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The electric-field-induced in-plane magnetic domain switching in magnetic/ferroelectric (FE)
layered heterostructures was studied using phase-field simulations. In particular, we chose
the CoFe,0, (CFO) magnetic film and the Pb(Zn;;3Nb,/3)O3—PbTiO; (PZN-PT) FE layer as a
representative example due to their strong respective magnetoelastic and piezoelectric couplings.
In-plane 90° magnetic domain switching in the CFO film was observed when a transverse electric
field was applied to the PZN-PT layer. The detailed switching behaviors as well as the
corresponding magnetic domain structures are presented for CFO films with different geometric
sizes and initial magnetization configurations. The effect of a dynamic electric field on the
switching process, i.e., a time-dependent electric-field-induced magnetic domain switching, is also

discussed. © 2011 American Institute of Physics. [doi:10.1063/1.3600203]

. INTRODUCTION

Switching magnetic domain or magnetization directly
via electric fields rather than current, i.e., the converse mag-
netoelectric (ME) effect,’”? has drawn much attention in the
fields of spintronics and multiferroics.® It is a critically im-
portant step for realizing the applications of purely voltage-
driven devices with much lower power consumption and
higher speed.”® Such an electric-field-induced switching
behavior has been reported in diluted magnetic semiconduc-
tors and oxides"” as well as ultra-thin ferromagnetic metal
films.® However, such effects observed in these materials
are all limited to low temperature (far below room tempera-
ture) and/or high switching electric fields (1 MV cm™ ! or
higher).

An alternative approach to engineering low electric-
field-induced magnetic domain switching at room tempera-
ture is to artificially design multiferroic heterostructures of
magnetic and ferroelectric (FE) layers,"'® which directly
couple the magnetization and electric polarizations across
the interface. The ME effect in such magnetic/ferroelectric
heterostructures can be induced as a result of mechanical
coupling,''™"° magnetic exchange bias,'®'® and interface-
charge based couplings,'®*® depending on both the intrinsic
material properties'® and the size effect.”’ Among them, the
strain-mediated ME coupling is understood as a product
effect’ based on the mechanical transfer between different
phases of the heterostructures, which has received increasing
interest since firstly reported in the early 1970s.>?> While its
physical origin is straightforward, the details remain elu-
sive,10 especially for the converse ME coupling, i.e., the
electric-field-controlled magnetic domain switching.
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In our previous theoretical analysis” based on thermody-
namic calculations, we demonstrated that the easy axis (i.e.,
spontaneous magnetization) of the magnetic thin film can be
switched from an initial in-plane to an out-of-plane direction
by applying a longitudinal electric field to the attached FE
layer, while a transverse electric field can induce a 90° in-
plane switching. Zhong et al. also investigated the electric
field controlled magnetization in such multiferroic layered
heterostructures  using a similar phenomenological
approach.”> However, a single domain magnetic film was
employed in both studies for simplicity, and the calculations
are limited to static switching processes, i.e., the applied
electric fields are uniform and independent of time.

To model the realistic multi-domain structure and
dynamic time-dependent electric-field-induced magnetic do-
main switching process in these magnetic/ferroelectric lay-
ered heterostructures, the phase-field method is employed by
considering the inhomogeneous spatial distributions of polar-
ization and the magnetization fields.**>® We reported the
preliminary results on out-of-plane magnetic domain switch-
ing under isotropic biaxial strains in an earlier publication.*’
In this paper, we will focus on the electric-field-induced 90°
in-plane switching, which, in principle, requires a lower criti-
cal switching electric field.” This feature could be potentially
utilized to develop novel strain-mediated ME memories’*'
or logic devices.*” The rest of the paper will be organized as
follows: After briefly introducing the model system and the
phase-field approach in Sec. II, the electric-field-induced do-
main switching features and corresponding domain struc-
tures under various electric fields are discussed in Sec. III.
The influences of different geometric sizes as well as initial
magnetization configurations in the magnetic layers are con-
sidered. Domain switching behaviors under dynamic electric
fields, i.e., a time-dependent electric-field-induced magnetic
domain switching, are presented in Sec. IV. The conclusions
are given in Sec. V.

© 2011 American Institute of Physics
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Il. MODEL

We consider a simple bilayered multiferroic heterostruc-
ture with a magnetic film directly grown on its attached fer-
roelectric (FE) layer, as shown in Fig. 1. A transverse
electric field is applied to the FE layer to generate aniso-
tropic in-plane piezostrains, which can be mediated to the
top magnetic layer and further induce an in-plane magnetic
domain switching via magnetoelastic coupling.>*°

In the phase-field approach, the magnetic domain struc-
ture is described by the spatial distribution of the local mag-
netization vectors M = M;m = M(m;,mp,m3), where M,
and m;(i =1,2,3) represent the saturation magnetization
and the direction cosine, respectively. The temporal evolu-
tion of the magnetization configuration and, thus, the domain
structure is governed by the Landau-Lifshitz-Gilbert (LLG)
equation, i.e.,

oM «
(1+a?) 5= = —70M x Hes —VMLM X (M x Herr), (1)
N

where 7, and o are the gyromagnetic ratio and the damping
constant, respectively, and Hcg the effective magnetic field,
given as Hegr = —(1/uoMy)(OF 101/ Om). Here y denotes the
vacuum permeability, and F,, is the total free energy of a
multi-domain magnetic film, expressed by

Ftot:Fn1c'+Fms+Fex+Felaxa (2)

where Fc, Fps, Fex, and F s are the magnetocrystalline ani-
sotropy, magnetostatic, magnetic exchange, and elastic
energy, respectively. Among them, the magnetocrystalline
anisotropy energy of a cubic ferromagnet can be expressed
as,

Fe = J (K1 (m3m3 + mim3 + mim3) + Kommim3)dv.,
3)

where K| and K, are the anisotropy constants. The magneto-
static energy F,, can be written as,

FIG. 1. (Color online) Schematic of a bilayered magnetic/ferroelectric (FE)
heterostructure. By applying an appropriate transverse electric field to the
bottom FE layer, the domains and/or magnetization in the top magnetic thin
film can be switched back and forth between the two principle in-plane crys-
tal axes, i.e., the [100] ([100]) and the [010] ([010]) directions, respectively.
The arrows indicate the magnetization (polarization) in the magnetic (FE)
layer.

J. Appl. Phys. 109, 123917 (2011)

1
Fps = _E,U'OMS JHd -mdV, (€]

where Hy denotes the stray field arising from the long-range
magnetization interaction in the system, given as
Hq (M) = NM (M being the average magnetization field).
To simulate magnetization evolution in a sample with spe-
cific geometric size, a finite-size magnetostatic boundary
condition is used herein, with the demagnetization matrix N
computed numerically.?” The exchange energy is determined
solely by the special variation of the magnetization orienta-
tion and can be formulated as,

Fey :AJ (m%l + m%,z + m%,s + m%,l + m%,z + mg,z. + m%,l
iy 4l )av. 5)

Here A is the exchange stiffness constant. m;;(i,j =1,2,3)
= Om;/Ox;, where x; is the jth component of position vector in
the Cartesian coordinates.

The elastic energy F ;s can be written as,

1 1
Fopgs = 2 J cijejendV = 3 J Cijkl (Szj - 83) (Skl - g%)dV,
(6)

where e;; is elastic strain, ¢ the elastic stiffness tensor, and
&; the total strain that can be represented as the sum of ho-
mogenous and heterogeneous strains following Khacha-
turyan’s mesoscopic elastic theory,™ i.e.,

The heterogeneous strain #; is defined in such a way so that
fv n;dV = 0, and the homogeneous strain &; describes the mac-
roscopic shape change of the magnetic thin film. Assuming a
perfect interface allowing a complete elastic strain transfer
between the magnetic and FE layers, the homogenous strains &;;
and &y along the two in-plane crystal axes (i.e., the [100] and
[010] axes, respectively, see Fig. 1), can be expressed as, >

81_1 & +ds E, ®)
&2 = & + d3E,
upon applying a transverse electric field E to the FE layer
poled along the [010] axis (see Fig. 1). Here d3; and ds3 are
piezoelectric coefficients of the FE layer, and ¢ is the biaxial
residual strain resulting from the lattice and/or thermal mis-
match. The in-plane shear deformation as well as all the
stress components in the out-of-plane <001> direction
equals zero following a mixed thin-film mechanical bound-
ary condition,25 ie.,
en =281 =0,

9

013 = 031 = 023 = 03 = 033 = 0.

s?j represents the stress-free strain describing the stress-free
deformation of a cubic ferromagnet associated with the local
magnetization change,

Downloaded 24 Dec 2011 to 128.118.88.243. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
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|

where Ajg0 and Z;;; are the saturation magnetostrictions
measured in the crystal directions <100> and <111>,
respectively. With these in mind, the elastic energy F
[Eq. (6)] can then be calculated by combining Khacha-
turyan’s elastic theory’> with Stroh’s formalism of aniso-
tropic elasticity.>*

To obtain a large strain-mediated ME coupling, the FE
layer in our model system [see Fig. 1] is chosen to be the
<001>-poled Pb(Zn;;3Nb,/3)03—PbTiO; (PZN-PT) single
crystal with ultrahigh piezoelectric response (dz3 ~2000
pm/V and d3; ~—1000 pm/V),”> and cobalt ferrite
(CoFe,0,4, CFO) with strong magnetoelastic coupling and
high Curie temperature'® is considered as the magnetic film.
The temporal evolution of the local magnetization and thus
the domain structures in the CFO films are obtained by
numerically solving the LLG equation using the semi-
implicit Fourier spectral method.*® The bilayer system is
discretized into a three-dimensional (3D) array of cubic
cells, with finite-size boundary conditions applied along the
three principle cubic axes, [100], [010], and [001]. By vary-
ing the grid size of each unit cell in real space, two CFO
films with different sizes, i.e., 64 x 64 x 18nm and
192 x 192 x 18 nm, are selected to produce the switching
process in a single-domain and multi-domain state, respec-
tively.?” Each simulation proceeds for a long enough time
to ensure a stabilized magnetization distribution, with a nor-
malized time step At =0.02. The room-temperature
(T =298 K) material parameters of CFO films are listed in
Ref. 37.

3 2100 (mim; = 3) (i = j),

0
3 2nimimy(i # J),

i

(10)

lll. ELECTRIC-FIELD-INDUCED MAGNETIC DOMAIN
SWITCHING

As the first example, Fig. 2 shows the electric-field-
induced magnetic domain switching in a 64 x 64 x 18 nm
(001)-oriented CFO film, which presents a single-domain
structure.” The residual strain mainly results from the lattice
mismatch between the CFO film and its bottom PZN-PT
layer, which is set as —0.5% for illustration. Note that we
employ the cubic magnetic free energy formalisms under
such moderate strain herein for simplicity, since significant

N o

J. Appl. Phys. 109, 123917 (2011)

deviation resulting from symmetry breaking (e.g., from cubic
to tetragonal) usually occurs under very large residual strains
(typically with a magnitude higher than 1%).*’ The latter is
more common in ultrathin magnetic films, which rule out the
possibility of strain relaxation via, say, the interfacial dislo-
cation. In that case, modifications on the formalisms of mag-
netocrystalline and magnetoelastic anisotropy are required,
such as involving an extra surface magnetocrystalline anisot-
ropy term®' and/or high-order magnetoelastic coefficients.*
The initial magnetization configurations of the CFO film are
assumed to be a uniform [010] [Fig. 2(a)] or [100] [Fig. 2(b)]
direction, which can be obtained by subjecting the sample to
a high external dc magnetic field. As shown, the magnetiza-
tion vectors rotate abruptly in the film plane from an initial
[010] to a new [—100] direction when the applied transverse
electric field E exceeds a positive critical value of 4.2 kV/cm
[Fig. 2(a)]. Such an abrupt in-plane 90° switching behavior
qualitatively agrees with our previous thermodynamic calcu-
lations under a single-domain assumption.”*® Switching to
the degenerate [100] direction is also possible under various
other electric fields. Moreover, the magnetization vectors
would always lie in the film plane and keep a single-domain
state even under the application of a much higher positive
electric field (not shown here), due to the combined action of
the negative (compressive) and positive (tensile) pizeostrains
along the [100] and [010] crystal axes, respectively. Com-
pared with Fig. 2(a), a similar switching behavior is observed
for the CFO film with a uniform [100] magnetization, as
shown in Fig. 2(b). Accordingly, a negative transverse elec-
tric field higher than —4.2 kV/cm is required to switch the
initial [100] magnetic domain to the [010] or degenerate
[010] directions.

Figure 3(a) shows the electric-field-induced in-plane do-
main rotation in 192 x 192 x 18 nm (001)-oriented CFO
films with a uniform [010] initial magnetization. As seen, a
positive transverse electric field higher than 4 kV/cm can
switch the magnetization to its perpendicular in-plane [100]
or [100] directions while little change is observed upon zero
or negative electric fields. Typical magnetic domain struc-
tures under various electric fields are illustrated in Fig. 3(b).
It can be seen that the CFO film keeps its initial [010] single-
domain under a negative electric field of —20 kV/cm. On the
other hand, an abrupt in-plane switching to [100] direction
takes place when the applied transverse electric field reaches

FIG. 2. (Color online) In-plane magnet-

(001) CoFe,O, 100{ ®@—o—o—0o o0 o0—&00 (001) CoFe,0, ization switching in a (001)-oriented
64x64x18 nm 64x64x18 nm CoFe»0y4 (CFO) film of 64 x 64 x 18 nm
80- 30 at ¢=—0.5%, upon application of a
e < transverse electric field E to its adjacent
;—1 60- § 60- P.ZN.-PTI layer.. The initial magnetization
B % distributions in the CFO films are
40 80_'0'.5.? T 104 assumed to be in (a) the [010] and (b) the
£,=-0.5% [100] |n|'t|al' [100] directions, respectively. The in-
20 [010] initial magnetization b0 plane magnetization M;= Moy Or
magnetization M, 1005, and M5 = Mg;¢; or Mjo_10). The
() 0—0—0—— 223233339 b 3333333030 — 00— 0—a insets show the typical domain structures
, , : : ®) , , . of the CFO films at £ = 20 kV/cm.
-20 -10 0 10 20 -20 -10 0 10 20
E (kV/cm) E (kV/icm)
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4 kV/cm, resulting in a [100] single-domain structure [see
Fig. 3(b)]. Such abrupt switching behavior is somewhat simi-
lar to the previous case in single-domain 64 x 64 x 18 nm
CFO films. However, the single domain structure is not sta-
ble herein, which would change into a stripe-like domain at
E =5 kV/cm due to demagnetization along the [100] crystal
axis, exhibiting degenerate [100] and [100] domains. Fur-
thermore, as the applied electric field exceeds 10 kV/cm, a
checkerboard-like multi-domain structure emerges instead.
This is mainly determined by the enhanced in-plane elastic
anisotropy energy with increasing electric fields [Eqs. (6)
and (8)], which would produce more domains as well as their
interfaces, namely, the magnetic domain walls, to minimize
the total free energy.’'®3° Moreover, these domain walls
gradually become thinner with increasing electric fields [see
the narrowing boundaries of the multi-domain structures in
Fig. 3(b)].%

In comparison, the electric-field-induced domain switch-
ing behavior in 192 x 192 x 18 nm CFO film with a [100]
initial magnetization is similar to the case with a [010] initial
magnetization, as shown in Fig. 4(a). In this case, the magnet-
ization vectors will keep their initial [100] in-plane direction
upon zero or positive transverse electric fields, presenting a
[100] single-domain structure [e.g., the domain structure at
E =20 kV/cm in Fig. 4(b)]. On the other hand, a negative
electric field would rotate the magnetization vectors to the en-
ergetically favorable [010] and [010] directions, resulting in a
mixed [010] and [010] multi-domain structure. Likewise,
an abrupt switching feature is observed at £=—4 kV/cm

(@) (001)CoFe,0,  400] o e
—
192x192x18 nm \o/o
804
o\E 60
aDREI
40
6‘0=-0.5%
204 -
[010] initial
o oo o magnetization
20 -0 0 10 20
E(kV/cm)
(b) ‘ I
-20 kV/cm 4 kV/cm

20 kV/cm

10 kV/cm

15 kV/cm

FIG. 3. (Color online) (a) In-plane magnetization, i.e., My = M100) +M|_100}>
as a function of transverse electric field £ in a (001) CoFe,O, (CFO) film of
192 x 192 x 18 nm at £y = —0.5%, with a uniform [010] initial magnetization.
(b) Typical magnetic domain structures under various electric fields. The
arrows indicate the magnetization directions.

J. Appl. Phys. 109, 123917 (2011)

[see Fig. 4(b)]. In comparison to the single domain at £ =4
kV/cm for the CFO film with [010] initial magnetization
[Fig. 3(b)], a striped-like multi-domain structure is exhibited
in this case. This difference can be attributed to a stronger
negative piezostrain along the [010] axis under negative elec-
tric fields, i.e., d33E <0, which dominates the 90° in-plane
rotation of the initial [100] domain and further splits the sin-
gle-domain into multi-domain structure. In contrast, the [010]
to [100] domain switching in the previous case is mainly
induced by the negative piezostrain along the [100] axis upon
positive electric fields, i.e., d3; E <0, which shows a rela-
tively smaller magnitude and thus may not be sufficient to
produce a multi-domain structure. Likewise, the obtained
stripe-domain structure would gradually transform into a
checkerboard-like domain structure with increasing negative
electric fields [see Fig. 4(b)], just as the previous case of CFO
films with [010] uniform initial magnetization.

IV. TIME-DEPENDENT ELECTRIC-FIELD-INDUCED
MAGNETIC DOMAIN SWITCHING

All the above domain switchings were performed under
static transverse electric fields applied to the PZN-PT layer,
with a uniform [010] or [100] magnetization in the CFO
films. To simulate a consecutive domain switching process
under dynamic electric fields, i.e., electric fields vary with
time [e.g., see the square-wave pulse electric field in
Fig. 5(a)], the domain structure obtained after the first
sequence is used as the initial magnetization distribution in
the subsequent simulations.

a
(a) oo 100] (001) CoFe,0,
O\do 192x192x18 nm
0
S
= P01
£=-0.5% 1101
[100] initial 0
magnetization 1
3999090 —0—0—0
20  -10 0 10 20
E (kV/cm)
20 kV/cm -4 kV/icm -5 kV/cm
-10 kV/cm -15 kV/cm -20 kV/cm

FIG. 4. (Color online) (a) In-plane magnetization, i.e., M, = Mo10)+ Mo 10},
as a function of transverse electric field £ in a (001) CoFe,O,4 (CFO) film of
192 x 192 x 18 nm at gy = —0.5%, with a uniform [100] initial magnetization.
(b) Typical magnetic domain structures under various electric fields. The
arrows indicate the magnetization directions.
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Figure 5(b) shows the time-dependent electric-field-
induced magnetic domain switching feature in single-domain
64 x 64 x 18 nm CFO films. It can be seen that magnetiza-
tion can be switched back and forth between the initial [010]
and [100] directions by a negative and positive transverse
electric field of 20 kV/cm, respectively. It is important to
point out that the new [100] or [010] single-domain structure
obtained after switching can be retained even when the
applied electric field falls backs to zero [e.g., see the domain
structures of sequences 2-3 and 4-5 in Fig. 5(d)].

By comparison, the multi-domain 192 x 192 x 18 nm
CFO films present a more complicated time-dependent do-
main switching feature, as indicated in Fig. 5(c). As shown,
the initial [100] single-domain structure remains stable
under no external electric fields in sequence 1, i.e.,
M>(net) = Miop10; — Mjo.10;=100%, due to the relatively
strong crystal anisotropy of CFO. A subsequent positive
electric field of 20 kV/cm could switch the domains to the

(a) ga2of T2 3 045 B
S 1 1
g 0 1 1 1
w -20 : | X ' :
(b) £ 100 , 0 1
E | |
T o | : | : |
(©) g0 ' | | : :
50 P T R
o . e —

0 500 1000 1500 2000 2500 3000
Time (steps)

L

45

®

I N—=

002 ANV wroots
M aF001 | Fommmeet g\._.___\ 1
5hES {_ W mpbo
001 aG el ol

20015
2 3

FIG. 5. (Color online) (a) The electric-field-pulse sequence used in simu-
lations. Time-dependent electric-field-induced change of the net magnet-
ization along the [010] crystal axis, i.e., Ma(net) =Mg10) —Mo—10), in
(001) CoFe,0O4 (CFO) films of (b) 64 x 64 x 18 nm and (c) 192 x 192 x 18
nm at &y = —0.5%. The initial magnetization distribution of the CFO film
is assumed to be a uniform [010] magnetization. Corresponding magnetic
domain structures in different electric field sequences of the (d)
64 x 64 x 18 nm and (e) 192 x 192 x 18 nm CFO films. The arrows indi-
cate the magnetization directions. (f) Vector plots of the local magnetiza-
tions (in top view) of the multi-domain 192 x 192 x 18 nm CFO films in
sequences 2 and 3, respectively. A weak out-of-plane magnetization M5 is
exhibited (see the color bar) in these in-plane magnetic domain structures.

J. Appl. Phys. 109, 123917 (2011)

degenerate [100] and [100] directions, resulting in a checker-
board-like magnetic domain structure in sequence 2 [see
Fig. 5(e)]. In contrast with the single-domain case shown in
Figs. 5(b) and 5(d), an in-plane mosaic-like magnetic domain
structure emerges when the applied electric fields are
removed in sequence 3, leading to a magnetic flux-closure
structure [see the arrow circles in the domain structure of
sequence 3 in Fig. 5(e)] driven by the demagnetization and
the exchange field. To provide more details about such a
structure transition, corresponding vector plots of the domain
structures of sequences 2 and 3 are illustrated in Fig. 5(f). As
shown, typical “head to head” and “tail to tail” domain wall
structures in magnetic thin films*' are exhibited in the check-
erboard-like domain structure of sequence 2, under the action
of high external electric fields. However, to minimize the
demagnetization energy, a 180° Néel-type and 90° in-plane
domain wall structure® are present when electric fields fall
back to zero, producing the magnetic flux-closure structure
in sequence 3. Furthermore, a negative electric field would
switch it into a similar checkerboard-like domain structure in
sequence 4, also with the degenerate [010] and [010] mag-
netizations. Note that a relatively small net magnetization
along the [010] axis is exhibited in this case, i.e.,
My(net) =10.48%, only about 10% of the single-domain
magnetization value with uniform [010] magnetization in
sequence 1. Similar domain switching features take place in
the subsequent electric-field sequences of 5 and 6.

In summary, two stable uniform magnetizations of [010]
and [100] can be obtained in single-domain 64 x 64 x 18 nm
CFO films after applying a negative and positive electric
field of 20 kV/cm. This is attributed to the energy barrier
provided by the strong magnetocrystalline anisotropy of
CFO and can potentially be utilized to develop nonvolatile
strain-mediated magnetoelectric random access memories
(ME-RAMs).%° In multi-domain 192 x 192 x 18 nm CFO
films, however, the magnetization configuration can neither
be retained after electrical switching nor be rotated back to
the initial state upon applying a reverse electric field, gov-
erned by the demagnetization and exchange field. Specifi-
cally, the latter would become weaker in a larger magnetic
thin film system, thus can no longer /ock the magnetic vec-
tors together to form a single-domain structure. However,
this problem can be reduced by the uniaxial exchange cou-
pling interaction between the free layer (i.e., the magnetiza-
tion vectors are free to rotate) and reference layer
(magnetically pinned) in terms of practical ME-RAM device
designs.’® Nevertheless, magnetic thin films with a smaller
geometric size are in principle more promising for use as the
free layers of such ME-RAMs, due to their ease of obtaining
bistable magnetization states as discussed above as well as
for high-density magnetic storage applications.

V. CONCLUSIONS

In conclusion, electric-field-induced in-plane magnetic
domain switching in magnetic/FE layered heterostructures
has been studied using phase-field simulations. To achieve a
strong strain-mediated converse ME coupling, CFO and
PZN-PT with high magnetoelastic coupling and piezoelectric
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response are considered as the magnetic and FE layers,
respectively. By applying an appropriate transverse electric
field to the FE layer, the magnetic domains of the top mag-
netic films can be switched back and forth between the two
principle in-plane crystal axes, i.e., the [010]/[010] and
[100]/[100] directions. Specifically, a positive electric field
would align the magnetic domains along the energetically
degenerate [100] and [100] directions while a negative elec-
tric field favors the [010] and [010] directions. Typical mag-
netic domain structures of the CFO films under various
electric fields are presented.

In 64 x 64 x 18 nm (001)-oriented CFO films, a single-
domain structure is exhibited due to the relatively small geo-
metric size,”> and symmetric domain switching behaviors
have been observed for the films with uniform [010] and
[100] initial magnetization distributions, respectively. The
multi-domain 192 x 192 x 18 nm CFO films show a slightly
asymmetric switching behavior due to the anisotropic piezo-
strains along the two principal in-plane crystal axes.

Furthermore, the domain switching features under dynamic
electric fields, i.e., time-dependent electric-field-induced mag-
netic domain switching, have also been investigated. The results
show that bistable uniform magnetization states can be obtained
in single-domain 64 x 64 x 18 nm CFO films after applying a
negative or positive electric field. In contrast, the magnetization
configuration in multi-domain 192 x 192 x 18 nm CFO films
can neither be kept stable after electrical switching nor be
switched back to the initial state upon reverse electric fields,
due to the co-mediation of the demagnetization and exchange
field. Such electric-field-induced in-plane magnetic domain
switching has potential applications in novel nonvolatile strain-
mediated ME-RAM devices.*®
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