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Actuation of microstructures with
spin-current volume effect
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Microactuators are essential for advances in micro-optics, ultrasonic transducers and microsensors,
and there is a growing demand for miniaturization and improved power. Here we demonstrate the
actuation of micromechanical structures based on spin-current volume effect using an amorphous
magnetic film of TbFeCo with volume magnetostriction. A 2 mm-diameter circular polyimide
diaphragm coated with thin TbFeCo/non-magnetic metal films is prepared as the micromechanical
structure.When an alternating charge current flows through the TbFeCo/non-magneticmetal films on
the diaphragm under an external magnetic field orthogonal to the charge current, an alternating spin-
current flows in the non-magnetic metal film due to the spin-Hall effect. In the spin-current volume
effect, the spin-current transports angular momentum from the non-magnetic metal to TbFeCo film,
and the spin-transfer torque modulates the magnetization fluctuation of the TbFeCo film, causing the
diaphragm to vibrate due to spin-lattice coupling. The power density of the TbFeCo/Pt films actuator is
larger than 1.17 × 106Wm−3 at 20mA charge current under 7.2 kOemagnetic field. This value is much
higher than that of various existing film-type microactuators. This spin-current volume effect is
effective as a new actuation mechanism for microactuators used in micro-optical systems, acoustic
diagnostic equipment, and micro-fluidic systems etc.

Recently, microactuators1–4 have been used in various microdevices,
microsensors, and mobile equipment. On the other hand, small actuators
have some issues, such as insufficient displacements and powers1,2,5.
Therefore, research on microactuators with high power and large dis-
placement is underway. Among them, piezoelectric actuators6–8 are widely
used in microdevices, but they require high voltages to drive, have complex
fabrication and integration processes, and suffer from long-term durability
issues.Magnetostrictive actuators9–12 have the sameorbetter performance as
piezoelectric actuators, including the ability to generate relatively large strain
and power even in small sizes. However, magnetostrictive actuators have a
couple of disadvantages. Firstly, they rely on electromagnets for control,
which are challenging to miniaturize. Secondly, they require electric power
to generate and control their magnetic fields.

Recent progress in spintronics has led to the detection of various spin-
mechanical interactions, but most of them are related to feeble forces13–18.
Recently, there have been reports of magnetic material driven by spin-
currents19. This is a new phenomenon (spin-current volume effect: SVE) in

which a spin-current flows into a magnetic material (TbDyFe) and changes
its volume. In this SVE, the volume of the magnetic film changes when a
spin-current flows into it. Since this method requires only a permanent
magnet and in principle does not require an electromagnet, it is expected to
be developed into new microactuators. There are two types of magnetos-
triction, Joule magnetostriction and volume magnetostriction. In Joule
magnetostriction, the rotation of distorted magnetic domains due to the
magnetic field is the leading cause of magnetostriction. In volume magne-
tostriction, spin-lattice coupling is responsible for its magneto-elastic dis-
tortion, and the volumemagnetostriction is thought tobe related to the SVE.

The amorphous TbFeCo (TFC) films exhibit excellentmagnetostriction
performance (magnetostriction coefficient > 1000 ppm)20, and it is also
reported that electrodeposited FeCo films with Tb impurity indicate notice-
able volume magnetostriction21. On the other hand, when the amorphous
TFCfilmhas acompositionofTb20Fe24Co56, Joulemagnetostrictionbecomes
small, and the volume magnetostriction becomes the dominant mechanism
in magnetostriction (Volume magnetostriction ~ 5.6 × 10−5 T−1)10. In this
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study, we fabricated a diaphragm actuator using this amorphous
Tb20Fe24Co56 as a magnetic thin film with volume magnetostriction, con-
firmed its actuation by SVE, and evaluated its performance as an actuator.

Results and discussions
Generally, volumemagnetostriction (VM)materials expand (shrink) when
it is subjected to a magnetic field for positive (negative) VM materials.
Furthermore, as the temperature of a VM material changes, its volume
changes because spin-fluctuations and spontaneous magnetization also
change.As shown inFig. 1a, the injectionof a spin-current, i.e., aflowof spin
angular momentum, into magnetic materials using the spin-Hall effect
changes the spin fluctuation due to the spin-transfer torque, causing the
volume change in VM materials vian SVE. Non-magnetic metals (NM)
such as Pt and W, which have large spin-orbit interactions, are used to
generate spin-currents using the spin-Hall effect22. The spins accumulate at
the interface between the NMand themagnetic films, and the accumulated
spins diffuse into the magnetic film, transporting angular momentum.

In this study, diaphragmmicromechanical structures are fabricated to
evaluate the SVE effect and actuation performance of the TFC film, as
shown in Fig. 1b. The device has a 2 mm-diameter circular diaphragm
structure consisting of three layers of TFC/NM/polyimide (107 nm/
100 nm/25 µm in thickness, respectively) with rectangular support. The
TFC and NM films are deposited by magnetron sputtering (See Methods).
By applying an alternating voltage between the two ends of the TFC/NM
layers on thediaphragmsample, a charge current jc canflow in theTFC/NM
layers. The charge current jNMc flowing in the NM layer contributes to spin-
current generation based on the spin Hall effect. The spin-current js with
spin polarization σ / jNMc × n is injected into the TFC film, where n is a
normal vector to the interfacial plane. The direction and amplitude of the
alternating spin-current depend on the spin-Hall angle of the NM layer. In
experiments, a magnetic field is applied parallel to the diaphragm surface
and perpendicular to the alternating charge current. An alternating spin-
current flows in the NM layer, and the spin-transfer torque is caused in the

TFC layer. As a result, the magnetization fluctuation changes, and the TFC
layer is actuated by SVE. In addition to the SVE force, the Lorenz force
FLorentz is generated simultaneously, as given by FLorentz ¼ B× jcL, where L
is the effective current-pass length of the diaphragm. FLorentz can be mea-
sured from the vibration amplitude using a similar diaphragm sample
without the TFC layer by applying an alternating charge current orthogonal
to the externalmagnetic field, and comparedwith SVE force using the TFC/
NM diaphragm sample.

There are two types of magnetostriction, Joule magnetostriction and
volume magnetostriction, and the effect of the spin injection is more pro-
nounced for volumemagnetostriction. The volumemagnetostriction of the
TFC film used in this study is ~5.6 × 10−5 T−1, and the sample shows small
Joule magnetostriction in comparison to the volume magnetostriction10. In
the experiments, the diaphragm is vibrated at its fundamental resonant
frequency, and the out-of-plane vibration amplitude is measured at the
center of the diaphragm using a Laser Doppler vibrometer (LDV)19 (See
Vibration measurements)

To investigate the NM material dependence on the actuation perfor-
mance, the driving experiments are performed on four kinds of the dia-
phragms with four different metal layers on the polyimide film: Pt, TFC/Pt,
TFC/Cu, and TFC/W. The Pt diaphragm will be actuated by only the Lor-
entz force. The spin-Hall angles of Pt and W are reported to be positive and
negative values, respectively22–24, while Cu exhibits aminute spin-Hall angle22.

For investigating the actuation performance with SVE using magne-
tostriction film, 107 nm-thick amorphous TbFeCo film is chosen. Figure 2
shows the mechanical response spectra of the four diaphragms driven at
20mA alternating charge current under a 7200 Oe magnetic field ortho-
gonal to the charge current. The frequency of the alternating charge current
is swept, and the peak-to-peak vibration amplitudeApp of the diaphragm is
measured by the laser Doppler vibrometer. Each peak with a maximum
amplitude represents the fundamental resonance mode of the diaphragm.
Figures 3a–d show the amplitude App and phase of the diaphragm with the
TFC/Pt, TFC/W, TFC/Cu, and Pt layers against frequency in various
magneticfields at a charge current of 20mA, respectively. The amplitudes in
the samephase as thePtdiaphragmdrivenby theLorentz force are indicated
by negative values, while those of the diaphragm vibrating in the opposite
phase are indicated by positive values. In the TFC/Pt diaphragm shown in
Fig. 3a, the spin-Hall effect in Pt causes SVE. In Fig. 3c, the TFC/W dia-
phragm indicates the smaller App, while its vibration at the resonance is in
the opposite phase with those of TFC/Pt and TFC/Cu diaphragms. In
Fig. 3d, the Pt diaphragm shows a small App than that of the other samples
which is caused by only Lorentz force, and the phase is in phase with the
vibration of the TFC/W diaphragm.

Figures 4a–d show the charge current jc dependence on the vibration
amplitude App under various magnetic fields at the resonance for TFC/Pt,

Fig. 1 | Working principle and experimental method using the diaphragm
actuator structures for evaluating the actuation performance of spin-current
volume effect (SVE). a A positive volumetric magnetostriction TbFeCo (TFC) film
expands due to the reduction of spin fluctuations caused by the spin transfer torque
under an external magnetic field. b A schematic illustration of experimental setup
using the TFC/NM/Polyimide diaphragm actuated by SVE. H,M, jc, and js denote
the magnetic field, the magnetization of the TFC film, the charge current, and the
spin-current. The volume of the TFC film can be modulated by the spin transfer
torque via spin-current injection. Here, an electronwith its spin (magneticmoment)
antiparallel (parallel) to the magnetizationM is injected into the TFC film. Thus, an
alternating charge current flow in the TFC/NM films induces mechanical vibration
in the diaphragm. The right-side figure shows the schematic when Pt is used as the
NM layer.

Fig. 2 | Vibration amplitudes (peak-to-peak value) measured by sweeping the
frequency of an alternating charge current applied to the diaphragm sample
(metal layers: TFC/Pt, TFC/W, TFC/Cu, Pt) and applying an external magnetic
field orthogonal to the alternating charge current, where TFC is TbFeCo. The
measurements are performedwith alternating charge current jc = 20 mAatmagnetic
fieldH = 7200 Oe. Themain vibration peak corresponds to f01 mode, and the second
peak corresponds to f11 mode.
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TFC/Cu, TFC/W, Pt diaphragms, respectively. All samples show a linear
relationship betweenApp and jc. The charge currentflowing in theNMlayer
causes the spinHall effect, which can be calculated from each resistivity and
thickness (SeeMethods). If considering the amplitude per charge current in
the NM layer, the TFC/W sample exhibits a comparable value to that of the
TFC/Pt sample, but its vibration phase is opposite, as shown in Fig. 1S
in Supplementary Information.

The magnetic field and current are parallel, the magnetization fluc-
tuation is not modulated, and no apparent vibrations due to SVE are
observed, as shown in Fig. 519. Those results show that the phase of the
vibration depends on the direction of the magnetic field and NMmaterials.

In the TFC/Pt sample with a positive spin-Hall angle of Pt, the spin-current
causes the volumetric expansion in the TFC film with positive volume
magnetostriction due to SVE. Since the TFC/Pt layer is on the thick poly-
imide layer, the expansion of the TFC layer causes the diaphragm to deflect
with the convex side upward. In this case, the direction of deflection of the
diaphragm is opposite to the direction of Lorentz force. On the other hand,
in the TFC/W sample with a negative spin-Hall angle ofW, the phase of the
spin-current induced volume expansion is opposite to that of the TFC/Pt
sample. Therefore, the TFC/W diaphragm vibrates in the opposite phase
with the TFC/Pt diaphragm. In all samples, reversing the direction of the
external magnetic field inverts the phase of the vibrations, and the vibration

Fig. 3 | Typical mechanical response spectra of the amplitude and phase
for the diaphragm actuators. aTFC/Pt, bTFC/Cu cTFC/W, and d Pt diaphragm at
various magnetic fields (H), where TFC is TbFeCo. The measurements are

performed with alternating charge current jc = 20 mA. The frequency fA at max-
imum vibration amplitude corresponds to the fundamental resonant frequency.
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amplitude is proportional to the charge current, as expected from SVE.
Those results suggest that the TFC films exhibit the SVE. If the TFC film is
under the NM film, the phase is also considered to be inverted.

Thevibrationamplitudeof the resonance is amplifiedby theQ factor in
the resonance because the generated force energy is stored as mechanical
vibration energy. At the resonance peak frequency, the generated force F is
given by

F ¼ kA=Q; ð1Þ

where k is the spring constant of thediaphragm,A is the vibration amplitude
at the center of the diaphragm, andQ is theQ factor25. The spring constant k
of the circular diaphragm with tension is given by26

k ¼ 16πEt3

3R2 1� ν2ð Þ þ 4πσt; ð2Þ

where E is the Young’s modulus of the composite diaphragm, t is the
thickness of the diaphragm, R is the radius of the diaphragm, ν is the

Poisson’s ratio of the diaphragm, σ is the residual stress of the diaphragm.
Effective Young’s moduli are used as Young’s moduli of the composites
diaphragm (SupplementaryNote 2). The Pt film has residual tensile stresses
~50± 20MPa, and the effect of residual stresses cannot be ignored in the
estimation of spring constants. If stresses are taken into account in
the calculation only in the case of Pt diaphragm, the spring constants of the
diaphragm TFC/Pt, TFC/Cu, TFC/W, Pt are calculated to be 8.46 × 102,
7.67 × 102, 1.12 × 103, 1.65 × 104 ± 0.6 × 104 Nm−1 using Eq. (2) (Supple-
mentary Note 3).

In order to compare the generated force due to SVE and Lorentz force,
it is more convenient to normalize the vibration amplitude by the Q factor.
The Q factor of each resonance peak is obtained from the ratio of peak
frequency f0 to –3 dB-width Δf of maximum amplitude, Q = f0/Δf. The Q
factor depends on thematerials because of their internal loss, ranging from5
to 38 (Supplementary Note 3).

Figure 6a shows the magnetic field dependence on App, and Fig. 6b
shows theApp divided by theQ factor,App /Q, at 20mAcharge current. The
generated force by SVE is expected to be proportional to the projection of
themagnetizationM alongH // z [in Fig. 1a] and theflowing charge current.
This TFC film has an easy axis of magnetization in the out-of-plane
direction due to the stress field, and the in-plane magnetization is propor-
tional to the magnetic field within the measured range27. In general, the
relationship between force F and tensile volumetric strain ε in a diaphragm
constrained around its perimeter is given by F ¼ �2cεA, where c is the
modulus of volume elasticity of the magnetic material, A is the area of the
diaphragm. The generated strain ε is isotropic in unconstrained uniform
magnetic materials, and the force is generated in the direction of constraint
in the plane of the magnetic film diaphragm. On the other hand, in the
experiment, large vibrations are obtained despite the small value of the
spin-Hall angle of Cu. It may originate in CuOx at the TFC-Cu interface,
which has a large spin Hall angle28. A portion of the total charge current
flowing in the NM layer contributes to the generation of the spin-current
by the spin Hall effect. The W layer has ~40 times larger resistivity than
that of the Pt layer, possibly due to the oxygen impurity during sput-
tering; thus, the strain generated by SVE becomes a small value due to the
small charge currents ~1.65mA in theW layer. The vibration amplitudes
normalized by the charge current for the TFC/W diaphragm show

Fig. 4 | Experimental results on the dependence of actuation on charge currents.
Relationship between the vibration amplitude App and the charge current jc at
various magnetic fields for a TFC/Pt, b TFC/Cu, c TFC/W, and d Pt diaphragm,

where TFC is TbFeCo. The amplitudes App in the same phase as the Pt diaphragm
driven by the Lorentz force are indicated by negative values, while those of the
diaphragm vibrating in the opposite phase are indicated by positive values.

Fig. 5 | Experimental result on the dependence of actuation on magnetic field
direction. Magnetic field direction dependence on the vibration amplitude of the
resonance for the TbFeCo/Pt diaphragm. The peak-to-peak vibration amplitudes
(App) for cases of magnetic fields (H) parallel and perpendicular to the alternating
charge current (jc) are compared.
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comparable values with that of the TFC/Pt diaphragm (See Supplemen-
tary Note, Fig. S1).

Using Eq. (1) (2), generated forces due to SVE andLorentz force can be
calculated (SupplementaryNote 3). The actual force observed should be the
vector sumof the forces due to SVEand theLorentz forces. In otherwords, if
the vibration is in the opposite phase to the vibration due to the Lorentz
force, the actual force generated by SVE is the sumof the observed force and
the Lorentz force. Thus, in the case of TFC/Pt diaphragm, the generated
force is estimated to be 63.4 µN at 20mA charge current under 7200 Oe
magnetic field. This generated force is 2.9 times larger than that of Lorentz
force (~−22 µN) observed in the Pt layer. The power density Pi of the
actuator can be calculated as follows,

Pi ¼
FAppf

2V
; ð3Þ

where App is the peak-to-peak vibration amplitude, f is the driving
frequency, V is the volume of the actuation material. If it is supposed that
only the TFC film produces the actuation power, the power density is
calculated to be 1.17 × 106Wm−3 in the TFC/Pt diaphragm. Generally, the
spin-current diffusion length is of an order of 10 nm, thus the strain due to
SVE possibly happening in the TFC layer near theNM/TFC interface. If the
distortion is caused by SVE in the 10 nm-depth from the interface in the
TFC, its power density is estimated to be 1.24 × 107Wm−3. In general,
power density depends on the actuator configuration, and it is difficult to
obtain a large power density using thinfilm actuators29. However, the power
density produced by SVE can be compared with that of actuators with a
similar structure. For example, actuators with 200 µm-thick PZT
membranes have been reported to produce a power density of
10,000Wm−330. A stacked-PZT membrane actuator has been shown to
produce ~800Wm−3 of power density31. Compared to other thin film
actuators, this TFC film driven by the SVE can produce a very high power
density even with the diaphragm with a thickness of 107 nm.

Conclusions
In conclusion, we found that a sputtered amorphous metal (TFC: TbFeCo)
with volumemagnetostriction exhibits the spin-current volume effect (SVE).
The actuation characteristics based on the SVE were evaluated from the
vibration displacement of a bi-material structure of a non-magnetic (NM)
film and the TFC film on a polyimide diaphragm with a constrained per-
iphery. When a charge current is applied to the metal on the diaphragm in a
magnetic field perpendicular to the charge current, a spin-current is gener-
ated in the non-magnetic material with a large spin-orbit interaction, and as
a result, the spin-transfer torque causes a change in magnetization in the
volume magnetostriction material, which is coupled with magnetoelastic
effect. The spin-transfer torque changes the magnetization fluctuation in the
magnetic material, which generates strain due to magnetoelastic coupling.

This SVE actuator was found to have a large power density despite using the
very thin magnetic film. This SVE actuator is expected to be very useful for
microactuators and microsensors with electromechanical transduction.

Methods
Sample preparation
A magnetron sputtering process is employed to deposit the TFC and
non-magnetic layers on a 25 µm-thick polyimide plate. After the
deposition of the NM layer on the polyimide substrate, the TFC film is
sputtered at 5 Pa of working Ar gas pressure with an RF power of 50W
for 20min at room temperature on the polyimide plate while the base
pressure is lower than 10−4Pa. The TFC film sputter-deposited at 5 Pa
exhibits volume magnetostriction of ~43 ppm at 7490 Oe27. After the
deposition of the TFC films, Energy Dispersive X-ray Analysis (EDX) is
employed to analyze the elemental composition and thickness of sput-
tered TFC films21. For fabricating a diaphragm structure, the polyimide
plate coated with the TFC/NM film is cut into 8 mm× 4mm and bonded
with an aluminum plate with a 2 mm-diameter hollow using an adhesive.
As an NM film, a 100 nm-thick Pt, Cu, or W film with 5 ~ 20 nm-thick
adhesive titanium layer is deposited on the polyimide substrate by
magnetron sputtering before depositing the TFC film. The resistivity of
each film is measured by a four-terminal method. The resistivities of
TFC, Pt, Cu, W, and Ti layers are 2.47 × 10−6, 4.45 × 10−7, 3.36 × 10−8,
1.76 × 10−5 and 1.0 × 10−6Ωm, respectively. The resistivity of theW layer
is much bigger than that of the bulk value (~5.6 × 10−8Ωm), which may
be caused by slight oxidization during sputtering. The actual charge
current flowing through the NM layer is determined by the resistivities
and thicknesses of each layer comprising the diaphragm.

Electrical wires connecting to the sample are glued on a rigid sample
stage and embedded into an epoxy to prevent the influence of the wire
vibration.

Vibration measurements
Mechanical vibrations of the diaphragm are measured at the center of the
diaphragm by using a laser Doppler vibrometer (Custom-made Double
laser Doppler system fromNeoark Co., Japan) via an objective lens (x10).
The mechanical vibration signal is detected using the lock-in method
(EG&G 7260). For the measurement of the spin-current volume effect,
the voltage from a signal generator (NF corporation, WF1948) is applied
to samples via a laboratory-made current amplifier. An external magnetic
field is applied using an electromagnetic coil (GMW, model 3480)
equipped with the laser Doppler vibrometer. All measurements are
performed at room temperature and ambient pressure. In the lock-in
method, no second harmonic signals are observed in the mechanical
vibration, indicating no electrothermal influence on the induced vibra-
tion. In order to ensure no thermal effect, the charge current applied to
the sample is limited to 20mA.

Fig. 6 | The vibration amplitudes (App) are normalized by the quality factor (Q) of
mechanical resonance, which is proportional to actuation force. aMagnetic field
(H) dependences of App at the resonance for all samples at a charge current

jc = 20 mA. The inset is the magnified graph plotted on only TFC/W and Pt dia-
phragms, where TFC is TbFeCo. bMagnetic field dependence of App normalized by
Q factor, App/Q, at a charge current jc = 20 mA.
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Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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