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Spinwaves and soundwaves for applications
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Why magneto-acoustic waves?

, 10 cm ,
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100 3 Frequency (GHz) .
f ~ GHz S Control spin-waves

Ph’°t°” with kSW 0

Miniaturize non-reciprocal

: _ Demokritov et al., Nature
microwave devices

443, 430 (2006)
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Bozhko et al., Phys. Rev.
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Brief history of sound and spin

Interaction of Spin Waves and Ultrasonic Waves in Ferromagnetic Crystals*

Hy||z

C. KIrTEL

Department of Physics, University of California, Berkeley, California

(Received January 9, 1958)

Phys. Rev. 110, 836 (1958)

Magnetoelastic free energy contribution: m, = 1> my,m,
fME = by [exxm?2 + £,,m3 + g,,mZ| + 2by|e,mymy, + e, mym, + £),mm,|
Pure strain Shear strain
Exz bz ~ 10T
toHve = —Vinfue = 2b; <8y2> e~ 1077
0 :U'OHME ~ 10 mT
oM
57 = Vo M X Hegt Hegr = Ho + Hyg + -

Dreher, MW et al., Phys.
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Brief history of sound and spin

Cy

o EXCITATION OF HYPERSONIC WAVES BY FERROMAGNE TIC RESONANCE

OUET:UT H. Bommel and K. Dransfeld
LEAD Bell Telephone Laboratories, Murray Hill, New Jersey
(Received June 18, 1959)
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Brief history of sound and spin

i 10>0 <0 :
M e We o kew Surface Acoustic Wave (SAW)
VOl RN ARNNE AR e s .
,,,,,,,, Macroscopic: Earthquake
Ezz¢
Microscopic: Mobile communication
IDT Input IDT Output IDT 0®%e, e®%%e
kSAW .......

surface 0 g
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I photon—phonon phonon—photon
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Interdigital transducer (IDT)  Spinwave < Soundwave < E-Field
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Brief history of sound and spin

fSAW ~ 100 MHz K fFMR ~ 1 GHz

AE-Effect: c=c(M)

Thick Ni film with
perpendicular magnetic
anisotropy
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Ganguly et al., JAP
47, 2696 (1976)
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Brief history of sound and spin

In-plane anisotropy Ni (0.2um)/ LINbO,

'geo—
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|Sz1| (dB) - |SZ1|—150mT (dB)

Brief history of sound and spin
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Measurement Simulation
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Symmetry of the magneto-acoustic interaction

— 2
fME - blgxxmx + 2b2 [exymxmy + gxzmxmz]

uoHyvg = —VinfumE

T=m X HOHME x”kSAW
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wPwPw |
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Symmetry of the magneto-acoustic interaction

— 2
fME - blgxxmx + 2b2 [8xymxmy + gxzmxmz]

uoHyvg = —VinfumE

T=mX ugHyg

Measurement Simulation
—_2 e~
(a) 8 ¢ 0 |821|norm arg(821 IF)tlnorm arg(Pt)
X% | EEES0° >90° 1 EETES0° >00°

90 C T T T T 1 = 60 'al T T '__ T T L [ 'CI T T '-_ LA DL L
IP wf f gy
i i 0f ] C ]
&0 -30 £ ] - ]
© < 60 fo. ] £0.86 GHz 1
@ 30} 3 — ] el I
o S 60L ] o ]
D 0O 4 3 30t 9 - ]
5 = of ] 1
9, ® 30 ] C 7
> -30; . . 1§ S0h15ahe 19562 ]
g 60 _' 3 E __' T 1 ]
60+ 7 T 30F ] L ]
oL | L b
-90t . , . o -30 | . : 1

60 -30 0 30 60 60 [224CHz {F [2.24GH, | [ -

“oH (mT) 250 25 250 25 250 25 250 25

pH (mT) pnH (mT)

oOHra g A g
wPwPw |
APPLIED SPIN PHENOMENA

Mathias Weiler - ' Dreher, MW et al., Phys.
14 | 73Es&S00E Rev. B 86, 134415 (2012)



Symmetry of the magneto-acoustic interaction

IDT

LiTaO5

Rayleigh mode (R)
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Experiment

Symmetry of the magneto-acoustic interaction

t=390ns

AS,; (dB)

. W -
-60-30 0 30 60 -
HoH (mT)

Hoh o &, cos (2¢)

f = 3.5 GHz
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—120}
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KafR, MW et al., Phys. Rev. Applied 15, 034046 (2021)
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Experiment
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Symmetry of the magneto-acoustic interaction

f = 3.5GHz

— 3.5GHz
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KafR, MW et al., Phys. Rev. Applied 15, 034046 (2021)

I 2V A Y £
wPwPw |
APPLIED SPIN PHENOMENA

Mathias Weiler

17

-
I I = TECHNISCHE UNIVERSITAT
= KAISERSLAUTER



Contents

Introduction

Symmetry of the magneto-acoustic interaction
Origin of the magneto-acoustic interaction
Non-reciprocal magneto-acoustics

Non-linear magneto-acoustics

96939 Mathias Weiler

APPLIED SPIN PHENOMENA 18

-
I I = TECHNISCHE UNIVERSITAT
= KAISERSLAUTER



Rayleigh-SAW:.

Magneto-acoustic coupling

4

f = 7 GHz

g 0 CoFeB(2)
M —_—
X kS21 o
) ASy4
*IDT1 = '2 i
SAW Cg
CoFeB/Pt 4t . |
or CoFeB 0 mT AS
" LiINDO3 . i 12

"N IDT2 =73

Origin of amplitude non-reciprocity?
Are magneto-acoustic waves chiral?

esese I Math I as Wel | er I I.- TECHNISCHE UNIVERSITAT

=
APPLIED SPIN PHENOMENA 19 = KAISERSLAUTERN

50 -25 25 50 75
HoH (MT)



Magneto-acoustic coupling

U, ou, N du,
oo e 0 E = E = —
e '..Q..' il X ox 22\ 0z 0x “
. CoFeB(Z)
_ hip, = 2 b &, sing, cos 7 °
Rayleigh wave Hollip xx SiNo 08 b 3, ASy|
ﬂohoop = 2 b &y, COS Py 2 A _
ksaw - | o ' R
R Elliptically polarized driving field 55 =2¢ 2555 50 75
oH (mT)
hoop hoop ""'..Q.-"”'

AN

i;' VA i;: \/ T e

Good coupling Poor coupllng

Case closed?
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Magneto-elasticity and magneto-rotation

auz . . . . . .‘.o... ....0!.
Exz = E(E + ax) — 0 in thin film limit 0

<.

Maekawa, Tachiki, AIP Conference
Proceedings 29, 542 (1976)

.uohoop =2Db &, cospg >0

Anisotropy axis modulation

¢
=

_ 1(0ux _Ouz in thin film limi v
Wyy = (62 ax);tolnthlnfllmllmlt oM.

2
Magneto-rotation

<
N
=

-
\
=

1
Uohmr = —EﬂoMeff(sz coSs ¢g

(does not require magneto-elastic medium!)
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Magneto-rotation

Xu et al., Science Advances 6, eabb1724 (2020) f ~ 6 GHz

-k _

Rotational
motion of
lattice w.

Precession
motion of M

P (arb. units)

Ta/CoFeB(1.6 nm)/MgO

OCoFeB(Z)
hyg = 2 b b e, .
= Exz COS : o '
HollME Xz 0 (only) magneto-rotation or [
. . 4t 1
1 (also) magneto-elasticity? 0mT | as
hpyr = — = o Mgy, COS N B )
HoMMR 2.“0 effWxz ¢0 75 -50 -25 25 50 75
oH (mT)
POCLS S [ e
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Depth (wavelengths)

Finite element modeling of strains

€x>0 €xx<0
—»‘—

> kSAW
7 » E 10 -ig 10

c -

S -]

Exz g ¥e!

® ©

= 0.5} - ~ 0.5}

Particle displacements @ E
- 0 + » - \ E L|Nb03
Z - ' 0.0 -

N : -30 -15 0 30 15 0
Z (nm) z (nm)

£xz=0 for free LINbO; surface Exz # 01N CoFeB

Y4 : :
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Quantitative Analytical Model (Rayleigh SAW)

€xx,0 €x2,0 1
be = by 50, = p, 2O Y BN e
From FEM e = P17 - 1 SR T [tz (@) = £/ g7 V Poaw (@)
y
ha | k2 : hy 2%z cog ¢
h 1) = P i(kz—wt) 3 _ 10
(ﬁa ) ;LQ RwW V SAW(x) € (h2) (2?—5 COS g sin o

fll le 1 k2
 bs = - _ v O = —uV,
Pas = B {l exp{ C Im (EQ) X (52)] }} 2#0 0 (RI/V

1 (i X 1—e Ikl Dipolar
——1 _ 11 12 G —
' ﬂﬂ(glﬁj " lkd Exchange
xhy = Heos(¢o — dn) + fff K2 4+ MGo = Hic+ Hapycost (G = ) = 1 Model considers: DMI
i LM s LL() .
= —xb, =i ( L“’ﬂ n QDZ,LE;ksin(qbg)) AnISOt_I’Opy
Ho?Y Ho Mg - Damplng

24
Xaz = H cos(¢o — éu) + ———k* + My(1 — Go) sin®(¢o) + Hani co8(2(Po — Paus)) — i——
,LLD]\JS oY

KaR, MW et al. PRL PP athins Weiler _ P. G. Gowtham, JAP
125, 217203 (2020) TOwPw | o | 7% GRsstiry 118, 233910 (2015)
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T2 * * CoFeB
Q
St b _——
ngo-}
% a3 4 s
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1505
1 2 | k- bxz,ME+bxz.MR ]
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_Qx ) %

EOS / —_— ]
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Quantitative modeling

Experiment
(
o

CoFeB(2)

0 -4 -8-12
| AS; (dB)[
/[ N/ \]
LN 4
B | Ay

|/ \ | / \ |
\ ! : \ / ]
. , ,821 h \ ‘,AS12
50 0 50 -50 0 50
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KiR, MW et al. PRL 125, 217203 (2020)
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Magneto-elastic:
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Magneto-rotation:
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Sound-spin-waves

f =500 MHz
(a) XMCD-PEEM FR-MOKE

Applied 120} e 1 ' 'Re{Sz_'} max
ﬁe'd’ P"-‘ZOG'LC"'C . 100} ,'

X-rays | [ ,, ajnetm “ kSAW - kSW E 8o} IR \

< : : g sl \\\\\\\\\\\ | 0
0.02 < L

T 40} »
20} /’{’/\

e %20 a0 0 80 100 120 -

Position x (um)

Casals et al., Phys. Rev. Lett. 124, 137202 (2020). Liensberger, MW et al., IEEE
Mag. Lett. 10, 5503905 (2019).

kSAW
—

We do not excite FMR (k = 0) but spin waves

wPwOw
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Non-reciprocal microwave devices

Moon et al., PRB 88, 184404 (2013)
Nembach, MW et al., Nat Phys 11, 825 (2015)
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Non-reciprocal spin wave dispersion

f = 7 GHz

ks12 S IDT

k L ., : :.' T SAW
‘ . CoFeB/Pt

" LiINDO3
S IDT2

Ho™Y
f

.
Hi1Hao —
o VUM A,

Desg k sin(¢o)
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SAW-DMI spectroscopy

Spin-wave frequency non-reciprocity due to DMI

00—
#0’)’ Y .
f= Hy1Hag — Deg ksin(¢o)
mMs 45
CoFeB(2) CoFeB(2)/Pt =~ 0
0 -4 -8-12 0 -4 -8 <
_  ASEB T AS (BT 45
-
c 60 1 ] . ] '
£ ~ 30 / \{/ \ | , \i/ \ -0t o .
5 0 . . 40 . soT 80
Q _ | 1 | m
% -28 \ Z | \ / ] \ ! _ \ , ! Ho res( )
- Lo TS W TS| SR B @ CoFeB(d)Pt
60 1 } ] -0.6f x CoFeB(2) @ 1
L~ 30 / \ | / \ | # \Ni/f \ < .
i ‘é 38 [ ' ' ' l,E*-O.4 o 3
60| Z -\ [ \ £\ 4 < ° /
Sy1 __ASyy A4Sy __ASy| a-0.2
50 0 50 50 0 50 50 0 50 50 0 50 PZF\(’)L 118, 147201
17
HoH (mT) toH (mT) uoH (mT) uoH (mT) 0.0 ( )
KuR, MW et al. PRL 0.0 02 04 06 0.8

o o‘ o h [ [ | —' TECHNISCHE UNIVERSITAT
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Magneto-elastic waves in bilayers

YA H
¢H M(l)
/90|
4 X Ksy1

-----
-----
-----
-
___________
-----
-----
-----
-----

1T mode { | 11 mode

IDT  SAW CoFeB(5) |C v |C >

Dipolar coupling [AU(3)

Py(20) E% S )
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Single layer

6} 1
| m A\
\/ SW -e k321(k>0)M
QO
27 A U
Ot s12(k<0)
_1'4'-'7'6 -1l4 0 2 4 6
k (“m-1) f(GHZ)
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CoFeB(5)/Pt(3)

Py(20)/Au(5)

Single layers

10-AS,,

2/3AS,,

oS, ==

80 30 0 30 60
wH (MT)

60 30 0 30 60
uH (mT)

AV Y AV 2%
wPwOw
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magneto-elastic
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7 0 7 14
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33 W
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magneto- -rotation
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Bilayer expectations

Bilayer spin wave dispersion: Gallardo et al., Phys. Rev. Applied 12, 034012 (2019).
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N 1T mode i { 1{ mode
CoFeB(5) | =—>| | —>
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g 47 A w e
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0 1 . 1 ' 1 . 1
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Mathias Weiler
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KaR, MW et al., Phys. Rev.
Applied 15, 034060 (2021).



T Bilayer experiment & simulation

Au(5)

Py(20) S < O

————— AS; (dB)
I _ A ' -38
6 o\
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T4 ' \ TN T
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. D AN S
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Optimizing non-reciprocity

AS,,
&4 ()

AS,,
4 (%)

ASU (dB) 2 _IdPy: a(lloFeB I
-38 N — d™=20 nm
{.. “ * 5 - DMI
3\
\ 7 <
¥ ¥ W Non-reciprocity ; // |
| u AS > 35dB 0 5 10 15 20
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s, | Magneto-acoustic insertion loss
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Y ¥ e Achievable SAW insertion
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bt () 073105 (2017)]
PR i " - 4 KaR, MW et al., Phys. Rev.
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Non-linear magneto-acoustics

Triggering Time trace

M

RF Puise Detector
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Non-linear magneto-acoustics
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Summary

Magneto-acoustic interaction due to
« Magneto-elasticity

« Magneto-rotation Open positions
Acoustic spin-wave spectroscopy (PhD & postdoc)
« High wave-vectors
* High sensitivity Strong non-reciprocity
Kai, MW et al. Phys. Rev. Lett. 125, « Miniaturized device with low
217203 (2020) insertion loss

o _ » Established technological
Symmetry of magneto-acoustic interaction platform
can be controlled by choice of SAW-mode KGR, MW et al., Phys. Rev.
Kufl, MW et al., Phys. Rev. Applied 15, Applied 15, 034060 (2021)

034046 (2021)
Nonlinear magneto-acoustics (Geilen, MW et al., arXiv:2201.04033 (2022))
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|Afes| (GHZ)

Optimizing non-reciprocity

- high field res. —— low field res.
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Fit results

CoFeB(1.4)/Pt CoFeB(1.7)/Pt CoFeB(2)/Pt CoFeB(3.5)/Pt CoFeB(5)/Pt CoFeB(2)

l¢ (um) 1250 1250 1250 750 750 1250
f (GHz) 6.87 6.87 6.88 6.88 6.77 6.9
M, (kA/m) 1320 1306 1262 1534 1504 1125
Pani (°) 88.8 90.5 87.7 83.9 83.2 88.9
poHani (mT) 8.4 7.2 7.1 4.2 4.8 6.0

Hy (kA/m) 837.9+0.07 77244+0.05 659.5+£0.05 6293+0.1 483.84+0.2 5054 0.01

Deg (uJ/m?)  —502+1.1  —484+07 —424+07 —357+13 —285+23 —32+0.1

o (10_3) 55.3 +0.05 45.8 +0.03 37.6 +0.03 20.7 £ 0.04 17.8 4+ 0.0 10.74+0.01

—bee (T) 3.1194+0.001 2.948 +£0.001 3.021 +0.001 2.936 4+ 0.002 3.025 4+ 0.003 1.963 4+ 0.001

—by, (T) 70.560 20.581 10.692 £0.983 +1.079 10.589

Error(bss) (T)  40.001 +i0.0019  +i0.0019  +i0.004 +i0.007  +i0.001
195 219205 (2000) 8BS3L | Manmveler | [



Broadband SAW spectroscopy
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Sample layout

- 1600 um _
_ 1250 ym (d<3 nm) .
_ 750 uym (d>3 nm)
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Proposed applications

Isolators Circulators
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R. Verba et al., Advanced Electronic Materials 7, 2100263 (2021).
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SAW filter

Input IDT Output IDT

2212

SAW absorber Piezoelectric SAW absorber
substrate
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