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A phenomenon that can be exploited for the manipulation of magnetization without the conventional
current-generated magnetic fields is magnetoelastic coupling, which might, thus, pave the way for low-
power data-storage devices. Here, we report a quantitative analysis of the magnetic uniaxial anisotropy
induced by piezoelectric strain in Ni nanostructured squares. By applying strain, the magnetic domains in
Ni nanostructured squares can be manipulated by the magnetoelastic effect in the Ni. The strain-induced
anisotropy displaces the domain walls in the square leading to changes in the domain sizes. By comparing
the experiments with micromagnetic simulations, the resulting uniaxial anisotropy is quantified. We find a
good agreement for a magnetostrictive constant of λs ¼ −26 ppm, confirming a full strain transfer from the
piezoelectric to the Ni nanostructures and the retainment of a bulklike λs.
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Devices for spintronics applications are based on the
manipulation of magnetization. Conspicuous examples
include the control of the magnetization direction of
ferromagnetic electrodes (e.g., in magnetic tunneling junc-
tions for magnetic random access memory applications [1])
or of ferromagnetic domains in nanowires (for storage
class memory, such as the racetrack memory [2]).
Conventionally, this manipulation is achieved by a current
flowing through a coil or stripline, which generates an
Oersted field. Another approach that has recently become
very popular is to exploit the spin-torque effect due to a
transfer of angular momentum from a spin polarized charge
current [3]. In particular, the writing of the magnetic
information through spin torque requires large current
densities, which lead to a high power consumption [4].
In general, such currents are always associated with
unwanted heat dissipation in the device; therefore, the
manipulation of the magnetization without the necessity to
apply electrical currents is of strong interest for device
applications. An encouraging approach to achieve low
power dissipation is based on the manipulation of magnetic
ordering by the application of electrical fields due to
magnetoelectric coupling. Different mechanisms where
the application of an electric field leads to a change of

magnetic properties have been suggested and studied. One
promising approach is to use piezoelectric substrates or thin
films onto which ferromagnetic layers of specific materials,
such as Ni, are deposited. The piezoactive material
generates a strain upon application of an electric field,
inducing a strain in the magnetic film, which modifies the
thin film crystal structure, and, by spin-orbit coupling, this
changes the magnetic properties of the ferromagnetic
material. Strain-induced magnetization changes due to
the magnetoelastic coupling allow one to induce phase
transitions, changes of the saturation magnetization, of the
Curie temperature, and, most importantly, to manipulate the
magnetic anisotropy [5–7]. The manipulation of the direc-
tion and strength of the uniaxial anisotropy is ideal to
achieve the switching of the magnetization direction or to
move domain walls, which constitute clear points of
interest for applications in devices. As thin film nano-
structures are required for device applications, special care
needs to be taken for achieving the control of the mag-
netization in such nanoscale elements by magnetoelastic
coupling.
Different piezoelectric materials can be used as sub-

strates for ferromagnetic thin films. Key properties include
the magnitude of static and dynamic strain, the compati-
bility with the growth of the magnetic thin films, and the
possibility to induce strain in a desired direction. One
example is ½PbðMg0.33Nb0.66ÞO3�0.68-½PbTiO3�0.32 (PNM-
PT), which exhibits a pseudocubic perovskite crystal
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structure with a lattice parameter of 4.02 Å [8] and which
can be used to induce large strains in different directions
depending on the crystalline orientation and resulting
surface of the substrate [8,9]. Such substrate material
was previously successfully utilized, for instance, by
Herklotz et al. [10] for the generation of strain in manganite
thin films. While manganites are interesting for their
complex magnetic and electric properties, the relatively
low Curie temperature (in particular, of the surface mag-
netization [11]) makes the use of this compound in appli-
cations challenging. More suitable materials for applications
are 3d metals, which exhibit reliable magnetic properties at
room temperature. Moreover, if polycrystalline films can be
utilized (as in the case of 3dmetals), this makes the materials
compatible with widespread applications, but it is unclear if
polycrystalline films exhibit the same large magnetostriction
as the material in bulk form. A suitable material, which has
been used as bulk in the past to study magnetoelastic
coupling, is Ni [6,12]. In fact, thin films of Ni have recently
been investigated and first studies of Ni nanostructures show
a clear influence of the strain on the magnetization con-
figuration [6,13]. As both the strain relaxation in thin layers
and the polycrystalline nature of the Ni can reduce the
magnitude of the magnetoelastic effect, rendering this
applications-relevant system unsuitable, a careful quantifi-
cation of the effectively achievable magnitude of the
magnetoelastic coupling needs to be carried out. This is a
crucial step towards potential applications, as it is not clear
how large the achievable magnetic anisotropy changes are,
since strain relaxation in buffer layers at edges and at grain
boundaries combined with a possibly reduced magnetostric-
tive constant for polycrystalline materials can limit the
achievable magnetization changes.
In the work presented here, the strength of the magne-

toelastic coupling in Ni nanostructures is determined by
direct magnetic imaging in applied strain conditions. We
show that the magnetization can be strongly modified by
the induced strain even for moderate applied electric fields.
By comparison with micromagnetic simulations, the
induced anisotropy changes are evaluated, and it is found
that, even for polycrystalline Ni on thick buffer layers, the
magnetoelastic coupling is comparable to that found in
bulk Ni showing negligible strain relaxation and no
significant reduction in the magnetostrictive constant due
to the polycrystalline nature of the Ni, thus, demonstrating
an applicability even for technologically relevant thin film
nanostructures.
The investigations presented in this article are carried out

on 2-μm-wide Ni squares. The samples are fabricated by
depositing 35 nm of Ni by electron-beam evaporation on
top of a 50-nm sputter-deposited buffer Pt electrode (with a
5-nm Ti adhesion layer) grown on a 0.5-mm-thick PMN-PT
(011) substrate (Atom Optics Co., Ltd., Shanghai, China)
in the as-received condition (i.e., no electrical poling prior
to the deposition of the Ni). Patterning is carried out by

electron-beam lithography employing a lift-off technique.
Further details on the deposition procedure and on the
fabrication of the nanostructures can be found in Ref. [6].
The average size of the polycrystalline grains determined
by x-ray diffraction analyses on continuous films grown in
the conditions used here is about 10 nm. A schematic of the
analyzed samples is shown in Fig. 1(a), where also a
scanning electron microscopy image of a 2-μm-wide square
structure is presented [Fig. 1(b)]. A thickness of 35 nm is
chosen for the Ni films, as it is sufficient to allow for well-
defined magnetic structures. For a thicker Ni film, one
expects a lower strain transfer efficiency, so this particular
thickness is chosen for the experiments described here.
Imaging of the magnetic configuration of the nano-

structures is carried out by photoemission electron micros-
copy (PEEM) utilizing the x-ray magnetic circular
dichroism effect (XMCD) to obtain magnetic contrast
[14]. The sample is illuminated by circularly polarized
x rays tuned to the L3 edge of Ni (852.5 eV). All
measurements are carried out at room temperature at the
beam line UE-49-PGM-a at BESSY II, Berlin [15] and at
the beam line SIM (X11MA) at the Swiss Light Source,
Villigen [16], both equipped with an Elmitec PEEM setup
(type LEEM III). Electric fields are applied to the piezo-
electric material by a floating voltage generator inside the
high voltage environment of the PEEM control unit;
contacting is carried out as shown in Fig. 1(a). The sample

FIG. 1. (a) Schematic of the sample structure, including the
electrical contact setup. (b) Scanning electron micrograph of a
2-μm-wide Ni square structure. Indicated are the x and y
directions shown in (c). (c) Hysteresis cycle of the in-plane
strain (x and y directions) as a function of the applied out-of-plane
electric field (z direction) of a PMN-PT (011) substrate. Adapted
from Ref. [9]. The yellow line indicates the electric field range
used in the experiments described here.
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is attached to the PEEM sample holder in a single location,
using a silver colloidal solution. This particular arrange-
ment allows for the free expansion of the substrate in all
spatial directions, preventing any clamping, and, thus,
allowing for the use of the full strain generated by the
piezoelectric substrate.
For the analyses we present here, a particularly apt

geometry is the high symmetry square for a broad range
of lateral sizes and film thicknesses, as this geometry allows
for the formation of the simple magnetic flux-closure
Landau state [17], where four equally sized domains are
formed due to shape anisotropy, as shown in Fig. 2. As the
anisotropy is changed, the size of the magnetic domains
changes and domains with the magnetization pointing along
an easy axis grow, while perpendicular domains with
magnetization along the hard axis shrink. Thus, the size
of the domains, which can be experimentally measured by
magnetic microscopy, acts as an indicator of the magnitude
of the anisotropies applied to the magnetic material.
The PMN-PT is oriented in the (011) direction, which

enables the generation of an in-plane strain by applying an
out-of-plane electric field [8,9]. The piezoelectric strain
behaves hysteretically with respect to the applied electric
field, as shown in Fig. 1(c). However, after an initial poling
of the piezoelectric material (the substrate is initialized with
a field of 0.6 MVm−1), it is possible to achieve a linear
nonhysteretic behavior by restricting the applied electric
field to a range in which the polarization of the substrate is
not reversed. Fields between −0.1 and 0.6 MVm−1 [as
marked in Fig. 1(c), where a positive field corresponds to a
positive voltage applied to the bottom electrode with
respect to the top electrode] are applied during the experi-
ments we present here. A concern is the influence of the
50-nm-thick Pt buffer layer, which can reduce the strain
transfer from the substrate to the Ni nanostructures. While
any shear lag effect in the nanostructures can be expected to

extend laterally only for a distance corresponding to
approximately 2–3 times the thickness into the nano-
structure, strain relaxation in the electrode material can
play a role, due to the possible formation of defects in the
material caused by the application of the piezoelectric
strain.
For the geometry we use here, the magnetic ground state

is the Landau state. However, due to the finite probability of
electrical discharges naturally inherent to the PEEM setup,
which lead to strong magnetic fields on the sample, it is also
possible to nucleate more complex metastable states due to
electric discharges in the PEEM. In this case, the Landau
state [17] is recovered by demagnetizing the system by
applying alternating magnetic fields with an in situ
electromagnet.
To study the induced magnetic anisotropies, the mag-

netic configuration of the Ni square is imaged as a function
of the electric field applied to the substrate, i.e., for different
strain conditions, as shown in Fig. 2(a). The central image
in Fig. 2(a) is showing a symmetric Landau state, which
corresponds to the unstrained, shape-anisotropy dominated
state. With the application of strain, two domains (with
antiparallel magnetization) grow in size, while the other
two with magnetization perpendicular to the other two
domains shrink. Domains with magnetization parallel to the
applied compressive strain (indicated by the blue arrows)
grow in size at the expense of the domains with
perpendicular magnetization (parallel to the tensile strain
indicated by the yellow arrows). This is direct evidence that
an uniaxial anisotropy is induced in the magnetic material
upon the application of piezoelectric strain. The observed
behavior is qualitatively in line with the expected behavior
of Ni, which, given the negative sign of its magnetostrictive
constant (in bulk Ni, λs ≃−32 ppm [18]) should, indeed,
present a growth of the magnetic domains pointing along
the direction of the compressive strain.
Next, the induced anisotropies are quantified. To conduct

this analysis, the size of the domains with magnetization
parallel or perpendicular to the applied compressive strain
direction is determined as a function of the applied electric
field (i.e., piezoelectric strain), as shown in Fig. 3.
Corresponding micromagnetic simulations of a 2-μm-wide
Ni square with different strain-induced anisotropies in
addition to the contribution of shape anisotropy are then
carried out to find for which anisotropy values the domain
configurations agree.
The simulations are carried out utilizing the

MicroMagnum framework [19], with the following param-
eters for Ni: exchange constant 10−11 Jm−1 and saturation
magnetization 2.1 × 105 Am−1 determined by supercon-
ducting quantum interference device magnetometry on a
continuous Ni film of similar characteristics. These param-
eters lead to an exchange length of approximately 19 nm.
The numerical discretization utilized for the calculations
presents a cell size of 8 nm in the in-plane direction and

(b)

0 MV/m 0.09 MV/m 0.3 MV/m 0.51 MV/m 0.6 MV/m(a)

1 µm

FIG. 2. (a) XMCD-PEEM images of a 2-μm-wide Ni square, at
different applied electric fields. The blue and yellow arrows
indicate the directions of the compressive and tensile strains,
respectively. (b) Micromagnetic simulations of a 2-μm-wide Ni
square, assuming different uniaxial anisotropies. The gray scale
bar and the red arrows indicate the direction of the magnetic
contrast, while the green arrow indicates the direction of the
uniaxial anisotropy applied in the micromagnetic simulations.
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35 nm in the out-of-plane direction (the total thickness of
the structure is 35 nm). The fact that the determined
agreement is similarly good everywhere in the nanostruc-
ture allows one to observe that possible shear lag effects at
the edges of the nanostructure are not significantly altering
the magnetic properties.
The simulations are carried out for a range of anisot-

ropies, as shown in Fig. 2(b), to simulate the contribution
of the applied piezoelectric strain, checking the validity
of the simulations by comparing the simulated configu-
rations and XMCD-PEEM images of the Ni square in the
symmetric Landau flux-closure state as a function of an
externally applied magnetic field, which provide a bench-
mark that can be easily simulated micromagnetically. The
comparison between the simulations and the experimental
images acquired with different applied magnetic field
yields a good agreement for the parameters given above.
In order to directly compare the experimental images
with the micromagnetic simulations, the simulated uni-
axial anisotropy is converted to an effective applied strain
by using the following relation [20]:

KME ¼ − 3

2
λsYjεx − εyj; (1)

where KME denotes the magnetoelastic anisotropy coef-
ficient, λs the magnetostrictive constant of Ni, Y the
Young’s modulus of Ni, and jεx − εyj the in-plane strain
difference. A value of 220 GPa is utilized for the Young’s
modulus, which corresponds to the value measured in
bulk Ni [21]. The adoption of the bulk value for the
Young’s modulus constitutes an approximation for the

analyzed material. However, as the size of the grains is
small (approximately 10 nm) compared to the size
of the structures, using the bulk value for the Young’s
modulus constitutes a reasonable approximation. The
value of jεx − εyj is then converted to an effective
applied electric field by using the strain-vs-field curve
of PMN-PT (011).
Because of the polycrystalline nature of the Ni (i.e., no

effective magnetocrystalline anisotropy is present due to
the random orientation of the many grains), the micro-
magnetic simulations do not include any additional
anisotropy contribution besides the one arising from the
applied strain. Note that the zero strain condition at which
the magnetic state of the Ni square falls into a symmetric
Landau state is achieved with an applied electric field of
approximately 0.27 MVm−1. Since there is no further
externally applied electric fields to induce a strain, this
implies that a preexisting anisotropy is present. This may be
related to the thin film deposition on the PNM-PT substrate
without prior poling, i.e., on a substrate with different
ferroelectric domains resulting in regions with different
prestrain after poling [13]. As the Ni grows polycrystalline
on top of the Pt electrode layer, a growth-induced
anisotropy resulting from the lattice mismatch at the
interface is not expected. However, a possible origin of
the preexisting anisotropy can be due to microscopic step
formation on the substrate surface due to a miscut.
Thus, the zero in jεx − εyj of Eq. (1) is shifted to the

value of the strain condition at which the unperturbed
Landau state is observed experimentally. Such an unper-
turbed Landau state results from zero strain and zero
anisotropy (with the exception of shape anisotropy), and,
thus, allows for the identification of the strain-free con-
dition. With this adjustment, the experimental data fit well
with the simulations with a magnetostrictive constant
λs ¼ −26 ppm, which is within the range typically found
for bulk Ni.
In the analyzed electric field range, the fraction of the

total area occupied by the magnetic domains pointing along
the compressive strain direction scales almost linearly with
the applied field. For larger field values, we observe
deviations from the linear behavior, due to the increasing
importance of the shape anisotropy contribution, which
counteracts the induced anisotropy. The simulations show
that, for high strains (not achievable experimentally due to
cracking of the substrate which occurs at high applied
piezoelectric strains), the dimensions of the domain walls
pointing along the compressive strain direction saturate,
due to the dominant role of the shape anisotropy.
The value of the magnetostrictive constant, which is

found from the simulations, is about 10% smaller than the
bulk value. This might be due to strain relaxation in
the buffer layer and to the polycrystalline nature of the
deposited material but shows that a very sizeable magne-
toelastic coupling can be obtained.

FIG. 3. Fraction of the area occupied by domains with
magnetization parallel (black square symbols) and
perpendicular (red circle symbols) to the x-ray beam (i.e., size
of black and white and grey areas in the images). The empty
squares and circles indicate data points determined from the
experimentally obtained images; the full squares and circles
indicate data points determined from the simulated images. The
lines are guides to the eye.
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Finally, as the substrate exhibits a ½PbTiO3�x composition
of x≃ 0.32, a mixture between monoclinic and tetragonal
phases may occur in the substrate [22]. Such phase mixture
can lead to the formation of strain inhomogeneities at the
substrate surface, which, in turn, can result in an inhomo-
geneous magnetic behavior of the Ni nanostructures.
However, as the observed magnetic structure for the Ni
squares closely matches the simulations (which are carried
out under the assumption of a homogeneous strain con-
dition), anymajor influence on themagnetic configuration of
theNi squares due to strain inhomogeneities can be ruled out.
In conclusion, we achieve a manipulation of the mag-

netic configuration of Ni nanostructured squares without
any electrical currents by applying only electrical fields to a
piezosubstrate. We achieve the manipulation of the mag-
netic configuration by the exploitation of the magnetoe-
lastic effect, which originates from the strain induced by the
piezoelectric substrate of the nanostructures. We find that
the domain walls of a magnetic square in the Landau state
can be reversibly displaced by the induced anisotropy
leading to a change in the domain size. Combining the
experimental results with micromagnetic simulations, we
determine the resulting uniaxial anisotropy quantitatively.
We find a good quantitative agreement for a magnetostric-
tive constant of the Ni nanostructures of λs ¼ −26 ppm,
which is only slightly smaller than the bulk value of Ni. The
calculated value of the magnetostrictive constant can be
explained only if the strain transfer from the substrate to the
nanostructures across the buffer layer occurs homo-
geneously with negligible relaxation effects and if the
polycrystalline Ni shows a magnetostrictive constant com-
parable to that of the single crystalline Ni. This shows that
even for thick buffer layers and polycrystalline films, large
effects can be obtained for these applications’ relevant
nanostructures.
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