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By considering the domain wall scattering in ferromagnetic striped-domain structure, we present a
simple bilayered magnetoelectric random access memory cell with a ferromagnetic thin film grown
on a ferroelectric layer. The calculations show that the striped-domain structure in the ferromagnetic
film can change into a single-domain structure upon applying an electric field to the ferroelectric
layer. As a result, the presence �absence� of the domain walls in response to the striped-domain
�single-domain� state can cause an abrupt change in the film resistivity, which could be employed
for memory applications accordingly. © 2010 American Institute of Physics.
�doi:10.1063/1.3463408�

An electric-field-controlled magnetic memory device—
namely, the magnetoelectric random access memory
�MERAM�, which combines the best aspects of ferroelectric
�FE� random access memory and magnetic random access
memory devices in terms of electric-field-writing and nonde-
structive readout, has recently provoked intensive scientific
and technological interests in the fields of spintronics and
multiferroics.1–6 Such MERAM devices could be constructed
with a spin-valve7 or magnetic tunnel junction �MTJ� �Ref.
8� element attached to a FE-antiferromagnetic BiFeO3,2,3 a
magnetoelectric �ME� antiferromagnetic Cr2O3,4 or a FE
layer.5,6 In these multilayer heterostructures, bistable resis-
tance states could result from the different magnetic configu-
rations �e.g., parallel or antiparallel� in the spin-valve �via
giant magnetoresistance effect9� or MTJ unit �via tunneling
magnetoresistance effect8�, based on ME coupling10–13 be-
tween the free magnetic layer of the spin-valve or MTJ and
its attached FE layer.

In this work, we present a novel MERAM device simply
consisting of a ferromagnetic �FM� thin film grown on a FE
layer, without the magnetic trilayers required in the spin-
valve or MTJ-based MERAMs. As shown below, the in-
plane 180° periodic domain structure in the FM film can be
effectively modulated by an electric field applied to the FE
layer, or even changes into a single-domain structure at a
certain critical electric field. Furthermore, by considering the
domain wall scattering in such FM striped-domain
structure,14,15 a sharp resistivity change could happen due to
the presence and absence of the walls, which could be ex-
ploited in memory devices accordingly. The presented con-
cept of the simple bilayered MERAM device might offer
new trends toward novel multiferroic devices through do-
main wall engineering.

Consider a FM/FE bilayered heterostructure wherein the
FM layer shows in-plane periodic 180° domains, i.e., the
domains orient along the same axis in the film plane but with
opposite polarity, along with separating 180° Néel wall, as

schematically shown in Fig. 1�a�. Such striped magnetic do-
main structure could be obtained through control of the
sample geometry as well as proper treatment
processing.16–18,22 A transverse electric field E is then applied
to the bottom FE layer to modulate the domain structure of
the FM film. Figure 1�b� shows a close-up view of the 180°
Néel wall in the FM layer. As seen, the spins in the wall
rotate gradually in the film plane, with no free poles shown
at the sample surface. The length �L�, width �W�, and thick-
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FIG. 1. �Color online� �a� Schematic of a bilayered MERAM cell, consisting
of a thin FM film with in-plane periodic 180° domains �i.e., domains A and
B and the Néel wall between them� grown on a FE layer. A transverse
electric field E is applied to the FE layer with a spontaneous polarization Ps

to modulate the magnetic domain structure. The sensing current Isen is ap-
plied perpendicular to the Néel wall to detect the resistance change in the
FM film. �b� Structure of the 180° Néel wall in the FM film. The length �L�,
width �W�, and thickness �d� directions of its adjacent domains are set to be
along the three principle crystal axes, i.e., the �010�, �100�, and �001�, re-
spectively. � is the domain wall thickness.
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ness �d� directions of the domains are considered to be along
the three principal crystal axes, respectively.

The total free energy Ftot of a domain period, i.e., a
single striped domain �e.g., domain A� with a 180° Néel
wall, can be expressed as,16

Ftot = Fd + Fw, �1�

where Fd and Fw denote the free energy contributions of the
magnetic domain and domain wall, respectively. Among
them,

Fw = �w
d

W
, �2�

where �w is the energy density of the domain wall.17 Equa-
tion �2� simply indicates that Fw depends linearly on the wall
size �proportional to sample thickness d� and the number of
walls �inversely proportional to the domain size�. It has been
demonstrated previously that an in-plane magnetization
switching can be induced by applying an electric field on the
FM/FE layered heterostructure.6,12 Based on the principle of
such an in-plane magnetization switching, the magnetic do-
main structure can be effectively modulated by the external
electric field. For illustration, our calculations are performed
for FM Fe–Co alloys, including the hexagonal �0001�-
oriented Co0.9Fe0.1 and the cubic �001�-oriented Fe0.7Co0.3,
which are often used as the free layers of the MTJ due to
their magnetically soft nature.19 The FE layer is chosen to be
Pb�Zn1/3Nb2/3�O3–PbTiO3 �PZN–PT� with high piezoelec-
tric response �d33�2500 pm /V and d31�−1100 pm /V�.20

Let us consider that the spins in the domains and the
walls rotate by a certain angle � under the applied electric
field, as shown in Fig. 2�a�. The initial magnetization direc-
tions in the magnetic domains A and B are assumed to be
parallel and antiparallel to the crystal axis x2, i.e., along the

�010� and �01̄0� directions, respectively. Then the total free
energy change during the rotation process can be written as,

�Ftot = �Fd + �Fw. �3�

If �Ftot�0, the new magnetization direction becomes more
energetically favorable, i.e., the in-plane spin rotation can
happen. Specifically, the in-plane free energy density change
in the magnetic domain, i.e., �Fd, can be derived as,6,12

�Fd = �1

2
�0MS

2C�k�d
W

+ B1��22 − �11��sin2 � , �4a�

for a hexagonal �0001�-oriented Co0.9Fe0.1 film with uniaxial
anisotropy, and,

�Fd = �K1 +
1

2
�0MS

2C�k�d
W

+ B1��22 − �11��sin2 �

− K1 sin4 � , �4b�

for a cubic �001�-oriented Fe0.7Co0.3 film with in-plane biax-
ial anisotropy. Here K1 and B1 denote the magnetocrystalline
coefficient and magnetoelastic constant, respectively; �0 and
Ms are the vacuum permeability and the saturation magneti-
zation of the FM layer, respectively; W and d are, respec-
tively, the width and thickness of the magnetic domains �Fig.
1�b��; C�k� is a coefficient depending on the aspect ratio k

=L /W. �11 and �22 are the elastic strains along the two in-
plane crystal axes x1 and x2, which can be expressed as,

�11 = �0 + pd31E ,

�22 = �0 + pd33E , �5�

under a transverse electric field E. Here d33 and d31 are pi-
ezoelectric coefficients of the FE layer, and �0 is the residual
strain. The interfacial coupling factor p with 0	 p	1 is in-
troduced to characterize the possible loss of elastic coupling
interaction due to imperfect interface contact. Thus, Eqs. �4a�
and �4b� can be further written as,

�Fd = Ku sin2 � ,

Ku =
1

2
�0MS

2C�k�d
W

+ B1p�d33 − d31�E , �6a�

for the �0001�-oriented Co0.9Fe0.1 film, and,

�Fd = KA sin2 � + KB sin4 � ,

KA = K1 +
1

2
�0MS

2C�k�d
W

+ B1p�d33 − d31�E, KB = − K1,

�6b�

for the �001�-oriented Fe0.7Co0.3 film.

FIG. 2. �Color online� �a� Schematic diagram of the electric-field-induced
spin rotation in a thin FM film with in-plane striped-domain structure. The
spins in both the two adjacent magnetic domains �i.e., A and B� and the Néel
wall tend to rotate away from their initial magnetization directions under
external electric fields. �b� Free energy density change in �0001�-oriented
Co0.9Fe0.1 film as a function of the rotation angle � with electric fields
varying from 
0.5 to 0.5 kV/cm. The arrows within ellipses describe the
trends of spin rotation. As seen, the spins in both the domains and the Néel
wall rotate to the crystal axis x1 anticlockwise �e.g., A and M� or clockwise
�e.g., B and N� under an electric field of about 0.5 kV/cm, leading to an
overall uniform magnetization and thus a single-domain structure.
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Moreover, the energy density of the domain wall, i.e.,
�w, can be given by the sum of the exchange and anisotropy
energy densities, i.e.,

�w = �ex + �a. �7�

Here the exchange energy contribution �ex can be deduced
as,21

�ex = A	 d�

dx3

2

, �8�

for a 180° Néel wall lying in the x1x2 plane, where A is the
exchange constant. The anisotropy energy contribution �a

bears the same expressions as those in the domains �see Eqs.
�6a� and �6b��, since we consider the energy density change
during the switching process herein. Furthermore, the total
wall energy density �w can be obtained by integrating these
energy contributions over the thickness of the wall, i.e.,

�w = �
−�

� �A	 d�

dx3

2

+ Ku sin2 ��dx = 4�AKu, �9a�

for the �0001�-oriented Co0.9Fe0.1 film, and,

�w = �
−�

� �A	 d�

dx3

2

+ KA sin2 � + KB sin4 ��dx

= 2�A

�KAKB + �KA + KB��− KB atanh	 KB

�− KAKB



KB
,

�9b�

for the �001�-oriented Fe0.7Co0.3 film. Following Kittel’s
scaling law,16,17 the equilibrium domain width W is consid-
ered to be proportional to the film thickness d and wall en-
ergy density �w, i.e.,

W � ��wd . �10�

By comparing this with Eq. �2�, it can be seen that the
change in the domain wall energy, i.e., �Fw, shows no de-
pendence on the direction cosine m1 or rotation angle �,
thereby not contributing to the total free energy change �Ftot

�Eq. �3��.6,12

On the other hand, the domain wall thickness � in such
in-plane FM striped-domain structure can be approximated
by the formula,

� = � A

Ku
, �11a�

for the hexagonal Co0.9Fe0.1 with uniaxial magnetic
anisotropy,21 and,

� = 2�2� A

KA
, �11b�

for the cubic Fe0.7Co0.3 with biaxial magnetic anisotropy,17

with the coefficients Ku and KA given in Eqs. �6a� and �6b�,
respectively. From Eqs. �9a�, �9b�, �10�, �11a�, and �11b�, it
can be seen that both the domain width W and the wall
thickness � can be effectively modulated by the electric field
applied to the FE layer.

We now discuss the domain structure changes under the
external electric field. The electric-field-induced magnetiza-
tion switching features of the domain period can be de-
scribed through minimization of �Ftot with respect to m1 or
�, by using usual materials parameters.22 For example, Fig.
2�b� shows the total free energy profile changes in the hex-
agonal �0001� Co0.9Fe0.1 under different electric fields ap-
plied to the bottom FE layer, with the interfacial coupling
factor p set to be 1 �i.e., a perfect interface which allows the
full transfer of the elastic strains�. As seen, the free energy
minimum appears at �=0° or 180° �m1=0� at E=0 and 
0.5
kV/cm �see the solid dots in Fig. 2�b�� and the total free
energy change �Ftot remains positive, indicating that the
stable magnetization orientations are kept parallel and anti-
parallel to the crystal axis x2 for the domains A and B, i.e.,

along the �010� and �01̄0� directions, respectively. However,
a positive electric field E �parallel to the polarization direc-
tion Ps of the FE layer, see Fig. 1�a�� of 0.5 kV/cm can shift
the energy minimum to the angle �=90° �m1=1�. In this
case, the spins in both the magnetic domains and the Néel
wall would align parallel to the crystal axis x1, i.e., the �100�
direction, which further leads to the formation of a single-
domain structure.

Figures 3�a� and 3�b� further show the electric-field de-
pendence of the wall energy density �w and the wall thick-
ness � in the �0001�-oriented Co0.9Fe0.1 film under different
interfacial coupling factors, respectively. As seen, the wall
energy density �w gradually decreases to zero at a certain
critical electric field Ecr, which is inversely proportional to
the interfacial coupling factor p, i.e.,

Ecr = −
�0MS

2C�k�d
2WpB1�d31 − d33�

. �12�

Ecr=0.313 kV /cm as p=1, as shown in Fig. 3�a�. In conse-
quence, the domain width W also reduces when Ecr is ap-
proached �see Eq. �10��. As the electric field surpasses Ecr,
the domain width W vanishes to zero accordingly corre-
sponding to the annihilation of the initial striped domains
�see the insets of Fig. 3�a��, and a single-domain structure
with the magnetization switching by 90° from the initial
states appears. In comparison, the domain wall gradually ex-
pands at the expense of its neighboring striped domains with
increasing electric field. It should be noted that the wall
thickness � increases very sharply in the immediate vicinity
of Ecr, which is in relation to the presence of a single-domain
structure, as shown in Fig. 3�b�.

For clear illustration, Fig. 3�c� intuitively shows such a
transition from striped-domain to single-domain in the
�0001�-oriented Co0.9Fe0.1 film. As shown, the initial magne-
tizations in the striped domains are along the crystal axis x2,

i.e., the �010� and �01̄0� directions. However, the magnetiza-
tion vectors rotate by 90° to the crystal axis x1 abruptly at the
critical electric field Ecr �see the insets of Fig. 3�c��, which
further leads to the formation of a single-domain structure.
Nevertheless, this single-domain structure in the �0001�
Co0.9Fe0.1 film is not stable and would turn back into its
initial striped-domain state when switching off the electric
field.
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In comparison with the hexagonal �0001�-oriented
Co0.9Fe0.1 film, the cubic �001�-oriented Fe0.7Co0.3 film pre-
sents a different behavior of the electric-field-induced transi-
tion between multidomain and single-domain structure, as
shown in Fig. 4�a�. As seen, the FM film changes from its
initial striped-domain state to a single-domain state at a criti-
cal forward switching electric field Efsw

cr of about 7.25 kV/
cm. This single-domain state can be retained even after the
external electric field is removed but then resumed back to
the striped-domain state at a critical back switching electric
field Ebsw

cr of about 
6.74 kV/cm. Such a hysteresis domain
structure change can be attributed to the positive magneto-
crystalline constant K1 of the �001�-oriented Fe0.7Co0.3 film,
as reported in the previous work.6 The corresponding for-
ward and back switching electric field during this process,
i.e., Efsw

cr and Ebsw
cr , respectively, can be expressed as,

Efsw
cr = −

2K1 + �0Ms
2C�k�d

W

2B1�d33 − d31�
, �13a�

Ebsw
cr = −

2K1 − �0Ms
2C�k�d

W

2B1�d31 − d33�
. �13b�

The electric-field dependences of the domain wall energy �w

and the wall thickness � in the �001�-oriented Fe0.7Co0.3 film
are shown in Figs. 4�b� and 4�c�, respectively, which are
closely analogous to those in the hexagonal �0001�-oriented
Co0.9Fe0.1 film �Figs. 3�a� and 3�b��, indicating a similar evo-
lution process of the domain structure.

Now let us discuss how this electric-field-induced tran-
sition between multidomain and single-domain structure is
related to a high and low resistance state, which might offer
application potential for a novel bilayered MERAM device.
Normally, the ordinary magnetoresistance of pure magnetic
materials contains two major parts.14 The first part comes
from the so-called anisotropic magnetoresistance �AMR�
effect,24 which relates the orientation of the magnetization to
the sensing current Isen in the ferromagnet as,

FIG. 3. �Color online� Electric-field dependences of �a� the domain wall
energy and �b� the wall thickness in the �0001�-oriented Co0.9Fe0.1 film with
different interfacial coupling factors p. �c� Electric-field-induced transition
between striped-domain and single-domain structure in the �0001�-oriented
Co0.9Fe0.1 film associated with the in-plane 90° magnetization switching
from the crystal axis x2�m1=0� to x1�m1=1� in the domains. The insets are
the profiles of the �0001�-oriented Co0.9Fe0.1 film, which schematically
shows the evolution process of the magnetic domain structures with varying
electric fields.

FIG. 4. �Color online� �a� Electric-field-induced transition between striped-
domain and single-domain structure in the �001�-oriented Fe0.7Co0.3 film
associated with the in-plane 90° magnetization switching from the crystal
axis x2�m1=0� to x1�m1=1� in the domains. A hysteresis loop of the direc-
tion cosine m1 dependent on the applied electric field is observed. Electric-
field dependences of �b� the domain wall energy and �c� the wall thickness
in the �001�-oriented Fe0.7Co0.3 film with different interfacial coupling fac-
tors p. The insets are the profiles of the �001�-oriented Fe0.7Co0.3 film, which
schematically shows the evolution process of the domain structures with
varying electric fields.
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�AMR = �� + �� − ���cos2 � , �14�

where �AMR is the resistivity from the AMR effect, � is the
angle between the average magnetization and Isen; and ��

and � are, respectively, the resistivity for �=90° and �=0°,
which are related to the striped and single-domain states in
our bilayered MERAM device, respectively, since the sens-
ing current Isen is applied perpendicular to the striped-domain
structure �see Fig. 1�a��. Hence, a change in the resistivity
�AMR would occur associated with the electric-field-induced
striped-domain–single-domain transition. Such AMR effect
could be modulated by an external electric field, as demon-
strated in a recent experimental work,25 where thin Co0.5Fe0.5

interdigitated electrodes were deposited on lead zirconate ti-
tanate substrate and an electric-field-induced AMR resistivity
change in about 0.08% was observed in the absence of a
magnetic field.25

The other contribution comes from the domain wall scat-
tering, which is significantly enhanced in the striped-domain
structure.14,15 For example, a resistivity change up to 1%
between the striped-domain state and the single-domain state
has been observed in a thin film of cobalt,15 which is much
larger than the contribution from the AMR effect.25 The re-
sistivity from the domain walls in the striped-domain struc-
ture, i.e., �wall, varies with the domain wall thickness � as,15

�wall �
1

4�2	h�F

Eex

2

, �15�

where �F and Eex are the Fermi velocity and the exchange
energy, respectively. It can be seen from Eq. �15� that the
�wall decreases rapidly with increasing wall thickness � and
finally vanishes when the FM film is in a single-domain state
�i.e., an infinite �, see Figs. 3�b� and 4�c��.

Thus, the total resistivity �tot of the FM film in the bi-
layered MERAM device can be deduced as,

�tot = ��� + �wall, for a striped domain case

�, for a single domain case.
� �16�

Figures 5�a� and 5�b� schematically shows such electric-
field-induced resistivity changes in the �0001�-oriented
Co0.9Fe0.1 and �001�-oriented Fe0.7Co0.3 films, respectively.
By neglecting the relatively small contribution from the
AMR effect, the total resistivity change between the striped-
domain state at E=0 and the single-domain state can be es-
timated as about 1% as in Ref. 15. These high and low re-
sistance states can be used to determine the memory state “1”
or “0,” which consequently allows a nondestructive readout
of the input information �e.g., positive and negative electric
fields�. Specifically, a hysteresis loop of the device resistance
dependent on the applied electric field is obtained for the
cubic �001�-oriented Fe0.7Co0.3 film, whereby a nonvolatile
memory cell can be acheived.6

Thus, a novel electric-write electric-read MERAM de-
vice can be implemented by virtue of a simple FM/FE bilay-
ered heterostructure, with the high and low resistance states
associated with the electric-field-induced transition between
striped-domain and single-domain structure in the FM film
based on domain wall scattering. The main advantage of the
bilayered MERAM device lies in its relative simple hetero-

structure, despite its relatively low ratio of resistivity change
as compared to the spin-valve or MTJ-based MERAMs with
spin-dependent scattering or tunneling. However, larger re-
sistance change could be obtained by reducing the domain
wall thickness �Eq. �15��, or by employing the colossal mag-
netoresistance effect,26 say, replacing the ordinary FM film
by perovskite manganites like �La,Sr�MnO3 with competing
ground states, wherein the resistivity is very sensitive to
strain.27 Thus, the presented concept of the simple bilayered
MERAM device could offer interesting application potential
for a nonvolatile, fast, and low power-consumed memory
device through domain wall engineering, which is consid-
ered to be an important trend toward novel multiferroic
devices.28
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