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I. THEORY FOR ANGULAR MOMENTUM TRANSFER FROM PHONON TO
SPIN MOMENT

In this section, we theoretically show how the magnetoelastic coupling transfers the an-
gular momentum from the elastic to the magnetic system in the Ni thin film of the SAW
device. Since the thickness of magnetic Ni film is much smaller than the wavelength of the
SAW, we here neglect the depth dependence of the SAW amplitude and regard it as the
circularly polarized plane wave in the Ni film. The SAW excites the ferromagnetic reso-
nance by means of magnetoelastic coupling. We show that this process can be viewed as
the angular momentum transfer from the elastic system to the magnetic system.

The free energy is

Eot:Fel+Fmag+Fme7 (Il)

where Fi, Flag, and F are free energy for the elastic system, magnetic system, and

magnetoelastic system, respectively. As shown in Eq. (2) in the main text, Fi,. can be given
by

Fe = bz mies; + b Z Mim;e;;. (1.2)

i i#j

This has rotational symmetry around the z-axis. The role of angular momentum transfer

becomes obvious if we assume the F, and Fy,. are isotropic. In this case, F}, is expressed
as

1

Fy = §Oz‘jkl€z‘jekl; (I.3)

where Cjj is the elastic constant and can be written as Cjju = A0ij6p + p(0ixdj1 + didjk).

Here A and p are Lame’s elastic constants. Fi,,e is composed of the isotropic exchange

interaction and magnetic anisotropy —Km?2. Because of the rotational symmetry around

the z-axis, a phononic angular momentum J3 is preserved in the elastic system and a

magnetic angular momentum S, is preserved in the magnetic system!. F,,. connects these

two systems preserving the total angular momentum Jg, + S,. Thus, the Fy, transfers

angular momentum from phononic to magnetic system.
In reality, the rotational symmetry around the z-axis is broken by the interference between

film and substrate and the magnetic field. The symmetry breaking may cause the decay of
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! Here we ignored the orbital components of angular momenta [1, 2] because we regard the SAW as that

circular polarized plane wave and consider the long wavelength limit.
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angular momentum. This is similar to the case of spin momentum studied in the spintronics
scientific field. Since the spin is not preserved quantity, the spin current is exponentially
decayed with the spin diffusion length but still meaningful in the microscopic range. The
phonon angular momentum may also show gradual decay. Nevertheless, the magnetization
can be controlled by the angular momentum transfer if the magnitude is large enough to
overcome the decay.

The angular momentum transfer via magnetoelastic coupling is more clearly shown by
the quantum expression as follows. As shown in the main text, the magnetoelastic coupling

F,. can be written as

b 2
Foe = @;—B) [Sx(5+€x— + S_eqq) + 2S§€yy : (1.4)

According to this equation, Fy,. does transfer the angular momentum if e,, and e,_ raise
and lower the quantum number of z-axis angular momentum. To demonstrate this, we

consider the second quantization of the displacement vector

h n n_i(kr—w
LI(I') = Z m <€k(lk€ (kv k”nt) —+ hC)
k,n n

h i(kox—w h i(—kor—w
= SN <e+a+e (koz—wot) 4. h.c.) + 4/ SN (aa,e (—koz—wot) | h.c.)

h n' n' (kK r—wy
+ Z m (ek,ak,e (k i ') + h.C.), (I5)

others
where ¢ is the polarization of n-th acoustic wave mode at wave vector k and e, =
(1,+4,0)/ V2. In the right-hand side, we discriminate two circular polarization modes,
which we regard as counter-propagating SAW modes, and other acoustic waves. wy and
ko are the frequency and wave vector of the SAW, respectively. aj and aﬁT are phonon
annihilation and creation operators for n-th acoustic wave mode at wave vector k. a4+ and
al are annihilation and creation operators of SAW, respectively. In the following, we only

describe the SAW acoustic waves and neglect the last term of the above equation.

The z-component of phonon angular momentum J,, = >, w; x i; of SAW mode is given

by (3]

ﬁhzh(”++%> —h(n—i—%). (1.6)
t

Here, n, = aLaJr and n_ = a' a_ represent the number operator the SAW mode with

right- and left-handed circular polarizations, respectively. Since e,i = e, + i(2€,,) =



Oy %+ 1(0yuy + Oyu,), the quantum operators e, are written as

; h —i(kor—w —i(kox+wi
ex+=—zk\/m(aie (hor=wol) 1 q_e (°+°t)>,

Thus, we get

h
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(1.10)
(L.11)

(1.12)

where |ny) represent the phonon number states of these SAW, respectively. This clearly

represents the e, operators raise or lower the quantum number of circular polarized acoustic

wave. In other words, these increase or decrease the phonon angular momentum by A. This

shows that the magnetoelastic coupling transfer the angular momentum from elastic to

magnetic system. In the present case, the excited SAW is a macroscopic wave. Even in that

case, the acoustic excitation of magnetic resonance can be described as many superpositions

of angular momentum transfer quantum process.



II. ANALYSIS OF SAW TRANSMISSION SPECTRA
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FIG. S1. Raw and analyzed SAW transmission spectra. a, A raw transmission spectrum
and the analyzed spectrum by using time domain gating. b, The transmission of the SAW device

in time domain obtained by inverse Fourier transform.

Figure Sla exemplified the absolute values of raw and analyzed transmission spectra
from IDT 1 to IDT 2 (S3;) measured by a vector network analyzer. Not only the signal
carried by SAW propagation but also the direct microwave crosstalk contribute to the raw
spectra. To remove the direct crosstalk contribution, we performed the time domain gating
as follows. By inverse Fourier transform of the transmission in frequency domain, we get the
transmission as a function of time. Figure S1b shows the absolute value of the transmission
in time domain. The narrow peak at time near 0 ns is attributed to the direct microwave
crosstalk between two IDTs. The transmission peaks around 170 ns are the main signal
owing to SAW propagation. The small peak at 500 ns is caused by the multiple reflections
from IDTs. By Fourier transforming the time domain transmission only within the time
region of the main SAW signal (150 - 400 ns), we obtained the SAW transmission spectrum
(green line in Fig. Sla), in which the direct crosstalk and the contribution of multiple
reflection are removed.

The transmissions T, (H ) presented in the main text is defined as T, (H) = S1(H)/S1(400 mT),
where Sy is the average of time gated Sy spectrum between 2.8 GHz and 3.0 GHz in the
unit of V. We similarly obtained the T (H) = Si2(H)/S12(400 mT), where Sjp is the

average of time gated Si2 spectrum.



I11.

SAW TRANSMISSION AND NONRECIPROCITY IN THE

FIELDS ALONG VARIOUS IN-PLANE DIRECTIONS
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FIG. S2. SAW transmission and nonreciprocity in magnetic fields parallel to various

in-plane directions a,b, SAW transmission along +x and —x directions T4 x(H), T_r(H) in

decreasing (a) and increasing (b) magnetic fields applied at various angles ¢. ¢, nonreciprocity

TNR(H) = Ty (H) — T_p(H) in decreasing (green) and increasing (cyan) the magnetic field at

various angle ¢. The +4, —J are positive and negative angles very close to 0 deg. The deviation

is less than 0.5°. Initially, we adjust the rotator as close to zero as possible. Judging from the

observed SAW transmission and magnetoresistance, the angle is slightly tilted to the positive side.

+6 denotes this angle. After that, we rotated to the negative direction by 0.5°. Then, the angle

seems to be slightly negative. We define this angel as —¢§. It is difficult to get ¢ closer to zero

reproducibly. Hereafter, we use these notations for the angles very close to zero.



0.004 T T T T T T
a ‘ ‘ . k|| + x
0.003

Absorption
o
o
o
N

0.001

0.000 Ib I I i i i i
.. 0.0005} .‘ -
:gl ®e O
é 0.0000-. o -
Z _0.0005] ¢ o® .

-15  -10 -5 0 5 10 15
angle ¢ [deg.]

FIG. S3. The angle ¢ dependence of the SAW absorption and nonreciprocity. a, ¢
dependence of the absorption of the SAW with the wave vectors k parallel (k|| 4+ ) and antiparallel
(k|| — x) to the x-axis in decreasing the magnetic field. The SAW absorption is calculated by
averaging —Tx(H) and —T_;(H) in the region of H > 0 for decreasing H at each ¢. b, ¢

dependence of the nonreciprocity estimated by the difference of absorptions for k||x and k|| — .



IV. PHASE DEPENDENCE
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FIG. S4. SAW phase dependence of magnetization evolution under SAW poling. a,b,c,d
The numerically calculated magnetic field dependence of magnetization under the application of

SAW currents along +x and —x with various SAW initial phases § = 0 (a), 7/2 (b), 7 (c), 37/2
(d).

The magnetization control in this work is totally different from the so-called precessional
magnetization switching[4], in which the final magnetization direction depends on the phase
of precession. To demonstrate the difference, we show in Fig. S4 the calculated magnetiza-
tion evolution under the acoustic wave with clock wise (CW) and counter clockwise (CCW)
polarization with various SAW initial phases 6 at ¢t = 0. It clearly revels that switching is
independent of the phase but depends only on polarization, being consistent with the picture

of angular momentum transfer.



V. ANISOTROPIC MAGNETORESISTANCE OF NI FILM.
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FIG. S5. Anisotropic magnetoresistance of Ni film. a, The resistances in magnetic fields
parallel to the Ni film. The blue and red line shows those in decreasing and increasing magnetic
fields. b, The resistances in magnetic fields perpendicular to the Ni film. The blue and red line

shows those in decreasing and increasing magnetic fields.



VI. MAGNETIZATION AFTER THE POLING WITH THE VARIOUS MAG-
NETIC FIELD ANGLES AND SAW EXCITATION MAGNITUDES AS PROBED
BY MAGNETORESISTANCE
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FIG. S6. Magnetoresistance after poling with various magnetic field angles and SAW
excitation intensities. a,b,c,d Magnetoresistance AR(H) = R(H)— R(0) in the field parallel to
the z-axis after the poling with various conditions. In the poling procedure, the magnetic field as
large as 400 mT is initially applied, and SAW current is injected along = or —z direction. Then the
magnitude of magnetic field is decreased to 0 T. The angles between z-axis and poling magnetic
field are +2°, +4, —0, —2° in a, b, ¢, and d, respectively. The blue and red lines and circles
represent the magnetoresistance after the poling with SAW current along 4z and —zx, respectively.
The black solid lines and circles show the magentoresistance after poling without SAW current.
The black dashed line emphasizes the initial field of 0 T. The data presented in the main text is

that of ¢ = § and 25 dBm.
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Figure S6 shows the magnetoresistance AR(H) = R(H) — R(0) after the poling with
various magnetic field angles ¢ and SAW excitation magnitudes. At ¢ = + 2°, the magne-
tization direction after the poling is determined only by the tilting direction of the poling
magnetic field, being insensitive to the direction and magnitude of SAW currents. The slope
of magnetoresistance for ¢ = +2° (¢ = —2°) is positive (negative) and the discontinuous
increase is observed at a negative (positive) magnetic field, indicating that the magnetiza-
tion after the poling is along +2z (—z) direction. At ¢ = +§ and —§ the magnetoresistance
slightly increase and decrease around H = 0 T, respectively, and does not show any SAW
current direction dependence in the cases of small SAW excitation. When the SAW exci-
tation increases above 23 dBm, the magnetoresistance becomes dependent on SAW current
direction. At 25 dBm, the slope of magnetoresistance seems governed by the sign of SAW

direction.
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VII. PROBING MAGNETIZATION DIRECTION BY NONRECIPROCITY
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FIG. S7. Nonreciprocity after the application of the magnetic field parallel to the Ni
film. a,b, The magnetic field dependence of the nonreciprocity at ¢ = ¢ after the application
of magnetic fields as large as 400 mT parallel to —z (a) and +z axes (b) without any SAW
excitation. Insets illustrate the inferred magnetization directions. The black dashed line emphasize

the magnetization 6 flop.

After a strong magnetic field is applied parallel (antiparallel) to the z-axis and decreased
to zero, the magnetization should point at 4z (—z) direction. By using these states, we
confirm that the measurement of SAW nonreciprocity certainly probe the magnetization
direction after the poling. Figures S7a and b show variation of the nonreciprocity T™®(H)
in increasing the magnetic field at ¢ = 6 from 0 mT after the application and removal
of magnetic fields as large as 400 mT antiparallel and parallel to z-axes, respectively. In
measuring TR (H ), the magnetic field is increased from 0 mT, and the microwave power is 10
dBm. TNR(H) increases and decreases for the initial magnetization antiparallel and parallel
to +z-axis, respectively. The sign change due to the magnetization 6 flop was discerned

only in Fig. S7a. These results confirm that the magnetic field variation of nonreciprocity

12



0.0005

0.0000

-0.0005

TNR(H)

-0.0010

-0.0015

0.0015

0.0010

0.0005

TNR(H)

0.0000

-0.0005

0 20 40 60 80 100
Magnetic Field [mT]

FIG. S8. Nonreciprocity after the poling with SAW current. a,b, The magnetic field

dependence of the nonreciprocity TR (H) after the poling with the magnetic fields at ¢ = ¢ (a)

and —6 (b). The blue and red lines represent TNR(H) after the poling with SAW currents parallel

and antiparallel to the x-axis, respectively. The black lines show those after the poling without

the SAW input.

certainly probe the direction of the magnetization at zero magnetic field.

Figures S8a and b show the magnetic field dependence of the nonreciprocity after the
poling with or without SAW. In these cases, the poling and measurement magnetic fields
have the same direction: ¢ = +90 in Fig. S8a and ¢ = —¢ in Fig. S8b. The magnetization
direction after the poling without the SAW (black line) seems determined by the tilted
direction of the magnetic field in the poling process. On the other hand, in the presence of
SAW current along +z (blue line) and —x (red line) directions, the magnetization direction

seems governed by the SAW propagation direction in the poling procedure.
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