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We demonstrate in situ 90� electric field-induced uniform magnetization rotation in single domain

submicron ferromagnetic islands grown on a ferroelectric single crystal using x-ray photoemission

electron microscopy. The experimental findings are well correlated with micromagnetic simulations,

showing that the reorientation occurs by the strain-induced magnetoelectric interaction between the

ferromagnetic nanostructures and the ferroelectric crystal. Specifically, the ferroelectric domain structure

plays a key role in determining the response of the structure to the applied electric field, resulting in three

strain-induced regimes of magnetization behavior for the single domain islands.

DOI: 10.1103/PhysRevLett.111.027204 PACS numbers: 75.85.+t, 68.37.Yz, 75.75.�c, 77.55.Nv

The continuously increasing demand for data storage
systems that exhibit both high speed and low energy con-
sumption has encouraged researchers to look for novel ways
of manipulating and recording information. Magnetoelectric
multiferroics, materials that show both a coexistence and a
coupling of magnetic and ferroelectric ordering, are consid-
ered among the most promising materials for applications in
spintronic devices due to the possibility ofmanipulating their
magnetic state through the application of an electric field [1].
However, single phase ferromagnetic-ferroelectric multifer-
roic materials are rare [2] and, up to now, not suitable for the
development of devices due to their low ordering tempera-
tures or lack of strong magnetoelectric coupling. One pos-
sible way of overcoming this limitation is to form a
composite of two ferroic constituent materials, such as a
magnetostrictive ferromagnet (FM) and a piezoelectric fer-
roelectric (FE), to form an artificial multiferroic [3]. Indeed
electric field control of magnetization has been successfully
reported for various FM/FEcontinuous filmheterostructures:
CoFe2O4=BaTiO3 [4], Fe3O4=PbðMg0:66Nb0:33ÞO3-PbTiO3

(PMN-PT) [5], Ni=PMN-PT [6], and CoFeB=PMN-PT [7],
and it has been recently proposed [8,9] that electric field-
inducedmagnetization reorientations can play an important
role in improving the performance of magnetic random
access memories (MRAM) based on magnetic tunnel junc-
tions [10]. At present, these devices permit facile read out of
the encoded information via the tunnel magnetoresistance
[11], but writing information to the device requires high
magnetic fields or large current densities leading to a high
energy consumption. Thus, employing magnetoelectric
coupling for encoding information is of primary interest
in order to buildmore efficient devices. Recently, an electric
field-induced magnetization reversal in CoFe=BiFeO3 ar-
tificial multiferroic microstructures has been reported
[12,13]. However, the CoFe island is in a multidomain

magnetic state and the observed magnetic reorientation is
only achieved with significantly different initial and final
FM domain configurations.
For reproducible switching and device reliability it is

desirable to induce a reorientation between two single
domain states. It has been proposed [14] that this can be
achieved by manipulating the magnetic state of a single
domain particle by strain-driven magnetoelectric coupling.
A direct experimental proof, however, is still missing. In
this work we report on the experimental observation of an
electric field-induced 90� uniform magnetization reorien-
tation in single domain Ni elliptical nanostructures
deposited on a PMN-PT ferroelectric crystal. The magne-
tization in each nanoisland rotates from the as-deposited
in-plane easy axis defined by the shape anisotropy, to an in-
plane orthogonal direction induced by the converse magne-
toelectric interaction generated by piezoelectric strain. The
initial and final magnetization configurations are single
domain as shown by x-ray photoemission electron micros-
copy (X-PEEM) measurements and confirmed by micro-
magnetic simulations, rendering the observed phenomenon
interesting for applications such as in magnetoelectric
MRAMs or spin-wave magnetoelectric cells [15].
The nanoislands were prepared by electron-beam lithog-

raphy and lift-off on a double-sided polished 10� 10�
0:5 mm3 PMN-PT (011), ferroelectric single crystal (Atom
Optics Co. Ltd., Shangai, China), depositing a 50 nm Pt
buffer layer as a top contact, and 50 nm of Ti as a back
contact. Subsequently, elliptical nanostructures were
defined on top of the Pt layer using electron-beam lithog-
raphy. After patterning of the electron-beam resist a 3 nm
Ti=10 nm Ni=2 nm Pt trilayer was deposited by electron-
beam evaporation, and the following lift-off resulted in
isolated magnetic nanoislands [Fig. 1(a)]. The composition
of PMN-PT used in this work is close to the morphotrophic
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phase boundary region of the niobate-titanate alloy [16]
and the crystal structure of the PMN-PT is rhombohedral
with a ferroelectric polar axis along the h111i directions.
Figure 1(b) shows a sketch of the crystal structure with
[011] being the substrate normal direction.

The magnetic configuration of the nanostructures has
been investigated by X-PEEM at the Surface/Interface
Microscopy (SIM) beam line of the Swiss Light Source
[17]. Imaging of the magnetic state of the nanostructures
was performed employing x-ray magnetic circular dichro-
ism (XMCD) tuning the incoming photon energy to the
Ni L3 edge (� 852 eV) and acquiring images with
opposite circular polarization directions (cþ and c�)
[18]. The XMCD image, calculated as the asymmetry
ðcþ � c�Þ=ðcþ þ c�Þ, emphasizes the magnetic contrast,

which is proportional to the scalar product ~Mð ~rÞ � ~k, where
~k is the propagation vector of the incoming x rays [19]. In
other words, the XMCD image shows black or white
contrast in areas where magnetic moments have a compo-

nent parallel or antiparallel to ~k. The Ni elemental contrast
image is defined as a Ni L3 edge image normalized to an
image taken at a preedge energy, and highlights the pres-
ence of the isolated Ni nanostructures on the continuous
Pt electrode. To investigate the ferroelectric configuration
of the sample, piezoresponse force microscopy (PFM)
measurements have been performed at the NanoXAS
beam line of the Swiss Light Source [20].

To assess the magnetic configuration of the magnetic
nanostructures, we have performed investigations with no
electric field applied to the sample. Figure 1 shows (c) a
sketch of a 4 by 3 array of 150� 100 nm2 ellipses, (d) the
corresponding Ni elemental contrast and (e) the XMCD
contrast image. The sample is imaged after applying a
saturating magnetic field pulse of � 0:3 T along the
x-ray direction. The elemental contrast image, Fig. 1(d)

shows that Ni nanostructures are well isolated and can be
clearly distinguished. If we assume that shape anisotropy is
the dominant contribution to the overall magnetic anisot-
ropy of the islands, the left column of the array of struc-
tures should have an expected magnetic easy-axis
perpendicular to the x-ray direction, whereas the right
column should have magnetization oriented parallel to
the x-ray direction. Indeed, the islands with the long axis
perpendicular to the x-ray propagation direction give in the
XMCD image a gray contrast not distinguishable from the
background that indicates that their magnetization is per-

pendicular to ~k. In comparison, the ellipses elongated

along the x-ray ~k vector appear white since their magneti-

zation is uniformly aligned with ~k and thus have maximum
XMCD. Thus, for 10 nm thick Ni 150� 100 nm2 islands
the long axis then determines the easy magnetization di-
rection of the nanostructures due to the shape anisotropy.
To investigate the magnetoelectric interaction effects we

have imaged the magnetization configuration of an array of
200� 100 nm2 ellipses while varying the applied electric
field from 0 to 0:27 MVm�1 as shown in Fig. 2(a), and plot
the quantitative XMCD intensity as a function of the
applied electric field in Fig. 2(b) for all the ellipses show-
ing a permanent change during the electric field sweep.
Before the experiment, the sample is initially poled at
�0:4 MVm�1 and magnetically randomized with a com-
mercial ac demagnetizer. All the ellipses in the array have
their long axis parallel to the ½01�1� direction of the FE
crystal and parallel to the x-ray propagation direction. The
initial randomized magnetic configuration at 0 MVm�1

indicates that the islands appear uniformly magnetized
either parallel (black) or antiparallel (white) to the x-ray

(a) (b)

(c) (d) (e)

FIG. 1 (color online). (a) Schematic of the experiment (not to

scale). (b) Sketch of the rhombohedral crystal structure high-
lighting out-of-plane (blue) and in-plane (green) equivalent polar
axes. (c) Schematic of the imaged area with 150� 100 nm2

nanoislands in four different orientations, with the ellipse long
axis at 90�, �45�, 45�, and 0� with respect to the x-ray
direction. (d) X-PEEM elemental contrast image, and corre-

sponding (e) XMCD image at the Ni L3 edge after magnetic
saturation of the sample.

(a)

(b)

FIG. 2 (color online). (a) Sequence of successive XMCD

images of 200� 100 nm2 ellipse array recorded at the Ni L3

edge at different applied electric fields. (b) XMCD contrast as a
function of the applied electric field curve for selected dots
labeled in (row, column) format in panel (a). (c) In-plane strain

vs applied electric field curve measured with a strain gauge fixed
on the sample after poling.
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propagation direction. We find that by increasing the
applied electric field no changes are seen until the ferroelec-
tric coercive electric field, Ec ¼ 0:15 MVm�1, is reached
[21]. As we approach Ec, three different types of magnetic
behavior can be observed, as highlighted in Fig. 2. (i) For the
ellipses circled in blue, the magnetic contrast from the nano-
islands drops from the original value to zero, indicating that
the magnetization of the ellipses has rotated away from the
long axis and now lies parallel to the ellipse short axis. By
increasing the electric field up to 0:27 MVm�1, no changes
in the magnetic configuration are observed. (ii) The ellipses
highlighted with green triangles show a different behavior.
After undergoing the 90� reorientation at Ec, when the
applied electric field is increased further the magnetization
relaxes back to one of the two equivalent directions parallel
to the shape anisotropy easy axis. (iii) Finally, ellipses
highlighted with orange squares do not show any change
for any value of the applied electric field.

It can be excluded that the observed reduction of mag-
netic contrast which we observe at Ec is due to an imaging
artifact as a result of the applied electric field since the
orange-highlighted dots in the array do not show any
change for any of the applied electric fields. Figure 2(b)
shows that the drop in magnetic contrast observed when the
applied electric field is equal to Ec can be correlated to the
corresponding increase in the induced strain in the Pt film
and magnetic nanostructures shown in Fig. 2(c). We pro-
pose that the observed electric field-induced magnetization
reorientation can be explained by strain-mediated magne-
toelectric coupling which causes the magnetization to
reorient as a result of the competition of shape anisotropy
and magnetoelastic contributions induced by the ferroelec-
tric distortions. However, since the ellipses are of uniform
size and shape [22], and give the same magnitude of
XMCD in the randomized state at 0 MVm�1, we can
speculate that the nanostructures should show identical
magnetic behavior. Thus, the observation of these three
different types of behavior suggests that there are three
different regimes of strain coupling. This we can explain,
as follows, with a more detailed analysis which takes into
account how the strain is generated in the magnetic nano-
structures as the ferroelectric polarization is reversed.

As shown in Fig. 1(b) the FE polarization can be ori-
ented along any of the 8 possible directions: 4 in the (01�1)
plane (blue dashed lines, FE axis with a component along
the surface normal) and 4 in the (011) plane (green dashed
lines, FE axis fully in the plane of the sample). As already
reported elsewhere [21] the polarization reversal after
poling along the [011] direction happens with two subse-
quent 71�–109� rotations starting from the equivalent two
out-of-plane diagonals pointing in the poling direction.
When the applied electric field is equal to Ec the polariza-
tion rotates to lie along one of the four possible in-plane
orientations, causing a strong expansion of the FE structure
along the ½01�1� and [100] directions. By further increasing
the electric field the FE polarization will undergo the
second 71�–109� rotation to an opposite out-of-plane di-
agonal completing the reversal and reducing the structural

distortion to the value solely caused by electrostriction due
to the applied electric field. If the electric field is then
removed, the FE axis remains along the reversed [111]
direction and the initial in-plane lattice dimensions are
recovered.
Let us first analyze how the magnetic energy balance of

a nanoisland changes when the ferroelectric polarization is
reversed. Figure 2(c) shows the in-plane strain vs electric
field curve measured by a strain gauge fixed to the Pt top
contact on the PMN-PT crystal while switching the ferro-
electric polarization after poling along the [011] direction.
This situation corresponds to a nanoisland grown on an
out-of-plane poled FE crystal. Since the Ni ellipses are
polycrystalline, no magnetocrystalline anisotropy contri-
butions are expected and the two competing terms are the
shape anisotropy and the magnetoelastic energy due to
the applied strain by the piezoelectric. We can then
express the magnetoelastic energy term for Ni as Ume ¼

�ð3=2Þ�pYð"01�1 � "100Þcos
2ð�01�1Þ where �p is the mag-

netostriction coefficient for polycrystalline Ni, Y is the
Young’s modulus of nickel, ("01�1 � "100) the applied strain
by the piezoelectric and �01�1 the angle between the mag-
netization and the ½01�1� direction of the FE. For an ellipse
with the long axis oriented along ½01�1�, positive values of
("01�1 � "100) will compete with the shape anisotropy
favoring a reorientation of the magnetization to the
[100]. According to finite element magnetostatic calcula-
tions using the NMAG code [23], for the 200� 100 nm2 Ni
nanostructures shown in Fig. 2 with a 2:1 ratio between the
long and short in plane axes, the magnetostatic energy
barrier to be overcome for inducing the rotation to the
short axis is �10 kJm�3. When the polarization of
the FE is switched, the quantity ("01�1 � "100) jumps to
�1300 ppm. This generates a Ni magnetoelastic contribu-
tion of about 15 kJm�3 [24], which is sufficient to over-
come the magnetostatic energy barrier and to induce the
90� magnetization reorientation.
The three different behaviors of the nanoislands

described above can be understood taking into account
the underlying FE domain structure of the crystal when
the Ni structures are deposited. This is supported by PFM
measurements taken on an identical PMN-PT crystal,
which cannot be performed on the fully fabricated sample
used for the PEEM experiment due to the presence of the Pt
top electrode preventing retrieval of the PFM contrast.
Figure 3(a) shows the presence of alternating in-plane
and out-of-plane domains, with FE axis along any of the
eight h111i type directions. The domain length scale is
�1 �m which is comparable to the ellipse spacing in the
array of Fig. 2 and is� 5 times larger than the ellipse size.
It is then reasonable to assume that a significant amount of
nanoislands lie on a single FE domain, although adjacent
ellipses may be on domains with different FE orientations
or even on top of a FE domain boundary between different
FE orientations. Since the Ni ellipses are polycrystalline,
the zero value of the Ni internal strain depends on the
substrate distortion at the deposition time. Let us first
consider the case presented in Fig. 3(b) of a nanostructure
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deposited on an out-of-plane FE domain. In this case, the
Ni is deposited on an area of the FE in which the polariza-
tion is already pointing out of the (011) plane and the first
macroscopic poling, applying a field along [011] before the
measurement, will not modify the distortion of the struc-
ture. When E � Ec, the first 71�=109� FE polarization
rotation to the in-plane polar axes will cause the FE struc-
ture to expand along the main in-plane directions. This
generates a tensile strain in the Ni nanostructure which as
explained above triggers the magnetization reorientation.
This single-step magnetization reorientation is the behav-
ior shown by the blue-circled ellipses in Fig. 2(a). In
Fig. 3(c), we consider a nanoisland deposited on an in-
plane poled domain. The Ni is deposited on an area polar-
ized in the (011) plane and the FE crystal underneath the
ellipse is already elongated along the [100] and ½01�1�
directions. At the first poling along the [011] direction,
the polarization in this domain will rotate out-of-plane,
causing a strong compressive strain in the Ni nanostructure
which will act to favor further the easy axis induced by the
shape anisotropy. Cycling the electric field will only relax
the effective compressive strain in the magnetic ellipse and
no reorientation will happen regardless of the applied elec-
tric field, which explains the magnetic behavior shown by
the ellipses marked by an orange square. Finally, let us now
consider the case of the ellipses marked by a green triangle
in which the magnetization relaxes back to the shape an-
isotropy easy axis for E> Ec. After the strain maximum at
Ec, the strain starts to decrease down to �200 ppm, as
shown in Fig. 2(c). In the case of the blue-circled ellipses
the magnetoelastic contribution is sufficient to keep the
magnetization perpendicular to the shape anisotropy in-
duced easy axis. However, if the local strain of the nano-
structure is lower, for example because the nanoisland is
lying on the boundary between two different FE domains,

the strain-mediated magnetoelectric coupling will be
weaker and at 0:27 MVm�1 the magnetoelastic contribu-
tion might not be strong enough to prevent the relaxation
back towards the shape anisotropy easy axis [25].
To confirm the proposed interpretationwe have carried out

micromagnetic simulations using the NMAG code assuming a
uniformly applied strain to the 200� 100 nm2 ellipse elon-
gated along the ½01�1� direction of the ferroelectric. Islands
grown on both out-of-plane and in-plane ferroelectric
domains have been simulated. The initial spin configuration
of the system at 0 MVm�1 is achieved by relaxing the
magnetic configuration starting froma randomlymagnetized
state in the absence ofmagnetoelastic anisotropy and applied
magnetic field. As indicated by the X-PEEM measurement,
the obtained equilibrium magnetization configuration,
shown in Fig. 4(a) upper left panel, is single domain and
uniformly magnetized along the shape anisotropy-induced
easy axis. The experimental electric field effect is simulated
by varying the anisotropy constant according to the corre-
sponding strain value for the electric field derived from
Fig. 2(c). The behavior of the magnetization parallel to the
ellipse long axis as a function of the strain is then obtained
and comparedwith themeasuredXMCDcontrast. In order to
match the experimental observations we have tuned the Ni
saturation magnetization Ms to 0.33 T (�55% of the bulk
value). We have carried out x-ray absorption measurements
on individual nanostructures (not shown) indicating that no
oxidation layer is present at the surface of the nanostructures.
Even though we cannot exclude some residual oxidation at
the nanoislands edges, we believe that the reduction of Ms

needed in the simulations is caused by an underestimated
strain value due to approximating the local strain with a
macroscopically averaged strain gauge value. Figure 4(a)
shows the evolution of the simulated magnetic configuration
from 0 MVm�1 applied electric field to 0.15, 0:27 MVm�1

and then back to 0 MVm�1 for an ellipse grown on an out-
of-plane FE domain. The simulation confirms the experi-
mentally observed 90� uniform magnetization rotation that
occurs at 0:15 MVm�1 from the shape anisotropy-induced
easy axis to the one induced by the strain-mediatedmagneto-
electric interaction. The magnetization at 0:27 MVm�1

reverts back towards the original direction but the angular
change is only� 7� which is within the noise of our XMCD

(a)

(b)

(c)

FIG. 3 (color online). (a) PFM image of the out-of-plane
piezoelectric response of the PMN-PT crystal. FE domain ori-

entations are indicated by the out-of-plane (OOP) and in-plane
(IP) white arrows in the image. (b), (c) Strain behavior, during
FE polarization reversal for a dot deposited on an out-of-plane

and in-plane polarized FE domain, respectively.

(a)

(b)

FIG. 4 (color online). Simulated magnetization profiles at 0,
0.15, 0.27, and back to 0 MVm�1 for a nanostructure deposited on
(a) an out-of-plane (OOP) polarized FE domain and (b) on an in-

plane (IP) polarized FE domain. Arrows schematically indicate
the ferroelectric polarization directions of the PMN-PT crystal.
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measurement. The change in applied electric field from 0.15
to 0:27 MVm�1 reduces the strain to a minimum [Fig. 2(c)]
and, at this point, any variation in the strain behavior, caused
for example by the presence of a FE domain wall or defect,
could cause themagnetization to relax back completely to the
shape anisotropy-dictated easy axis. Finally, when the field is
brought back to0 MVm�1 themagnetization relaxes back to
the original configuration. Figure 4(b) shows the results of
the simulation for a nanoellipse grown on an in-plane FE
domain. In this case, the only effect of the magnetoelastic
interaction is to further stabilize the already easy direction
induced by the shape anisotropy. As a consequence, a mag-
netic reorientation does not take place.

In conclusion, using X-PEEMwe have demonstrated the
possibility of inducing a 90� uniform magnetization rota-
tion due to an electric field in arrays of strain coupled
artificial multiferroic nanostructures. Thanks to the hyste-
retic strain dynamics of the FE material [14], the effect can
be nonvolatile and reversible constituting an important step
towards the realization of a magnetoelectric MRAM cell.
We have found that the multidomain structure of the FE
single crystal leads to a complex strain-mediated magneto-
electric coupling. This suggests that realizing the full
magnetoelectric stack at the nanoscale in order to achieve
a single domain configuration in the FE as well as the FM is
of primary importance not only for fulfilling large scale
integration requirements but also for the achievement of
reliable magnetization manipulation by an electric field.
This would pave the way towards magnetoelectric-MRAM
devices containing an artificial multiferroic film stack with
low power consumption and high switching reliability.
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Kläui for fruitful discussions and Jörg Raabe and Juri
Honegger for technical support. Part of this work was
performed at the Swiss Light Source, Paul Scherrer
Institute, Villigen, Switzerland. This work was partially
funded by EU’s 7th Framework Program IFOX (NMP3-
LA-2010 246102) and NSF Nanosystems Engineering
Research Center for Translational Applications of
Nanoscale Multiferroic Systems (TANMS) Cooperative
Agreement Award EEC-1160504.

*rajesh.chopdekar@psi.ch
[1] M. Fiebig, J. Phys. D 38, R123 (2005).
[2] N. A. Hill, J. Phys. Chem. B 104, 6694 (2000).
[3] C. A. F. Vaz, J. Phys. Condens. Matter 24, 333201

(2012).
[4] H. Zheng, J. Wang, S. E. Lofland, Z. Ma, L. Mohaddes-

Ardabili, T. Zhao, L. Salamanca-Riba, S. R. Shinde, S. B.

Ogale, F. Bai, D. Viehland, Y. Jia, D.G. Schlom,M.Wuttig,

A. Roytburd, and R. Ramesh, Science 303, 661 (2004).

[5] M. Liu, O. Obi, J. Lou, Y. Chen, Z. Cai, S. Stoute, M.

Espanol, M. Lew, X. Situ, K. S. Ziemer, V. G. Harris, and

N.X. Sun, Adv. Funct. Mater. 19, 1826 (2009).

[6] T. Wu, A. Bur, P. Zhao, K. P. Mohanchandra, K. Wong,

K. L. Wang, C. S. Lynch, and G. P. Carman, Appl. Phys.
Lett. 98, 012504 (2011).

[7] S. Zhang, Y. G. Zhao, P. S. Li, J. J. Yang, S. Rizwan, J. X.
Zhang, J. Seidel, T. L. Qu, Y. J. Yang, Z. L. Luo, Q. He, T.

Zou, Q. P. Chen, J.W. Wang, L. F. Yang, Y. Sun, Y. Z. Wu,
X. Xiao, X. F. Jin, J. Huang, C. Gao, X. F. Han, and R.
Ramesh, Phys. Rev. Lett. 108, 137203 (2012).

[8] M. Bibes and A. Barthelemy, Nat. Mater. 7, 425 (2008).
[9] J.-M. Hu and C.W. Nan, Phys. Rev. B 80, 224416 (2009).
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