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A reversal of magnetization requiring only the application of an electric field can lead to low-power

spintronic devices by eliminating conventional magnetic switching methods. Here we show a nonvolatile,

room temperature magnetization reversal determined by an electric field in a ferromagnet-multiferroic

system. The effect is reversible and mediated by an interfacial magnetic coupling dictated by the

multiferroic. Such electric-field control of a magnetoelectric device demonstrates an avenue for next-

generation, low-energy consumption spintronics.
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In the push for low-energy consumption memory and
logic devices, the field of spintronics has focused on estab-
lishing control of magnetization without the need of a
magnetic field. Because of carrier-mediated ferromagne-
tism, a current or electric field applied to a magnetic semi-
conductor has led to the control of the magnetization or a
change of the magnetic anisotropy of this system [1–3].
Piezoelectric-ferromagnet heterostructures have also been
used to demonstrate an electrical control of the magnetic
anisotropy via strain transfer to the ferromagnetic layer
[4,5]. A magnetization reversal requires injection or accu-
mulation of spin-polarized carriers to transfer angular mo-
mentum to the macroscopic spin state [6–8] or to establish
a large chemical potential gradient through nonlocal dif-
fusion [9]. While these methods are effective, the large
current densities required lead to a significant energy loss
from heating. Promising alternatives and a rich field of
physics reside in the use of magnetoelectric multiferroics
[10,11]. An electric field can be applied to a multiferroic
to alter its magnetic order [12–14]. Multiferroics that sup-
port both ferroelectric and magnetic orders are typically
insulators with an antiferromagnetic spin arrangement
[15,16]. Hence, to achieve electric-field control of ferro-
magnetism, multiferroics have been used in the form of
ferromagnet-multiferroic heterostructures. The electric-
field control of exchange bias has been successfully dem-
onstrated in heterostructures containing LuMnO3 [17],
YMnO3 [18], Cr2O3 [19,20], and La0:7Sr0:3MnO3=
BiFeO3 [21]. In the above works, the need for low tem-
peratures or an applied magnetic field (or the combination)
to control the exchange bias and magnetization reversal
make these systems unfit for practical applications. The
purely electric-field control of a magnetization has been
achieved at room temperature using BiFeO3 crystals and

films [22,23]; however, these studies were unable to
achieve an 180� reversal of a magnetization. In this study,
we probed the anisotropic magnetoresistance (AMR) of a
ferromagnetic Co0:90Fe0:10 (CoFe) layer in contact with
multiferroic BiFeO3 (BFO). We show the reversible and
deterministic reversal of the ferromagnet’s magnetization
at room temperature, in the absence of a magnetic field,
through the application of an electric field to the
CoFe=BFO heterostructure. A combination of soft x-ray
and piezoresponse force microscopy (PFM) studies reveal
that CoFe couples to the canted moment in the BFO layer
and that the reversal of the net in-plane projection of BFO’s
polarization induces the magnetoelectric switching neces-
sary for electric-field reversal of the CoFe magnetization.
BFO (001) films 70–100 nm thick were grown on

(110)-oriented DyScO3 (DSO) substrates [24]. The ferro-
electric domain architecture was probed using PFM. The
anisotropic strain imposed by DSO substrates [25] resulted
in the formation of a simple, quasiperiodic, ferroelectric
domain architecture (domain width of�150 nm) where, in
this as-grown state, only two ferroelectric polarization
variants are separated by 71�. The sum of these two
polarization variants is a well-defined in-plane projection
of the net polarization (Pnet IP) which points along the
[1–10] direction of the DSO substrate.
To probe interfacial coupling of a ferromagnet-

multiferroic heterostructure, Pt ð2:5 nmÞ=CoFe ð2:5 nmÞ
bilayers were grown on BFO films in a 200 Oe magnetic
field. Figure 1(a) presents in-plane hysteresis loops, ob-
tained by vibrating sample magnetometry, taken from
samples where the growth field was applied perpendicular
(red circles) and parallel (black circles) to Pnet IP. The
data in Fig. 1(a) clearly illustrate that, irrespective of the
orientation of the growth field, the anisotropy is always
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uniaxial and along the axis corresponding to the direction
of Pnet IP. These heterostructures show an enhancement of
the coercive field, compared to CoFe grown on DSO sub-
strate, and negligible exchange bias anisotropy. The inser-
tion of a fully strained, epitaxial SrTiO3 (2 nm) or SrRuO3

(2 nm) spacer between BFO and CoFe resets the easy axis
of the CoFe films to the direction of the applied growth
field, ruling out stress induced magnetic annealing as the
cause of this preferential anisotropy axis.

To investigate the microscopic origins of this coupling,
the magnetic state of the CoFe layer was imaged using
x-ray magnetic circular dichroism (XMCD) photoemission
electron microscopy (PEEM) at the Co L3 edge. The BFO
ferroelectric domain structure was imaged by PFM follow-
ing the removal of CoFe by ion milling [see Fig. 1(b)]. The
XMCD Co images were obtained from the ratio between
PEEM images taken with right- and left-polarized x rays,
resulting in a 2D map of projected magnetization of the
ferromagnetic Co domains along the direction of incident
x rays. Figure 1(c) reveals two distinct contrast levels,
corresponding to two in-plane ferromagnetic domains.
The CoFe adapts a domain ordering that matches BFO’s
domain pattern. XMCD-PEEM images were taken at
different orientations of the sample relative to incoming

x rays to distinguish the orientation of magnetization
within each domain. The directions of the underlying
ferroelectric domain polarizations and CoFe domain mag-
netizations are given in Figs. 1(b) and 1(c), respectively.
The magnetization within each ferromagnetic domain is
found to be collinear with the direction of the in-plane
projection of the polarization of the corresponding ferro-
electric domain in BFO. Considering a single BFO unit
cell with a polarization (P) pointing along a h111i direc-
tion, the canted moment (Mc) and the antiferromagnetic
axis (L) lie perpendicular to each other in the (111) plane
[26]. Since this coupling has been determined to be
magnetic in nature, the collinear correlation observed in
Figs. 1(b) and 1(c) suggests that BFO’s canted moment is
pointing along the h11�2i, which projects parallel to the
polarization on the (001) surface and leads to a parallel
arrangement of both Pnet IP and the net CoFe magnetization
as shown in Figs. 1(b) and 1(c).
The interfacial coupling between the ferromagnet and

BFO, combined with the intrinsic magnetoelectric corre-
lations in the multiferroic film [27], implies that the mag-
netization of the ferromagnet can be controlled within the
realms of ferroelectric switching allowed in BFO. Since the
polarization of a single ferroelectric domain in the BFO
system must be along one of the eight possible h111i
directions, the polarization can only be switched by 71�,
109�, or 180� [28]. Considering the projection onto the
BFO (001) surface, the in-plane 71� switching event is
accompanied by a rotation of the magnetic (111) plane that
corresponds to a 90� in-plane rotation of the projected
antiferromagnetic axis. This change should induce an as-
sociated rotation of the in-plane projection of the canted
moment. Using a striped two-variant BFO film, the combi-
nation of each of the polarization variants rotating by 71�
(i.e., 90� in-plane—one rotates clockwise while the other
rotates counterclockwise), can lead to a unique path of a
reversal of Pnet IP. Because of the one-to-one magnetic
interface coupling in our heterostructures, a reversal of
Pnet IP in this way suggests that a reversal of the in-plane
projection of BFO’s magnetic order and the magnetization
of the exchange coupled CoFe layer is possible.
The architecture shown in Fig. 2(a) was designed for

angle-dependent AMR measurements to probe the mag-
netic state of the CoFe dots as a function of applied electric
field to the BFO layer. Two outer poling electrodes on the
surface of BFO are dedicated to the in-plane ferroelectric
switching of BFO. Two leads make contact to a 2� 4 �m2

CoFe dot positioned at the center of the gap, between the
poling electrodes.
To determine the viability of a Pnet IP reversal in this

AMR architecture, the ferromagnetic dot was removed
by Ar ion milling to reveal the ferroelectric state of the
underlying BFO film after electrical poling. Figures 2(a)
and 2(b) show the in-plane PFM images of an as-grown
AMR structure before and after the etching of the
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FIG. 1 (color online). (a) In-plane MðHÞ curves measured
every 45� at room temperature from CoFe=BFO heterostruc-
tures. The CoFe growth field was applied along (black open
circles) or perpendicular [gray (red) open circles] to the net in-
plane polarization direction (Pnet IP). (b) In-plane PFM image of
BFO. (c) XMCD-PEEM image of the CoFe=BFO heterostruc-
ture. The gray (blue) and black arrows in (b) and (c) correspond
to the in-plane projections of the polarizations in each of the
ferroelectric domains of BFO and to the magnetic moments in
the CoFe layer, respectively.
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ferromagnetic dot. The dashed open white arrows give the
directions of Pnet IP under the CoFe dot. Continuity of
the 71� ferroelectric domain stripes after removing the
CoFe shows that controlled etching allows a clear visual-
ization of the domain configuration underneath the
ferromagnet without altering the ferroelectric domain
state. After a 130 kV � cm�1 pulse, the in-plane contrast
change observed where the CoFe dot once sat [Fig. 2(c)]
reveals that Pnet IP has rotated by 180� with respect to the
as-grown state. No change in the out-of-plane polarization
direction was observed. Figure 2(d) presents the ferroelec-
tric architecture of the BFO film where both as-grown and
180� switched states coexist. The continuity of ferroelec-
tric domain walls evinces that the 180� switch of Pnet IP

consists of two 71� rotations of the single ferroelectric
domains and confirms the 180� switching event of Pnet IP.
Reversibility of the switching is shown in Fig. 2(e) where
two successive switching pulses (130 kV � cm�1 followed
by �130 kV � cm�1) were applied to a third structure.

Electric-field-driven phase field simulations reveal the
origin of the observed Pnet IP reversal underneath the
CoFe dot. Prior studies have suggested that the 71� and
109� switching events in BFO are characterized by
two different coercive fields with Ec;71� < Ec;109� [29].

Considering the as-grown 71� striped BFO configuration
represented in Fig. 2(f), the high saturation polarization
(� 90 �C � cm�2) of BFO causes all of the domains to
arrange in-plane in a head-to-tail configuration so that

the dipole-dipole energy is minimized. For an applied
electric field of strength Ec;109� >Eapplied >Ec;71� , the

time evolution of the system demonstrates that the ferro-
electric domains with an in-plane polarization oriented
perpendicular to the applied electric field align first with
the external field [Fig. 2(g)]. This corresponds to a 71�
switching event which nucleates at the domain wall,
generating an energetically unfavorable head-to-head con-
figuration. Adjacent domains originally oriented antipar-
allel to the electric field switch in-plane by 90�
(corresponding to a second 71� switching event) under
this dipole-dipole field to recover the preferred head-to-
tail configuration of the polarizations [Fig. 2(h)]. Pnet IP

changes by 180�, permitting the in-plane projection of the
antiferromagnetic order to reverse without domain wall
reorientation [Fig. 2(i)].
The consequential effect of the 180� rotation of Pnet IP

on the canted moment in the BFO layer (and thus on the
CoFe magnetic moment) was probed using AMRmeasure-
ments. In a conventional ferromagnet, the AMR follows a
Rð�Þ ¼ R0 þ ðRk � R0Þcos2ð�Þ dependence [30], where �
is the angle between magnetization and the current, while
R0 and Rk are the resistances when � ¼ 90� and 0�. High
magnetic field (2000 Oe) resistance data taken from the
as-grown state shows a cos2ð�aÞ dependence [black curve
in Fig. 3(a)], where �a is the angle of the applied magnetic
field. At this field, the Zeeman energy dominates the
other anisotropies and CoFe magnetization follows the
applied magnetic field (i.e., �� �a). At a low magnetic
field of 20 Oe, the resistance follows a cosð�aÞ-like depen-
dence [red circles in second panel from top in Fig. 3(a)]. At
this low field the magnetization simply wiggles about
the dominant anisotropy axis that is �45� away from
the current direction [31]. The deduced orientation of the
magnet with respect to Pnet IP is in agreement with the
interfacial coupling evidenced previously and schemati-
cally represented in Fig. 3(b). The large coercivity of the
CoFe hysteresis, due to the exchange coupling with BFO,
prevents the CoFe magnetization from switching under
the low magnetic field of 20 Oe. The AMR following a
130 kV � cm�1 (under zero magnetic field) electric-field
pulse is presented as the blue circles in Fig. 3(a). The AMR
retains the cosð�aÞ-type behavior; there is a 180� phase
shift when compared to the as-grown state. This 180�
phase change is the result of a change in the sign of the
magnetic torque experienced by the magnetization, due to
a magnetization reversal. The corresponding schematiza-
tion is represented in Fig. 3(c). Furthermore, below
�100 kV � cm�1 no change in the AMR response was
observed. The data in Fig. 3(a) are representative of a large
sample set (� 20 samples), where such switching has been
observed. Additionally, the state after switching is ob-
served to be stable for over 15 h, demonstrating its non-
volatile nature. Finally, the BFO was poled with a
�130 kV � cm�1 pulse and AMR data were plotted in
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FIG. 2 (color online). (a),(b) In-plane PFM images before (a)
and after (b) removal of the CoFe dot from an as-grown AMR
structure. The white arrow gives the direction of Pnet IP under-
neath the CoFe dot. (c) After the application of a 130 kV � cm�1

pulse. (d) IP-PFM image where both as-grown and reversed
states of Pnet IP coexist, the rotation of each single ferroelectric
domain is represented by the arrows. (e) Another structure which
has been switched by a 130 kV � cm�1 and by a �130 kV �
cm�1 pulse. (f)–(h) Phase field simulation as a function of
increasing time of the ferroelectric switching.
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green in the bottom panel of Fig. 3(a), which is in phase
with the as-grown curve. This illustrates that the magneti-
zation has again reversed by 180�, back into the as-grown
direction. In comparison, no change in the low-field AMR
curve after poling was observed for a heterostructure where
a 2 nm SrTiO3 spacer was inserted between BFO and
CoFe, indicating that magnetostriction is not the origin of
this effect.

In summary, we have demonstrated the ability to
reverse magnetization of a ferromagnet solely with an
electric field by exploiting the magnetic coupling at the
interface between a ferromagnetic layer and the magneto-
electric multiferroic BiFeO3 and the intrinsic magneto-
electric switching of BiFeO3. This heretofore unreported
method of magnetization reversal is a critical advancement

in the field of spintronics, providing a unique pathway
to writing a magnetic state. An extension of this demon-
stration would be to couple a spin valve device to the
BiFeO3 layer. Such a design would allow for the read
and write operations to be performed on the same device
using only small currents for reading and an electric field
for writing.
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