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We investigate the underlying mechanism of the photostriction effect in single-crystalline BiFeO3

by transmission measurements in the infrared and visible frequency range under continuous illumi-

nation with a green laser (k¼ 532 nm). The small photo-induced changes in the transmission spec-

trum reveal three well-defined absorption features at 1.22 eV, 1.66 eV, and 2.14 eV, which we

assign to charge-transfer excitons and in-gap defect states probably related to oxygen vacancies.

The intensity of the three absorption features follows a linear dependence on the illumination inten-

sity for an irradiance above 90 W/m2. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4966548]

Magnetoelectric multiferroics exhibit both magnetic

order and ferroelectricity, coupled with each other, which

enables the control of magnetic order via an electric field

and the control of the electrical polarization via a magnetic

field.1–4 Bismuth ferrite BiFeO3 (BFO) is considered as a

prototype magnetoelectric multiferroic due to its ferroelec-

tric and simultaneous antiferromagnetic properties at room

temperature and well above.5,6 Its piezoelectric properties

have also been investigated extensively, suggesting BFO as

an interesting lead-free piezoelectric.7–9

The interaction of light with ferroelectrics and multifer-

roics currently receives a renewed attention notably triggered

by reports on large above-bandgap voltages in ferroelectric

photovoltaic devices10,11 and a wide range of associated prop-

erties.12,13 In particular, BFO raises interest due to its optical

functionality, potentially coupled to its mechanical, magnetic,

and electric functionalities. Namely, BFO shows photostric-

tion, i.e., a deformation is induced by irradiation with light,

with a very fast response time, which is orders of magnitude

faster than that of classical ferroelectrics.14–19 The photostric-

tion effect in BFO was first reported by Kundys et al.,20 who

illuminated a BFO single crystal with a laser (k¼ 633 nm)

and an ordinary white light bulb, respectively, and observed a

fast, light-induced relative size change of the order of 10�5,

depending on the polarization and wavelength of the illumi-

nation and external magnetic fields.21

The fast photo-induced strain in BFO is attributed to a

photovoltaic-based mechanism (rather than to thermal

effects) involving the excitation of excitons.15,16,22 The spec-

troscopic evidence for the proposed creation of excitons in

BFO is, however, lacking so far due to the limited frequency

ranges covered by previous optical studies, probing the opti-

cal response in the time-domain.16–19

This work aims at the understanding of excitations under

play when BFO is illuminated by light, spectroscopic evi-

dence of excitons is here of particular interest. Earlier optical

studies focused on the time-dependent optical response in a

very limited frequency range after a short pump pulse. In con-

trast to these optical pump-probe experiments, in this letter

we probe the optical response in a broad frequency range. We

analyze small changes in the transmission spectrum of a thin

BFO single crystal during continuous illumination. We

observe three photo-induced absorption features close to the

absorption edge, which we assign to charge-transfer (CT)

excitons and absorption from defect states within the bandgap.

Our finding provides further understanding in the electronic

processes underlying the photostriction effect in BFO.

The measurements were performed with a Bruker

IRScope II infrared microscope, coupled to a Bruker IFS66v/S

FTIR spectrometer. For the nearinfrared and visible fre-

quency range (up to 20 000 cm�1) we used an InSb detector,

a Si diode, and a Shamrock SR303i CCD spectrograph. A

green laser (k¼ 532 nm, E¼ 2.3 eV, P¼ 9.1 mW, cw) was

used for illumination of the sample. Several neutral density

filters served to reduce the optical output power of the laser.

The laser beam was deflected onto the sample by an Al mir-

ror [see Figs. 1(a) and 1(b)]. Due to the grazing incidence,

FIG. 1. (a) Photo and (b) sketch of the measurement setup. (c) Photo of the

single crystal with the measured position (red circle). (d) Polarized light

microscopy image.a)E-mail: christine.kuntscher@physik.uni-augsburg.de
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the laser spot had an elliptical shape at the sample position

with an area of �25 mm2, which is larger than the studied

BFO crystal. The diameter of the circular probing spot is

100 lm. The choice of the excitation wavelength is based on

previous studies showing large deformation and short defor-

mation response time in this case.21 The investigated BFO

single crystal was grown by flux method (as described else-

where23), and polished to a small platelet with a thickness of

�35 l m [Fig. 1(c)]. The main contribution to the measured

optical response is due to the [�110]pc direction according to

polarization-dependent reflectivity measurements of the pho-

non spectrum.24 Polarized light microscopy revealed the

multidomain state of the crystal [Fig. 1(d)]. While such a

domain state, especially the domain walls,25 might contribute

to the observed signals, we underline that the probing spot

on the crystal was kept constant during the measurements so

that the observed light-induced changes are representative.

The transmission spectrum of the BFO single crystal

and the influence of the illumination on the transmission are

depicted in Fig. 2. In the transmission spectrum recorded

before illumination and the corresponding absorbance spec-

trum (see inset of Fig. 2) we observe a steep absorption edge

at 2.12 eV, which marks the onset of the charge-transfer

excitations across the band gap.26,27 Additionally one finds

two absorption bands (see inset of Fig. 2) at 1.43 eV and

1.96 eV due to on-site d-d crystal-field excitations 6A1g !
4T1g and 6A1g ! 4T2g on the Fe3þ ions, respectively.26,28–30

During illumination, one notices a weak decrease in the

transmission spectrum in specific frequency ranges (see

Fig. 2). These photo-induced spectral changes are better

identified in difference spectra (Fig. 3). Therefore, in the fol-

lowing we consider the absolute transmission difference

DTabsð�Þ ¼ It2ð�Þ � It1ð�Þ, with the intensity It1ð�Þ detected

before illuminating the sample (at time t1) and the intensity

It2ð�Þ detected during illumination (at time t2). To correct

DTabs for the response function of the particular detector sys-

tem used, one needs to consider the transmission difference

DTnorm normalized by the intensity Iref ð�Þ measured for the

empty beam path, calculated according to DTnormð�Þ ¼
DTabsð�Þ= Iref ð�Þ.

The so-obtained normalized transmission difference

DTnorm in Fig. 3 exhibits three weak absorption features with

consistent frequencies and intensities for all three detector

systems used. The feature frequencies have been determined

by fitting with Gaussian functions as �1¼ 9805 cm–1 (E1

¼ 1.22 eV, intensity I1), �2¼ 13 372 cm–1 (E2¼ 1.66 eV,

intensity I2), and �3¼ 17 281 cm�1 (E3¼ 2.14 eV, intensity

I3), with I2 < I1 < I3. The energies of the observed absorp-

tion features clearly differ from the energies of the 4T1 and
4T2 crystal field excitations, the absorption edge energy, and

the average band gap energy (�2:74 eV) in BFO.29–32 We

did not detect any further features above 20 000 cm�1 (not

shown).

We also observe a dependence of the intensity of the

three absorption features on the intensity of the illumination.

A reduction of the laser intensity by neutral density filters

leads to a decrease of the feature intensity (see Fig. 4). For a

quantitative analysis, we determined the intensities of the

FIG. 2. Comparison of BFO transmission spectra before and during illumi-

nation with full laser power. Inset: Corresponding absorbance spectrum

[calculated from transmission T according to A¼ log10(1/T)] without illumi-

nation, with the crystal field excitations 4T1g and 4T2g.

FIG. 3. Normalized transmission difference DTnorm during illumination with

full laser power, revealing three absorption features at frequencies �1, �2, �3.

FIG. 4. Absolute transmission difference DTabs measured with the Si diode

for various laser illumination intensities (in %). Inset: Relative intensity Irel

of each feature, normalized to its maximum value measured for the full laser

intensity, as a function of laser filter transmittance.
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three features for various laser intensities by fitting with

Gaussian functions. For each feature we then calculated the

relative intensity Irel normalized to its maximum value mea-

sured for the full laser intensity. The inset of Fig. 4 shows

Irel for each feature as a function of laser filter transmittance.

The relation between illumination intensity and feature

intensity is linear, except for the slight deviations caused by

a low signal-to-noise ratio (SNR) for weak illumination

intensities.

We will now discuss our finding of three photo-induced

absorption features regarding the photostriction effect in

BFO. The phenomenon of photostriction in ferroelectrics is

generally explained in terms of a combination of photovoltaic

and inverse piezoelectric effects:12,20,33 The incident radia-

tion creates electron-hole pairs, which are separated by the

internal electric field caused by the ferroelectric polarization,

leading to the photovoltaic effect.11,34,35 The photovoltaic

voltage creates a strain (inverse piezoelectric effect), which

leads to photostriction. This picture, however, cannot account

for the instantaneous character of the photoinduced stress,

demonstrated by several time-resolved experiments, and a

consensus about the microscopic explanation of the photo-

striction effect in BFO is lacking so far.15,16,22 Most recent

studies propose the excitation of charge-neutral excitons,18,36

which are either self-trapped, leading to an instantaneous

stress due to the inverse piezoelectric effect,15 or diffuse to

the surface or interface, where they dissociate causing the

screening of the depolarization field, which leads to a struc-

tural piezoelectric response.22 Despite their discrepancies

regarding the detailed microscopic mechanism, recent studies

agree in that an photovoltaic-based, non-thermal mechanism

is underlying the photostriction effect in BFO. These pro-

posed photo-generated excitons created in BFO were not

observed spectroscopically up to now, mainly due to the lim-

ited frequency range of previous optical measurements.16–19

In classical semiconductors, the exciton states appear in

the band structure as electron-hole bound states below the

bottom of the conduction band.37 There are only a few stud-

ies on excitonic excitations in ferroelectrics. Excitons in fer-

roelectrics constitute a particular case, since the environment

is highly polarizable with a dielectric constant �1 � 1, which

results in very weak electron-hole bonding.38 Additionally,

electron correlation effects could play a role, like in BFO.

Perovskite-type ferroelectrics are furthermore expected to

show covalence effects with charge transfer, leading to the

formation of self-trapped p – d charge-transfer (CT) excitons

resulting in the appearance of in-gap bands.36 Several recent

studies stress the importance of (either localized or diffusing)

excitons15,22 for the photostriction effect in BFO. Our finding

of absorption features close to the absorption edge supports a

mechanism involving excitons. Furthermore, it was sug-

gested that vibronic interactions of the CT excitons with the

lattice, e.g., with soft lattice transverse optical modes, are

relevant, leading to the formation of so-called charge-trans-

fer vibronic excitons (CTVEs) in ABO3 ferroelectric perov-

skites.39,40 The lattice distortion caused by the CTVEs is

predicted to induce local in-gap energy levels. Within

this scenario, our observation of three absorption features

hints for vibronic interactions involving various vibrational

modes.

Absorption from in-gap defect states due to oxygen

vacancies could also lead to excitations in this energy range,

as was shown experimentally (at � 2.4 eV)41,42 and predicted

theoretically (at 2.2 eV).43 The absorption feature observed

in our data at E3¼ 2.14 eV could indeed be attributed to

such defect states. For the two lower-energy features, an

assignment in terms of excitons is, however, the most likely

interpretation. Future studies of the photo-response in single-

domain crystals or focusing on the temperature and polariza-

tion dependence could provide further important insight.

In conclusion, we have studied the transmission spectrum

in the infrared and visible frequency range on single-crystalline

BFO under continuous illumination. We observe three photo-

induced absorption features below the absorption edge, whose

intensity shows a linear dependence on the illumination inten-

sity. The absorption features are assigned to excitonic excita-

tions, like p – d charge transfer excitons or charge-transfer

vibronic excitons, and absorption from in-gap defect states

probably related to oxygen vacancies. Our findings confirm the

relevance of excitons for the photostriction effect in BFO.
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