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 Atomic-Scale Evolution of Local Electronic Structure Across 
Multiferroic Domain Walls 
 In complex, correlated oxides, heterointerfaces have emerged 
as key focal points of current condensed matter science. [  1–3  ]  For 
ferroic oxides, in order to minimize the total energy, domain 
walls emerge as natural interfaces. Multiferroic materials show 
a wealth of controllable multiple ferroic order through stress, 
optical excitation, electric, or magnetic fi elds in the same phase, 
which in turn suggest potential applications in the realization 
of oxide-based electronic devices, such as spintronics, informa-
tion storage devices, or communications. [  4–7  ]  According to the 
detailed classifi cation given by Mermin in ferroic systems, [  8  ]  
domain walls in ferroic systems are considered as two dimen-
sional (2D) topological defects, which play an important role in 
determining the functionality in materials with long-range order. 
Recently, several key studies pointed out interesting observations 
on domain walls in multiferroics. [  9–13  ]  For example, Y. Tokunaga 
et al. showed that ferroelectric polarization and magnetization 
are successfully controlled by magnetic and electric fi elds in 
GdFeO 3 , respectively, which is attributed to the unique feature 
of composite domain wall clamping. [  14  ]  T. Choi et al. observed 
insulating interlocked ferroelectric and structural antiphase 
domain walls in a multiferroic YMnO 3  system. [  15  ]  H. Bea et al. 
pointed out that domain walls are the source of the exchange 
bias interaction between the ferromagnetic metal layer and mul-
tiferroic BiFeO 3  (BFO). [  16  ]  Additionally, L. W. Martin further con-
fi rmed that as-grown 109 °  domain walls in BFO thin fi lms are 
the contribution for uncompensated spins. [  17  ]  In addition to the 
above, a very recent work has established electrical conductivity 
at written multiferroic domain walls in BFO at room tempera-
ture, which opens up a pathway by which to manipulate domain 
walls for next generation nanoelectronics. 
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 Exploring details on electronic states of domain polarization 
reorientations is critical in oxide multiferroic materials. Theo-
retically, the consideration of the evolution of the polarization 
across the 109 °  domain walls exhibits a large potential step. The 
prediction correlates with the enhanced electrical conductivity 
due to the generation of a space-charge layer for screening the 
potential discontinuity in the region of the wall. [  2  ]  Experimentally, 
conductive atomic force microscopy (c-AFM) studies show the 
occurrence of electrical conduction at 109 °  domain walls within 
the limited spatial resolution of the experimental technigue. [  3  ]  
In spite of the critical importance of these discoveries at such 
an oxide interface, there have been no effectively direct investi-
gations of the intrinsic evolution of the electronic properties at 
regions of domain walls specifi cally within the nanoscale. 

 In this work, we explore the subject by measuring the 
local electronic structure using scanning tunneling micro-
scopy (STM) in a cross-sectional geometry. STM and scan-
ning tunneling spectroscopy (STS) studies provide direct 
experimental insight into the origin and nature of the observed 
electronic conductivity at ferroelectric domain walls in BFO 
with atomic resolution. Tunneling current–voltage character-
istics reveal electronic properties at domain walls, involving a 
decrease in the local bandgap and built-in asymmetrical poten-
tial barriers at domain walls. 

 Rhombohedral BFO has the ferroelectric polarization 
pointing along one of the eight pseudocubic  < 111 >  direc-
tions, suggesting angles of 71 ° , 109 ° , or 180 °  between allowed 
polarization directions. In order to investigate intrinsic elec-
tronic behaviors, we study the local density of states of as-
grown domain walls, instead of written domain walls. Two 
types of equilibrium 2D arrays of domain walls, 71 °  and 109 ° , 
were created by careful control of the elastic and electrostatic 
boundary conditions of the fi lms. [  18  ]   Figure  1   shows the top-
view AFM topography (TOPO), the out-of-plane (OOP) and 
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    Figure  1 .     The AFM TOPO image, the OOP piezoresponse force images, 
the IP piezoresponse force images, and the current mappings measured 
by tunneling AFM (TUNA) for a) 109 °  and b) 71 °  domains.  
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in-plane (IP) piezoresponse force microscope (PFM) mappings 
and c-AFM images of 109 °  and 71 °  domains. In addition, more 
detailed information on the phase–amplitude combined images 
is available in previous work. [  18  ,  19  ]  During the PFM measure-
ments, the cantilever is scanned along the [110] direction. The 
contrast shown in the OOP and IP images reveal the polari-
zations within the domains and thus determine the domain 
wall types. From c-AFM images, the local conductivity was 
confi rmed at the domain walls, which rules out that charge 
accumulation during switching process is the source of this 
conducting behavior. The current levels at 109 °  domain walls 
(5 pA at 1.6 V) are considerably higher than the current levels at 
71 °  domain walls (0.2 pA at 2.2 V), which suggests that the local 
properties are different for different types of domain walls.  

 To explore the fundamental mechanism of this conduction, 
STM was applied to study the detailed electronic structure at 
the domain walls. 71 °  and 109 °  domain wall confi gurations 
were identifi ed by their well-defi ned geometrical orientation 
within ordered wall arrays and their local electronic structure, as 
shown in the sketches in  Figure  2  a,b. [  20  ]  In principle, the orien-
tation of 71 °  domain walls, where the adjacent electric polariza-
tions changed from the [–11–1] direction to [–1–1–1], exhibited 
a 45 °  tilt angle with respect to the interfacial boundary of BFO/
Nb-STO (pseudocubic (001) plane), as examined in the (0–10) 
plane. By contrast, the orientation of 109 °  domain walls, which 
are located between the [–111] and [–1–1–1] polarizations, are 
perpendicular to the interfacial boundary of BFO/Nb-STO, as 
viewed in the (0–10) plane. These distinct and well-defi ned dif-
ferences in domain wall orientation allow us to identify 71 °  and 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 1530–1534

    Figure  2 .     Schematic of the a) 71 °  and b) 109 °  domain-wall arrays. Topogra
bias of –3.50 V. Electronic structures images of the e) 71 °  and f) 109 °  doma
109 °  domain walls at the cleaved surfaces. Figure  2 c,d depicts 
typical topographic images of the 71 °  and 109 °  domain wall in 
constant current mode, where the distance between the tip and 
sample was stabilized at scanning parameters of  + 3.5 V and 
1.2 nA. The corresponding electronic structure of the as-grown 
71 °  and 109 °  domain walls are displayed in Figure  2 e,f. Com-
bining the topographic images with the corresponding elec-
tronic images facilitates the determination of the location of the 
domain walls.  

 Maps of the tunneling conductance were recorded simulta-
neously with the topographical images by varying the sample 
bias  V  s  and acquiring the differential tunneling current (d I /
d V ) characteristics as a function of the sample bias using lock-
in detection. For each spectrum, the feedback loop was turned 
off and the sample voltage ( V  s ) was ramped between present 
voltages. Scanned with fi xed lifting height and sample bias, 
domain walls are imaged as bright bands in the electronic struc-
ture images, showing higher tunneling conductance than the 
domain area. Spectral analysis of the sequentially layered elec-
tronic characteristics across the domain walls provide insight 
into the increase in tunneling current, as shown in  Figure  3  . 
Figure  3  presents and shows the analysis of several detailed 
experimental spatial spectroscopic measurements through 
71 °  and 109 °  domain walls. Several colored solid bars in the 
atomic-resolution electronic image of the walls in Figure  3 a,b 
indicate the spatial positions, and the corresponding spectra 
are shown in Figure  3 c,d. The resulting tunneling spectra in 
Figure  3 c,d are plotted as the differential tunneling current d I /d V  
as a function of the sample bias across the domain walls. In a 
bH & Co. KGaA, Weinheim wileyonlinelibrary.com 1531

phic images of the c) 71 °  and d) 109 °  domain walls, acquired at a sample 
in walls, acquired at a sample bias of  + 2.00 V.  
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    Figure  3 .     Layer-by-layer d I /d V  measurements across a,c) 71 °  and 
b,d) 109 °  domain walls, acquired at  ≈ 110 K. Bars in (a,b) denote positions 
where the electronic spectra are probed, and (c,d) show the corresponding 
spectrum within the detection limits. The band edges are indicated 
by black tick marks in (c,d).  
band-gap region with zero tunneling current, the approximate 
locations of valence-band maximum ( E  v ) and conduction-band 
minimum ( E  c ) are extracted and indicated by tick marks in 
Figure  3 c,d. The variations in the band structures at different 
sites along the length of the 109 ° /71 °  domain walls attribute to 
the fl uctuations in the positions of band edges. Consequently, 
the variation in the band edge is analyzed from several d I /d V  
curves on different sites for each domain wall. The uncertain-
ties on each band edge position are  ≈ 0.19 and 0.23 eV for 109 °  
and 71 °  domain walls, respectively (for more detailed original 
data and the determination of the band-gap size from  I–V  and 
d I /d V  curves see Supporting Information).  

 The fact that conduction can be activated at the domain 
walls of BFO at room temperature evokes considerations for 
the changes in bandgap ( E  g ) across the domain walls. The local 
layer-by-layer bandgap is extracted from the difference between 
the conduction ( E  c ) and valence band edges ( E  v ) of electronic 
characteristics for different domain walls. The uncertainty in 
the local bandgap, corresponding to the standard deviation 
from several determinations of the local bandgap, for 109 °  (71 ° ) 
domain walls is about  + /− 0.19 ( + /− 0.23) eV.  Figure  4  a reveals 
a signifi cant decrease in bandgaps at the domain walls from 
the mid-domain experimental value of  ≈ 2.9 eV at 110 K. [  21  ]  The 
spatial extent of the changes in the local bandgap presents a 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
region of  ≈ 2 nm, corresponding to the theoretical estimation. [  2  ]  
It should be noted that the magnitude of the changes in the 
bandgap depends strongly on the domain-wall type. For the 71 °  
wall, a local band-gap reduction of 0.20 eV, about a 6% decrease 
of the mid-domain bandgaps, is observed. In contrast, the band 
edge had a marked shift at the 109 °  domain wall, and the local 
bandgap of 109 °  wall is considerably suppressed. According to 
the present STM measurements for the 109 °  domain wall, the 
bandgap is 2.4 eV, with a reduction of 0.50 eV or about –17% 
relative to the bandgap of the normal domain region. The STM 
experimental results show a more obvious band-gap reduction 
across domain walls as compared to the ones found in theoret-
ical calculations, e.g., 0.05 eV for 71 °  domain walls and 0.10 eV 
for 109 °  domain walls. [  2  ,  3  ]  A larger reduction of the electronic 
bandgap across the 109 °  domain walls is in good agreement 
with the previous experimental results of high electrical con-
ductivity of 109 °  domain walls. [  2  ,  3  ]   

 The changes in the electronic structure due to polarization 
reorientations could lead to an electrostatic potential step at the 
domain boundary and therefore infl uence the local mobility of 
electron and hole pairs, which is the key factor for the recently 
observed photovoltaic effect in BFO. [  3  ,  22–24  ]  Therefore, in the 
article, the immediate concern is how the polarization reorien-
tation across the wall infl uences the electronic properties at the 
wall. As shown in Figure  4 b, the temperature-dependent elec-
tronic properties in the temperature range of  ≈ 100–300 K are 
analyzed. The small temperature dependence of the Fermi level 
relative to the band edges as shown in Figure  4 b implies that in 
the current STM work, the detected free carriers in BFO mainly 
arise from the intrinsic valence-to-conduction band transitions. 
In this case, the Fermi level only shifts relative to the band edge 
of the order of  kT  ( k  is the Boltzmann constant and  T  is tem-
perature), which is about 0.05 eV in the studied temperature 
range, and thus these STM results can be classifi ed as intrinsic 
electronic properties. Consequently, the built-in potential for 
electrons across the domain walls can be correlated from the 
variation of the separation between the conduction band and 
the Fermi level ( E  F ). [  23  ]  Since the measured tunneling current 
is proportional to the density of electrons at the semiconductor 
surface, a smaller bandgap or a smaller separation between the 
conduction-band edge and the Fermi level imply a larger car-
rier density. Therefore, a prominent reduction of the band-gap 
size at 109 °  domain walls implies that the carrier density of the 
energy sub-bands near the Fermi level is noteworthy and sug-
gests more electrons accumulate at the 109 °  domain boundary 
region. In addition, the factor of higher potential difference 
across 109 °  domain walls is attributed to the experimental evi-
dence that the 109 °  domain wall is thicker than the 71 °  domain 
wall in the electronic STM images in Figure  2 e,f. 

 Generally, the offsets of the analyzed layer-by-layer band 
edges can give insight into the characteristics of the intrinsic 
carrier density distribution or the electrostatic potential 
steps across domain walls. With the characteristics of d I /d V  
curves, shown in Figure  3 , the atomic-scale evolution of local 
electronic property across domain walls can be quantitatively 
depicted and directly traced in Figure  4 c,d. The key feature 
observed is that the change of bandgap is mainly attributed 
to the shift of the conduction band. The obvious downward 
shift in the conduction-band edge can be correlated with the 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 1530–1534
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    Figure  4 .     a) Local bandgap across domain walls at 110 K. b) Temperature-dependent band edges from 110 to 300 K for 71 °  and 109 °  domain walls 
and domains, switching from the right side (R) to the left side (L). Atomic-scale evolution of band structure across c) 71 °  and d) 109 °  domain walls at 
110 K. The band edges are indicated by red symbols with error bars in (c,d), respectively. The black dashed lines represent the Fermi level.  
Fe–O octahedral deformations in the wall region, [  2  ,  25–27  ]  leading 
to the change in Fe–O–Fe band angle and the surroundings of 
minority-spin Fe 3d states at the domain wall. This difference 
originates from the polarization discontinuity at the boundary 
of the domain. The visualized atomic-scale band alignment pro-
vides a direct portray of how the band structures evolve across 
the domain walls. Figure  4 c,d show that the band edges have 
asymmetric magnitudes for domains adjacent to different sides 
of the 71 °  or 109 °  domain wall. According to the STM measure-
ments, the shift of the conduction-band and valence-band edges 
for successive domains across the 71 °  (109 ° ) wall are about 
0.15 (0.15) eV, which is larger than that found in theoretical 
estimations. [  2  ]  The results observed in STM measurements can 
be mainly originated from the oppositely polarization-induced 
surface potential modifi cation on the successive ferroelectric 
domain surfaces. [  28  ,  29  ]  The magnitude of the modifi cation of 
the barrier height in the vicinity of the domain wall can also be 
estimated from realistic parameters in a simple dielectric gap 
model (polarization  P   =  60  μ C cm  − 2 , the length of the depletion 
region   δ    ≈  0.25 nm, and the dielectric constant   ε    ≈  100). 

 In summary, we have established a method based on STM 
and STS measurements in cross-sectional samples to directly 
elucidate the origin and nature of the unusual local electronic 
conductivity at ferroelectric domain walls in multiferroic BFO. 
According to the domain wall orientation and temperature-
dependent electronic characteristics, a decrease in the bandgap 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 1530–1534
at the domain boundary is a critical formation mechanism for 
the observed electric conductivity at the domain walls in BFO 
fi lms. A shift towards the Fermi level in the band edges leads 
to an increased carrier density with respect to the signifi cant 
electrostatic potential step at the wall. The 109 °  domain walls 
exhibit enhanced tunneling current compared to 71 °  domain 
walls. This may originate from the freedom of the structural 
deformations to accommodate the changes in carrier density 
and bandgaps in the polarization reorientation process. The 
approach demonstrated here serves as a model technique to 
understand the electronic structures at the oxide interfaces.  

 Experimental Section 
 High-quality epitaxial BFO fi lms ( ≈ 120 nm thick) were prepared by 
pulsed laser deposition with high-pressure refl ective high-energy electron 
diffraction (RHEED) on SrRuO 3 -coated DyScO 3  (110) and Nb-doped 
SrTiO 3  (001) substrates for c-AFM and STM, respectively. Details on 
control of growth can be found in the published literature. [  20  ]  c-AFM has 
been applied to probe the local conduction at as-grown domain walls. 
For STM studies, experiments were performed in an ultrahigh vacuum 
(UHV) chamber with a base pressure around 5  ×  10  − 11  Torr. The samples 
were cleaved in situ along the (010) or (100) planes for investigating 
domain walls. Such an approach avoids surface contamination of BFO 
fi lms. The chamber was equipped with a variable temperature STM 
capable of STS measurements. The tunneling spectra were acquired by 
using the current imaging tunneling spectroscopy (CITS) mode, where 
bH & Co. KGaA, Weinheim wileyonlinelibrary.com 1533
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a series of tunnel current images was obtained at different sample 
bias voltage  V  s .  V  s  in this work was varied from –3.5 to  + 3.5 V for STS 
measurements. STM and STS images were simultaneously acquired 
in the  ≈ 100–300 K temperature range using the conventional lock-in 
technique by application of a small ac modulation voltage ( V  m   =  40 mV, 
modulation at  ≈ 1.1 KHz) to the sample bias voltage  V  s . STM combined 
with STS facilitates acquisition of relevant information directly on the 
local electronic structure at domain walls of BFO.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 
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