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ABSTRACT
Electric-field-driven phase transformation phenomena in multiferroic BiFeO3 are directly linked to the functionalities of electronic devices
based on multiferroic materials. Understanding how the transformation evolves at the nanoscale under the influence of an electric field
will provide fascinating insights into key parameters that utilize the transformation features. Here, we report both the electric-field-driven
transient and permanent phase transformations in highly strained BiFeO3 thin films and their transformation dynamics at the nanoscale. We
found that two distinct transient and permanent phase transformations were triggered below and above a coercive voltage of the polymorphic
phase, indicating that ferroelectric polarization switching could promote permanent phase transformations. We also found that the transient
transformations evolve via complex phase boundary motions between the coexisting phases, whereas permanent transformations occurred
via nucleation of the other phases.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0025673., s

I. INTRODUCTION

Phase transformation in a solid is the most effective method
for controlling its electronic and/or structural functionalities, which
can be utilized to tailor electronic devices. The recently developed
nanoscale thin film deposition, such as epitaxial growth, has been
used to form steady-state crystalline structures and modify their
functionalities directly linked to the phases. For example, the epitax-
ial film growth of BiFeO3 (BFO), which possesses ferroelectricity and

magnetism at the room temperature, can exhibit the phase transfor-
mation in association with a significant change in multiferroic order
parameters.1–6 The epitaxial strain-dependence of energy landscape
of BFO causes the irreversible phase transformation between the
coexisting tetragonal (T) and polymorphic phase (S)—similar to the
bulk rhombohedral phase in BFO.7 One feasible method to induce
the phase transformation is by the application of an electric field.3,8,9

The magnitude of the applied electric field can be quantitatively
related to the volume fractions of the T and S phases of BFO in
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association with the transient phase transformation.9 An electric
field above the threshold field can lead to a permanent phase trans-
formation even after a removal of the electric field,10–12 which would
be a novel route to manipulate the functionalities of multiferroic
materials.

Ferroelectric polarization rotation and/or switching toward the
direction in parallel with the electric field has been predicted to drive
the permanent phase transformation.10 Recently, density functional
theory (DFT) calculations revealed that the T phase of BFO (T-BFO)
becomes energetically favorable when the lattice is expanded along
the out-of-plane direction.13,14 Over the last decade, the experimen-
tal studies that investigate these transformations and their associ-
ated mechanisms have been reported.8,10,11,15,16 Predominantly sev-
eral ex situ scanning probe microscopy studies have reported abrupt
morphological changes of BFO before and after the application of
an electric field as evidence for the permanent phase transforma-
tion.10,15 The role of the ferroelectric polarization direction in deter-
mining the threshold field is controversial due to the lack of informa-
tion on the polarization state in each crystalline phase in the mixed
area.8,11,16 In addition to the permanent phase transformation, the
transient transformation, which occurs only when an electric field
is applied, has been reported using in situ x-ray microdiffraction
(XμD) in the presence of an applied electric field.9 The transient
phase transformation is accompanied with a larger variation in vol-
ume fraction compared to the permanent phase transformation.
However, there are still crucial unaddressed questions regarding the
feasible manipulation of phase transformations as well as the corre-
sponding functionalities of multiferroic materials: (1) what are the
key parameters that determine the transient and permanent phase
transformations and (2) what is the threshold field for inducing the
permanent phase transformation.7

Here, we report the nanoscale dynamics of electric-field-driven
transient and permanent phase transformations in highly strained
BFO thin films consisting of the multiple crystalline phases. The
phase transformation of multiple crystalline phases has been quan-
titatively measured using in situ XμD under an application of
sequential electric pulses based on a switching spectroscopy strategy.
The permanent phase transformation results in nonlinear diffracted
intensity–voltage hysteresis loops. The excellent coincidence of the
transformation threshold voltage with the coercive voltage of the
titled polymorphic phase (S-BFO) clearly indicates that ferroelectric
polarization switching in the S-BFO triggers the permanent phase
transformation. The transient phase transition shows reversible
changes in diffracted intensities under the application of an electric
field. The lateral width of the tilted phases in real space is inversely
proportional to the in-plane peak position in reciprocal space, indi-
cating the motion of the phase boundary between multiple phases
during the application of an electric field. In contrast, a real space
mapping by ex situ x-ray nanodiffraction reveals that the perma-
nent phase transformation occurs via the formation of the other
phases.

II. EXPERIMENTAL DETAILS
The BiFeO3 (BFO) thin film with a conducting bottom elec-

trode of Pr0.5Ca0.5MnO3 (PCMO) was grown on a (001) LaAlO3
substrate by pulsed laser deposition with a KrF excimer laser

(λ = 248 nm) operating at laser repetition rates of 10 Hz and 5 Hz
for BFO and PCMO, respectively. The LAO substrate provides an
in-plane compressive misfit strain of 0.3% for the epitaxial PCMO
electrode layer. 50-nm thick Pt top electrodes with a diameter of
60 μm were deposited on the BFO film by e-beam evaporator. X rays
with a photon energy of 8 keV were focused on a spot of size 3 μm
using a Fresnel zone plate at the 9C beamline of the Pohang Accel-
erator Laboratory (PAL). Diffracted x rays from the sample were
acquired using a gated pixel array detector (Pilatus 100K, Dectris
Ltd.). A delay generator (DG 645, Stanford Research System, Ltd.)
was used to generate reference signals in order to gate the detector
and the electric pulses during acquisition. Ex situ x-ray nanodiffrac-
tion was conducted at the European Synchrotron Radiation Facility
(ESRF). A monochromatic x ray with 8 keV was focused to a spot
with a 100 nm full width at half maximum (FWHM) diameter using
a Fresnel zone plate.

III. RESULTS AND DISCUSSION
The high compressive misfit strain of −4.5% between the BFO

film and the LaAlO3 (LAO) substrate leads to a coexistence of mul-
tiple crystallographic phases consisting of nanoscale stripe regions
with alternation of the tilted T (Ttilt-BFO) and polymorphic (S-
BFO) phases, and a surrounding tetragonal-like phase (T-BFO).17

A 50 nm-thick BFO film was grown on a Pr0.5Ca0.5MnO3 (PCMO)
bottom electrode/LAO substrate using the pulsed laser deposition
technique.18 Figure 1(a) shows the distinct reflections near QZ = 2.68
Å−1 at QX = ±0.076 Å−1 and QZ = 3.08 Å−1 at QX = ±0.15 Å−1 in
addition to a reflection at QZ = 2.70 Å−1 and QX = 0, where QX and
QZ are in-plane and out-of -plane scattering vectors, corresponding
to S-, Ttilt-, and T-BFO at (002) Bragg reflection, respectively. The
non-zero QX values of Ttilt- and S-BFO reflections indicate their
tilted crystallographic orientation from the surface normal direc-
tion, while T-BFO possesses the same orientation with respect to the
substrate.19 The distance of the peak of reflection from the origin of
reciprocal space gives the c-lattice parameter of 4.07 Å, 4.68 Å, and
4.65 Å for S-, Ttilt-, and T-BFO phases, respectively. The electric
field-induced phase transformation in BFO thin films has been
investigated using an in situ XμD, as illustrated in Fig. 1(b). The
focused x-ray beam size was 3 μm in full width at half maximum
(FWHM), which is sufficiently small to be located on a top electrode
of the BFO film.

In order to investigate the relationship between the magnitude
of the electric field and the dynamics for both phase transforma-
tions, we employed a switching spectroscopy setup based on a hys-
teresis loop type measurement with pulse sequences, as shown in
Fig. 1(c).20,21 The diffraction patterns for the T, Ttilt, and S phases
were accumulated using a 2D array detector while applying 5000
electric pulses with a duration of 30 μs at the same amplitude as
the capacitor. We defined the time intervals for the detection, 5 μs
at the beginning of a pulse and 100 μs at the end of a pulse, as the
on-field and off-field states, respectively, to avoid any effects arising
from the charging and discharging time constants of the BFO capac-
itor. Figure 1(d) shows the diffraction patterns of the T phase with
the amplitude of the applied voltage in the range of −9 V to +9 V.

The phase transformation has a direct impact on the diffracted
intensities of T-, S-, and Ttilt-BFO at both the on- and off-field states,
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FIG. 1. (a) Reciprocal space maps (RSMs) of diffracted intensity as functions of QX and QZ near (002) reflections from tetragonal (T), tilted polymorphic (S), and tilted T
(Ttilt) phases in the 50-nm-thick BiFeO3 thin-film capacitor. (b) Schematic illustration of the in situ x-ray microdiffraction (XμD) experiment with the application of electric
fields. (c) Schematic diagram of the applied wave form during in situ XμD. The red lines inside and outside the pulse indicate the detection points for on- and off-field states,
respectively. (d) Qz-voltage map around T-BFO (002) Bragg reflection at QX = 0 at the (left) on-field and (right) off-field states.

as shown in Figs. 2(a)–2(c), respectively. We integrated the inten-
sities along the Qx direction and then extracted the peak positions
using a Gaussian distribution function fit along the Qz direction.
The integrated intensity was normalized to an integrated intensity at
the off-field state at V = +3 V. The diffracted intensities from three
reflections at the off-field state show the hysteresis loops as a func-
tion of the magnitude of the electric field, owing to the permanent
phase transformation. The diffracted intensity of T-BFO at the off-
field state exhibits a conventional intensity–voltage hysteresis loop,
i.e., an increase in the intensity with respect to the magnitude of the
electric field, while both Ttilt and S-BFO show an opposite intensity–
voltage hysteresis loop. After the application of a +9 V pulse, the
integrated intensity of T-BFO increased by 20% compared with the
initial intensity obtained after the application of a +3 V pulse. The
opposite direction of the intensity–voltage hysteresis loops of the
tilted phases indicates that the application of a positive voltage above
+3 V induces a phase transformation from Ttilt- and S-BFO to T-
BFO, and the application of a negative voltage below –3 V induces a
phase transformation in the reverse direction.

We found that a ferroelectric polarization switching of S-BFO
at the threshold voltage can trigger the permanent phase transforma-
tion, as shown in Fig. 2(d). The out-of-plane strain of T- and S-BFO

as a function of the magnitude of the applied voltage can provide
clear information on polarization switching. The piezoelectric dis-
tortion results in lattice expansion parallel to the direction of electric
field. The strain values were measured from the difference between
the peak positions at the on- and off-field states. T-BFO exhibits a
linear increase in the strain with increasing the amplitude of voltage.
When the application of 9 V with the thickness of 50 nm gives the
applied electric field (E) of 1.8 MV cm−1, the measured longitudinal
piezoelectric coefficient (d33) is 11 pm V−1, which is similar to exper-
imentally reported and theoretically calculated d33 of T-BFO, indi-
cating that the electric field was applied to the BFO film without huge
loss. Using a thermodynamic model based on a Landau theory,22 a
change in free energy of each phase under the electric field was cal-
culated, giving −180 J cm−3 and −99 J cm−3 for T- and S-BFO at
E = 1.8 MV cm−1, respectively. In contrast, S-BFO exhibits a
butterfly-like loop, which is a classical ferroelectric switching behav-
ior near the coercive voltage.21,23

We speculate that the threshold voltage for the permanent
phase transformation originates from the coercive voltage for ferro-
electric polarization switching of S-BFO. Due to the higher coercive
voltage of T-BFO than that of S-BFO,3,8 the application of volt-
age selectively induces ferroelectric polarization switching of S-BFO,
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FIG. 2. Normalized integrated intensities as a function of amplitude of the applied voltage for (a) T-BFO, (b) S-BFO, and (c) Ttilt-BFO. The black and red lines represent the
off and on-field states, respectively. The arrows in (a)–(c) denote the voltage sweep direction. (d) Out-of-plane strains of T-BFO (black triangles) and S-BFO (blue circles) as
a function of amplitude of the applied voltage.

while T-BFO persists in the same direction as the ferroelectric polar-
ization. We hypothesize that the permanent phase transformation
did not occur without the polarization switching of S-BFO. We mea-
sured the phase transformation behavior of a 100 nm-thick BFO
film grown on the PCMO/LAO substrate, as shown in Fig. S2 (see
the supplementary material). The amplitude of the applied voltage
ranged in ±12 V. Under the application of the positive voltage, the
intensity from T-BFO linearly increased with the decreasing inten-
sity of S-BFO, which is a similar behavior of the transient phase
transition observed from the 50-nm-thick BFO film. After turning
off the voltage, both intensities of T- and S-BFO returned to the
initial value, indicating that the electric field did not lead to the per-
manent phase transformation in a thicker BFO film. In contrast to
the result of the 50-nm-thick BFO film, both T- and S-BFO exhibit
a linear piezoelectric expansion without a change in sign, indicating
that the direction of spontaneous polarization in both T- and S-BFO
did not change. The absence of intensity hysteresis loop and switch-
ing behavior of S-BFO, together, consequently suggested that the
permanent phase transformation is not available without the switch-
ing of S-BFO, while the transient phase transformation still occurs
regardless of the film thickness.

In comparison to the permanent phase transformation, the
transient phase transformation during the application of an elec-
tric field produced a higher slope in the diffracted intensity–voltage
curve in the positive bias direction, as marked by the red lines
in Figs. 2(a)–2(c). At +9 V, the normalized intensity of T-BFO,

Ttilt-BFO, and S-BFO is 1.49, 0.56, and 0.49, respectively, indicat-
ing an increase in the volume fraction of T-BFO and a decrease
in that of the tilted phases. Conversely, at −9 V, the normalized
intensity of T-BFO, Ttilt-BFO, and S-BFO is 0.80, 1.11, and 1.25,
respectively, indicating a transformation from T-BFO to the tilted
phases. According to the recent DFT calculations,9 the lower energy
barrier between T- and S-BFO leads to sufficient piezoelectric lattice
distortion to induce a phase transformation. Our calculations also
showed that lattice expansion under a positive voltage energetically
favors a phase transformation toward the T phase (see Fig. S3 of the
supplementary material). The polarity-dependent electromechani-
cal response due to the polarization switching of S-BFO can result in
an asymmetric intensity, linked to the transformed volume fraction,
as a function of voltage.

In order to understand the phase transformation at the
nanoscale at both the off- and on-field states, we reconstructed
the voltage-dependent three-dimensional reciprocal space by tak-
ing the reciprocal space map (RSM) obtained using a 2D x-ray
detector. As shown in Figs. 3(a) and 3(b), the diffraction patterns
at QZ = 2.68 Å−1 along the in-plane scattering vector QX indicate
that the transient phase transformation at the on-field state is asso-
ciated with the in-plane peak position of Ttilt-BFO reflections. In
contrast, the permanent phase transformation at the off-field state
shows changes in intensity without a shift of the in-plane peak posi-
tion. We hypothesize that the nanoscale phase evolution for the
permanent phase transformation at the off-field state is physically
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FIG. 3. (a) X-ray diffraction profiles of Ttilt-BFO at QZ = 2.68 Å−1 along the QX direction at (top) on-field and (bottom) off-field states. (b) Averaged inclination angle estimated
from the in-plane peak positions of the Ttilt phase under an applied electric field. (c) Schemes for the complex phase boundary motion for the transient phase transformation
mechanism under positive bias (bottom) and negative bias (top) from the initial state (middle).

different from that for the transient phase transformation at the
on-field state.

The inclination angles converted from the QX peak position for
Ttilt-BFO and S-BFO at the on-field state were analyzed, as shown
in Fig. 3(c). The absolute value of the inclination angle of Ttilt-BFO
gradually decreases with an increase in the magnitude of Vfilm, while
the S-BFO reflection exhibits a decrease in the inclination angle
under the positive voltage. The angle of Ttilt-BFO decreased from
0.93○ to 0.63○, and that of S-BFO increased from 2.15○ to 2.38○.
When a mean lateral width of the phase (WL) is inversely propor-
tional to the inclination angle,24,25 the inclination angle dependence
of the width of Ttilt- and S-BFO can be evaluated quantitatively.
The ratio of the width of these phases (WT/WS) can be defined as
sin(αS)/sin(αT), where WT, WS, αT, and αS are the width of Ttilt-BFO,
width of S-BFO, inclination angles of Ttilt-BFO, and S-BFO, respec-
tively. The evaluated WT/WS at +3 V, as the initial state, which is
2.3, is similar to the reported ratio of the lateral widths.18 The ratio,
WT/WS, at +9 V and −9 V is 3.8 and 1.73, respectively, indicating

that the phase transformation between the tilted phases occurs dur-
ing a transient phase transformation, as shown in Fig. 3(c). When
the sum of WT and WS is ∼100 nm at the initial state,18,26 WT under
+9 V and −9 V becomes 79 nm and 63 nm, respectively.

Although a variation of the lateral width appears during the
transient phase transformation, this model does not, per se, clarify
the transformation between the tilted phases and T-BFO. In order
to take into account a nanoscale transformation between the tilted
phases and T-BFO for a transient transformation, this should also
involve transitions among the tilted phases and T-BFO,27 which is
not quite matching with the previously proposed model involving
a sequential phase transformation,10 as shown in Fig. 3(c). At the
positive bias, the model for the complex motion of the phase bound-
ary shows that an increase in width of Ttilt-BFO and a decrease in
the width of S-BFO occurs simultaneously, with a reduction of both
the tilted phases along the vertical width perpendicular to the lateral
width. When the diffracted intensity is proportional to the volume
of the phase, corresponding to the product of vertical and lateral

FIG. 4. Real space maps of x-ray reflection from T-BFO phases (a) after poling under +9 V, (b) after applying two electric pulses, and (c) applying 30 electric pulses with an
amplitude of −9 V and a duration of 30 μs. The cumulative time of application of −9 V for (b) and (c) is 0.06 ms and 1.08 ms, respectively. A scheme for the sequence of the
applied electric voltage during real space mapping is provided in Fig. S5b of the supplementary material. (d) Normalized integrated intensity of the whole areas of (a)–(c) as
a function of cumulative time. The dashed lines are the fit results of an exponential decay function.
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widths, the voltage dependent vertical width can be estimated as
shown in Fig. S4.

The nanoscale aspect of the permanent phase transformation
has been investigated by mapping the diffracted intensity in real
space using ex situ x-ray nanodiffraction, beamline ID01 at the
ESRF.28 As shown in Fig. S5, we first applied the positive voltage to
induce a permanent phase transformation from the tilted phases to
T-BFO. Then, we measured the real-space mapping of x-ray reflec-
tion of T-BFO after applying various numbers of the electric pulse
with a duration of 30 μs. Figure 4(a) shows the real space map of
the diffracted intensity from T-BFO reflection after the application
of the positive bias. The contrast intensity of the T-BFO reflec-
tion in the real space map arises from the coexisting morphology
T-BFO and the tilted phases. Then, we applied a few negative pulses
with a duration of 30 μs. Figures 4(b) and 4(c) show the real space
map after application of 2 and 36 pulses corresponding to a cumu-
lative time of 30 μs and 1080 μs, respectively. The decrease in inten-
sity of T-BFO is apparent in specific regions marked by boxes in
Fig. 4(a), indicating that the permanent phase transformation occurs

FIG. 5. (a) Initial microstructure consisting of pure T-BFO and mixed stripe regions
with alternation of the Ttilt-BFO and S-BFO. (b) Permanent phase transformation
occurred via the generation of the region of mixed phases when the applied volt-
age is smaller than the negative threshold voltage (−Vth). (c) Transient phase
transformation available only during the application of the positive voltage to the
structure in (a), involving the expansion of T-BFO into the region of mixed phases
and transformation from S-BFO to Ttilt-BFO. (d) Transient phase transformation
with a reduction in T-BFO and transformation from Ttilt-BFO to S-BFO during the
application of the negative voltage to the structure in (b). The arrows in (c) and
(d) indicate the direction of phase boundary movements during transient phase
transformation.

via the nucleation of phases rather than the motion of the phase
boundary.

The dynamics of the permanent phase transformation was ana-
lyzed by monitoring the diffracted intensity from the T-BFO reflec-
tion as a function of the cumulative time, as shown in Fig. 4(d). We
integrated the intensities corresponding to the measured area and
plotted the intensity as a function of the cumulative time. Using an
exponential decay function, we found that the time constant for the
fitted result is 0.245 ms. The ferroelectric polarization switching of
S-BFO can be attributed to the slow transformation time dynamics
in the μs regime. Note that the general switching time of ferroelec-
tric polarization in similar thin-film capacitor structures has been
reported to be longer than a few tens of μs.29 This strongly suggests
that selective switching of S-BFO in the restricting condition of being
surrounded by the other phases with an opposite polarization direc-
tion would require a higher electric field or a longer switching time.30

The nanoscale mechanisms of the permanent and transient phase
transformation process are illustrated in Fig. 5.

IV. CONCLUSION
We investigated the voltage-dependent evolution dynamics of

multiple crystalline phases in the highly strained BFO film using
in situ XμD. We found that selective switching is the main factor
in determining the threshold field of a permanent transformation
(±3 V for the 50-nm-thick film). The complex motion of the phase
boundary for the transient phase transformation during the appli-
cation of an electric field has been visualized, which allows us to
manipulate the functionalities of nanoscale devices. We propose that
our findings will stimulate further theoretical studies and synthe-
ses for the engineering of electrostatic energy of multiple crystalline
phases. The nanosecond phase transformations driven by an applied
electric field in multiferroic BFO would significantly impact the
design of multiferroic based high-speed electronic devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for the voltage dependent
RSMs of mixed phases, thickness dependent intensity loops, DFT
calculation, and the detailed information of nanodiffraction.
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