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Observation of Gyromagnetic Spin Wave Resonance in NiFe Films
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This Letter demonstrates spin wave resonance (SWR) owing to the gyromagnetic effect by propagating a
Rayleigh-type surface acoustic wave (R-SAW) through ferromagnetic thin films. The SWR amplitude in a
NiFe film shows a higher-order frequency variation than in a magnetoelastic Ni film. This frequency
dependence is well understood in terms of the presence of a gyromagnetic field attributable to the local
lattice rotation in the R-SAW. From the frequency dependence of the SWR amplitude, the gyromagnetic
SWR could be separated from another SWR caused by a magnetoelastic effect of the ferromagnet.
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The gyromagnetic effect, which enables a mutual con-
version of angular momentum between the mechanical
rotation of a ferromagnetic body and its macroscopic
magnetic moment, was experimentally demonstrated by
Barnett [1,2] and Einstein and de Haas a hundred years ago
[3]. The effect is based upon the universal conservation law
of angular momentum, because the magnetic moment in a
ferromagnetic body arises from a sum of the angular
momenta of electrons confined within the body. The
fundamental coupling between spin and mechanical rota-
tion is known as the spin-vorticity coupling [4-8] and is
given by

c-Q, (1)

where ¢ is the Pauli matrix and € is the vorticity defined
by Q =V x (0u/0r) with the displacement vector of the
lattice u. By analogy with the Zeeman effect, the spin-
vorticity coupling is interpreted as a Zeeman coupling
due to the effective magnetic field Q/(2y), where y is the
gyromagnetic ratio of an electron. The magnetic field is
hereafter referred to as the Barnett field. Therefore, the
gyromagnetic effect can be enhanced by increasing the
rotational frequency. The Barnett field has recently been
detected in various materials using nuclear-magnetic
[9-11], paramagnetic [12], and ferrimagnetic [13,14] res-
onances with a rigid rotation at a frequency of 10 kHz.
Moreover, spin-current generation in liquid [15] and solid
[16,17] metals was observed, where a local rotation, i.e., a
vorticity, couples with spin angular momentum via
spin-vorticity coupling [18-20]. Recently, it has been
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demonstrated that a Rayleigh-type surface acoustic wave
(R-SAW) could be used to excite a spin wave resonance
(SWR) in magnetoelastic Ni films [21,22] over long
distances [23] with low power [24]. The lattice deformation
in the R-SAW consists of elliptical particle motions in a
normal plane parallel to its propagation direction and is
characterized by the strain-tensor components of ¢, and
€yy. The equivalent magnetic field of the magnetoelastic
(ME) effect is typically given as a product of the strain
tensor and the ME-coupling constant of a Ni film. It has
been demonstrated experimentally that the existence of an
€y, component leads to a nonreciprocal-SWR excitation
[25,26]. These results clearly show that ¢, and ¢,, coexist
in the R-SAW, which is injected into the metallic thin film
deposited on a piezoelectric substrate.

In this Letter, we demonstrate a SWR excitation in a
single NiFe thin film by propagating a gigahertz SAW
through it. Unlike the SWR excitation using the ME effect
in a Ni film, a torque on magnetization is generated by the
Barnett field, which is attributed to Q in the NiFe film. In
order to distinguish the Barnett effect from the ME effect,
we conducted a similar experiment upon a Ni thin film that
showed a stronger ME effect than NiFe. Based on micro-
wave (MW) absorption arising from the SWR excitation as
a function of the angle between the magnetization and the
wave vector of the SAW, we confirmed that twofold
symmetry appears in NiFe film, although the Ni film
shows a mixed behavior with two- and fourfold symmetry.
This inconsistency is attributed to whether the SWR is
excited by the Barnett or ME fields. Moreover, we also
found that the frequency dependence of the MW absorption
arising from the SWR excitation was totally different

© 2020 American Physical Society


https://orcid.org/0000-0003-1303-7614
https://orcid.org/0000-0002-7262-0124
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.124.217205&domain=pdf&date_stamp=2020-05-27
https://doi.org/10.1103/PhysRevLett.124.217205
https://doi.org/10.1103/PhysRevLett.124.217205
https://doi.org/10.1103/PhysRevLett.124.217205
https://doi.org/10.1103/PhysRevLett.124.217205

PHYSICAL REVIEW LETTERS 124, 217205 (2020)

between the two cases. This result can be clearly explained
by the analytical power-loss formula owing to the SWR
excited by the Barnett and ME effects.

Let us consider a vorticity field excited by the R-SAW
with vorticity along the z axis, injected into an x —z
semifinite ferromagnetic metal (FM). The distribution of
the vorticity amplitude is given by [27]

2
w U .
QF = 0 e—k,yez(kx—wt)’ (2)
C

where @ is an angular frequency of R-SAW, i, is a
deformation amplitude of R-SAW, ¢, is the transverse
velocity of a sound wave, and k is the longitudinal wave
number. The transverse wave number k, is given by
k, = ky/1 — &, where & is a constant given by &~
(0.875 + 1.120) /(1 4+ v) with Poisson ratio v [18]. The
vorticity in a FM leads to an alternating effective magnetic
field along the vorticity. This is the Barnett field, which is
given by

2z 2
_Q o uoe_k

hZB ,yei(kx—wt) ) (3)

_2_7 B 2¢yy

According to Eq. (3), the Barnett field is always parallel to
Q. In the case of R-SAW, Q lies in plane, perpendicular to
the propagation direction. The magnetic torque on mag-
netization at an angle ¢ from the propagation direction of
R-SAW is, therefore, given by A}, cos ¢p. Consequently, the
angular dependence of the SWR amplitude shows twofold
symmetry and becomes maximal at ¢ = nz. Moreover, the
SWR amplitudes between the positive and negative mag-
netic fields are expected to be identical (i.e., reciprocal
SWR). Note that the Barnett field is proportional to the
square of the R-SAW frequency; thus, an increase of R-
SAW frequency is critical for enhancement of the Barnett
field in FM-thin films.

In addition to the Barnett effect, another dynamic field
owing to the ME coupling is simultaneously generated
when the R-SAW propagates through the FM. The change
in free enthalpy caused by the ME effect is generally given
by [28]

m

G = b,e,,m> + ¢ 2]

2
yy'ty + €M

+ 2172 [8xymxmy + Exz MM, + gyzmymz]v (4)

where m,, my, and m, are the components of the unit vector
of local magnetization m = M /M, and b, and b, are the
ME-coupling constants. While Ni shows a strong ME effect
as by = b, = 9.5 MIm™3 [29], the Ni,gFeg, alloy hardly
induces a ME effect as b; = b, ~0 MIm™ at room
temperature (polycrystalline film is assumed) [30].
&;j = [(Ou;/0x;) + (Ou;/0x;)]/2, with i, j € {x,y.z},
are the strain-tensor components. A R-SAW contains the

strain components &,,, &y, and g,, [31]. The effective
dynamic field due to the ME effect is given by
Iy = —(uoM) ™1 0,, G|y, » Where my is the equilibrium
direction of magnetization. When M lies in the film plane,
the effective dynamic field consists of in- and out-of-plane
components [22],

2b, .
r = M £y, Sin ¢ cos p(my x ey) (5)
and
2b
hOOP — 2 i , 6
ME :MOMS gxy cos ¢ey ( )

respectively, where e, is the unit vector along the y axis.
The in-plane component Ak is proportional to the longi-
tudinal strain €,,, as depicted in Fig. 1(b), and shows
fourfold in-plane symmetry, becoming maximal at ¢ =
(1/2+n)-x/2 [21]. On the other hand, the out-of-plane
component Z2F is proportional to the transverse strain ¢,,,
as shown in Fig. 1(c), and shows twofold in-plane sym-
metry becoming maximal at ¢y = nz [25]. When both ¢,
and e,, coexist, the SWR intensities owing to these
ME fields show different values between the positive
and negative fields, i.e., nonreciprocal SWR [25,26]. The
strain-tensor components generally depend upon fre-
quency; for example, the &,, component in R-SAW is
proportional to the R-SAW frequency because €, is given
by kug. The out-of-plane ME field is also roughly propor-
tional to the frequency.

When a static magnetic field is applied in the FM film
plane, a spin wave is excited due to the torque on
magnetization given by the Barnett and/or ME fields, as
shown in Figs. 1(a)-1(c). If the static field is applied
parallel to the R-SAW-propagation direction, a magneto-
static backward-volume wave (MSBVW) is excited. The
MW absorption in NiFe or Ni film, i.e., the R-SAW
attenuation, can be measured using a vector network
analyzer [16]. Figure 1(d) shows an experimental setup
for observing SWR in a FM film. Two interdigital trans-
ducers (IDTs) consisting of 30-nm-thick Au were fabri-
cated on a LiNbO; piezoelectric substrate. A MW with an
amplitude of —5 dBm was transmitted from the left IDT
(IDT1) and detected by the right IDT (IDT2). We used a
128° Y-cut LiNbO; substrate whose R-SAW-dispersion
relation is given by @ = &c,k [18]. The R-SAW is excited
by a periodic electric field from the IDT. The wavelength of
the excited R-SAW is consistent with the period of the IDT
fingers. Consequently, we can vary the excitation frequency
of the R-SAW by changing the structural period of the IDT.
In our experiment, the R-SAW wavelength was varied
from 1.8 to 3.0 um at intervals of 0.2 um, and consequent
R-SAW excitation frequencies ranged from 1.3 to 2.1 GHz.
A 400 x 400-um? rectangle consisting of NiFe (20 nm) or

217205-2



PHYSICAL REVIEW LETTERS 124, 217205 (2020)

@ L hgH © )
T

¢ entZ ¢"*q&* Bl
p h]?/[(li)jpochy _1w><

Vactor network|
anafyzsp

A
»
¢
p
N

FIG. 1. (a)—(c) Schematic illustrations of effective dynamic
fields originating from a R-SAW in a ferromagnetic thin film. The
R-SAW propagates in the x direction and decays in the y (depth)
direction. (a) A vorticity Q° yields a Barnett field along the z axis
given by Eq. (3). (b),(c) A longitudinal strain ¢, leads to a ME
field hi‘,’lE in the plane, while a transverse strain Exy leads to a ME
field hO2F out of the plane, given by Egs. (5) and (6), respectively.
The color codes show the real parts of (b) €, and (c) &,,.
(d) Measurement setup for observing a SWR excited by effective
dynamic fields. A R-SAW propagates between a pair of inter-
digital transducers on a LiNbO; piezoelectric substrate. A static
field was applied in the plane at an angle of ¢ from the wave
vector of the R-SAW. The R-SAW attenuation owing to SWR
excitation can be measured from the S,; signal using a vector
network analyzer.

Ni (20 nm) was deposited between IDTs. A static magnetic
field ranging from —20 to 20 mT was applied in the FM
film plane at an angle ¢ from the propagation direction of
the R-SAW, as depicted in Fig. 1(d). We conducted a
frequency-domain evaluation of the R-SAW amplitude at a
given magnetic field by measuring the S,; parameter using
a vector network analyzer.

It is noted that an electromagnetic excitation of spin
waves was separated by time gating the measured S,
parameter as previously reported [16]. All measurements
were conducted at room temperature.

Figure 2(a) shows a color plot of MW absorption as
functions of frequency and magnetic field measured for a
NiFe film. The static field was applied parallel to the
propagation direction of the R-SAW (¢ = 0) and the
structural period of the IDT was set to 2.4 ym. To avoid
the influence of scattering in the amplitude of u, among the
samples, we wused the reduced MW absorption
AP™™(f, H), defined as [16]

APnorm(f’H):|P21(f’H)_P21(faHref)|‘ (7)

PZI(fres’Href>

Here, P,,(f,H) is the complex power of the transmitted
MW calculated from S,; at a given frequency f and
magnetic field H. The reference magnetic field pugH s =
—20 mT is sufficient to saturate the magnetization of NiFe

or Ni; thus, the field-independent signals can be removed
by subtracting P,,(f, Hys) from P,;(f,H). The trans-
mitted MW intensity at the reference magnetic field is
shown in Fig. 2(b). Py (fres» Hrer) in Eq. (7) corresponds to
the peak magnitude of the complex power P,; at the
R-SAW excitation frequency f,., = 1.615 GHz The mag-
nitude of reduced MW absorption is independent of the
R-SAW amplitude u,, because both the R-SAW excitation
power Py (fres» Hret) and the MW absorption via Barnett
and ME fields |P,;(f, H) — Py, (f, Hyr)| are proportional
to u(z) [16]. As shown in Figs. 2(a) and 2(b), large-MW
absorption was observed at the frequency at which R-SAW
was strongly excited. The MSBVW-dispersion relation at
oM = 0.98 T for the saturation magnetization of NiFe is
indicated by the magenta guidelines in Fig. 2(a) (see
Supplemental Material [32]). As shown in the enlargement
of Fig. 2(a), strong MW absorption was observed at
magnetic fields for which the excitation frequency of
MSBVW matches the eigenfrequency of the R-SAW.
Moreover, the SWR amplitude is similar between the
positive and negative static fields, i.e., the excited SWR
is reciprocal. These results suggest successful excitation of
MSBVW via Barnett effect in NiFe. Similarly, the MW
absorption and transmission measured for Ni using R-SAW
with a wavelength of 2.4 ym for ¢ = z/4 are shown in
Figs. 2(c) and 2(d), respectively [32]. The magenta guide-
lines in Fig. 2(c) indicate the dispersion relations of the spin
wave in Ni for ¢p = z/4. Here, the SWR amplitude differs
between the positive and negative static fields (see
Supplemental Material [32]). Such nonreciprocity is attrib-
utable to the superposition effect of in- and out-of-plane
dynamic ME fields [25].

A more explicit difference between the Barnett and ME
effects is demonstrated by examining the ¢ dependence of
the resonant fields and the SWR amplitude in NiFe and Ni.
Figures 3(a) and 3(b) represent the SWR amplitude as
functions of the static field and ¢ in NiFe and Ni,

- spinwave
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FIG. 2. (a) A color plot of MW absorption AP"™™ as functions
of frequency and static field, and (b) the frequency dependence of
the MW transmission measured for NiFe film at ¢p = 0. (c) The
MW absorption and (d) transmission measured for Ni film at
¢ = /4. The period of the IDT finger was fixed at 2.4 ym.
Magenta guidelines in (a) and (c) show the MSBVW-dispersion
relations for NiFe and Ni films, respectively [32].
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FIG. 3. The angular dependence of MW absorption in (a) NiFe
and (b) Ni films. (c) R-SAW-frequency dependence of the MW
absorption in NiFe (¢ = 0) and Ni (¢ = z/4). Magenta guide-
lines in (a) and (b) are the dispersion relations of the spin wave for
NiFe and Ni films, respectively [32]. Broken lines in (c) show the
results of best fit with Eq. (12).

respectively. The MW frequency was fixed at the R-SAW
excitation frequency, at which the SWR amplitude became
maximal in Figs. 2(a) and 2(c). Magenta guidelines in
Figs. 3(a) and 3(b) are the dispersion relations of the spin
wave [32]. While the resonant fields agreed well with the
dispersion relations in both NiFe and Ni, the angular
dependence of the SWR amplitude was quite different;
the SWR amplitude in NiFe became maximal at ¢p = 0 and
gradually decreased with increasing ¢. By contrast, the
SWR amplitude in Ni gradually increased with ¢ and
became maximal at ¢ = (2/9)z, followed by decrease with
increasing ¢. The former is consistent with the angular
dependence of the Barnett field that is maximized at ¢p = 0,
and the latter can be explained by considering the mixed-
ME fields that are maximized at an angle slightly less than
7 /4, which is attributable to the coexistence of majority €,
and minority ¢,, in the R-SAW, as previously reported
[21,22]. The explicit difference in the angular dependence
of MW absorption is definitive evidence that the Barnett
and ME fields excite SWR in the NiFe and Ni films,
respectively.

Second, we compared the frequency dependences of
MW absorption in NiFe and Ni, as shown in Fig. 3(c) in the
form of a double-logarithmic plot. In order to quantitatively
evaluate the Barnett and ME fields, we calculated the power
loss owing to the magnetic torques from these fields. The
magnetization dynamics are generally described by the
Landau-Lifshitz-Gilbert equation

oM
= —y[M x H ] +1 {M

oM oM
or M ’

““or

(8)

where M is the vector of local magnetization and « is
the Gilbert damping coefficient. H . is the effective field
given by

H. = H — NM + hp + hiji; + hgF, )

which consists of the static magnetic field, demagnetizing
field, Barnett field, and in- and out-of-plane components of

the ME field. From the relation Pgaw = oM Wu3 [34],
where M, = 1.4 x 10'! Jm™3 is a material constant for
LiNbO; and W = 355 um is the finger length of IDT, the
reduced MW absorption is expressed as

1 Ho®
AP = ————— | H dM. 10
oM Wuj 2r / o (10)

For a small-precession limit, M can be approximated as
M= (MM, .M "), where [M,|, [M,| < M. Finally,
Eq. (10) is calculated as

’

AP™™ = APEP™ + AP op + APRE, + cross terms

_THoM, hy|? | e P | Fe|?
ZO{MCIWa) Ugp a)% IZ0) Ugp
+ cross terms (11)

w3 w\! w\?
~A) | — By — 2+/ApBy | — 12
0(0)0) - 0(0)0) - 0 0(“’0) - )

where w, = yM,. The formulas of Aj and B, in Eq. (12) are
shown in the Supplemental Material [32]. The first—fourth
terms in Eq. (11) correspond to the contributions of the
Barnett field, the in- and out-of-plane components of the
ME field, and their products, respectively. Note that A P"°™
in Eq. (11) is independent of u, because both the Barnett
and ME fields are proportional to u,. The contributions of
the out-of-plane ME fields are two powers of frequency
higher than that of the in-plane ME field because of
differences in relative orientation with respect to the
demagnetizing field. By substituting Egs. (3), (5), and
(6) into Eq. (11), one obtains Eq. (12), which shows the
frequency dependence of AP"™™ explicitly, where
wy = 27 x 1.30 GHz. The contributions of both the
Barnett and out-of-plane ME fields are proportional to
the third order of frequency, while the in-plane ME field
leads to first-order variation with respect to frequency.
From Fig. 3(c), we find that the values of the gradient of the
double-logarithmic plot were 3.1 and 1.8 for the NiFe
(¢ =0) and Ni (¢ = z/4) films, respectively. Both the
angular and frequency dependences of AP"™™ imply that
the SWR in NiFe is excited by the Barnett field. From the
SWR intensity at a frequency of 1.60 GHz, we can evaluate
the R-SAW amplitude averaged along the film thickness
and the subsequent Barnett field to be uy = 6.3 pm and
Hohy = 1.2 uT when a microwave with an amplitude of
—5 dBm is applied to the IDT [35]. We can also conclude
that the in- and out-of-plane ME fields excited the SWR in
Ni because the gradient of the double-logarithmic plot was
between 1 and 3. In fact, a nonreciprocity in SWR intensity
between the positive and negative static fields [25] (which
is expected when ¢, and ¢,, coexist) appeared, as seen in
Fig. 2(c).
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Finally, we emphasize that the SWR in the NiFe
monolayer is excited in the manner totally different from
the previous method in the NiFe/Cu bilayer where the spin
transfer torque (STT) produced by spin-current injection
from an adjacent nonmagnetic Cu film is significant for the
SWR excitation (see Supplemental Material [32]). It is
expected that the SAW injection to the NiFe/Cu bilayer
can also lead to the Barnett effect in addition to the STT-
driven SWR. However, from the comparison in the amplitude
of AP™™ we confirm that the amplitude of the STT-driven
SWR in the NiFe/Cu bilayer [16] is 60 times larger than the
Barnett effect-driven SWR observed in the NiFe monolayer.
The comparison suggests that the STT is much stronger than
the torque caused by the Barett effect. The SWR owing to
the Barnett effect was, therefore, hidden in the NiFe/Cu
bilayer. Unlike the previous study, we do not need an adjacent
nonmagnetic layer for the SWR excitation because the STT
owing to the spin current is not necessary. Moreover, we do
not use the ME effect to excite the SWR. These features
enhance a degree of freedom in material design in the
spintronics devices in which soft magnetic materials with
small magnetic anisotropy are widely utilized.

In summary, we demonstrated the gyromagnetic spin
wave excitation in a NiFe thin film via the Barnett effect
using the R-SAW. The MW absorption owing to SWR
excitation by the Barnett and ME fields can be distin-
guished from the difference in the variation with respect to
the MW frequency and the angle of field application. By
using the gigahertz SAW, we succeeded in producing a
Barnett field in metallic ferromagnets with a large gyro-
magnetic ratio and weak magnetoelastic coupling, which is
hard to realize by a rigid rotation with kilohertz frequency,
as seen in centrifuge experiments [9-14]. Our technique
paves the way to utilize the Barnett field to excite magnons
in solid-state spintronic devices.
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