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M
agnetic oxides have been inten-
sively investigated for their mag-
netic, magnetoresistive, magneto-

strictive, and magneto-optical properties.1,2

CoFe2O4 (CFO) is an ideal candidate for
multiferroic and spintronic devices due to
its large magnetocrystalline anisotropy and
magnetostriction, chemical stability, and
unique nonlinear spin-wave properties.3,4

A strong spin�orbit coupling results in a
large magnetostriction of λ = �350 � 10�6

and a large magnetization of 360 emu/cm3,
which promises a large magnetic shape
anisotropy.5 Thus, the magnetic behavior
of CFO is strongly dependent on nanostruc-
ture shape, size, domain configuration, and
strain conditions.6�8 Magnetic nanostruc-
tures with a magnetic anisotropy have
usually only two stable orientations antipar-
allel to each other, separated by an energy
barrier. The stable orientations define the
nanoparticle's so-called “easy axis”. The
Néel relaxation time is an exponential func-
tion of the grain volume,9 thus in sufficiently

small single domain nanoparticles, themag-
netization can randomly flip direction under
the influence of temperature (i.e., super-
paramagnetism). Shape anisotropy is a phe-
nomenon associated with the zeroth spatial
order of the magnetization field and is
predicted to produce the largest coercive
forces.10 Therefore, shape anisotropy has an
advantage in aligning the magnetic easy
axis of nanoparticles with respect to the
surface when assembled into high-quality
2D and 3D arrays.11

The magnetic properties of nanostruc-
tures are strongly dependent on their mor-
phologies (size, shape, core�shell relation-
ship, particle arrangement in the matrix,
etc.).12 Even small deviations from spherical
shapes can significantly alter the coercivity.13

Therefore, patterned magnetic nanostruc-
tures have attracted much research interest
due to their potential application in high-
density magnetic recordingmedia. Thus far,
the attempts to fabricate ordered magnetic
oxides have been focused mainly on three
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ABSTRACT We report growth of various phase architectures of

self-assembled BiFeO3�CoFe2O4 (BFO�CFO) thin films on differently

oriented SrTiO3 (STO) substrates. CFO forms segregated square,

stripe, and triangular nanopillars embedded in a coherent BFO

matrix on (001)-, (110)-, and (111)-oriented STO substrates, respec-

tively. Nanostructures with an aspect ratio of up to 5:1 with a

prominent magnetic anisotropy were obtained on both (001) and

(110) STO along out-of-plane and in-plane directions. Magnetic easy

axis rotation from in-plane to out-of-plane directions was realized

through aspect ratio control. An intractable in-plane anisotropy was fixed in CFO on (111) STO due to the triangular shape of the ferromagnetic phase

nanopillars. These studies established a detailed relationship of magnetic anisotropy with specific shape and dimensions of ordered magnetic arrays. The

results suggest a way to effectively control the magnetic anisotropy in patterned ferromagnetic oxide arrays with tunable shape, aspect ratio, and elastic

strain conditions of the nanostructures.

KEYWORDS: BiFeO3�CoFe2O4
. self-assembled thin film . magnetic shape anisotropy
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means: (i) a top-down lithography;14 (ii) a template-
assisted deposition;3 and (iii) a precipitation of immis-
cible phases that would form specific patterns through
spontaneous phase separation.4 With regards to the
lithographic technique, the minimal size of patterned
oxide magnets is confined by the refractory and che-
mical inertness of CFO compared with traditional
silicon substrates. Nanoporous anodic aluminum oxide
(AAO) membranes as stencil masks have been em-
ployed to fabricate CFO nanodot arrays.3 However, it is
difficult to obtain CFO nanostructures with a high
aspect ratio using these methods, due to the growth
mechanism and the subsequent lift-off from the mem-
brane. Moreover, the shape of the dot arrays is con-
fined by the AAO holes. On the other hand, both the
aspect ratio and the specific shape of the nanostruc-
tures have been controlled in self-assembled multi-
functional nanostructures,5 examples include (i) a
lateral size tuning by thermodynamic growth at differ-
ent deposition temperatures, (ii) a height/length ratio
control by deposition time, and (iii) a nanoarray shape
tailoring by orientation of the substrate.
Magnetic anisotropy is a key factor in the develop-

ment of high-density memory devices. Superparamag-
netic effects can be surpressed and a stablemagnetiza-
tion promoted in ultrasmall nanostructures via mag-
netic anisotropy. In bulk CFO materials, the magneto-
crystalline anisotropy occurs due to a spin�oribit
coupling, whereas, in nanostructured CFO, the mag-
netic anisotropy is dominated mainly by the nano-
structure shape, elasticity, and other interfacial effects.14

It is well-known that perovskite BFO and spinel CFO
spontaneously segregate due to an immiscibility when
grown on SrTiO3 (STO) substrates.

15 BFO is ferroelectric
with a rhombohedral R3c structure that can be de-
scribed as pseudocubic (a = 3.96 Å), whereas CFO is a
ferromagnetic spinel with a cubic Fm3m structure (a =
8.39 Å) having a magnetic easy axis along the Æ100æ

direction.16,17 STO has a cubic structure with a lattice
parameter of ac = 3.91 Å. BFO�CFO self-assembled
heterostructures have vertically aligned interfaces
which induce a compressive strain on the CFO nanoar-
rays due to the crystal lattice mismatch between the
BFO and CFO phases (8.39 > 3.96 � 2). Perpendicular
magnetic anisotropy has been reported and attributed
to the compressive strain at the BFO�CFO interface.
However, TEM analysis of a similar BiFeO3�NiFe2O4

system has shown a fully relaxed interface with a large
interfacial lattice mismatch. Lattice constant measure-
ments in the out-of-plane direction revealed a strain of
less than 0.1%, whereas the lattice mismatch of BFO
and CFOwas 5.6%. In addition, BFO, CFO, and STO have
different thermal expansion coefficients, thus an inter-
nal strain will be introduced during the high-tempera-
ture deposition process thatmakes the strain condition
more complex in the BFO�CFO two-phase system. In
this case, it is difficult to determine the strain of the CFO
only by the lattice mismatch with the surround-
ing phase. CFO has a large saturation magnetization
(Ms = 360 emu/cm3) which promises a large shape
anisotropy energy of Kshape = 2πNMs

2, where N is the
demagnetization factor that is related to the shape and
aspect ratio of the nanostructures.18 As the CFO parti-
cle size is decreased to themicrometer level, the shape
anisotropy energy will be much more dominant. Ac-
cordingly, an effective means to control the magnetic
properties is by tuning of the shape and aspect ratio of
the CFO nanoarrays. Here, the BFO�CFO system was
used to grow CFO nanoarrays with regular shape and
aspect ratios in order to study the magnetic shape
anisotropy properties.

RESULTS AND DISCUSSION

Figure 1 shows the phase architectures of BFO�CFO
grown on differently oriented STO substrates. CFO has
a converse spinel crystal structure, whereas BFO has a

Figure 1. (a) Crystal structure of converse spinel CFO with the (001), (110) and (111) planes entitle. (b) Schematic of phase
architectures for differently oriented BFO�CFO thin films on STO substrates. (c) SEM of BFO�CFO with square, stripe, and
triangular CFO features.
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rhombohedrally distorted perovskite one. The large
crystal lattice mismatch (7.4%) between CFO and STO
induces a big surface energy difference, and a lack of
“wetting” on STO drives CFO to form nanopillars
embedded in a coherent BFO matrix which has a close
lattice constant to that of STO. Scanning electron
microscopy (SEM) images in panel c reveal feature
morphologies of square, stripe, and triangular nano-
structured CFO on (001)-, (110)-, and (111)-oriented STO
substrates, respectively.
We then examined the out-of-plane crystallographic

orientation of the BFO�CFO composite thin films on
differently oriented STO substrate by XRD θ�2θ scans,
as shown in Figure 2. Diffraction peaks of atomic planes
in accordancewith the orientation of the STO substrate
were observed. This indicates an epitaxial growth
mechanism and evidencing phase separation.
Figure 3 summarizes how themagnetic properties of

BFO�CFO on (001) STO changed with dimensions.
A magnetic force microscopy (MFM) probe was mag-
netized in the spin-up direction. The black and white
areas in the MFM images demonstrate spin-up and
spin-down magnetic domains, indicating a perpendi-
cular push�pull magnetic moment coupling between
the probe and the CFO nanopillars. First, we studied
the magnetic response in a BFO�CFO film with a
thickness of 500 nm, where the diameter of the CFO
nanopillars was 100 nm, that is, a height to diameter
ratio of R ≈ 5. The thin film thickness was determined
by direct measurement of the cross-sectional SEM
images. We have examined the lateral size of the CFO
nanopillars in BFO�CFO thin films by cutting the
sample with a focus ion beam, and a uniform width
could be observed.19 Therefore, the aspect ratio can be
calculated by dividing the thickness by the lateral size
of the CFO features. The shape anisotropy energy
density of a CFO cylinder with an aspect ratio of 5:1
and a demagnetization factor of Nz = 0.04 can be esti-
mated as Eshape = 2π(Nx � Nz)Ms

2 = 4.2 � 105 erg/cm3,
where Nx = (1 � Nz)/2.

20,21 The shape anisotropy field
was calculated to be Hshape = 2Eshape/Ms = 1.9 kOe.
Accordingly, the CFO nanopillars should have a pro-
nounced out-of-plane magnetic easy axis. Black and
white square areas of similar proportion can be seen in

the MFM image of Figure 3a, indicating a near random
distribution of up and downmagnetizations for the as-
prepared BFO�CFO. Then, a perpendicular 5 kOe
magnetic field was applied along both up and down
directions. Changes in the MFM image were used to
study the remnant magnetization in each CFO nano-
pillar. Figure 3b shows a MFM image of CFO in the
down magnetized state. Uniform white rectangles of
∼100 nm size show that the CFO nanopillars are
predominantly in a similar single domain state. A near
complete switching of the magnetization direction
(from black to white) was observed in the square CFO
areas under�5 kOe, as can be seen in theMFM images
of Figure 3c.
To confirm that the shape anisotropy is more sig-

nificant than other effects in the BFO�CFO with large
aspect ratios, wemeasured theM�H loops for different
rotation angle (θ) from in-plane to out-of-plane direc-
tions. For CFO square pillars with a finite length, the
easy axis should be in the longest dimension direction
due to shape anisotropy, as illustrated by the arrow in
Figure 3d. BFO�CFO films with thicknesses of 500 and
300 nm were selected, where the aspect ratio varied
from R = 5:1 to 3:1. Figure 3e,f shows the evolution of
theM�H loops as the measurement angle was rotated
from in-plane to out-of-plane directions for CFO nano-
pillars with aspect ratios of 5:1 and 3:1, respectively.
A large magnetic perpendicular shape anisotropy can
be seen in the 500 nm BFO�CFO layer, where the
remnant magnetization (Mr) in the out-of-plane direc-
tion was four times larger than that in-plane. The
coercive field in the out-of-plane direction reached
Hc = 2.5 kOe, which was almost three times larger than
that in-plane (0.9 kOe). The magnetic field was not
sufficiently high to saturate the magnetization, so the
coercive field difference Hdiff = 2.5�0.9 = 1.6 kOe was
smaller than the calculated anisotropy field (1.9 kOe).
The M�H loops for BFO�CFO with a smaller R (3:1)
showed a weaker magnetic anisotropy. The remnant
magnetizations (after normalization) were 0.28 and
0.11 in the OP and IP directions, respectively. The
coercive fields were also much smaller: 1.5 and
0.608 kOe for OP and IP directions, respectively. It is
well-known that the coercive field for single domain
magnetic nanostructure decreases rapidly as the size is
decreased.22�24 Therefore, the decrease of the mag-
netic anisotropy and the coercive field when R was
changed from 5:1 to 3:1 can be attributed to size and
shape anisotropy effects instead of a strain anisotropy
one, as the strain conditions should be identical for the
BFO�CFO system.
Figure 3g shows the remnant magnetization as a

function of the IP to OP rotation angle. For a square
shape with a specific aspect ratio R, the longest dis-
tance should be along the direction indicated by an
arrow in Figure 3d, where θ = arctan(R). For a large R,
the value of θ was very close to 90�: thus, the 500 nm

Figure 2. (a�c) Out-of-plane X-ray diffraction line scan of
BFO�CFO on (111), (110), and (100) STO substrates.
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BFO�CFO thin film had the highest remnance value
of 0.6 along the OP direction. For a 300 nm BFO�CFO
thin film with R = 3:1, the easy axis angle is θ =
arctan(3) = 71 or 109�. Accordingly, the largest
remnance values observed in the M�H loops oc-
curred at θ = 70 and 110�. These results unambigu-
ously demonstrate that the shape anisotropy is a
predominant factor for BFO�CFO self-assembled
nanostructures on (001) STO, where the easy axis
direction can be rotated by tuning of the aspect ratio
of the CFO nanopillars.
The CFO phase has a large saturationmagnetization,

and thus the magnetic anisotropy should be sensitive
to the strain conditions of the CFO nanostructure. We
studied the strain relaxation as a function of the film
thickness, as given in Figure 4a. The 200 nm CFO thin
films on STO showed a (400) peak at 43.166�, which
was quite stable as the thickness changed. This corre-
sponds to a crystal lattice parameter ac = 8.3815 Å,
which is slightly smaller than that of CFO bulk.

In BFO�CFO self-assembled thin films, CFO is confined
by a compressive strain from the BFOmatrix. This strain
will relax as the thin film thickness increases. As the
BFO�CFO thickness increased from 200 to 900 nm, the
CFO diffraction peaks shifted from 43.215 to 43.185�,
indicating a strain relaxation from 0.079 to 0.03%. The
strain anisotropy energy density was then compared
with the shape-induced ones for BFO�CFO films with
different thicknesses, as given in Figure 4c. The strain-
induced anisotropy energy was larger for BFO�CFO
with small aspect ratios. However, as the film thickness
increased, the shape anisotropy will becomemore and
more important. We also measured the magnetic
coercive field as a function of the thickness, as shown
in Figure 4c. With increasing thickness, the strain effect
from the BFO matrix was relaxed, thus the value of
Hc should decrease if the strain effect is the only source
of the magnetic anisotropy in BFO�CFO. However,
Hc increased from 1.2 to 2.53 and then to 3.4 kOe as
the BFO�CFO thickness increased from 300 to 500 and

Figure 3. (a�c) MFM images of single domain CFO nanopillars after applying different magnetic fields. (d�f)M�H loops for
different measurement angles of CFO nanopillars with different aspect ratios. (g) Remnant magnetization as a function of in-
plane to out-of-plane rotation angle.
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then to 900 nm due to the existence of shape aniso-
tropy effect.
Figure 5 summarizes the magnetic properties of

BFO�CFO on (110) STO substrates, where themorpho-
logical features were aligned along the in-plane direc-
tion. The deposition temperature was set to be 700 �C
for the requirement of well-separated phase distribu-
tion which is related to the growth thermal dynamics.

Both growth rate and deposition temperature can
affect the feature size of CFOnanostripes: faster growth
rate and higher deposition temperature will produce
CFO nanostripes with larger width and length values.
Detailed CFO nanostructure dimension control can be
found in our previous results.25 The CFO phase formed
as nanostripes with R≈ 5:1 that were oriented in the in-
plane direction, with lengths of∼300 nmandwidths of

Figure 4. (a) X-ray line scan of pure CFOandBFO�CFO thinfilmswith different thickness. (b)M�H loops for 900 nmBFO�CFO
in IP and OP directions. (c) Comparison of strain- and shape-induced magnetic anisotropy energy density (K) and magnetic
coercive field (Hc) as a function of BFO�CFO thickness.

Figure 5. (a,b) AFM andMFM images of BFO�CFO on (110) STO (AFM error bar: 50 nm). (c) Schematic ofmagnetic easy axis in
the in-plane direction. (d)M�H loops of (110) BFO�CFO in IP andOPdirections. (e)M�H loops of BFO�CFOon (110) STOwith
different in-plane directions. (f) Remnant magnetization as a function of in-plane rotation angle θ for BFO�CFO on (100) and
(110) STO.
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∼60 nm. Panel a gives an atomic force microscopy
(AFM) topography which shows that the CFO nano-
stripes were slightly higher than the BFO matrix, and
panel b is a corresponding MFM image where a strong
magnetic response was evident in the CFO phase but
not in the BFO matrix. The dimensions of CFO nanos-
tripes were not uniform, and a stand deviation on the
aspect ratio is shown in panel c. The CFO phase has a
large magnetocrystalline anisotropy of K1 = 2 � 106

erg/cm3: thus, the crystalline anisotropy energy differ-
ence between the Æ001æ and Æ110æ directions is ΔE =
K0 � (K0 þ K1/4) = 5 � 105 erg/cm3,21 which is close to
the shape anisotropy energy for a nanostructure with
an aspect of R = 5:1. However, it has been reported that
the effective magnetocrystalline anisotropy energy
(Keff) is strongly dependent on the size of the magnetic
nanostructures: Keff will decrease as the particle size
decreases.26�28 TheM�H loops for BFO�CFO on (001)
STO substrate exhibited similar ferromagnetic behav-
ior when referenced to their in-plane Æ001æ and Æ110æ
directions. The crystal lattice mismatch between CFO
and STO is 7.7%, while that of CFO and BFO is 6.06%.
The large crystal lattice mismatch will induce excessive
misfits in the longitudinal and perpendicular inter-
faces. Lower coordinated atoms at the surface will then
play a more significant role. Therefore, the magneto-
crystalline anisotropy is further decreased. Accord-
ingly, an easy axis along the length can be expected
for BFO�CFO on (110) STO, that is, the IP1 direction in
panel d, where IP1 denotes the long axis Æ110æ of CFO
nanostripes and IP2 the short axis of Æ001æ. The M�H

loops for the BFO�CFO epitaxial layers in both IP and

OPdirections are shown in panel e. The thickness of the
sample was 200 nm, thus the aspect ratio between IP1
and OP was 3:2. IP1 is the easy axis with a much larger
Mr, which also had a larger Hc compared with the OP
direction. The value of Mr was then measured as a
function of the in-plane rotation angle θ, as shown in
panel g. A sine-like wave function for Mr can be seen
with a largeMr in the IP1 direction (0.79) and a smallMr

along IP2 (0.33). Again, the largest Mr was observed
in the directions around OP (80 and 100�) due to the
limited R value. These results demonstrate a strong
anisotropy for BFO�CFO layers. This phenomenon
offers an effective method to solve the problem
of the superparamagnetic limit, where the exis-
tence of a strong easy axis may provide an enhanced
tolerance to track misregistration and side-writing
for longitudinal recording.29 Although the sizes of
the CFO nanostructures in BFO�CFO self-assembled
thin films (>100 nm) are far from the superpara-
magnetic limit (<10 nm),30 the conclusions about
BFO�CFO can be applied to all other artificial
magnetic nanoarrays, such as self-assembled BTO�
CFO, where the CFO feature size can reach around
20 nm.4

For BFO�CFO on (110) STO, there are two different
interfaces along the IP1 and IP2 directions, respec-
tively, as shown in Figure 6a. The interface along the
IP1 direction is 5 times larger than that along IP2 for a
CFO nanostripe with an aspect ratio of 5:1. A biaxial
strain should result in a similar magnetic strain anisot-
ropy in in-plane and out-of-plane directions for each
BFO�CFO interface. However, in the out-of-plane

Figure 6. (a) Schematic of two different strain effects in the BFO�CFO interfaces along different directions. (b)M�H loops of
BFO�CFOwith different in-plane rotation angles from IP1 direction. (c) Magnetic remnance as a function of in-plane rotation
angle θ.
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direction, the effect of strain 1 and strain 2 can be
added together as they both act along the same
direction, whereas the strain effects act separately
along the IP1 and IP2 directions. Thus, the strain along
the three different directions can be roughly estimated
to be Sop:Sip1:Sip2 = 6:5:1. The CFO crystal structures
along (110) and (110) directions are identical, thus
there is no magnetocrystalline anisotropy between
IP1 and OP. We measured the M�H loops for 200 nm
BFO�CFO thin film with different IP1 to OP rotation
angles, as shown in Figure 6b,c. IP1 is the length
direction of the CFO nanostripes; thus, it is the mag-
netic easy axis, which had a magnetic remnance of
0.55. The OP direction is expected to be the magnetic
hard axis as a result of the magnetic shape anisotropy.
However, smaller remnance values (∼0.35) were found
for θ= 60 and 120� relative to the value (0.43) at θ= 90�
along the OP direction: this is due to the existence of a
compressive strain along the OP direction, which
induces an out-of-planemagnetic anisotropy. The total
magnetic anisotropy is the competing effect of the IP1
shape anisotropy and the OP strain anisotropy, where

shape anisotropy is more significant, resulting in a
uniaxial in-plane magnetic easy axis along the IP1
direction.
Figure 7 shows the phase architecture andmagnetic

response of a BFO�CFO film on (111) STO. Although it
has been reported that CFO has a smaller surface
energy mismatch with STO compared with the BFO
phase,5 we found that CFO formed as segregated
triangular cylinders embedded in a coherent BFO
matrix. A BFO�CFO thin film with a thickness of
500 nm was selected due to a comparatively large
out-of-plane magnetic anisotropy (compared with
thinner films) which favors MFM measurements.

Figure 7. (a�c) AFM and MFM images of 500 nm BFO�CFO films on (111) STO with different magnetic configurations (AFM
error bar: 125 nm). (d)M�H loops for 500 nmBFO�CFOon (111) STO and a schematic of demagnetization field (inset). (e) Top-
view SEM of released CFO prism arrays. (f) Comparison of XRD results for BFO�CFO, released CFO, and pure CFO thin films.
(g) M�H loops of BFO�CFO and released CFO. (h) M�H loops for BFO�CFO with different in-plane rotation angle.
(i) Magnetization remnance and Hc as a function of in-plane rotation angle θ.

TABLE 1. Comparison of Coercive Field (Hc) and Remnant

Magnetization (Mr) for BFO�CFO and Released CFO

Nanoarray Structures in Both In-Plane (ip) and Out-of-

Plane (op) Directions

structure Hc‑ip(Oe) Hc‑op(Oe) Hc‑ip/Hc‑op Mr‑ip(emu/cc) Mr‑op(emu/cc) Mr‑ip/Mr‑op

BFO�CFO 1235 889 1.39 115 66 1.74
released CFO 450 320 1.40 89 38 2.34
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Panels a�c show AFM and MFM images of BFO�CFO
having different magnetization states. Black triangular
areas can clearly be seen in panel b, indicating a spin-
up state in the CFO pillars under �5 kOe, whereas the
white ones in panel c indicate a switching to spin-down
under 5 kOe. The M�H loop of the 500 nm BFO�CFO
on (111) STO is given in panel d, where it can be seen
that Mr in the in-plane direction is still larger than that
out-of-plane. This intractable in-plane easy axis can be
attributed to the shape edge of the triangular CFO
pillars. Themagnetic pole density is strongest in the tip
area of the triangles, resulting in a large demagnetiza-
tion field, as illustrated in the inset schematic in panel d.
In this case, the demagnetization factor Nip is much
smaller comparedwith that of an elliptical one. This will
then pin the easy axis along the in-plane direction. To
confirm this phase architecture, we annealed a BFO�
CFO film with thickness of 300 nm at 860 �C for 3 h to
evaporate bismuth and decompose the BFO perov-
skite phase. Detailed procedure can be found in our
previous work about release of BFO�CFO on (100) STO
substrates.31 We then used acid to etch the remaining
iron oxide reduced from BFO. Distinct CFO triangular
pillars can be seen in top-view SEM image, as shown in
panel e. The release effect was also confirmed by the
XRD results. In panel f of the figure, BFO�CFO, released
CFO, and pure CFO diffraction peaks can clearly be
seen. A compressive strain value of 0.079% in the CFO
phase of the BFO�CFO layer was estimated by com-
paring with pure CFO thin films on (111) STO. After
annealing and etching of the BFO matrix, the (111)
diffraction peak from BFO disappeared, whereas the
CFO (222) peak remained but was shifted from 2θ =
37.28 to 37.22�; this is due to the release of compres-
sive strain from the BFO matrix. Then, the M�H loops
for 300 nm BFO�CFO were compared for the states
before and after the releasing procedure, as shown in
panel g. Despite the large strain along the out-of-plane
direction, the BFO�CFO film still exhibited an in-plane
magnetic anisotropy with a larger remnant magnetiza-
tion and a larger Hc along the in-plane direction
compared to that along the out-of-plane one. For the
released CFO nanoarrays, the value of Hc was signifi-
cantly decreased due to the release of the compressive
strain and to the fact that the in-plane magnetic
anisotropy becomes much more significant. Detailed
magnetic response changes are given in Table 1. Also,
theM�H loops for 300 nm BFO�CFO thin film on (111)

STOwith different in-plane rotation angles, as shown in
Figure 7h,i. No significant change could be found in
either Hc or magnetic remnance values as a function of
the in-plane rotation angle θ.
Table 2 summarizes the phase distribution, mor-

phology, and magnetic anisotropy for BFO�CFO thin
films grown on (100), (110), and (111) STO substrates.
Dramatic difference can be found for BFO�CFO with
different shapes, and the total magnetic anisotropy is
the cooperating effect of shape and strain anisotropy.
In (100)-oriented BFO�CFO (thickness >100 nm), mag-
netic shape anisotropy and strain anisotropy are all in
the OP direction, thus the easy axis is along the OP
direction. For (110)-oriented BFO�CFO, the magnetic
shape anisotropy lies along the IP1(110) direction,
whereas the strain anisotropy is along OP. The compet-
ing effect results in an easy axis in the IP1 direction
and a hard axis that is 30� from the OP direction. In
(111)-oriented BFO�CFO, the sharp edge of the CFO
prism results in a large IP magnetic anisotropy, while
the strain anisotropy is along the OP direction. The
easy axis is in the OP direction. No obvious magne-
tocrysalline anisotropy has been found due to the
small size of CFO nanostructures with large surface-
to-volume ratio.

CONCLUSIONS

We have deposited BFO�CFO self-assembled thin
films on three differently oriented STO substrates with
different phase architectures. CFO forms square nano-
pillars on (001) STOwith a lateral size of around 100 nm,
where the aspect ratio could be manipulated by the
height of the nanopillars. Complete magnetization
switching in each CFO nanopillar was observed in the
MFM images. Nanostriped CFO was then deposited on
(110) STO substrateswith an in-plane aspect ratio of R=
5:1. The hard axis was around the OP direction due to
the competing ofmagnetic shape and strain effects. An
easy axis was found along the length direction due to a
stronger magnetic shape anisotropy compared with
the strain one. CFO had a triangular pillar morphology
when deposited on (111) STO. An intractable in-plane
easy axis indicated a strong demagnetization field
induced by a large magnetization gradient in each
triangular pillar along the in-plane direction. These
results illustrate an important relationship between
magnetic properties with specific shapes and aspect
ratios for BFO�CFO self-assembled heterostructures.

TABLE 2. Phase Architecture, Morphology, and Magnetic Anisotropy of BFO�CFO Self-Assembled Thin Films Grown on

Differently Oriented STO Substrates

substrate orientation CFO shape lateral size (nm) thickness (nm) shape anisotropy strain anisotropy crystalline anisotropy total anisotropy

100 square 100 300, 500, 900 OP OP N/A OP (uniaxial)
110 stripe 60 (W), 300 (L) 200 IP OP N/A IP (uniaxial)
111 triangle 100 300, 500 IP OP N/A IP (biaxial)
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Development of ferromagnetic artificial patterns of
nanometer size with controllable magnetic anisotropy

may offer application in high-density perpendicular
storage.

EXPERIMENTAL METHODS

Fabrication Procedures. BFO�CFO self-assembled nanostruc-
tures 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 (001)-, (110)-, and (111)-oriented STO
substrates were used for the growth of BFO�CFO with different
phase architectures. Growth was carried out at 700 �C in an
oxygen atmosphere (150 mTorr) with a laser energy density of
3 J/cm2 at 10 Hz. The distance between the target and sub-
strates is 6 cm. Etching of the annealed BFO�CFO was per-
formed in dilute HCl (50%, v/v) for 1 h at room temperature.

Characterization of Structure and Properties. The phase distribu-
tion and thickness of BFO�CFO thin filmswere characterized by
a LEO (Zeiss) 1550 field-emission SEM to obtain top-view
images. The crystal lattice and thin film orientation were
analyzed by a Philips X'pert high-resolution X-ray diffractometer
designed for single-crystalline samples. Topography and mag-
netic properties were studied by a Veeco SPI 3100 working in
AFM and MFM modes, respectively. MFM images was obtained
with a magnetic tip working at lift mode with a lift height of
20 nm. Magnetic hysteresis loops were measured using a
Lakeshore 7300 series vibrating sample magnetometer system
at room temperature.
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