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M
agnetoresistive random-access
memory (MRAM) is a nonvolatile
recording technology that uses

both charge and spin degrees of freedom
to encode information.1 With fast access
time and unlimited endurance, MRAM is
predicted to be the next generation “uni-
versal” memory. However, a low storage
density and high writing energy consump-
tion present challenges to the practical
application of MRAM.2 Special considera-
tions have been placed on shape design
of the patterned nanomagnets, device
architecture design, and magnetization
switching mechanism.3,4 Nanomagnetic
elements with a large in-plane aspect ratio
are adopted as the free switching layer
where two possible stable magnetic do-
mains are antiparallel with each other,
producing different resistive states in the
magnetic tunnel junction (MTJ). A large
shape anisotropy guarantees stability but

also hampers the magnetization switching
during the writing process. Therefore, a
large magnetic force is required to over-
come the large energy barrier between
the two distinct magnetic states. Extensive
research has been done to overcome the
anisotropy energy to favor the writing pro-
cess, including spin-polarized current injec-
tion,5 voltage-induced anisotropy,6,7 and
elastic strain effect.8

Magnetoelectric (ME) coupling has been
widely recognized as a promising solution
to reduce the writing energy and improve
the recording density by manipulation of
magnetic orders with electric field.9�14

Although novel single phase ME materials
have been widely studied, the largest ME
coupling coefficients are reported in bilayer
ME heterostructures.15 The two most pro-
mising scenarios for ME-based MRAM are (i)
electric field controlled magnetic exchange
bias,16�18 and (ii) electric field induced
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ABSTRACT Magnetization-based memories, e.g., hard drive and

magnetoresistive random-access memory (MRAM), use bistable

magnetic domains in patterned nanomagnets for information

recording. Electric field (E) tunable magnetic anisotropy can lower

the energy barrier between two distinct magnetic states, promising

reduced power consumption and increased recording density. However, integration of magnetoelectric heterostructure into MRAM is a highly challenging

task owing to the particular architecture requirements of each component. Here, we show an epitaxial growth of self-assembled CoFe2O4 nanostripes with

bistable in-plane magnetizations on Pb(Mg,Nb)O3�PbTiO3 (PMN�PT) substrates, where the magnetic switching can be triggered by E-induced elastic

strain effect. An unprecedented magnetic coercive field change of up to 600 Oe was observed with increasing E. A near 180�magnetization rotation can be
activated by E in the vicinity of the magnetic coercive field. These findings might help to solve the 1/2-selection problem in traditional MRAM by providing

reduced magnetic coercive field in E field selected memory cells.
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strain effect on magnetic easy axis rotation.19�21 In the
first scenario, an interfacial exchange coupling be-
tween multiferroic BiFeO3 and various ferromagnetic
thin films has been well studied. However, a magnetic
exchange bias field (Hex) larger than the original mag-
netic coercive field (Hc) is difficult to be induced by
electric field; therefore, the remanent magnetization is
not a determined value after application of different
magnetic fields. Moreover, the low operating tempera-
ture of full electric field controlled exchange bias
hampers room-temperature applications.22 In the sec-
ond scenario, ME effect has beenwidely investigated in
controlling the magnetization state in single-domain
magnetic nanostructures.23,24 Ni nanobars have been
deposited on Pb(Zr,Ti)O3 films where the domain state
in Ni can be controlled by the external electric field
through electromechanical coupling induced strain.23

Ni nanocrystals on PMN�PT single crystal also show
large magnetic coercive field shift under different
strain conditions.24 A strain mediated magnetoelectric
random access memory (SME-RAM) has been pro-
posed and predicted to possess ultrahigh recording
density and low energy consumption, utilizing strain
controlled magnetic easy axis rotation to switch the
resistance state in the MTJ for information encod-
ing.2,25 However, the specific magnetic domain orien-
tation cannot be predicted due to the bistable magne-
tization states along the field-dependent magnetic
easy axis, which can lead to a unpredictable resistance
state in the MTJ.1,2,4

Here, we report growth of novel self-assembled
CoFe2O4 (CFO) nanostripes on piezoelectric PMN�PT
substrate where bistablemagnetizations, an important
attribute in MRAM free layer, can be established due to
a large magnetic shape anisotropy. Electric field mod-
ulation of the strain state was utilized to control the
magnetic coercive field of the ferromagnetic compo-
nent. The electric field dependence of magnetization
switching promises a simple and practical electric
field assisted magnetization switching random-access
memory (EAMS-RAM) where information is recorded in
an electric field selected cell by a current producing a
magnetic field.
Self-assembled CoFe2O4�BiFeO3 (CFO�BFO) het-

erostructures grown on piezoelectric 0.71Pb(Mg,Nb-
)O3�0.29PbTiO3 (PMN�PT) single crystals act as a
prototype for the verification of the working principle
of the proposed EAMS-RAM. There are three reasons
why we selected CFO�BFO/PMN�PT: (i) CFO forms in-
plane nanostripes with a length/width aspect ratio of
R≈ 4:1 embedded in a BFOmatrixwhengrownon Æ011æ
oriented perovskite substrates; thus, the giant mag-
netic shape anisotropy results in bistable magnetic
domain orientations, which makes it a perfect exam-
ple for the magnetic free layer in MRAM;26 (ii) Æ110æ
oriented PMN�PT can provide a large uniaxial in-
plane strain due to an electric field induced phase

transition;13 and (iii) both CFO and BFO have proper
crystal lattice mismatch with a PMN�PT substrate, and
the epitaxial interface guarantees an effective strain
transfer from PMN�PT to CFO component.21

RESULTS AND DISCUSSION

Thin films of CFO�BFOwith separated CFO and BFO
components have been widely reported. Most of them
concern CFO�BFO layers grown on Æ001æ oriented
substrates, where CFO perpendicular nanopillars are
embedded in a BFOmatrix.27,28 However, CFO nanoar-
rays favor perpendicular magnetic recording, but not
MRAM recording, where bistable horizontal magneti-
zations are needed.29 Fortunately, it has been found
that CFO�BFO forms a different architecture when
grown on Æ011æ oriented perovskites: instead of per-
pendicular nanopillars, CFO elongates along the in-
plane Æ011æ, forming a flat nanostripe structure, result-
ing in bistable magnetizations along the in-plane
Æ011æ.26 Figure 1 shows themorphology and crystalline
characterization of a CFO�BFO film on Æ011æ PMN�PT.
BFO formed as thematrix due to an easier wetting with
the substrate,30 whereas CFO nucleated as nanostripes
sticking out for∼25 nm from the BFOmatrix, as shown
in Figure 1a,b. The widths of the CFO nanostripes were
relatively stable (∼68 nm), whereas their lengths varied
from 230 to 530 nm. Figure 1c shows the standard
deviation of the CFO nanostripe aspect ratios. All CFO
nanostripes had an aspect ratio larger than 3:1, and the
much longer stripe may have been formed by the
merging of the two stripes. An average length/width
aspect ratio of R ≈ 4:1 was calculated (Supporting

Figure 1. Morphology and magnetic phase distribution in
CFO�BFO self-assembled thin films. (a) Topography as seen
by AFM, working at tapping mode, showing CFO nano-
stripes jutting out for ∼20 nm from the BFO matrix; line
profile of height (b) and aspect ratio standard deviation (c)
of CFO nanostripes; and (d) XRD line scan of the separated
BFO and CFO peaks as well as PMN�PT substrate peaks.
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Information Figure S1 and Table S-I). Figure 1d shows
the XRD result for a CFO�BFO/PMN�PT heterostruc-
ture. Both the CFO and BFO peaks were found to be in
accordance with the substrate orientation, demon-
strating an epitaxial interface between the CFO�BFO
film and PMN�PT substrate.
Figure 2 shows themagnetic hysteresis (M�H) loops

along different in-plane directions. The CFO nano-
stripes were elongated along the in-plane Æ011æ,
referred to as IP1, with a length/width aspect ratio of
R ≈ 4, as shown in the schematic in Figure 2a. There-
fore, a magnetic shape anisotropy induced magnetic
easy axis was defined along IP1. The M�H loop shows
a large coercive field of Hc‑ip1 ≈ 3600 Oe and a large
magnetic squareness factor of R = M0/M7k ≈ 0.8 along
IP1, where M0 is the remanent magnetization at a
magnetic field ofH= 0Oe andM7k is themagnetization
at H = 7000 Oe. The large remanent magnetization
means that the magnetization can be retained after
removal of external magnetic field: it is thus a non-
volatile memory effect. The large magnetic coercive
field promises higher resistivity to environmental ther-
mal fluctuation and a higher recording density.31�33 In
contrast, the in-plane Æ100æ, referred to as IP2, was the
magnetic hard axis, which exhibited a small Hc‑ip2 =
800 Oe and a small R = 0.18. More importantly, the
remanent magnetization along IP1 was about ten
times larger than that along IP2, indicating that the
magnetic domains can only be stabilized along the
magnetic easy axis (i.e., IP1).
Magnetic strain and crystalline anisotropy can also

influence the magnetic properties in ferromagnetic
nanostructures. Our previous investigations have sys-
tematically studied the relationship betweenmagnetic
strain and shape anisotropies in CFO�BFO self-
assembled films, where the magnetic response was
dominated by shape anisotropy.26 Moreover, CFO ex-
perienced a compressive strain along the length direc-
tion due to a larger lattice parameter compared with
the BFO matrix. Therefore, the magnetic strain anisot-
ropy also preferred amagnetic easy axis along IP1. CFO
has a large first order magneto-crystalline anisotropy
(MCA) constant of K1 = 2� 106 erg/cm3. Therefore, the
MCA energy difference between the Æ100æ and Æ011æ

directions isΔ= KÆ100æ� KÆ011æ = K0� [(K0� K1)/4] = 5�
105 erg/cm3,26 which is close to the shape anisotropy
energy of the CFO nanostructure with an aspect ratio
R ≈ 4. MCA prefers a magnetic easy axis along the in-
plane Æ100æ, which counteracts the magnetic shape
anisotropy. However, it has been reported that the
effective MCA energy (Keff) is strongly dependent on
the size of the magnetic nanostructures.34,35 Detailed
studies of the CFO magnetic crystalline anisotropy
have shown a weak MCA compared with the magnetic
shape anisotropy for CFO epitaxial thin films on (001)
and (011) oriented SrTiO3 substrates (see Supporting
Information). In a few words, the magnetic shape an-
isotropy dominates the magnetic properties in CFO
nanostripes, resulting in a strong magnetic easy axis
along IP1.
Patternedmagnetic units with large aspect ratios are

necessary for the stabilization of bistable magnetic
domains in the magnetic free layer in MRAM. There-
fore, self-assembled CFO nanostripes with two stable
in-plane magnetization states can act as an ideal pro-
totype to study the effect of ME interactions on mag-
netization switching during theMRAMwriting process.
The ME effect is produced by a coupling of electric
dipoles and electron spins, through interfacial elastic
strain transferred between ferroelectric and ferromag-
netic components. It has been well recognized that
non-180� ferroelastic switching, instead of 180� ferro-
electric switching, is the critical factor for magnetiza-
tion manipulation.36,37 Also, the horizontal interface
between the thin film and the substrate determines
that only the in-plane elastic strain can be effectively
transferred through the heterostructure. The Æ011æ
oriented PMN�PT in the vicinity of the morpho-
tropic phase boundary possesses giant transverse
piezoelectric coefficients, d31 ≈ �2740 pm/V and
d32≈ 1100pm/V,38 due to the formationof intermediate
monoclinic phases where the polarization is no longer
constrained along certain crystallographic directions
but rather can freely rotate within planes.39 More inter-
estingly, the phase transformation induced in-plane
strain is uniaxial, which is compressive along IP1 and
tensile along IP2. Therefore, opposite magnetic prop-
erty changes can be anticipated along IP1 and IP2,
respectively.
Figure 3 shows a schematic of theME coupling in the

CFO�BFO/PMN�PT heterostructure. The giant elec-
tromechanical response in PMN�PT single crystals
is attributed to, instead of ferroelectric domain mo-
tion, the phase instability induced by polar nano-
regions with typical correlation distance smaller than
10 nm.40�43 In the present investigation, the reversible
strain is induced by an E controlled phase transforma-
tion; therefore, modulation of the strain ambient of
CFO nanostripes is not constrained by the size of the
ferroelectric domains in PMN�PT. Upon application of
an electric field E along the out-of-plane Æ011æ, the

Figure 2. Schematic of the phase architecture of BFO�CFO
on a PMN�PT substrate (a) and the M�H loops showing a
strong magnetic easy axis along in-plane Æ011æ and a
magnetic hard axis along in-plane Æ100æ (b). The in-plane
measurement directions of the sample were determined by
the XRD measurement and the M�H loops were obtained
by VSM at room temperature.
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polarizations according to R-phase will rotate and align
their moments in accordance to E, forming a pseudo
monodomain O phase, as shown in Figure 3b. After
removal of E, the monodomain O phase is not stable,
and the polarizations deviate from the out-of-plane
Æ011æ rotating toward the MB structure. Therefore, an
E // Æ011æ can switch the PMN�PT substrate between
O and MB phases, and thus significantly alter the
magnetic anisotropy distribution in the CFO nano-
stripes. Under an out-of-plane E, PMN�PT stays in
the O phase and the CFO nanostripe experiences com-
pressive and tensile strains along Æ100æ and Æ011æ,
respectively. CFO has a negative magnetostriction
along both Æ100æ and Æ011æ. Therefore, the magnetiza-
tion switching along Æ011æ becomes easier due to
tensile strain and that along Æ100æ becomes more
difficult due to compressive strain. On the whole, the
E induced magnetic strain anisotropy competes with
magnetic shape anisotropy, reducing the energy bar-
rier between the two stable magnetization directions
along the length of the CFO nanostripes. As a conse-
quence,magnetization switching can bemodulated by
electric field via the ME coupling.
Figure 4 shows the electric field dependence of the

magnetic properties and crystal lattice parameters.
For E = 0 kV/cm, the CFO nanostripes had a large re-
manent magnetization and a large coercive field (Hc ≈
3600 Oe), as shown in Figure 4a. For E applied out-of-
plane, the M�H loop shrank due to the E induced
magnetic strain anisotropy. The remanent magnetiza-
tion decreased from 308 to 270 emu/cc and the mag-
netization squareness ratio (Sq = M0/M7k) decreased
from Sq ≈ 0.77 to Sq ≈ 0.70. More importantly, the
coercive field decreased from 3600 to 3000 Oe, result-
ing in a giant magnetic coercive field difference of
ΔHc = 600 Oe, which is dramatically larger than the
other reported ME heterostructures.10,11,20,44,45 The
change of the Hc value was induced by the magnetic
strain anisotropy, which is linear with the elastic strain.
Therefore, the value of Hc in CFO is strongly related to
the crystal lattice parameter change of the PMN�PT
substrate. For E applied out-of-plane, a Æ011æ oriented
PMN�PT substrate experiences tensile strains along
both Æ011æ and Æ011æ, whereas the strain along Æ100æ is
compressive. Here, we use the out-of-plane Æ011æ strain

as a estimate of the strain change tendency along
the in-plane Æ011æ, as both of them are induced by
the phase transformation which affects the lattice
parameters along all directions simultaneously.38,46,47

Figure 4b shows the electric field dependence of Hc

along Æ011æ and the d-spacing along Æ011æ (dOP) at
room temperature. With increasing E to 5 kV/cm, the
value of dOP can be seen to continuously increase from
2.846 to 2.852 Å resulting in a 0.2% elongation. For E >
5 kV/cm, the value of dOP was stable due to the com-
pletion of the MB f O phase transformation. With
decreasing E between 5 and 2.5 kV/cm, the dOP value
change revealed hysteresis due to the inducedMBfO
transformation. For E < 2.5 kV/cm, the O phase did not
remain stable, but rather the MB phase was recovered
(Supporting Information Figure S4 and Table S-II). In
comparison, the Hc change followed exactly the oppo-
site trend with dOP. The value of Hc decreased from
3600 to 3050 Oe as E was increased from 0 to 5 kV/cm,
then, it became relatively stable for 5 < E < 10 kV/cm
due to the completed phase transformation. During
the decreasing E process, a Hc hysteresis loop was
also found between 5 > E > 2 kV/cm (Supporting
Information Figure S5).
Next, we show a dynamic analysis of the E modu-

lated M in Figure 5. The CFO�BFO/PMN�PT hetero-
structure was premagnetized at �7000 Oe, and then
six different opposite magnetic fields were applied to
switch the magnetization. The magnetic coercive field
of the CFO nanostructures decreased from Hc‑0 = 3600
Oe to Hc‑E = 3000 Oe after application of E = 10 kV/cm,
showing a giant magnetic coercive field shift of Δ Hc =
600 Oe. For �3000 < H < 0 Oe, the external magnetic

Figure 3. Schematic of the electric field controlled magnetic anisotropy energy distribution in a single CFO nanostripe. (a)
Initial state with large magnetic anisotropy energy along IP Æ011æ: the length direction of CFO stripe; (b) drastically reduced
magnetic anisotropy energy along IP Æ011æ due to electric field induced tensile strain along Æ011æ; and (c) recovery of the large
magnetic anisotropy energy upon removal of electric field.

Figure 4. Electric field dependence of Hc and the phase
transformation induced large change in crystal lattice para-
meters in the PMN�PT substrate. (a) Reduction of M�H
loops upon application of electric field, where Hc decreased
from 3600 to 3000 Oe, and then increased to 3600 Oe after
removal of the electric field; and (b) Hc and out-of-plane
d-spacing value as functions of electric field.
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field was smaller than the coercive fields for both
CFO�BFO/PMN�PT with and without E. Therefore,
the magnetization stayed in the predefined direction
andΔMwas small, as shown in Figure 5a,c. For�7000 <
H < 3600 Oe, the external magnetic field H was larger
than the coercive fields for CFO�BFO/PMN�PT with
and without E. Therefore, the magnetization could be
switched for bothCFO�BFO/PMN�PTwith andwithout
E, and thus, ΔM was small, as shown in Figure 5b,c. For
�3600 < H < �3000 Oe, which is in the electric field
assisted magnetization switching region (EAMSR), the
magnetization switching in CFO�BFO/PMN�PT could
be triggered by electric field. Therefore, a dramatic
magnetization difference was observed for the samples
withdifferent E. Themagnetizationof the onewith E can
be switched by H, whereas the magnetization of that
without E could not be switched by H. This reveals a
giant magnetization difference of ΔM/Ms > 0.35 within
the whole EAMSR, as shown in Figure 5c. The magnetic
field dependence of the magnetization difference is
demonstrated in Figure 5c, where a giant ΔM/Ms of up
to 57%was found atH=�3500Oe. Figure 5d shows the

schematic of how to use E to trigger theM switching in
EAMSR. In stage I, CFO nanostripes were magnetized
by a large H and M was normalized to be 1. Then, an
opposite magnetic field within EAMSR was applied
across the sample in stage II. Two different magnetiza-
tion switching processes happened based ondifferent E
values. For E = 0 kV/cm, themagnetization could not be
switched due to the large Hc, whereas for E = 10 kV/cm,
the magnetization could be switched due to a de-
creased Hc induced by the elastic strain mediated ME
effect. Moreover, after removal of E and H, the switched
and unswitched magnetizations could be maintained,
demonstrating two distinct magnetization states that
can be effectively controlled by electric field.
Table 1 shows the magnetization switching condi-

tion for different magnetic fields. At H1 = 7000 Oe, all
M's were aligned parallel with H; therefore,ΔM/Ms≈ 0.
At H2 =�3380 and H4 =�3500 Oe, which were within
the EAMSR, M was switched for E = 10 kV/cm but not
switched for E = 0 kV/cm. Therefore, themagnetization
differences were large with ΔM/Ms ≈ 0.56 and 0.58 for
H2 and H4, respectively. Moreover, the magnetization
differences were stable after removal of the magnetic
field.ΔM/Ms≈ 0.52 and 0.53 were found atH3 andH5 =
0 Oe after removal of H2 and H4, respectively. This
shows that the electric field assisted magnetization
switching was stable after removal of the external
magnetic field. At H6 =�4000 Oe,M could be switched
regardless of E; therefore, themagnetization difference
ΔM/M7k was significantly decreased to 0.17.
Figure 6 shows the electric field dependence of

the magnetization under different dc bias magnetic
fields (Hb). Before each M measurement, the CFO�
BFO/PMN�PT was premagnetized by H = �7000 Oe.
At Hb = 0 Oe, M was stable in the initial stage. Then, it
decreased from �1.5 mEMU to �1.27 mEMU after
application of E = 10 kV/cm, due to the E induced
magnetic strain anisotropy. (Here we compare the
absolute value of M and the signs only to demote the
magnetic moment directions.) After removal of E, M
increased to �1.44 mEMU due to a released magnetic
strain anisotropy. At Hb = 1000 Oe, M decreased from
�1.24 to �0.97 mEMU for E = 10 kV/cm and then
increased to�1.15mEMU. AtHb = 3300Oe,M changed
its direction, increasing from �0.22 to 1.32 mEMU

Figure 5. Magnetic response at 0, �1000, �2000, �2600,
�2800, �3000, �3380 Oe (a) and �3500, �4000, �5000,
�6000 Oe (b) for premagnetized CFO�BFO/PMN�PT under
different electric field conditions (Measurement magnetic
field H was first set to be 7 kOe which slowly decreased to a
series of negative magnetic fields and then increased to
7 kOe, showing E effect on the magnetization reversal
behavior); (c) magnetization difference as a function of
switching magnetic field for CFO�BFO/PMN�PT under
different electric field conditions; (d) schematic of electric
field triggered magnetization switching at �3500 Oe. The
magnetization value at 7 kOe was normalized to be 1. Then,
a negative magnetic field H = �3.5 kOe was applied to
switch the magnetic domains in CFO nanostripes. An ex-
ternal electric field E = 10 kV/cm was proved to be able to
trigger the magnetization reversal at this condition, which
could not be realized at zero electric field condition.

TABLE 1. Magnetization Measurements upon Application

of Different Magnetic Fields Inside andOutside of EAMSR

point no. H (Oe) M0/M7k @0 kV/cm M0/M7k @10 kV/cm ΔM/M7k

1 þ7000 þ1.00 þ1.00 0
2 �3380 þ0.25 �0.31 0.56
3 0 þ0.46 �0.06 0.52
4 �3500 þ0.14 �0.44 0.58
5 0 þ0.34 �0.19 0.53
6 �4000 �0.52 �0.69 0.17
7 0 �0.33 �0.47 0.14
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under E = 10 kV/cm, due to the electric field assisted
magnetization switching. After removal of E, M further
increased to 1.54 mEMU. A similar M evolution was
found for Hb = 3380 Oe with M increasing with two
steps from �0.07 to 1.56 and then to 1.85 mEMU. At
Hb = 5000 Oe, M showed no obvious change after
application of E. This can be explained by a competi-
tion of E assisted M switching and the magnetic strain
anisotropy. The former effect preferred a full switching
of M, while the latter encouraged magnetic moments
to deviate from the easy axis: thus, the final result was a
stableM. After removal of E,M then increased due to a
release of the magnetic strain anisotropy. At Hb =
7000 Oe, M was fully switched and therefore only a
magnetic strain anisotropy effect was observed: M
decreased from 2.85 to 2.70 mEMU upon application
of E, and then recovered its original value after removal
of E. The electric field induced magnetic strain anisot-
ropy was reversible in the selected PMN�PT substrate,
and thus the strain induced ΔM was small and volatile
which is not practical for memory application. On the

other hand, a dramatic magnetization difference was
obtained in the EAMSR due to the E induced 180�
magnetization switching. More importantly, this mag-
netization switching induced ΔM was nonvolatile,
promising memory functions.
All of the above results are statistical averaged

values over all CFO nanostripes. In CFO�BFO self-
assembled structures, the aspect ratios of the CFO
nanostripes are not entirely uniform; therefore, the
magnetic coercive field and EAMSR for each CFO
nanostripe was different. This explains the not so large
Barkhausen jump near the magnetic coercive field
and a 60% (but not 100%) magnetization switching
induced by electric field within EAMSR, as shown in
Figure 6.

CONCLUSIONS

In summary, we have demonstrated an electric
field assisted magnetization switching in CFO�BFO/
PMN�PT heterostructures, where a unique strong in-
plane magnetic easy axis in CFO stripes and a uniaxial
ferroelastic strain in PMN�PT substrates are coupled to
each other via interface elastic strain. An unprece-
dented large magnetic coercive field shift of 600 Oe
was induced by electric field, based on which a new
design of MRAM with an electric field addressed writ-
ing process was proposed. The preliminary results of
CFO�BFO/PMN�PT prototype revealed the effective-
ness of electro-mechanical-magnetic coupling and
provided more freedom for design of magnetization
based memories. Furthermore, strain modulation of
magnetization is a long-range effect in contrast with
short-range interface effects, i.e., interface supercon-
ductivity48 and magnetic exchange bias;14 therefore,
the unprecedented board magnetic coercive field
tunability reported here holds great promise for novel
spintronics and microwave devices where consider-
able film thickness is required for functionality.49�53

EXPERIMENTAL METHODS

Film Growth. CFO�BFO self-assembled nanostructures were
prepared by pulsed laser deposition, using a 248 nm KrF laser
and a composite target of composition 65 atom % BFO and 35
atom % CFO. The (011) oriented PMN-29PT substrates were
used for the growth of CFO�BFO with different phase archi-
tectures. Growth was carried out at 700 �C in an oxygen atmo-
sphere (100 mTorr) with a laser energy density of ∼3 J/cm2 at
10 Hz. The distance between the target and substrates was
6 cm. An epitaxial film thickness of∼400 nmwas obtained after
1 h deposition.

Characterization of Structure and Properties. The crystal lattice
and thin film orientation were analyzed by a Philips X'pert high-
resolution X-ray diffractometer with a X-ray wavelength of Cu
KR = 1.5406 Å designed for single-crystalline samples. The film
topography was studied by a Veeco SPI 3100 working in a AFM
mode. Magnetic hysteresis loops were measured using a Lake-
shore 7300 series vibrating sample magnetometer (VSM) sys-
tem at room temperature. Before magnetic property measure-
ments, 30 nm Au electrodes were sputtered on both top and

bottom side of CFO�BFO/PMN�PT heterostructure using a
SPI module sputter coater. The sample was fixed on the VSM
holder with silver paste which also acted as the conducting
channel to the outside dc power supply. Melted wax was also
used in the edge of the sample for further fixation; otherwise,
the large in-plane strain would detach the sample from the VSM
holder.
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Figure 6. Magnetization measurements at different dc
magnetic fields for different electric field conditions. The
sample was premagnetized by H =�7 kOe before measure-
ment. For H = 0, 1 kOe, E can not trigger the magnetization
reversal. ForH = 5, 7 kOe, themagnetization reversal can be
realizedwithout application of E. ForH = 3300, 3380 Oe, the
magnetization reversal can be triggered by E, which would
retain its original orientation with only H.
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