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ABSTRACT: Bi2FeMnO6 (BFMO) thin films with both conventional pseudocubic
structure and novel supercell structure have been grown on SrTiO3 (001) substrates
with different thicknesses of CeO2 buffer layers (ranging from 6.7 to 50.0 nm) using
pulsed laser deposition. The correlation between the thickness of the CeO2 buffer layer
and the structure of the BFMO films shows that the CeO2 buffer layer, as thin as 6.7
nm, is sufficient in triggering the novel BFMO supercell structure. This may be
ascribed to the interfacial strain between the BFMO supercell structure and the CeO2
buffer layer which also serves as a seed layer. The buffer layer thickness is found to be
critical to control the microstructure and magnetism of the formed BFMO supercell
structures. Thin seed layers can produce a smoother interface between the BFMO film
and the CeO2 buffer layer, and therefore better ferrimagnetic properties. Our results
have demonstrated that strain and interface could be utilized to generate novel thin
film structures and to tune the functionalities of thin films.
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■ INTRODUCTION

Complex transition metal oxides, including perovskite, double-
perovskite, spinel, rocksalt, rutile, etc., have been extensively
studied in the past decades.1−8 The development of state-of-
the-art thin film growth techniques and the growing needs for
oxide-based functional devices have further stimulated the
progress in this field.9−11 Diversified unique physical properties
have been reported, such as magnetoresistance,12−14 multi-
ferroism,1,6,15−18 magnetoelectricity,19,20 and high-temperature
superconductivity.21 These physical properties are strongly
correlated to the lattice structures of complex oxides.12 Among
all the factors controlling complex oxide lattice structures, strain
has been reported to play a critical role in tailoring the lattice
structures and therefore the functionalities of transition metal
oxide thin films.2,22 For example, strain engineering provides an
easy and effective way to control the overall film structure and
thus tune the physical properties, such as the giant magneto-
caloric effect in La0.7Ca0.3MnO3,

23 the enhanced perpendicular
magnetic anisotropy in BiFeO3:CoFe2O4,

24 and the tunable
low-field magnetoresistance in (La0 .7Sr0 .3MnO3)0.5:
(ZnO)0.5.

12,25

More attractively, strain engineering could trigger new
structures, for example, the intermediate pseudomorphic
structures Ti2O3 and V2O3 have been previously reported in
TiO2/Ti2O3/Al2O3 and VO2/V2O3/Al2O3 heterostruc-
tures,22,26,27 respectively. Another exciting example is the
formation of the novel self-assembled Bi3Fe2Mn2Ox supercell

(BFMO322 SC), which was enabled by the careful selection of
substrates and deposition parameters.22,28 It is a novel layered
oxide structure that is formed on LaAlO3 (LAO) substrates,
and exhibits superior multiferroic properties at room temper-
ature with the saturation magnetization value of 110 emu/cc.
Strain was found to play a critical role in the formation of the
new BFMO322 SC structure.22,28 Comparing the lattice
mismatch between the SrTiO3 (STO) substrate and the
BFMO pseudocubic structure (−0.6%) with that between
LAO and BFMO322 SC (−2.0%), the later exhibits a much
larger lattice mismatch which could be the primary reason
triggering the formation of a thin strained transition layer (∼5
nm) before the formation of the supercell phase. This
reassembles the characteristics of a typical pseudomorphic
growth in thin film epitaxy, i.e., a thin layer of highly strained
layer was formed within a critical thickness and beyond that,
the film is relaxed with misfit dislocations nucleated at the
transition interface.26,27 However, the BFMO322 SC case is
much more complicated with a new phase formation and the
strain relaxation mechanism is thus quite different from the
simple nucleation of misfit dislocations.
To explore the formation mechanism of the BFMO322 SC

structure, a unique approach could be used to grow the critical
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transition layer with various film thicknesses, and explore the
corresponding phase transformation. Here we select a CeO2
buffer layer as the critical transition layer. We have
demonstrated that a thin layer of CeO2 could also serve as
an excellent buffer layer enabling the growth of BFMO322 SC.
This is because a 45° in-plane rotated CeO2 (a = 5.411 Å, a/
√2 = 3.826 Å) provides a perfect lattice match for the growth
of the BFMO322 SC phase on SrTiO3 substrates (a = 3.905 Å).
In this study, the effects of the strain and the interface structure
of the CeO2 buffer layer on the microstructure and
ferrimagnetic property of BFMO films were investigated by
systematically controlling the CeO2 buffer layer thickness. The
results could shed light on the supercell growth mechanisms
that can be generalized to other supercell systems for new
functionalities.

■ EXPERIMENTAL SECTION
The composite BFMO and the CeO2 targets were prepared by a
conventional solid state sintering method. For the BFMO target, the
powders of Bi2O3, Fe2O3 and MnO2 were mixed in stoichiometric
ratio, pressed into a pellet, and then sintered at 800 °C for 3 h. For
CeO2 target, the powder of CeO2 was pressed into a pellet and
annealed at 1200 °C for 6 h. The growth of BFMO films and CeO2
buffer layers was conducted using pulsed laser deposition (PLD) under
an optimized substrate temperature of 700 °C and an oxygen pressure
of 200 mTorr. After deposition, the films were in situ annealed at 400
°C for 1 h with an oxygen pressure of 500 Torr and then cooled down
to room temperature with a cooling rate of 5 °C/min.
The microstructures of the films were investigated by high

resolution X-ray diffraction (HRXRD, PANalytical Empyrean) and
transmission electron microscopy (TEM, FEI Tecnai G2 F20). 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 a FEI
Titan G2 80−200 STEM with a Cs probe corrector operated at 200
kV and a modified FEI Titan STEM TEAM 0.5 with a convergence
semiangle of 17 mrad operating at 300 kV. The magnetic properties of
the films were investigated using the vibrating sample magnetometer
(VSM) option in a commercial physical properties measurement
system (PPMS 6000, Quantum Design). During measurements, the
out-of-plane and in-plane magnetization were recorded by applying a
magnetic field of 1 T perpendicular and parallel to the film plane,
respectively.

■ RESULTS AND DISCUSSION
Figure 1 shows the θ−2θ XRD patterns of the BFMO films
directly on STO and on CeO2 buffered STO substrates. Figure
1a indicates the high quality textured growth of BFMO
pseudocubic structure along the (00l) direction of STO as
evidenced by the dominant BFMO (00l) diffractions.
Significantly different from the pseudocubic structure directly
grown on STO, however, a new set of (00l) peaks along with
CeO2 (002) and (004) peaks appear when the film was
deposited on STO substrate buffered by 6.7 nm CeO2 as shown
in Figure 1b. This new set of diffractions belongs to the layered
BFMO322 SC structure which is composed of Bi2O2 sheets and
distorted FeO6/MnO6 octahedra22 as shown by the high
resolution STEM image of the supercell structure in Figure 2a,
b. The bright sheets in Figure 2a are attributed to the Bi2O2
because of the heavier element of Bi (ZBi = 83) than that of Fe
(ZFe = 26) and Mn (ZMn = 25).24 Figure 2b clearly shows the
bright zigzag Bi2O2 sheets as well as the less bright distorted
FeO6/MnO6 octahedra. For the composition of the BFMO thin
films, dispersive X-ray spectroscopy (EDS) analysis was
conducted and showed that there is about 9% bismuth loss

for the conventional pseudocubic phase, whereas the cation
ratio of the novel supercell phase is Bi:Fe:Mn = 3:2:2, with
higher bismuth loss. This is also confirmed by the atomic model
built for the supercell structure based on the previous report.22

As the CeO2 thickness increases to 11.5 and 50.0 nm, similar
XRD results to that of Figure 1b have been obtained as shown
in Figure 1c, d, respectively. It is interesting to note that the
peaks of the CeO2 buffer layer shift to the left while the new
supercell structure shifts to the right with increasing the CeO2
thickness. For example, the CeO2 (004) peak shifts from 69.80
to 69.40° and SC (008) peak shifts from 78.10 to 78.65° when
the CeO2 thickness increases from 6.7 to 50.0 nm. For the left
shift of the CeO2 peaks, it could be attributed to that, with the

Figure 1. (a) XRD θ−2θ scans of BFMO film directly grown on STO
substrate with a pseudo-cubic structure. The “#” indicates impurity
phase and PC means pseudo-cubic phase. (b−d) XRD scans of the
BFMO322 SC structure grown on STO substrates buffered by
different thicknesses of CeO2 ranging from 6.7, 11.5, to 50.0 nm,
respectively. The “*” indicates a minor unidentified phase.

Figure 2. Cross-sectional STEM image of the 6.7 nm CeO2 buffered
BFMO322 SC with (a) low-magnification and (b) high-magnification,
(c) STEM image of the interface between BFMO322 SC and CeO2,
(d) schematic modeling showing the interface lattice matching
between BFMO322 SC and CeO2.
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increase of the CeO2 thickness from 6.7 to 50.0 nm, the strain
generated from the substrate is relaxed as shown by the red
dashed line for bulk CeO2 (004) peak in Figure 1. For the right
shift of the supercell peaks buffered by 50.0 nm CeO2, it is to be
discussed in the later part.
To better understand the microstructure evolution as a

function of the CeO2 buffer layer thickness, cross-sectional
TEM was conducted for both the BFMO films grown on STO
only and CeO2-buffered STO substrates, as shown in Figure 3.
Figure 3a shows the cross-sectional TEM image of the BFMO
film directly grown STO substrate with the pseudocubic
structure. The corresponding selected area diffraction (SAED)
pattern shown as the inset in Figure 3a clearly illustrates the
pseudocubic structure and high-quality epitaxy of the film with
clear cubic lattice fringes. Completely different from the
pseudocubic BFMO structure directly grown on STO
substrate; however, a distinctively new layered structure
(BFMO322 SC) is formed on the 6.7 nm CeO2 buffered
STO substrates, as shown in Figures 2b and 3b. The
distinguished diffraction dots in the inset of Figure 3b indicate
the highly epitaxial growth of the BFMO322 SC structure. For
the two distinctively different BFMO structures, the strain
mapping analysis of these two structures has shown that strain
may play an indispensable role in triggering the formation of
the supercell structure.28 As discussed above, the strain between
the BFMO film and the STO substrate is only −0.6%, whereas
it is −2.0% for the BFMO film and the LAO substrate. The
relatively small lattice mismatch between the BFMO film and
the STO substrate has enabled the cube-on-cube growth. The
much larger lattice mismatch between BFMO film and LAO
substrate, however, leads to the growth of highly distorted
pseudocubic structure, forming a thin transition layer. With the

increase of film thickness, the large strain in the transition layers
gets relaxed followed by the formation of the novel layered
structure. For the CeO2 buffered BFMO samples in this work,
the 45°-rotated CeO2 provides an optimal lattice match
between CeO2 and BFMO322 SC and the strain is calculated
to be about −4.4% between CeO2 and BFMO322 SC (Figure
2c, d). Furthermore, the zigzagged Ce−Ce layer has served as
an ideal template for the following Bi−Bi layer. Overall, both
the large strain between CeO2 and BFMO322 SC and the
zigzagged Ce−Ce bonding structure have triggered the
formation of the BFMO322 SC.
For the 11.5 nm CeO2 buffered case, a similar quality of

BFMO film with distinctive diffraction patterns was obtained
(Figure 3c), except a small amount of tilted supercell growth
observed in few areas (Figure S1 in the Supporting
Information). When the thickness of the CeO2 buffer layer
was increased to 50.0 nm, the film quality of both the CeO2
buffer layer and the BFMO film is distinctively lower than those
of the thinner buffer layer cases, as shown by Figure 3d. The
interface between the BFMO film and the CeO2 buffer layer is
no longer smooth as that in Figure 3b, c and the Bi2O2 lattices
of the supercell are not parallel to the surface of the STO
substrate. Instead, the Bi2O2 lattices form a certain angle with
the lattice of the STO substrate. This tilted supercell structure
is quite different from the 6.7 and 11.5 nm CeO2 buffered
samples and thus results in different peak positions in XRD
results (Figure 1). The microstructure evolution of BFMO
films with the increase of the CeO2 buffer layer thickness could
be correlated to the strain state of the CeO2 buffer layer and the
interface morphology between the BFMO film and the CeO2
buffer layer. The interface between the BFMO film and the
CeO2 buffer layer of the 6.7 nm CeO2 buffered sample is sharp

Figure 3. Cross-sectional TEM images and diffraction patterns of the BFMO samples (along (100) zone axis). (a) BFMO with pseudo-cubic
structure. (b−d) BFMO322 SC structure with the CeO2 thickness of 6.7, 11.5, and 50.0 nm, respectively.
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and smooth (Figures 2a and 3b) because of the layer-by-layer
growth of the strained CeO2 buffer layer with the in-plane 45°
rotation on STO. This smooth interface has served as an
optimal surface seed layer to trigger the growth of the highly
epitaxial supercell structure with the Bi2O2 sheets parallel to the
surface of the STO substrate. The film structure and the
interface of the 11.5 nm CeO2 buffered sample resembles that
of the 6.7 nm CeO2 buffered sample except that tilted supercell
phase has been observed in some areas (Figure S1 in the
Supporting Information) due to the island growth of the CeO2
buffer layer initiated around this CeO2 thickness. The growth of
the tilted supercell become dominant for the 50.0 nm CeO2
buffered sample (Figure 3d and Figure S2 in the Supporting
Information). This could be ascribed to the rough interface due
to the dominant island growth of the CeO2 buffer layer. Owing
to the island morphology of the CeO2 buffer layer, the
BFMO322 SC lattice has coupled to island lattice facets which
could trigger the tilted growth of the supercell. Overall the
above findings suggest the CeO2 buffer layer thickness plays a
critical role in the film strain, surface morphology, and the
resulting film structures.
To reveal the structure−property correlation of the BFMO

films, we obtained room-temperature (300 K) magnetic
hysteresis loops by applying magnetic field perpendicular
(out-of-plane, OP) and parallel (in-plane, IP) to the film
surface as shown in Figure 4. By comparing the out-of-plane
magnetic hysteresis of the BFMO films directly deposited on
STO with that on CeO2 buffered STO, it is obvious that the
supercell structure grown on the CeO2 buffer layer is superior
to the conventional pseudocubic structure. From Figure 4b, it is
clearly shown that the BFMO film with a 6.7 nm CeO2 buffer
layer has a higher out-of-plane saturation magnetization value

of about 226 emu/cc than that of the BFMO sample with the
pseudocubic structure (126 emu/cc in Figure 4a) in this work.
This result clearly suggests the superior magnetic properties of
the novel self-assembled supercell structure. Furthermore, the
6.7 nm CeO2 buffered sample shows a strong magnetic
anisotropy, which benefits the high-density magnetic memory
device applications. The much stronger magnetization and
distinguished magnetic anisotropy of the supercell structure
could be attributed to the strong anisotropic layered structure
and the resulted highly anisotropic properties. Coupled with
the ferroelectric properties from the previous report,22 the
remnant polarization value Pr is 6.0 μC/cm2 for the novel
BFMO supercell phase while the conventional BFMO phase
showed a Pr of 2.7 μC/cm2. Although its Pr value is lower than
that of other ferroelectric materials, such as BiFeO3 with Pr of
60−80 μC/cm2, the supercell structure with CeO2 buffer
showed a much stronger room temperature magnetization of
226 emu/cc compared to BiFeO3 (<40 emu/cc).
It is noted that with the increase in CeO2 buffer layer

thickness, the saturation magnetization values decrease. For
example, when the CeO2 thickness increases to 11.5 nm, the
supercell structure exhibits a relatively lower out-of-plane
saturation magnetization value of 161.9 emu/cc. This lowered
saturation magnetization value could be related to the tilted
supercell structure in certain areas of the film (Figure S1 in the
Supporting Information). For the sample with 50.0 nm CeO2
buffer layer, it shows the lowest saturation magnetization value
and magnetic hysteresis anisotropy among all the supercell
structures. In this case, the interface between the film and the
CeO2 buffer layer is no longer as smooth as that in the other
samples and a large amount of tilted supercell phase exists
(Figure 3d and Figure S2 in the Supporting Information). This

Figure 4. Room-temperature magnetic properties of the BFMO films. (a) Out-of-plane (OP) and in-plane (IP) magnetic hysteresis loops of the
BFMO film with pseudo-cubic structure. (b−d) OP and IP magnetic hysteresis loops of the BFMO322 SC structure grown on STO substrates
buffered by different thicknesses of CeO2 ranging from 6.7, 11.5, to 50.0 nm, respectively.
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results in a much lower saturation value and magnetic
anisotropy. There is a concern on the possible magnetic
properties introduced by the CeO2 layer, since CeO2 with high
density Ce and/or oxygen vacancies has been reported to be
ferromagnetic by previous reports.29,30 However, in this case,
the magnetism contribution from CeO2 is minimal as the CeO2
layer is thin and the films have minimum amount of oxygen
vacancies due to the postdeposition annealing procedure.
The variation of the magnetic property as a function of the

CeO2 buffer thickness is also consistent with the above TEM,
STEM, and XRD results. These results indicate that a critical
thickness range for the CeO2 buffer layer is required for the
formation of the smooth interface and thus the high phase
purity and high epitaxial quality of the BFMO322 SC structure.
The 6.7 nm CeO2 buffer layer is the optimal condition with a
smooth interface between the supercell structure and the CeO2
buffer layer and the optimal seed layer pattern for the formation
of highly epitaxial BFMO322 SC structure with the highest
saturation magnetization value and magnetic anisotropy. This
clearly suggests the advantage of the CeO2 buffer layer in
enabling the formation of novel supercell structure with
enhanced magnetic properties. The correlation between the
magnetic properties and the structures of the BFMO films has
demonstrated the important role of the interface and strain in
tailoring the microstructure of the film as well as tuning the
physical properties.

■ CONCLUSIONS

In summary, the thickness dependence effects of the CeO2
buffer layer on the microstructure and magnetic properties of
the BFMO films have been studied. Without the CeO2 buffer
layer, a conventional pseudocubic structure has been obtained
on STO substrate with a minimum saturation magnetization
value. When buffered by CeO2, a novel layered supercell
structure forms because of the strain and surface structure
induced by the CeO2 buffer layer. The magnetic property
measurement shows that the novel supercell structure with the
optimal CeO2 buffer layer thickness of 6.7 nm exhibits
significantly enhanced magnetic properties compared to the
conventional pseudocubic structure without the CeO2 buffer.
Moreover, it has been demonstrated that the interface
morphology between the BFMO and CeO2 layers plays a
crucial role in the formation of the supercell structure with
superior magnetic property. This study demonstrates that both
strain and interface can be used to tune the structural and
physical properties of the transition metal oxide thin films for
novel structures and new functionalities.
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