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Why strain for magnonics?

The magnetic field tunability is slow and needs significant power consumption.
In contrast, the electrical tuning is potentially much faster and more relevant to energy-consumption-based applications.

—> Efficient spin-wave transport control by both the electric and magnetic field

@ Magnonics has everything
Waveguide for low energy computing
| 20 |1.524m application
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atediice 2 @ Yet actual magnon
> . generation relies on
antennas, difficult to scale

@ Surface Acoustic Wave is a
good candidate as a energy
reservoir
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Why strain for magnonics?

- Magnetoelastic coupling evidence > an effective field modifies domain structure in nanostructures

Magnetic Anisotropy Engineering in Thin Film Ni Nanostructures by Magnetoelastic Coupling
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Why strain for magnonics?

- Magnetoelastic coupling evidence = an effective field modifies magnetization dynamics

APPLIED PHYSICS LETTERS 88, 143503 (2006)

Ferromagnetic resonance (FIVlR) : Electric field tuning characteristics of a ferrite-piezoelectric
microwave resonator

Excitation of magnetic moments at

Y. K. Fetisov and G. Srinivasan®
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Alumina . FIG. 2. (Color online) The parameter S;; vs frequency profiles for the reso-
nator for electric fields of E=0 and 10 kV/cm applied across PZT and a
/) bias magnetic field H parallel to the bilayer plane of 1.12 kOe. The absorp-
/ tion peaks correspond to ferromagnetic resonance (FMR) in YIG. Notice the
Pin(f) Pret(f) shift of FMR frequency in the presence of E and the sign reversal in the shift

when E is reversed.

Magnetization dynamics Engineering by strain




Why strain for magnonics?

- Magnetoelastic coupling = an effective field modifies SW propagation
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Why strain for magnonics? -

Q\éﬁ nanomaterials 2022 ml\b\Py

Article

- Magnetoelastic coupling = an effective field modifies SW propagation Strain-Tuned Spin-Wave Interference in Micro- and Nanoscale
Magnonic Interferometers
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Strain induces an effective field and a consequent SW dephasing




Origin of the effective field : magnetoelasticity

Magnetoelastic Effects

Direct Effects Inverse Effects

Joule magnetostriction Villari effect
Change of dimensions in the direction of applied

magnetic field Change of magnetization due to applied stress

Volume magnetostriction Nagaoka-Honda effect
Change of volume due to spontaneous magnetization Change of magnetization due to volume change
AE effect
Dependence of Young’s modulus on the state of Magnetically induced changes in the elasticity

magnetization
Matteuci effect

Helical anisotropy and electric and magnetic fields
induced by a torque

Wiedemann effect
Torque induced by helical anisotropy
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Figure 2. Illustration of volume and Joule magnetostriction of a spherical sample.

James Prescott Joule
(1818-1889)

who discovered the magnetostriction of iron
in 1842



Origin of the effective field : magnetoelasticity

Magnetoelastic Effects
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Figure 2. Illustration of volume and Joule magnetostriction of a spherical sample.

X. Liang Sensors 20(5): 1532 (2020).
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Origin of the effective field : magnetoelasticity
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Origin of the effective field : magnetoelasticity
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Origin of the effective field : magnetoelasticity
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Origin of the effective field : magnetoelasticity
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Origin of the effective field : magnetoelasticity
Magnetoelastic energy term in a polycristallin material :

E,s = —X(E/2)(3cos*0 — 1)e + (1/2)E€?

Order of magnitude : A, ~ 10, ¢ ~ 104, E ~10% Pa > AE, . ~10% J/m3

AE effect

A >

150

140

130 f

120

Young’s modulus, E (GPa)

Applied field, 4 ,H (mT)

Coey, Magnetism and magnetic materials, Cambridge



Origin of the effective field : magnetoelasticity

Table 5.9. Summary of uniaxial anisotropy

Anisotropy Energy K, kI m—3

Magnetocrystalline  Crystal field K 1-10%
Magnetic dipole

Shape Magnetostatic ;11 ;LGME[B.M— 1] 1-500
(magnetic dipole)

Stress Magnetoelastic 3h,0/2 0-100

Coey, Magnetism and magnetic materials, Cambridge

AE effect




Origin of the effective field : magnetoelasticity

Y, 10'°N/m 2

200
Magnetic field, kKA/m

AE effect : o = (E +AE (M,H)) €




Magnetization dynamics under static stress 0.003
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Magnetization dynamics under static stress

Villari effect

Table 1. Characteristics of YIG and FegyGayp thin films, with in-plane equilibrium magnetization: threshold field p1oHw, precession angular o] —0(}01
frequency (2o and damping time 7. {29 and 7 are computed using ptoH; = 38 mT (in-plane applied field). 7 is nearly independent of H,. For ~
material parameters see appendix D.
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Materials for efficient magnetoelastic coupling

Terfenol-D : TbxDyl-xFe2 (x = 0.3),

Parameters Piezoelectric Phase Magnetostrictive Phase
PZT-5H PZT-8 PMN-0.33PT LiNbO; AINfilm  Metaglas Terfenol-D FeGaC FeGaB FeCoSiB
d31,p(pCN~T) ~265 ~37 -1330 -1 -2
d33,p(pCN7Y) 585 225 2820 21 ~3.5-4
Er 3400 1000 8200 30 ~10
Om 65 1000 100 100000 500
158 *
As(ppm) ~30 2000 81.2 70 annealed
d33m(nm A1) 50.3 25 121.3 ~88
Yr 45000 10 ~400
Tc (°C) 193 300 135 1200 >2000 395 650
References (53] [54] [55] (56] [57-59] [60] 8] [61] [62] [63]

Note: d3;p/da3p, transverse/longitudinal piezoelectric constant; d33 i, longitudinal piezomagentic constant; A,
saturated magnetostriction coefficient; ., relative dielectric constant; 1., relative permeability; T, curie temperature;
Qm, mechanical quality factor; * The value is estimated using Young’s modulus and Poisson ratio of the film being

100 GPa and 0.3, respectively.
X. Liang Sensors 20(5): 1532 (2020).


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7085797/

Static stress for magnonics
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Static stress for magnonics
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Static stress for magnonics

Qﬁv‘f‘! nanomaterials 2022 ml\D\Py

Ny

Article

Strain-Tuned Spin-Wave Interference in Micro- and Nanoscale
Magnonic Interferometers

Andrey A. Grachev !, Alexandr V. Sadovnikov *{ and Sergey A. Nikitov 12

Villari effect :

1) Strain induces an effective field

2) Damped precession of the magnetization vector
around a new direction (few ns)

3) Eigenmodes are modified by strain

Static stress modifies SW propagation and interference
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Dynamical stress for magnonics :
Surface Acoustic Waves



Overview: Time scales

Ultrafast laser-induced
thermalisation

Domains in nanoparticle arrays
Wi

Spin waves n 344

Data storage

Spin Glass U
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Domain wall creep Rw

Spin glass relaxati
bty TR Conduction spin relaxation



Overview: Time scales

Ultrafast laser-induced
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Domains in nanoparticle arrays ;
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Dynamical stress for magnonics
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Dynamical stress for magnonics
Principe de la SAW-FMR

Ferromagnetic resonance (FMR) :

Surface Acoustic Wave (SAW)

Excitation of magnetic moments at
their eigenfrequency

Deformation at the surface  F,, = 500 MHz — 5 GHz
Asaw = 5 M =500 nm

A
-\ SAW
- sM X <_.
rf | II | TI |

o s
%“‘“Hﬂ“ RESE ] IKSAW

IMicrowave
cavity — Acoustic to manipulate the
o o S 11
Magnetoelastic coupling SAW-FMR

coupling between magnetization and strain ~
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Dynamical stress for magnonics

Some exceptional features for actuators and sensing :

(i) SAWs are confined close to the surface

Few

1]

(iii) Stored in compact high-quality resonators é’
-
or guided in acoustic waveguides over millimeter distances E
o

L]

(iv) Properties engineered by choice of material and 3'}) devices. roadmap quantum ‘_
smlmonlcs quantum liquids ti

heterostructure
(v) Integration in MEMS

SAW devices are routinely integrated into compact electronic circuits and
filters, oscillators, transformers, etc.

ISAW is a mature technologxl

Sensors

Delsing et al. J. Phys. D: Appl. Phys. 52 353001 2019



Dynamical stress for magnonics
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Dynamical stress for magnonics
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dm Interdigital Transducers (IDT) IDT induce SAW on a piezoelectric substrate

Rayleigh Wave

Elliptical particle —
motion
Substrate ( "/ X4
Typical Wave Potential —- Exponentially
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Dynamical stress for magnonics T ——

30 N T 7 T
Direct P
Frequency Output 20 radiatios | _
synthesizer oltage , Acoustic
N\I A = signal
i 10
Acos(wt —wr) | E
o1-scHz/ | | 7 oL T
1
max19 dBm i A : z 0
A 1 0 1 =
; 1 : | &
L 1 1 ;:E —10
Pulse ; | | | 1
1 —
generator i 1 20
1 3 ] :
za (0w 1 Propagating ] 3  HE L ‘
g1 | bsous ' ' o905 10 15,20 25 30 35
ny 1 SAW 1 —_— .
a— : _ _f _____________ C: a_A_E’_ : Tp steady Time (V s)
: Synchronous triggering : state
E'.'..'..'.".'. """"" i """"""""""": T T T T
i ] 4 ¥ zoom
P W :
! 1
! > : 2
L— L 1
| e o o o o o e e e o o ol
(1] =
_ab
_4L

C. Hepburn, PhD thesis https://theses.hal.science/tel-02411563



Dynamical stress for magnonics
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Dynamical stress for magnonics
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Dynamical stress for magnOniCS
Iron thin film (52 nm) deposited

Acoustic ‘dispersion’

9.0
via MBE on GaAs substrate wu | | JE—
= g 1 'S Surface Mode (MSSM)
N I
Z 8.0 Vg
Au - Magnetostatic
> 75} Forward Volume Mode
B (MSFVM)
Fe 52 nm % 7.0 }
lL e
ZnSe 6.5 | SGaow0s
6.0 | Backward Volume Mode
. ] v, (MsBVM)
GaAs 5.5 |
i i 0 2 4 6 8 10
i H Wavevector times Film Thickness
[110]  [100]
%: I 20 /
0 110 = — —
[110] r d |Og10 ’
0
{
N AV Ao
' SAW L/> _— =
{
V 0,




Dynamical stress for magnonics

Iron thin film (52 nm) deposited
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Dynamical stress for magnonics
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Dynamical stress for magnonics

Iron thin film (52 nm) deposited
via MBE on GaAs substrate
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Dynamical stress for magnonics : sensing

: SW generation

: hon reciprocity



Dynamical stress for magnonics : sensing



SW Sensing
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SW Sensing

SAW Velocity change SAW Attenuation SAW-SW matching
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SAW-SW coupling is directional

Rovillain et al. Phys. Rev. Appl. 18 064043 2022



Very accurate SW sensing

(a) | | | | | |
5+ . -
IP \ | ‘_ OO ’f. leAW and Bext_
—~ 4+ . —e— antiparallel | _|
| '—_q— parallel —
'S‘F\'\{V»»_j_’-.. " [110] T 2
..‘Bext 2 1
GaAs £ M
¥[110] [100] 0

0.09

(b) | .| .\ -| .| -| |

0.10

—
o

quency
Qe

vy (GHz)
o

o))

0 | | \ | | | |
. 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Bewt (T)

Precession fre

0 L
0.00 0.02 0.04 0.06 0.08 0.10
Bext (T)

Duquesne et al. Phys. Rev. Appl. 12 024042 2019 SAW-SW coupling is strongly directional




Very accurate sensing

LiNbO3 Y36°

Mazzamurro et al. Proceedings 2018 2, 902
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Very accurate sensing

Comparison of various magnetoelectric sensors based on delta-E effect.

Component phases

Limit of detection

(FegpCo10)785112B10/ AIN

Galfenol/Ti/ Single-Crystal Diamond
FeCoSIB/ AIN

0.14 nT/VHz @20 Hz;

1 nT/VHz @20 Hz at self-bias
10 nT/VHz @7.5 kHz and 773 K
0.5 nT/VHz @10 Hz;

FeCoSiB/ST-cut quartz

L =

0.07 nT/vHz @10 Hz

AIN/(FeGaB/Al,05) x 10

(FegoC010)785112B10/ AIN

(FegoC010)785112B10/ AIN

AIN/FeGaB with Al>05 interlayer

Iron oxide nanoparticles coated with citric acid
AIN/Si/FeCoSiB

FeCoSiB/ST-cut quartz

Si0,/Pt/AIN/FeCoSiB, Au metal-bond frames

0.3 nT for DC

0.16 nT/VHz @10 Hz

0.24 nT/VvHz @10 Hz by increasing excitation amplitude
0.8 nT and 2.8 Hz/nT sensitivity

0.448 nT/vHz @2.5 Hz

0.1 nT/VvHz @20 Hz

0.25 nT/VHz @10 Hz

12 nT/VHz @10 Hz.

Liang et al. Sensors 20 1532 (2020)



Dynamical stress for magnonics : SW generation



SW generation
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SW generatiOn Fully resonant magneto-elastic spin-wave

excitation by surface acoustic waves under
conservation of energy and linear momentum @

Cite as: Appl. Phys. Lett. 120, 242404 (2022); doi: 10.1063/5.0088924 @ 1 @
Submitted: 21 February 2022 - Accepted: 31 May 2022 - (el
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Dynamical stress for magnonics : Non reciprocity



Non reciprocal SAW propagation

Lord Raleigh (1873) : the presence of a vibration source, the signal received by a receiver remains the same when source and

receiver are interchanged.

Under reciprocity, there is no way to tune transmission to two different levels in opposite directions. As a result, the creation
of acoustic and elastic wave devices that exploit unidirectional transmission, such as acoustic diodes, is impossible in the

presence of reciprocity.

- SW-SAW Interaction
is non reciprocal!
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Non reciprocal SAW propagation

Lord Raleigh (1873) : the presence of a vibration source, the signal received by a receiver remains the same when source and

receiver are interchanged.

Under reciprocity, there is no way to tune transmission to two different levels in opposite directions. As a result, the creation
of acoustic and elastic wave devices that exploit unidirectional transmission, such as acoustic diodes, is impossible in the

presence of reciprocity.
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Non reciprocal SAW propagation

Lord Raleigh (1873) : the presence of a vibration source, the signal received by a receiver remains the same when source and
receiver are interchanged.

Under reciprocity, there is no way to tune transmission to two different levels in opposite directions. As a result, the creation

of acoustic and elastic wave devices that exploit unidirectional transmission, such as acoustic diodes, is impossible in the
presence of reciprocity.
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Non reciprocal SAW propagation

Lord Raleigh (1873) : the presence of a vibration source, the signal received by a receiver remains the same when source and
receiver are interchanged.

Under reciprocity, there is no way to tune transmission to two different levels in opposite directions. As a result, the creation

of acoustic and elastic wave devices that exploit unidirectional transmission, such as acoustic diodes, is impossible in the
presence of reciprocity.

- SW-SAW Interaction
is non reciprocal!
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Non reciprocal SAW propagation

A B Attenuation
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Fig. 2. Nonreciprocal propagation of acoustomagnetic waves in Ta/CoFeB/MgO. (A) Device schematics of SAWs coupling to an FM layer at gigahertz frequencies.

(B) Attenuation of acoustic waves, Py, near a spin-wave resonance condition for SAW numbers +k and —k. arb. units, arbitrary units.
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Xu et al., Sci. Adv. 2020; 6 : eabb1724 7 August 2020



Non reciprocal SAW propagation

Velocity / Phase
Iron thin film (52 nm) deposited :
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SWOT a na IVS'S (SWOT = strengths, weaknesses, opportunities, and threats)

SAW mature technology Frequencies quite low (< 5 GHz)

Electrical tuning :faster and lower energy- IDT Macrodevices
consumption

1 IDT for hundreds or thousands of SW Need of magnetoelastic and piezoelectric
guides materials

opportuniies [weats
Integrate SAW and MEMS for logics Difficulties to excite SWs into waveguides
Thicker film for stronger ME coupling Many technological steps to get a device
Non linear SWA-SW interaction Difficulties to overcome 4-5 GHz
Non reciprocity for integrated Difficulties to excite SWs locally

magnonic/phononic devices
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