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The temperature dependence of the electronic response of BiFeO3 thin film grown on a SrTiO3

substrate is investigated using spectroscopic ellipsometry. By analyzing the pseudodielectric

function, we identify two d-d crystal field transitions of Fe3þ ions in the energy region between 1

and 2 eV. The d-d transitions show abnormal temperature dependence that cannot be attributed to

conventional electron-phonon interactions. The origin of the abnormal temperature dependence is

discussed in terms of spin-charge coupling. The temperature dependence of the charge transfer

transitions located above 2.5 eV is characterized by standard critical point model analysis of the

2nd derivatives of the dielectric function. This analysis provides detailed information of the critical

point parameters for charge transfer transitions. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4916722]

I. INTRODUCTION

Bismuth ferrite (BiFeO3, abbreviated as BFO) has

attracted a great deal of interest due to its unique room-

temperature ferroelectric and canted antiferromagnetic order

properties. The ferroelectric and antiferromagnetic transi-

tion temperatures of bulk BFO crystals are about 1103 K

and 643 K, respectively.1,2 Multiferroic BFO also exhibits

magnetoelectric effects, indicating close coupling between

charge and spin.3

The effects of spin-charge coupling in BFO single crys-

tals have been demonstrated in recent optical studies.4,5

Ramirez et al. observed the magnon sidebands in second har-

monic generation data at room temperature.4 Magnon side-

bands can appear when electric dipole active magnetic

excitations couple to electronic excitations. The relevant

electronic excitations in BFO were on-site d-d crystal field

(CF) excitations of Fe3þ ions located below its fundamental

band gap.5,6 The intensity of the magnon sidebands in the

second harmonic generation data increased markedly below

the antiferromagnetic transition temperature, TN, suggesting

coupling between the d-d CF transitions and the Fe3þ spin

states of Fe3þ.4 Xu et al. performed linear absorption spec-

troscopy and found an anomaly in the temperature (T)

dependence of the CF transition of Fe3þ ions; the oscillator

strength of the magnon sideband peaks showed a minimum

at about 140 K.5 We note that Raman experiments on BFO

found an anomaly at this T.7,8 Furthermore, they observed

the magnon sidebands associated with d-d crystal field exci-

tations of Fe3þ ions at low T under a magnetic field.5

Raman studies of BFO suggested that this anomaly in

the optical data were associated with spin-reorientation tran-

sitions.7,8 Cazayous et al. reported that the magnon excita-

tions in Raman spectra of BFO single crystals showed

anomalies in their intensity and peak positions at T¼ 140 K:

the intensity of the magnon peaks exhibited a maximum, and

the energy value of the magnon peak decreased slightly.7

Singh et al. observed similar anomalies in magnon excita-

tions in Raman spectra of BFO at T¼ 140 and 200 K.8 They

suggested that these anomalies in Raman spectra may indi-

cate a spin reorientation transition similar to those observed

in most rare earth orthoferrites.8–10

To our knowledge, the effects of spin-charge coupling

manifested in the optical response from d-d CF excitations

have not been reported for BFO films. Although there have

been some T-dependent optical studies on BFO thin films,

they focused on the p-d charge transfer transitions.11,12 We

note that for epitaxial BFO films, room temperature sponta-

neous polarization and magnetization are enhanced com-

pared to BFO single crystals. Therefore, stronger spin-charge

coupling may be expected in BFO films. In addition, lattice

deformation in thin films due to substrate strain may also

affect spin-charge coupling. In multiferroic materials, the lat-

tice is coupled to spin through magnetoelastic or magneto-

striction interactions.13–15 These thin film characteristics

may lead to anomalies in the d-d CF excitations in BFO films

that differ from those of single crystals.

In this study, we investigate T dependence of the elec-

tronic transitions of rhombohedral BFO thin film grown epi-

taxially on (001) SrTiO3 (STO) substrate using spectroscopic

ellipsometry. We identified two d-d CF transitions below

2 eV and five charge transfer transitions between 2 and 5 eV.

We observed that the d-d CF transitions exhibited an anom-

aly at about 200 K, at which a Raman study found the signa-

ture of a spin-reorientation transition.8 The charge transfer

transitions are analyzed using the standard critical model.

The analysis provided detailed information on the critical

point parameters for charge transfer transitions. The signa-

ture of spin-charge coupling was observed in the T depend-

ence of the critical point parameters.a)soonjmoon@hanyang.ac.kr
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II. EXPERIMENTS

BFO thin film deposited on a STO (001) substrate was

prepared using pulsed laser deposition (PLD) with an oxy-

gen partial pressure of 300 mTorr and maintaining substrate

T at 570 �C. The power and frequency of the laser were

2.8 J/cm2 and 5 Hz, respectively. The crystalline quality and

phase of the BFO film were identified by X-ray diffraction

measurement (Bruker D8 Discover), and the roughness of

the film surface was estimated using atomic force micros-

copy (AFM). Ellipsometric angles (W and D) were measured

with temperature dependence at an incidence angle of 70� in

the energy region between 0.74 and 5.5 eV using a spectro-

scopic ellipsometer (VASE model; J.A. Woollam Co.).

Ellipsometric measurement is a powerful tool for investigat-

ing the optical response of thin films as it is performed at

oblique incidence angles and measures both the intensity

and phase of light.16,17

III. RESULTS AND DISCUSSIONS

Figure 1 shows the X-ray diffraction pattern for the

BFO film on STO substrate (BFO/STO) with h–2h configu-

ration. Diffraction peaks from the (001) and the (002) planes

of the BFO were observed around 22� and 45�, respectively,

confirming dominance of the rhombohedral crystalline

phase.18 The root mean square surface roughness, estimated

by AFM measurement, was around 2.5 nm.

Figure 2(a) shows the raw pseudodielectric functions hei
of BFO/STO for T¼ 80 and 400 K. The pseudodielectric

function was converted from the ellipsometric angles using

the following equation:

hei ¼ sin2hi 1þ tan2hi
1� q
1þ q

� �2
" #

; (1)

where hi is the incident angle of light and q¼ tanWexpðiDÞ.19

The dielectric function of the BFO thin film can be

obtained by fitting the pseudodielectric function. The sample

was assumed to be composed of three layers, i.e., STO

substrate, BFO thin film, and surface roughness layer. The

best fit for the pseudodielectric function of the BFO film was

achieved using a Kramers-Konig consistent multiple

Gaussian oscillator model.20 The optical constants of STO

substrate obtained from the ellipsometry measurement at

each measurement temperature were used for the layer

model analysis. The fitting results are plotted with solid lines

in Fig. 2(a). The thicknesses of the BFO film and the surface

roughness layer were estimated to be about 69 nm and

2.2 nm, respectively. Note that the thickness of the surface

roughness layer estimated from the ellipsometric analysis

was consistent with the AFM result.

The 2nd derivative of the optical function with respect

to photon energy enhances structures in the spectra, thus ena-

bling more accurate lineshape analysis.21 Therefore, analysis

of the 2nd derivative of the pseudodielectric function can
FIG. 1. (a) X-ray diffraction data of BiFeO3 thin film on SrTiO3 substrate

measured with h–2h configuration.

FIG. 2. (a) Raw pseudodielectric function (he1i þ ihe2i) data at T¼ 80 K and

400 K. Symbol: experimental data. Solid line: fitting result using multiple

Gaussian oscillator model. (b) The 2nd derivatives of the pseudodielectric

function at T¼ 100 K (symbol). Solid lines are the 2nd derivatives of the fit-

ting result of pseudodielectric function at T¼ 100 K. (c) The 2nd derivatives

of the pseudodielectric function at T¼ 100 K (symbol). Solid lines are the

2nd derivatives of the fitting result of the pseudodielectric function after

inclusion of two oscillators for d-d transitions.
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help to identify weak optical transitions such as d-d CF tran-

sitions. Indeed, the 2nd derivatives of the pseudodielectric

function clearly reveal some distinctive transitions in the

energy region between 1 and 2 eV, which are not captured in

analysis of the raw pseudodielectric function. Figure 2(b)

highlights the sensitivity of the 2nd derivatives of the pseu-

dodielectric function for detecting weak features in the opti-

cal response. The solid lines in Fig. 2(b) are from the fitting

results of the raw hei (Fig. 2(a)). It can be seen that the 2nd

derivatives of the hei are clearly different from those of the

fitting results of hei below 2.2 eV. The 2nd derivative spectra

can be successfully fitted only by including two additional

peaks in the energy region between 1 and 2 eV, as indicated

by arrows in Fig. 2(c).

Figure 3 shows the dielectric function (e ¼ e1 þ ie2) of

the BFO thin film obtained from ellipsometric analysis. The

overall spectral shape is very similar to those reported previ-

ously for bulk BFO and the BFO film.22,23 The direct band

gap energy Eg was estimated by extrapolating the linear fit

using ðaEÞ2 / ðE� EgÞ, where E is the photon energy and a
is the absorption coefficient. Here, the absorption coefficient

is derived from the relation 4pk=k, where k is the photon

wavelength and k is the imaginary part of the complex re-

fractive index. The complex refractive index is converted

from the relation
ffiffi
e
p
¼ nþ ik. The magnitude of the band

gap is about 2.73 eV at T¼ 300 K, which is similar to the val-

ues reported in the literature.23–25 The prominent peaks in e2

at around 3.0 and 4.0 eV are assigned to charge transfer tran-

sitions from the valence band, consisting of the O 2 p hybri-

dized with Fe 3 d and/or Bi 6 p states, to the conduction

bands composed of Fe 3 d and Bi 6 p states.5,22,26

Two weak optical transitions can be identified below the

optical band gap, as shown in the inset of Fig. 3(b). The

peaks are centered at 1.38 and 1.87 eV at T¼ 300 K, which

are close to those obtained from the optical absorption spec-

tra of bulk BFO.4,5 Their amplitudes were much smaller than

those of the charge transfer transitions located at higher ener-

gies. The peak positions and weak strength of the two peaks

are consistent with on-site Fe3þ CF transitions.4–6 The two

peaks may be attributed to 6A1g ! 4T1g and 6A1g ! 4T2g

excitations, which are labeled as CFL and CFH, respectively.

Observation of these d-d CF transitions from epitaxial BFO

films as thin as �70 nm demonstrates the excellent sensitiv-

ity of spectroscopic ellipsometry to the optical response of

thin films.

Having identified the character of the optical transitions,

we now discuss their evolution with T. We first focus on the

d-d CF excitations, i.e., CFL and CFH. Figure 4 shows the T-

dependent parameters (center energy, broadening parameter,

and amplitude) obtained from fitting the dielectric function

using Gaussian oscillators. We found that the center energies

and broadening parameters show non-monotonic T depend-

ence. In conventional semiconductors with electron-phonon

interactions, the T dependences of the two parameters are

known to follow the empirical Varshni equation or Bose-

Einstein statistical factor, i.e., monotonic increase (decrease)

in center energy (broadening parameters) followed by satura-

tion at low T.21,27 The center energies of both CF transitions

show small changes with T. As T decreases to around 200 K,

the center energies increase. At lower T, they decrease

slightly. The lineshape broadening of the CFL transition

shows an anomaly, while that of CFH decreases monotoni-

cally with decreasing T. The former has a minimum at T
between 200 K and 300 K. A similar anomaly can be found

in the amplitudes of both CF transitions, which exhibit a

minimum at about 200 K. We note that the Raman experi-

ments on BFO single crystals found a signature of spin reor-

ientation transitions at 140 K and 200 K.8 This suggests that

the d-d CF transition anomaly in our BFO thin films may be

linked to spin reorientation transitions.

With regard to the effect of spin reorientation on the am-

plitude of d-d transitions, the rotation of spins causes a dis-

tortion in the lattice structure through the magnetostrictive

effect followed by a change in electronic state. Based on the

interaction between lattice and electronic state, a decrease in

Huang-Rhys electron-phonon coupling strength appears to

occur below the spin reorientation temperature.5

It is worth noting that the oscillator strength of the CFL

transition in optical absorption spectra of BFO single crystals

showed a minimum at about 150 K.5 The contribution of the

surface should be considered for thin films, and the spin reor-

ientation effect in the region of the surface may be different

from that in the bulk of the film media.28 Differences in crys-

talline quality of single crystals and thin film may also make

FIG. 3. (a) Real and (b) imaginary parts of dielectric functions at T¼ 100,

200, 300, and 400 K. The inset in (a) shows the magnitude of the optical gap

as a function of T. The inset in (b) highlights the presence of two d-d
crystal-field excitations, labeled as CFL and CFH. The dashed line represents

the contribution from higher-energy optical transitions.

134107-3 Kang, Jeon, and Moon J. Appl. Phys. 117, 134107 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

147.46.19.34 On: Tue, 13 Oct 2015 05:15:45



a significant contribution. In the latter, strain from the sub-

strate can affect the lattice structure. Such variations in lat-

tice structure can cause a change in the spin states of Fe ions

through the magnetoelastic effect. Therefore, spin reorienta-

tion seems to be affected by the strain, and vice versa,

through a complementary process between the magnetoelas-

tic and the magnetostrictive effects.

In addition, thin film is more susceptible to defect

formation such as other crystalline and structural phases.

The x-ray diffraction data from our BFO film shown in

Fig. 1 support the absence of other Bi-Fe-O composite

phases, such as Bi2Fe4O9, which was reported to have an

antiferromagnetic transition around 260 K.29 However, pos-

sibility of the existence of other structural distortion either as

small structural change or as small fraction with a slightly

different symmetry cannot be excluded completely.30

We now discuss T dependence of charge transfer transi-

tions located in the energy region between 2 and 5 eV. As

shown in Fig. 3, the charge transfer transitions become nar-

rower with decreasing T, which we attribute mainly to the

electron-phonon interaction. With electron-phonon interac-

tions, center energies of the charge transfer excitations

increase, while broadening parameters decrease monotoni-

cally as T decreases.21 As a result, the direct band gap

increases linearly with decreasing T. The inset of Fig. 3(a)

shows such a trend in T dependence of the band gap.

To obtain detailed information on the T dependence of

the charge transfer transitions, we performed standard criti-

cal point (SCP) analysis of the 2nd derivatives of the dielec-

tric functions (d2e=dE2). SCP analysis is a conventional

method to determine the critical point parameters such as

energy threshold, broadening, amplitude, and phase angle of

electronic transitions from the dielectric function.21,31 The

lineshape expressions are as follows:

FIG. 4. Temperature-dependent parameters of Gaussian oscillators for the

crystal field transitions (CFL and CFH). (a) Center energy. (b) Broadening

parameter. (c) Amplitude.

FIG. 5. The 2nd derivative of e1 (circles) and e2 (triangles) and their fits at

(a) T¼ 80 K, (b) T¼ 300 K, and (c) T¼ 400 K using the SCP model. The

vertical lines indicate threshold energy values of critical points (P1, P2, P3,

P4, and P5).
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d2e
dE2
¼

n n� 1ð ÞAei/ E� Eth þ iCð Þn�2; n 6¼ 0;

Aei/ E� Eth þ iCð Þ�2; n ¼ 0;

(
(2)

where A is the amplitude, Eth is the threshold energy, C is

the broadening parameter, and / is the phase angle of the

critical point. The exponent n has values of �1, �1/2, 0,

þ1/2 for excitonic, one-, two-, and three-dimensional line-

shapes, respectively.

The 2nd derivative spectra reveal five peak structures la-

beled as Pi (i¼ 1, 2, 3, 4, and 5) in Fig. 5. The transition P1

placed at around 2.5 eV is mostly attributed to the transition

from the valence band to the oxygen vacancy level32,33 or p-
d transition t1g(p)! t2g.22 The transitions P2, P3, P4, and P5

are attributed to charge transfer transitions from O 2 p mixed

with Fe 3 d to Fe 3 d or to Bi 6 p.22,23,26 We note that by per-

forming SCP analysis on the 2nd derivative spectra Choi

et al. found four charge transfer transitions.34 Whereas Choi

et al. fitted the transition near 2.8 eV with a single oscillator;

we found that transitions near 2.8 eV may be better described

using two oscillators. Our result is consistent with that of

Pisarev et al.22 The splitting of the transition near 2.8 eV into

two peaks, P2 and P3, may be attributed to a trigonal distor-

tion of the FeO6 octahedra.22

Figure 6 shows T-dependent values of threshold energy,

broadening parameter, amplitude, and phase angle obtained

from fitting the 2nd derivative spectra using Eq. (2). The best

fit was obtained with an excitonic lineshape (n ¼ �1) for all

critical points. For an excitonic lineshape, the phase angle /
can be interpreted as a coupling parameter between the dis-

crete excitation and an overlapping continuous background

due to interband transitions.21 In an optical study of BFO sin-

gle crystals, the best fit was obtained with n ¼ �1 for the

lowest-energy peak and n¼ 0 for the other three peaks.34 We

speculate that such low dimensionalities (n ¼ �1) of the

critical points may be due to high defect density in the BFO

film.

The threshold energies of the charge transfer transitions

show gradual decrease with increasing T, as shown in

Fig. 6(a). This can be described by electron-phonon interac-

tions.21 A closer inspection of the threshold energies reveals

an interesting trend in the evolution of the transitions P2 and

P3 located in the energy region between 2.8 and 3.0 eV. This

two-peak structure may result from trigonal distortion of the

FeO6 octahedra.22 As T increases the energy separation

between the two transitions becomes noticeably smaller. This

may indicate a weakening of the trigonal distortion at high T.

FIG. 6. Temperature dependence of (a)

threshold energy, (b) broadening pa-

rameter, (c) amplitude, and (d) exci-

tonic phase angle of the charge transfer

transitions obtained from the SCP anal-

ysis of the 2nd derivatives of dielectric

functions.
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The T dependence of the broadening parameters of the

transitions P1, P2, P4, and P5 displayed in Fig. 6(b) seems to

follow the empirical Varshni equation.21 The behavior of the

broadening parameter of the transition P3 differs from the

others, i.e., it decreases only below 200 K and no saturation

signature is observed. We note that at 200 K the d-d CF transi-

tions in the optical data also exhibit an anomaly, and Raman

studies showed an indication of spin-reorientation transition.

Further studies are needed to find the relevance of spin reor-

ientation to this unusual behavior in the broadening parameter

of the transition P2.

IV. CONCLUSION

We investigated the temperature dependence of elec-

tronic transitions of rhombohedral BiFeO3 film grown on

SrTiO3 (001) substrate using spectroscopic ellipsometry. We

observed two d-d crystal field transitions in the energy region

between 1 and 2 eV. The d-d crystal field transitions showed

an abnormal temperature dependence that cannot be

explained in terms of electron-phonon interactions. We dis-

cussed the relevance of the abnormal temperature depend-

ence of the d-d crystal field to a spin reorientation transition.

By standard critical point model analysis of the charge trans-

fer transitions, we identified five charge transfer transitions

and obtained detailed information on the temperature de-

pendence of their critical point parameters.
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