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We show that, using phase-field simulations, large voltage-driven perpendicular magnetic domain
switching can be realized in magnetic-ferroelectric nanoislands with relieved substrate constraint,
which is difficult in continuous multiferroic layered thin films due to significant substrate
clamping. The as-grown magnetic and ferroelectric domain structures in the heterostructured
nanoislands can be tailored by engineering their respective geometric sizes and/or the underlying
substrate strain. Influences of the lateral size of the island on the dynamic voltage-driven magnetic
domain switching are addressed, whereby an optimum lateral size is identified for illustration.
Thus, such three-dimensional multiferroic nanoislands should provide great flexibilities for
designing novel high-density spintronic/microelectronic devices with purely voltage-driven means.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4804157]

. INTRODUCTION

A big problem for the on-chip integration and subsequent
miniaturization of magnetic devices (e.g., memories, sensors,
and oscillators) is the necessity of using Ampere-current-
induced magnetic field to drive the magnetization/magnetic
domain states,'_3 which is slow, power-consuming, and diffi-
cult to contain locally when the device component becomes
small.* The latter would in turn increase the current densities
per unit area and cause severe heat dissipation. Spin current
driven domain switching™® might be promising because of its
benign scalability, i.e., the writing current decreases with
shrinking size of the cross-sectional area in the device struc-
ture, but its high threshold current is another issue.” In this
case, switching magnetic domain directly using electric-
voltage (field) could be the ultimate solution in reducing the
energy cost due to the ideal zero current flow.®

Such voltage-driven magnetization/magnetic domain
switching has been observed in single thin films of diluted
magnetic semiconductors at low temperature” and in ultra-
thin (several monolayers) transitional magnets with high
triggering electric(E)-fields (105 MV/m or above).'o For
practical applications, a low E-field and room-temperature
operation is preferred, which has been achieved in multifer-
roic (e.g., artificially combined magnetic-ferroelectric)
heterostructures' '™ via electrically modulated changes in
spin-polarized charge,'* interfacial orbital configuration
(e.g., hybridization'>'® and reconstruction'’"'?), strain trans-
fer,”>?! and/or exchange bias.***> However, existing
research efforts have mostly been focused on continuous
multiferroic thin films grown on a substrate while patterned
multiferroic composite nanoislands [Fig. 1(a)] of technologi-
cal importance have not been explored.

YAuthors to whom correspondence should be addressed. Electronic
addresses: hjm08@mails.tsinghua.edu.cn and cwnan@tsinghua.edu.cn.

0021-8979/2013/113(19)/194301/9/$30.00

113, 194301-1

In this article, we studied, using phase-field simula-
tions,”*** the voltage-driven magnetic domain switching in a
magnetic-ferroelectric (FE) heterostructured nanoisland
grown on a substrate. Details about the phase-field simula-
tions of the FE and magnetic phase transitions and corre-
sponding domain structures are described in Sec. II. Such an
island structure is an ideal prototype for high-performance,
electrically actuated spintronic devices [e.g., see the pat-
terned bits in Fig. 1(a)]: first, its small size is a pre-requisite
for nanoscale devices with high densities;26 second, relieved
lateral constraint in a FE island allows large electromechani-
cal strains originating from the ferroelastic a;(a,) to ¢ do-
main switching®’ (normally one or two orders of magnitude
larger than the linear piezostrain), which should be sufficient
to overcome the strong out-of-plane demagnetization field
and induce a 90° perpendicular domain switching in the
upper magnetic layer™ via strain transfer across the inter-
face. It is worth pointing out that the electromechanical
strains would be considerably smaller in a continuous FE
thin film due to the remarkable substrate clamping® which
also increases the propensity of ferroelastic relaxation®® and
destroy the established strain state accordingly. In addition,
such ferroelastic strains are hard to be recoverable (i.e., the
initial strain states would hardly restore after removing the
voltage)®' in stress-free bulk ferroelectrics wherein signifi-
cant fatigue would happen as well after repeated poling. We
schematically show in Sec. III, the heterostructured nanois-
lands and corresponding patterned-bit array with relieved
substrate constraint. As-grown magnetic and ferroelectric
domain structures are also presented, which can be tailored
by engineering their respective geometric sizes and/or the
underlying substrate strain. We further discuss the voltage-
driven perpendicular magnetic domain switching in such
nanoislands of various lateral sizes (length and width,
assumed to be equal herein) in Sec. IV. An optimum lateral
size which can ensure both a large voltage-induced magnetic
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FIG. 1. Schematics of (a) the high-density patterned bit array and (b) the
building block, i.e., a multiferroic nanoisland grown on a substrate. An
electric-voltage (V) is applied perpendicularly to the ferroelectric (FE) layer
between the top magnetic layer and the bottom electrode. (c) The in-plane
stress distribution ¢y; along the cross section at the center of FE island:
(from top to bottom) 32 x 32 x 60 nm®>, 64 x 64 x 60 nm>, 128 x 128 x 60
nm’ , and a fully constrained FE thin film. The biaxial strain from the sub-
strate is taken as (0.2%, 0.2%).

domain switching and high density of the patterned bit array
is identified for illustration.

Il. PHASE-FIELD MODEL

In the phase-field approach, the magnetic and FE do-
main structures are represented by the spatial distributions of
the local magnetization vectors M = M;m = M;(my,m,, m3)
and local polarization vectors P = (P, P;, P3), where M;
and m;(i =1,2,3) represent the saturation magnetization
and the direction cosine, respectively.

For the FE layer in the present multiferroic island, the
temporal domain structure evolution is described by the
time-dependent Ginzburg-Landau equation (TDGL),

OP; oF,

ot :_LTP, (l: 172a3)a (H

where L is a kinetic coefficient that is related to the domain
evolution and F), is the total free energy of the ferroelectrics
that can be expressed as,

Fp = Fbulk(P) + Fwall(P) + Felec(P7 E) + Felax(Pa 8)7 (2)

where Fpu, Fyails Felees Feias are bulk free energy, domain
wall energy, electrostatic energy, and elastic energy, respec-
tively. The electrostatic energy of a given polarization distri-
bution is given by,*?

Fe]e(-(P,E) = J—(I/Q,)*Ei*KO*K,'j*E/‘— (EI*P,)dV (l = 1,2,3),

3)

where xo (k;;) denotes the vacuum (relative) dielectric per-
mittivity and E; is the electric field component. It comprises
an applied electric field E{ that depends on the electric
potentials that are specified on both the top and bottom
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surfaces of the FE island, and a depolarization field E;’,
which is determined by the polarization distribution and the
electrical (electrostatic) boundary conditions.**** A short-
circuit electrical boundary condition, i.e., the polarization
charges are compensated, is applied on the top and bottom
surfaces of the island herein upon the application of a per-
pendicular voltage bias [Fig. 1(b)], while open-circuit bound-
ary conditions are set on the lateral surfaces wherein the
uncompensated charges along the lateral surfaces should
generate significant depolarization fields accordingly. The
elastic energy in the ferroelectrics is

1 1
Foias(P, &) = zjczjk/ei/‘ek/dv = EJCi/‘kl(gij — 83)(81(1 —&)dv,
“4)

where the summation convention is employed and
i,j,k,1=1,2,3. ¢ is the elastic stiffness tensor, e;; is the
elastic strain, and s?i = Q;uPP; is the stress-free strain or
structural (e.g., ferroelastic) transformation strain with Q;y
representing the electrostrictive coefficient. All the strain
components as well as magnetization/polarization vectors
are defined in a rectangular coordinate system x = (xy, X, X3)
with the x;, x», and x3 axes along the three [100],, [010],,
and [001], crystal axes. The elastic energy solution for Eq.
(4) is based on a previously developed model for such an iso-
lated FE island®* that was represented by three phases, i.e., a
gas, an island, and a substrate, and the stress-free elastic
boundary conditions along the island surfaces can be auto-
matically satisfied by taking the elastic constants as zero for
the gas phase. The average in-plane strain &;; (or &,,) within
the FE island can then be calculated by solving Eq. (4),
which is further transferred to the upper magnetic layer and
drives the magnetic domain switching accordingly. The
mathematic expressions for Fj,; and F,,; are the same as
those given in Ref. 35.

The temporal evolution of the magnetization configura-
tion and thus the magnetic domain structure is governed by
the Landau-Lifshitz-Gilbert (LLG) equation, i.e.,

oM o
(1+ “2)5 = —poM X Hegr — %M X (M x Hegr), (5)

where 7, is the gyromagnetic ratio calculated as
—2.2 x 105 m/(A-Sec) by taking a g-factor of about 2.087
estimated from Ref. 36, o is the damping constant around
0.0054,37 and Hey is the effective magnetic field, given as
Herr = —(1/poM;)(0F,,/om). Here, u, denotes the vacuum
permeability and F, is the total free energy of a (001) mag-
netic film upon no external magnetic field, expressed by,

Fm = ch(M) +Fms(M) +Fex(M) +Felas(M78)a (6)

where Fc, Fing, Fex, Felas are the magnetocrystalline, magne-
tostatic, exchange, and elastic energy, respectively. The elas-
tic energy can be expressed in a similar way as Eq. (4), but
using the elastic constants of the magnets and a different
stress-free strain ag associated with the local magnetization
change, i.e.,
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3 1 . 3 .,
s?]» = 5}400 (m,-mj — §> (i=j) or E)q]lm,'mj'(l #J)s
(7

where 109 and ;1 are the magnetostrictive constants. The
magnetic layer is intimately attached to the bottom ferroelec-
trics and thus is subjected to a mixed elastic boundary condi-
tion for regular film-on-substrate system,”> and the
corresponding elastic energy can be calculated by combining
Khachaturyan’s theory® with the Stroh’s formalism of ani-
sotropic elasticity.39 The details for obtaining F ., F s, and
F,, are given in Ref. 40. To incorporate the influence of geo-
metric size on the domain structures of such three-
dimensional thin-film nanomagnets, a finite-size-magnet
magnetostatic boundary condition is applied herein for
obtaining F,,.*"**

The temporal evolution of the magnetic and FE domain
structures in such a multiferroic island can thus be obtained
by separately solving the LLG and TDGL equations, respec-
tively, using the semi-implicit Fourier spectral method.*’
The FE island-on-substrate system is discretized into a three-
dimensional array of cubic cells of 128Ax x 128Ay x 80Az.
The thicknesses of the substrate and FE islands are set as
hs=25Az and hy=40Az, respectively. Among the upper
cells of 128Ax x 128Ay x 40Az, only one fourth of them
(i.e., 64Ax x 64Ay x 40Az) are occupied by the FE island,
while the rest are the gas which allows the lateral relaxation
of the island. On the other hand, a model size of
32Ax x 32Ay x 20Az is employed to describe the domain
structure evolution in the magnetic thin film. By varying the
simulation system size and/or the grid size of each unit cell
in real space, magnetic and FE layers with different geomet-
ric sizes can then be treated.””** The as-grown magnetic and
FE domain structures (shown shortly later in Fig. 2) are sta-
bilized from initial random magnetization and polarization
distributions. After then, a perpendicular triangular-wave
voltage of around 0.013 GHz is applied to the FE islands,
i.e., the perpendicular electric field (voltage) E5 (V) varies by
1 MV/m (i.e., 0.06 V for a 60 nm FE island) successively ev-
ery 10000 steps with a normalized time step At =0.002
(around 0.48 ns in real time), which generates an average in-
plane electromechanical strain ¢;; almost instantaneously.
The ¢;; would be further used as the input for obtaining a
magnetic domain structure within exactly the same time
steps in order to simulate an in-situ voltage-driven dynamic
magnetic domain evolution, although such a short time pe-
riod (i.e., 0.48 ns) might be insufficient to obtain a stable
magnetic or even FE domain structure in some cases as will
be discussed later.

lll. AS-GROWN MAGNETIC AND FERROELECTRIC
DOMAIN STRUCTURES IN A MULTIFERROIC
NANOISLAND

Figure 1(a) shows one typical patterned bit array design
for high-density devices. The building block is a magnetic-
FE heterostructured nanoisland [Fig. 1(b)]. The key feature
of such an island structure is the relief of the mechanical
constraint imposed by the stiff substrate. For illustration,

J. Appl. Phys. 113, 194301 (2013)

(0.2%,0.2%)

FIG. 2. Typical magnetic (the first row) and ferroelectric (FE) (the second
row) domain structures in as-grown multiferroic Co,gFegoBoo(CoFeB)/
BaTiO3(BTO) nanoislands under the substrate-imposed (a) tensile strain of
(0.2%, 0.2%), (b) (0,0), and (c) compressive strain of (—0.2%,—0.2%). The
lateral size (length and width) of both the magnetic and FE layers varies
from 32 x 32 nm? to 128 x 128 nm?® The thicknesses of the CoFeB and
BTO are 30nm and 60nm, respectively. Each color and corresponding
arrow represent one specific magnetic or FE domain orientation, where the
same color scheme and notation (e.g., a, ¢, O) are used for simplicity.

Figure 1(c) shows the in-plane stress g, distribution (o5,
has a similar dependence) at the center of the FE island
whose lateral size varies from 32 nm to 128 nm, but with the
same thickness of 60nm. Herein the spontaneous
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polarization is set as zero (i.e., a paraelectric phase) for sim-
plicity. Compared to a continuous thin film fully constrained
on a substrate [i.e., the bottom plot in Fig. 1(c)], the in-plane
stress ¢y exhibits a gradient distribution in FE islands with
relaxed substrate constraint due to the stress-free boundary
conditions along the surfaces of an isolated island, although
the part close to the bottom substrate is still somewhat
clamped. Moreover, the fraction of such clamped area gradu-
ally decreases with shrinking lateral size (e.g., the island of
32 x 32 x 60 nm?) under the given thickness of 60 nm, indi-
cating a more remarkable stress relaxation. Such relief of
substrate clamping allows the presence of huge electrome-
chanical strains from ferroelastic domain switching,?’ and
such trains can be modulated by engineering both the aspect
ratio of the island and the substrate strain as will be dis-
cussed later. Furthermore, the thickness of the upper mag-
netic film is taken to be 30 nm which is half of the FE island
to ensure an effective strain transfer across the FE/magnetic
interface.** In addition, it is worth noting that the fraction of
the clamped area in FE islands would also decrease
(increase) when increasing (reducing) the island thickness
under a given lateral size and would result in an almost neg-
ligible substrate constraint (i.e., the average ¢;; becomes
almost zero) when the thickness exceeds a certain critical
value. However, the critical thickness should vary with the
lateral size and the strength of corresponding substrate con-
straint. For simplicity, we focus on the lateral size depend-
ence by fixing the thickness to a moderate 60 nm, at which
both the relaxation of substrate clamping and the strain trans-
fer remain effective, since the lateral size is critically impor-
tant for high-density devices.*’**® Nevertheless, in practical
device designs, the lateral size, the thickness (including the
critical value), and more importantly, their corresponding as-
pect ratio must be carefully engineered to obtain a significant
voltage-driven magnetic domain switching (see discussions
in Sec. IV).

We now discuss the correlation between the as-grown
FE and magnetic domain structures in such a heterostruc-
tured island. Recent experiments have demonstrated that
local magnetic domain morphology can be imprinted by the
FE domain pattern underneath via strain.*’~*’ For example,
the domain states in an as-grown magnetic thin film (several
nanometers of thickness) could copy the ferroelastic domain
patterns of the bottom FE bulk substrate (normally at a mi-
crometer or millimeter size) due to strain transfer during
magnetic thin film growth.*>**® In such a film-on-bulk-sub-
strate heterostructure, the sizes of the FE and magnetic
domains are comparable to each other based on the scaling
law for ferroic domains (the domain width is proportional to
the square root of the thickness of ferromagnets,’®' ferro-
elastics,sz’53 and ferroelectrics54’55) and the intrinsically
smaller FE domain (wall) width.>® This would lead to an inti-
mate elastic-coupling between the magnetic and FE domain
walls.”” However, for the magnetic and FE layers of similar
thicknesses in a multiferroic island wherein the FE domain
(wall) width is typically smaller than that of magnets, such
one-to-one domain pattern transfer is not expected.

The domain states of the as-grown magnetic island may
be determined by the average strains arising from the surface
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ferroelastic domain pattern of the FE island underneath.
These average strains can be obtained from the residual
structural strains when the FE island is cooled down
from their paraelectric (PE) state (see Sec. II). For illustra-
tion, a (001)-oriented BaTiO3(BTO) island is taken as the
representative  FE material, while a soft (001)-oriented
CoyoFegoBoo(CoFeB) alloy is taken as the magnetic layer
due to its wide use in state-of-the-art magnetic tunnel junc-
tions®” with record high tunneling magnetoresistance of
more than 1000%.>” By taking the material parameters from
literature, "7 typical as-grown magnetic and FE domain
structures in the multiferroic islands upon various types of
mechanical constraints (e.g., compression or tension) from
the bottom substrate/electrode are shown in Fig. 2. Herein
the same notations are used to represent the magnetic and FE
domains. Specifically, polarizations (or magnetizations)
along the [IOO]p, [100]p, [OIO]p, [010]p, [OOl]p, [001]p direc-
tions of the cubic PE phases (or unstrained cubic magnets)
are labeled as af, ay, a, a5, ¢, ¢~ domain, respectively,
where the subscript p indicates pseudo-cubic index. Other
domains are labeled as either orthorhombic 015, O3, O»3
with two non-zero vector components [e.g., O, denotes
magnetic (M, M,, 0) and FE (P;, P,, 0)] or rhombohedral
(R) with all three non-zero components, i.e., [(M, M>, M3)
or (P, P», P3)], and we only label several of them for sim-
plicity (see Fig. 2).

The BTO islands with various lateral sizes shown in Fig.
2(a) are subjected to an identical in-plane biaxial isotropic
strain of 0.2% imposed by the underlying substrate/electrode.
Such a tensile strain, albeit with considerable relaxation,
would further favor the presence of in-plane @ domain in the
BTO? island when it cools down from the PE state to the FE
state and hence produce more in-plane tensile structural-
distortion. Such a residual transformation strain can then be
transferred to the as-grown magnetic layer and change the
magnetic domain states accordingly.*’*® For simplicity, we
assume a full residual strain transfer, though the actual
transfer would be less in a real sample due to the imperfect
interface.”* Among the three sizes considered, the
128 x 128 x 60 nm® BTO island exhibits the largest initial
average strain of around 0.146% based on its dominative in-
plane a; and a, domains despite their complex morphologies
[see Fig. 2(a)], which can be further attributed to the weakest
in-plane electrostatic (depolarization) energy (Sec. II) as
well as the strongest substrate clamping therein [Fig. 1(c)].
Upon such tensile structural strain, an in-plane vortex-type
domain state appears in the upper (001) CoFeB layer, and no
one-to-one domain pattern transfer is observed as expected.
In comparison, the 64 x 64 x 60 nm® and 32 x 32 x 60 nm’
BTO islands with weaker substrate constraints exhibit
remarkably smaller fractions of in-plane a domains mainly
due to the stronger in-plane electrostatic energy, and there-
fore much smaller initial in-plane structural strains of
0.072% and 0.035%, respectively. Because of such weak
elastic anisotropy, the domain structures in the magnetic
layers would mostly depend on their respective magneto-
static (shape) anisotropic energies. For example, in the
almost cube-shaped 32 x 32 x 30 nm® CoFeB layer, a well-
defined layered magnetic domain structure is exhibited
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[Fig. 2(a)], with a perpendicular ¢ and tilting 0,3/0;3
domains in the vicinity of magnetic-FE interface and an in-
plane uniform a domain at the surface, whereas the
64 x 64 x 30 nm> CoFeB layer with a bit larger aspect ratio
presents a fully in-plane domain structure with 90° domain
wall [Fig. 2(a)].

Compared to the case of tensile substrate strain, the
BTO islands show more perpendicular FE ¢ domains upon
zero substrate strain [Fig. 2(b)] and even more under the
compressive substrate strain of isotropic (—0.2%, —0.2%)
[Fig. 2(c)]. Take the smallest 32 x 32 x 60 nm® BTO island
for example, an initial uniform ¢~ single-domain is exhibited
in both cases. The presence of FE ¢ domain would cause re-
markable in-plane compressive structural-distortion that can
be transferred to the as-grown magnetic thin films. As a
result, perpendicular magnetic ¢ domains would be induced
in the CoFeB layer with a positive magnetostriction. Table I
summarizes the residual in-plane structural strains &, in
BTO islands of different lateral sizes under various substrate
strains. As seen, the magnitude of residual strains decreases
with increasing lateral size for the cases of zero and com-
pressive substrate strains while increases for the case of ten-
sile substrate strains. Both can be attributed to the
preferential FE in-plane @ domain in BTO islands of larger
lateral size with weaker in-plane electrostatic energy and
stronger substrate clamping, which would make the residual
strains in BTO islands more positive. Thus, such modulation
of residual structural strains in FE islands via engineering
their geometric sizes and the underlying substrate, associated
with a careful control over the shape of the magnet, should
allow us to obtain designed initial magnetic domain states.

IV. VOLTAGE-DRIVEN PERPENDICULAR MAGNETIC
DOMAIN SWITCHING

Now turn to the voltage actuated perpendicular (i.e.,
from in-plane to out-of-plane, and vice versa) magnetic do-
main switching in such multiferroic nanoislands. As the first
example, in a 32 x 32 nm? multiferroic CoFeB/BTO island,
the CoFeB layer exhibits a uniform ¢ (¢t or ¢~) single-
domain throughout the voltage sequence, as shown in Fig.
3(a) and with typical domain structures illustrated in Fig.
3(b). Such perpendicular domain can readily be stabilized in
such a cube-shaped nanomagnet (i.e., 32 x 32 x 30 nm’)
with almost degenerate shape anisotropy along its three prin-
ciple axes. More importantly, it is induced by the large,
mostly negative in-plane strain ¢;;(=¢&y,) of up to —0.3%
[see Fig. 3(c)] based on the ferroelastic a;(a,) to ¢ domain
switching in the bottom 32 x 32 x 60 nm> BTO islands.

TABLE 1. The residual strains &;; in as-grown BTO islands of different lat-
eral sizes upon relaxed substrate-imposed isotropic compressive, zero, and
tensile strains.

(—=0.2%, —0.2%) (0,0) (0.2%, 0.2%)
32 x 32 x 60 nm’ —0.217% —0.19% 0.035%
64 x 64 x 60 nm® —0.202% —0.162% 0.072%
128 x 128 x 60 nm* —0.178% —0.08% 0.146%

J. Appl. Phys. 113, 194301 (2013)

Such compressive in-plane strains are mainly determined by
the large in-plane electrostatic energy in the 32 x 32
x 60 nm® BTO islands which suppresses the formation of in-
plane a domain, as demonstrated by the relatively small vol-
ume fraction of FE a domain even at the coercive voltage
[point B in Fig. 3(b)]. On the other hand, the substrate strain
can also modify the electromechanical strains [Fig. 3(c)], but
very slightly because of the remarkable relaxation [Fig.
1(c)]. As shown in Fig. 3(c), the 32 x 32 x 60 nm® BTO
island upon the tensile substrate strain of (0.2%, 0.2%) has a
larger change in the in-plane strain ¢;; of about 0.27% than
those upon zero and compressive (—0.2%, —0.2%) strains,
owing to the more favorable in-plane a domain at the coer-
cive voltage which could stretch the in-plane lattice with a
resultant positive ¢;; (i.e., about 0.007% at point B). Such
favorable FE a domain can also facilitate the polarization re-
versal by providing more nucleation sites for a reverse FE
domain growth, with concomitant slight reduction of FE co-
ercive voltage [Fig. 3(c)].

In comparison with the stable perpendicular ¢ domain in
the cube-shaped 32 x 32 x 30 nm® CoFeB film which is
insensitive to external voltage [Fig. 3(a)], a well-defined but-
terfly-shaped ¢ domain fraction vs. voltage loop is obtained
in the 64 x64x30 nm’ CoFeB layer grown on a
64 x 64 x 60 nm> BTO island [Fig. 4(a)], and the magnetic
domain structure can be repeatedly switched between an in-
plane and perpendicular direction, as directly illustrated in
Fig. 4(b). Specifically, the CoFeB layer shows the largest ¢
domain fraction change of around 53.8% when the BTO
island is subjected to a tensile substrate strain of (0.2%,
0.2%) [Fig. 4(a)], as compared to the cases of zero and com-
pressive substrate strains. A typical perpendicular striped do-
main for soft magnets™® is exhibited at both the remnant and
saturation states [i.e., points A and C in Fig. 4(b), respec-
tively], the magnetic domain structure at the coercive voltage
[point B in Fig. 4(b)] is almost fully in-plane. Such voltage-
induced repeatable formation and annihilation of the mag-
netic stripes has been observed in a continuous soft Ni film
grown on bulk BTO via magnetic force microscopy
(MFM).” The obtained largest perpendicular magnetic do-
main switching corresponds to the highest in-plane strain
change of about 0.33% [see Fig. 4(c)] under the tensile sub-
strate strain of (0.2%, 0.2%).

Such an in-plane electromechanical strain change in the
64 x 64 x 60 nm®> BTO is also larger than the 0.27% in the
32 x 32 x 60 nm> BTO [Fig. 3(c)], mainly due to the signifi-
cantly larger tensile (positive) ¢;; of 0.09% at the coercive
voltage [point B in Fig. 4(c)]. This enhancement results from
the notably more in-plane FE a domain at the coercivity
[point B in Fig. 4(b)], which further owes to the stronger
tension-type substrate clamping and the smaller in-plane
electrostatic energy in the 64 x 64 x 60 nm> BTO with a
larger aspect ratio. Likewise, the propensity of forming FE a
domain at the coercive voltage can facilitate the polarization
reversal, though the corresponding FE domain structure is
highly unstable with polarization charge segregations at the
“head to head” or “tail to tail” domain walls due to the short-
time-duration voltage signals (Sec. II). This is also evidenced
by the remarkably decreasing coercive voltage from *+0.84
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FIG. 3. Voltage-induced changes in (a)
the volume fraction of perpendicular ¢
(¢*, ¢7) domain in 32x32x 30 nm’
magnetic CoFeB layer and (c) the in-
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to £0.48V [Fig. 4(c)] when the substrate strain changes
from compressive (—0.2%,—0.2%) to tensile (0.2%, 0.2%).
Furthermore, it is worth noting that the magnetic ¢ do-
main fraction in the CoFeB layer shows significant fluctua-
tion when the actuation voltage exceeds the FE coercivity
[Fig. 4(a)] irrespective of the relatively smooth variation of
corresponding electromechanical strains [Fig. 4(c)]. Such
fluctuation in the magnetic domain states indicates a com-
bined magnetization switching behavior of both the proces-
sional rotation and domain-wall motion**® in the
64 x 64 x 30 nm® CoFeB layer. It also demonstrates an

plane strain &;; in the 32 x 32 x 60 nm’
24 BTO island under substrate strains of
(—0.2%,—0.2%), (0,0), and (0.2%,0.2%),
respectively. (b) Magnetic (the first row)
and FE (the second row) domain structure
evolutions at Points A (remnant state), B
(coercivity), and C (saturation) upon a
tensile substrate strain of (0.2%, 0.2%)
on the BTO islands. The arrows indicate
the magnetic or FE domain orientations.

intrinsically slower magnetic domain evolution (e.g., switch-
ing and coarsening) than the polarization switching® when
the size of the ferroelectrics and magnets are comparable to
each other. Further regarding the short time span for the
strain transfer across the interface and achieving mechanical
equilibrium,* the whole dynamic voltage-driven magnetic
domain switching process in such a heterostructured nanois-
land would mainly depends on the magnetic domain dynam-
ics under electromechanical strains. Besides, the substrate
strain imposed on the BTO islands also influences the evolu-
tion of magnetic domains. For the case of compressive

(@) os

¢ domain fracton

1001y BTO
64x64x60 nm’

FIG. 4. Voltage-induced changes in (a)
the volume fraction of perpendicular ¢
(¢*, ¢7) domain in 64 x 64 x 30 nm’
magnetic CoFeB layer and (c) in-plane
strain &, in the 64 x 64 x 60 nm® BTO
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island under substrate strains  of
(—0.2%,—0.2%), (0,0), and (0.2%,0.2%),
respectively. (b) Magnetic (the first row)
and FE (the second row) domain structure
evolutions at Points A (remnant state),
B(coercivity), and C (saturation) upon a
tensile substrate strain of (0.2%, 0.2%)
on the BTO islands. The arrows indicate
the magnetic or FE domain orientations.
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substrate strain, the magnetic ¢ domain fraction in the
64 x 64 x 30 nm®> CoFeB layer changes sharply from 0.296
to 0.48 [Fig. 4(a)] when the voltage increases from —0.84 V
(coercivity) to —0.9 V, which happens within less than 0.5 ns
(see Sec. II). Such a prompt switching corresponds to the ab-
rupt change of the electromechanical strain ¢;; at the coer-
cive voltage [Fig. 4(c)]. By contrast, the strain value changes
gradually around the coercive voltage for the cases of zero
and tensile substrate strains due to the preferential in-plane
FE a domain therein with associated smooth polarization re-
versal. Accordingly, the magnetic domain structures evolve
gradually in both cases.

In multiferroic CoFeB/BTO islands with an even larger
lateral size of 128 nm, the islands under zero substrate strain
present the largest voltage-driven change in the magnetic ¢
domain fraction of about 37.3% among all three substrate
strains [Fig. 5(a)]. By comparison, although the tensile sub-
strate strain of (0.2%, 0.2%) leads to a bit more in-plane FE
a domain [point B in Fig. 5(b)] and thus a slightly more posi-
tive (tensile) value of ¢;; at the coercive voltage [point B in
Fig. 5(c)], the value of in-plane compressive strain at the sat-
uration voltage [point C in Fig. 5(c)] is reduced by a greater
extent because of the even stronger tension-type substrate
clamping which suppresses the out-of-plane ferroelastic a to
¢ switching. Accordingly, the overall in-plane strain change
becomes smaller, leading to a smaller voltage-induced per-
pendicular magnetic domain switching under the tensile sub-
strate strain with typical magnetic domain structures
presented in Fig. 5(b). As illustrated, an explicit in-plane
magnetic vortex appears at the remnant state (point A),
which would somewhat expand when the voltage approaches
the coercivity (point B) with tensile in-plane strains, and
then gradually decomposes due to the growth of perpendicu-
lar ¢ domain which penetrates the magnetic layer longitudi-
nally at the saturation state (point C) with compressive in-
plane strains. Furthermore, compared to the remarkable

J. Appl. Phys. 113, 194301 (2013)

domain fluctuations in 64 x 64 x 30 nm> CoFeB layer [Fig.
4(a)], the magnetic domain structures stabilize much faster
herein with a relatively smooth variation trend upon voltages
[Fig. 5(a)]. This can be attributed to the increased volume
fraction of domain walls in the larger 128 x 128 x 60 nm’
CoFeB with dominative magnetization switching behavior
via domain-wall motion, which is intrinsically faster than the
processional magnetization rotation,*>

In addition, the voltage-driven magnetic ¢ domain frac-
tion change (about 31.8%) in the 128 x 128 nm* CoFeB/
BTO islands under tensile substrate strain is significantly
smaller than its 64 x 64 nm> counterpart (about 53.8%),
mainly because of the smaller in-plane strain change. Such
decreasing strain change with increasing lateral size is
mainly determined by the less negative (compressive) value
of &, at saturation voltage (point C) of about —0.208%
(128 nm) caused by the enhanced tension-type substrate
clamping. Moreover, the tensile &, at the coercive voltage
(point B) also shows a moderate decrease from 0.09%
(64 nm) to 0.06% (128 nm) possibly due to the increased vol-
ume fractions of domain walls and orthorhombic domain in
larger FE islands [e.g., the O3 phase at Point B in Fig. 5(b)],
irrespective of the larger in-plane electrostatic energy in the
128 x 128 x 60 nm® BTO islands which should lead to more
in-plane FE @ domain.

For the case of compression-type substrate clamping,
the voltage-driven changes in the in-plane electromechanical
strain and corresponding magnetic ¢ domain fraction in the
larger CoFeB/BTO island of 128 x 128 nm? are also smaller
[Fig. 5(a)]. However, the only exception arises for the case
of zero substrate strain, where the maximum in-plane strain
change increases caused by a remarkable increase in & at
the coercive voltage from 0.015% (64nm) to 0.053%
(128 nm) and a moderate decrease at the saturation voltage
[see Figs. 4(c) and 5(c)]. Both changes are mainly attributed
to the smaller in-plane electrostatic energy and the resultant

a C) 0.1
(R)os (001) CoFeB (©)

128x128x30 nm®
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(%)
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-
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FIG. 5. Voltage-induced changes in (a)
the volume fraction of perpendicular ¢
(c*, ¢) domain in 128 x 128 x 30 nm®
magnetic CoFeB layer and (c) in-plane
strain &;; in the 128 x 128 x 60 nm’
BTO island under substrate strains of

(—=0.2%,—0.2%), (0,0), and (0.2%,0.2%),
respectively. (b) Magnetic (the first row)
and FE (the second row) domain structure
evolutions at Points A (remnant state),
B(coercivity), and C (saturation) upon a
tensile strain of (0.2%, 0.2%) on the BTO
islands. The arrows indicate the magnetic
or FE domain orientations.
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more FE a domain, since contribution from the elastic
energy is negligible under zero substrate strain. Figure 6 dis-
plays the maximum voltage-induced changes in the magnetic
¢ domain fraction Af. and the in-plane electromechanical
strains A¢;, and the FE coercive voltage V. in the CoFeB/
BTO nanoislands as a function of the lateral size under vari-
ous substrate constraints.

Thus, in such multiferroic magnetic-FE nanoislands, the
voltage-driven magnetic domain switching is determined by
the geometric size of a specific magnetic layer, the ferroelas-
tic domain pattern of the FE island underneath with struc-
tural residual strains (Table I) that can be transferred to the
as-grown magnetic thin films and further change the initial
magnetic domain states (Fig. 2), and the dynamic electrome-
chanical strains imposed on it [Figs. 3(c), 4(c), and 5(c)].
Such electromechanical strains are further governed by the
size of the FE island which would lead to different electro-
static energy contributions and various levels of mechanical
relaxations [Fig. 1(c)], as well as the type of mechanical con-
straint from the bottom substrate. As shown in Figs. 6(a) and
6(b), the 64 x 64 nm” multiferroic island under a tensile sub-
strate strain of (0.2%, 0.2%) exhibits the largest in-plane
strain change A¢;; of 0.33% and the resultant magnetic ¢ do-
main fraction change Af. of 53.8%. This might indicate that
the lateral size of the multiferroic island can neither be too
big nor too small to maximize the voltage-driven magnetic
domain switching under a given thickness. If the lateral size
is too small, the enhanced in-plane magnetostatic and elec-
trostatic energy would lead to a favorable perpendicular ¢
domain in both the magnetic and FE layers. Particularly,
these dipole-dipole energy contributions could be domina-
tive, making the domain states very difficult to be modulated
by external electromechanical strains, for instance, the
32 %32 nm? CoFeB/BTO island exhibits little voltage-
driven change in the magnetic ¢ domain fraction [Fig. 6(a)].
In addition, the remarkable mechanical relaxation in small
FE islands would make both the in-plane strain change Ag;;
[Fig. 6(b)] and the FE coercive voltage V. [Fig. 6(c)]

60

A, (%)

32 64 96 128
Lateral size (nm)

FIG. 6. Lateral size (length and width) dependence of the maximum
voltage-driven changes in (a) the perpendicular magnetic ¢ (i.e., ¢* plus ¢)
domain fraction change Af. and (b) the in-plane electromechanical strain
Aéyy; (c) the ferroelectric coercive voltage V.. The multiferroic CoFeB/BTO
nanoislands are subjected to substrate-imposed in-plane strains of compres-
sive (—0.2%, 0.2%), zero, and tensile (0.2%, 0.2%), respectively. The thick-
nesses of the CoFeB and BTO layers are set as 30nm and 60nm,
respectively.
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relatively insensitive to the substrate strains, which would
somewhat lose design flexibility. On the other hand, if the
lateral size is too large, the strong substrate clamping would
inhibit large in-plane electromechanical strain changes and
the resultant voltage-driven magnetic domain switching. For
example, the Ag,, in the larger 128 x 128 nm* CoFeB/BTO
islands decreases remarkably upon both the compressive and
tensile substrate strains [Fig. 6(b)]. Nevertheless, despite
such decrease in the Ag;; upon the compressive substrate
strain, the corresponding voltage-induced magnetic domain
fraction change Af. moderately increases [Fig. 6(a)], which
is mainly attributed to the weaker in-plane magnetostatic
(demagnetization) energy in the larger 128 x 128 x 30 nm?
CoFeB film with significantly smaller magnetic ¢ domain
fraction at the coercive voltage [see Point B in Figs. 4(a) and
5(a)].

Therefore, in such heterostructured nanoislands, the geo-
metric sizes of both magnetic and FE layers, as well as the
bottom electrode/substrate layer must be carefully designed
to make the best use of the magnetostatic/electrostatic energy
and substrate constraint without making them mutually
exclusive. In practical device designs, these two aspects
should be further considered together with other size-
dependent factors such as thermal stability®! and ferroelastic
relaxation.>° Nevertheless, our simulations show that the lat-
eral size of 64 nm could be a compromised lateral size for a
large voltage-driven magnetic domain switching.

V. CONCLUSIONS

Large voltage-induced perpendicular magnetic domain
switching can be realized in a magnetic-FE nanoisland struc-
ture, which was previously limited by substrate-imposed in-
plane clamping in continuous multiferroic layered composite
thin films.®> Thus such a three-dimensional multiferroic
nanoisland structure offers an interesting platform for the
design of novel microelectronic and/or spintronic devices
with purely electrically driven means.® This is not just
because of its physically small size suitable for high-density
device applications, but also for the controllable manner of
relieving the lateral substrate constraint which can provide
great design flexibility. Fundamentally, the convergence of
nanoscale magnetism, ferroelectricity, and ferroelasticity in
such a multiferroic nanoisland structure should enable novel
coupling behaviors at the interface, and our phase-field
method should be particularly useful in the design of novel
devices as well as illustrating the dynamic evolution proc-
esses of both magnetic and FE domains upon external (e.g.,
magnetic, electric, elastic) fields with elegant treatments on
the complex mechanical, magnetostatic, and electrostatic
boundary conditions.
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