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 A New Class of Room-Temperature Multiferroic Thin Films 
with Bismuth-Based Supercell Structure  
 Multiferroic materials, which exhibit the coexistence of ferro-
magnetism and ferroelectricity, have attracted extensive interest 
owing to their potential applications as multifunctional devices 
and fascinating physical phenomena. [  1–3  ]  Single-phase multifer-
roic materials are rare because of the distinct nature of mag-
netism, which is usually due to partially fi lled  d -orbitals, while 
ferroelectricity commonly requires empty  d -orbitals. [  3  ]  Inter-
estingly, the multiferroics in the bismuth-based perovskites, 
such as BiFeO 3  (BFO) and BiMnO 3  (BMO), were achieved by 
separating magnetism and ferroelectricity in Fe 3 +  /Mn 3 +   and 
Bi 3 +   ions, respectively. [  4  ]  BiFeO 3  is one of the most well-studied 
room-temperature magnetic ferroelectrics with canted spin 
moments and large remanent polarization. [  5  ,  6  ]  Its relatively 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
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low resistivity, caused by defects and non-stoichiometric com-
positions, gives rise to large leakage current in the devices. [  7  ,  8  ]  
Also, precise details of its magnetic properties are still under 
debate. [  9–11  ]  BiMnO 3  is one of the most promising multiferroics. 
However, it has a low magnetic Curie temperature (ca. 105 K), 
which in bulk form it requires high-pressure synthesis, [  12  ,  13  ]  
and in thin-fi lm form it is hard to grow phase-pure. 

 Elemental doping by substitution has proven to be a suc-
cessful approach to enhancing the physical properties of 
BiFeO 3 . Various attempts by doping La 3 +   at Bi sites and Ni 2 +   
and Mn 3 +   at Fe sites aim at reducing the leakage current and 
improving the ferroelectricity and piezoelectricity. [  6–8  ,  10  ,  11  ]  How-
ever, in addition to a weak magnetization at room tempera-
ture, it is quite diffi cult to optimize the growth conditions to 
enhance these parameters simultaneously. [  6–8  ,  10  ,  11  ]  Another 
approach to enhancing the multiferroicity is to integrate BiFeO 3  
and a ferromagnetic material into a two-phase heteroepitaxial 
nanocomposite. [  14  ]  Nevertheless, only a few examples, with 
fi ne nano-checkerboard structure and large magnetoelectric 
coupling, have been reported. [  15  ,  16  ]  Very recently, the combina-
tion of BiFeO 3  and BiMnO 3  has been investigated both experi-
mentally and theoretically to achieve multifuntionality. [  17–21  ]  We 
have already demonstrated room-temperature magnetism in 
highly resistive, strained Bi 2 FeMnO 6  thin fi lms. [  17  ,  22  ]  However, 
these fi lms grow under a narrow set of growth conditions, and 
the functionalities exist within a limited thickness of less than 
ca. 40 nm. A robust single-phase multiferroic material with 
coexistent ferromagnetism and ferroelectricity at room temper-
ature is highly desired. 

 Strain engineering provides an interesting and essential 
way to yield new materials with novel characteristics, such as 
the high pressure synthesis of cubic boron nitride, [  23  ]  and to 
tune the physical properties, such as improving the supercon-
ductivity and colossal magnetoresistance effect via the hydro-
static pressure and chemical pressure. [  24  ,  25  ]  Compared with the 
strategies mentioned above, epitaxial strain arising from lat-
tice mismatch could provide an easier and more fl exible way 
to control the growth of strained fi lms with enhanced physical 
properties. [  26–30  ]  In this study, we present a new class of room-
temperature multiferroics based on two partially miscible 
phases of BiFeO 3  and BiMnO 3 , with a new structure enabled 
by epitaxial strain. The new BFMO single phase shows a bis-
muth supercell (SC) structure on LaAlO 3  (LAO) substrates and 
exhibits both ferrimagnetic and ferroelectric responses at room 
temperature. More interestingly, this new phase can be formed 
on other substrates with a properly selected buffer layer. 
GmbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 1028–1032
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     Figure  1 .     XRD patterns of the new BFMO SC structure. a) XRD (  θ  –2  θ  ) scan shows three sets 
of (00 l )-type peaks, corresponding to the self-assembled BFMO bilayer fi lm and the LAO sub-
strate. SC and IL indicate the fi lm with the bismuth SC structure and the thin interlayer with 
pseudo-perovskite structure, respectively. b) XRD scan of BFMO fi lms directly grown on STO 
substrate with pseudo-perovskite structure. The “#” is an impurity phase. c) BFMO SC fi lms 
grown on CeO 2 -buffered LaNiO 3 /LAO substrates. d) BFMO SC fi lms grown on CeO 2 -buffered 
SrRuO 3 /STO substrates. The vertical lines at the bottom of the XRD graphs indicate the peak 
locations.  
 The new BFMO SC structure was fi rst observed in the 
X-ray diffraction (XRD) pattern of the as-deposited thin fi lms 
on LAO substrates. As shown in  Figure    1  a, other than the 
diffractions from the substrate, two sets of fi lm (00 l ) peaks 
were observed in the typical   θ  –2  θ   scans, indicating that this 
BFMO thin fi lm has grown in a highly textured manner. The 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Figure  2 .     STEM images of BFMO fi lms on STO and LAO substrates under the same dep-
osition conditions. a) Cross-sectional STEM image at the substrate and fi lm interface for 
a typical BFMO fi lm grown on STO substrate. b) Cross-sectional STEM image of a typical 
BFMO fi lm grown on the LAO substrate showing two layers, i.e., a coherent highly strained 
interface layer (this IL resembles the pseudo-perovskite BFMO on STO with  a   =  3.80 Å 
and  c   =  4.37 Å) and a bismuth SC layer. Bottom left corner inset in (a): A higher magnifi cation 
image of the outlined region in (a). Top right corner insets in (a,b): Selected area electron dif-
fraction (SAED) patterns of BFMO fi lms taken by TEM for the samples on STO (a) and LAO 
(b). c) Higher magnifi cation image of the outlined region in (b) showing the coherent interface 
between the LAO substrate and the BFMO strained interlayer.  

Adv. Mater. 2013, 25, 1028–1032
out-of-plane  d -spacings of the BFMO fi lm 
were determined to be 4.39 Å and 4.85 Å, 
for the diffraction set with broadened peaks 
(at 2  θ    =  20.21 ° , 41.61 ° , and 62.88 ° ) and for 
the diffraction set with sharp peaks (at 2  θ    =  
18.28 ° , 27.57 ° , 36.96 ° , … ), respectively. The 
 d -spacing of the fi rst set of diffraction peaks 
roughly matched (but highly strained and 
later identifi ed as originating from an inter-
layer, IL) the lattice parameters reported in 
previous BFMO epitaxial fi lms; [  17  ,  31  ]  however, 
the out-of-plane  d -spacing of the second set 
of the diffraction peaks does not fi t any of 
the well-known BFMO phases. Therefore, 
a new phase exists in the sample, which we 
call the supercell (SC) hereafter (Figure  1 a). 
In addition, the sharp peaks exhibit stronger 
diffraction intensity, suggesting the new 
phase (SC) represents the majority portion 
of the epitaxial fi lm. It is also noted that 
this set of unknown diffractions was found 
in the BFMO fi lms directly grown on LAO 
substrates, but not those directly grown on 
SrTiO 3  (STO) substrates (Figure  1 b). More 
interestingly, this new structure can also be 
grown nicely on CeO 2 -buffered LAO or STO 
substrates, as shown in Figures  1 c,d (also see 
Supporting information).  

 Aberration-corrected scanning transmis-
sion electron microscopy (STEM) in high-
angle annular dark-fi eld (HAADF) mode was 
conducted on the BFMO fi lms directly grown 
on STO and LAO substrates along the substrate [100] zone axis, 
and the representative images are shown in  Figure    2  . Although 
the fi lms were grown under identical deposition conditions, 
they present distinctly different structures. The HAADF-STEM 
images provide atomic arrangements of the cation sublattice 
at the heterogeneous interfaces (note that the O columns are 
h

not resolvable in these STEM images). Since 
the recorded intensity is proportional to  Z n   
(1.5 ≤  n  ≤ 2), the STO substrate along the 
[100] axis presents a typical perovskite lattice, 
consisting of Sr columns (bright), and the less 
bright Ti–O columns located in the centers 
of the Sr square lattice (the left-hand inset 
of Figure  2 a). The BFMO on STO exhibits 
a biaxial strained pseudo-perovskite struc-
ture with lattice parameters  a   =  3.93 Å and 
 c   =  3.99 Å, in agreement with the previously 
reported tetragonal structure. [  17  ]  The BFMO 
on the LAO substrate, however, shows an 
interesting SC structure along the  c -axis with 
a thin self-assembled IL between the BFMO 
SC layer and the substrate (Figure  2 b). This 
SC structure is completely different from any 
previously reported vertically aligned nano-
composite, even though similar deposition 
methods and conditions were used. [  28–30  ,  32  ,  33  ]  
Figure  2 c shows the IL structure between the 
1029wileyonlinelibrary.comeim
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     Figure  3 .     STEM images and the corresponding atomic model of the BFMO322 SC fi lms. 
a–c) Cross-sectional high-resolution STEM images of BFMO322 SC fi lms along the [100] p  
(a), [110] p  (b), and [010] p  (c) zone axes. d–f) The atomic modeling of the new BMFO phase 
along the [100] p  (d), [110] p  (e), and [010] p  (f) zone axes.  
SC and the substrate. Although the IL resembles the pseudo-per-
ovskite BFMO on STO, a careful lattice measurement results in  a   =  
3.80 Å and  c   =  4.37 Å (the  c  lattice parameter agrees well with that 
of the minor diffraction set in XRD, Figure  1 a) which suggests 
an even larger in-plane compression and out-of-plane tension 
with  c/a   =  1.15 Å. This highly strained BFMO IL is very thin, 
in the range of 3–5 nm, measured from different regions along 
the fi lm/substrate interface. The novel SC layer forms on top of 
the thin IL.  

 Along the pseudo-perovskite [100] zone axis ([100] P , the 
axis is used here for the purpose of easy illustration and not 
the actual axis of SC structure) in the SC fi lm (Figure  2 b and 
enlarged view in  Figure    3  a), the HAADF-STEM image presents 
stripes consisting of triangles of obviously bright dots, which 
are identifi ed as Bi 2 O 2  sheets, which commonly exist in other 
bismuth oxy-compounds. [  34  ]  The spacing between the neigh-
boring Bi 2 O 2  sheets is about 9.70 Å (about twice the  d -spacing 
of the SC (002) peak observed in Figure  1 a). This confi rms 
that the dominant diffraction peaks (SC peaks) detected by 
XRD correspond to the SC structure. The electron diffraction 
pattern of the SC along the [100] P  zone (inset in Figure  2 b), 
showing periodic out-of-plane diffractions with large lattice 
spacing, also confi rms such a SC structure besides the diffrac-
tion dots from LAO. Energy dispersive X-ray analysis (EDX) 
further revealed that the cation ratio of this BFMO SC layer is 
Bi:Fe:Mn  =  3:2:2 (called BFMO322 SC) (see Supporting Infor-
mation). Figure  3  shows the HAADF STEM images of the 
BFMO322 SC along all three major zone axes, among them 
both [100] P  and [010] P  were acquired along the LAO [100] zone 
axis. In the [100] P  zone (Figure  3 a), the neighboring Bi 2 O 2  
sheets are at the same location along the horizontal direction 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
 b . However in [110] P  and [010] P  zones, as 
shown in Figures  3 b and c, respectively, the 
Bi 2 O 2  sheets are offset by half a period along 
the horizontal direction. Between the neigh-
boring Bi 2 O 2  sheets are two layers of Fe-O/
Mn-O, which have a similar triangle-stripe 
feature (consisting of weak dots) matching 
the Bi 2 O 2  lattice 1:1 along the [100] P  zone 
axis but 4:3 under the [010] P  zone axis. 
Thus, the BFMO322 SC structure with  a   =  
2 a  P  ( a  P  stands for the lattice parameter of 
the pseudo-perovskite BFMO phase),  b   =  3 a  P  
( a  P   ∼  3.99 Å) and  c   ∼  19.40 Å, as illustrated 
in Figures  3 d–f, is proposed for the observed 
BFMO322 SC structure. Starting with a 
tetragonal structure (an Aurivillius phase 
Bi 2 WO 6 , [  35  ]  see Supporting Information), 
the neighboring Bi 2 O 2  sheets were shifted 
along the  a  direction by half a period ( a /2), 
resulting in the offset of bismuth layer con-
fi gurations along [110] P  and [010] P . A com-
mensurate modulation in the Fe-O/Mn-O 
double layers leads to an overlapped layer 
between the Bi 2 O 2  sheets along the projec-
tion view along [110] P , which is consistent 
with the experimental result (Figure  3 b). It 
should be noted that this SC structure gives 
the consistent composition of Bi:Fe:Mn  =  
3:2:2 as observed by the EDX study, and the simulated diffrac-
tion patterns from different zones match the experimental dif-
fraction patterns well.  

 The growth mechanism of this novel BFMO322 SC structure, 
though still under further investigation, is likely to be attrib-
uted to two aspects. On the one hand, Aurivillius phase (Bi 2 O 2 )
(A  m   –1 B  m  O 3 m  + 1 ), possessing a large family of intergrowth struc-
tures ( m   =  1 to 8), could be the structural origin of the SC. Inter-
estingly, the stacking modulation observed in the SC structure 
occurs in the [A  m   –1 B  m  O 3 m  + 1 ] 2 −   perovskite-like blocks, where the 
two intergrowth structures become distinct from each other. 
On the other hand, the comparative study by growing the fi lms 
on the STO substrates under the same conditions suggests a 
strong substrate dependence for the formation of the SC struc-
ture. The LAO substrate presents a much larger lattice misfi t 
(ca. –2.0%) with the expected BiFe 0.5 Mn 0.5 O 3  orthorhombic 
phase [  21  ]  than that of the STO case (ca. –0.6%). The lattice 
strain effects on the pseudo-perovskite BFMO interlayer on 
LAO are quite obvious in terms of the degree of unit cell ani-
sotropy,  c/a   =  1.15; whereas, the ratio  c/a  is close to 1 (ca. 1.02) 
in the BFMO on STO. Thus, it is quite likely that the relaxa-
tion of larger biaxial strain, induced by the LAO substrate, in 
the BFMO IL triggers the layered bismuth compound stacking 
disordering, thus forming the new SC structure. It should be 
pointed out that strain-induced coexistence of  T  and  R  phases 
in BFO fi lms has been reported with a reversible temperature-
induced phase transition close to room temperature when they 
were compressively grown on LAO substrates. [  36  ,  37  ]  Our results 
as well as previous reports all suggest that the substrate-induced 
epitaxial strain is an important approach to yield new structures 
with new functionality. 
nheim Adv. Mater. 2013, 25, 1028–1032
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     Figure  4 .     Room temperature multiferroic properties in BFMO322 SC fi lms. a) Room-
temperature in-plane magnetic hysteresis loop ( M – H ) of 40 nm BFMO fi lms deposited on LAO 
(black curve) and STO (gray curve) substrates. b)  M – H  (out-of-plane) of 140 nm BFMO332 SC 
fi lms on CeO 2 /STO at 100 K (circles) and 300 K (line). c) Piezoelectric coeffi cient  d  33  versus 
bias voltage hysteresis loops with bismuth SC structure and the BFMO with regular pseudo-
perovskite structure. d) The polarization–electric fi eld ( P – E ) hysteresis loops of BFMO fi lms on 
bismuth with (circles) and without (line) SC structure.  
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 Based upon our experimental observations, it is clear that 
BFMO on LAO grows fi rst pseudomorphically as the BFMO 
IL with  a   =   b   =  3.80 Å, matching the interfacial substrate lat-
tice constants. Above the critical thickness of 3–5 nm, the strain 
energy builds up and a new equilibrium structure, that is, the 
BFMO322 SC structure, is formed. This new phase is a relaxed 
structure with misfi t dislocations accommodating the strain 
between the new phase and the pseudomorphic transition layer 
(IL). The misfi t between the new phase and the pseudomorphic 
transition layer is large enough that critical thickness is within 
the  c -unit cell dimension normal to the interface. Similar inter-
mediate pseudomorphic structures have been observed previ-
ously in TiO 2 /Ti 2 O 3 /Al 2 O 3  and VO 2 /V 2 O 3 /Al 2 O 3  heterostruc-
tures, which follow the domain-matching-epitaxy paradigm for 
epitaxy between the pseudomorphic transition layer and the 
equilibrium phase under large misfi t conditions. [  38–40  ]  

 The realization of the BFMO322 SC structure provides a 
new clue as to how to grow fascinating new phases with high 
substrate/fi lm misfi t, including new single-phase multiferroic 
materials.  Figure    4  a shows the room temperature magnetic 
hysteresis loops of BFMO fi lms deposited on either a LAO or 
a STO substrate. It clearly shows the room temperature satu-
rated magnetization is ca. 110 emu/cc (ca. 1.1  ×  10 5  A m  − 1  as 
1 emu/cc  =  10 3  A m  − 1 ) for the 40 nm BFMO322 SC on LAO, 
which is larger than the BFMO fi lms directly deposited on STO 
in this work (34 emu/cc) and many other reports of BFO fi lms 
(3–40 emu/cc). [  6–8  ,  10  ,  11  ]  Figure  4 b shows the well-defi ned out-
of-plane magnetic hysteresis loops of a 140 nm BFMO322 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Mater. 2013, 25, 1028–1032
SC structure fi lm on CeO 2 -buffered STO at 
100 K and 300 K. The larger coercivity and 
remanent magnetization at lower tempera-
tures in BFMO322 SC structure fi lms are 
typical characteristics of ferrimagnetic mate-
rials. Similar to the weak ferromagnetism in 
BFO, the small magnetic response in BFMO 
regular perovskite phase is likely due to the 
spin canting effect. [  41  ]  The stronger ferrimag-
netism in BFMO322 SC structure fi lms pos-
sibly arises from the modulated novel struc-
ture. The atomic models suggest that the 
Mn and Fe cations form zigzag-shaped rows 
(Figures  3 d–f), which may favor the spin can-
ting effect. The commensurate modulation 
in the Fe-O/Mn-O double layers and stacking 
modulation would lower the crystal sym-
metry to monoclinic. This may result in a 
net magnetic moment in this new structure. 
To confi rm the ferroelectric properties of the 
SC-structured BFMO322 thin fi lms, piezo-
electric properties and polarization–electric 
fi eld ( P – E ) hysteresis loops have been meas-
ured at room temperature (Figures  4 c,d). The 
effective piezoelectric coeffi cient  d  33  was cal-
culated to be ca. 30 pm V  − 1  for the BFMO322 
thin fi lms with the SC structure, which is 
much larger than that of BFMO thin fi lms 
with pseudo-perovskite structure. The rema-
nent polarizations  P  r , as shown in Figure  4 d, 
are 6  μ C cm  − 2  and 2.7  μ C cm  − 2  for the BFMO 
thin fi lms with the bismuth SC and pseudo-perovskite structure, 
respectively. Even though the  P  r  of BFMO322 SC thin fi lms is 
still much lower than that of some of the reported BFO fi lms 
(60–80  μ C cm  − 2 ), [  7  ,  8  ,  10  ,  11  ]  the BFMO322 SC thin fi lms exhibit 
greatly enhanced room temperature magnetization (ca. 110 
emu/cc) compared to BFO fi lms ( < 40 emu/cc). [  7–10  ]  Our results 
indicate that the integration — through the epitaxial strain — of 
the two partially miscible phases of BFO and BMO into a new 
phase with double rows of Fe/Mn in zigzag arrangement could 
be a very useful and unique way to develop new multiferroic 
materials. The strongly distorted (FeO 6 /MnO 6 ) octahedra in the 
Fe-O/Mn-O slabs (Figures  3 d,f), may result from the commen-
surate and stacking modulations between Fe/Mn double rows 
(Fe-O/Mn-O) and the double bismuth layers (Bi 2 O 2  sheets). The 
ferrimagnetic response may come from the spin canting effect 
in the modulated structure. The non-centrosymmetric nature 
resulting from the stacking and commensurate modulations 
may contribute to the ferroelectric behavior in this BFMO322 
SC-structured multiferroic. These fi ndings should encourage 
further efforts to deepen understanding of and to improve 
multiferroics with this new SC structure.  

 In summary, epitaxial BFMO322 thin fi lms with SC struc-
ture have been grown on LAO substrates with a thin pseudo-
perovskite BFMO interlayer. The new structure demon-
strates both room-temperature ferrimagnetic and ferroelectric 
responses. The STEM results show the unique bismuth SC 
structures interlayered with double-row Fe-O-Mn layers with 
a zigzag arrangement. The new structure possibly favors the 
1031wileyonlinelibrary.comheim
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 spin canting effect, which could be responsible for the observed 

magnetism, while the non-centrosymmetric nature of the new 
structure permits the ferroelectric behavior. More interestingly, 
the integration of two partially miscible multiferroic materials 
by means of strain confi nement opens a new route to devel-
oping single-phase thin fi lms with room temperature multifer-
roic properties. This demonstration will stimulate further work 
exploring new single-phase multiferroic thin fi lms by proper 
intermixing of two perovskite BiRO 3  (R  =  Cr, Mn, Fe, Co, Ni) 
materials.  
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