
180°-phase shift of magnetoelastic waves observed by phase-resolved spin-wave
tomography
Yusuke Hashimoto, Tom H. Johansen, and Eiji Saitoh

Citation: Appl. Phys. Lett. 112, 232403 (2018); doi: 10.1063/1.5030342
View online: https://doi.org/10.1063/1.5030342
View Table of Contents: http://aip.scitation.org/toc/apl/112/23
Published by the American Institute of Physics

Articles you may be interested in
Spin-wave-induced lateral temperature gradient in a YIG thin film/GGG system excited in an ESR cavity
Applied Physics Letters 112, 212401 (2018); 10.1063/1.5022452

Observation of the Hanle effect in giant magnetoresistance measurements
Applied Physics Letters 112, 232405 (2018); 10.1063/1.5029455

Phase-resolved spin-wave tomography
Applied Physics Letters 112, 072410 (2018); 10.1063/1.5018091

Negative spin Hall magnetoresistance in antiferromagnetic Cr2O3/Ta bilayer at low temperature region
Applied Physics Letters 112, 232404 (2018); 10.1063/1.5026555

Anomalous spin Hall magnetoresistance in Pt/Co bilayers
Applied Physics Letters 112, 202405 (2018); 10.1063/1.5021510

Perpendicular magnetic tunnel junction performance under mechanical strain
Applied Physics Letters 112, 232401 (2018); 10.1063/1.5034145

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1883721461/x01/AIP-PT/APL_ArticleDL_0818/AIP_CP_eTOC_1640x440_ad.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Hashimoto%2C+Yusuke
http://aip.scitation.org/author/Johansen%2C+Tom+H
http://aip.scitation.org/author/Saitoh%2C+Eiji
/loi/apl
https://doi.org/10.1063/1.5030342
http://aip.scitation.org/toc/apl/112/23
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.5022452
http://aip.scitation.org/doi/abs/10.1063/1.5029455
http://aip.scitation.org/doi/abs/10.1063/1.5018091
http://aip.scitation.org/doi/abs/10.1063/1.5026555
http://aip.scitation.org/doi/abs/10.1063/1.5021510
http://aip.scitation.org/doi/abs/10.1063/1.5034145


180�-phase shift of magnetoelastic waves observed by phase-resolved
spin-wave tomography

Yusuke Hashimoto,1 Tom H. Johansen,2,3 and Eiji Saitoh1,4,5

1WPI-Advanced Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
2Department of Physics, University of Oslo, 0316 Oslo, Norway
3Institute for Superconducting and Electronic Materials, University of Wollongong, Northfields Avenue,
Wollongong, NSW 2522, Australia
4Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
5Advanced Science Research Center, Japan Atomic Energy Agency, Tokai 319-1195, Japan

(Received 20 March 2018; accepted 18 May 2018; published online 5 June 2018)

We have investigated optically excited magnetoelastic waves by phase-resolved spin-wave tomog-

raphy (PSWaT). PSWaT reconstructs the dispersion relation of spin waves together with their

phase information by using time-resolved magneto-optical imaging for spin-wave propagation fol-

lowed by an analysis based on the convolution theorem and a complex Fourier transform. In

PSWaT spectra for a Bi-doped garnet film, we found a 180�-phase shift of magnetoelastic waves at

around the crossing of the dispersion relations of spin and elastic waves. The result is explained by

a coupling between spin waves and elastic waves through the magnetoelastic interaction. We also

propose an efficient way for the phase manipulation of magnetoelastic waves by rotating the orien-

tation of magnetization less than 10�. Published by AIP Publishing.
https://doi.org/10.1063/1.5030342

Spintronics is the research field aiming to develop novel

devices based on spin degrees of freedom,1–5 which attracts

great attention due to the potential for an invention of new

solid-state devices with low energy consumption4 and a

THz-working frequency.6,7 In these devices, data may be

transferred by spin waves, which are the collective excitation

of magnetization, M. So far, logic devices for NOT, XNOR,

and NAND gates using the phase of spin waves have been

demonstrated.8,9

Recently, we developed spin-wave tomography

(SWaT): reconstruction of the dispersion relation of spin

waves.10 SWaT is based on the convolution theorem, a com-

plex Fourier transform (FT),11 and a time-resolved magneto-

optical imaging method for spin-wave propagation.12 SWaT

realizes the direct observation of the dispersion relation of

spin waves in a small-k regime, so-called magnetostatic

waves.10 We then developed an advanced application of

SWaT, named phase-resolved SWaT (PSWaT).13 PSWaT

obtains the phase information of spin waves by separating

the real and the imaginary components of the complex FT in

the SWaT analysis.

Spin waves hybridized with elastic waves through mag-

netoelastic coupling are called magnetoelastic waves.14–22

The amplitude of magnetoelastic waves is resonantly

enhanced at the crossing of the dispersion relations of spin

waves and elastic waves, where the torque caused by elastic

waves via magnetoelastic coupling is synchronized with the

precessional motion of M in spin waves.14 The excitation and

the propagation dynamics of magnetoelastic waves have been

investigated by SWaT,10,21 while then their phase information

was disregarded. In the phase of magnetoelastic waves, one

can expect contributions by the phase of elastic waves, which

are the source of magnetoelastic waves.

In this study, we investigated the phase of magnetoelastic

waves by PSWaT. In the PSWaT spectra, we found

180�-phase shift of magnetoelastic waves at around the cross-

ings of dispersion relations of spin waves and elastic waves.

This feature is explained by a model based on the convolution

theorem for optically generated elastic waves and magnetoe-

lastic coupling. Finally, we propose an efficient way for the

phase manipulation of magnetoelastic waves.

We used a 4-lm thick Lu2.3Bi0.7Fe4.2Ga0.8O12 film

grown on a Gd3Ga5O12(001) substrate. The film has a satura-

tion magnetization of 780 Oe, which was aligned along the

[100] axis by applying an external magnetic field of 240 Oe.

The propagation dynamics of optically excited spin

waves was observed with a time-resolved magneto-optical

imaging system based on a pump-and-probe technique and a

rotating analyzer method using a CCD camera.12 A pulsed

laser with the 800-nm center wavelength, 100-fs time dura-

tion, and 1-kHz repetition frequency was used as a light

source. This beam was divided into pump and probe beams.

The center wavelength of the probe beam was changed to

630 nm, where the sample shows a large Faraday rotation

angle ð5:2�Þ and a high transmissivity (41%),23,24 by using

an optical parametric amplifier. The pump beam was circu-

larly polarized and then tightly focused on the sample sur-

face with a radius, r0, of 1 lm. The linearly polarized probe

beam was weakly focused on the sample surface with a

radius of roughly 1 mm. Optically excited spin waves were

observed with a time-resolved magneto-optical imaging sys-

tem based on a rotating analyzer method using a CCD cam-

era.12 The time delay between the pump and the probe pulses

was scanned from �1 ns to 13 ns. All the experiments were

performed at room temperature. In Fig. 1, we define the

coordinates (x, y, z) and /, i.e., the angle between M and the

wavevector, k. The details of the experimental setup were

reported in Ref. 12.

We investigated the excitation and the propagation

dynamics of spin waves by SWaT10,21 and PSWaT.13 Since
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spin waves were observed through the Faraday effect repre-

senting the magnetization along the sample depth direction

[mz(r, t)], the SWaT spectrum is denoted as jmzðk;xÞj,
where x is an angular frequency. The PSWaT spectrum is

denoted as mpqs(k, x), where p, q, and s label the real (r) and

imaginary (i) components of FT along the x, y, and time

axes, respectively.13 The phase of spin waves determined by

the temporal FT is defined by /pqðk;xÞ ¼ tan�1½mpqiðk;xÞ=
mpqrðk;xÞ�.

Let us first demonstrate the angular dependence of the

SWaT spectra in Fig. 2(a). The lines in Fig. 2(a) show the

dispersion relations of spin waves and elastic waves calcu-

lated with the Damon-Eshbach theory25 and the parameters

obtained in Ref. 10. At around the crossing of the dispersion

relations of spin waves and elastic waves, we see signals

ascribed to the spin-wave components of magnetoelastic

waves. The excitation of the magnetoelastic waves has been

attributed to the coherent-energy transfer from the optically

excited pure-elastic waves to spin waves through magnetoe-

lastic coupling. This is supported by the systematic SWaT

experiments in terms of the external magnetic fields as dem-

onstrated in the previous studies of Refs. 10 and 21. By

analyzing the obtained SWaT spectra, the dispersion rela-

tions of the volume and the surface modes of magnetostatic

waves were reconstructed as shown in Fig. 2(b).

Next, we demonstrate the observation of the phase of

magnetoelastic waves by PSWaT. In this study, we discuss

the magnetoelastic waves generated by the optically excited

longitudinal mode of elastic waves.10,21 This mode of mag-

netoelastic waves is observed in the miir and miii compo-

nents of the PSWaT spectra representing signals having

odd symmetries for both x and y axes [Figs. 3(a)–3(d)].13

Interestingly, we found that magnetoelastic waves show

sign reversal at around the crossing of dispersion relations

of spin waves and elastic waves. At this point, the phase of

magnetoelastic waves changes by 180� as shown in the

plots of /ii in Figs. 3(e) and 3(f). The explanation of the

180� shift of the phase of the magnetoelastic wave observed

in the PSWaT spectra is the main topic of the following

discussion.

Since the precession angle of M in the observed magnetoe-

lastic waves is small (several degrees), the magnetic compo-

nents of magnetoelastic waves may be written as m ¼ vh,

where v is a dynamical susceptibility26 and h (¼hxþ ihy) repre-

sents an internal field applied to M for the spin-wave excitation.

By solving the Landau-Lifshitz-Gilbert equation,26 we write

vðk;xÞ ¼ vðk;xÞ þ ijðk;xÞ with vðk;xÞ ¼ xsðkÞ6x
ðxsðkÞ6xÞ2þa2

s x
2

and jðk;xÞ ¼ asx
ðxsðkÞ6xÞ2þa2

s x
2
, where xsðkÞ represents the dis-

persion relation of spin waves and as is the Gilbert damping

constant. The torque caused by the longitudinal mode of elastic

waves through magnetoelastic coupling can be treated as inter-

nal fields induced by elastic waves given by

l0hLM
y ðk;xÞ ¼ b1k sin 2/�LM

k ðk;xÞ,
17 where �LM

k ðk;xÞ is the

strain accompanied by the longitudinal mode of elastic waves

along its k direction, and b1 is the magnetoelastic coupling con-

stant. Because of the spatial symmetry of hLM
y , which has mir-

ror symmetries for both x and y axes, the longitudinal mode of

magnetoelastic waves appears in the miir and miii components

of the PSWaT spectra. This is consistent with our observations.

We have ascribed the optical excitation of such elastic

waves to photo-induced charge transfer transition by two-

photon absorption of the pump beam with the resonance at

around 400 nm.21 All the waveforms observed in our

FIG. 1. Schematic illustration of the experimental configuration and the rect-

angular coordinates (x, y, z). The sample surface is in the x-y plane with the

x-axis along the orientation of M, which is parallel to the [100] axis. The

orientation of M was controlled by an external magnetic field (H). The sam-

ple normal is along the z-axis. The pump pulse is focused on the sample sur-

face at the origin of the coordinate to excite elastic waves, which is the

source of the magnetoelastic waves investigated in this study. The wavevec-

tor of elastic and magnetoelastic waves is denoted as k. The angle between

k and M is defined as /.

FIG. 2. (a) The angular dependence of the SWaT spectra for various k directions with an angle (/) between M and k. The color indicates the SWaT amplitude

as shown in the color code. The red dashed and the blue dotted lines are the dispersion relations of the surface and the volume modes of magnetostatic waves,

respectively, calculated with the Damon-Eshbach theory25 and the parameters obtained in Ref. 10. The white dashed and dotted lines are the dispersion rela-

tions of the longitudinal and the transversal modes of elastic waves, respectively. (b) The dispersion relations of the surface (red plane) and the volume (blue

plane) modes of the magnetostatic waves shown in (a). The direction of M is indicated by the green arrow.
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experiments show strong magnetic field dependences and

thus are attributed to spin waves. The direct observation of

elastic waves through photoelasticity has not been obtained

in our experiments due to the limited sensitivity of our

system. In this study, we assume a response function of the

optically excited elastic waves to be

gðr; tÞ ¼ 2g0HðtÞ sin fxpðkÞt� k � rg exp ð�aptÞ; (1)

where g0 represents the strain accompanied by the longitudi-

nal mode of elastic waves, HðtÞ is a Heaviside step function,

xp(k) is the dispersion relation of elastic waves, and ap rep-

resents the damping of elastic waves. This assumption was

employed to explain the phase of the magnetoelastic waves

observed in the PSWaT spectra, although the excitation

mechanism of the elastic wave is out of the scope of this

study. With a model for the displacive excitation of coherent

phonons,27 this assumption can be interpreted as the genera-

tion of elastic waves by a photoinduced change in the equi-

librium position of the lattice by photoexcited electrons.28

With this assumption, the elastic waves excited by the illu-

mination of the focused pump pulse via two-photon absorp-

tion may be given by

�ðr; tÞ /
ð ð ð

gðr� a; t� sÞipða; sÞ2dads; (2)

where ipða; sÞ represents the fluence of the pump pulse at the

sample surface, assumed to be a Gaussian function with

ipðr; tÞ ¼ exp ½�jrj2=ð2r2
0Þ�dðtÞ. A Dirac delta function in

time [dðtÞ] was used since the duration of the pump pulse

(sub-ps) is much shorter than the precession period of M

(�ns). Thus, the time-space FT of gðr; tÞ gives gðk;xÞ ¼ gr

ðk;xÞ þ igiðk;xÞ with grðk;xÞ ¼ g0
x6xpðkÞ

½x6xpðkÞ�2þa2
p

and gi

ðk;xÞ ¼ g0
ap

½x6xpðkÞ�2þa2
p

.29 By using the convolution theo-

rem,29 the time-space FT of �ðr; tÞ is �ðk;xÞ / ipðk;xÞ2

gðk;xÞ, where ipðk;xÞ ¼ exp ð�jkj2r2
0=2Þ is the time-space

FT of ipðr; tÞ.
We then calculate the PSWaT spectra of the longitudinal

mode of magnetoelastic waves. By using the equations

shown above, we can write

mLMðk;xÞ / ib1k sin 2/ipðk;xÞ2gLMðk;xÞvðk;xÞ: (3)

Since k and ip are real numbers while g and v are complex

numbers, we write

mLM / ki2pgv ¼ ki2
pðgr þ igiÞðvþ ijÞ

¼ ki2
p ðvgr � jgiÞ þ iðvgi þ jgrÞ½ �: (4)

The notation of ðk;xÞ is omitted for clarity. The real (R)

and the imaginary (I ) components of m calculated with Eq.

(4) are shown in Figs. 4(a) and 4(b), respectively. Since the

maximum time delay between the pump and probe pulses

(Tmax ¼ 13 ns) is much shorter than the relaxation time of

spin waves and elastic waves in garnet films, we used a lim-

ited by Tmax giving a � 1/(xTmax) ¼ 0.03 for both ap and as.

In both Rfmg and Ifmg, we can see the sign reversal of

magnetoelastic waves at around dispersion relations of spin

waves and elastic waves. These trends are in good agreement

with the experimental results shown in Figs. 3(a) and 3(b).

The sign reversal of the magnetoelastic waves is attributed to

FIG. 3. (a) and (b) The cross-sectional views of the miir (a) and the miii (b)

components of the PSWaT spectra along the /¼ 15� direction. (c) and (d)

The cross-sectional views of the miir (c) and the miii (d) components of the

PSWaT spectra at the frequency of 1.57 GHz. In (a)–(d), the color indicates

the PSWaT intensity as shown in the color code. The dispersion relation of

the volume mode of magnetostatic waves calculated with the Damon-Eshbach

model10,25 is shown by the green dotted lines. The dispersion relation of the

longitudinal mode of elastic waves is shown by the black dashed lines. (e)

The frequency dependence of /ii along the dispersion relation of elastic waves

shown by the black dashed lines in (a) and (b). (f) The angular dependence of

/ii along the dispersion relation of elastic waves shown by the black dashed

lines in (c) and (d). 180�-phase shift of magnetoelastic waves is obtained by

rotating the orientation of the magnetization, which changes the phase of spin

waves from the phase of point A to that of point B.
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the sign reversal of v and gr at the frequencies of the disper-

sion relations of spin waves (fs) and elastic waves (fp),

respectively. This is confirmed in the cross sections of

Rfmg and Ifmg along at k¼ 1.0� 104 rad cm�1 [Fig.

4(c)], calculated by Eq. (4) and v, j, gr, and gi [Fig. 4(d)].

By comparing Figs. 4(c) and 4(d), we find that the sign rever-

sals in the data of Rfmg at fs and fp are caused by the sign

reversal of v and gr at fs and fp, respectively.

Finally, we propose an efficient way for 180�-phase

manipulation of the spin-wave components of magnetoelas-

tic waves. Let us consider the case where magnetoelastic

waves with k and x at the point A in Fig. 3(f) are selectively

excited by using, for instance, an interdigital transducer.17

Then, by rotating M less than 10�, the phase of magnetoelas-

tic waves is shifted from the phase of point A to that of point

B in Fig. 3(f). This realizes 180�-phase manipulation of mag-

netoelastic waves. Since the garnet film used in our experi-

ments is magnetically soft to the magnetic field along the in-

plane direction, we can easily rotate the orientation of the

magnetization by rotating the direction of the external mag-

netic field. Therefore, 180�-phase manipulation of magnetoe-

lastic waves by slightly rotating M may give us great

potential for the development of future spin-wave devices

with low-energy consumption.

In summary, we investigated phase of magnetoelastic

waves in a Bi-doped garnet film by phase-resolved spin-

wave tomography (PSWaT). In the PSWaT spectra, we

observed 180�-phase shift of magnetoelastic waves at around

the crossing of the dispersion curves of spin waves and elas-

tic waves. This feature is consistent with a model based on

the convolution theorem for spin waves excited by elastic

waves through magnetoelastic coupling.
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