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1. Sub-u Spin Wave
SPECTROSOCPY

(k-resolved magnetic resonance)
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Submicron Spin Wave Transduction in strips

l(®,k) = h(®,k) = m(w,k) = AZ(®) (change of inductance)

1
AL; = Z (Zij(Hres)_ Zij(Href))

_Ho (TP PR e
) T_1 s
Hs  pg

— 00

v Transduction of sub-micron spin waves in metallic strips
ru’ v Efficient model for plane wave modes
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Ecole Mines Telécom V. Vlaminck et al., Phys. Rev. B 81, 014425 (2010)
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SPIN WAVE BEAM IN CONTINUOUS FILMS

Observation of a focused emission from a constricted CPW

(i) Micromagnetic simulation (out-of-plane) (ii) Time resolved Kerr microscopy (in-plane)
Scientific Reports 6, 22367 (2016) Phys. Rev. B 96, 100401(R) (2017)
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Interesting results,
'“’ but no explanation for the beamforming
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Spin Wave Transduction in continuous 30 nm YIG films (i)

(i) Using several devices at different distances .
N. Loayza et al., Phys. Rev. B98, 144430 (2018) m(x, t) = moe‘mei(wt—kx)
H,. =308 mT |—
124 a f 5 D=4pum |4 D
8-
1 0
4.
04 1
1 k1 > k2 2

5
B Oscillation due to # phase
- delays (spectral width)
z 5p= kD
Vg= fosc D
. 2v4
Attenuation Ly = T

Out-of-plane Aw = 2aw
46 48 5.0 52 5,4 Out-of-plane Aw = a 2wy + wy)

frequency [GHz]




XRD ON THE YIG FILMS

GGG//IYIG 25 nm
Thin YIG (Y3Fes0,,) films grown at Argonne National Laboratory /‘,\
i t=29.2 nm
« sputtering power of 75 W 8| st
« low deposition rate 0.25A.s" 4]
* Annealed ex-situ at 800 °C with continuous air 5 |
ﬂOW ; —— experiment
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Spin Wave Transduction in 30nm YIG films (i)

0% = wy(wytwyP(K)) ; ou=yHo(How-MotHy)

20

Uniaxial out-of-plane anisotropy: poHg =~ 60mT

k-resolved FMR
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Little disagreement with simulation
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AL, [pH]

Spin Wave Transduction in 30nm YIG films (i)

Estimation of the attenuation and effective damping from several D N. Loayza et al., Phys. Rev. B98, 144430 (2018)
‘ D= {4681012}ym

LioH o = 374 mT

Attenuation length:
10/ D=4um ng
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Satellite peak %04 7 O Experiment
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-1,0{—— Im(AL12) . . . . . . .
S L Linear dependence suggesting minor dispersion of the emission
"6:6 6.8 7.0 7,2 74 76

— Validate SW transduction in continuous films (no need for strips)
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k-RESOLVED FMR (Satellite peaks )

Characterization from a single device that display several satellite peaks

25— . . : :
P=-30dBm; IBW=100Hz (no averaging) . o
6 . i . 207 E ..,:f;;;*":./ ]
T T T 151 9 . ,:/' . k=0
k1 Y— . .;' ¥ k1 ‘
4 ] e foke ] i
5 .:/;’ ks Y
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24 0] Mo Hext (T] il P o
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frequency[GHz]
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=0) GHZ?

(k)-F(k

k-RESOLVED FMR (ii

fk21 — fo =|SU)|uoHext +|I (k)
S|ope Intercept
S(k) = 5~ (fuP (k) + 21k?)

linear fit

T T
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k-DEPENDENCE OF THE DAMPING ...(ii)

D
2v _2
Tracklng the H- dependence of Latt = A—(j’ AL,; = Ae Latt ; ; ky =243 [rad/um]

— ) H k1 I f 1004 1 | | | | I K l I
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2. SPIN WAVE BEAM FROM
CONSTRICTED CPW

_ DESIGN OF SHARPLY CONSTRICTED CPW
_ DISCRETE MAPPING WITH uM-SIZE PROBING ANTENNA
_ FRESNEL APPROACH

4 nd
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DISCRETE MAPPING - GEOMETRY #1

Non-identical pairs of antenna (with different length): Ley=10um , | ope=2um

— ] — . — 112 T d T % T ” T
Asw=1um;D=5um;s={01,2,3,46} um % o H [mT]
] - ]
™~ w0243
1'0__ f\+/ : % —m—0308 |
sl & 9 \\ﬁ\ —m—0.374
ey (] B z x —m—0475
T { ¥~ * *ﬁ\ 0.612 1
[a% e - . .
— 064 - ' i\ | i
i !\i/i“hi\ \l
3 LN
0,4- i
B2y ey mmame BRTIEY v gy edame i i
0,2 4 : |
g I o
i : : w0 ) : : 0 0.0 1IEnd of the fonstriction
16 —Im(aL,,) 1] —Im(aL,,) ! ] ' : ' y L :
12] —m@AL,)  Jos ] —1Im(AL,) o, 0 2 4 1 6
z g = s[um]  Lex
= wE = 2
O § £ « Drop of amplitude outside of the constriction
i ' | . - ' | » Oscillations within the width of the emitter
. frequency[GH:] /UOHext= 308 mT ‘ frequency[GHi] antenna

N. Loayza et al., Phys. Rev. B98, 144430 (2018)



DISCRETE MAPPING - GEOMETRY #2

Non-identical pairs of antenna

(I—exc=1 O“m ) Iprobe=2um)

IM
Bre
Ecc

w = 10pm

D, 5
D={4,8,10} um ; s={0,+2,#4, +6, +8} um
s = 8um
A=1lum 8="6pm 2 DI b Comiebiwn | uecwsaans
e — s =4pm
D=4um, s=+4um
s =2um
w = 2pm
H |i] H s = 0pm
Receiver g5
Qasp 024 00
Tra A 2HB
s = —4pm
Emitter s = —6um
P s = —8um
D = 0pm D =4um D =8um D =12um
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DISCRETE MAPPING - GEOMETRY #2 (|4L,.|(S))

End of the constriction of excitation antenna

LipH e = 243 mT LipH e = 308 mT
"""""""""""" 1,0 g
1,4 1 —u—D=4um —=— D=4um
/ e D=8Mm ] 1—e— D=8|J,I’T'I
1,2 % 9 " —— D=12|,1m- 0,8 | D=12um% 4 ]
~ 2 1 / |
1,0 T4

AL,, [pH]
/

’_./_|
)
AL,, [pH]

\
b
LY

S

‘ \ | .
i I .
044 1.7 i \ ]
. i | 'ﬁ ] 0,2 1
021 T \ {
0,0 T T T T T T T T i 0,0 T T T T T T T T T
-8 6 -4 -2 0 2 4 6 8 8 6 -4 -2 0 2 4 6 8
Shifth [um] Shifth [um]

AV u d « Asymmetric drop of amplitude outside the width of the constriction

IMT Atlantique

* Oscillations within the width of the emitter antenna
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FRESNEL DIFFRACTION MODEL FOR MSFVW

f=5.15GHz - y,H.=308mT f=5.25GHz - y,H..,.=308mT
Fresnel model

Near-Field : Rp= (AD)* < l,,,

Diffraction of circular waves with damping Fresnel model

from 3 rectangular apertures: G-S-G

G. S G, m =Mg-Mg.- Mg,
IEXC/Z— 2 CPW S G G
XV | r
I
Ts

D Kies = 6,17 rad/um

YT L,.=13,8um

B

Kies = 7,98 rad/pm
L.«=14,5um

A
v

'Iext/z

[—
~ L=
=

MuMax 3 (done by D. Stoeffler)
m 2 2 1 L ikT;
mi(D,S)=jldy de\/—r_'e Latte i

g Remarkable agreement for
such a simple model




COMPARISON OF FRESNEL SIMULATIONS WITH EXPERIMENTS

Geometry #1 Geometry #2

Simu using Lq.(f,H k) and
summing over the 2um
probe antenna length

1.2 . T T 12— T T T
% uH,, [mT] D [um] | uHg T
B g™ * m 243 06 $ i
st P * ....... + : ;gi 09] © 8 374 4 *
@ + '''''' ‘+v., ‘:- v 475 0 12] 374 8 NN k
................. B e ; . &
= Ll Dok, 0 L e 612 [o4 » B ! I +
O ey " ad -, & 1 5 18 ] 0. e 8%
— i n i % 0.6 B 6 Fn
_ 086 L R | g — 171 ¢ v S
i N AP AT L LS TR | s _f 1ie: Ak
] . oy : LY
o B, do. ™ oS T
0.34 . l 0.2 0.3 i ..} B E
[ G S
[ s g
1 el ;t‘/ 1
1 0.0 -Resseet
0.0— , T T 0.0 8 6 4 2 0 2 4
0 2 4 6 0 5 10 15 20 25
s [um] s [um]

X [um]
v' Diffraction features well explained with near-field Fresnel model
A ud v' Discrete mapping of SW with non-identical pairs of antenna

IMT Atlantique

Bretagne-Pays de la Loire

Ecole Mines Télécom N. Loayza et al., Phys. Rev. B98, 144430 (2018)



3. SPIN WAVE DIFFRACTION FROM
CURVED ANTENNA

_ NEAR DIFFRACTION MODEL
_ CONCENTRATOR
_ « YOUNG-SLIT » DEVICE



NEAR-FIELD DIFFRACTION MODEL FOR ARBITRARLY SHAPED ANTENNA

Goal: Use Kalinikos approach [J. Phys. C:Solid State Phys. 19 (1986)] to express m(u, v, t) in the Lab
coordinate for any geometry of excitation: (i) curvilinear antenna (}_{exc (ky, ky)), and (ii) arbitrary

orientation Hg,;:

+ 00

mu,v,t) = et f dkydly {7y, ko). Roxe (ky, k) Je 0t thom)

— OO0

(equilibrium direction)

* Lab Frame (u,v,$)
* Frame of the propagating SW (¢, n, {)
* Frame for the magnetization (x,y,z)

(z=Equilibrium direction) 0 = (uguy,) ¢ = (ug, )




GEOMETRY #1: CONCENTRATOR (MuMax3 vs NFD model)

Circular antenna
(%arc : R=10um)

MuMax3 - f=5.15GHz =

NFD - f=5.15GHz

y [um]

2pm T EHT=1000kV

& . l; MuMax3 - f=5.30GHz NFD - f=5.30GHz
|—:—1 . WD=80m'r\.1 m:w'.;;:‘.stirx?‘ Tirme 150458 , -J

Simulation parameters YIG (t=30nm):

10

w,H,. =308 mT; u,M, =198 mT
K,=4.88kl.m?3 ; A, =4p/.m?!
% =2826GHzT 1 a=7510"*




CONCENTRATOR - MEASUREMENT AL,,(D)

Probing the interference pattern along x-axis D = {7.5, 10, 12, 14.5, 18} um

Im(L21)[pH]

MoHext=392mT

HoHext=707mT

5.5

6.0 14.5

frequency [GHZ]

15.0

30

20

- 10

Im(L11)[pH]

10
HoH e = 500 mT
5
>
Simu YIG 30nm 5
Mg =190 mT
- -1
Aexe = 3.5p/.m 10
— -4
a=2310 10 e "
x [um]
2.5
MoHext [T]
v 0397 (1
207 8 A 0492
/ i e 054
L e \
L ® 1’//’/ :\\ \\ i ® 0.628
I 15 L il TR e 0716 |
o l’ll/://"\\\\\\:\\ m 079
E I":I'/I,//::’ 2% \\\\:%\\ --- simulation I 1L
— 104 /;4,4/,/'/’ N
< Q\_//////
~§§$§l,l
3327
0.5
0.0 , ‘ ‘ ' ' :
8 10 12 14 16 18
Dlum]

* Limitation for defining a punctual probe



CONCENTRATOR - MEASUREMENT AL,4(s) M}Hexc;mmT

Probing the interference pattern along y-axis across the focal point D=10um
| s={0,0.7, 145, 2.55} um

UoHex=392mT UoHex=707mT
Simu YIG 30nm
- 30 HoM, =190 mT
- 20 AGXC = 3'5p]'m-1
a=2310""*
- 10 x [um]
N made N
0 1.75 1 HoHext [T] 1 35
40 ,,%\ A 0493
/ N
- | s 150 {771 ® 0539 | o
T ] RN e 0.63 -
o 11 o ! TN\ e 0714 5
e — — 1254,/ W ’ 25, ©
— 1 20 = 2597 ems VN m 0798 [“7—
S A - o \\\\\\\\ [
E i L 10 E 3_ 1,00 _// \\\\\\\\\\ % —==- simulation | , 9
- =24 -, = (':} -+
o 55 —1 075 15 0
<l >
2 4 - 30 0.50 1.0 g
g wn
o - 20 0.25 0.5
=1 20 0.00 ’ . . . ’ : 0.0
2 0.0 0.5 1.0 15 2.0 2.5
Lo
-3 S[um]

5.6 5.8 64 146 148 15.0

@ Fast decay across the focal point

frequency [GHZz]




GEOMETRY #2: CONCENTRIC ANTENNA

Comparison between straight and curved antenna of same length L = ?

UoHe=280MT  pigHeg=467mT Simu YIG 30nm
’ . 4M,=198mT, yyM ;=136 mT,
A,=3.5plm! ;a =7510"*%
- F20
15 T T T T T T T T T T T T T T
& " T 301 % * Straight -D=5pm 30
B 1 N % @ Concentric - D=5um
] L5 2,51 N # Straight - D=8um -25
1 N @ Concentric - D=8pm -
o N &
EHT = 10.00 kV y 2] — - . . U)
B e gy maas (g . T 207 @ N N 4 — —Simulation 1*° 3
e 2 o~ N c
2 - 25 % 154 N X 1s 2
— ! }\\ ~ o
g 20 < RN \*\ 3
~
N SR SR U H
0 ~ =~ O~
- 10 ° S o * ~ -
0,54 o ~ * * ~ 405
g 5 ° e = o ey
) ‘o-
-0 Oyo T T T T T T T T T T T T T T T 0,0
-2 1 020 025 030 035 040 045 050 055 0,60
s L : 300 35 35800 825 850 M H,, [T]
g — Very good agreement between
Bretagne-Pays de la Loire frequency [G HZ]
Ecole Mines-Teécom measurement and NFD model

PAGE 25



GEOMETRY #3: “YOUNG-SLIT” SPIN WAVE

Probing the interference pattern along y-axis at D=4um

HoHexx=1.093T

UoHext=1.23T

15

10

Im(L21)[pH]
Lo
o u g 5 ' '

3.5

4.0 4.58.0 8.5

frequency [GHZz]

Im(L11)[pH]

s={0,047,0.9, 1.38 2.0, 3.0, 2.55} um

0.40 -

AL21[pH]

€
=
i >
Simu Py 20nm
HoM;=1T ; He=0
_ -1
Aexc = 75p]m
a=5510"3
-3 -2 -1 0
L HoHext [T]
| I, \\\ A 109 [
/ \ m 115
2 . e 123 [
/ LR VAN
U AR ’ \ ——- simulation [
ST \ EPE A
; MR v N
o . ' YN
b VAL 7 LN AN /
1\ X ~ \\\ /
\‘\‘ ! N \\\ Y
\ 15 SO L’
‘\\\ 1 AN
\\\\ /'// R s -7
N A Seee
AN -
NSE

Simulatfon [a.u]

T
o
w

T
o
N

S[um]

1 2 3 4 5
08  X[um]

o
~

o
o

o
5

T
©
=

o
o

g First demonstration of a Young-2slit

spin wave experiment



4. CAUSTIC EFFECTS FROM
IN-PLANE MODES

_ MODEL FOR IN-PLANE MODE
_ SELF-FOCUSING FROM CONSTRICTION
_ TOWARDS CAUTIC BEAM TRANSDUCTION

4 nd

IMT Atlantique
Bretagne-Pays de la Loire
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NEAR-FIELD FOCUSING OF SPINWAVES

“Tight” focusing of a spin wave beam excited in extended nanometer-thick films
Appl. Phys. Lett. 116, 062401 (2020)

Near-Field
- @B Diffraction simu
Mo S o | YIG 30nm
* F4 = ‘\’"\"‘\ e Radiated /’lOHeXt = 50mT
k A P uM,=0.17T;
y R
/ \ VIG Aexc = 3:6619]"7 .
H (56 mjn) a = 1.4‘ 10_4
Microstrip
]incI I / Spin-wave
\ antenna

(a) 3

z, um
z, um

X [um]

' '
(3] —
1 L

&
.

Micromagnetic simulation not
always necessary for mapping
0 1 2 3 4 5 6

ST near-field diffraction pattern



EMISSION OF CAUSTIC BEAM FROM A TRANSITION

Caustic beams from a transition btw a waveguide and a continuous area

Isofrequency
* V. Demidov et. al., Phys. Rev. B 80, 014429 (2009) [k, key) * T. Schneider, et. al, PRL 104, 197203 (2010)
Mgﬁ‘gﬁ;’e S;id\fsgs (a) F=9.1 GHz (b) F=9.3 GHz 30
/ - = T m)
32 " i
um 10071 1
£ 20 I
S % e
_I_R_ lH HextI
(d) F=9.7 GHz
24 10 |
m [ : — |
y = 1
/4_ / | > L ,,,,, ~ = spin-wave 2-dimensional 100 !
Stripe Scanned Scanned Permallo} ‘ % -r% 0 SREQULE 1 TIQ f|“rr|| a\"n" 1 c.' t
anter‘:na area 1 area 2 film Y >y s = -1 0 1 2 3 4 0 1
. = z (mm) 5 () (a.u.)

-10
Caustic beams when the direction of

group velocity is the same for different
wave vectors K:
d?k,

'N’ dk:)zl — 0 s 02468102

IMT Atlantique kx [rad/um]

Bretagne-Pays de la Loire
Ecole Mines-Télécom
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EMISSION OF CAUSTIC BEAM FROM A CONSTRICTION

Sufficiently sharp constriction to enhance the exciting field and broaden the k-space emission

2.5

Abrupt discontinuity of h Smooth transition of & at the constriction
4 (based on T. Bracher thesis)

MuMax 3 (done by D. Stoeffler) MuMax 3 (done by D. Stoeffler)

Simulations CofFeB 25nm
. NFD-model f = 13GHz; %T = 28.26 GHz.T™!

MHoH oy =100mT ;| pyM, =1.57T
Ay =16plm? ;a =31073

y [um]

Good agreement btw NFD-model and
MuMax3
— Possibility to shape caustic beams
from a sharp constriction
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SUMMARY — CONCLUSION (1)

l. (- k-resolved spectroscopy provides fine characterization
£ k4 of AEXChI Latt(k)) Vg(k)l aeff(k)
£ —mi| . (Two series of sputtered 30nm thin YIG (ANL) (out-of-plane)
“I i) measurement
o Apxen =331 02p].m 1 : L, (k) up to 100pm @3GHz, and 10um @ 23GHz

v, (k) = [250..550 m.s7'] s a (k) #{2107%; 7107*; 1073} ()

lll.  Focused spin wave beam from constriction explained in
.. terms of Fresnel diffraction

R IV. Remarkable agreement btw simple
circular wave model and MuMax3
simulation for a straight antenna

} 1 S i ey
8 6 4 2 0 2 4 6 8
s [um]

d4_nd
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SUMMARY — CONCLUSION (lI)

I.  All-electric measurement of
near-field diffraction pattern of
3 curvilinear antennas:
concentrator ; concentric ; Young-2-Slit

ll. Kalinikos formalism adapted to curvilinear
excitation field: - good agreement with MuMax3
— well verified with experiment T T

AL21[pH]
Nsi;nullati.onu[afu]“

lll. On-going exploration for in-plane diffractive effects:
* Caustic beam shaping and stirring
from a constricted stripline

e Caustic beam transduction
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