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1 Introduction Complex oxides are an extremely rich 
family of compounds displaying a remarkable range of 
functional properties, including superconductivity as well 
as ferroic orders such as magnetism and ferroelectricity [1].  
Interfaces in such complex oxide thin films are of particu-
lar interest because specific strain or polar boundary condi-
tions can lead to additional interface-induced effects: ultra-
high carrier mobility and concentration at room tempera-
ture in 2D interface electron gases [2]; interface-induced 
high temperature superconductivity [3]; and enhanced in-
terface magnetism [4]. However, these interfacial struc- 
tures are in the form of conventional hetero-epitaxial mul-
tilayers, where the interface is buried at the bottom of the 
film making it difficult to probe it by direct measurements. 
The emergence of self-assembled thin film structures, on 
the other hand, offers interfaces that intersect the thin film 
surface; thus, they could be easily probed, offering promise 
in fabrication of 3D devices. 

Since the observation of phase separation in the 
(La,Ca)MnO3–MgO system [5], epitaxial growth of nano-
scale self-assembled structures has been extensively inves-
tigated in other systems. Segregation of perovskite–spinel 
systems has been explored, showing a series of nanopillars 
embedded in matrix structures [6–13]. Nanoarrays of fer-

romagnetic materials are important for the fabrication of 
magnetic recording and spintronic devices. Traditional li-
thography was developed for patterning of semiconductors, 
and there are only a few reports on patterned oxide mag-
nets by this method due to their chemical inertness [14]. To 
solve this problem, anodized aluminum oxide templates 
have been used for the fabrication of high density CFO  
nanoarrays [14–16].  

Here, a process that combines pulsed laser deposition 
(PLD) of self-assembled BiFeO3–CoFe2O4 (BFO–CFO), 
thermal evaporation treatment and a subsequent etching 
process has been applied to self-assembled BFO–CFO on 
SrRuO3/SrTiO3 (SRO/STO) heterostructures. This process 
then allows for the fabrication of CFO nanopillar arrays 
and tailoring of the magnetic anisotropy [17, 18]. 

 
2 Experimental details We deposited 65BiFeO3–

35CoFe2O4 epitaxial thin films by pulsed laser deposition 
(KrF excimer laser, λ = 248 nm) on (001) oriented SRO 
buffered STO single crystal substrates. The crystal struc- 
ture of the films was measured using a Philips X’pert high 
resolution X-ray diffractometer designed for single crystal-
line samples. The surface morphologies of the self-
assembled  films  were  studied  using  a  LEO Zeiss 1550  

We deposited epitaxial BiFeO3 –CoFe2O4 (BFO–CFO) self-
assembled thin films on (001) SrTiO3 (STO) substrates. We
find that a combined annealing and etching process could re-
move the BFO matrix, thereby resulting in free-standing CFO
nanopillar arrays. Scanning electron and atomic force micro-
scopies showed well separated CFO nanopillars, which were

 very similar to the original CFO ones in the self-assembled
structure. Finally, comparison of the magnetic hysteresis
loops before and after removal of the BFO matrix showed a
significant decrease of the coercive field and a dramatic de-
crease in the strain dominated magnetic anisotropy. 
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Figure 1 (online colour at: www.pss-rapid.com) (a) Schematics 
of the releasing process. (b) XRD line scan profiles, before and 
after release of BFO. (c) and (d) SEM top view images of BFO–
CFO before and after release, respectively. 
 
Schottky field-emission scanning electron microscopy 
(SEM). The topography and magnetic domain structures 
were characterized by a Veeco SPI 3100 atomic force mi-
croscopy (AFM) and magnetic force microscopy (MFM). 
Magnetic hysteresis loops were measured with a Lakeshore 
7300 series vibrating sample magnetometer (VSM) system 
at room temperature. 

 
3 Results and discussion Figure 1(a) shows a prepa-

ration schematics. Composite targets of 65BFO–35CFO 
were used for the deposition of the self-assembled BFO–
CFO composite thin film precursors. The two immiscible 
phases decompose naturally during growth due to different 
surface energy anisotropies between the spinel CFO and 
perovskite BFO phases [9]. The BFO phase can easily wet 
on (100) oriented SRO/STO forming a matrix, whereas the 
CFO phase nucleates and forms nanopillars with a rectan-
gular top surface. Bulk CFO is ferromagnetic with a cubic 
Fm3m structure (aCFO = 8.392 Å), while bulk BFO is ferro-
electric with a pseudocubic structure (aBFO = 3.96 Å). Thus, 
CFO is under compressive strain from the BFO matrix in a 
self-assembled structure: as aCFO > 2aBFO. This compres-
sive strain can be estimated as 0.26% by calculating the  
c-axis lattice change from the right shift of the CFO (004) 
diffraction peak relative to the single crystal value: see 
XRD line scan (red curve) in Fig. 1(b). We then annealed 
the samples at 900 °C in air for three hours to evaporate Bi, 
leaving only the iron oxide phase which was then etched 
off using a dilute acid. Accordingly, we released the CFO 
nanopillars from the BFO matrix. Furthermore, XRD line 
scans (black curve) show the disappearance of the BFO 
peaks, and a sharper left-shifted CFO (004) peak. The re-
sidual strain in the CFO phase was decreased to 0.16%. 
The full-width at half-maximum (FWHM) of the CFO 
(004) peak was also decreased (from 0.2° to 0.15°), due to 
the relaxation of the strain from BFO phase. Figures 1(c) 
and (d) show top view SEM images for BFO–CFO self-
assembled  structures  before  and  after  removal  of  the  

 

Figure 2 (online colour at: www.pss-rapid.com) Topographic 
AFM images of BFO–CFO self-assembled structure before  
(a) and after (d) release. (b) and (e) Line profiles taken from  
selected areas in (a) and (d), respectively. (c) and (f) 3D AFM  
topography images (1 µm × 1 µm) of (a) and (d), respectively. 
 

BFO matrix, respectively. Figure 1(c) clearly shows self-
assembled CFO nanopillars with a rectangular morphology 
embedded in a BFO matrix. The size of the CFO nanopil-
lars was about 80 nm. After annealing (see Fig. 1d), one 
can clearly see free-standing CFO nanostructures of nearly 
the same size. These results demonstrate that we preserve 
the CFO nanostructure after removing the BFO matrix by 
annealing and etching.  

Figure 2 shows AFM images that illustrate the 3D to-
pography of the CFO nanoarray structures. Part (a) shows 
a topography image of the BFO–CFO thin films surface, 
for which a line profile (taken along the white line in 
Fig. 2a) is given in part (b). We can see that the CFO  
nanopillars are slightly higher than the BFO matrix and 
that topography relief is less than 20 nm in height: this 
demonstrates a smooth surface. The corresponding 3D im-
age is shown in part (c), where we can observe well-
separated CFO nanopillars with a relatively smooth top 
surface embedded in a BFO matrix. We then performed 
similar measurements after removal of the BFO matrix. 
The height of the CFO nanopillar features was increased to 
nearly 200 nm, which was close to the thickness of the 
original BFO–CFO thin films. This shows that the BFO 
matrix was removed and that the CFO nanopillars are free-
standing on SRO/STO substrates. Part (f) gives a 3D image 
of the free-standing CFO nanoarray structure. 

Finally, we studied the spin configuration and mag-
netic domain distribution of the CFO nanopillars by  
VSM and MFM, as shown in Fig. 3. Part (a) shows the  
M–H loops of an as-prepared BFO–CFO self-assembled 
thin  film.  When  normalized  to  the  volume  fraction  of  
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Figure 3 (online colour at: www.pss-rapid.com) Magnetic hys-
teresis loops of BFO–CFO self-assembled nanostructures before 
(a) and after (b) release. (c) MFM image of as prepared BFO–
CFO; and AFM (d) and MFM (e) images of released CFO nano-
pillars.  

 
CFO (~37%), the film had a saturation magnetization of  
Ms ≈ 2.4µB per Co. The M–H loop in the out-of-plane di-
rection was square-like with a coercive field of ~3 kOe. 
The remnant magnetization was Mr ≈ 2.15µB per Co. This 
shows that most of the magnetic moments that have been 
aligned out-of-plane remained in the same direction after 
removal of H. In contrast, the M–H loop in the in-plane di-
rection was relatively slim and required a much larger 
magnetic field to achieve saturation.  

However, the magnetostrictive anisotropy will be 
greatly decreased by release of the CFO nanopillars from 
the BFO matrix. As a result, the released CFO nanopillars 
should exhibit properties much like unstrained bulk CFO 
single crystals: with a decreased coercive field [14, 15] and 
reduced anisotropy between in-plane and out-of-plane di-
rections. One point to be noted after removal of the BFO 
matrix is that Ms increased from about 2.4µB to 3µB per 
Co: which can be explained by a change in the surface spin 
state induced by exchange coupling between ferromagnetic 
CFO and antiferromagnetic BFO interfaces. After release 
from the BFO matrix, this spin coupling is destroyed and 
the surface area of CFO can then contribute more to the 
magnetization, resulting in a larger saturation value. Fig-
ure 3(c) shows the MFM image of BFO–CFO self-
assembled thin films. A single domain state can be seen in 
each pillar. Figures 3(d) and (e) show AFM and MFM im-
ages of released CFO nanopillars. A lower remnant mag-
netization in the out-of-plane direction resulted in a ‘fuzzy’ 
MFM image; in addition, a dark–bright contrast can be 
seen within individual CFO nanopillars, revealing that 
multi-domain states emerged after release. Both the M–H 
loop and MFM results reveal that the magnetic state is less 
stable after the release for the CFO nanopillars. 

In summary, we have deposited well-distributed BFO–
CFO self-assembled epitaxial layers on SRO buffered STO 
substrates, and then subsequently used annealing and etch-
ing to release the CFO nanopillar arrays from the BFO ma-

trix. XRD and AFM demonstrated good epitaxy for the 
CFO phases and that the original CFO nanopillar array 
morphology was maintained after annealing–etching. Fi-
nally, the magnetic hysteresis loop and MFM measure-
ments demonstrated that removal of the BFO matrix could 
greatly decrease the strain and spin coupling at the 
CFO/BFO interfaces, thus reducing the magnetic anisot-
ropy of the CFO phase. A change in both coercive field 
and saturation magnetization strongly indicates the possi-
bility of tuning the magnetic properties of the CFO phase 
by strain.  
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