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ABSTRACT

Bi;WOg:CoFe; 04 (BWO:CFO) vertically aligned nanocomposite (VAN) in epitaxial thin film form has
been demonstrated on single-crystal LaAlO3 (LAO) (001) substrates via pulsed laser deposition (PLD).
CFO nanopillars exhibit a unique nanocone shape embedded in the epitaxial BWO matrix with an
Aurivillius layered oxide structure. The growth direction of the CFO nanopillars is (004), different from
that of its epitaxial single-phase counterpart (220), which is attributed to the interfacial strain effect.
Magnetic measurements show robust and anisotropic magnetic properties from the CFO nanocone
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structures, and obvious ferroelectric responses are demonstrated in the BWO matrix, both at room

temperature.
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The BWO:CFO VAN thin film combining a ferroelectric layered oxide matrix and magnetic verti-
cal nanocone present a new hybrid material platform for room temperature multiferroics design

towards nanoscale sensors and actuators.

Introduction

Multiferroic materials which exhibit ferroelectric and fer-
romagnetic response simultaneously have attracted sig-
nificant interest in the past few decades [1]. However,
truly single-phase multiferroics are scarce, because the
coexistence of magnetism (spin order) and ferroelec-
tricity (electric dipole order) in a single-phase material
may be limited. Hence, multiferroic nanocomposites that
combine a ferroelectric phase and a magnetic phase have
been introduced [1,2,3,4]. Various two-phase nanocom-
posite thin films have been demonstrated to show
multiferroic properties, including BaTiO3:CoFe;Oy4 [1],
BiFeO3:CoFe; 04 [2], and BaTiO3:YMnOj3 [3]. Some of
the above nanocomposites were designed with verti-
cally aligned nanocomposites (VAN) structure, which is
a novel thin film architecture and where two immiscible

phases co-grow epitaxially and vertically on substrates
[5,6]. Furthermore, the VAN systems provide effective
vertical strain coupling along the vertical two-phase
interfaces, which allows the growth of highly strained
films and enhanced ferroelectric/ferromagnetic proper-
ties compared to their single-phase counterparts [7].
However, the ferroelectric phases in the reported multi-
ferroic VAN systems are mostly perovskite oxide struc-
tures [4], for example, BaTiO3 (BTO) and BiFeO3 (BFO).
These representative ferroelectric materials have some
limitations: e.g. BTO was reported to have a low Curie
temperature (T¢) of 120°C to 130°C, and BFO exhibits
high leakage current. Studies on the growth and property
characterizations of both BTO and BFO also suggested
that both films are sensitive to processing conditions and
their ferroelectric properties vary significantly among
different reports [8,9,10].
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Bismuth-based layered oxides (in an Aurivillius phase)
have been reported as another family of ferroelectric
materials, which exhibits robust polarization with low
leakage current and resistant to fatigue [11]. Among var-
ious Aurivillius phases, orthorhombic Bi;WOg (BWO)
is one of the simplest members in the Bismuth-based
layered oxide family. It is constructed by alternating
(Biy0,)%* slabs and (WO,)?~ perovskite layers [12], as
shown in the atomic model in Figure 1(a). Because of the
layered perovskite structure, it shows directional spon-
taneous polarization depending on the crystallinity [13].
The strong polarization anisotropy makes it unique for
mastering the ferroelectric property by thin film strain
effect. However, the work on BWO in thin film form is
very scarce [14] and most of the BWO demonstrations
have previously focused on dielectric and photocatalytic
properties [15,16,17].

On the other hand, CoFe;04 (CFO) with a spinel
structure (Figure 1(a)) is an important ferromagnetic
material with excellent magnetic property such as high
coercivity, moderate saturation magnetization, as well
as high chemical and structural phase stability [18,19].
Furthermore, because of the high magnetostriction coef-
ficient, it shows the possibility of tuning magnetization
by lattice strain [20]. Therefore, CFO as the ferromag-
netic component has been previously introduced into
multiple heteroepitaxial nanocomposite systems, such as
SrRuOs3:CFO [21], BiFeO3:CFO [22] and PbTiO3:CFO
[23].

In this study, a new VAN system composed of the
ferroelectric BWO layered oxide as the matrix and the
ferromagnetic CFO as the secondary phase has been pro-
posed and illustrated in Figure 1(b). The red pillars rep-
resent the CFO phase, while the green area signifies the
BWO matrix. (001)-oriented LaAlO3; (LAO) substrates
have been selected for the epitaxial growth of both phases.
Compared to perovskite VAN systems such as BTO:CFO
and BFO:CFO, the proposed BWO:CFO nanocompos-
ites could present the following potential advantages: (1)
high Curie temperature, low leakage current and high
fatigue endurance; (2) the directional spontaneous polar-
ization related with the layered structure; and (3) reli-
able ferroelectric properties presented by BWO. We thus
investigated the microstructure, strain state, ferromag-
netic and ferroelectric properties of the new BWO:CFO
VAN system and compared it with the single-phase
BWO and CFO films, with a focus on room temperature
properties.

Experimental

The BWQO5:CFOy 5 target was prepared by a conven-
tional solid-state sintering method. The epitaxial thin

MATER. RES. LETT. 419

films were deposited on single-crystal (001)-oriented
LAO substrates by pulsed laser deposition (PLD) using a
KrF excimer laser (. = 248 nm). The deposition rate of
thin films was 2 Hz under an optimized oxygen partial
pressure of 200 mTorr. Substrate temperature of 670°C
was maintained during the deposition. Following the
deposition, the films were cooled down to room temper-
ature in 200 Torr oxygen atmosphere at a cooling rate
of 10°C/min. 100 nm thick Au top contacts of 0.1 mm?
area were deposited by a custom-built magnetron sput-
tering system using a 99.99% pure Au sputter target from
Williams Advanced Materials.

The microstructure of as-deposited films was investi-
gated with X-ray diffraction (XRD, PANalytical
Empyrean) and transmission electron microscopy (TEM,
FEI TALOS T200X) operated at 200kV. The high-
resolution scanning transmission electron microscopy
(HRSTEM) images in high angle annular dark-field
(HAADF) mode (also called Z-contrast imaging) were
obtained using TEAM 1.0, a modified FEI Titan TEM
with a Cs probe corrector operated at 300 kV. The mag-
netic properties of the thin films were investigated using
the vibrating sample magnetometer (VSM) option in
a commercial Physical Properties Measurement System
(PPMS 6000, Quantum Design). During the measure-
ments, the out-of-plane and in-plane magnetization were
recorded by applying a magnetic field of 1T perpendicu-
lar and parallel to the film plane, respectively. Ferroelec-
tric polarization-electric field (P-E loops) measurements
were conducted by Precision LC II Ferroelectric Tester
(Radiant Technologies, Inc.). The phase and ampli-
tude hysteresis loops were collected with atomic force
microscopy (AFM, Bruker Dimension Icon). Bruker
SCM-PIT Cr-Pt coated silicon cantilevers were adopted
in the piezoelectric force microscopy (PFM) measure-
ments.

Results and discussion

XRD analysis was first carried out to check the crys-
tallinity of the BWO:CFO film. Pure BWO and CFO
films were also deposited and measured for comparison,
as shown in Figure 1(c). The pattern of nanocomposite
BWO:CFO presents BWO (00/) and CFO (004) peaks.
The BWO (00/) peaks indicate the layered structure and
are identical to that of the pure BWO on LAO. The lat-
tice parameter of BWO (004) is calculated to be 8.213
A, which is almost half of the bulk parameter 16.427 A
[24]. It indicates nearly perfect matching between BWO
and CFO phases in the out-of-plane direction. In addi-
tion, it is clearly observed that BWO (004) matches with
CFO (004) in the out-of-plane direction. However, the
pure CFO on LAO shows (220) and (440) as the textured
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Figure 1. (a) Atomic models of Bi;WOg (BWO), CoFe;04 (CFO) and LaAlOs (LAQ). (b) Schematic diagram of VAN structure. CFO phase is
represented by red pillars and denoted with C, while BWO is the rest green area. (c) -26 XRD scans of BWO:CFO, BWO and CFO on LAO

substrates, respectively.

orientation, which is different from the preferred (004)
texture of the CFO phase in the nanocomposite. Sim-
ilar preferred (004) CFO growth orientation has been
reported in the BFO:CFO system [1,25], where the inter-
face of CFO (004) shares the {110}-type interface with
BFO matrix, due to the low interface energy between
the octahedrons in the perovskite and those in the spinel
phase. Thus, the preferred orientation of (004) CFO in
BWO:CFO nanocomposite compared with the pure CFO
is due to the strain effect from BWO matrix. The out-
of-plane lattice parameter of CFO in BWO:CFO can be
calculated to be 8.367 A compared to the bulk parame-
ter of 8.39 A [26], which indicates a minor compressive
strain of —0.27% in out-of-plane direction. The effect of
deposition rate on the nanocomposite microstructure has
also been explored. Figure S1 shows the XRD pattern of

BWO:CFO deposited under the laser frequency of 10 Hz.
CFO phase shows the (004) growth orientation and the
out-of-plane lattice parameter is calculated as 8.359 A,
which is also under compressive strain. However, BWO
phase shows more peaks, besides the primary (00]) peaks,
which are marked by “¢’. It indicates other orientations of
BWO phase have grown in the high deposition frequency
sample. This result is similar to the previous bismuth-
based oxides work that the layered structure is sensitive to
the deposition rate [27]. Similarly, the film composition
(i.e. two-phase molar ratio) could also affect the overall
film microstructure and the resulted film properties. It
thus shall be further explored as future work.

TEM was applied to further investigate the
microstructure and strain status of the nanocomposite
films. The cross-sectional TEM image (Figure 2(a))
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Figure 2. (a) Cross-sectional TEM image of BWO:CFO. (b) The corresponding SAED pattern from thin film area. BWO phase is denoted
with B. (c) HRTEM image along the interface between BWO and CFO. The insets show the fast Fourier transformed (FFT) images from
BWO and CFO phases. (d) The corresponding FFT filtered image (the dashed line guides the interface).

shows that both phases grew as vertical domains from
the substrate surface to the top of the film. The distin-
guished dots in the corresponding selective area electron
diffraction (SAED) pattern (Figure 2(b)) exhibit only
(00!)-orientated BWO and (004)-oriented CFO phases,
which agrees well with the previous XRD results. The in-
plane lattice parameter of CFO is then calculated to be
a = b = 8.404 A and the corresponding in-plane strain
is determined as 0.17%. It indicates that the CFO phase
in BWO:CFO is under out-of-plane compressive strain
(g001), which is calculated as —0.44%. As a comparison,
pure BWO and CFO phases were also characterized and
shown in Figure S2(a,c) by TEM. BWO wets the sub-
strate completely and follows a layer-by-layer growth,
which is identified by the satellite diffraction pattern
(Figure S2(b)). In comparison, the pure CFO thin film
follows island growth with (044) as the out-of-plane ori-
entation in the SAED pattern (Figure S2(d)). It suggests
that the BWO phase in the nanocomposite facilitated the
nucleation and growth of CFO (004). BWO:CFO het-
erointerface was investigated with high-resolution TEM
(HRTEM) (Figure 2(c)). The two phases show excellent
epitaxial quality. The BWO phase exhibits clear layered
structure along the out-of-plane direction (c-axis). The

insets are fast Fourier transform (FFT) images obtained
from local BWO and CFO areas. They agree well with the
SAED pattern. The corresponding fast Fourier filtered
image (Figure 2(d)) confirms the well matching between
4 of BWO (00/) and CFO (004) along the vertical inter-
face, which is energetically favorable saving with small
residual strain.

Further microstructure analysis has been conducted
to reveal the chemical composition distribution and
the out-of-plane strain status of BWO:CFO. Figure 3(a)
presents the plan-view low-mag STEM image, and
Figure 3(b) shows the corresponding EDS mapping data.
The top view of CFO nanopillars shows a rectangular
shape. Based on the high-resolution STEM (HRSTEM)
(Figure 3(c)) and EDS results, the interfaces between the
two phases are very sharp without any obvious inter-
diffusions. Cross-sectional STEM (Figure 3(d)) and cor-
responding EDS mapping (Figure 3(e)) were also carried
out to explore the 3D nature of the film. The diameter
of the CFO nanopillars increases along the growth direc-
tion and the pillars form an inverted cone shape, which
could be related to that the strain effects on CFO pil-
lars from BWO matrix decrease as the film grows thicker.
Similar inverted cone shape of CFO nanopillars has been
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Figure 3. Microstructure study of BWO:CFO. (a) Plan-view STEM image of a selected area of the film, with (b) EDS mapping of the marked
area and (c) atomic-scale high-resolution image of one pillar interface. (d) Cross-sectional STEM image of a selected area of the film with
(e) the corresponding EDS mapping and (f) atomic-scale high-resolution STEM image of BWO:CFO interface. (g) The atomic models of

the coupling between BWO and CFO. (h) 3D construction of the film.

reported in the BFO:CFO nanocomposite, in which CFO
nanopillars also grow along (001) direction [2]. Hence,
the overall 3D structure of BWO:CFO VAN thin film
is illustrated in Figure 3(h). HRSTEM was applied to
explore the triple-phase interface area between the sub-
strate and the two phases, as shown in Figure 3(f). BWO
shows very clear layered structure along the growth direc-
tion (c-axis). It is noted that four layers of BWO (a
half unit cell thickness) are coupled with CFO (004)
(a unit cell thick of CFO). The coupling is illustrated
by the atomic model in Figure 3(g). Based on the above
strain and structure analysis, parts of the octahedrons
in the CFO phase are shown under out-of-plane com-
pressive strain. The strain effect from BWO on CFO
phase could lead to a pronounced change in the coupling
behaviors.

To demonstrate the multiferroic nature of the two-
phase nanocomposite film, both magnetic and ferro-
electric measurements have been conducted at room
temperature. Figure 4(a) shows the in-plane (IP) and
out-of-plane (OP) magnetic hysteresis (M-H) loops of
BWO:CFO film measured at 300 K. The magnetization

values were normalized to the volume fraction of CFO
(~29%) approximately after subtracting the diamagnetic
signals from the LAO substrates. This demonstrates the
effectiveness of CFO as the secondary phase into VAN
systems to introduce ferromagnetic property. The ratio of
remanence to saturation magnetization (M,/M;) for the
out-of-plane (M,/M;s) is 61%, which is larger than that
for the in-plane (M,/M)| value of 37%. Meanwhile, the
coercive field (H;) in out-of-pane direction is 2.39 kOe,
which is also much larger than that of the in-plane
direction of 1.07kOe. The high magnetic anisotropy
can be attributed to the anisotropic microstructure of
the nanocomposite film, i.e. the CFO nanocone struc-
tures in the BWO matrix. The IP and OP magnetic
hysteresis (M-H) loops of pure CFO are also shown in
Figure 4(a), which suggests a lower magnetic response of
(220)-oriented CFO pure film.

The magnetic anisotropy related with CFO phase has
also been observed in other magnetic CFO nanopil-
lar structures [1,28]. One source for the magnetic
anisotropy could be the magnetostriction effect, which
stems from the compressive strain of CFO. The stress
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Figure 4. (a) In-plane (IP) and Out-plane (OP) magnetization hys-
teresis loops of BWO:CFO and pure CFO at 300 K. (b) Polarization
hysteresis measurements for BWO:CFO and pure BWO. (c) Ampli-
tude and phase switching behavior of BWO:CFO.

in CFO is given by the equation o0 = Yegg;, where Y
is the Young’s modulus (~ 141.6 Gpa) [29] and &1
is the strain along the [001] direction (~ —0.44%).
The magnetoelectric energy (Kp.) is calculated by
Kine = —3X0010001/2, where Xgo1 is the magnetostric-
tive coefficient of CFO (~ — 350 x 107°) [29]. Thus, the
anisotropy energy for CFO in VAN is 3.27 x 10° erg/cm?.
Another possible source for the magnetic anisotropy is
the shape anisotropy of CFO. The anisotropy energy
(Ks) is calculated based on a heterogeneous model
K, = —27tMS2 [30], which is —0.46 x 10° erg/cm3. The
total anisotropy energy in BWO:CFO thin film is thus

MATER. RES. LETT. 423

2.81 x 10% erg/cm®. The anisotropy field is given by
Hitress = 2 K/Ms = 20.8 kOe, which is larger than the
experimental observed value of 10 kOe. The difference
could be due to other possible sources for the magnetic
anisotropy such as interface exchange anisotropy and
magnetocrystalline anisotropy. In addition, the model
used for the calculation of shape anisotropy energy is only
a two-dimensional model without consideration of CFO
nanocone structures, which need to be modified in future
work.

Ferroelectric =~ measurements  demonstrate  a
well-defined P-E hysteresis loop of BWO:CFO, as shown
in Figure 4(b). It is compared with the loop of pure
BWO. The remanent polarization (P,) of BWO:CFO is
0.40 uC/cm? which is slightly lower than that of pure
BWO with 0.53 £ C/cm?. It is probably due to the incor-
poration of non-ferroelectric phase CFO in the sys-
tem. In addition, PFM measurement was performed on
BWO:CFO VAN thin film. Figure 4(c) shows the out-of-
plane phase and amplitude switching plots as a function
of the bias applied. A 180" phase transition with the
change of tip bias direction can be seen in the phase
switching curve while a perfect butterfly-like shape is
shown in the amplitude curve. This demonstrates the fer-
roelectric response of the BWO:CFO VAN thin film at
room temperature.

The demonstration of multiferroic BWO:CFO paves
a way to create new nanocomposites which combine a
bismuth-based layered oxide with a spinel phase, beyond
the conventional perovskite oxide systems. It also pro-
vides a practical approach for introducing magnetic
components into the ferroelectric and piezoelectric lay-
ered oxides. BWO:CFO VAN exhibits a larger in-plane
(M,/Mj))| anisotropy in magnetic property compared
with the reported BFO:CFO VAN films [28,31]. The
strong coupling effect between the layered BWO matrix
and CFO could be the possible source. In addition, pure
BWO thin films have been reported with directional
polarization, which is highly dependent on the growth
orientation [13]. Hence, the BWO:CFO VAN system is
worthy of a systematic study on the influence of sev-
eral experimental parameters, such as the molar ratios
and deposition rate. It is promising to control directional
multiferroic properties in 3D materials with build-in lay-
ered structure and to incorporate the new hybrid material
platform for spintronic devices, nanoscale sensors and
actuators.

Conclusion

In summary, BWO:CFO VAN thin films with layered
oxide VAN structure have been grown on (001)-LAO
substrates by PLD. The CFO phase forms inverted
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cone-shaped nanopillars in BWO layered oxide matrix.
The BWO:CFO VAN system shows robust multiferroic
properties as a result of the vertical interface coupling
between the ferroelectric BWO layered oxide matrix
and the ferromagnetic CFO nanopillars, under room
temperature. The BWO:CFO VAN thin films present a
new hybrid layered oxide platform for room tempera-
ture multiferroics design towards nanoscale sensors and
actuators.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

Han W. and H. W. acknowledge the support from the US
Office of Naval Research (ONR, N00014-16-01-2465). The
high-resolution STEM effort was funded by the US National
Science Foundation (NSE, DMR-1565822). The authors also
acknowledge the high-resolution STEM access from NCEM
at Lawrence Berkeley National Laboratory (Funded by the US
Department of Energy).

ORCID
Haiyan Wang © http://orcid.org/0000-0002-7397-1209

References

[1] Zheng H, Wang J, Lofland S, et al. Multiferroic BaTiO3-
CoFe, 04 nanostructures. Science. 2004;303(5658):661-663.

[2] Zheng H, Straub F Zhan Q, et al. Self-assembled
growth of BiFeO3-CoFe;O4 nanostructures. Adv Mater.
2006;18(20):2747-2752.

[3] GaoX,LiL,Jian], etal. Vertically aligned nanocomposite
BaTiO3:YMnOs thin films with room-temperature mul-
tiferroic properties towards nanoscale memory devices.
ACS Applied Nano Mater. 2018;1(6):2509-2514.

[4] Zhang W, Ramesh R, MacManus-Driscoll JL, et al. Mul-
tifunctional, self-assembled oxide nanocomposite thin
films and devices. MRS Bull. 2015;40(9):736-745.

[5] Huang J, MacManus-Driscoll JL, Wang H. New epi-
taxy paradigm in epitaxial self-assembled oxide verti-
cally aligned nanocomposite thin films. ] Mater Res.
2017;32(21):4054-4066.

[6] MacManus-Driscoll JL. Self-assembled heteroepitaxial
oxide nanocomposite thin film structures: designing
interface-induced functionality in electronic materials.
Adv Funct Mater. 2010;20(13):2035-2045.

[7] Chen A, Bi Z, Jia Q, et al. Microstructure, vertical strain
control and tunable functionalities in self-assembled, ver-
tically aligned nanocomposite thin films. Acta Mater.
2013;61(8):2783-2792.

[8] Chen AP, Khatkhatay F, Zhang W, et al. Strong oxy-
gen pressure dependence of ferroelectricity in BaTiOs/
SrRuO3/SrTiO;3 epitaxial heterostructures. J Appl Phys.
2013;114(12):124101.

[9] YangH, WangY, Wang H, et al. Oxygen concentration and
its effect on the leakage current in BiFeOj thin films. Appl
Phys Lett. 2010;96(1):012909.

[10] Wang H, Khatkhatay F, Jian J, et al. Strain tuning of fer-
roelectric and optical properties of rhombohedral-like
BiFeO3 thin films on SrRuOs-buffered substrates. Mater
Res Bull. 2019;110:120-125.

Park B, Kang B, Bu S, et al. Lanthanum-substituted bis-
muth titanate for use in non-volatile memories. Nature.
1999;401(6754):682.

Frit B, Mercurio J. The crystal chemistry and dielectric
properties of the Aurivillius family of complex bismuth
oxides with perovskite-like layered structures. J Alloys
Compd. 1992;188:27-35.

Ahn Y, Son JY. Ferroelectric properties of highly c-
oriented epitaxial BipWOg thin films. J Cryst Growth.
2017;462:41-44.

Hamada M, Tabata H, Kawai T. Microstructure and
dielectric properties of epitaxial Bi,WOg deposited by
pulsed laser ablation. Thin Solid Films. 1997;306(1):
6-9.

Fu H, Pan C, Yao W, et al. Visible-light-induced degrada-
tion of rhodamine B by nanosized Bi; WOg. ] Phys Chem
B. 2005;109(47):22432-22439.

Zhang L, Wang W, Zhou L, et al. Bi,WOg nano-and
microstructures: shape control and associated visible-
light-driven photocatalytic activities. Small. 2007;3(9):
1618-1625.

Utkin V, Roginskaya YE, Voronkova V, et al. Dielectric
properties, electrical conductivity, and relaxation phe-
nomena in ferroelectric Biy WOg. Physica Status Solidi (a).
1980;59(1):75-82.

Bozorth RM. Ferromagnetism. Hoboken (NJ): Wiley-
VCH; 1993.

Mukherjee D, Hordagoda M, Hyde R, et al. Nanocolum-
nar interfaces and enhanced magnetic coercivity in pref-
erentially oriented cobalt ferrite thin films grown using
oblique-angle pulsed laser deposition. ACS Appl Mater
Interfaces. 2013;5(15):7450-7457.

Huang W, Zhu J, Zeng H, et al. Strain induced magnetic
anisotropy in highly epitaxial CoFe;Oy4 thin films. Appl
Phys Lett. 2006;89(26):262506.

Liu H-J, Chen L-Y, He Q, et al. Epitaxial photostric-
tion-magnetostriction coupled self-assembled nanos-
tructures. Acs Nano. 2012;6(8):6952-6959.

Dix N, Muralidharan R, Rebled J-M, et al. Selectable spon-
taneous polarization direction and magnetic anisotropy
in BiFeO3 —CoFe; Oy epitaxial nanostructures. ACS Nano.
2010;4(8):4955-4961.

Levin I, Li J, Slutsker ], et al. Design of self-assembled
multiferroic nanostructures in epitaxial films. Adv Mater.
2006;18(15):2044-2047.

[24] Wolfe R, Newnahm R, Kay M. Crystal structure of
Bi, WQOg. Solid State Commun. 1969;7(24):1797-1801.
Hsieh YH, Liou JM, Huang BC, et al. Local Conduction at
the BiFeO3-CoFe; Q4 tubular oxide interface. Adv Mater.
2012;24(33):4564-4568.

Ravindra A, Padhan P, Prellier W. Electronic structure and
optical band gap of CoFe;04 thin films. Appl Phys Lett.
2012;101(16):161902.

Chen A, Zhou H, Zhu Y, et al. Stabilizing new bis-
muth compounds in thin film form. ] Mater Res.
2016;31(22):3530-3537.

Zhang W, Jian J, Chen A, et al. Strain relaxation
and enhanced perpendicular magnetic anisotropy in

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

(21]

(22]

(23]

(25]

(26]

(27]

(28]


http://orcid.org/0000-0002-7397-1209

BiFeO3:CoFe;O4 vertically aligned nanocomposite thin
films. Appl Phys Lett. 2014;104(6):062402.

[29] Goodenough JB, Griaper W, Holtzberg F, et al. Magnetic
and other properties of oxides and related compounds.
New York (NY): Springer; 1970.

MATER. RES. LETT. 425

[30] Dubowik J. Shape anisotropy of magnetic heterostruc-
tures. Physical Review B. 1996;54(2):1088.

[31] Zhang W, Fan M, Li L, et al. Heterointerface design and
strain tuning in epitaxial BiFeO3:CoFe;O4 nanocompos-
ite films. Appl Phys Lett. 2015;107(21):212901.



	Introduction
	Experimental
	Results and discussion
	Conclusion
	Disclosure statement
	Funding
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [609.704 794.013]
>> setpagedevice


