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Dynamic state switching in nonlinear multiferroic cantilevers
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We demonstrate read-write-read-erase cyclical mechanical-memory properties of all-thin-film
multiferroic heterostructured cantilevers when a high voltage is applied on the Pb(Zros5,Tio.43)03
piezo-film. The device state switching process occurs due to the presence of a hysteresis loop in the
piezo-film frequency response. The reference frequency at which the strain-mediated Fey;Gap3
based multiferroic device switches can also be tuned by applying a DC magnetic field bias that
contributes to increase of the cantilever effective stiffness. The switching dynamics is mapped in
the phase space of the device measured transfer function characteristic for such high piezo-film
voltage excitation, providing additional information on the dynamical stability of the devices. ©
2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4738991]

We have previously reported on all-thin-film multiferroic’
ME (magneto-electric) devices consisting of piezoelectric/mag-
netostrictive (Pb(Zros:Tio4s)03 (PZT)/Feo7Gaps) hetero-
structures on Si-micromachined cantilevers®> (Fig. 1(a)) as
miniaturized magnetically driven platforms for magnetic field
sensors as well as for efficient magnetic energy harvesters. In
such devices, the enhancement of the ME response occurs
when the modulation frequency of the external AC magnetic
field coincides with the mechanical first-order flexural eigen-
mode of the cantilevers. Thin-film multilayers also allow engi-
neering of the interface state to optimize coupling at the
multiferroic bilayers, thus minimizing interfacial damping. In
addition, eddy currents are effectively eliminated in such canti-
lever devices due to the reduced thickness of the magnetostric-
tive film. These are important ingredients™® for attaining a
high Q-factor (=2000 in vacuum, magnetically driven mode?)
in free-standing ME cantilevers which in turn provides
enhanced response at resonance.

Here, we show that efficient coupling between the elec-
tric, magnetic, and mechanical degrees of freedom in multi-
ferroic heterostructured sensors/actuators and their strongly
nonlinear driving regimes can lead to hysteretic switching of
the sensor or actuator response between two states dictated
by device parameters. Thus, the dynamics of multiferroic
cantilever devices can be utilized for switching their mag-
netic’ or spectral® response. The basic operations of the mul-
tiferroic devices are (1) ME transduction of magnetostrictive
response due to the AC magnetic field via detection of piezo-
signals (magnetically driven mode?); and (2) detection of
response due to AC piezo-electric excitation voltage (voltage-
driven mode).

In the magnetically driven mode,” the acquired signal is
the device ME voltage when the applied AC magnetic field
is fixed. In the voltage-driven mode (Fig. 1(b)), the acquired
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signal is the current flowing in the circuit, which includes the
device implemented in a “current bridge” with a current
transformer. In the piezo-voltage-driven mode, no AC mag-
netic field is applied. By “device signal,” we consider the
current flowing through the “current bridge” circuit (Fig.
1(b)) when Cy = Cg. The signal contribution of stray capaci-
tance is reduced, and the current signal recorded by the lock-
in amplifier is also minimized. Thus, the measured signal
includes the contribution only from the device itself and
excludes any spurious signals from peripheral sources.

Sweeping the applied DC magnetic field bias, Hpc, in
both directions shows™? that the device flexural resonant fre-
quency, fr = fr(Hpc), displays hysteretic (“butterfly” curve)
behavior. The response of the multiferroic cantilevers to the
Hpc sweep is complex, involving a strong shift of the reso-
nant frequency, fg. Also, when Hpc =0, the device resonates
at the natural flexural mode, fx = fro, and the device signal2
is not null, behavior that is not observed in the frequency-
independent “butterfly” response specific to bulk ME materi-
als/devices.

In the voltage-driven mode, when the ME device is
weakly driven by an external piezo-voltage signal, the model
of a harmonic oscillator with an external drive and weak
near-resonant driving damping can be applied to explain the
Lorentzian shape of resonant peaks (Fig. 2, the 50 mV-actua-
tion curve). Upon increasing the actuation voltage, anharmo-
nicity begins to set-in in the oscillator,® broadening the peak
shape that eventually becomes a distorted non-Lorentzian
one. Moreover, a blue-shift of the resonant peak occurs when
the frequency range is increasingly swept, leading to a
“hard-spring” non-Hookean behavior (Fig. 2).

A dynamical model for our nonlinear multiferroic canti-
lever can be established based on the Duffing equation of an
excited oscillator with negligible feedback on the external
energy source.'® The Duffing oscillator'® has both the har-
monic restoring force, kox, and the cubic nonlinearity, Ex3,
where x is the cantilever deflection, ky is the harmonic spring
constant, and ¢ is a coefficient. From dynamics standpoint,
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FIG. 1. (a) Scanning electron microscopy (SEM) image of microfabricated all-thin-film multiferroic cantilever devices. The cantilever is 950-um long,
200-pm wide, and ~ 5-um thick. The device wiring regions are at the base of the cantilever (Ref. 2). Inset: Detailed SEM micrograph showing the heterostruc-
ture layered edge. (b) Schematic of the experimental setup based on a current bridge platform. Cs is the device stray capacitance, and Cy is an adjustable
capacitor for minimizing the device stray capacitance. The cantilever long axis is aligned parallel to Hpc. The current transformer is a MET — 17 model
(Tamura Corp.). The voltage divider ratio is 17.6:1. The measurements are performed in vacuum (3.5 x 10~* mbar) and with a SR 830 DSP lock-in

amplifier.

when ¢ > 0, the cubic nonlinearity is the cause of the spring
constant “hardening” process and the non-Lorentzian blue-
shifting (with respect to fzo ~ v/ko) of a single frequency-
response curve seen™'® in Fig. 2. Thus, the Duffing
cantilever can be interpreted as a forced oscillator with an
effective spring constant (ke = kg1 + ke ni, Where the
subscripts stand for linear (L) and nonlinear (NL)). The
jumping (or the “fold catastrophe”) phenomenon of the fre-
quency response taking place once the cubic nonlinearity has
high dynamical contribution is also the cause of our device
displaying multivalued signal amplitude hysteresis. "’

To study the effect of Hpc on the behavior of a multifer-
roic device when a high actuation voltage is applied (on the
cantilever electrodes), we generate the plots in Fig. 3 (in the
voltage-driven mode). For a fixed Hpc and when the direc-
tion of the frequency sweep is reversed, a different dynamics
takes place. When the driving frequency (which is the
PZT-film loading rate) is swept in the both directions, both
the frequency dependence of the hysteretic PZT-film
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FIG. 2. Lock-in current measurements for a single multiferroic device at
Hpc = 0 when the amplitude of the driving voltage (from a function generator)
is increased. In these measurements, the driving frequency is adiabatically
increased, enabling quasi-stationary data acquisition. The actuation amplitude is
held fixed for each frequency scan. The measured device has fro = 3835 Hz.

strain—electric field response and the high-voltage actuation
lead to a magnitude-dependent (Fig. 2) nonlinear frequency
response of the cantilever first flexural mode (by hardening
or, sweep direction dependently, softening the device stiff-
ness, kofr, through ke nz). When increasing Hpc, the position
of the hysteresis of the device spectral response blue-shifts.
Thus, Hpc induces more stress into the magnetostrictive
layer that is transferred to the piezoelectric film which in
turn leads to the change of ks but mainly through ke ;.

In order to study the dynamic state switching behav-
ior of the multiferroic cantilever, a time series of the cur-
rent magnitude of device response is recorded for a
certain device driving frequency, fyv.(f). The actuation
frequency, furive(t), consists of a fixed (reference) drive
frequency, f..r, overlapped with a time series of fast regu-
lar frequency changes with peak values of Af =f — f.r,
where f is chosen arbitrarily on the device spectral
response (in the non-hysteretic case, Fig. 4(a)) or outside
the projected hysteresis (in the nonlinear case, Fig. 4(b)).
The reference frequency, f.r, is usually chosen not to
match the resonant frequency, fz, of the linear device for
the corresponding Hpc. The multiferroic device is, thus,
driven by a piezo-voltage of Vi cos(27fyne (1)t + @), with
farive glven by the expression

Farive(t[s])[Hz] = frop + AF - Mt — (10.5T + 27 - 107T)]
—Af -t — (2157 +22-107)], (1)

where Vj is the drive voltage amplitude, M1(7) is the rectangu-
lar function, Z is an integer, and T is 1 s for the data acquisi-
tion interval. The frequency, fu.v.(t), described by Eq. (1) is
plotted in Figs. 4(c) and 4(d) (lower curves). Because the
carrier driving waveform parameters (the excitation voltage
amplitude, Vj, and the reference frequency, f.,r) are main-
tained at the same values in the proposed frequency switch-
ing experiment, from here on we will refer to the fast
changes in the studied time series of the actuating frequency
as “frequency pulses” (Figs. 4(c) and 4(d), lower curves).

In the device linear regime with a low piezo-voltage ex-
citation (Fig. 4(a)), the working device frequency is set to be
at f.or = 3682 Hz. A time series of frequency pulses (with
the peak values of Af =5Hz and with the duration of
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FIG. 3. Mapping the bistable multiferroic device when high amplitude actuation voltage (1 V) is applied for (a) increasing frequency sweep and (b) decreasing
frequency sweep. In both cases, Hpc is also swept from —125 Oe to 125 Oe. For each Hpc, the frequency is swept in both directions. The frequency sweep
cycle results in the device hysteretic behavior within the high voltage-driven regime and in the presence of Hpc. The measured device (that is different from
the one used to generate the plot in Fig. 2) has fzo = 3681 Hz. The discontinuity regions present in the plots are due to the magnetization switching. The linear
dependence fz = fr(Hpc) can be explained as a result of the interplay of Zeeman and anisotropy energies (Refs. 2 and 9).
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T = 15s) is applied on the reference actuation signal. The
multiferroic device proceeds from a dynamic stable state 1 to
another stable state 2 through the metastable device states 3
and 4, but there is no state switching feature in the device dy-
namics (the arrows in Fig. 4(a) indicate the directions of the
device frequency jumps among different states) due to the
lack of a spectral hysteresis. In the linear case, the defined
“high” and “low” stable states 1 and 2 coincide at the given
reference frequency (Fig. 4(c)).

Reversing the frequency sweep direction leads to
hysteretic multiferroic device behavior in the high piezo-
voltage-driven mode (Fig. 4(b)). This time the chosen device
reference frequency is f..r = 3687 Hz, which is shifted with
respect to f..; chosen in the linear case, due to the device
spring constant hardening. The variation of the multiferroic
cantilever k. v -spring constant results in the resonant peak
shifting and hysteretic bistability.® As in the linear case, the
frequency pulses have the same peak values of Af =5 Hz
and the same duration, 7 = 1 s. Starting from a stable “high”
device signal level (device upstate 1), a switching process to
another stable “low” state (device state 2) is possible by
applying a narrow 5 Hz-peak frequency pulse. The device is
temporarily in a metastable state (device state 3) and then
settles on the stable downstate 2. Applying a reverse

frequency pulse (with the same peak value, Af =5 Hz, and
with the same width of 1s) to f.r, the device proceeds back
on the initial stable state (device upstate 1) though an inter-
mediate (temporary) metastable state (device state 4). The
frequency switch causes latching in one of two possible con-
figurations: upstate 1 and downstate 2 (Figs. 4(b) and 4(d)).
Thus, an implementation of a memory bit can be achieved
by setting or resetting the logic bit with frequency pulses.
The way to achieve the stable states is shown with arrows in
Fig. 4(b). The state positions are indicated in the time series
of both the ME device response and fy,. (Fig. 4(d)). An
equivalent way to describe the switching experiment of our
multiferroic device is as a bit logic memory process of
“read(1)-write(3)-read(2)-erase(4)” induced by the applied
piezo-voltage, V cos 62nfd,i,,e(t)t + cp). The reference fre-
quency, fr.s, at which the logic memiory process is imple-
mented in the multiferroic device (Figs. 4(b) and 4(d)) can
be tuned by changing the spectral hysteresis position using
the applied Hpc (Fig. 3).

A common way to analyze the characteristics of a non-
linear oscillator is plotting its dynamics in a “phase space”
(Fig. 5). For our multiferroic cantilever devices, one way to
represent a phase space is to plot the acquired signal,
S = S(farive)» Wwith respect to its derivative, dS/dfuive
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FIG. 5. Multiferroic cantilever dynamics
in the transfer function “phase-space” rep-
resentation at Hpc = 0. (a) Switching pro-
cess in the phase-space hysteresis. (b)
Linear case when the lack of device hyste-
retic behavior leads to a non-switching de-
vice response. The manifold cusps are
consequences of limited frequency scan
range in the experiments.
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FIG. 6. Frequency-response hysteresis loop translation when different
(—Hpc) is applied. Consequently, the frequency, f,.s, at which the switch
takes place can be tuned, while switching states can be held at the same
signal values, due to only the dependence k. ;. = keg . (Hpc), (Ref. 11).

(Fig. 5). The significance of S(fy.i.) is the measured device
transfer function. The device hysteretic behavior can be stud-
ied by analyzing the phase space topology for different driv-
ing modes dictated by the direction of the frequency sweep.
The transfer function “phase space” representation is particu-
larly instrumental in understanding the stability of device dy-
namics in different device circuit configurations. In the
nonlinear case with high piezo-film excitation (Fig. 5(a)), the
phase space trajectories have a broken symmetry, indicative
of a “jump” dynamics (specific to a saddle-node bifurcation)
and can be characterized by different “homoclinics” with
cusps. When the multiferroic device dynamics is linear (Fig.
5(b)), the phase space trajectories are both symmetrical
(overlapped) manifolds with cusps. In both linear and nonlin-
ear modes, the phase space manifolds change their positions
with the applied Hpc.

Our cantilever response in switching processes shows
threefold possibilities to tune the position of the spectral hys-

teresis and the reference frequency, f.r, at which the switch
can be induced: changing the actuation piezo-film voltage
(Figs. 4 and 5), varying Hpc (and, implicitly, the device
linear k.4 1-spring constant“), (Fig. 3) and engineering the
device geometrical parameters (Fig. 1). Changing the excita-
tion voltage magnitude will not preserve the position of the
device switching states due to the fact that both shape and
area of the response hysteresis change (Fig. 2). The multifer-
roic cantilever system presents an advantage over the other
types of mechanical memory switches such as the frequency
at which the switch works can be tuned by Hp¢, and the
switching positions can be held at the same signal values on
a relatively large spectral spanwise response (Fig. 6).
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