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unstable polarization state. Such an asymmetry is mainly due 
to different out-of-plane boundary conditions, such as a nano 
conducting-tip contact and a bottom electrode. Effects of depo-
larization fi elds in the unstable domain become signifi cant 
when the polarization bound charges are not fully screened. [ 9 ]  
Although efforts on related studies have shown their ways to 
reduce the energy difference of the polarization double-well by 
controlling chemical environment, [ 10 ]  breaking the out-of-plane 
compositional symmetry, [ 11–13 ]  or using strain gradient, [ 14 ]  fer-
roelectric retention is still a key issue yet to be solved. 

 In recent studies, researchers have found out that when a 
BiFeO 3  (BFO) fi lm is under a large compressive strain (>4%), 
the BFO crystal structure transforms into a mixed-phase state of 
rhombohedrally (R-) and tetragonally (T-) distorted monoclinics. 
The T/R phase ratio can be manipulated by external voltage, 
fi lm thickness, or temperature. [ 15–18 ]  In the mixed-phase BFO 
fi lm, the stripe-shaped R-BFO is embedded in T - BFO matrix, 
forming periodic domain pattern with interesting physical 
properties, such as the large piezo/ferroelectric response [ 19–21 ]  
and the non-zero magnetic moment. [ 22–24 ]  These mixed-phase 
boundaries are formed to minimize the elastic and electrostatic 
energies. In order to shed a light on the retention problem, 
we intend to use mixed-phase boundaries in BFO as pinning 
centers for ferroelectric relaxation. Domain wall motions are 
usually pinned by different kinds of defects, such as charged 
vacancies, [ 25–27 ]  dislocations, [ 28,29 ]  and transient layers with 
low-magnitude polarization around ferroelastic domains. [ 30 ]  In 
this study, the elastic energy term at phase boundaries as top-
ological defects plays an important role to enhance the reten-
tion of nano-sized ferroelectric domains. We found out that a 
stable state of the reversed domain can be achieved when it is 
pinned by the phase boundaries. The in-plane periodic elastic 
potentials, instead of out-of-plane electric variables, are used to 
keep the domain stable. Great improvement on the retention 
in the mixed-phase system opens a new avenue to ferroelectric 
retention and the possible application in nanoscale, nonvola-
tile memory and spintronics. Moreover, the concept of creating 
long-retention domains by using periodic elastic potential sug-
gests a new way to design strain-mediated FTJs. 

 The relaxation behaviors of switched domains in the 
strained BFO fi lm vary with domain-located regions. In topo-
graphic images of  Figure    1  a, the fl at region is the T-BFO matrix 
(T-matrix), while the stripe area is the mixed-phase region, 
where R-BFO is periodically embedded in the T-BFO matrix. [ 22 ]  
The out-of-plane (OP) polarization component of the as-grown 
fi lm directed downward, i.e. toward the substrate, as shown by 
the bright contrasts in out-of-plane piezoresponse force micro-
scope (OP-PFM) phase images of Figure  1 b. As-grown domains 

  Ferroelectric nano-domains, in which the spontaneous polariza-
tion can be controlled by external fi elds, have attracted consid-
erable interests as media of nonvolatile functional devices. One 
of the most promising applications is the ferroelectric tunnel 
junction (FTJ) where the resistance can be modulated along 
with the polarization orientation, and the resistive readout 
scheme is non-destructive. [ 1,2 ]  A large on/off current ratio due 
to the tunneling electroresistance (TER) effect has been dem-
onstrated in nanoscale FTJs by scanning probe microscopy 
(SPM); [ 3–5 ]  moreover, when using ferromagnetic electrodes, 
spin polarization at the interface can also be affected by the 
ferroelectric polarization. [ 6,7 ]  Despite the requirement of an 
ultrathin tunneling barrier for the TER effect, a recent report 
has presented the large tunable resistance by either changing 
the metal conductance of ferroelectric nano-domains [ 8 ]  or using 
the tunneling junction between the SPM tip and the ferroelec-
tric surface, [ 3 ]  which makes relatively thick ferroelectric fi lms 
applicable for the design. A key issue that has to be solved to 
realize FTJs is the thermodynamic stability of the domain. 
Asymmetric free energy landscapes between polarizations 
directed away and toward the substrates result in at least one 
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in mixed phase region form periodically closed loop struc-
tures (Figure  1 c). The bright closed loops in OP-PFM ampli-
tude images correspond to the T/R-phase boundaries, which 
separate the R-BFO (inside) and the T-BFO (outside) domains. 
For domain relaxation study, circular domains were switched 
point by point in both T-matrix and the mixed-phase region by 
external voltage pulses with tip bias of −15 V and pulse dura-
tion of 100 ms. The dark contrasts of these circular domains 
in OP-PFM phase images (Figure  1 b) indicate that the fi eld-
induced domains had reversed OP polarization components 
directing away from the substrate. The OP-PFM amplitude 
of the reversed domains is close to that of the as-grown state, 
and the contrast minimum of the dark circular boundary in 
Figure  1 c was used to determine the position of the domain 
wall. Figure  1  shows that after 116 hr the reversed domains 
in T-matrix totally relaxed back to the as-grown state while the 
reversed domains in the mixed-phase region still kept at fi nite 
sizes. It is worth to note that the reversed domain generally 
decays in a circular shape to reduce the surface energy of the 
domain wall, but asymmetric strain distribution near the stripe 
could sometimes deform the shape of the domain from a per-
fect circle. Tracking PFM images reveals that domains in mixed-
phase region relaxed much slower than those in the T-matrix.  

  Figure    2  a shows the comparison of retention behaviors 
between reversed domains written in the mixed-phase region, 
T-matrix, and another sample of unstrained BFO fi lm grown 
on the (001) SrTiO 3  substrate. These domains were created by 
applying external voltage pulses −12 V and pulse duration of 
100 ms, and initial domain diameters were about 80∼95 nm. 
Figure  2 a indicates that stable reversed domains in mixed-
phase region can be maintained much longer than the others, 

while the relaxation time of domains in strained T-matrix is 
the shortest. Recent theoretical results have shown that the 
BFO domain wall energy signifi cantly increases when the fi lm 
is under a large compressive strain, [ 31 ]  such as 4% strain from 
LAO substrate in this study. Therefore, in order to reduce the 
total free energy, single domain relaxes faster in the strained 
T-BFO matrix than in the unstrained BFO fi lm. By contrast, in 
the mixed-phase region, due to the periodic spatial distribution 
of strain energy, stable reversed domain with very long relaxa-
tion time can be obtained by the suitable choice of domain loca-
tions. After our testing period of ∼307 hr, the reversed domain 
in mixed-phase region hadn't relaxed to half of its initial size, 
suggesting that the relaxation time of the stable state was much 
longer than 307 hr. The mechanism of this long-retention 
behavior will be discussed in details later. Figure  2 b shows a 
comparison of retention behaviors between reversed domains 
switched in mixed-phase BFO and other ferroelectrics. [ 32–41 ]  For 
the application of nano-sized, nonvolatile data storage, we only 
considered the reversed domains written by SPM tips in ear-
lier reports and reproduced their relaxation process in the same 
presentation of normalized retained polarization ratio. These 
SPM-switched domains all have the same issue of asymmetric 
out-of-plane boundaries, i.e. different built-in fi elds between the 
surface of the fi lm and the interface with the bottom electrodes, 
so the reversed domains tend to relax to as-grown states. Usu-
ally, the domain relaxation time can be extended if the unstable 
revered domain is written by a longer or higher voltage pulse 
and formed in a larger initial size. Figure  2 b shows that the 
retention of the reversed domain in mixed-phase region of 
strained BFO is longer than those of other ferroelectric fi lms 
even when the domain in mixed-phase BFO is written in a 
small size (diameter<100 nm) and by a single short pulse (dura-
tion time∼100 ms).  

 In order to investigate the mechanism of the superior 
retention behavior in the mixed-phase region, we have care-
fully tracked the relaxation processes of a larger domain (dia-
meter>100 nm).  Figure    3   shows a typical curve of the domain 
diameter versus time for a reversed domain relaxing in the 
mixed-phase region. The corresponding domain structure to 
each stage in the relaxation curve is revealed by the PFM image 
and illustrated by the model diagram, also shown in Figure  3 . It 
is important to note that the size evolution of the domain does 
not follow a simple exponential decay. For a domain with an ini-
tial diameter larger than 100 nm, the domain relaxation speed 
signifi cantly decreases when the domain decays to a stable size 
about 80 nm, which is close to the period of as-grown mixed-
phase stripes, as shown in the stage from Figure  3 c to  3 d. 
OP-PFM image of Figure  3 a shows the initial domain struc-
ture of a reversed domain induced by a −15 V pulse voltage 
in the mixed-phase region, where the bright stripes indicated 
the as-grown T/R-phase boundaries. Higher pulse voltage can 
reduce depolarization fi elds inside the domain, and it affects 
the relaxation rate in the early stage before the domain relaxed 
to the stable size. In Figure  3 a, the left-side wall of the reversed 
domain was located on a T/R-phase boundary while the right-
side domain wall was located within an R-phase domain. 
Domain relaxation process was not a radially-symmetric decay. 
From stages (a) to (c) in Figure  3 , the reversed domain relaxed 
fast. During this period, the right-side domain wall moved 
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 Figure 1.    a) Topography, b) OP PFM phase, and c) OP PFM amplitude 
images of reversed nano domains relaxing toward as-grown states. All 
domains in T-matrix and mixed phase region were switched by voltage 
pulses of −15 V tip bias and 100 ms pulse duration. These images were 
measured just after the domains were switched, and then after 22 hr, 
63 hr, and 116 hr.
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from inside R-like domain towards a T/R-phase boundary, but 
the left-side domain wall stayed at the phase boundary. The 
stable state with both sides of the domain wall located on T/R-
phase boundaries can last for a relatively long time (∼140 hr) 
(Figure  3 c to  3 d). After that, both sides of the domain wall 
relaxed toward a T/R-phase boundary near the initial center of 
the reversed domain, and fi nally, the reversed domain shrank to 
a dot with a size below the PFM spatial resolution limit. Inter-
estingly, this state of the dot domain could still maintain at least 
for 24 hr. The stable state in the relaxation process suggests 
T/R-phase boundaries are pinning centers for the domain wall 
motion.  

 In order to explore the possible origin, we have used phase 
fi eld method to simulate the structure of strip-shape R-BFO 
embedded in T-BFO matrix with unstable reversed domains 
( Figure    4  b), which is based on the experimental domain struc-
ture measured by PFM (Figure  4 a). The calculated elastic 
energy density is plotted in Figure  4 c, while the elastic energy 
along the diagonal, the direction of arrow in Figure  4 c, is given 
in Figure  4 d. The simulation results indicate that the elastic 
energy shows periodic spatial distribution in the mixed-phase 
region. In Figure  4 c and  4 d, the elastic energy density is higher 
in the strained T-BFO matrix than that in the mixed-phase 
region, which explains the experimental results of longer relax-
ation time for reversed domains in the mixed-phase region. 
Note that the distribution of elastic energy does not change 

after the reversed domains are written or relaxed, because both 
T and –T variants (also R and -R variants) possess the same 
transformation strain. This is consistent with the unchanged 
topography observed in Figure  1  with regardless of the relaxa-
tion of domains. In the reversed domain, both out-of-plane 
and in-plane PFM components had phase contrasts opposite 
to the as-grown state (see supporting information, Figure S1), 
which means that the domain performed an 180 o  ferroelec-
tric polarization switching from the as-grown domain without 
changing the strain distribution. However, strain components 
were slightly twisted at the domain walls (Figure S1), so we can 
simplify the problem as moving domain walls in the elastic 
potential landscapes provided by the as-grown phase structures. 
Figure  4 c and  4 d show that the distribution of elastic energy 
has wells at T/R phase boundaries. This result suggests that the 
mixed-phase region supplies the basic potential well structure 
for reversed domain pinning, which agrees with the experi-
mental observations of T/R phase boundaries acting as domain-
wall pinning centers.  

 Based on the results from phase fi eld simulation, we have 
further used the concept to improve the domain retention. We 
have found out that when a reversed domain is smaller than 
100 nm, the domain relaxation rate depends on its relative 
position to the as-grown mixed-phase stripes. In  Figure    5  , three 
kinds of reversed domains were all switched in the mixed phase 
region by external voltage pulses with a tip bias of −12 V and 
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 Figure 2.    a) Comparison of domain diameters versus the relaxing time between reversed domains switched in the mixed phase region, T-matrix, and 
unstrained BFO (100) epitaxial fi lm. b) Comparison of normalized retained polarization versus the relaxing time between reversed domains switched 
in mixed-phase BFO and other ferroelectrics in earlier reports. [ 32–41 ] 
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pulse duration of 100 ms. With different locations and initial 
sizes, these domains have various retention behaviors. The 
relaxation times of different processes were determined by fi t-
ting the relaxation curves using exponential decay functions. 
For the fi rst case in Figure  5 a, the OP-PFM amplitude images 
show that the reversed domain was initially created on a mixed-
phase stripe, with its domain wall staying symmetrically across 
a closed loop of the phase boundary. Both left and right sides 
of the domain wall relaxed to the nearest T/R-phase bounda-
ries quickly (within 48 hr), and then the reversed domain 
maintained at this stable state for a long time. After our testing 
period, the domain in Figure  5 a was still larger than half of 
its initial size, so we can conclude its relaxation time is much 
longer than 327 hr. This case shows the longest retention. For 
the second case in Figure  5 b, the reversed domain was initially 
located half inside and half outside a mixed-phase boundary 
loop. Both left and right sides of its initial domain wall were 
located near as-grown boundaries, and there was another phase 
boundary at the center of the domain. This reversed domain 
was also relatively stable, but fi nally it relaxed slowly with 
the domain wall moving toward the center phase boundary. 
Compared to the fi rst-case domain, the relaxation time of this 
domain is shorter (∼327 hr). It should be noted that the relaxa-
tion curve of the second-case domain is similar to the late 
relaxation stage of the larger reversed domain in Figure  3 . For 
the third case in Figure  5 c, the domain confi guration is similar 
to that in Figure  5 b, but the initial reversed domain diameter 

is smaller (∼65 nm) than that of the second-case domain 
(∼80 nm). At the beginning, neither side of this reversed 
domain wall was located on T/R-phase boundaries. The domain 
wall then quickly moved toward the phase boundary near the 
center of the reversed domain, with the relaxation time of only 
∼50 hr. Comparing domains in Figure  5 b and  5 c, we can see 
that the initial domain size larger than the width of the mixed-
phase stripe is a required condition for the domain to reach a 
stable state.  

 Above experimental results indicate that the T/R phase 
boundaries are local pinning sites for the domain wall motion, 
and the phase-fi eld simulation shows that this is because the 
elastic energy increases when the domain wall moves away 
from the T/R phase boundary. To simplify the concept, the 
model potential diagrams for the domain wall motion of the 
three relaxation cases are correspondingly shown in Figure  5 . 
The dot lines,  U S  , include local elastic potential minima of the 
domain wall at T/R phase boundaries while the dash lines,  U D  , 
illustrate the potential related to the fi eld driving the domain 
wall relaxing toward the domain center. The relaxation-driving 
fi eld is mainly contributed from the unscreened depolarization 
fi elds due to the asymmetrical out-of-plane boundaries, and the 
width of  U D   well gives the domain diameter. Combining the 
effects from  U D   and  U S  , the resultant potential energy diagrams 
in Figure  5  explain the domain relaxation processes of three 
different cases. For the case of Figure  5 a, the resultant poten-
tial is spatially symmetric, with two local minima locating on 
phase boundaries across the center. When domain walls moved 
from the initial positions to these pining sites, the domain 
reached a low-energy stable state. For the case of Figure  5 b, the 
energy minimum of the domain wall is at the center. Although 
the domain wall was pinned by phase boundaries for a while, 
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 Figure 4.    a) OP PFM amplitude images of domains in as-grown fi lm. 
b) Phase fi eld simulation structure of R-BFO embedded in T-BFO matrix 
with written reversed domains, and c) the distribution of normalized 
elastic energy density corresponding to (b); d) the normalized elastic 
energy density along one diagonal in (c). Figure 3.    a) to f) Different stages for a reversed domain with initial dia-

meter about 140 nm relaxing toward the as-grown state in the mixed-
phase region. (Top) Domain diameters versus the relaxation time. 
(Bottom) OP PFM amplitude images of different relaxation stages corre-
sponding to stages (a) to (f). The middle diagram illustrates the evolution 
of domain structures of the reversed domain (circle) in the mixed-phase 
strip boundaries (curved loops).
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eventually the domain relaxed toward the center. For the case of 
Figure  5 c, the initial domain wall was unpinned, so the domain 
relaxed to the as-grown state quickly. Writing the nano-domain 
in a symmetric confi guration as Figure  5 a demonstrates an 
easy way to create stable state of reversed domain by using the 
in-plane periodic potentials. Figure  5  also shows that the min-
imum diameter of a stable domain depends on the periodicity of 
the stripe phases, which is about 80 nm of our studied sample. 
Based on this stable domain size, the estimation of maximum 
storage density is of the order about 10 Gbit/cm 2 . The perio-
dicity of the stripes can be further reduced by changing the sub-
strate strain or the fi lm thickness, and the storage density of 
one order higher is obtainable. For non-volatile device applica-
tion, increasing the strain gradient or reducing the depolariza-
tion fi eld are both directions to enhance the domain pinning 
effects. For example, applying a suitable voltage to inject screen 
charges but not to change the phase structure is a possible way 
to improve this system. 

 In summary, we observed a giant enhancement of retention in 
the mixed-phase region of a strained BFO fi lm. The T/R mixed-
phase boundaries act as pinning centers of domain walls in the 
relaxation process. By taking the advantages of periodic potential 
distribution due to the mixed-phase strips, we demonstrated a 
simple method to create long-retention reversed domain. When 
a reversed domain is symmetrically placed across a mixed-phase 
stripe, the symmetric potential minima can pin the domain in a 
stable state. Compared to the reversed domains written by SPM 
tips in other ferroelectrics, the symmetric potential design based 
on the BFO periodic strain opens a new avenue to the applica-
tion of nano-sized, nonvolatile electronic devices.  

  Experimental Section 
 The mixed-phase BiFeO 3  (BFO) fi lm was epitaxially grown on a (001) 
LaAlO 3  (LAO) substrates by pulsed laser deposition assisted with high-
pressure refl ection high energy electron diffraction (RHEED). The BFO 
fi lm is 150 nm in thickness, and a thin conducting LaNiO 3  layer of 15 nm 
was inserted as the bottom electrode. The topography and the domain 
structure of the fi lm were examined by a commercial scanning probe 
microscope (SPM) (Multimode, Bruker). Nano-domains were created 
by applying voltage pulses on the fi lm with SPM tips. The evolution 
of domain structures was tracked by piezoresponse force microscopy 
(PFM) using a Pt-Ir coated tip with elastic constant about 7 N/m and an 
ac modulation voltage of 1.0 V at 6.39 kHz. The lateral resolution of PFM 
imaging is about 6 nm. The elastic energy distribution of the sample 
was calculated using the phase fi eld simulation, which was carried out 
using characteristic functions of variants as variables, as detailed in the 
previous work. [ 42 ]   

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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 Figure 5.    Domain relaxation behaviors and model diagrams of three reversed domains with different initial locations. a) The domain located sym-
metrically across a mixed-phase strip had longest retention. b) The domain with the center near one mixed-phase boundary and with the domain wall 
on two mixed-phase boundaries gradually shrank toward the center boundary. c) The domain with the center near one mixed-phase boundary and with 
the domain wall unpinned quickly shrank toward the center boundary. (Left) Out-of-plane PFM amplitude images versus relaxing time. (Center) Model 
diagram of potential energy versus the domain wall positions. The solid arrows in the resultant diagram indicate the domain wall motion from initial 
positions to pinning centers, which are pointed by hollow arrows. (Right) Domain diameters versus the relaxing time for (a), (b), and (c) domains.
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