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ferroelectric random-access-memory and 
oxide-based resistive-switching memory. 
They are therefore considered to provide 
a basis for the construction of nonvola-
tile memory systems with low power con-
sumptions and large capacities. [ 14–16 ]  

 In general, charge conduction across 
an insulating barrier is sensitive to the 
interfacial electronic state at the elec-
trode–insulator interface. The impor-
tance of the interface has also been 
pointed out for TER in FTJs. An earlier 
theory proposed that a fi nite charge-
screening length at the electrode–fer-
roelectric interface generates a depolari-
zation fi eld that modulates the height 
of the tunneling barrier in a manner 
dependent on the direction of polariza-
tion. [ 17,18 ]  The dielectric dead-layer also 
generates a depolarization fi eld, causing 
TER. [ 19,20 ]  These interfacial effects should 
depend not only on the combination of 

constituent materials, but also on local atomic structures at 
the interface. In fact, fi rst-principles calculations on prototyp-
ical perovskite ferroelectrics ( AB O 3 ) predicted a remarkable 
surface-termination dependence and suggest that the depo-
larization fi elds practically vanish at the interface between a 
simple metal and an  A O-site-terminated  AB O 3 . [ 21 ]  The studies 
imply that the surface termination of  AB O 3  by either  A O or 
 B O 2  sites on the (001)-oriented surface will critically affect 
charge conduction in ferroelectric junctions. The role of sur-
face-termination in perovskite has recently been the subject of 
an intensive investigation that concentrated on all-perovskite 
interfaces. [ 22,23 ]  The termination issue has not, however, been 
examined for simple metal– AB O 3  interface except by few 
theoretical studies. [ 21,24 ]  Experimental elucidation of the cor-
relation between the microstructure of the interface and its 
transport properties is crucial for understanding charge con-
duction in ferroelectric junctions and for the development of 
TER-based memories. 

 We investigated electroresistance occurring in FTJs con-
sisting of the prototypical ferroelectric BaTiO 3  (BTO) with con-
trolled BaO ( A -site) or TiO 2  ( B -site) terminations, fabricated by 
a combination of epitaxial growth and ex situ surface treatment. 
We used Co/BTO/(La,Sr)MnO 3  (LSMO) junctions to elucidate 
the role of surface termination, because the functionalities of 
FTJs have previously been established by extensive studies on 
this heterostructure. [ 4–6 ]   
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  1.     Introduction 

 Ferroelectric tunnel junctions (FTJs) show a nonvolatile change 
in junction resistance that depends on the direction of ferro-
electric polarization; this effect, known as tunnel electrore-
sistance (TER), can be utilized in nonvolatile memories. [ 1–13 ]  
TER-based memory systems have a simple structure of metal/
ferroelectric/metal and they combine the advantages of both 
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  2.     Results 

  2.1.     Characterizations of BTO-Based FTJs 

 An ultrathin BTO fi lm [eight unit cells (u.c.) thick (3.2 nm)] 
and an LSMO bottom-electrode layer (80 u.c. thick) were depos-
ited in a layer-by-layer growth mode on a TiO 2  ( B -site)-termi-
nated SrTiO 3  (STO) (001) substrate ( Figure    1  a). Atomic force 
microscopy (AFM) confi rmed that the fi lm was atomically fl at 
with step-and-terrace structures on its surface (Figure  1 b). We 
observed the atomic arrangement of (La,Sr)O–MnO 2 –BaO–
TiO 2  at the BTO/LSMO interface by means of high-angle, 
annular, dark-fi eld, scanning transmission-electron micros-
copy (HAADF-STEM) in combination with electron energy-loss 
spectroscopy (EELS) (Figure  1 c). This showed predominant  B -
site termination at the interface, from which we expected  B -site 
termination of the BTO surface. Ferroelectricity in the ultrathin 
BTO was confi rmed by means of typical piezoresponse-force 
microscopy (PFM) observations on electrically written polariza-
tion domains with opposite directions (Figure  1 d). 

    2.2.     Electroresistance in BTO-Based FTJs 

 To get insights into natures of the TER phenomena in the 
BTO( B )-based FTJs, we investigated their current–voltage ( I – V ) 
characteristics, focusing on hysteresis appearing in the  I – V  
curves. An Au/Co layered fi lm was prepared by a lift-off method 
( Figure    2  a). Figure  2 b shows the  I – V  curves of a Co/ B -site-ter-
minated BTO [BTO( B )]/LSMO junction, measured by sweeping 
the voltage ( V  top ) on the probe in the pattern 0 V → – V  max  → 
+ V  max  → 0 V (Inset, Figure  2 b). The duration of one cycle of the 
 I – V  scan was 1 s. Note that we did not observe any abrupt resist-
ance change or stochastic behavior as an indication of dielectric 
breakdown in the  I – V  curves (see Figure S1a, Supporting Infor-
mation). The Co/BTO( B )/LSMO junction exhibited nonlinear 
 I – V  curves, indicating that the ultrathin BTO layer acts as a 
potential barrier for charge conduction (see Figure S1b–d, Sup-
porting Information). The electroresistance appeared in a form 
of hysteretic behavior of the  I – V  curves for low- V  top  regions. 
Magnitude of the electroresistance depended on  V  max . A small 
hysteresis was observed when  V  max  was set to 1.5 V. Further 
increases in  V  max  up to 3 V resulted in markedly increased hys-
teresis. These features are consistent with those in the previous 
report on TER in the Co/BTO/LSMO FTJs, showing a con-
tinuous evolution of electroresistance with increasing writing 
voltage around 2–3 V. [ 4 ]  We also observed typical PFM hyster-
esis loops of phase and amplitude (Figure  2 c) in the Co/BTO/
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 Figure 1.    a) X-ray 2 θ –ω scan of a heterostructure consisting of 8 u.c.-BTO 
and 80 u.c.-LSMO layers grown on STO. Inset: Intensity oscillations in 
refl ection high-energy electron diffraction (RHEED) during the growth of 
BTO. b) AFM image (3 × 3 µm 2 ) of the surface of the BTO/LSMO het-
erostructure. c) Cross-sectional HAADF-STEM image of the BTO/LSMO 
interface combined with EELS mappings for La, Mn, Ba, and Ti. d) PFM 
phase (left) and amplitude (right) images of the BTO/LSMO heterostruc-
ture taken after writing the polarization ( P ) domains (1 × 1 µm 2  for  P  up ). 

 Figure 2.    a) AFM topographic image and cross-sectional schematics 
of a single junction for  I – V  measurements with an AFM-based setup. 
b)  I – V  characteristics of Co/BTO( B )/LSMO junction. The “counter-eight-
wise” direction of hysteresis is shown by arrows. (Inset) Triangular-wave 
voltage applied to the AFM tip ( V  top ) for  I – V  measurement. c) Hysteresis 
curves of the PFM phase and amplitude for Co/BTO( B )/LSMO junction. 
d)  I – V  curves of Co/BTO( A )/SRO junction with an “eightwise” direction 
of hysteresis. e) Resistance-switching ratio evaluated at  V  = +1 V for Co/
BTO( B )/LSMO and Co/BTO( A )/SRO junctions, plotted as a function of 
 V  max . See the text for defi nitions of  R  +  and  R  − .
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LSMO junction, as previously reported. [ 4–6 ]  Regarding the cor-
relation between the ferroelectricity and electroresistance, we 
discuss later in Section 2.5. 

    2.3.     “Sign” of Electroresistance in FTJs 

 We now discuss a direction of hysteresis in the  I – V  curves. 
In the Co/BTO( B )/LSMO junction, the hysteresis loop was 
always “counter-eightwise”. [ 25 ]  That is to say, the resistance state 
changed from a low-resistance state (LRS) to a high-resistance 
state (HRS) by applying a positive voltage on the Co electrode, 
whereas application of a negative voltage changed the resist-
ance state from a HRS to a LRS. The applications of positive 
and negative  V  top  induces polarization pointing downward 
(toward the oxide bottom-electrode) and upward (toward the 
Co top-electrode), respectively. In the “counter-eightwise” Co/
BTO( B )/LSMO junction, therefore, downward polarization sta-
bilizes the HRS, as previous studies reported. [ 4,5,7 ]  

 To examine electroresistance in  A -site-terminated BTO 
[BTO( A )], we fabricated the junctions with a SrRuO 3  (SRO) bottom 
electrode. It is well known that thermal instability of a RuO 2  
surface results in SrO termination ( A -site-termination) of SRO 
fi lms, [ 26 ]  thereby stabilizing  A -site termination for BTO grown on 
SRO. As can be seen in Figure  2 d, the Co/BTO( A )/SRO junction 
exhibited nonlinear and hysteretic  I – V  curves, similar to those 
observed with the Co/BTO( B )/LSMO junction. However, the Co/
BTO( A )/SRO junction showed “eightwise” switching, indicating 
that the HRS occurs in upward polarization. Here, we defi ne the 
resistance value at  V  top  = +1 V for the two branches in the hyster-
etic  I – V  curve measured during an increase in  V  top  from – V  max  to 
+ V  max  as  R  +  and that during a decrease in  V  top  from + V  max  to 
0 V as  R  − . Note that +1 V is smaller than the threshold voltage 
(≈1.5 V) of the resistive switching. The switching ratio ( R  + / R  − ) 
was plotted as a function of  V  max  (Figure  2 e). Note that the value 
of  R  + / R  −  is less than 1 for the counter-eightwise switching in the 
Co/BTO( B )/LSMO junction. 

 The difference in the “sign” of electroresistance between the 
Co/BTO( A )/SRO and Co/BTO( B )/LSMO junctions suggests 
that the electroresistance in FTJs depends on the surface-termi-
nation at the interfaces. To evaluate the role of the bottom-inter-
face (BTO/oxide), we fabricated an FTJ consisting of an  A -site-
terminated LSMO [LSMO( A )] bottom electrode deposited on 
an SRO buffer layer (see Figures S2a–d, Supporting Informa-
tion). The Co/BTO( A )/LSMO( A ) junction showed “eightwise” 
switching (Figures S2e, Supporting Information), as observed 
for Co/BTO( A )/SRO junction. This result shows that the type 
of bottom-electrode oxide does not affect the direction of hyster-
esis in the  I – V  curves.  

  2.4.     Surface-Termination Control for Ultrathin BTO Layers 

 To explore the role of the top interface (Co/BTO) exclusively, 
we fabricated  A -site-terminated BTO barrier layers on LSMO( B ) 
bottom electrodes. A general approach for obtaining  A -site ter-
mination is growth of rock-salt SrO  x   ( x  ≈ 1) on a  B -site-termi-
nated surface. [ 22 ]  We used this technique and grew an ultrathin 
(1 u.c.) BaO  x   layer on a BTO( B )/LSMO heterostructure (see 

Figures S3a–d, Supporting Information). The BaO  x  /BTO( B )/
LSMO heterostructure was characterized by means of x-ray 
photoemission spectroscopy (XPS). We focused on the Ba 3 d  
core level, the binding energy of which is very sensitive to the 
environment. [ 27,28 ]  Under surface-sensitive conditions [a higher 
emission-angle ( φ ) of 65°], the heterostructure with a 1 u.c. 
BaO  x   layer on BTO exhibited two peaks separated by 1.6 eV in 
the Ba 3 d  5/2  core level ( Figure    3  a,b). The higher-binding-energy 
component was attributed to the topmost surface, because it 
was suppressed at a normal emission angle (φ = 0°) (Figure S3d, 
Supporting Information). A surface contribution was also 
observed, in the BTO( A )/LSMO( A ) heterostructure, but its 
chemical shift, i.e., the relative binding energy of the subpeak 
(surface contribution) with respect to the main peak (bulk con-
tribution), was 1.3 eV (Figure S2d, Supporting Information). 
This disagreement suggests that deposition of alkali-earth 
oxide alone does not convert the  B -site termination into  A -site 
termination. [ 29 ]  In fact, ultrasonic agitation in water markedly 
decreased the intensity of the subpeak, indicating that the top-
most layer consisted of BaO  x  , which is water soluble. However, 
we observed another subpeak as a result of water agitation, and 
we found that its relative binding energy was shifted to 1.3 eV. 
We also confi rmed that the water-agitated samples showed 
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 Figure 3.    a) XPS spectra for Ba 3 d  5/2  core-level for pristine and water-
agitated BaO  x  /BTO/LSMO heterostructures with BaO  x   thicknesses ( d  BaO ) 
of 0 (BTO/LSMO), 1, or 2 u.c., together with fi tted curves. b) Main peaks 
(bulk contribution with relative binding energy = 0), and subpeaks (sur-
face contributions with relative binding energy >0, marked by broken 
lines) in Ba 3 d  5/2  spectra, deduced from fi tting to (a). c) Schematic 
representations of the effects of agitation in water on the BTO surface. 
d) Fraction of  A -site-termination ( F A  ) plotted against  d  BaO  for water-agi-
tated heterostructures, estimated from the normalized intensity of the 
subpeaks (solid curves in b) and from Figure S2d (Supporting Informa-
tion). e) BF-STEM image of the water-agitated heterostructure ( d  BaO  = 2 
u.c.).
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excellent fl atness (Figure S3c, Supporting Information). These 
results indicate that agitation in water converted the rock-salt 
BaO  x   (biatomic layer) into an  A -site-terminated surface for BTO 
(single-atomic layer) by removing extra atoms from the surface 
(Figure  3 c). 

  The relative area of the subpeak, i.e., the fraction of the  A -site-
termination area ( F A  ) for the water-agitated samples, increased 
monotonously with the thickness of the deposited BaO  x   ( d  BaO ), 
as shown in Figure  3 b. We estimated  F A   from a comparison 
with BTO( A )/LSMO( A ), and this was plotted as a function of 
 d  BaO  (Figure  3 d). This revealed that the  A -site-termination is 
quite dominant for  d  BaO  = 2 u.c. ( F  A  > 0.8), which was confi rmed 
by means of bright-fi eld (BF) – STEM (Figure  3 e). It is also 
noted that, despite the presence of a step-and-terrace surface 
(Figure  1 b), the pristine BTO( B )/LSMO heterostructure ( d  BaO  = 0) 
contained a small amount of BaO  x   on the surface, appearing as 
a 1.6 eV chemical shift in the XPS spectra (Figure  3 b). In this 
heterostructure, the  A -site-termination (1.3 eV chemical shift) 
was negligible. Surface segregation of BaO  x   has been reported 

in a single-crystal study that demonstrated the evolution of sur-
face reconstructions having a Ti-enriched structure. [ 30 ]  Native 
BaO  x   similarly undergoes conversion of  B -site termination into 
partly  A -site termination ( F A   ≈ 0.5) on agitation in water. We also 
confi rmed that rock-salt BaO  x   does not induce electroresistance 
(Figure S3e, Supporting Information).  

  2.5.     Impact of Surface-Termination Engineering on 
Electroresistance 

 An impact of the change in surface termination was detected 
from the sign (the direction of the hysteresis) and the magni-
tude of electroresistance.  Figure    4  a presents  I – V  curves meas-
ured with  V  max  = 5 V for termination-engineered Co/BTO( A )/
LSMO junctions having various values of  F A  . The junctions 
showed a remarkable “eightwise” switching, indicating that 
LRS (HRS) occurs with downward (upward) polarization. The 
improved  F A   increased resistance at HRS ( R  H ) and decreased 
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 Figure 4.    a)  I – V  curves ( V  max  = 5 V) of Co/BTO( A )/LSMO junctions fabricated with water-agitated BaO  x  /BTO for  d  BaO  = 0, 1, or 2 u.c. (Inset) Data 
shown in full range. b) Resistances in HRS and LRS ( R  H , and  R  L , respectively) evaluated at  V  = +1 V and resistance-switching ratio  R  H / R  L  value, plotted 
against  F  A  and  d  BaO . c)  I – V  curves in HRS and LRS ( V  max  = 0.2 V) of the termination-engineered junctions ( d  BaO  = 0 or 2 u.c.) measured after applica-
tions of writing voltage ( V  w  = +5 or –5 V). The bottom panel shows a magnifi ed view of the  I–V  curves near zero current. d) Hysteresis curves of PFM 
phase (top) and normalized resistance (bottom) measured after applications of writing voltage  V  w  for the junction ( d  BaO  = 0 u.c.).
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resistance at LRS ( R  L ), leading to a substantial increase in the 
resistance-switching ratio  R  H / R  L  (Figure  4 b). For the junction 
with  d  BaO  = 2 u.c. ( F A   ≈ 0.8) the  R  H / R  L  estimated from  I  values 
at  V  top  = +1 V was as high as 330. From the analysis of the  I – V  
curves in positive  V  top  bias (Figures S1, Supporting Informa-
tion), the barrier-height (Φ B )-changes between HRS and LRS 
were estimated to be 147, 136, and 87 meV, for  d  BaO  = 2, 1, 0 u.c., 
respectively. These results prove that the sign and magnitude of 
electroresistance are dominated by surface-termination at the 
Co/BTO interface. 

  The electroresistence in our termination-engineered junc-
tions also exhibited nonvolatile features, as generally observed 
in FTJs. Figure  4 c presents  I – V  curves ( V  max  = 0.2 V) of the Co/
BTO( A )/LSMO junctions after applications of writing voltage 
( V  W  = ±5 V). An application of  V  W  was performed by voltage 
sweeping (0 V →  V  W  → 0 V) in 0.1 s. For both  d  BaO  = 0 and 2 u.c., 
the positive and negative  V  W  caused an LRS and HRS, respec-
tively, as expected from the “eightwise” switching (Figure  4 a). 
In the LRS (HRS), the junction resistance for  d  BaO  = 2 u.c. was 
much lower (higher) than that for  d  BaO  = 0 u.c. for entire voltage 
region, which is consistent with the results in Figure  4 b. Mag-
nitude of the nonvolatile electroresistance ( R  H / R  L ), which was 
evaluated from  I -values at  V  top  = –0.2 V in Figure  4 c, was 8.2 for 
 d  BaO  = 0 u.c. For  d  BaO  = 2 u.c., the switching ratio was increased 
to (1.4 ± 0.1) × 10 3 , which is comparable with the highest value 
reported so far on the Co/BTO/LSMO FTJs. [ 6 ]  Figure  4 d displays 
 V  w -dependence of junction resistance ( V  top  = –0.2 V) for the Co/
BTO( A )/LSMO junction ( d  BaO  = 0 u.c.). Transitions between the 
LRS and HRS occurred around  V  W  = ±3 V. At these voltages, we 
observed the polarization-reversal of the BTO barrier by means 
of PFM hysteresis measurement for the same FTJ (Figure  4 d, 
top panel), indicating that the polarization reversal is involved 
in the nonvolatile electroresistance.   

  3.     Discussion 

 Our results demonstrate that the electroresistance in the BTO-
based FTJs is very sensitive to the BTO surface. One may con-
cern about the contribution of unintentionally-formed Co-oxide 
layer to the electroresistance. However, in FTJs consisting of 
chemically more inert Pt electrode (see Figure S4, Supporting 
Information), the signs of the electroresistance of Pt/BTO( B )/
LSMO and Pt/BTO( A )/SRO coincided with those of FTJs con-
sisting of the Co top-electrodes [Co/BTO( B )/LSMO (Figure  2 b) 
and Co/BTO( A )/SRO (Figure  2 d)], respectively. We also note 
that no forming process was needed to obtain stable resistive 
switching in our devices, which is distinct from conventional 
resistive switching based on redox reactions of metal oxides. 
From these observations, the surface termination can be con-
sidered to be a main determinant of the sign of electroresist-
ance in the BTO-based FTJs. 

 Here, we discuss a possible mechanism of the surface-ter-
mination-dependent electroresistance in the BTO-based FTJs 
in terms of the surface-termination-dependent local ferroelec-
tricity and the dielectric response at the BTO interfaces, as pre-
dicted by the fi rst-principles calculations. [ 21 ]  Possible energy-
band diagrams for the BTO( A ) and BTO( B ) junctions are 
shown in  Figure    5  . (see also Figure S5, Supporting Information 

for energetic band alignments of the constituent materials). 
We take into account two interfacial effects that are responsible 
for the polarization-dependent barrier height in electroresist-
ance. The fi rst of these effects is imperfect charge screening, as 
described by a fi nite screening length  λ  eff , i.e., by band bending 
in an electrode. [ 17,18 ]  The second effect is the presence of a 
dead layer in the ferroelectric barrier, creating an asymmetric 
potential distribution through formation of a depolarization 
fi eld. [ 19,20,31,32 ]  In the Co/BTO( A )/LSMO junction (Figure  5 a), 
we consider practically perfect charge screening ( λ  eff  ≈ 0) and 
a zero thickness of the dead layer at the Co/BTO( A ) interface, 
as predicted theoretically. [ 21 ]  In this case, the dead layer at the 
BTO( A )/LSMO interface is exclusively responsible for the polar-
ization-dependent barrier height. The barrier height decreases 
when the polarization is oriented toward LSMO. This is con-
sistent with the sign of electroresistance observed in the Co/
BTO( A )/LSMO junctions. In Co/BTO( B )/LSMO (Figure  5 b), on 
the contrary, the TiO 2  termination of the BTO surface causes 
the  λ  eff  and the dead layer at the Co/BTO( B ) interface, which 
may surpass those at the BTO( B )/LSMO interface. In such 
junctions, the barrier height increases when the polarization 
points downward (toward LSMO) because a larger potential 
change at the Co/BTO( B ) interface dominates the polarization-
dependent barrier modulation. 

  Previous studies on FTJs with Co/BTO [or Pb(Zr,Ti)O 3 ]/
LSMO heterostructures generally reported HRS (LRS) in 
downward (upward) polarization, [ 4,5,7,11 ]  in agreement with the 
“counter-eightwise” switching, as shown in Figure  2 b. However, 
the reverse relationship (HRS in upward polarization) has been 
observed in the Co/BTO/LSMO FTJ. [ 6 ]  The change in the sign 
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 Figure 5.    a,b) Schematic representations of the energy-band diagram for 
Co/BTO( A )/LSMO and Co/BTO( B )/LSMO junctions with two opposite 
directions of polarization, which explain the relationship between the direc-
tion of polarization ( P ) (arrows) and the resistance state (HRS or LRS).



FU
LL P

A
P
ER

2713wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2015, 25, 2708–2714

www.afm-journal.de
www.MaterialsViews.com

of the TER for similar junctions can be explained in terms of 
competition between the two surface states.  

  4.     Conclusion 

 We demonstrated that the electroresistance in BTO-based FTJs 
strongly depends on the surface terminations of the BTO ferro-
electric barriers in contact with the metal electrode. The results 
are attributable to surface-termination-dependent interface fer-
roelectricity, which is also expected to occur in other perovskite 
ferroelectrics. [ 21 ]  Thus surface-termination engineering of ferro-
electrics, as a method for controlling charge conduction should 
be applicable to various types of FTJs. [ 8–13 ]  Our fi ndings provide 
a clue to understanding the microscopic and universal mecha-
nism of ferroelectricity-controlled conduction in ferroelectric 
junctions, and should contribute to the development of the 
next-generation nonvolatile devices.  

  5.     Experimental Section 
  Fabrication of Samples : Oxide fi lms were fabricated by pulsed-laser 

deposition using a KrF excimer laser. The LSMO bottom-electrode layer 
was grown at a substrate temperature ( T  sub ) of 750 °C and an oxygen 
pressure ( P  O2 ) of 0.1 Pa. The SRO bottom-electrode layer was deposited 
at  T  sub  = 600 °C and  P  O2  = 7 Pa on a DyScO 3  (110) substrate. BTO barrier 
layers were subsequently deposited at  T  sub  = 650 °C and  P  O2  = 4.5 Pa. 
BaO  x   layers were deposited at  T  sub  = 600 °C and  P  O2  = 4.5 Pa. After the 
depositions, the heterostructures were cooled slowly in an atmosphere 
of oxygen ( P  O2  = 10 Pa). Water-agitated fi lms were prepared by ultrasonic 
agitation of the (BaO  x  )/BTO/LSMO fi lms in deionized water for 10 min 
under an atmosphere of air. 

  XPS Measurements : XPS spectra were measured at room temperature 
using monochromatized Al Kα (1486.6 eV) radiation from an MX650 
source (VG Scienta) as the incident x-rays. The photoelectrons were 
analyzed with an R3000 analyzer (VG Scienta). The Ba 3 d  levels were 
fi tted by assuming two Voigt functions. 

  Electrical Measurements : Current–voltage ( I – V ) characteristics of the 
junctions were measured at room temperature by using AFM (MFP-
3D; Asylum Research) operated in the conductive-tip (CT-AFM) mode 
using conductive cantilevers (Ti/Ir-coated silicon [Asyelec-01; Asylum 
Research]). The cantilever holder for CT-AFM was equipped with 
 I / V  amplifi ers (ORCA, Dual Gain; Asylum Research), with different 
measurable current ranges. 

  PFM Measurements : The PFM responses of the BTO fi lms were 
measured by using the AFM (MFP-3D) operated in its dual alternating 
current (AC) resonance tracking mode at typical resonance frequencies 
of ≈300 kHz. Piezoresponses were measured by applying AC driving 
voltages of 0.7–1.0 V. During the piezoelectric-hysteresis-loops 
measurement, DC bias voltage was removed to minimize the effects of 
electrostatic interactions. 

  STEM Measurements : Samples were mechanically cut and thinned by 
Ar-ion milling to give electron-transparent specimens. The measurement 
was performed by using a Titan 3  transmission electron microscope (FEI) 
operated at an acceleration voltage of 300 kV and fi tted with a spherical 
aberration corrector (DCOR; CEOS GmbH). EELS spectrum imaging 
was conducted with a GIF Quantum 966 EELS spectrometer (Gatan 
Inc.) at a probe current of 50 pA and a collection semiangle of 73 mrad.  
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