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Pb(Zr 0.52 Ti 0.48 )O 3  (PZT) multilayer was deposited and annealed 
on the device bottom electrode. The magnetostrictive Fe 0.7 Ga 0.3  
layer was then sputtered at room temperature. The device hetero-
structure was etched top-down using a four-mask lithographic 
process including ion milling of Fe 0.7 Ga 0.3  and PZT layers, PZT 
wet etching to uncover the bottom electrode pads and XeF 2 -
based etching of Si to release the cantilevers. 

 Strong magnetoelectric (ME) coupling at the FeGa/PZT 
interface leads to the ME coeffi cient (a measure of magnetic-
fi eld-induced electric fi eld) in the range of 30–50 V Oe −1  cm −1  
(in the CGS units system) at the mechanical resonant frequency 
 f  R  of the cantilever in vacuum. [ 9 ]  The typical value of the quality 
factor Q at  f  R  is 2500 in vacuum. The cantilever length L in the 
present experiment is 1 mm, and the width  w  and thickness  b  
are 200 µm and 5 µm, respectively. The fabrication yield of suc-
cessfully released and operational devices is approximately 90% 
(out of 300 devices/wafer). 

 The basic operation of our devices consists of driving the 
cantilever at  f  R  using AC magnetic fi eld  H  AC  or AC electric 
fi eld  E  AC  (voltage  V  AC ) [ 13 ]  and applying DC magnetic fi eld  H  DC  
and/or DC electric fi eld  E  DC  to induce change in the dynamic 
state of the cantilever which can be read off by the piezoelectric 
signal (see Supporting Information). [ 14 ]  A central feature of our 
devices is that there is an enhanced multiferroic signal trans-
duction (induced piezoelectric voltage due to strain) at  f  R , and  f  R  
can be continuously tuned by  H  DC  and  E  DC . 

 The transduced piezoelectric signal  S  ME  as a result of 
ME coupling at  f  R  varies as a function of  H  DC , as seen in an 
extended butterfl y curve ( Figure    1  a), and the dependence of  f  R  
on  H  DC  is separately also plotted in Figure  1 b. The magnetic 
fi eld at which sudden changes in  f  R  take place on the curve cor-
responds to the coercive fi eld  H  C  of the FeGa fi lm, where  S  ME  
displays maximum values as a result of enhanced ME suscep-
tibility (Figure  1 a). Figure  1 a shows that a large ME signal can 
be attained at zero magnetic fi eld bias ( H  DC  = 0). We note that 
the signifi cant ME signal at zero magnetic fi eld bias is a unique 
feature of our cantilevers: the lack of this effect in larger sized 
devices ( L  >> 1 mm,  b  >> 5 µm) requires  H  DC  bias for achieving 
signifi cant signal transduction. [ 4,15 ]   

 The average total energy of the cantilever is given by 
〈 U 〉 =  k  eff  A  2 , where  k  eff  is the effective spring constant of the 
cantilever, and  A  is the amplitude of the oscillation. The device 
total energy consists of two main contributions, namely elastic 
and magnetic terms:
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where  b  m  is the magnetic fi lm thickness,  M  is the magneti-
zation along the beam axis, and 〈 Y 〉 is the weighted Young’s 
modulus of the entire cantilever. These two energy terms are 

    Multiferroic materials and structures have ushered in new types 
of electronic devices whose operation mechanisms are based on 
electric fi eld control of magnetism. [ 1–3 ]  In addition, heterostruc-
tured multiferroics have been previously used to demonstrate 
ultrahigh sensitivity magnetic fi eld sensors, [ 4–6 ]  typically con-
sisting of piezoelectric/magnetostrictive multilayers. In such 
heterostructured devices, elastomechanical properties serve as 
a medium of multiferroic signal transduction. 

 Microelectromechanical systems (MEMS) can provide plat-
forms for a variety of multifunctionalities including sensing, 
actuation, [ 7,8 ]  energy conversion, storage and harvesting, [ 9 ]  and 
spin reorientation transition. [ 10,11 ]  Here, we have developed min-
iaturized arrays of multiferroic cantilever devices on a MEMS 
platform where various energy scales (mechanical, magnetic 
(Zeeman, anisotropy)) are comparable in magnitude, and the 
mechanical degree of freedom emerges as a key tunable device 
parameter that is directly coupled to multiferroic properties. By 
operating them in the non-linear regime, we show that enhanced 
mechanical coupling at the tunable resonant frequency results 
in bistable dynamic states that can be reversibly switched by DC 
magnetic or electric fi elds. Our multiferroic memory devices on 
Si wafers are scalable with high fabrication yields, and have stable 
read/write operations which have been tested for 10 4  cycles. 

 We have fabricated heterostructured cantilever arrays on 4″ 
Si wafers buffered with oxide/nitride/oxide (ONO) multilayers. 
The initial silicon oxide/nitride/oxide (ONO) stack was depos-
ited on Si (100) wafers by a PE-CVD (plasma enhanced-chem-
ical vapor deposition) process. The ONO stack starts with a 
100-nm thick silicon oxide (bottom) layer and contains six layers 
of 75-nm thick silicon nitride separated by 100-nm thick silicon 
oxide layers. The last silicon oxide (upper) layer is thicker, only to 
complete a 3.8-µm thick ONO stack. The ONO stack was used to 
fi ne tune the stress in the cantilevers. [ 12 ]  A Pt/Ti (90 nm/20 nm) 
bilayer was sputtered at 450 °C. This bilayer also serves as the 
bottom electrode of the multiferroic device. A 500-nm sol-gel 
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comparable in magnitude in the present device, and thus, they 
contribute equally to  k  eff . However, when  b  >>  b  m , the elastic 
energy becomes substantially larger than the magnetic term (in 
larger-sized devices). 

 To understand the  H  DC -dependent  f  R  of our multiferroic 
cantilevers, we developed a continuum dynamics model based 
on a Lagrangian (see Supporting Information). Assuming that 
the energy in the FeGa fi lm is much smaller than that of the 
entire cantilever, the Lagrange formalism leads to the Euler–
Bernoulli beam equation, from which the expression for the 
 H  DC -fi eld dependent resonance frequency,  f  R,magnetic , can be 
derived as:
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 Here, γ ζ ρ ( )= =/ /2
R0 avg avgf wb YI , where  f  R0  is the natural 

resonant frequency of the fundamental mode, ζ ( = 1.9/ L ) is 
the propagation constant for this mode,  ρ  avg  is the weighted 
density of the entire cantilever, ( YI ) avg  is a weighted average of 
the product of effective Young’s modulus and second moment 
of inertia of fi lms representing the bending stiffness of the 
cantilever.  µ  0  is the magnetic permeability of free space. The 
last term in Equation   2   (which is much smaller than the other 
terms) leads to the resonant frequency shift due to the  H  DC -
dependent Young's modulus  Y  m  in the magnetic FeGa fi lm, 
where ∆ Y  m  =  Y  m ( H  DC  = 0) − Y  m ( H  DC ).  Y  s  is the weighted effective 
Young’s modulus of the multi-layered substrate and  λ  =  λ ( H  DC ) 
is the magnetostriction of FeGa. We note that the main contri-
bution to the device frequency shift is the magnetic torque, not 

the magnetostriction. When 0mb
b

→  or 0m

m

b
b b−

→ , we obtain 

 f  R,magnetic ( H  DC ) →  f  R0  (from Equation   2  ). 

 Figure  1 b shows that there is a good agreement between the 
experimentally obtained curve and the theoretically obtained 
expression for  f  R,magnetic  =  f  R,magnetic ( H  DC ). The input data set for 
the theory fi t includes the measured magnetization hysteresis 
 M  =  M ( H  DC ) (see Supporting Information). The developed 
theory can also be used to understand why the larger scale ME 
devices do not display  H  DC -dependent  f  R . In the limit when the 
magnetic fi lm thickness is much smaller than the total thick-
ness or the substrate thickness of the cantilever (which results 
in strong substrate clamping of the device),  F  R,magnetic ( H  DC ) 
approaches  f  R0  (the resonant frequency at zero magnetic fi eld 
bias), which explains the lack of frequency shift in the meas-
ured butterfl y curves of larger devices. [ 15 ]  

 The modulation of the spring constant in piezoelectric canti-
levers due to  E  DC  is known to lead to shifting of the resonant fre-
quency,  f  R,electric  =  f  R,electric ( E  DC ) [ 16 ]  (see Supporting Information). 
For our multiferroic cantilever devices, application of either DC 
electric and/or DC magnetic fi eld bias can bring about effec-
tive stiffening of the beam; i.e., increase in  f  R . Because there 
are two separate actuation schemes (magnetic and electric) in 
our devices, we thus can write a combined expression for the 
resonant frequency of multiferroic cantilevers as:

    
f H E f f H f E1/R,multiferroic DC, DC R0 R,magnetic DC R,electric DC(( ) ) ( ) ( )= ⋅ ⋅

  (3)   

 To turn our multiferroic cantilever into a memory device, we 
need a mechanism to induce and control bistable states. 

 We exploit the modulation of the amplitude response of a 
Duffi ng oscillator, [ 17 ]  and use its dual-solution state in the non-
linear regime. This can be established in our cantilevers by AC 
excitation of either  H  AC  ≥ 240 A/m (RMS) or  E  AC  ≥ 1.2 × 10 5  V/m 
(RMS). [ 13 ]  In this regime, the device response signal  S  ME  as a 
function of driving frequency no longer has a Lorentzian shape, 
and develops a hysteresis behavior: the response now depends 
on the frequency sweeping direction. When  f  drive  is scanned in 
the increasing direction, the response peak is a distorted non-
Lorentzian, and it is blue-shifted ( Figure    2  , see the upper curve 
peak in the upper left inset).  

 The Duffi ng oscillator has two amplitude solutions ( A  1  and 
 A  2 ) giving rise to the hysteresis in the oscillation amplitude–
frequency relation, [ 17 ]  which can be traced by sweeping the AC 
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 Figure 1.    Characteristics of a multiferroic cantilever in linear regime. 
a) Extended butterfl y curve of the multiferroic device. The AC magnetic 
excitation is  H  AC  = 80 A/m (RMS). The vertical scale is the device signal 
(also color coded for clarifi cation). b) Hysteretic dependence of  f  R  on 
 H  DC  (extracted from Figure  1 a). The fi rst fl exural mode of the device 
is at  f  R0  = 3548.7 Hz. Both  H  AC  and  H  DC  were aligned along the can-
tilever length direction. Measurements were carried out in vacuum of 
3.5 × 10 −4  mbar. The theory fi t  f  R,magnetic  = f  R,magnetic ( H  DC ) is described in 
the Supporting Information.
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driving frequency  f  drive  in both directions. The two branches of 
the oscillation amplitude in the hysteresis correspond to two 
dynamical states (up and down) which can be directly probed 
by measuring the device signal  S  ME  (Figure  2 ). 

 By applying  H  DC  (or  E  DC ), both the Duffi ng hysteresis enve-
lope and the frequency  f  R  of the device can be shifted in the 
 S  ME − f  drive  space, and upon taking the fi eld off, the system goes 
back to the original hysteresis position and  f  R . 

 The translation of the hysteresis region in the frequency 
space can result in switching the states from up to down or 
down to up when the shifted hysteresis curve temporarily takes 
the intermediate state outside of the initial hysteresis envelope 
(or equivalently, the initial  f  R  position in the  S  ME − f  drive  space 
remains outside of the shifted hysteresis envelope). Using 
this principle, we have demonstrated reversible operations of 
a two-state multiferroic bit memory using input signals in the 
form of DC magnetic fi eld  H  DC  ( Figure    3  a,b) or a DC voltage 
 V  DC  ( Figure    3  c,d). An excitation  H  AC  of 428 A/m (RMS) is fi rst 
applied along the cantilever to place it in the non-linear regime. 
In Figure  3 a, we show the mechanism of switching between 
the two states when the DC magnetic fi eld pulses are applied. 
In addition to the temporary translation of the hysteresis in the 
frequency space, there is temporary change in the hysteresis 
width as seen in Figure  3 a. With the initial condition of  H  DC  = 0 
and  V  DC  = 8.1 V, the cantilever displays the hysteresis labeled 
Hyst 1 in the frequency space. The frequency of  H  AC  is selected 
so that it is inside the hysteresis loop. Figure  3 a depicts how the 
 H  DC  pulse results in the upstate switching to the down state 
and vice versa. Once the pulse of  H  DC  = 5.6 kA/m is applied 

(Figure  3 b), the original  f  R  is temporarily in the intermediate 
range outside the envelope of Hyst 2. Upon returning to Hyst 1, 
the switching has now taken place, and the device is in its up 
state. To go back to the original state, we apply a DC magnetic 
fi eld pulse of the same magnitude with an opposite sign: the 
hysteresis loop now shifts in the opposite direction as Hyst 3, 
and upon returning, the device is in its original state.  

 Because the mechanism of temporary shifting of  f  R  is 
through induced strain, the state-switching operation can also 
be accomplished using  V  DC  as the input (Figure  3 c,d). We have 
carried out initial testing of repeating read-write-read-erasure 
operations up to 10 4  cycles in one device and found no failed 
operations. We note that due to the fact that strain can be simul-
taneously induced by magnetostriction and piezoelectricity, it 
is possible to combine  H  DC  and V DC  pulses as additive input 
for our memory device. Such versatile multiferroic operation 
modes can open the door to various novel dynamic memory 
schemes. The present scheme of biferroic memory represents 
a departure from other types of multiferroic memory previously 
reported. [ 18–21 ]  

 In conclusion, we have demonstrated multiferroic opera-
tion of a dynamic memory using integrated heterostructured 
cantilevers. It is known that nanoelectromechanical systems 
(NEMS) can operate at frequencies up to gigahertz. [ 22–25 ]  Thus, 
high speed operation of the present device can be realized by 
going to nanoscale cantilever or doubly-clamped devices. For 
instance, keeping the same aspect ratio of the cantilever (and 
keeping also the other dimensional parameters the same), 
if we decreased the length L of the cantilever to 10 µm, then 
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 Figure 2.    Schematic illustrating mechanical bistable states of the ME device (with a zoomed-in cross-sectional structure of the device). Upper left 
inset: Hysteretic frequency response of the multiferroic device showing two amplitude states  A  1 ( f  drive ) and  A  2 ( f  drive ) (defi ning the up and down states, 
respectively) of the mechanical displacement at a given driving frequency. Lower left inset: an SEM image of a cantilever multiferroic device.
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 f  R0  (which goes as 1/ L  2 ) would be ca. 35 MHz. The intrinsic 
limit of the operation speed of our devices is given by the 
piezoelectric and magnetic response. The piezo-response time 
is the time sonic wave takes to traverse through the PZT fi lm. 
For a 500-nm-thick PZT fi lm, upon application of an elec-
tric fi eld pulse, this takes about 100 ps, which corresponds to 
10 GHz. Ferromagnetic resonance limits the magnetization 
rotation speed, and this is about a few gigahertz. Equation   2   
shows that even for such a high  f  R0 , the fi eld required to shift 
the frequency, and thus, the required switching fi eld of the 
device will be of the same order as measured here. 

 Non-linear cantilevers and doubly-clamped beams are often 
driven by external shakers [ 26 ]  or by electrostatic means. [ 27–30 ]  In 
comparison, driving of our heterostructured multiferroic devices 
is controlled by piezoelectric and/or magnetostrictive actuation. 
Our newly developed theory of magnetic cantilevers describes 
the basis for how: i) the occurrence of the resonant frequency 
change (in linear regime) is determined by the relative thick-
nesses of the magnetic layer to the bulk thickness of the device, 
and ii) DC magnetic fi eld can be used to perform the bit opera-
tion. An  H  DC -induced critical point (at a given excitation  H  AC ) 
in the extended butterfl y region separates two distinctive zones 
of the multiferroic cantilever dynamics (with non-linear/linear 
regimes) (see Supporting Information). The  H  DC -bias tunability 
of the cantilever dynamic response between these two regimes 
gives control over the width of the hysteresis where the memory 
is implemented. The switching scheme of our device is such that 

it can also serve as the basis for the logic devices such as fl ip-
fl ops and inverters with DC magnetic and electric fi elds as input.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.   
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 Figure 3.    Multiferroic memory device with DC magnetic fi eld bias  H  DC  and DC voltage V DC  as input. a) Translation of the hysteresis position with  H  DC  
as input. The AC magnetic excitation is  H  AC  of 424 A/m (RMS). b) Output multiferroic device signal when the input is based on ∆ H  DC  = ±5.6 kA/m 
pulses. c) Translation of the hysteresis position with V DC  as input (see Supporting Information). In this case, the AC magnetic excitation is  H  AC  of 
632 A/m (RMS). d) Output multiferroic device signal when the input is based on ∆ V  DC  = ±4.5 V pulses.
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