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ABSTRACT:  The magnetoelectric properties of exchange-
coupled  Ni/  CoFeB-based  composite  multiferroic
microstructures are investigated. The strength and sign of
the  magnetoelastic  effect  are  found  to  be  strongly
correlated with the ratio between the thicknesses of two
magnetostrictive materials. In cases where the thickness
ratio deviates significantly from one, the magnetoelastic
behavior of the multiferroic microstructures is dominated
by the thicker layer, which contributes more strongly to
the  observed  magnetoelastic  effect.  More  symmetric
structures  with  a  thickness  ratio equal  to one show an
emergent interfacial behavior which cannot be accounted
for
simply by summing up the magnetoelastic  effects occurring in the two constituent  layers.  This
aspect is clearly visible in the case of ultrathin bilayers, where the exchange coupling drastically
affects  the  magnetic  behavior  of  the  Ni  layer,  making  the  Ni/CoFeB bilayer  a  promising  next-
generation synthetic  magnetic  system entirely.  This  study  demonstrates  the  richness  and high
tunability of composite multiferroic systems based on coupled magnetic bilayers compared to their
single  magnetic  layer  counterparts.  Furthermore,  because  of  the  compatibility  of  CoFeB  with
present magnetic tunnel junction-based spintronic technologies, the reported findings are expected
to be of great interest for the development of ultralow-power magnetoelectric memory devices.
KEYWORDS: magnetoelastic, multiferroic, voltage-controlled, exchange-coupled, magnetic microstructures,
composite films, magnetic properties, magnetic domains, XMCD−PEEM imaging, magnetoelectric

■INTRODUCTION
Magnetoelectric material systems are of great
interest for the
development  of  ultralow-power  spintronic
devices.1−3 The ability to control magnetization
through an electric field offered  by such
material systems allows for an energy-efficient
voltage- based approach to the control of on-
chip magnetic nanostruc- tures.4−7 Accordingly,
the development of efficient magneto- electric
systems with tunable properties is of great
scientific and technological importance.

Magnetoelastic composite multiferroic
systems5,8,9 are among  the  most  promising
magnetoelectric systems for spintronic devices.
They rely on the combination of piezoelectric
and  magnetostrictive  materials,  where  the
electrically generated strain in the piezoelectric
layer  is  used  to  reorient  the  magnetization

state  of  the  magnetic  layer.10−13 So  far,  much
work has been done on systems by employing a
single  magnetostrictive material with efforts
focused on finding novel
magnetostrictive/piezoelectric heterostructures
with large mag-  netoelastic coupling.14−16

However, this approach does not offer  much
flexibility for tuning the magnetoelastic coupling
of a defined system.

In  this  study,  we  show  that  multiferroic
systems  with  a  composite  magnetic  layer  can
potentially  offer  much  richer  magnetoelectric
properties with the possibility to tune such



properties by tailoring the magnetic layer
composition. Despite  its  high  potential,  this
avenue  has  until  now  remained  mostly
unexplored.

We report an investigation of the
magnetoelectric properties  of  model
composite multiferroic systems consisting of a
[Pb(Mg1/3Nb2/3)O3]1−x−[PbTiO3]x (PMN−PT)11

piezoelec-  tric  substrate  and  exchange-
coupled  magnetic  Ni/CoFeB  bilayers.  The
magnetoelastic coupling of these systems are
studied by observing the electric field-induced
magnetic  reorientation  in  Ni/CoFeB
microstructures  by  X-ray magnetic
microscopy.  The  systems  show  a
magnetoelastic  effect  that  depends  on  the
relative thickness of the two magnetic layers,
offering  a  new  degree  of  tunability.
Micromagnetic simulations are used to better
comprehend the magnetoelastic properties of
the  investigated  systems,  unveiling  a
behavior that cannot  be  described by simply
combining the magnetoelastic responses of
the  two  constituent  magnetostrictive
materials.



Figure 1. (a) Sample schematic and crystallographic orientation of the PMN−PT crystal with the surface normal
along  the  [011]  direction.  After  patterning,  the  magnetic  microstructures  were  initialized  by  an  external
magnetic  field,  μ0Hinit = 300 mT, applied as in the schematic. (b) SQUID magnetometry hysteresis loops for
different magnetic thin films, before patterning, on PMN−PT investigated in this study (layer thickness in nm).
The magnetic field was applied in-plane along the [01−1] direction.

Experimental  Setup  and  Magnetic
Characterization.  The  material  systems  of
interest  consist  of  Ni/Co40Fe40B20

microstructures  of  different  thickness
combinations  deposited  by dc magnetron
sputtering on top of 500 μm thick piezoelectric
[Pb(Mg1/3Nb2/3)O3]0.69−[PbTiO3]0.31 (PMN−PT)
single-
crystal  substrates  with  both  the  top  and  the
bottom surfaces covered using 50 nm thick Pt
electrodes.  The  piezoelectric  substrates have
the [011] pc (pseudocubic; in the following, this
will  be omitted for simplicity) crystallographic
direction pointing out of the surface plane, as
shown  in  Figure  1a,  and  are  electrically
prepoled along this direction with polarization
pointing “up” before depositing and patterning
the magnetic bilayer on top of it. The Ni/CoFeB
microstructures are 2 μm × 2  μm in size. For
more details on sample preparation, refer to
the work by Xiao et al.17

The first hint of the emergent behavior of the
investigated  multiferroic systems is given by
the magnetic properties of Ni/ CoFeB thin films
extracted  through  superconducting quantum
interference  device  (SQUID)  magnetometry
measurements.  The  amorphous  or
nanocrystalline  state  for  the  deposited
magnetic layers is verified by X-ray diffraction
(XRD) (Supporting Information S0). As shown in
Figure 1b, single- layer CoFeB thin films (purple
and yellow curves in  Figure 1b) are found to
have the highest saturation magnetization
value, MS

≈ 1.1 × 106 A/m, among the investigated 
samples. On the other
hand, samples with a 15 nm thick Ni layer (the
blue curve in Figure 1b) show a lower MS of 5 ×
105 A/m. The MS values for the aforementioned
thin  films are close to the previously reported
ones, for CoFeB to be 1 × 106 A/m18 and for Ni
to be
4.8 × 105 A/m.19 Finally, bilayer samples having 
a thickness of 2
nm for both CoFeB and Ni (cyan and green
curves in Figure 1b) show an average MS value
of  7.4  ×  105  A/m,  regardless  of the  stacking
order. The shape of the bilayer MH loop
combines the features of both the Ni thin film

and CoFeB thin film, and both  coercivity  and
saturation magnetization have the  intermediate
values of  the two individual  layers.  This  result
suggests  the  magnetic properties of the bilayer
result  from  the  interplay  between  the  two
magnetic  layers  being  coupled  to  each  other.
Even stronger evidence of the importance of
coupling between magnetic layers is given by
the hysteresis loop obtained for the  Ni(2  nm)
sample (the red line in Figure 1b). Compared to
15 nm thick Ni with a square MH loop, the thin
Ni(2 nm) loop
indicates a superparamagnetic state, as shown
by  very  low  saturation  magnetization  (at  the
maximum applied magnetic field), together with
the absence of any significant remanence (see
Figure S1a for more details).20 This finding is in
accordance with  a  previous  study  showing
superparamagnetism  in  an





ultrathin Ni film with a thickness down to 2 
nm.21 However, Ni(2 nm)/CoFeB(2 nm) and 
CoFeB(2 nm)/Ni(2 nm) samples both show an 
average MS in between thick Ni(15 nm) and 
CoFeB, demonstrating the influence of 
ferromagnetic CoFeB on the thin Ni layer, 
resulting in the entire film stack being 
ferromagnetic (element specific hysteresis 
loops shown in Supporting Information S1). 
Although CoFeB(2 nm)/Ni(2 nm) and Ni(2 nm)/
CoFeB(2 nm) films have the same MS, a closer 
examination of the SQUID and X-ray 
magnetic spectroscopy data suggest that the 
stacking order of the thin films plays a more 
subtle role in the magnetic properties of the 
bilayer, such as the coercive field (Supporting 
Information S1). From these initial results, we 
infer that parameters such as the film 
thickness and the stacking order have a 
significant impact on the magnetic properties 
and, therefore, on the magnetoelectric 
coupling in this artificial multiferroic 
composite. To further explore the effects of 
these parameters, the magnetic imaging 
results are shown below.

Main Results In-Operando Magnetic Imaging
and  Simulation.  Following  the  initial
characterization  of  the  magnetic thin films,
the magnetoelastic properties of the systems
are  investigated  through  voltage-controlled
magnetization  reorientation  experiments  in
patterned  microstructures.  The  magnetic
state of the microsquares is imaged by X-ray
magnetic  circular  dichroism−photoemission
electron  microscopy  (XMCD−PEEM).22−24

Exploiting the probe depth of approx- imately
5 nm and the elemental sensitivity of X-ray
absorption at the Fe and Ni L3-edges,22 we are
able to separately image the magnetic state
in  each  magnetic  layer  and  compare  them
with each other (Supporting Media File 1). As
shown in Figure 2a, the initial magnetic state
observed in both sublayers  of  the bilayer is
the  same,  proving  the  presence  of  strong
exchange coupling at the CoFeB/Ni interface.
Accordingly, from now on,  we  present  only
the  XMCD−PEEM  images  referring  to  the
CoFeB  layer  for  simplicity,  unless  otherwise
noted.

After magnetically initializing the samples
by application of an  external magnetic field
μ0Hinit = 300 mT, as indicated in Figure 2a,
many magnetic squares are observed to be in
the  Landau  magnetic flux-closure states25,26

(subsequently referred to as the vortex state).
However,  the  initialization  yield  is  smaller
than  100%, and in some of the images,
microsquares are observed to  be  in  a
randomly  oriented  multidomain  state.  This
could be primarily due to domain wall pinning
effects  at  structural  imperfections  and  also
partially due to the inhomogeneous strain at
the submicron scale,7,27 which prevents these
squares from relaxing to a vortex state after
the magnetic  field  is  removed. In this work,
we focus on the behavior of the magnetic





Figure 2. (a) XMCD−PEEM images at Fe and Ni L3-
edges showing the initial magnetic state in bilayer
microsquares. Note the similarity in the  magnetic
state for each device in both the Fe L3-edge and Ni
L3-edge,  evidence of exchange coupling in this
system. The purple and turquoise  frames  indicate
where  a  Landau  magnetic  flux-closure  state  is
initially  observed.  The  green  arrows  indicate  the
initializing magnetic field, μ0Hinit = 300 mT. The gray
scale  bar  with  the  arrows  describes  the  contrast
levels of magnetic orientation in the PEEM images.
(b) Ni L3-  edge  XMCD−PEEM  of  Ni(2  nm)
microsquares  shows  no  magnetic  contrast as
expected for a paramagnetic state. (c) Description of
the two types of magnetic vortex states observed in
the investigated samples. The schematics of squares
in gray scale describe the magnetic configurations in
the PEEM images.

squares with an initial vortex state, such as the
ones highlighted  by  purple  and  turquoise
frames  in  Figure  2a.  The  reason  for
investigating these squares is because of the
high  reliability  of  electric  field-induced
reorientation  of  magnetic  vortex states.27

Schematics of the XMCD−PEEM contrast that
indicate vortex  states  of  both  chiralities  are
outlined in Figure 2c.

Further proof of the pivotal role played by the
exchange coupling between the Ni and CoFeB
layers is shown in Figure 2a,b. The three sets of
samples in Figure 2a,b show the magnetic
state  of  three  different  samples:  Ni(2  nm);
CoFeB(2 nm)/Ni(2 nm); and Ni(2 nm)/CoFeB(2
nm). While no magnetic contrast is observed in
Ni(2 nm) squares, in both Ni/CoFeB samples,
the  Ni  layer  shows  a  magnetic  contrast,
regardless of  the stacking order.  The probing
depth  is  sufficient  to  measure  through  the
entire thickness of the Ni(2 nm) film and shows
that  Ni(2  nm)  alone  is  not  ferromagnetic.
Through interfacial exchange coupling with the
adjacent  CoFeB  layer,  the  Ni  layer  as  well
becomes ferromagnetic and the bilayer
functions collectively as a  single  magnetic
system,  in  agreement  with  the  presented

SQUID  magnetometry  measurements  in  Figure
1b.

To study the electric field-driven magnetic
reorientation in  the  initialized  microsquares,
we exploit the  piezoelectric  properties of the
PMN−PT substrates. When an electric field is
applied  along  the  [011]  crystallographic
direction of the PMN−PT crystal, a piezostrain
is generated along the two main  in-plane
crystallographic  directions,11,27,28 a
compressive strain along the [100] direction,
and a tensile strain along the  [01−1]
direction.  This  strain  is  transferred  to  the
magnetic  layers deposited on top of the
PMN−PT substrate (Figure 1a),



inducing  a  reorientation  of  the  magnetic
moments  in  the  microstructures  via  the
inverse  magnetostrictive  effect.7,27,29−31

Furthermore,  the  direction  of  the  magnetic
reorientation  is  dictated  by  the  sign  of  the
magnetostrictive  constant  of  the  specific
magnetic material under investigation. We
note that Ni  has a negative magnetostriction
constant, whereas CoFeB has a  positive
magnetostriction constant.31 Accordingly, the
observa-  tion of an electrically driven
reorientation of the magnetic state  of the
microsquares offers an unambiguous way to
characterize  the magnetoelastic coupling in
these systems at the micron scale  and to
compare the sign and strength of such
coupling between  different  investigated
systems.

The initial (E = 0 MV/m) and final (E = 0.8
MV/m) magnetic  states of the imaged
microsquares are shown in Figure 3 for

Figure  3.  Electric  field-controlled  magnetic
reorientation  in  2  μm  microsquares from four
different Ni/CoFeB bilayer systems. The ratio
between  the  Ni  and  CoFeB  magnetic  volumes
controls  the  magneto-  electric  effect  in  these
multiferroic systems.

samples with different thicknesses of Ni and
CoFeB  layers.  When an electric field is
applied, a reorientation of the magnetic
moments along one of the principal strain
directions is induced,  causing the
transformation from a magnetic vortex
toward a two-  domain state. In the sample
with a thick Ni layer, we are able to observe a
reorientation  along  the  [100]  compressive
strain  direction.  In  all  other  samples,  the
magnetic moments reorient along the [01−1]
direction of the substrate. We also observe
that  the magnetic reorientation effect is
weaker in the samples where  an  equal
thickness  for  the  two  magnetic  layers  is
chosen  [Ni(2  nm);  CoFeB(2  nm)]  than  the
magnetic orientation effect in samples with a
large difference between the two thicknesses.
We  can conclude that when the magnetic
layer volume is dominated by one of the two
materials, the magnetoelastic effect is
dictated by  that  material;  However,  a  more
complex  effect  takes  place  when  the
magnetic  volumes  of  Ni  and  CoFeB  are
similar.

The behavior described above for 
nonsymmetric samples can

be  explained  by  the  magnetostrictive
properties  of  single  magnetic  materials.  As
mentioned  above,  Ni  is  known  to  be  a
negative  magnetostrictive  material  in  which
the magnetic moments prefer to align along
the compressive strain direction,
[100]  (Table  S2).8,12 In  contrast,  CoFeB
behaves  as  a  positive  magnetostrictive
material, where the magnetic moments  align
along  the  tensile  strain  direction,  [01−1].10

The  effect  of  the  electric field on magnetic
layer reorientation in microsquares of  other
lateral dimensions (see Supporting Information
S3)  confirms  the  same  magnetoelastic
behavior.

The  response  observed  for  the  symmetric
bilayers  calls  for a  closer  investigation.  First,
the  general  behavior  shows  that  the  CoFeB
layer  contributes  more  strongly  to  the
observed  magnetoelastic effect than the Ni
layer. Second, the effect itself is much weaker
than  what  was  observed  for  the  asymmetric
samples. Indeed, the magnetic reorientation
effect is incomplete,



generating a final state that is in between the 
vortex state and the two-domain state (see 
Figure 4 for more details), in the direction

micromagnetic  simulations  with  the  goal  to
reproduce the experimental  findings described
so far.

Micromagnetic simulations are carried out
using the MuMax3  code32 (see  Supporting
Information S4  for more details). A 2  μm × 2
μm magnetic Ni/CoFeB square is simulated,
where an  initial vortex state is nucleated and
subsequently modified by the application of a
uniaxial  anisotropy  energy  term.  Using  a
phenomenological  model  to  describe  the
magnetoelastic effect  induced  in  this
composite multiferroic system, the electrically
controlled  strain-induced  uniaxial
magnetoelastic anisotropy  energy density  can
be evaluated through the following equation33

Um.e. =
 3 

λsY (ε[01−1] − ε[100])sin2 θ[01−1]

2 (1)

Figure  4.  (a)  Simulated  bilayer  micromagnetic
system started from a vortex state 0 MV/m (top row)
and 0.8 MV/m (bottom row). In the bottom row, the
micromagnetic results of single-layer Ni and  CoFeB
are included on both ends of the spectrum, where
the magnetostrictive coefficient of CoFeB is tuned in
the range of interest between 50 and 90  ppm. (b)
Comparison between micromagnetic outcomes and
experimental findings for the CoFeB(2 nm)/Ni(2 nm)
system indicate the suitable λs value of CoFeB to be
85 ppm. (c) Electric field-induced magnetic moment
reorientation  angles  in  CoFeB(2  nm)/PMN−PT  and
CoFeB(2 nm)/Ni(2 nm)/PMN−PT samples calculated
from both experiment and simulation results.

that tends toward the direction of the tensile
strain,  where  CoFeB would have an easy axis.

Accordingly, if the observed effect is accounted
for  by  simply  summing  up  the  two
magnetoelastic  effects  from  the  constituent
magnetic  layers,  the  interpretation  is  that  the
CoFeB layer has a slightly larger magnetoelastic
effect than the Ni layer so as to generate the
observed  magnetic  reorientation.  However,  in
order  to  reach a  deeper understanding of our
experimental findings, we carry out
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where λs is the saturation magnetostriction
constant for Ni and CoFeB; Y is the average
Young’s modulus for the two magnetic layers;
θ[01−1] is the angle between the magnetization
direction  and  the  tensile  strain  direction  of
the piezoelectric, [01−1]; and ε[01−1] and  ε[100]

are the tensile and compressive piezostrains,
respectively. From eq 1, it is possible to
define a magnetoelastic  uniaxial anisotropy

factor, Km.e. =
   3 λsYεeq, with εeq = (ε[01−1] −

ε[100]), which is a function of the electrically
induced piezostrain. The outcomes of

micromagnetic simulations are compared to
the experimental observations in Figure 4. As
can be seen in Figure 4c, the micromagnetic

simulations of the CoFeB layer alone and of
the CoFeB(2)/Ni(2) bilayer are able to

reproduce the experimentally observed
behaviors. The simulations for the Ni square

reproduce the experimentally observed
magnetic reorientation effect27 in which the

initial vortex state completely transforms in a
two-domain state with the final magnetization

orientation along the compressive strain
direction. The same holds for the simulation

of the CoFeB square except that the final
magnetic state has magnetic moments

aligned with the tensile strain direction. The
reorientation angle at 0.8 MV/m is calculated

to be 41 ± 13° from the experiment and 41 ±
8° from simulation (Figure 4c). The

uncertainty of the angles is deviations in the
distribution of contrast values in the

triangular domains defined for the analysis
(explained in detail in Supporting Information

S2, Table S1). These values are indeed
indicating a full reorientation process

because the maximum achievable
reorientation angle is 45° in the present
experimental geometry. The error bars

indicate the average standard deviation of
magnetic moment direction distributions in

the four magnetic domains forming the initial
Landau state. More details on the domain

angle analysis are given in Supporting
Information S2. After validating our

micromagnetic model, we investigate the
behavior of CoFeB(2 nm)/Ni(2 nm) squares

where we carefully modify the
magnetostrictive coefficient of the CoFeB

layer. What we learn from this modeling
experiment is that in order to reproduce the

experimental results (see Supporting
Information S4 for more details on

parameters), we must assume a
magnetostrictive coefficient for CoFeB (λs ≈
85 ppm) that is more than twice as large, in
magnitude, as that of Ni (λs = −33 ppm).18,33

Indeed, from the experimental data, we can
extract a reorientation angle at 0.8 MV/m of
16 ± 16°. Choosing λs for CoFeB of 85 ppm,

the obtained reorientation angle by
micromagnetic simulations is 16 ± 10°, which
agrees with the experimental value. Figure 4c

shows the quantitative analysis of the
average domain rotation angle at 0.8 MV/m

when compared to at 0 MV/m for both the
single-layer and bilayer samples. The extracted

value of λs for the CoFeB layer is in general
agreement





K Ni

Figure 5. Comparison of energy variations in different 2 μm microsquare systems using micromagnetic
simulations starting from the vortex state until  reaching an equilibrium state once the equivalent uniaxial
anisotropy is applied. We report the variation of exchange energy, demagnetization energy, anisotropy energy,
and total energy in (a) single 2 nm thick Ni layer; (b) single 2 nm thick CoFeB layer; (c) system whose energies
are the sum of individual energy terms from (a,b); (d) 2 nm thick Ni layer from the CoFeB/Ni bilayer system; (e)
2 nm thick CoFeB layer from the CoFeB/Ni bilayer system; (f) Ni(2 nm)/CoFeB(2 nm) bilayer system; (g) 4 nm
thick single layer that takes the averages of the magnetic properties of CoFeB and Ni (MS

= 7.4 × 105 A/m, λs = 26 ppm); and (h) 4 nm thick single layer similar to that of (g) but with a λs of 52 ppm
as the sum of λs from CoFeB and Ni. (i) The
total energy variation in the eight aforementioned layers and systems. The micromagnetic parameters used
for the simulation are reported in Supporting Information S4 Table S2. At the top of each graph, the saturation
magnetostriction coefficients (in ppm) used to model the layers and the layer thicknesses are listed in the
parentheses. Inset images are the magnetic configurations (mx) at the final equilibrium states.

with  what  has  been  reported  previously  for
Co50Fe50, where λs was found to be ≈ 70 ppm.34

Co50Fe50 is a very similar material  to  what  is
used in this work, where we have equal atomic
concentrations of Co and Fe in the Co40Fe40B20

composition.
Even if the simulations and the experimental

observations  seem to agree when reasonable
micromagnetic parameters  are  chosen for our
modeling, what is surprising is that the  global
effect is not simply because of the sum of the
two magnetoelastic  effects  in  the  two
ferromagnetic  layers  (Figure  5a−c).  Indeed,
using the phenomenological model described
above to calculate the induced magnetoelastic
anisotropy  contributions  from  the  two  layers,
we find that

which allows us to calculate a ratio of Km.e. = 2.29.
Here, the

m.e.

electrically  induced  strain  of  1000  ppm was
measured  experimentally for PMN−PT that we
used  from  the  same  growth  batch.12

Accordingly,  in  order  to  have  the  observed
incomplete  magnetization  in  terms  of  the
complete  bidomain  state,  the  magnetoelastic
anisotropy  energy  density  induced  in  the
CoFeB layer needs to be more than twice as
large as the one induced in the Ni layer. This is
surprising  because  for  an  incomplete
reorientation, only a slight difference between
the  two  magnetoelastic  effects  would  have
been expected, as one would have anticipated
from a simple balancing effect approach.

Ni 
m.
e.

and

=
 3 

·(33 × 10−6)·(180 × 109)·(1 × 10−3)/103

2
K



= 8.9 
kJ/m3

This  makes  it  clear  that  the
exchange-coupled magnetoelastic
bilayer shows an emergent
magnetic behavior that is specific

of the hybrid system and not simply the sum of
the properties of its  constituent.  This  finding
has  repercussions  on  our  under-  standing of
magnetoelastic systems and opens up a new
avenue

K CoFeB =
 3 

·(85 × 10−6)·(160 × 109)·(1 × 
10−3)/103

for the development of novel magnetoelectric 
materials with

m.e.
2

= 20.4 kJ/
m3

tunable  functionalities  applicable  in
multiferroic-based  memo-  ry,35 logic,36

sensors,37 microwave  devices  such  as
antennae,38 and even in magnetic particles and
cell sorting platforms.28 For



example, in the case of memory applications
that uses magnetic tunnel junction (MTJ), the

bilayer could serve as the free layer. To further
understand how the exchange-coupled bilayer

differs from the summation of the two
individual layers, the energy terms in different

systems before and after applying the
strain are reported and compared in Figure 5.

For the single-layer Ni and CoFeB, Figure 5a,b
shows  the  energy  variation  for  exchange
energy,  demagnetization energy,  anisotropy
energy, and total energy. Figure 5c reports the
sum of the energy terms of the two individual
layers Ni(2 nm) and CoFeB(2 nm) in (a) and (b).

On the other hand, Figure 5d−f reports the 
energetics for the

exchange-coupled bilayer system. Figure 5d,e
shows the energies in the Ni and CoFeB layer,
respectively, whereasFigure 5f reports the sum
of  each  energy  term  from  the  two  layers.
Comparing Figure 5c with Figure 5f, we
conclude that because of coupling between the
bilayers, the energetics of the bilayer system is
not a simple summation of the energy of the
two single layers and the effect of  additional
interactions on the magnetic energy needs to
be considered.

In order to reach a deeper understanding of
the  physics  involved in the observed
magnetoelastic effect, we simulated ad  hoc
virtual systems with tailored properties to
compare with the  actual  bilayer  system.  We
have  investigated  whether  a  single  material
with the desired saturation magnetostriction λs

could  replicate such a bilayer system. Here,
two virtual systems, called  “Uniform  &
Average”  and  “Uniform & Sum”,  are  used  to
estimate  the  properties  of  the  bilayer.  The
specifics  of  those  systems  are  the  following:
the  “Uniform & Average”  system consists of a
uniform layer of 4 nm in thickness, whose
saturation
magnetostriction λs =       85     +     (  −  33)   = 26 ppm,
damping factor α =
0.024, exchange stiffness A

2 

= 1.525 × 10−11 J/
m, and Young’s

simulations.  Nevertheless,  the  magnetic
configurations  in  the  final  state  (Figure  5
insets) after applying the strain still differ with
both  the  virtual  cases  having  a  two-domain
state  at  equilibrium and the bilayer case still
showing four distinct domains in distortion. This
result  implies  that  we  obtained  a  synthetic
material with tunable properties that is quite
different  from  a  single-layer  system  with
material properties given  by  simply averaging
properties  of  the  two  layers.  The  simulation
outcomes shine some more light on the
complex behavior of the  studied  system;
however, further investigations are needed  to
reach  a  full  comprehension  of  the  observed
phenomenon.

Finally,  it  is  worth  noting  that  in  all  the
subplots in  Figure 5,  only the coupled bilayer
case shows damped oscillations of  its  energy
versus time (Figure 5d,f). Further investigation
of  the  simulation  setup  indicates  that  the
oscillation  arises  from  the  generation  of  spin
waves  because  of  the  interface  between  the
two  layers.  However,  the  energies  at
equilibrium (which is the focus of this analysis)
are  not  affected  by  such  transient  effects
(Supporting Information S4).

For  this  first  demonstration,  materials  were
chosen whose

magnetostriction has opposite polarity in order
to clearly show the interplay between absolute
thickness  of  each  layer,  relative  thickness  of
the  layers,  and  the  magnetostriction
coefficient.  Investigation  on  material
combinations  that  have the same polarity  for
magnetostriction  coefficients  is  a  potential
avenue for further investigation.  Such studies
could  give  crucial  information  on  how  the
exchange  coupling  could  further  boost the
strength of the total magnetoelastic effect
achievable in a multiferroic system.

■CONCLUSIONS
In summary, the magnetoelastic properties of 
exchange-coupled

Modulus
Y

ex
= 170 GPa are taken as the averages 
of those of Ni

Ni/CoFeB magnetic microstructures on top of 
PMN−PT piezoelectric substrates are 
investigated as a function of the

and CoFeB and whose saturation magnetizationMS = 7.25 × 105

A/m is the experimentally measured value (see
Supporting Information S4, Table S2 for more
details).  The  “Uniform  &  Sum” system is
identical to “Uniform & Average” apart from its
saturation magnetostriction λs = 85+ (−33) =
52 ppm, which is  the sum of the saturation
magnetostrictions of the two magnetic layers.
What we find is that the total magnetic energy
at  equilibrium of the “average” system in
Figure 5g is not the same as the one extracted
for the bilayer system reported in Figure 5f;
however, the “sum” system (see Figure 5h) is
able to reproduce the energetics of the bilayer
system even though it still does not  produce
the same magnetic configuration of the bilayer

(same holds for the “average” system).
As  a  way  to  identify  the  importance  of

exchange  coupling at  the  bilayer  interface,
which manifests clearly in the calculations of the
magnetization dynamics, Figure 5i shows the
total energy  (of each of the aforementioned
simulated systems) as a function  of time,
starting from the instant in which the initial
vortex state  begins  its  relaxation  toward  the
uniaxial  magnetoelastic  anisotropy  direction.
Comparison  of  the  Ni  and  CoFeB  layer  in  the
bilayer  (Figure  5d,e)  with  Ni  and  the  CoFeB
single layer (Figure 5a,b) indicates the individual
layers  that  become  exchange-coupled in the
bilayer no longer behave as one when  they



stand alone. On the one hand, the summation
of the total energies of the Ni and CoFeB single
layer at equilibrium is close to the  “Uniform &
Average”  (26  ppm)  case  which  falls  into  a
domain state similar to that of CoFeB. On the
other  hand, the  total  energies  at  equilibrium
are very similar  between  the  coupled bilayer
and the “Uniform & Sum” (52 ppm) layer

thickness of the two magnetic layers through
electric field-driven magnetic reorientation. On
the one hand, when the ratio of the  two
magnetic  thicknesses  is  significantly  larger
than one, the magnetoelastic properties of the
system are dominated by those  of the thicker
layer. On the other hand, when the layers are
of the same thickness, the exchange-coupled
microstructures exhibit a  more  complex
behavior, which cannot be described by simply
combining  the  magnetoelastic  effects  of  the
two  constituent  materials.  The  experimental
observations are reproduced by micromagnetic
simulations, which support such interpretation.
These  results  demonstrate  the  richness  in
magnetoelectric  properties offered by
exchange-coupled composite multiferroics,
where the magnetoelastic effect is governed by
the coupling between the two magnetic layers.
Furthermore, the tunability of  those
magnetoelectric properties via magnetic layer
composition  and stacking order offers a path
toward the development of next-  generation
magnetoelectric  systems  that  could  access  a
richer  space of material properties, which can
be exploited in  the  development of novel low-
power magnetoelectric devices. This  work is
expected to motivate more experimental and
theoretical  studies focused on the
magnetoelectric properties of composite
multiferroic  micro-  and  nanostructures  with
exchange-biased magnetic bilayers.



XRD measurements of the thin films;
magnetic character-  ization  of  the
exchange-coupled  multiferroic  hetero-
structures; quantitative analysis of the
magnetic moment  direction  from  PEEM
images;  magnetic  moment  reorientation
as a function of the field in
microstructures  of  different  lateral
dimensions;  and  micromagnetic
simulations  of  magnetic  energy  variation
in single-layer and bilayer systems (PDF)

Animation of the PEEM experiment setup
for obtaining the magnetic  contrast  from
the bilayers with the in  situ  electric  field
(MP4)

Micromagnetic  simulation  of  the  bilayer
CoFeB/Ni system with the applied in-plane
total strain of 1000 ppm (MP4)
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