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We show that the resonant coupling of phonons and magnons can be exploited to generate spin currents
at room temperature. Surface acoustic wave pulses with a frequency of 1.55 GHz and duration of 300 ns
provide coherent elastic waves in a ferromagnetic thin-film-normal-metal (Co/Pt) bilayer. We use the
inverse spin Hall voltage in the Pt as a measure for the spin current and record its evolution as a function of
time and external magnetic field magnitude and orientation. Our experiments show that a spin current is
generated in the exclusive presence of a resonant elastic excitation. This establishes acoustic spin pumping

as a resonant analogue to the spin Seebeck effect.
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The generation and detection of pure spin currents is
vigorously investigated for the injection and transportation
of spin information [1-6]. Spin currents may be generated,
e.g., via the spin Seebeck effect [7—10] or via spin pumping
[6,11-16]. In the latter approach, electromagnetic waves in
the GHz regime, i.e., microwave photons, are used to
resonantly excite magnetization dynamics in a ferromagnet
and thus drive a spin current into an adjacent normal metal.
Here, we show that the resonant absorption of elastic
waves, i.e., microwave phonons, in a ferromagnet—
normal-metal bilayer can be used to acoustically drive a
spin current. This establishes the spin-current generation
by a resonant phonon-magnon coupling and thus an inter-
action of lattice and spin degrees of freedom. In this sense,
acoustic spin pumping can be seen as a resonant analogue
of the spin Seebeck effect [17]. This resonant magnon-
phonon coupling is a complementary approach to the non-
resonant acoustic spin-current generation recently ob-
served by Uchida et al. [18] in a ferromagnetic insulator.
In particular, we use a metallic ferromagnet and are able to
tune the system in and out of acoustically driven ferromag-
netic resonance via the application of an external magnetic
field. As shown in the following, we find clear evidence for
a resonant spin-current generation. However, within the
experimental sensitivity limit, we do not observe a spin
current in the off-resonant condition. Our findings are thus
in accordance with conventional, photon-ferromagnetic-
resonance (FMR)-driven, spin pumping experiments. The
resonant phonon-spin-current conversion discussed in this
Letter opens intriguing perspectives for applications in,
e.g., microelectromechanical systems, since elastic defor-
mation can now be used for spin-current generation. Thus,
phonon-driven spin pumping is a pathway for the resonant
generation of a spin current in the absence of a real,
external electromagnetic driving field. Furthermore,
phonon-driven spin pumping can be disentangled from
microwave rectification effects induced by free space
electromagnetic waves [19-21]. Using time-resolved
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experiments, we are able to clearly distinguish such rec-
tification effects from the inverse spin Hall voltage [22,23]
used to detect the acoustically driven spin pumping.

To demonstrate spin pumping via microwave phonons,
we exploit phonon-driven FMR [24] in ferromagnet—
normal-metal bilayers. The acoustic FMR is excited by a
surface acoustic wave (SAW) propagating in a cobalt-
platinum (Co/Pt) thin-film bilayer in the presence of an
externally applied, static magnetic field. Via inverse mag-
netostriction [25], the SAW induces magnetization dynam-
ics in the Co thin film which in turn generate a spin current
at the Co/Pt interface. The sample is depicted schemati-
cally in Fig. 1(a). It consists of a Co(10 nm)/Pt(7 nm)
bilayer deposited on LiNbO; between two Al (70 nm)
interdigital transducers (IDTs) [26] with a periodicity of
20 pm. For all results shown in this Letter, the acoustic
delay line shown in Fig. 1(a) is operated at its 9th harmonic
frequency v = 1.548 GHz at room temperature. A SAW is
launched at the input IDT and induces a time varying pure
lattice strain &(z) = & cos(2wvt) along x with amplitude &
into the ferromagnet [27]. Via magnetoelastic coupling,
(1) excites magnetization M precession as depicted sche-
matically in Fig. 1(b). The magnetization precession can
relax via the emission of a spin current J; into the normal
metal (Pt) [12]. We detect J, along z via the inverse spin
Hall effect [22], which results in an electric field Egy «
M X J,. More precisely, we measure Vpc % Eigy -y
[cf. Fig. 1(b)]. The input IDT generates not only a SAW
but also an electromagnetic wave (EMW) upon the appli-
cation of a rf voltage. Thus, the aforementioned microwave
rectification effects can contribute significantly to Vpc.
However, since the velocity of the SAW (the speed of
sound) is about 5 orders of magnitude slower than that of
the EMW (the speed of light), a time-resolved study of Vpc
and the transmitted SAW power Pipt allows for a separa-
tion of SAW- and EMW-driven effects. We thus apply
SAW pulses as depicted in Fig. 1(c) and study the time-
dependent evolution of Vpc and Pipr using a two-channel
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dysp=1.3 mm

FIG. 1 (color online). (a) Schematic view of a LiNbO;/Co/Pt
hybrid. An external static magnetic field H can be applied within
the film plane at an angle « to the SAW propagation direction.
(b) The SAW drives resonant magnetization M precession that
emits a spin current J, into the Pt. J is detected via the inverse
spin Hall effect in the Pt thin film, i.e., as the voltage Vpc.
(c) Sample geometry (not to scale). The SAW pulse first traver-
ses the Co/Pt bilayer and then is detected at the output IDT.

oscilloscope. For the generation of the SAW pulses, we
apply +30 dBm 1f pulses with » = 1.548 GHz, a pulse
width ¢, = 310 ns, and a pulse period ¢, = 57.3 us to the
input IDT. By studying Pipr() and Vpe(z) for various
external magnetic field H orientations and magnitudes,
we can unambiguously identify phonon-driven spin pump-
ing, as shown in the following.

We first turn to the separation of contributions to Pt
and Vpc due to the SAW and the EMW. In Fig. 2(a), we
show the transmitted rf power Pyt as a function of time ¢
for application of H at o = 10°. As the SAW has a
velocity of 3440 m/s and the sample features a center-to-
center IDT spacing of 1.8 mm, the SAW transit time is t, =
0.52 ws . In contrast, the EMW propagates with the speed
of light and is thus expected to appear almost instantane-
ously with the microwave pulse at ¢ = (. Indeed, in the
Pipr(?) trace shown in Fig. 2(a), two signals are observed,
the first of which begins at # = 0 and is attributed to the
EMW. The rectangular shape and duration mimic the
applied microwave pulse. At fgaw = 0.7 us, a Gaussian
pulse of smaller magnitude is recorded. This pulse is due to
the SAW reaching the output transducer. The separation of
EMW and SAW pulses allows us to distinguish between
photon- and phonon-driven contributions to Piyy(7). We
now turn to the external magnetic field dependence of
Pipr, shown in Fig. 2(b). Here, we plot APyt =
Pipr(poH) — Pipr(poHyer). We use uoHyr = 30 mT as
a reference magnetic field and investigate data obtained at
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FIG. 2 (color online). Time-resolved spectroscopy with H
applied at @ = 10°. (a) Pipr as a function of time with
MmoH .t = 30 mT, showing the detection of the EMW (0.2 ws)
and the SAW (0.7 us) pulses at the output IDT. (b) APpp(r) =
PIDT(t’ /.LoH) _PIDT(t’ ,LLoHref). APIDT(O'7 ,U.,S) < 0 shows that
the SAW is damped for poH,., = *4 mT, indicating acousti-
cally driven FMR. (¢) Vpc as a function of time at uoH,s =
30 mT. The EMW is rectified at the bilayer. (d) AVpe(r) =
Voelt, woH) — Vpe(t, woHyer).  The change of sign  of
AVpe(0.6 ws) with the reversal of the H direction is a signature
of acoustic spin pumping.

the FMR magnetic field pwoH,, = =4 mT (dashed and
dotted lines, respectively). For both values of H, one ob-
serves a pronounced dip in APpp at fgaw. This SAW
attenuation is attributed to acoustically driven FMR, which
results in a damping of the SAW, as detailed in Ref. [24].
We now turn to the simultaneously recorded voltage Vpe(7)
in the Co/Pt bilayer. Since the latter is positioned at a
distance of dygp = 1.3 mm from the input IDT, the SAW
pulse is expected to reach the bilayer 0.1 us before it is
detected at the output IDT. This yields a maximum SAW
amplitude at the bilayer at fj;gp = 0.6 us, while the EMW
is again expected at t = 0. For uoH,; = 30 mT, we ob-
serve Vpe(#), shown in Fig. 2(c), dominated by EMW-
driven effects, as is evident from its time dependence and
shape. In particular, no signal is observed at tygp. This is
not surprising, since no acoustic FMR and thus no spin
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current are excited for these parameters. In contrast,
the FMR condition is fulfilled at woH,s = =4 mT. In
Fig. 2(d), we plot AVpe = Vpe(uoH) = Vpe(poHyet) for
pmoH = £4 mT (dashed and dotted lines, respectively).
Here, a clear feature can be observed at fyqp. The sign
reversal of AVpc(tysp) With respect to the H direction
thereby is a necessary condition for the detection of a spin
current via the inverse spin Hall effect [15]. In contrast, the
EMW causes a field-symmetric contribution to AVpc,
which means that no EMW-driven spin pumping is
observed.

The contributions to APjp and AVpe due to the SAW
and EMW are now investigated as a function of H. We
hereby take advantage of the separation of the SAW and
EMW in the time domain and attribute A Pipp(0.2 us) and
AVpe(0.2 us) to the interaction of the bilayer with the
EMW and AP (0.7 us) and AVp(0.6 ws) to the inter-
action of the SAW and the bilayer. Figure 3(a) shows
APiyr(uoH) for both elastic and electromagnetic interac-
tions. We find a very weak magnetic field dependence of
the transmission of the EMW (solid symbols) which shows
no indication for FMR driven by the EMW. We do, how-
ever, observe a distinct resonant absorption of the SAW
(open symbols), which we attribute to acoustically driven
FMR [24]. Turning to AVpc, shown in Fig. 3(b), we in
contrast observe a sizeable magnetic field dependence of
the EMW transmission at ¢ = 0.2 us (solid symbols) at-
tributed to microwave rectification effects [20]. The signal
shape, however, is distinctly different from that expected
for the spin pumping effect; in particular, no reversal of the
sign of AV with reversal of the H direction is observed.

¥ SAW (0.6ps)
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30 20 10 0 10 20
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FIG. 3 (color online). (a) APjpr for the detection of the SAW
(open symbols) and the EMW (solid symbols) pulses at the
output IDT as a function of external magnetic field magnitude
for H applied at a = 10°. (b) AVp for the detection of the
SAW (open symbols) and the EMW (solid symbols) pulses at the
bilayer. The characteristic fingerprint for acoustic spin pumping
is the antisymmetric behavior of AVpc with respect to the H
orientation.

A detailed investigation of the origin and evolution of
AVpe due to EMW rectification is beyond the scope of
this Letter. We refer to Refs. [28,29]. At fygp = 0.6 us
(open symbols), however, only the SAW pulse is present.
Here, AVpc shows a magnetic field dependence character-
istic for spin pumping, in particular, featuring a sign re-
versal with reversal of the H direction and extrema at the
FMR H field. We furthermore checked whether rf currents
induced by the SAW E field into the Co/Pt could cause
AVpe(0.6 ws). To this end, we deliberately applied such rf
currents with v = 1.548 GHz to the bilayer [30], which
resulted in a dc photovoltage V,,, attributed to rectification
effects [28,29,31] and spin-torque FMR [32]. As detailed
in the Supplemental Material [30], the magnetic field
dependence of V, is distinctly different to that of
AVpe(0.6 us). We thus attribute AVp(0.6 us) solely to
elastically driven spin pumping.

To show the crucial separation of EMW- and SAW-
driven contributions [AVpc(EMW) > AVp(SAW)] in a
more complete fashion, we plot APy and AVpe as a
function of f and uyH in Figs. 4(a) and 4(b), respectively
(only the magnetic field upsweep is shown). EMW
rectification is observed for ¢ <<0.375 us, yielding a
field-symmetric contribution to AVpc. For the times cor-
responding to the presence of the SAW pulse, both APjyr
and AVpc are finite only for a narrow range around the
FMR magnetic field ugH,s = =4 mT. One can observe
that APypy is retarded by about 0.1 ws with respect to
AVpc (indicated by the dashed lines), in accordance to
the propagation of the SAW along the delay line. For the
investigation of phonon-driven spin pumping with a good
signal-to-noise ratio, we average APipr and AVp for the
time range indicated by the dashed lines. This yields the
phonon-driven A Pg,yw and the magnetoelastic spin pump-
ing (MSP) voltage AVygp, respectively. APgaw and
AVysp are plotted in Fig. 4(c) as a function of H (solid
symbols: H upsweep; open symbols: H downsweep).
While a field-symmetric absorption of rf power is observed
for APgaw, as expected for acoustically driven FMR [24],
AVysp shows the antisymmetric behavior with respect to
the H orientation reversal characteristic of spin pumping.
Furthermore, the resonance field and linewidth of APgaw
and AVysp coincide. Outside of acoustically driven FMR
(i.e., molH| > 10 mT), the SAW and thus phonons are still
present in the ferromagnetic thin film. However, within the
resolution of our experiment, AVygp = 0 in this off-
resonant condition.

Using the scaling law derived in Ref. [15], we can
calculate the resonant M precession cone angle O, as

AVysp

12 —
sin“@® =,
res EVPRWCg”

D

with the elementary charge e; the ellipticity P = 0.11,
calculated according to Ref. [21]; the resistance R =
37 Q [33] and width w = 375 um of the Co/Pt bilayer;
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FIG. 4 (color online). (a) APpr as a function of 7 and wuoH for
H applied at a = 10°. (b) AVpe(t, moH) shows EMW rectifi-
cation (lower part, scaled by 0.1), while the SAW acoustically
pumps a spin current which is detected via the inverse spin
Hall effect (upper part). (¢) We average APjpr and AV data
for the time span indicated by the dashed lines in (a) and (b),
respectively. These data correspond to all elastic excitation of
FMR (APgpw, left scale) and a spin current (AVygp, right
scale).

the constant C = 4.37 X 107" m [15]; and the spin
mixing conductance of Co/Pt gy = 6 X 10! m~? [15].
With »=1.548 GHz and AVysp =0.8 'V from Fig. 4(c),
Eq. (1) yields ®,, = 1.6°, comparing well to values found
for photon-driven FMR in Co [15]. Out of resonance,
AVysp < 0.1 wV, and hence the M precession cone angle
is ® < 0.6°, assuming identical P. Using ®,., = 1.6°, the
strain caused by the SAW corresponds to a rf virtual
driving field of wohyg = 3 puoAH®O, =73 uT, with
MoAH =525 mT extracted from Fig. 4(c), as the
FWHM of AVysp at resonance. Note that this linewidth
is just an estimate, since the line shape of acoustic FMR
can deviate from a simple Lorentzian due to the particular
properties of the magnetoelastic (ME) driving field
[24,30]. For acoustically driven FMR, &y is determined
by the magnetic free energy density of the ferromagnetic
Co film by [24]

B
Hohme = zﬁl € Cos g singy, (2)
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FIG. 5 (color online). (a) APgaw and (b) AVygp as a function
of H orientation and magnitude for magnetic field upsweep. The
observed angular dependency is characteristic for acoustically
driven FMR. The features around 2 mT are due to the M reversal.

where B, = 18 MJ/m? [34] is the magnetoelastic coupling
constant of Co, M, = 1.17 X 10° A/m [35] is the satura-
tion magnetization, and ¢y = 30° is the equilibrium ori-
entation of M for H applied at « = 10°, calculated using
the free energy approach detailed in Ref. [24]. Equation (2)
yields a strain & = 5.7 X 107 in the ferromagnet due to
the SAW pulse. In an independent experiment, we deter-
mined the SAW acoustic power P,.quic = | mW by vector
network analysis on the input IDT, resulting in a pure strain
£=9.8X107% along x [30]. Thus, according to this
order-of-magnitude estimation, the calculated SAW strain
is large enough to account for AVysp by elastic spin
pumping.

The characteristic fingerprint of acoustically driven
FMR is its dependence on the orientation « of the exter-
nally applied magnetic field [24]. Therefore, we recorded
APIDT(t) and AVDC(t) for —35° = a = +35° (Flg 5)
Figure 5(a) shows the butterfly angular dependency of
APgw characteristic for acoustically driven FMR. In
Fig. 5(b), we observe a finite AVygp only for values of «
and H where the acoustically driven FMR condition is met,
providing further evidence for phonon-driven spin
pumping.

In conclusion, we have shown that a spin current can be
generated by microwave phonons via rf magnetoelastic
interaction in a Co/Pt thin-film bilayer. By recording
both the generated inverse spin Hall voltage proportional
to the spin current and the SAW transmission as a function
of time for various configurations of the externally applied
magnetic field, we are able to discern between effects
caused by photonic and phononic excitations. We find
that a spin current is generated in the exclusive presence
of an acoustic excitation of the Co thin film. This should
enable the implementation of, e.g., microelectromechani-
cal systems with the possibility to elastically generate spin
current for future spintronic data processing applications.
From a fundamental physics point of view, our results are
an important step towards the study of the interconversion
of phononic and spin degrees of freedom.
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