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Ferroelectric domain walls are planes within an insulating material that can accumulate and conduct charge
carriers, hence the interaction of the domain walls with the charge carriers can be important for photovoltaic and
other electronic applications. By means of first principles calculations we predict a transition from a large two-
dimensional electron polaron to a small polaron at the domain walls at a critical electron density, with polaron
signatures in optical absorption and photoluminescence. We find that large and small polarons at the domain
walls create different absorption peaks within the band gap that are not present in the case of pristine domain
walls. These are an extended Drude peak in the case of large electron or hole polarons and a narrow mid-gap
peak in the case of the small electron polaron.

I. INTRODUCTION

Novel photovoltaic absorber materials and materials engi-
neering concepts may help to make photovoltaics more effi-
cient and more versatile. Ferroelectric photovoltaics might
be one of such future photovoltaic technologies. Ferroelec-
tric photovoltaics are promising because they could provide
three solar-cell functions within one material, namely the gen-
eration, separation, and conduction of photocharge carriers.
The ferroelectric material provides the bulk photovoltaic ef-
fect [1–3], and the ferroelectric domain walls may, in princi-
ple, both separate and conduct the photogenerated charge car-
riers [2, 4, 5]. The domain walls may hence be the most active
areas within the ferroelectric, where most of the charge carrier
dynamics take place. Recently we discovered a transition be-
tween large and small exciton polarons at neutral ferroelectric
domain walls in BiFeO3 [5]. A similar transition occurs for
electron polarons, as we will show here.

Charge carriers in nanostructured semiconductors or insu-
lators can be monitored for example by means of spatially re-
solved optical absorption or photoluminescence spectroscopy.
For ferroelectric domain walls this is challenging because the
domain walls are atomically narrow, and because optical sig-
natures of charge carriers at domain walls may be difficult to
distinguish from those at point defects. Here we use first prin-
ciples modelling based on density-functional theory (DFT) to
identify optical signatures of charge carriers at pristine fer-
roelectric domain walls in BiFeO3, one of the most studied
ferroelectric photovoltaic materials.

BiFeO3 is a prototype ferroelectric photovoltaic with a
very stable and large ferroelectric polarization close to
100 µC/cm2 [6], a high ferroelectric Curie temperature above
1100 K [7], and a relatively small direct optical band gap,
compared to most other ferroelectric oxides, of ≈2.7–3.0 eV
[8–14]. BiFeO3 can therefore be considered a starting point
for tailoring ferroelectric photovoltaic absorber materials,
even though its bandgap is still too large for an efficient har-

vesting of visible light.
BiFeO3 exhibits a bulk photovoltaic effect due to its non-

centrosymmetric R3c crystal structure [1–3, 15]. Additionally,
a contribution from ferroelectric domain walls to the photo-
voltage has been proposed [16–18]. The atomic structures and
formation energies of low-energy ferroelectric domain walls
in BiFeO3 are well known [4, 19–22]. Three types of domain
walls can form with different angles between the polarization
directions in adjacent domains: 71°, 109°, and 180°, all of
which are experimentally observed [4, 21, 23]. It was previ-
ously found that holes in BiFeO3 form large polarons only
[24, 25]. Domain walls are two-dimensional electron (and
hole) traps [24], which makes it possible to study electron po-
larons at high local electron densities. Here we investigate
the small electron polaron at the domain wall and find that it
forms only above a critical electron density, and we predict
if and how electron and hole polaron states in BiFeO3 can be
detected in optical absorption and photoluminescence spectra.
Throughout this work we will distinguish “small” and “large”
polarons by the spatial extension of the electronic wave func-
tion compared to the interatomic distances (small polaron: lo-
calized within maximally a few interatomic distances; large
polaron: delocalized over ≥ tens of interatomic distances).

II. METHODS

A. Ground state properties

We consider charge-neutral and “mechanically compatible”
[19, 26] ferroelectric domain walls in lattice planes with low
Miller indices as the most abundant types of domain walls. All
calculations were performed with the program vasp [27], us-
ing the Projector-Augmented Wave (PAW) method and pseu-
dopotentials with 5 (Bi), 16 (Fe), and 6 (O) valence electrons,
respectively. We used the local spin-density approximation
(LSDA) to density-functional theory (DFT), and corrected
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the band gap with a Hubbard-U of 5.3 eV using Dudarev’s
scheme [28]. This U value was taken from the materials
project [29] and it is optimized for oxide formation energies,
but also yields band gaps and ferroelectric polarization close
to experiment. With our U we obtain a ferroelectric polariza-
tion of ≈ 94 µC/cm2 [5] (Expt.: ≈ 100 µC/cm2 [6]). Spin-orbit
coupling was neglected. The reciprocal space was sampled
with a k-point grid equivalent to about 7 × 7 × 7 k-points for a
5-atom perovskite unit cell. Plane-wave basis functions with
energies up to 520 eV were used. We employed supercells of
120 atoms with periodic boundary conditions, such that ev-
ery supercell contained two domain walls. Both the atomic
positions and the cell parameters were optimized until the to-
tal energy differences between consecutive iteration steps fell
below 0.01 meV for the optimization of the electronic den-
sity and below 0.1 meV for the optimization of the atomic
structure. The antiferromagnetic G-type spin configuration of
the bulk was maintained in the systems with domain walls.
Atomic and electronic structure of the domain-wall systems
investigated here have been published elsewhere [19, 21, 24].
The valence band maximum (VBM) and the conduction band
minimum (CBM) of BiFeO3 are largely comprised of p-type
states located on oxygen and d-type states located on Fe, re-
spectively. This is also the case for pristine domain walls.
Here we considered systems without any excess charge car-
riers as well as those with excess electrons or holes, corre-
sponding to n-doped or p-doped conditions, respectively. To
this end, electrons were added or removed from the system,
and a uniform compensating background charge density was
added. The structures with excess charges were optimized in
order to take into account polaron formation. Excess charges
between 0.1 and 1 electron or hole in the supercell were con-
sidered.

B. Optical properties

Since our system size is large and our study is computa-
tionally expensive already at the DFT level, we do not employ
many-body perturbation theory to calculate optical properties.
Instead we use the independent-particle approximation to cal-
culate the frequency-dependent imaginary part of the dielec-
tric permittivity, ε2(ω), thereby neglecting excitonic effects,
and we also neglect local-field effects, which should be small
in the case of materials with small optical anisotropy, such as
BiFeO3. In this case ε2 is given by

ε
αβ
2 (ω) = 4π2e2

Ω
limq→0

1
q2

∑
c,v,k 2wkδ(εck − εvk − ω)

· 〈uck+eαq|uvk〉〈uck+eβq|uvk〉
∗, (1)

where α and β are cartesian directions, v and c are valence-
and conduction-band indices at k-point k, the εnk are energy
eigenvalues, u is the lattice-periodic part of the Bloch func-
tion, e is a cartesian unit vector, Ω is the unit-cell volume, and
wk is the k-point weight. The real part of the dielectric permit-
tivity ε1, needed to calculate the absorption coefficient, was
obtained from a Kramers-Kronig transformation [30]. Unless
specified otherwise, broadening of the order of 0.1 eV was
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FIG. 1. (Color online) Imaginary part of the dielectric permittivity ε2

(left axis) and absorption coefficient α (right axis) from theory (solid
lines) and experiment (dotted lines). Experimental spectra are taken
from Ref. 10 (ε2) and Ref. 8 (α).

applied to the optical spectra in order to mimick broadening
effects present in experimental spectra. The absorption coeffi-
cient α is given by

α =
4πνκ

c
, (2)

where ν is the frequency of the incident light, c is the speed of
light, and κ =

√
(|ε| − ε1)/2 is the imaginary part of the com-

plex index of refraction [31]. In order to obtain a direction-
averaged dielectric permittivity and absorption coefficient, we
average the eigenvalues of the dielectric matrix, ε2.

In order to qualitatively estimate how the weight of the po-
laron peak might be enhanced in photoluminescence with re-
spect to optical absorption spectra, we weighted the absorp-
tion spectra by a Bose-Einstein distribution function of the
exciton energies as it was proposed in Ref. 32. It should be
noted that this approach may not be sophisticated enough to
yield correct orders of magnitude.

III. RESULTS AND DISCUSSION

A. Optical spectra of the bulk

First we validate our computational parameters by compar-
ing the calculated optical spectrum of the bulk crystal with the
experimentally measured one. Figure 1 shows the imaginary
part of the dielectric permittivity (left axis) and the absorption
coefficient (right axis). The calculated spectrum is the average
over cartesian directions. The main absorption onset (direct
band gap) of thin films of BiFeO3 was found at about 2.7–
2.8 eV [8–11, 13]. The calculated spectrum agrees reasonably
well with the experimentally measured one, even though it is
redshifted by about 0.2 eV. From a Tauc plot we obtain a direct
optical band gap of 2.54 eV. This is higher than our calculated
direct band gap of 2.25 eV (our calculated fundamental band
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FIG. 2. (Color online) 71° domain wall with small electron polarons
(top), large electron polarons (center), and large hole polarons (bot-
tom). The yellow objects are charge density iso-surfaces of the ex-
cess electron or hole, respectively. Gray bars and arrows indicate
domain walls (“DW”) and polarization (“P”) directions, respectively.

gap is 2.18 eV), indicating that the lowest-energy direct tran-
sitions between the band edges are dipole-forbidden. It should
be noted that a larger Hubbard U would increase the optical
gap and hence move it closer to experiment, whereas includ-
ing spin-orbit coupling would decrease the gap [33]. While
a larger Hubbard U would yield an optical gap closer to ex-
periment, our slightly smaller U, which yields simultaneously
formation energies, band gaps, and ferroelectric polarization
close to experiment, is more likely to yield robust results for
other properties as well, such as polaron properties.

B. Polarons at domain walls

Having validated our computational parameters, we now
consider domain-wall systems. We find that both large and
small electron polarons can be stable depending on the con-
centration of excess electrons, whereas holes always form
large polaron states, in agreement with findings in Ref. 25.
The large electron and hole polarons occupy metal-like states
at the bottom of the conduction band (electron) or the top of
the valence band (hole), respectively, whereas the small elec-
tron polaron occupies a mid-gap state such that the system re-
tains a finite band gap [24]. In Fig. 2 the atomic configuration
of the 71° domain wall is shown. The figure also shows iso-
surfaces of the charge densities of excess electrons and holes.
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FIG. 3. (Color online) Line density (in-plane average) of the ex-
cess electrons for planar electron densities ranging from ≈ 1 to
23 · 1013 electrons/cm2. Gray bars mark 71° domain walls. Solid
lines: small polarons, dashed lines: large polarons. The densities
were smoothened by applying a sliding-window average with a win-
dow size of one atomic layer spacing.

1. Transition between large and small electron polarons

Upon varying the planar electron density in the domain wall
we find a transition between the large and the small electron
polaron at a critical electron density. Figure 3 shows the line
density (the in-plane average) of the excess electron. For inter-
mediate electron densities of about 3 to 9·1013 electrons/cm2,
depending on the starting configuration, both the large and
the small electron polaron can be obtained, whereas for elec-
tron densities outside this range only one of the two polaron
types is stable. For a density of ≥ 9 · 1013/cm2 the initial
configuration with a delocalized excess charge density spon-
taneously transforms into a small polaron state, whereas for
≤ 3 ·1013/cm2 we can only obtain the large polaron. If starting
from the atomic configuration of a small polaron with larger
electron density, we obtain a large polaron at one of the do-
main walls, whereas when starting from the delocalized ex-
cess electron we obtain a large polaron state split over both
domain walls.

Figure 4 shows the normalized energy difference between
the large and the small electron polaron as a function of
the planar electron density in the domain wall, ∆E =(
Epolaron

tot − Eground state
tot

)
/Ne − Eground state

F . Here Ne is the num-
ber of electrons in the supercell. We take the Fermi en-
ergy EF of the ground state as the energy reference in or-
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FIG. 4. (Color online) Energy difference ∆E between small and large
electron polaron (“EP”) at the 71° domain wall as a function of the
planar electron density in the domain wall. The vertical black line
marks the critical planar density, the gray shaded area marks the co-
existence region.

der to remove the arbitrary shift in the total energy that is
present in our computational approach. In this way we can
observe how ∆E approaches the band gap energy in the limit
of low excess electron densities, as one would expect it to.
The transition from the large to the small polaron takes place
somewhere inside the coexistence region between about 3 and
9·1013 electrons/cm2. We estimate that it lies at about 7·1013

electrons/cm2, where the formation energies of SEP and LEP
are equal. In principle the critical electron density could be
affected by a spurious polaron-polaron interaction caused by
a too small domain wall spacing in the simulation. How-
ever, this is not the case: For two densities, 2 and 9·1013

electrons/cm2, we considered both the case that every domain
wall hosts a polaron and the case that only every other domain
wall hosts a polaron. Both the shape of the electron density
(Fig. 3) and the formation energies (Fig. 4) are almost identi-
cal for the original and the doubled polaron-polaron distance
for these two densities.

Assuming that all excess electrons in the material are
trapped in the domain walls, then the relation between doping
level %e, planar electron density in the domain wall %planar

e , and
domain wall spacing dDW is simply %e = %

planar
e /dDW. This

yields the critical doping level as a function of the domain-
wall spacing, as depicted in Fig. 5. For a typical domain-wall
spacing of the order of 100 nm the transition occurs at a dop-
ing level of the order of 1018 to 1019 cm−3. Figure 6 shows the
density of states (DOS) of the electron polaron for different
planar electron densities. The large polaron leaves the DOS
nearly unaffected, regardless of the electron density. This is
different in the case of the small polaron, where at ≈ 5 · 1013

electrons/cm2 a peak forms at the bottom of the conduction
band, which detaches from the conduction band minimum at
≈ 7 · 1013 electrons/cm2 electrons in the supercell and moves
deeper down into the band gap with increasing electron den-
sity. At a density of ≈ 2 · 1014 electrons/cm2 the level of the
small polaron lies deep within the band gap, and a second level
has appeared above the valence band maximum.
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FIG. 5. (Color online) Phase diagram for the electron polaron at the
71° domain wall. The black line marks the domain-wall spacing at
which the large-to-small polaron transition occurs, as a function of
the electron doping level. The gray shaded area is the coexistence
region of large and small polaron.

2. Polarons in optical spectra

Figure 7 shows the optical spectra (imaginary part of ε) of
BiFeO3 without (“bulk”) and with domain walls (“DW”), and
the difference between them. The optical spectrum of the pris-
tine domain wall is nearly identical to that of the bulk. This is
different when excess electrons or holes are present. Both the
large electron polaron and the large hole polaron state lead to
large absorption at vanishing photon energy due to their metal-
like nature (Drude peak). In the case of the small electron po-
laron there is no Drude peak, instead we find an absorption
peak at a photon energy of ≈ 1.1 eV (71° and 180° domain
wall) and 1.0 eV (109° domain wall), which is well separated
in energy from the rest of the spectrum and which might there-
fore be detectable by optical absorption or photoluminescence
spectroscopy. Given the limited accuracy of the level of the-
ory adopted here, and the fact that the peak position depends
on the electron density (see Fig. 6), the peak may in prac-
tice be slightly shifted with respect to our prediction, but it
lies deep in the band gap, well separated from the conduc-
tion band minimum. For better visibility of the polaron peaks
we also show the differential spectra (∆ε2 = ε2 − ε2,bulk) in
the bottom panels of Fig. 7. The small electron polaron peak
is composed of electronic transitions between the small elec-
tron polaron level and the lowest conduction bands, as de-
picted in Fig. 8, which shows ε2 around the small polaron
peak, the electronic density of states (DOS), and the contri-
bution ε̃2 to ε2 that stems only from electronic transitions be-
tween states within the red rectangle, that is, between the po-
laron level just below 0 eV and the lowest conduction bands
near 1 eV. The spectra of the 109° and 180° domain walls are
very similar to that of the 71° wall. The most pronounced ef-
fects of the domain walls are the additional absorption peaks
stemming from small electron polarons and metal-like large
hole and electron polaron states, respectively, which are very
similar for all three walls. The small electron polaron state
contributes only a tiny fraction of the total absorption spec-
trum: Even if a spatially resolved absorption spectrum was
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FIG. 6. (Color online) Density of states (DOS) of electron polarons
at the 71° domain wall for different planar electron densities. Black
solid line: without polaron, dark purple lines: small electron polaron
(SEP); pink lines: large electron polaron (LEP). Spin-down DOS
were multiplied by -1 for better visibility. The DOS were vertically
shifted for better visibility.

taken in a spatial region spanning only several nanometers
centered at the domain wall, the amplitude of the mall po-
laron peak would only be at a few percent of that of the main
peaks. This idealized situation is the one shown in Fig. 7. In
a macroscopic absorption spectrum, or one with a spatial res-
olution of hundreds of nanometers, the peak would be even
much smaller, below 0.1% for a doping level of 1018 cm−3

and a domain wall spacing of about 200 nm. Therefore this
peak will be difficult to detect in absorption spectroscopy, but
much easier using photoluminescence spectroscopy. Figure 9
shows qualitatively estimated photoluminescence (”QE-PL“)
spectra of the bulk and the domain walls with small electron
polarons together with experimental data of Ref. 14 for the
single-domain bulk. Other than in the absorption spectrum,
in the estimated photoluminescence spectrum the peak of the
small electron polaron near 1 eV is very pronounced. There
is at a similar position a peak in the experimental spectrum
that was assigned to oxygen vacancies, which might hide the
polaron peak stemming from domain walls. In fact, the prop-

erties (energy level and shape of the wave function) of small
electron polarons at oxygen vacancies [34] are very similar
to those of small electron polarons at domain walls, indicat-
ing that the properties of the small electron polaron may be
largely independent of the nature of the electron trap. There
is however a difference between the small electron polaron at
domain walls and at oxygen vacancies: the energy level of the
small polaron at the domain wall depends continuously on the
density of electrons at the domain wall (see Fig. 6), and in pla-
nar traps like domain walls the electron density, and hence the
energy level of the polaron, can be tuned quasi-continuously.
This is different from zero-dimensional traps like oxygen va-
cancies, for which only a few discrete electron densities are
possible (zero, one, or two electrons per trap in this case), and
the polaron levels can only attain a few discrete values. Ex-
perimentally the polaron peak at domain walls could perhaps
be distinguished from that at oxygen vacancies by comparing
spectra of electron-doped BiFeO3 with domain walls (peaks
from both polarons and oxygen vacancies) and without do-
main walls (peak only from oxygen vacancies) under oxygen-
rich conditions that minimize the accumulation of oxygen va-
cancies at the domain walls.

IV. SUMMARY AND CONCLUSIONS

If ferroelectric domain walls are present in BiFeO3, excess
electrons or holes will accumulate there. Holes form only
large polarons, both at the domain walls and in the bulk [25].
Electrons also form large polarons at the domain walls as long
as the electron density in the wall is low enough. However, if
the electron density in the domain wall exceeds a critical value
(if the doping level is high, or if there are not too many domain
walls), then the large electron polaron undergoes a transition
to a small electron polaron. We find the critical planar elec-
tron density in the domain wall for this transition to occur to
be about 7 · 1013 cm−2. This critical planar density could be
reached, for example, for an electron doping level of the order
of 1018 to 1019 cm−3 and a domain wall spacing of ≈ 100 to
1000 nm, if the domain walls are the prevailing electron traps.

Optical absorption and photoluminescence spectra of
BiFeO3 could reveal the nature of excess charge carriers at
the ferroelectric domain walls. In the case of hole doping (p-
type conditions), a Drude peak appears due to the metal-like
density of states of the large hole polaron. A similar Drude
peak appears for the large electron polaron. If the electron
density in the wall exceeds the critical density and the large
polaron transforms into a small one, the Drude peak vanishes,
and instead a single peak appears deep inside the band gap,
which is the signature of the small electron polaron. Whereas
this peak is small and may not be easy to detect in absorp-
tion spectra, the same peak should be much more pronounced,
maybe even dominant in photoluminescence spectra, even at
room temperature or above. A similar large-to-small polaron
transition and metal-insulator transition were also predicted
at charged domain walls in PbTiO3 [35], indicating that these
may be an ubiquitous phenomenon at planar electron traps in
electron-doped perovskite oxides. Undoped neutral ferroelec-
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FIG. 7. (Color online) Imaginary part of the microscopically averaged dielectric permittivity, ε2, of BiFeO3 without (“bulk”) and with domain
walls (“DW”) and with small (“SEP”) and large (“LEP”) electron polarons and large hole polarons (“LHP”) at the domain walls. (a) 71° wall;
(b) 109° wall; (c) 180° wall. The bottom panels show differential spectra with respect to those of the bulk (∆ε2 = ε2 −ε2,bulk). Red circles mark
peaks from small electron polarons. The dielectric permittivity is averaged over a narrow (≈ 2 nm wide) spatial region centered at the domain
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FIG. 8. (Color online) Imaginary part of the dielectric permittivity
ε2 for the small electron polaron at the 71° wall. The inset shows the
electronic density of states (DOS) in arbitrary units. ε̃2 is the part of
ε2 that stems only from electronic transitions between states within
the red rectangle. EF is the Fermi energy. A Gaussian broadening of
25 meV was applied to ε̃2.

tric domain walls do not have any pronounced effect on the
the optical spectrum of BiFeO3.

ACKNOWLEDGEMENT

This project has received funding from the European
Union’s Horizon 2020 research and innovation programme
under the Marie Skłodowska-Curie Grant Agreement No.
746964 and from the Czech Science Foundation (Project No.
15-04121S). Computational resources and support were sup-
plied by the Trinity Centre for High Performance Computing
funded by Science Foundation Ireland, the Irish Centre for
High-End Computing, and the project “e-Infrastruktura CZ”
(e-INFRA LM2018140) provided within the program Projects
of Large Research, Development and Innovations Infrastruc-
tures. Figures were made using Vesta [36] and gnuplot.

[1] T. Choi, S. Lee, Y. J. Choi, V. Kiryukhin, and S.-W.
Cheong, “Switchable ferroelectric diode and photovoltaic effect

in bifeo3,” Science 324 (2009).



7

1 2 3 4 5

(a)
SEP@DW

bulk

Q
E
-P
L
(a
rb
.
u
.)

E (eV)

950 K

900 K

Expt.

1 2 3 4 5

(b)

Q
E
-P
L
(a
rb
.
u
.)

E (eV)

1 2 3 4 5

(c)

Q
E
-P
L
(a
rb
.
u
.)

E (eV)

FIG. 9. (Color online) Qualitative estimate of the macroscopically averaged photoluminescence (“QE-PL”) spectra of BiFeO3 bulk and
domain walls with small electron polarons (“SEP@DW”) for two temperatures below the Curie temperature. (a) 71° wall; (b) 109° wall; (c)
180° wall. The experimental spectrum [14] was recorded for a single-domain single crystal at room temperature; here we rescaled its amplitude
for better visibility. The peak at 1.5 eV was ascribed to oxygen vacancies.

[2] Akash Bhatnagar, Ayan Roy Chaudhuri, Young Heon Kim, Di-
etrich Hesse, and Marin Alexe, “Role of domain walls in the
abnormal photovoltaic effect in BiFeO3,” Nature communica-
tions 4 (2013).

[3] Wei Ji, Kui Yao, and Yung C. Liang, “Evidence of bulk photo-
voltaic effect and large tensor coefficient in ferroelectric BiFeO3

thin films,” Phys. Rev. B 84, 094115 (2011).
[4] Jan Seidel, Lane W Martin, Q He, Q Zhan, Y-H Chu, A Rother,

ME Hawkridge, P Maksymovych, P Yu, M Gajek, et al., “Con-
duction at domain walls in oxide multiferroics,” Nat. Mater. 8,
229–234 (2009).

[5] Sabine Körbel and Stefano Sanvito, “Photovoltage from ferro-
electric domain walls in BiFeO3,” Phys. Rev. B 102, 081304(R)
(2020).

[6] Delphine Lebeugle, Dorothée Colson, A Forget, and Michel
Viret, “Very large spontaneous electric polarization in BiFeO3

single crystals at room temperature and its evolution under cy-
cling fields,” Appl. Phys. Lett. 91, 022907 (2007).

[7] G A Smolenskii, 25, 475–493 (1982).
[8] S. R. Basu, L. W. Martin, Y. H. Chu, M. Gajek, R. Ramesh,

R. C. Rai, X. Xu, , and J. L. Musfeldt, “Photoconductivity in
BiFeO3 thin films,” Appl. Phys. Lett. 92, 091905 (2008).

[9] A. J. Hauser, J. Zhang, L. Mier, R. A. Ricciardo, P. M. Wood-
ward, T. L. Gustafson, L. J. Brillson, and F. Y. Yang, “Char-
acterization of electronic structure and defect states of thin epi-
taxial BiFeO3 films by UV-visible absorption and cathodolumi-
nescence spectroscopies,” Appl. Phys. Lett. 92, 222901 (2008).

[10] JF Ihlefeld, NJ Podraza, ZK Liu, RC Rai, X Xu, T Heeg,
YB Chen, J Li, RW Collins, JL Musfeldt, et al., “Optical band
gap of BiFeO3 grown by molecular-beam epitaxy,” Appl. Phys.
Lett. 92, 142908 (2008).

[11] Amit Kumar, Ram C Rai, Nikolas J Podraza, Sava Denev, Mar-
iola Ramirez, Ying-Hao Chu, Lane W Martin, Jon Ihlefeld,
T Heeg, J Schubert, et al., “Linear and nonlinear optical prop-
erties of BiFeO3,” Appl. Phys. Lett. 92, 121915 (2008).
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