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Highly compressively strained BiFeO3 thin films with different thickness are epitaxially grown on
(001) LaAlO3 substrates and characterized using various techniques. The quasi-tetragonal phase
with a giant axial ratio of ∼ 1.25 and its thickness-dependent evolution are investigated. An inter-
esting twining structure of the quasi-tetragonal phase is evidenced in thicker films through detailed
reciprocal space mapping, which becomes more pronounced with increasing film thickness. More-
over, an interesting electric-field driven phase transition was evidenced in the film with a thickness
of 38 nm, in which the quasi-tetragonal and rhombohedral phases are close to each other in energy
landscape.
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Multiferroic materials have been intensively studied be-
cause of the simultaneous coexistence of multi-polar pa-
rameters with intimate cross-coupling, which brings out
novel physical phenomena and offers possibilities for un-
precedented functionalities [1–4]. BiFeO3 (BFO) is ar-
guably the most studied multiferroic material due to its
unique above room temperature ferroelectricity (Curie
temperature TC ∼ 1103 K) and antiferromagnetism
(Nèel temperature TN ∼ 643 K) [5]. Very recently, some
fascinating physical properties, such as over-bandgap
photovoltaic effect [6] and enhanced piezoelectricity after
doping [7–9], were discovered, which makes BFO a focus
of intensive attention in multiferroic research.

At room temperature bulk BFO has a rhombohedral
(R) structure (space group R3c) with cell parameters of
a = 3.96 Å and ar ∼ 89.4◦ [10]. The spontaneous polar-
ization (P ) along the pseudocubic 〈111〉 directions orig-
inates from the bismuth lone pairs [11] and is as high as
100 µC/cm2. Recently, first-principles calculations pre-
dicted that a metastable tetragonal (T) phase with a

giant axial ratio (∼ 1.27) and an extremely large sponta-
neous polarization of P ∼ 150 µC/cm2 can be achieved in
BFO under a compressive strain [12]. Indeed, the giant
axial ratio (c/a ∼ 1.27) and large spontaneous polar-
ization (P ∼ 150 µC/cm2 for pure T-phase BFO) were
confirmed by several recent experiments on BFO thin
films grown on (001) LaAlO3 (LAO) [13–16]. The mech-
anism of the large P in T-phase BFO was ascribed to the
displacement of Fe3+ relative to the oxygen octahedral,
which indicates that the magnetic cation Fe3+ can simul-
taneously contribute to ferroelectricity and magnetism
[16]. Besides the giant axial ratio and extremely large
spontaneous polarization in T-phase BFO, people have
revealed quite complex crystalline structure of the highly
strained BFO [17, 18], in which there remain open ques-
tions regarding this T-phase BFO. Zeches et al. observed
an exotic morphotropic phase boundary (MPB) like phe-
nomenon in BFO/LAO, in which R-phase and T-phase
coexisted with each other and a smooth transition be-
tween the phases was identified [14]. However, a very
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sharp structure phase transition caused by the compres-
sive strain was predicted by first-principles calculations
[19, 20]. Moreover, an in-plane (IP) nano-scale stripe do-
main of the quasi-T phase BFO was revealed by Chen et
al. [21], while it was not detected in previous works on
BFO/LAO thin films [13, 14]. These phenomena strongly
suggest an unanticipated and rather complex structure
of the highly compressively strained BFO thin film, and
detailed structure investigations are necessary in getting
a better understanding on this topic.

In this work, high quality BFO thin films were de-
posited on LAO substrates with a large misfit strain of
∼ 4.8%, which were carefully examined using high resolu-
tion X-ray diffraction (HRXRD) and piezoresponse force
microscopy (PFM). Our results revealed clear stripe do-
mains and twining structures of the quasi-T phase BFO.
Furthermore, interesting electric field driven structure
phase transition was evidenced for such highly strained
BFO/LAO thin films.

BFO thin films with different thickness (19 � t �
114 nm) were grown on (001) LaAlO3 substrates using
pulsed laser deposition (PLD) at 700 ◦C in 100 mTorr
oxygen. A KrF excimer laser (λ = 248 nm) was used
with an energy density of ∼ 1.3 J/cm2 and a repetition
rate of 5 Hz, as reported previously [22]. The topographic
imaging and PFM measurements were carried out on
an atomic force microscope (AFM) (Asylum Research
MFP-3D). By conducting AFM tips (Pt/Ir-coated Si) we
measured the local piezoresponse and topography simul-
taneously [23]. Detailed crystalline structure investiga-
tions, including the normal θ–2θ scans and the symmet-
ric/asymmetric reciprocal space mappings (RSM), were
carried out using a HRXRD of Rigaku.

Figure 1 presents X-ray θ−2θ scans of BFO/LAO thin
films with different thickness. No impurity phase was de-
tected. The out-of-plane lattice parameter of BFO films
calculated from the (00l) peaks is ∼ 4.66 Å, which is
much larger than that of the R-phase due to the com-
pressive strain (∼ 4.8%) [4]. This is in agreement with
the previous reports on BFO/LAO thin films [13, 14].
Increasing the film thickness led to strain relaxation as
well as another diffraction peak (indicated by solid trian-
gles) corresponding to c ∼ 4.13 Å, which can be assigned
to the R-phase [14]. The strain relaxation also causes a
systematic increase in c of the quasi-T phase, which was
evidenced by the shift of the (002) peaks towards smaller
angles. In addition, the presence of multiple internal in-
terference peaks in the sample with t = 38 nm (indicated
by open triangle) confirms the uniformity and epitaxy of
the film.

The topography and the out-of-plane/in-plane
(OOP/IP) PFM images are presented in Figs. 2(a)–
(c). Uniform OOP piezoelectric response was observed,
indicating that the polarization vectors largely point
downwards. In contrast, the surface morphology and the

Fig. 1 X-ray diffraction spectra of BFO/LAO thin films with dif-
ferent thickness. From top to bottom: A: t = 19 nm, B: t = 38 nm,
C: t = 57 nm, D: t = 86 nm, E: t = 114 nm. The diffraction peak
of BFO (002) continuously shifts towards the small angle side with
the increasing thickness, which is indicated by the vertical dashed
line.

Fig. 2 Surface morphology (left, the height scale is 5 nm), out-of-
plane phase (middle) and in-plane in-phase (right) piezoresponse
force microscopy images for t = 38 nm (a), 57 nm (b), and 86
nm (c) samples. The PFM cantilever is oriented along the [100]
direction during the PFM scanning.

IP-PFM images change significantly for samples with dif-
ferent thickness. For t = 38 nm, the surface is uniform
and atomically smooth, suggesting a strained quasi-T
phase. Slightly increasing t gives rise to some trenched re-
gions, which is a signature of the coexisting quasi-T and
R-phases as a result of strain relaxation [14]; the total
area of these trenched regions increases with t. We also
observed that the IP PFM images showed a clear stripe-
like contrast within the quasi-T phase region, which sug-
gests that some monoclinic distortion accompanies the
quasi-T phase [21].

To get a better understanding of the thickness-
dependent crystallographic distortion, we performed
RSM of the (103)/(013) and (002) reflections. All the
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spectra of (103)/(013) reflections [Figs. 3(a)–(d)] show
the expected peak splitting, which can be associated
to the multiple structural variants due to the epitaxial
growth of the films [14]. This is consistent with the peri-
odic IP stripe domains from the above PFM results, and
the schematic drawing of the polarization for four down-
wards polarized domains are shown in Fig. 4(a). Here,
one interesting feature worth mentioning is that an addi-
tional spot arises at t = 57 nm [Fig. 2(c)], and it becomes
more pronounced at t = 114 nm [Fig. 3 (d)]. Similarly,
for t � 57 nm, two symmetric satellite spots of the (002)
reflections of the quasi-T phase can be seen as shown in
Figs. 3(e) and (h). Such a phenomenon is not revealed
previously [13, 14], and we attempt to interpret it by uti-
lizing a twining structure model schematically shown in
Fig. 4(b). For t � 38 nm, the films are fully strained, and
all the variants are arranged in a normal configuration
[illustrated in the bottom of Fig. 4(b)], so there is no ad-
ditional spot in RSM. However, for t � 57 nm, a twining
structure [illustrated in the top of Fig. 4(b)] takes form
presumably due to the strain relaxation, which gives rise
to the satellite spots of (002) reflections [Figs. 2(g) and
(h)] as well as the fourth spot near the (103)/(013) re-
flections [Fig. 2(c) and (d)]. Based on this model, the
twining angle should be the same as the monoclinic-like
angle (β − 90◦) of the quasi-T phase. Indeed, the twin-
ing angle (∼ 1.89◦) is very close to the monoclinic-like
angle (β − 90◦ ∼ 1.90(0.07)). In addition, for the sample
with the largest thickness of 114 nm, there exist several
additional diffraction spots in the (002) mapping image
as indicated by dot and solid circles in Fig. 2(h). For the

spot indicated by dot circle, the corresponding c value
is estimated to be ∼ 3.98 Å, which matches well with
the R-phase BFO [1, 5]. For the symmetric spots indi-
cated by solid circles, the estimated c value is ∼ 4.13
Å, which is also close to the value of R-phase BFO 1,
5]. However, a few recent reports have proposed that
they should originate from another set of quasi-T phase
BFO but with large tilting angles [17, 18]. Nevertheless,
the complex crystalline structure of BFO/LAO thin films
clearly warrants further investigations.

The thickness dependent lattice parameters of the
quasi-T phase are obtained from the symmetric and
asymmetric RSM data and shown in Figs. 4(c) and (d).
The in-plane compression and the out-of-plane elonga-
tion agree with the previous reports [14]. Interestingly,
we note that increasing the thickness causes a decrease
in the tilting angle (β−90◦), but an increase in the OOP
lattice c. This is essentially different from the case of R-
phase BFO [24], in which the strain relaxation causes
an opposite evolving way for (β − 90◦) and c as com-
pared with the quasi-T phase BFO. This phenomenon is
possibly due to the different ground states of films with
different misfit strain. In addition, the lattice parame-
ters show the largest changes around t = 57 nm, ac-
companying the multi-phase coexistence. This suggests
a critical thickness around 57 nm, where the quasi-T and
the R-phases are proximate to each other in the energy
landscape and their mutual conversion is sensitive to the
internal/external stimuli. Actually, a sharp phase tran-
sition from the quasi-T to the R phase caused by the
misfit strain was theoretically predicted [19, 20].

Fig. 3 Reciprocal space maps around (103)/(013) and (002) reflections of the quasi-tetragonal phase BFO in (a) and (e)
19 nm, (b) and (f) 38 nm, (c) and (g) 57 nm, (d) and (h) 114 nm films.
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Fig. 4 Schematic drawing of (a) the polarization for four down-
ward polarized domains, and (b) the evolution from normal state
(bottom, such as the case in sample t = 38 nm) to twining struc-
ture (top, such as the case in sample t = 114 nm); (c) and (d)
Thickness dependence of the cell parameters of the quasi-T phase
BFO.

To study the instability of quasi-T phase BFO in the
38 nm sample that possesses the pure quasi-T phase,
we took the topography and OOP/IP PFM images af-
ter a negative voltage (–10 V) writing. As presented in
Fig. 5 (a), trenched regions appeared locally after the
writing, which indicates the phase transition from the
quasi-T to the R phase [13–19]. On the other hand, the
PFM images of the written area did not show much
change. Such a phase transition driven by the elec-
tric field can be phenomenologically understood using a
schematic diagram of the energy landscape shown in Fig.
5(b). Although the R phase is favored as the ground state
in the bulk BFO, the metastable quasi-T phase is pre-
ferred in the highly compressive strained BFO, and the
small energy barrier between the two phases can be easily
overcome by internal/external stimuli such as an electric
field [12–19]. We noticed that very recently Mazumdar et
al. [25] have reported on nanoscale switching between the
quasi-T and R phases in BFO/LAO thin films with rel-
atively large thickness t > 70 nm, in which the R-phase
BFO already arises. Here, we focus on the structure in-
stability of the quasi-T phase of BFO/LAO films with
small thickness, which lies just near the phase boundary
and no strain relaxation occurs. Different from Ref. [25],
small electric field (10 V) was used to detect the delicate

energy balance between the two phases in current work.
Our results reveal that the quasi-T to R phase transition
can only be observed in the sample t = 38 nm, which
shows pure quasi-T phase and lies only within the blue
shadow region (shown in Fig. 4). For the samples with
larger or smaller thickness, no observable quasi-T and R
phase change can be seen (not shown) when the writing
voltage is 10 V or less, which suggests the absence of the
phase transition and the larger energy barrier between
the quasi-T and R phases within these samples. This is
consistent with the theoretical prediction [11–14].

Fig. 5 Electric field driven phase transition in the sample with t
= 38 nm. (a) Topography (left, height scale is 3 nm), out-of-plane
(middle) and in-plane (right) piezoresponse force microscopy im-
ages, which was obtained after the film was poled with –10 V. The
1µm ×1 µm square demarcates the poled region. (b) Schematic
energetic landscape showing the energy barrier between the quasi-
tetragonal and the rhombohedral phases in the BFO thin film.

In conclusion, we synthesized and characterized high
quality BiFeO3 thin films with different thickness grown
on (001) LaAlO3 substrates with a large misfit strain
of 4.8%. The highly strained quasi-tetragonal BiFeO3

phase with a large c ∼ 4.66 Å was obtained, and in-
plane periodic nanodomains were observed along with
the multi-phase coexistence. The reciprocal space map-
ping revealed interesting twining quasi-tetragonal phase
BFO caused by the strain relaxation. In addition, an
electric field driven phase transition was evidenced in
the sample t = 38 nm, which showed small energy bar-
rier between the meta-stable quasi-tetragonal phase and
rhombohedral one.
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