhakar Spin Waves
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Damon-Eshbach spin waves RPTlJ

2l/) 0%yl 9%y

/équ: ,M/qJ‘M (1+ )[ aZZ +W=O
[

A+ ks +kS+k5=0 Uniform orthogonal to propagation — k, = 0

(kz +k2) =0 1.05
>ke=—k, =k Wi = [Pore™ +ho_e F7]etk

1

M, ,H,

0.95}

3
3

091

0.85}

'kx +kx
2 _ UJI%/I o2kd % 0.5 1 15 2
w (wo—l—wM)—l-T[l—e ] id
S G C S APPLIED SPIN PHENOMENA Stancil, Prabhakar Spin Waves Mathias Weiler 27




Frequency [GHZ]

Summary: Dipolar Spin Waves in Thin Films

8.5} MSSW

Forward Volume
Magnetostatic Spin Waves

Backward Volume
Magnetostatic Spin Waves

Image: Burkard Hillebrands

Mathias Weiler

RPTU
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Frequency f(GHz)

Backward Volume Magnetostatic Spin Waves RPTlJ
phﬂ

8 - :

ic Surface

BVMSW

0 1 2 3 4
Wavenumber k (x10°, rad/cm)

% APPLIED SPIN PHENOMENA

S

'aves

For BVMSWs:

Vy <0, v, >0

Backward Volume Spin

RS iaiFitalVeR cities

have different signs

Mathias Weiler pi)



Backward Volume Magnetostatic Spin Waves RPTlJ

Magnetic surface charges due to finite film thickness! oof -]

8.5} MSSW 3

Limit for d — oo : w(k) = wy wy = YioHy
= frequency in the infinite Volume

rqguency (GHz)
(4]

\
|tlJ"l'1-

N Phase- and group velocity are antiparallel

S5 APPLIED SPIN PHENOMENA ) A 30




Frequency f (GHz)

Magnetostatic Surface Spin Waves RPTlJ

agnetostatic Surface
Spin Waves

6 F For spin waves:
1
Vph Vgr

0 1 2 3 4 )
Wavenumber k (x10°, rad/cm)
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Magnetostatic Surface Spin Waves RPTlJ

Both volume and surface magnetic charges!
Volume charges dominate (due to ellipticity of precession)

Mathias Weiler 32



Kalinikos-Slavin approximation RPTlJ

= We have only discussedq L M and q || M so far

= For arbitrary £(q, M) no analytical solution possible

i 1—ead
d
Hxlp = M; qd
- 1—e44
d ]
Hylp = MS <1 — q—d> Sll’l2
Kalinikos-Slavin approximation for dipolar-exchange Hey = oM q
0"s

spin waves in a tangentially magnetized thin film:

w = HOV\/(HO + Hgoy + Hgip) (HO + Hex + Hg(/iip)

J. Phys. C: Solid State Phys. 19, 7013 (1986).

E2T5E> APPLIED SPIN PHENOMENA Mathias Weiler
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Kalinikos Slavin Solution

i | ™

- P=m/2

=0

10° 10 10° 10
k (1/m) k (1/m)

w = ,uo]/\/(HO + Hgoy + H;Hp) (HO + Hex + Hg(/iip)
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Full Spin Wave Dispersion of Tangentially Magnetized Thin Films

Frequency f (GHz)

| I I R R L | ISR S R S L | ISR S R N L . | SR S T
7 - ! DIPOLAR- |
DIPOLAR WAVES EXCHANGE }
WAVES
k 2
6 B£_> S N
surface mode 1g ¥
)
14 <
\‘ :
i 1o §
o 1s 3
\‘E 0 o $
FMR /> s
4 4 frequency : ‘;‘ <
i N
backward volume L5 S
.
> k mode P <
3 T Bo —> : 5
X
v L
URRRD T T T T
10° 10° 10° 10°

In-plane wavenumber & (rad/cm)
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Two degenerate global minimaatqg # 0

Mathias Weiler
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Spin Waves and Chirality RPTlJ

Chiral objects Achiral object

mirror plane

See also: T. Yu et al., Physics Reports 1009, 1 (2023)
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Spinwave (Non)-reciprocity RPTlJ

@oé (achiral and) ®®M®
X > r_____é_M___, ¢

Time-reversal (T) Q; i @ @ i y Rotation (R)

———————————————
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Spinwave (Non)-reciprocity RPTlJ

chiral and

M M
© non-reciprocal ©
@ surface @
spin wave
X e -—

———————————————

l M I
Time-reversal (T) v; ! ®® @ :

———————————————
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Chirality protects from backscattering RPTlJ

(a) CMSSW k, = 25.9 rad/um (b) BVMSW k, = 25.9 rad/um
o N H> IL
<« > =
[ =
Source Source s
t,=25ns ” t,=25ns E
e —> < D> > =
U 0 7
g i 1| &
t,=50 ns t,=50 ns s -
£ €& < 1 I s
< > -1
s 8  h [
-25 -12.5 0 12.5 25 -25 -12.5 0 12.5 25
defect Y (um)

PRL 122, 197201 (2019)
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Chirality leads to non-reciprocity RPTlJ
f (a) (b)
‘J\}@i‘/ J>0$$$$$ J<O$¢$¢$

Nat. Nanotech. 8, 152 (2013). QD

Hy = —JS1 - S2 Hpyi = —D (51 % S2)

Dzyaloshinskii-Moriya Interaction (DMI):
« Breaks degeneracy of orthogonal spin orientations
« Requires broken inversion symmetry and spin-orbit interaction
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Chirality leads to non-reciprocity RPTlJ

H
@

w
f=5-=/o+Domi-q

S5 © S5 APPLIED SPIN PHENOMENA Nat. Phys. 11, 825 (2015) Mathias Weiler 41



Spin wave damping RPTlJ

Kalinikos-Slavin approximation for dipolar-exchange spin waves in a
tangentially magnetized thin film:

: : 1 . di di
Wi = .uoy\/(HO + Hex + H;chp) (HO + Hex + H;}lp) Awy = apoy (HO + Hex + E(HX o+ Hy P))

. s 1 . . dwy
Spin-wave lifetime 7 = Acor Spin-wave group velocity Us = or
Spin-wave propagation length:  (@)g | o2 (C)20 -

ﬁ‘. [ - - -
Y— 4 B ¢=0 I ¢=0 ] 0 L
FITT R T My
108 107 106 107

k (1/m) k (1/m)
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Spin wave damping RPTlJ

Wy = ,uOy\/(HO + H,, + H}c}ip) (Ho + Hyy + H;ip) T = 1

Awy, sample B
A — Ho+ Hoo 4 Lopgdip | pydip I I I :
w = oy | Ho + Hex + 5 (Hi™ + Hy™) e = Ti|vg|
& laser-scan
vowvHlIly
L | R 1 LI 1
=3 20| [ tpHy = -18mT 1
_d 104 3 — 16 R o
e g 'Of il J
~ o U
= v% 12 g L ]
@ & 8 [~ N
§ < [ | 9 ’ J
£ 5 4 B p,H,=43 mT 7] B HoH, =43 mT ]
10 1 " " C 0 " 1 " 1 " 1 " 8 PO ST ST T T TN T N T WA W |
0 10 20 30 8 10 12 05 1.0 15 20
X (um) f (GHz) ky (1/um)

In metallic thin films, typically um propagation length

O85> APPLIED SPIN PHENOMENA Mathias Weiler
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Summary RPTl

. . . . 7 : DIPOLAR- ' |
= Spin waves can be used as information carriers PIPOLARWAVES waves |
= Exchange spin waves have isotropic dispersion ]

~

= Dipolar spin waves have anisotropic dispersion 5 ;
(o L
] =
. . . L 4 frequency ; £
= Surface spin waves are chiral & non-reciprocal backward volu I
. B.,_Lk mode é
spin-wave energy dispersion e 100 100 1'05 T

Wave_based |Ogic 1 E(q) = hwq In-plane wavenumber & (rad/cm)

log. intensity

energy, E

M, .H,

E(q — 0) x ¢*
\—/ JT i
wavevector, g, 'kx +kx

A
wavelength, A
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