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Electrochromes are materials that have the ability to reversibly change from one colour state to 
another with the application of an electric field. Electrochromic colouration efficiency is typically 
large in organic materials that are not very stable chemically. Here we show that inorganic 
Bi0.9Ca0.1Feo3 − 0.05 thin films exhibit a prominent electrochromic effect arising from an  
intrinsic mechanism due to the melting of oxygen-vacancy ordering and the associated 
redistribution of carriers. We use a combination of optical characterization techniques in 
conjunction with high-resolution transmission electron microscopy and first-principles theory. 
The absorption change and colouration efficiency at the band edge (blue-cyan region) are 
4.8×106 m − 1 and 190 cm2 C − 1, respectively, which are the highest reported values for inorganic 
electrochromes, even exceeding values of some organic materials. 

1 Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA. 2 Department of Physics, University of California, 
Berkeley, California 94720, USA. 3 School of Materials Science and Engineering, University of New South Wales, Sydney, New South Wales 2052, Australia. 
4 Department of Physics and Astronomy, Vanderbilt University, Nashville, Tennessee 37235, USA. 5 Materials Science and Technology Division, Oak Ridge 
National Laboratory, Oak Ridge, Tennessee 37831, USA. 6 National Center for Electron Microscopy, Lawrence Berkeley National Laboratory, Berkeley, 
California 94720, USA. 7 Department of Materials Science and Engineering, Rutgers University, Piscataway, New Jersey 08854, USA. 8 Department of 
Materials Science and Engineering,University of California, Berkeley, California 94720, USA. 9 Deparment of Physics, and Institute for the NanoCentury, 
Korea Advanced Institute of Science and Technology (KAIST), Daejeon 305-701, Republic of Korea. 10 Department of Physics, University of Cambridge, 
Cambridge CB3 0HE, UK. Correspondence and requests for materials should be addressed to J.S. (email: jbseidel@lbl.gov). 

Prominent electrochromism through vacancy-
order melting in a complex oxide
J. seidel1,2,3, W. Luo4,5, s.J. suresha6, P.-K. nguyen7, A.s. Lee8, s.-Y. Kim8, C.-H. Yang2,9, s.J. Pennycook4,5,  
s.T. Pantelides4,5, J.F. scott10 & R. Ramesh1,2,8



ARTICLE

��

nATuRE CommunICATIons | DoI: 10.1038/ncomms1799

nATuRE CommunICATIons | 3:799 | DoI: 10.1038/ncomms1799 | www.nature.com/naturecommunications

© 2012 Macmillan Publishers Limited. All rights reserved.

Electric-field-induced phase transitions from a glassy disor-
dered state to an ordered polar state are well known in liquid 
crystals both with applied DC and AC electric fields1,2. In the 

present work, we discover an analogous process in oxide dielectrics, 
which results in a new electrochromic effect of sufficient strength 
for commercial devices. Electrochromism has been found in both 
organic and inorganic materials, each with varying sets of colours. 
The ability to change material colours with applied electric fields has 
found several commercial applications in smart windows, goggles, 
and displays. Most of these electrochromic devices involve doped 
transition metal oxides, such as WO3 and chemically substituted 
derivatives of this material, in which an electrochemical redox reac-
tion leads to the change in colour3–11. In recent years, multicom-
ponent transition metal oxides, such as the perovskite manganites, 
ferroelectric Pb[ZrxTi(1 − x)]O3 and, more recently, the multiferroic 
BiFeO3 (BFO) have demonstrated a much broader range of chemi-
cal, structural and functional tunability. This arises naturally out 
of the fact that the two sub-lattices in the perovskite structure can 
be independently tuned through chemical substitutions, leading 
to significant changes in functional responses. For example, in the 
BFO system, ferroelectricity arises primarily from the large polariz-
ability of the 6s electrons on the Bi site whereas antiferromagnetic 
order arises from the superexchange interactions among the Fe-ions 
mediated through the oxygen ions. The optical properties of such 
systems are typically set by the transition metal 3d to O 2p elec-
tronic transitions. With this as the background, we are beginning 
to explore the optical responses of doped perovskites that can be 
controlled through electric fields.

In this paper, we demonstrate a mechanism of intrinsic electro-
chromic behaviour, in a doped ferroelectric Bi0.9Ca0.1FeO3 − 0.05 
(BCFO), caused by changes in carrier density because of the melt-
ing of the intrinsic oxygen vacancy order and the resulting oxygen 
vacancy redistribution. The observed effect is large compared with 
effects in other transition-metal-oxide electrochromes. Bismuth fer-
rite has gained interest because a paper published in 2003 showing 
a large remnant polarization12. It has an optical band gap of 2.7 eV 
(ref. 13). The material is multiferroic at room temperature, holds 
promise for applications in magnetic memory devices, and shows 
interesting photovoltaic properties14. Previously, studies have been 
done on domain-inversion and electrical modulation of conduct-
ance and memristive switching in multiferroic Ca-doped BFO thin 
films15. It was found that the mechanism of this modulation was 
due to the movement of compensating oxygen vacancies. It was 
shown that the calcium in BCFO occupies the Bi-lattice position.  
As Ca2 + and Bi3 + differ in valence, the dopant causes the spontane-
ous formation of oxygen vacancies to maintain balanced valences. 
With the application of an electrical bias, these oxygen vacancies 
diffuse towards the negative electrode because of their net positive 
charge. This migration forms two regions, one that is rich in oxy-
gen vacancies and one that is poor, which essentially forms n-type 
and p-type conductors, respectively. Hence, in the present work, 
we modulated the conductance of BCFO films by applying an elec-
tric field to redistribute the oxygen vacancies and explore the film’s  
electrochromic properties.

Results
Optical and electrochromic characterization. Calcium-doped 
bismuth ferrite thin films of 100 nm thickness were grown epitaxially 
on strontium titanate (SrTiO3) substrates via pulsed laser deposition 
with and without strontium ruthenate (SrRuO3) bottom electrodes,  
as described in previous work12,15. X-ray diffraction was used to verify 
the high quality of the epitaxial thin films. In addition, macroscopic 
optical absorption measurements were performed. A plot of αE2 
versus photon energy E and the linear extrapolation to αE2 = 0 
indicates a direct gap at 2.5 eV for Bi0.9Ca0.1FeO3 − 0.05, as shown in 
Fig. 1a. This value is slightly lower than that obtained for pure BFO13.

For the investigation of electrochromism, we use a home-built 
optical set-up incorporating a white-light source (tungsten lamp) 
and a visible to near-infrared spectrometer (Ocean-Optics USB400), 
for local optical absorption spectroscopy. Objective lenses were uti-
lized to obtain a beam spot size of less than 20 µm when focused 
onto the sample. Micrometre-sized regions of the Ca-doped BFO 
thin films were poled using a Veeco conductive atomic force micro-
scope, as described in previous work and seen in Fig. 1b (ref. 15). 
Several 30 µm by 30 µm boxes were poled with a bias of  −12 V and 
tip velocity of 3 µm s − 1 while the current of the region was moni-
tored. The film surface was also monitored to ensure that there was 
no damage. Poling was stopped when the current reached about 
1 µA. A CCD camera attached to the aforementioned optical set-
up was sufficient in finding the poled boxes to align for absorption 
spectroscopy. The spectra were analysed at various spots outside the 
written boxes and compared with that of inside the box.

Figure 1b shows the visible change of the sample surface as seen 
through a microscope after conductive atomic force microscopy  
(c-AFM) poling. Great care was taken to avoid the dielectric break-
down regime during electrical poling. In the case of every meas-
ured dataset, the increased electrical conductivity and the surface 
morphology of the poled area was checked and found pristine after 
poling. An example is shown in Fig. 1c,d.

This method produced rather consistent results, and visible spec-
tra data was acquired. Furthermore, annealing the samples at 150 °C 
for 4 h caused the boxes to visibly disappear completely. This is due 
to an increase in diffusivity of the oxygen vacancies allowing them 
to spread throughout the material back to their equilibrium, thereby 
lowering the effective free carrier density. Figure 1e shows the trans-
mission change after poling of the material as a function of wave-
length. The reference spectrum T0 is taken to be the transmittance 
of the uncoloured region of the BCFO film outside of the electrically 
poled box shown in Fig. 1b. The minimum transmission for 10% Ca 
doping occurs at 2.55 eV (485 nm), which is approximately the band 
gap, Eg, of BCFO. The change in visible transmittance spectra at this 
wavelength is 40%. Additionally, there is a small minimum at about 
670 nm (1.85 eV), which is associated with oxygen vacancies in 
the sample. From the transmission change, ∆T = T/T0, the absorp-
tion coefficient and colouration efficiency (CE) are calculated. The 
absorption coefficient is evaluated from:

∆
∆

a l( ) = 





1 1
t T

ln

where t is the film thickness. At 480-nm wavelength, ∆α is  
calculated to be 4.8×106 m − 1. The CE is evaluated from:

CE ( )l a= ∆
Q

where Q is the volumetric charge density. To calculate Q, we must 
take some assumptions compared with a typical electrochromic 
device because charge is not injected into the system, but rather 
formed intrinsically through charge separation. We neglect all dif-
fusion gradients and assume that there are two half spaces to the 
film: an n-type and a p-type region. We also assume that all oxygen 
vacancies have fully diffused, and the number of oxygen vacancies 
per unit volume, nVo, after doping and before c-AFM, is constant, 
each contributing two electron carriers when diffused. As we know 
only the p-type region contributes to the colouration change15, we 
make a conservative estimate that the absorption changes in the 
p-type region equals to the measured effective absorption change. 
For the p-type region, each missing oxygen vacancy produces two 
holes making the carrier density produced in the volume equal 
to 2nVo. These assumptions allow us to find the theoretical lower 
bound on CE for the measured α at a given wavelength. In our  

(1)(1)

(2)(2)



ARTICLE   

�

nATuRE CommunICATIons | DoI: 10.1038/ncomms1799

nATuRE CommunICATIons | 3:799 | DoI: 10.1038/ncomms1799 | www.nature.com/naturecommunications

© 2012 Macmillan Publishers Limited. All rights reserved.

previous work, we found that the initial oxygen vacancy density 
nVo for Bi0.9Ca0.1FeO3 − 0.05 is 8×1020 cm − 3 (ref. 15) implying that 
the volumetric charge density, Q, is 2.5632×108 m − 3C. At 480-nm 
wavelength, CE is calculated to be 190 cm2/C (Fig. 1f). This value 
is higher than CEs found in most transition-metal-oxide electro-
chromes; it even surpasses CE values reported for organic elec-
trochromes, such as indigo blue, which usually show higher CE  
values than inorganic materials, but are less chemically stable5. For 
a comparison of colouration efficiencies of oxide electrochromes, 
see Fig. 1f.

Transmission electron microscopy studies. The absorption 
change for 20% Ca is smaller than that for 10% Ca, as seen in  
Fig. 1e. If only the absolute amount of oxygen vacancies present 
determined the effect, one would intuitively expect the opposite 
to be the case. Clearly, there must be some microscopic difference  
in both types of samples that leads to the observed behaviour. To 
gain more insight, we performed high-resolution transmission elec-
tron microscopy (TEM) studies of both 10 and 20% Ca-doped BFO 
samples in the as-grown and poled states. The results are seen in  
Fig. 2. Figure 2a shows the as-grown state of a sample containing 

20% Ca. The oxygen-vacancy order parallel to the sample surface 
with a period of eight unit cells is seen. An image of the c-AFM- 
poled state after application of  − 12 V can be seen in Fig. 2b.  
The application of an electric field does not yield changes in the  
oxygen-vacancy ordering.

The results for the same type of measurements for a sample con-
taining 10% Ca are shown in Fig. 2c,d. The as-grown state shows 
an oxygen-vacancy ordering with a period of 2–3 unit cells under 
an angle of 45° to the sample surface. After the application of a 
bias of  − 12 V in the c-AFM poling, the oxygen-vacancy ordering 
is completely melted. In this area, the overall vacancy concentra-
tion is lowered after poling, whereby the area becomes p-type15.  
A close inspection of the individual ion positions for the poled and 
unpoled state, by high-resolution TEM, is presented in Fig. 2e,f. 
From these images, Fe-ion position coordinates were extracted as 
shown in Fig. 2g. Histogram plots show that the average Fe off- 
centring is reduced for the poled state as compared with the unpoled 
state. A schematic representation can be seen in Fig. 2h. In addition, 
at high temperature, the measured band gap of BFO decreases as  
the deviation from the cubic structure decreases16,17. Both studies 
indicate that the optical properties of undoped BFO are sensitive 
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Figure 1 | Optical and electrochromic characterization. (a) optical bandgap Eg = 2.5 eV (red dashed line) of Bi0.9Ca0.1Feo3 − 0.05 evaluated from 
absorption measurement (black). An additional absorption band originating from oxygen vacancies is visible around Evac = 1.85 eV. Data for BFo is  
shown for comparison (blue). (b) schematic of conductive AFm poling of the sample at  − 12 V, and optical microscope image (×40) of a 30-µm by  
30-µm poled region in a 100-nm thick film. (c) Conductive AFm image of a double box poled with  − 12 V/ + 12 V. scale bar, 1 µm. (d) Topography image 
of the same area after poling showing no morphology change. scale bar, 1 µm. (e) Transmission change versus wavelength for different Ca-doping levels 
(T–transmission inside poled box, T0—transmission outside poled box). (f) Colouration efficiency versus wavelength for Bi0.9Ca0.1Feo3 − 0.05 (red). 
maximum CE is 190 cm2 C − 1 at 480 nm (2.55 eV, pink area). Values for known inorganic electrochromic materials are added for comparison; absolute 
values are shown (data points adapted from ref. 5).
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to the polar order parameter and the structural symmetry. In our 
case, the strong electrochromic colouration in the electrically poled 
state is accompanied by a relative shift of the Fe ion with respect 
to the unit cell centre also indicating a change of the polar order 
parameter.

First principles calculations. To understand the effects of calcium 
doping and oxygen vacancies on the optical properties of BFO, for 
both the compensated and p-type case, we have also performed 
first-principles density-functional theory18,19 (DFT) calculations, 
using approaches previously used for BFO20–25 (Methods). After 
the structural and electronic ground states have been determined, 
the frequency-dependent real part ε1 and imaginary part ε2 of the 
dielectric function are calculated26. The usual expression for the 
optical absorption coefficient α(ω) is,

a w w e w( ) ( )=
nc0

2

where ω is the energy of the absorbed photon, n is the refractive 
index, and c0 is the speed of light in vacuum. The optical absorp-
tion coefficient α(ω) can also be expressed in terms of the real and 
imaginary parts of the dielectric function,

a w w e e e( ) .
/

= + −
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The calculated electronic density-of-states and optical absorp-
tion coefficients of both the uncompensated and the compensated 
Ca-doped BFO are shown in Fig. 3a,b. It is well known that den-
sity functional theory calculations underestimate the band gap for 
most materials, and incorporation of onsite Coulomb interaction 
with Hubbard U parameter improves the band gap value. It has 
also been shown that oxygen vacancies have a role in the optical 
properties of BFO25. With the specific choice of onsite Coulomb 
interaction parameters (U = 4 eV, J = 1 eV), the optical band gap is 
calculated to be 1.95 eV for undoped BFO. Assuming 1/8 of Ca 

(3)(3)

(4)(4)

doping and complete compensation of holes by oxygen vacancies 
(Ca1/8Bi7/8FeO3 − 1/16 in Fig. 3), the optical band gap is reduced by 
0.1 eV from the undoped material. This result is consistent with our 
experimental observations, which show that Ca doping reduces the 
band gap of BFO from 2.7 (ref. 13) to 2.5 eV (Fig. 1a). Because of the 
complete charge compensation, the Fermi level lies in the band gap. 
Ca-doped BFO without charge compensation from oxygen vacan-
cies shows a much sharper rise in the density-of-states of the con-
duction band, which results in an enhanced optical absorption near 
the band edge (Ca1/8Bi7/8FeO3 in Fig. 3a). The difference between 
the compensated and the uncompensated Ca-doped BFO, in the 
density-of-states of the conduction bands, becomes apparent by 
looking at the electron density of the lowest conduction states, as 
shown in Fig. 3c,d. The lowest conduction states in uncompensated 
Ca-doped BFO are mostly extended Fe 3d states, similar to undoped 
BFO. In contrast, the lowest conduction states in compensated  
Ca-doped BFO localize at Fe sites near the compensating oxygen 
vacancies.

The defect-like localized states in compensated BCFO correspond 
to the small shoulder at the conduction band edge in the electronic 
density-of-states, resulting in the reduced density-of-states of the 
extended conduction band states just above it (Fig. 3a) and the lower  
optical absorption coefficient near the band edge. At 1.95 eV, the dif-
ference in calculated absorption coefficient is 3.4×106 m − 1, which is 
in very good agreement with the measured change of 4.8×106 m − 1 
at 480 nm.

Discussion
The theoretical calculations and the TEM characterization point  
to the following mechanism of colossal electrochromism in 10% 
Ca-doped BFO. In the as-grown sample, oxygen vacancies compen-
sate the Ca dopants and form ordered structures. On application of 
an electric field, the vacancy ordering is melted, and vacancy-rich 
(n-type) and poor (p-type) regions are formed owing to the result-
ing redistribution of vacancies. The large colouration originates 
from the increased optical absorption at the band edge of the p-type  
region. In contrast, oxygen-vacancy ordering in 20% Ca-doped 
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BFO remains almost unchanged under an electric field, which is 
consistent with the small change in absorption. DFT calculations 
were carried out with supercells containing uniformly distributed 
Ca dopants and oxygen vacancies. The effects of extended oxygen 
vacancies such as vacancy clusters or planes of ordered vacancies, 
observed in other transition metal oxides, have not been explored 
theoretically in the current study because of the high computational 
demand. However, a recent study has shown that oxygen vacancy 
clustering in SrTiO3 induces localized states at 0.6 eV below the 
conduction band minimum27, whereas the single vacancy states are 
much closer to the conduction band minimum. The observed weak 
absorption peak at 1.85 eV in our measurements could therefore 
also originate from clustering of oxygen vacancies.

Our experimental and theoretical studies have revealed a new 
kind of electrochromic phenomenon. In comparison with earlier 
work, electrochromic work on WO3 usually involves samples with 
nanocrystals embedded in a glassy matrix, and coupled cation and 
electron transport occurs over large distances and is confined to the 
non-crystalline matrix28; and in crystalline SrTiO3 (ref. 29), ionic 
transport requires exotic valence states of Ti (and/or Sr). Of par-
ticular interest, from the electrochromics point of view, is that the 
present system involves local oxygen ordering within a crystalline 
state, which is unlikely to require exotic valences while still achiev-
ing large intrinsic electrochromic effects. The ability to reversibly 
achieve a large change in visible transmittance in the blue-cyan 
region (2.55 eV) is so far unmatched in transition metal oxides. Our 
observations support the notion that such behaviour accompanied 
by a structural transition as seen in a change of Fe-ion displacement 
is a generic feature akin to chemically driven phase changes that are 
now well established in complex oxide systems such as manganites, 

cuprates, and relaxor materials30. Furthermore, the observation of 
strong absorption change and colouration, that is achieved solely 
by redistribution of oxygen vacancies within the material itself, by 
melting the vacancy-ordered state, should motivate a search for 
similar control in other related complex oxide systems, thus making 
this intrinsic effect potentially attractive for electrochromic device 
applications.

Methods
Materials X-ray characterization. High-resolution X-ray reciprocal space map-
ping studies were completed on a Bi0.9Ca0.1FeO3 − 0.05 (BCFO) film (~300 nm in 
thickness) grown on (001) SrTiO3 substrates using a Panalytical X’Pert MRD Pro 
4-circle diffractometer (Fig. 4). We measured the (203) peak to investigate the 
in-plane lattice parameter as well as the out-of-plane lattice parameter. The (203) 
diffraction peak of the film is located near the dashed line indicating the film has 
been grown coherently and, thus, the in-plane lattice parameter of the film is nearly 
identical to that of the substrate. However, the shape of the peak is somewhat 
diffused along the transverse scan direction as a result of partial strain relaxation 
which is natural in such a thick (~300 nm) film. Normal BFO films show the split 
of the (203) peak arising from monoclinic distortion of the unit-cell; however, 
this BCFO film does not show any peak split indicating that the unit cell is ideally 
tetragonal. From the (203) peak position, we can calculate the lattice parameters 
of the unit-cell to be a = 3.906 Å and c = 3.941 Å. The structural analysis confirms 
that the BCFO film has been grown epitaxially on (001) SrTiO3 substrate, and the 
stabilized phase can be described by a tetragonal unit cell.

Transmission electron microscopy. High-angle annular dark-field scanning 
transmission electron microscopy was carried out using the aberration-corrected 
TEAM 0.5 microscope (a modified FEI Titan 80–300 quipped with a Schottky- 
type high-brightness field-emission electron source and an improved hexapole-
type spherical aberration (CS) corrector) located at the National Center for  
Electron Microscopy (NCEM). The TEAM 0.5 microscope was operated at 300 kV. 
The probe semi-convergence angle was set to 16.5 mrad, which yields a calculated 
probe size of 0.63 Å. Although a smaller probe size is in principle feasible on the 
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expenses of a reduced depth of field, the chosen setting allows for a sufficiently 
large depth of field, which enhances the contrast of the atomic columns. The an-
nular semidetection range of the high-angle annular dark-field detector was about 
45–290 mrad.

Atomic force microscopy. Local electrical poling under ambient conditions was 
achieved using an AFM-based set-up. Measurements were carried out on a Digital 
Instruments Nanoscope-IV Multimode AFM equipped with a conductive AFM 
application module. The investigations were carried out with commercially  
available nitrogen-doped diamond-coated Si tips (NT-MDT). Typical scan  
rates were 3 µm s − 1.

First-principles calculations. We perform first-principles density-functional 
theory calculations using the projector-augmented-wave method as implemented 
in the Vienna ab-initio software package code. Density-functional theory with 
generalized-gradient approximation plus onsite Coulomb interaction (GGA + U) 
is used with parameters U = 4 eV and J = 1 eV, which is within the range of values 
used in the literature. We use a 500-eV plane-wave cutoff energy for both structural 
optimization and dielectric function calculations. The lattice of bulk BFO has 
rhombohedral symmetry with G-type AFM order. Supercells containing 2×2×2 
or 2×2×4 pseudo-cubic perovskite units are used for simulating Ca-doping and 
oxygen vacancies. The ionic positions are relaxed so that the force on every ion is 
less than 10 meV Å − 1. The frequency dependent dielectric function is calculated 
after the structural and electronic ground states have been determined. 

References
1. Handschy, M. A., Clark, N. A. & Lagerwall, S. T. Field-induced first-order 

orientation transitions in ferroelectric liquid crystals. Phys. Rev. Lett. 51, 
471–474 (1983).

2. Chowdhury, A., Ackerson, B. J. & Clark, N. A. Laser-induced freezing. Phys. 
Rev. Lett. 55, 833–836 (1985).

3. Deb, S. K. Optical and photoelectric properties and colour centres in thin films 
of tungsten oxide. Philos. Mag. 27, 801–822 (1973).

4. Granqvist, C. G. Handbook of Inorganic Electrochromic Materials (Elsevier, 
Amsterdam, 1995).

5. Monk, P. M. S., Mortimer, R. J. & Rosseinsky, D. R. Electrochromism and 
Electrochromic Devices (Cambridge, UK, 2007).

6. Granqvist, C. G. Electrochromic materials: Out of a niche. Nature Mater. 5, 
89–90 (2005).

7. Bechinger, C. et al. Photoelectrochromic windows and displays. Nature 383, 
608–610 (1996).

8. Huiberts, J. N. et al. Yttrium and lanthanum hydride films with switchable 
optical properties. Nature 380, 231–234 (1996).

9. Somani, P. R. & Radhakrishnan, S. Electrochromic materials and devices: 
present and future. Mater. Chem. Phys. 77, 117–133 (2002).

10. Zhi, Y., Liu, D., Zhou, Y., Chai, Z. & Liu, L. Electrochromism accompanying 
ferroelectric domain inversion in congruent RuO2:LiNbO3 crystal. Opt. Express 
13, 10172–10181 (2005).

11. Xi, Q., Liu, D., Zhi, Y., Luan, Z. & Liu, L. Reversible electrochromic effect 
accompanying domain-inversion in LiNbO3:Ru:Fe crystals. Appl. Phys. Lett.  
87, 121103 (2005).

12. Zhao, T. et al. Electrical control of antiferromagnetic domains in multiferroic 
BiFeO3 films at room temperature. Nature Mater. 5, 823–829 (2006).

13. Xu, X. S. et al. Optical properties and magnetochromism in multiferroic 
BiFeO3. Phys. Rev. B 79, 134425 (2009).

14. Yang, S.- Y. et al. Above-bandgap voltages from ferroelectric photovoltaic 
devices. Nat. Nanotechnol. 5, 143–147 (2010).

15. Yang, C.- H. et al. Electric modulation of conduction in multiferroic Ca-doped 
BiFeO3 films. Nature Mater. 8, 485–493 (2009).

16. Palai, R. et al. β phase and γ-β metal-insulator transition in multiferroic 
BiFeO3. Phys. Rev. B 77, 014110 (2008).

17. Catalan, G. & Scott, J. F. Physics and applications of bismuth ferrite. Adv. Mater. 
21, 2463–2485 (2009).

18. Hohenberg, P. & Kohn, W. Inhomogeneous electron gas. Phys. Rev. 136, 
B864–B871 (1964).

19. Kohn, W. & Sham, L. J. Self-consistent equations including exchange and 
correlation effects. Phys. Rev. 140, A1133–A1138 (1965).

20. Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953–17979 
(1994).

21. Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio total-energy 
calculations using a plane-wave basis set. Phys. Rev. B 54, 11169–11186 (1996).

22. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation 
made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

23. Anisimov, V. I., Aryasetiawan, F. & Liechtenstein, A. I. First-principles 
calculations of the electronic structure and spectra of strongly correlated 
systems: the LDA+ U method. J. Phys. Condens. Matter 9, 767–808 (1997).

24. Ederer, C. & Spaldin, N. A. Influence of strain and oxygen vacancies on the 
magnetoelectric properties of multiferroic bismuth ferrite. Phys. Rev. B 71, 
224103 (2005).

25. Ju, S. & Cai, T. Y. First-principles studies of the effect of oxygen vacancies on 
the electronic structure and linear optical response of multiferroic BiFeO3. 
Appl. Phys. Lett. 95, 231906 (2009).

26. Gajdos, M. et al. Linear optical properties in the projector-augmented wave 
methodology. Phys. Rev. B 73, 045112 (2006).

27. Cuong, D. D. et al. Oxygen Vacancy Clustering and Electron Localization in 
Oxygen-Deficient SrTiO3: LDA+U Study. Phys. Rev. Lett. 98, 115503 (2007).

28. Solis, J. L., Hoel, A., Lantto, V. & Granquist, C. G. Infrared spectroscopy study 
of electrochromic nanocrystalline tungsten oxide films made by reactive 
advanced gas deposition. J. Appl. Phys. 89, 2727–2732 (2001).

29. Blanc, J. & Staebler, D. L. Electrocoloration in SrTiO3: Vacancy Drift and 
Oxidation-Reduction of Transition Metals. Phys. Rev. B 4, 3548–3557 (1971).

30. Dagotto, E. Nanoscale Phase Separation and Colossal Magnetoresistance 
(Springer, New York, 2003).

Acknowledgements
This research is supported by the US Department of Energy, Office of Science, Division 
of Materials Science and Engineering (S.J.P., S.T.P., and W.L.), and under contract No. 
DE-AC02-05CH11231 (R.R.), and by the Basic Science Research Program through the 
National Research Foundation of Korea (NRF) funded by the Ministry of Education, 
Science and Technology (2010-0013528). Computations were performed at the National 
Energy Research Scientific Computing Center. We acknowledge support from the 
National Center for Electron Microscopy, Lawrence Berkeley National Laboratory.  
J.S. acknowledges support from the Alexander von Humboldt Foundation.

Author contributions
J.S. and P.-K.N. designed the experiment, performed spectroscopy and analysed 
optical properties. W.L. performed first-principles calculations. S.J.S. carried out TEM 
measurements. C.-H.Y., A.S.L. and S.-Y.K. synthesized the films. C.-H.Y. measured 
X-ray diffraction and analysed the crystal structure of the materials. J.S. and S.-Y.K. 
characterized electric switching properties using conductive atomic force microscopy. 
S.J.P., S.T.P., J.F.S. and R.R. contributed material and analysis. J.S. and W.L. wrote the 
manuscript with the help and discussion of all the other authors.

Additional information
Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Seidel, J. et al. Prominent electrochromism through vacancy-
order melting in a complex oxide. Nat. Commun. 3:799 doi: 10.1038/ncomms1799 (2012).

4.84

3.18 3.20 3.22

q || (Å
–1)

3.24

Bi0.9
(203)

SrTiO3
(203)

Ca0.1FeO3-0.05

3.26

4.82

4.80

q ⊥
 (

Å
–1

)

4.78

4.76

Figure 4 | X-ray diffraction structural characterization. X-ray reciprocal 
space map of an epitaxially grown Bi0.9Ca0.1Feo3 − 0.05 film.




