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Hybrid giant magnetostrictive-piezoelectric film/film structures exhibiting magnetoelectric (ME)
effect associated with a magnetic instability of the spin reorientation transition type are presented.
We first present the theoretical study of a clamped beam actuator composed of a piezoelectric layer
on a substrate actuated by a magnetostrictive layer. The actuator is a polished 50 um thick 18

X5 mm?

nanostructured layer. A ME coefficient of 30 V Oe™

silicon substrate coated by an electrode, aluminum nitride, and magnetostrictive
"'em™ at a 35 KHz longitudinal resonance was

measured. Nonlinear excitation of this mode showed a “nonlinear” dynamic ME coefficient of

4 VOe!'cm

The magnetoelectric (ME) effect, predicted by P. Curie
in 1894, is the change in electric polarization as a response to
an applied magnetic field."* With the development of tech-
niques, the interest for these materials grew again (see
Fiebig’s reviews3’4). “Stress mediated” composite materials
mainly associating magnetostrictive and piezoelectric or
electrostrictive based materials were created and displayed
ME effects several orders of magnitude higher than natural
ME materials. ME coefficient values as high as
10 V Oe™! cm™' could be obtained in Terfenol-D/PMN-PT
laminate composites. Higher values can be found in the case
of resonant devices.”™® Although they show interesting char-
acteristics, most of these composites are still bulk materials
and therefore hard to integrate in Micro-Electro-Mechanical-
Systems or microelectronic devices. Recent works on ME
epitaxial nanostructures showed very promising features.” In
the present work, we investigated rf-sputtered thin film based
solutions combined with the use of a magnetic instability,
which highly increases the sensitivity of the magnetome-
chanical interaction.'

In our previous work published in Ref. 11, with the con-
figuration given in Fig. 1, we expressed the ME voltage am-
plitude for a given vibration mode » in the case of displace-
ments along the z axis. It could be calculated that for the
film/film ME layer on a thicker substrate, bending vibration
modes can result in ME voltage, whereas torsion vibration
will result in no amplitude. This model does not cover the
case of vibrations occurring in the plane of the actuator. For
the same geometry, we consider this time a longitudinal vi-
bration mode. If U" is the vibration envelope for the vibra-
tion mode n, the components of the displacement vector are
Uy, Uy, and U]. Contrary to the previous model, for the in
plane vibrations we assume that U?=0. One can then write
the magnetoelastic free energy as F,.=d,Bu,xhA,. B is the
magnetomechanical coupling constant, % is the magnetic ex-
citation field, y=d¢/dh is the magnetization angle suscepti-
bility, and A,, is the amplitude of the considered mode. w,, is
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the magnetostrictive form factor that depends on the configu-
ration of the actuator and the envelope U" of the considered
vibration mode. For longitudinal modes, w,=[dS(aU"/dx
- &U;‘/ dy). In the longitudinal configuration, the piezoelectric
energy is F,=-d,E5(e3;—e33C12/Cy1)y,A,. The e;; are the
piezoelectric coupling coefficients and C;; are the elastic co-
efficients. Similar to w,, v, is the piezoelectric form factor
and y,=[dS(9U%/ dx+dU,/ dy). The equation of motion is

A
—" +28,A,+ +———(Fph+F,) =0,
n[‘n (unlln A4» 8[1 ( me )
with the effective mass being M,=pd[ dS(U;‘2+ U’y’2). S, is
the damping coefficient, w is the pulsation, and p is the sub-
strate density. The surface charge is given by Q= [D;dS and
V=E3d, with the electrical displacement

aU’j,)A

8Un
Dy =gE5+ (31— e33C 1o/ Cy)| —
ax dy

where ¢ is the dielectric coefficient of the piezoelectric layer.
If no current is flowing, dQ/dt=0 implies that V=
—d,/ £S(e3;—e33C 2/ C1y) ¥,A,. The amplitude A, is given by

A = _dl‘ﬂBIL'LnX
" M,(QF - 0* +2i8,0)

with the renormalized frequency

d N 7
1 -
Magnetostrictive layer | +d.
Piezoelectric layer d
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FIG. 1. (Color online) Side schematic view of the considered magnetostric-
tive actuator with integrated piezoelectric material.

© 2008 American Institute of Physics

Downloaded 08 Nov 2012 to 77.236.37.83. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3001601
http://dx.doi.org/10.1063/1.3001601
http://dx.doi.org/10.1063/1.3001601

162902-2 Tiercelin et al.
Magnetic Easy Axis  50x(TbCo,/FeCo) = 500nm

Serves as top electrode
AIN =5.5um

!

Clamping

Pt Bottom electrode

FIG. 2. (Color online) Left: magnetic field configuration for the clamped
silicon beam coated with the AIN and the magnetostrictive layer. Hs is the
polarizing field. h(z) is the excitation field. Right: actual device.

D=’ +—2—d (5, — 3C1,/Cy 1)~
"=t s, (e31—e33C1/Cyy)

Noting f,= 1,7,/ SJ(U" +U")dS, we obtain

Ve d,d, B(e3; — €33C12/Cy))* S

h
d ep (Q,zl— w2+2i5nw)X

being the amplitude of the generated ME voltage. This time,
it shows that in this configuration, the ME generation is dic-
tated by the compatibility of the form factors.

In our experiments, the considered device is a polished
50 wm thick 18 X3 mm? silicon (100) substrate, on which a
platinum electrode is deposited, and subsequently coated
with aluminum nitride (AIN) followed by a giant magneto-
strictive nanostructured layer, both deposited by rf sputter-
ing. Piezoelectric AIN films were deposited by reactive dc-
pulsed magnetron sputtering.12 Pure aluminum is sputtered in
a mixture of 50% argon and 50% nitrogen. The gases’ flow
rates are controlled by two mass flow meters, and the total
gas flow rate is kept constant at 50 SCCM (SCCM denotes
standard cubic centimeter per minute at STP). The distance
between the target and the copper substrate holder is 5 cm.
The substrates are not heated and their temperature is only
dependent on the plasma heating. The base pressure is below
2X107* Pa. The target power supply is driven in constant-
power mode at 600 W with a 250 kHz pulse frequency and
1600 ns pulse width. Before deposition, the target is cleaned
in an argon discharge for 10 min and it is presputtered for
additional 10 min. During these steps, the substrates are
shielded from deposition by a shutter. Smooth, polycrystal-
line, and low stress AIN films with (002) texture (i.e., with
the ¢ axis perpendicular to the substrate) and a columnar
structure are obtained. Prior to magnetic material deposition,
in order to avoid short circuits, a resist was manually laid
along the edges of the substrate. The giant nanostructured
magnetostrictive  film composed of 50 bilayers of
TbCo,(5 nm)/FeCo(5 nm) was subsequently deposited by
rf sputtering. The magnetoelastic couplin§ coefficient, mea-
sured via the bending cantilever method" on a test sample,
was found to be h*?~-7 MPa. A magnetic easy axis (EA)
is obtained in the magnetic layer by applying a magnetic
field during deposition. After removing the resist on the
edges, this layer also serves as top electrode.

Figure 2 shows the considered device along with the
magnetic field configuration used in the experiments. Previ-
ous works on magnetostrictive thin film actuators showed the
possibility of a large sensitivity increase in the magnetome-
chanical coupling when using the properties of a field in-
duced magnetic instability of the spin reorientation transition

Appl. Phys. Lett. 93, 162902 (2008)
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FIG. 3. (Color online) ME voltage for the first and second bending modes as
a function of the polarizing field Hg.

(SRT) type. In order to induce the SRT in the magnetostric-
tive film, a polarizing field Hy is applied in the direction
perpendicular to the magnetic EA of the film. The SRT is
reached for Hg equal to the anisotropy field of the layer H,,
where the Zeeman interaction compensates the anisotropy,
thus enabling a high sensitivity of magnetic moment to the
driving field applied along the EA."*" For symmetry rea-
sons, in this configuration, the favored excited vibration is
the bending vibration as opposed to torsion."> The compres-
sive stressed generated in the plane will also lead to in plane
longitudinal vibration modes at higher excitation frequen-
cies.

For the characterizations, an electromagnet is used to
apply the SRT polarizing field Hg, and the alternative driving
field h(z) for the actuator is a 300 windings coil. The ME
voltage picked between the bottom and the top electrode of
the AIN layer is fed to a digital oscilloscope through a high
impedance charge amplifier (voltage amplification equal to
1). The bending and torsion vibration amplitudes of the can-
tilever are recorded using a similar method as in Ref. 13. A
two-dimensional position sensible diode measures the de-
flection of a laser beam reflected on the tip of the cantilever.
Quality factors of the resonance modes were determined us-
ing the amplitude versus frequency curves. The vibration
spectrum of the actuator is fairly similar to what can be ex-
pected for a perfectly clamped cantilever. AIN has an elastic
modulus of about 300 GPa (depending on the preparations
conditions), whereas for Si it is about 170 GPa. Knowing
that the silicon substrate is ten times thicker than the AIN
layer and 100 times thicker than the magnetostrictive layer,
the dynamic behavior of the clamped beam is mainly defined
by the substrate.

Figure 3 shows the ME voltage amplitude measured as a
function of the magnetic polarizing field Hg, when exciting
the actuator at 321 and 2000 Hz, with a ,=10 Oe (1 mT)
magnetic field amplitude. Using the optical detection part of
the experimental setup, these modes have been identified,
respectively, as the first and second bending modes the ac-
tuator. For these modes and this geometry, the magnetostric-
tive and piezoelectric form factors'! M1, M2, Y1, and 7y, cal-
culated with the analytical expression of the vibration
deformation define f| as approximately equal to 0.21 and f,
equal to 2.68. They are not equal to zero; thus these vibration
modes are compatible with the ME generation. The effect of
the SRT can be clearly seen in Fig. 3. When Hy reaches the
anisotropy field value of the magnetic layer, the SRT takes
place, magnetoelastic efficiency is enhanced, and so is the
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FIG. 4. (Color online) ME voltage for the first longitudinal mode as a
function of the polarizing field Hg.

ME coefficient. The offset between the SRT points and the
behavior around Hg=0 are due to the hysteretic nature of the
magnetic layer. Using the SRT, a 1.5 V Oe~! cm™! value
could be achieved with the first bending resonance mode and
4.8 VOe'cm™ with the second bending mode. Here,
lower vibration amplitudes are compensated by higher Q and
f coefficient. These values are obtained for a 500 nm active
magnetic layer being 11 times thinner than the AIN layer.

Figure 4 shows the ME voltage amplitude measured as a
function of the magnetic polarizing field Hg, when exciting
the actuator at a frequency of 35090 Hz with a 12.5 Oe
(1.25 mT) magnetic field amplitude. This mode has been
identified as the first longitudinal mode of the actuator.
No bending or torsion angle could be measured optically.
The effect of the SRT can also be clearly seen here.
30 V Oe~! cm™ could be achieved in resonant mode with a
Q factor measured at 373. Again, the 500 nm active magnetic
layer is 11 times thinner than the AIN layer. This high ME
coefficient is due to a better efficiency of this vibration mode
compared to bending modes: pure compressive or tensile
stresses arise inside the piezolayer leading to a higher volt-
age through the d3; coefficient.

Finally, an SRT specific excitation mode was evidenced
in this ME component: the “subharmonic” excitation already
evidenced in nanostructured giant magnetostrictive thin
films.'® Figure 5 shows the evolution of the ME voltage am-
plitude at 35 090 Hz, when the excitation field frequency is
17 545 Hz, with a 12.5 Oe (1.25 mT) amplitude. At the SRT
point the “nonlinear” ME voltage amplitude can reach the
value of 4 V Oe™! cm™', which is comparable to the value
obtained for a direct excitation of the first bending modes.
This feature is particularly useful for the design of high reso-
nance frequency ME devices that can be excited by lower
frequencies.

Thus, the ME effect in the AIN/(TbCo,/FeCo) XN
structures is enhanced using the properties of the field in-
duced SRT in the magnetostrictive nanostructured film.

Appl. Phys. Lett. 93, 162902 (2008)
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FIG. 5. ME voltage for the first longitudinal mode excited by half its fre-
quency as a function of the polarizing field H.

30 V Oe ! cm™! could be achieved in resonant mode, and a
4 V Oe™! cm™! nonlinear ME coefficient was measured. Ap-
plications are thought of in the microsystems domain. These
results bring possibilities and tools for the design of inte-
grated detection of vibrations in magnetostrictive actuators
as well as high sensitivity ME magnetic field sensors.
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