#) 32 % 3R Acta Phys. Sin. Vol. 73, No. 15 (2024) 158501

5 3R H K- B e

=R

NI

aa MG EIEES TSR

Ci R

& e 5 D2

1) (TR RS RS TR, l# 610054)
2) (TR RS, B S S A2 U086 %, IR 611731)
(2024 4F 4 H 3 HIE#; 2024 4F 6 A 3 HUREMEDH)

P ST 2 YR RS ) 1 TR 10 1) — Rl oRi % T B, AUl 28 v, T LA i 1 38 T DAGK 3 22 K 4, il
1 SR FT R A5 3 AT AT o 25 SOt PR, 52 B 2 1T A AR T 5 A4l . A SOREAS [ 6 B i P AR 5 9 )
FEHUHR AT T REEE, XS LE T RESR RS . AR EER S (RLIRARRETEIZ A SR A e AMREYEAS KL A B Barnett
ROE), VA R - T e 5 A S T ) 7 32 T K O S5 S8 K Sl 3, a8 T 3k 6 25 20K 5l 7 1) AR
P, LA A IV 2y 25 W W B4y A0 S AORSE  33k SAy 7 S5 s IO o DX 23 FLM) P 45 ol PR HL AR 11 1 BRI S H . e
b, AR T ) PR 75 R G 552 B P 2 T B 5 M A% i T R 2 3 T B, A R T R O RS A
HAAEE 5 Mk A BER GOHOR R M BELTH , X HEIFIHE T ENT4 A AW BALE RO 2 3, & 28 0 B Fik e 5k

TREFRRG ISR R e e a2 %

REEIR: WSS, FRENE, PRI, TR TS, AR AR

PACS: 85.70.Ec, 85.75.-d, 77.65.Dq, 63.20.kk

i

1 3

HL B T L g JE M, 8 HLA L IE (spin) JE .
L e A S A iR, —Fhai i [ etk fh
AT, S — Rl [ D LR eoT
FREREYRT- V) SEA /65, 5 A EAL A, A
TR AL ARG ANV S far it s, PRS2 7= A R
FE, IRETHAIR, 7615 BALBE 5101 g 0013 ) Je 3%
LA (14 10) STl ELAT AR KA I i 5

H el (spin waves, SWs) & J5 i M (B #7
WAKRE . R R TP A AR (BB R s
A EAER) 09 AR R T R RS R
WEAIR T 1 SEARIZ 3. fERRRE AR D HAR [ Dk i A
I H AL GHz WS RN, K AERCE 9K (H
LHAE E ) BULBOK (MW EAENES)
Z AL LG L, B e el R SR 2 = A 1

DOI: 10.7498/aps.73.20240462

X AR 5] 52 A R R 7 SR, BT H g
W5 FURG I PR IR R AL I, AR X v 253 bR ke R Hig
WA B e . AL, iRt s e A,
eI R 22 B AR b ) S el AR R, 3 Al
PR T A e AL R B PR, anfel SR BE D
) o A58l R I A% i — R PO ST Y
M. 7R R (surface acoustic waves, SAWs) 1£
J HE AR AA R B AR R S 0T LAGA B 2 oK 2, I Hol
i R (T LLEAT 5 B e AR DT RS R
WA U191 A Ry 7 A AN il E e I8 A — i %
B, R SAWSs SR REF#R G, SEBL A eI B
AL E 29 Casals 45 PO 5256 FriE 5K

H AT, SAWSs % A e i Ll LAy =
i, S AT AN R A A 20131 2 —
& H e BERE A 102, 58 = PR RE-Te e HE A 19,
Horb AT R A SRS T R AR )2 ™
A= AS AR B Tt 144501 DL R T P w1 2 P R

* ER ARRIERES (S 61871081, 61271031) FIPUJIIAE A AR HEA: (HEHES: 2022NSFSC0040) BB YR

t BIE1EE. E-mail: fmbai@uestc.edu.cn
© 2024 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

158501-1


http://doi.org/10.7498/aps.73.20240462
mailto:fmbai@uestc.edu.cn
mailto:fmbai@uestc.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 73, No. 15 (2024)

158501

i) Barnett 37 b2 W05 0. AR SCFES 2 358 XA
FRE G AT, X B TER R SAWS
WO AR BRI MR, I8 5 I e ok X
SIARFEZEARIFE G =K

WeAh, T8 5 | AHE PR AT I 5 S X
PE, AT LASEIE SAWSs AR H S 44 X R aE Y
P T3 g S SRR Al [ 28575 2 B 2 e PR 45 2 it
TATRE, IR NIRRT R E AL R, A SGE
FELEES 3 TIXRE S S 9 SAWSs JEH 5 &4k 1Y
PR T 30T E AT NS, — R A R 1
3 SAWs UL M SERUIRsh %5 A gl i) TR L
UV (helicity mismatch effect, HME)P™ 34 5 —
P2 5T AN BATAE B 5 1 F R (IO R B R IR
Gy 133-43]

2 FREIRKAK E R HLE

15 SAWSs Uk FREN 1 R v, Bkl v it 52
B 7 SRS RE S LA S S8 78 S5 A5 UK Bl 8 Y 1) )
YERL. e, VA—AEREALSRIE m(, ¢) RYSES] LU
Landau-Lifshitz-Gilbert (LLG) J7 B H ik 5450
om(x,t) om(z,t)

ot ot ’
(1)

Horry AR L, po 2B TR, o WA
HF, B80S Her SRS (RL3E 5NNt
i 10 B A 1) S R AR A 1 SR | R
R E Ys), LAt SAWs il i3 i 7 Al
A 1R 3878 SRR B g 3 AR 1250, FEIR I LR
i 285 - £y i Ak 1) %) T A1 R TED S R AR S my 5
my Al RN H

mq ~h o hl
(2)ws(z)

FLrh s SRR U 3 BV G Ak D7 1) Tt N b i 1 et
SRR, h G RG 7 A 38 A8 A A UK By
W3, x T LLE R A %09 Her IRA LLG 5 85K
fiff, V2 RS 5 T R A SR R T ) AR SRR
fE G AIE B, T LU Y, ARig e R s R4 i
%, )& SAWs & H ek, it b ab B, 3
WL A BEPFEIRIR fow BYEOHOC RA S BEE L
&5 2 AR T R A AR Ak

SR, AN TR0 R 75 R 7 =207 A6 1 S 300K Bl
Y h HAT 8 A R 0 A BRI SR P . AN A

= —ym(z, t)poHerr + am(z, t)

I, BB AR RS HLE], AFESEELHY SAWS £
WP A AR [FRE R SRR S b, K58 & B R
A SAW B R AR 43k I B 43 ek DR [ 2228911,
TEATREE e, KR A 1 B AR bR 226
AR PSR G A RIR SN b AT 3. X (,
Y, 2) AebR FR 7 R T AR R T 1) R TR T PN
B ) 7 T R T AR (1, 2, 3) AkbRZR AT LAIE
WERe (2, y, 2) AR FRARTG B, Horh 3 BlPA7 T
WS T RERE mo WT518], 7 1 RhRT 2 B o3 5%
hy (HTAM SR ) T o (TN SF R0 ) J71a
w0 (o) 73 mo (a-fil) 55 TE A XER DT 8] R AR

x//SAW direction

Pl 1 SKAR LLG JrRER AR AR RICE . 3 K R 1 TR T Y
WA AR R Z IR B SE R, (7, y, 2) 2640 B8 R A5 35 1 A9 1%
FETT 1] | WS B0 TR PR 1 7 1) AR TS T AL (1, 2, 3) 2k
o 8 AT LGE A Y A 2L (0 R LR Sk R (w, y, 2) bW R AR,
Horp 3 5V AT TV BOIRES T IREAL mo 75 18], 100 1 AT 2 4l
S35 by F by 7 18] B

Fig. 1. Coordinate system setting for solving LLG equation.
The inset shows relation between the two coordinate sys-
tems employed. The (z, y, 2) coordinate system consists of
the propagation direction of the SAW, the transverse in-
plane direction, and the normal of the FM film. In the (1, 2, 3)
coordinate system, which can be obtained by rotating the
(z, y, 2) coordinate system along the magenta dotted arrows,
the 3-axis is parallel to the my direction, whereas the 1- and

2-axis parallel to the h; and hy directions, respectively!s.
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Fig. 2. (a) Ilustration of elastically driven ferromagnetic resonance experimental setup and coordinate system. The close up to the

right shows the strain e in the nickel thin film7. (b) Evolution of the amplitude and phase for SAW transmission as a function of

the magnitude and orientation of the external magnetic field?7. (c) Ilustration of spin pumping with coherent elastic waves experi-
mental setup and coordinate system®. (d), (e) APppr and A Vp( for the detection of the SAW (open symbols) and the EMW (solid

symbols) pulses®.
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Fig. 3. (a)-(c) The FEM eigenfrequency simulation results of the magnitude of the strain ¢,,, €,, and ¢, for R-, SH- and LL-waves;
(d) schematic illustration of the experimental setup for Al (5 nm)/Ni (10 nm)/LiTaO3?; (e) the experimental data AS,;, AS;, and
ASy — AS)y of the R wave at 4.47 GHzPY; (f) the experimental data ASy, ASy, and ASy~AS;, of the SH wave at 3.47 GHz*?;
(g) schematic experimental setup for Ni (20 nm)/Quartz ST?; (h), (i) polar plots of measured field-dependent normalized power

absorption of the R3 (h) and LL3 (i)1?.
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Fig. 4. (a) Snapshot of mechanical generation of spin current induced by SAW®; (b) spin accumulation induced on the surfacel™;
(¢), (d) schematic illustrations of (c) SC generation via SVC in R-SAW and (d) MW absorption owing to SWR excitation caused by
SC injection!*’; (e) schematic experimental setup for measuring MW absorption caused by the SWR, excitation!*”); (f) optical photo-
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Fig. 5. (a), (b) Schematic illustration of SWR in the NM/FM structure excited by the R-SAW (a) and SH-SAW (b) via SVCPY; (c),
(d) polar plot of the calculated SWR power absorption Py excited by R-SAW (c) and SH-SAW (d) as a function of external mag-

netic fields®!; (e) field dependent normalized power absorption of SH-SAWs measured at different frequencies®!; (f) the frequency

dependent normalized power absorption of SH-SAWs!.
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Fig. 6. (a) Schematic illustration of Barnett field excited by Rayleigh waves in a ferromagnet®”; (b) the angular dependence of SAW
power absorption in NiFe films caused by Barnett field®?; (¢) R-SAW-frequency dependence of the MW absorption in NiFe/Cu,
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Table 1.  Comparison of three magnon-phonon coupling characteristics excited by different types of SAWs.
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(d) P /P,y as a function of Si thicknessP!.

BT LI B K €, /e, RN, Xu 2563
R IAERG-TE RS SRR ER & I RIVETF,
i A ) FHEIR S0 STt — 2D sk, FEREE
FEN AR S (Poy— Py)/(Pyy+ Poy) ATLRLIK
) 100%. PR G 7 2SN A 1 SRR B3 T
LB fE:

hOOP

R _ -

h\Ec+Mre = BIP =
2

[ 2bses,
1 < 2 + i 2Kuwxz> cos (900 - QOG)
luo /’LOMS (20)
blgww . ’
———sin2 (SOO — (pG)
Ho

B 1K OO P L 7 B 22 0 15 P A
SRR 059,

3.2 ETESHERREBEHXZR

4 SAWs TE % 5 v A% iy HLIATAR R % 5 H
THE U AR A 8 R A AR TRTF, 25 J A 7o - AR+ 5K
H SAWs-SWs 564k, iy # o vl R g B 75 Ak 1
(magnetophonon polaritons), 1M 5 & # Fx A 241k
TGS TEM A R 2 AR b I R 38 LB,
ZRALIE BRI . 72 3.1 i, T Ol AFH:
BN, Wtk 7 mAERE R IS A e Z HHA
ANFE R RESAAT IR Af, H BT I R 2 5
FET SAW MEERARE S 1, WK 8(a) F7R.

TR B HEH B Ve B e st 2 ik
WENEZERE W+ k Rk 7 M AEHE ) SAWSs 5 H gk
TEARBMNZ AR B R AN 2341 [A], an &l 8(b) Fr
R, B2 530 SAWSs 76 IF [0 R 1) T A S B AR
25 5. AT FHIKEF B (WLE 8(a)), FIH
BAAEE S M AT GO R MREEEE, AT
AR SAW &5 LB 5%, 0 H il F TR
R T3 I ARG B4 ABAE. Ak, & Fh A
FHEH 5 ATEDE O R MRS 2]
Tz A5 06 S Ry e 7 g A B BT e A
fRfit TR B i, AT BT A
3.2.1 @ Dzyaloshinskii-Moriya #8 Z4F A

#

i3 ) Ak g- 4 )8 B, A Dzyalosh-
inskii-Moriya #H H. {F F (interfacial Dzyaloshin-
skii-Moriya interaction, iDMI), 7] A3R1GIE H. 5
PERY B IE BOC R, 8 i wE SR A T LSS B
SAWs WIE B 5 fe . X AL T S8 2 Verba
BT PE Y, I HAERIE L 45 R St #E A
T, 2020 4, KB B3 FESES 58 i T Sk,
1A IE 5.5 SAWSs &5 14 (1 25 48 ] 9(a) fir
N, CMAETE iIDMI RN B, [ HEDE A Lo & T L
H LA A2 B9

Moy Y .
= —/Hi1Hy — Desek — 21
f o 114122 M, eff SIH(SOO SDG), ( )

158501-11


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 15 (2024) 158501
(a) {K‘ﬁ: f E/ S12,21

\'\ / — S5 (k> 0)
-‘\~ / fo \ ,—’_ "'512(k<0)
........... B LR SR
— AW
--SW k f
(b) f 512,21

25 75 — Sy (k> 0)

.................... e -==-S12 (k<0)
R o~ \\fz fi /’/
— AW
--SW k f

8
REFNREBR Af; 7 50 AN [FJ7 ] B9 AW 155 25 45 20

(a), (b) IR H 5 SW 5 AW %A WS ME R A 09 D5 iR, o 2281 AWs A1 SW Y G i 28, 18T () 9SG TR R T

Fig. 8. (a), (b) An illustration of two methods of inducing nonreciprocity of an AW by magnetoelastic coupling with a SW. Left

column, spectra of AWs and SWs, the inset in panel (a) shows the opening of the magnetoelastic gap of different Af; right column,

AW transmission rates in opposite directionsf¢,
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Fig. 9. (a) Schematic illustration of the experimental setup for LiNbO;/CoFeB and LiNbO3;/CoFeB/Pt devices; (b), (c) the SAW
transmission curves of CoFeB(2 nm) and CoFeB(2 nm)/Pt respectively®.
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Fig. 10. (a) Calculated linear loss of FeGaB(20 nm)/Al,O3(5 nm)/FeGaB(20 nm) for the magnetoelastic wave as a function of the
applied magnetic field for forward and backward propagation for Hg = 60°P7; (b) change of the SAW transmission AS; of a

CoFeB(16 nm)/Ru(0.55 nm)/CoFeB(5 nm) magnetic bilayer sample as a function of magnitude of the external magnetic field at
5.08 GHz along ¢, = 29°12; (c) a NiFeCu/FeCoSiB magnetoelastic bilayer structurel’; (d) measured |S;;| of FeCoSiB(10 nm)/Ni-

FeCu(10 nm) bilayer under different magnetic fields at 2.33 GHz (SHy) along angles g — pg = 5°!
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(a) #F Ni(16 nm)/Ti(8 nm)/FeCoSiB(16 nm) 5 [ 44 # ) SH-SAW #E 3R 28 /R 7% [ F1 5L 9 18] 7; (b) Ni/Ti/FeCoSiB, Nig Fe,q/
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Fig. 11. (a) Schematic illustration and optical image of a SH-SAW delay line based on a Ni(16 nm)/Ti(8 nm)/FeCoSiB(16 nm) het-
erostructurel”; (b) calculated normalized SAW power absorption for Ni/Ti/FeCoSiB, Nig Fe y/Ti/FeCoSiB and NigFess/Ti/Fe-

CoSiB configurations, and the insets on the lower panel illustrate optical and acoustic resonance modes for the anti-magnetostrict-

I (c) 1E 2.33 GHz T U AR J7 ) s i 70 1875 3 /9

ive Ni/Ti/FeCoSiB configuration, where the effective driving fields in the top and bottom layers are always antiparallell”; (c) polar
plots of the measured nonreciprocal transmission ASy-AS), as a function of applied field H and field angle @z 7; (d) measured
(solid lines) and calculated (dashed lines) field-dependent AS; along ¢z = 90° (7,
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Fig. 12. (a) Description of the method for realizing broadband non-reciprocal magnetoelastic coupling: left column, spectra of SAWs
and SWs; right column, SAW transmission rates in opposite directionsP%. (b) The background-corrected transmission ASy of
counter-propagating waves as a function of the external magnetic field magnitudel®l. (c) Over a wide range of frequencies, the SAW
transmission magnitude Mag[S(f)] at ~13.8 mT and —400 mT along ¢ = 85.5° (63,
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2
Table 2.

SCHRHGE BORE P e PFE9 SAWSs FiAR Lk AS, | REFSH AIRE 1L, FIFS HEIR LA B B ABFE 1L,

Reported SAWs transmission nonreciprocity AS,, magnetoacoustic insertion loss IL,, and insertion loss of the

acoustic delay line IL, for magnetoacoustic hybrid devices in literature.

WE45H /nm EHGRE  fCGHz f/mm  ILy/dB  IL,/k /(dBmm') AS,/If /(dBmm!) Ref.

Ni(30) HME 2.24 0.8 47 0.34 0.03 [29]
Ni(20)/Si(400) HME 1.85 0.4 N/A 0.003 0.03 [31]
CoFeB(5)/Pt HME, iDMI  6.77 0.75 71 22 28 [33]
FeGaB(20)/A1,04(5)/FeGaB(20) IDC 1.435 2.2 55 4 22 [37]
NiFe(20)/Au(5)/CoFeB(5) IDC, HME  6.87 0.5 89 1.6 74 [34]
CoFeB(16)/Ru(0.55)/CoFeB(5) IDC 5.08 0.15 81 0.9 250 [42]
FeCoSiB(10) /NiFeCu(10) IDC 2.33 0.5 54 30 60 [43]
Ni(16)/Ti(8)/FeCoSiB(16) IDC 2.33 0.5 51 4 80 [67]
CoFeB(16)/Ru(0.55)/CoFeB(14) IDC 2.8—7 0.1 60 0.8 50 [68]
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Surface acoustic wave-spin wave coupling and
magneto-acoustic nonreciprocal devices®
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2) (State Key Laboratory of Electronic Thin Films and Integrated Devices, University of Electronic
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Abstract

Surface acoustic wave (SAW) is a new means of exciting and controlling spin wave (SW), which has not
only high excitation efficiency, but also long transmission length up to millimeter order. Based on the SAW-SW
coupling (phonon-magnon coupling), a wide variety of new devices and applications such as high-sensitivity
weak magnetic field sensors, energy-efficient spintronic devices, solid-state acoustic isolators, and nonreciprocal
phase shifters, have been realized. Therefore, it is of great value to study the physical mechanism of magneto-
acoustic coupling, develop new magneto-acoustic coupling effects, and improve the efficiency of magneto-
acoustic coupling. In this work, different types of physical mechanisms of magneto-acoustic coupling are
reviewed. The effective driven magnetic fields of magnetoelastic coupling, spin-vorticity coupling (including
injection of alternating spin current from a non-magnetic layer and Barnett effect inside magnetic material
itself), and magneto-rotation coupling under different modes of SAW excitation are compared. The angular
dependence of these driven fields and the frequency dependence of the corresponding power absorption are
discussed, which provides theoretical support for distinguishing and utilizing various magneto-acoustic coupling
in practical applications. In addition, we also introduce two methods to realize nonreciprocal SAW transmission
by magneto-acoustic coupling, including the helicity mismatch effect and nonreciprocal spin-wave dispersion
magnetic structures, and discuss their physical mechanisms as well as advantages and disadvantages. For such
magneto-acoustic nonreciprocal devices, the properties of higher isolation, lower insertion loss and wider
bandwidth are always desired. In order to improve the properties of the devices, it is important to find magnetic
structures with stronger SW nonreciprocity, reduce the insertion loss introduced by magnetic structure, and
fully consider the effective driven field characteristics of different modes of SAW. We hope that this review can
serve as a guide for future design and development of solid acoustic isolators and circulators in the RF and

microwave frequency bands.

Keywords: magneto-acoustic coupling, spin waves, surface acoustic waves, phonon-magnon coupling,

nonreciprocal device
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