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Static effective charges of BaTiO;: Infrared spectroscopic ellipsometry study
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The dielectric function of the perovskite BaTiO; is studied by infrared spectroscopic ellipsometry in the
temperature range of 20—150 °C. A ferroelectricity-induced change of the spectral weight of the dielectric
function is observed from a cubic to tetragonal structure transition. The ellipsometric data provide detailed
information about the evolution of the ionic static effective charge in the cubic and ferroelectricity states. The
determination of the temperature-dependent spontaneous macroscopic polarization is deduced in terms of the

charge transfer of the static effective charge.
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The mechanism of ferroelectricity is one of the main in-
teresting problems in condensed-matter physics. It was long
thought that in perovskites ABO;, the symmetry breaking
that leads to spontaneous polarization was a collective effect,
with a substantial critical polarized volume being necessary
to stabilize local polarization. However, recent developments
of new techniques and new materials, as well as first-
principles calculations,'™* have completely changed the pic-
ture of ferroelectricity.

The basic quantity in ferroelectrics is the spontaneous
macroscopic polarization P, which results, e.g., upon appli-
cation of an electric field, and persists at null field in two (or
more) enantiomorphous metastable states of the crystal; ex-
perimentally, the difference AP between these states is mea-
sured by hysteresis cycles.’ Theoretically, the simple struc-
tures of ABOj5 allow extensive investigations. Charge-density
maps and static effective charges are available based on ear-
lier calculations for some perovskite oxides:*~% although pro-
viding microscopic data relevant for the ferroelectric insta-
bility, they cannot carry quantitative information about P.°

Interestingly, first-principles calculations based on the dy-
namical atomic charges have estimated the spontaneous po-
larization in terms of the Born (or transverse) effective
charges.'®!" Large values of Born effective charges were
generally considered to be reliable indicators of the genuine
tendency of an insulator towards ferroelectric instability.
However, it may become anomalously large and independent
of the amplitude of the static effective charge and two atoms
with similar static effective charge also exhibit strongly dif-
ferent Born effective charge even in the isotropic cubic struc-
ture. Moreover, according to recent calculations, the Born
effective charges do not appear to possess such a predictive
capability, the inclusion of strong-correlation effects in cal-
culations systematically reduces the magnitudes of the Born
effective charges.!?

For a long time, there has been continuing interest in the
static effective charge, which lies essentially in the fact that it
is an intuitive concept and helpful for a simple description of
solids and molecules. It appears as a more fundamental
quantity than the dynamical atomic charge since it is also one
part of the dynamical atomic charge. Although several mi-
croscopic models have been postulated over the years, little
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is known about any quantitative correlation between static
effective charges and electronic polarization.

In this Brief Report, we propose an experimental ap-
proach to the macroscopic polarization of ferroelectrics from
the static effective charges with precision optical data mea-
surements. We performed direct ellipsometric measurements
of the complex dielectric function €(w)=¢(w)+ie(w)=1
+4mio(w)/ w. Results are given for a paradigmatic ferroelec-
tric: barium titanate (BaTiO;), which is one of the most stud-
ied perovskites.

The crystal structure of BaTiO; has a cubic perovskite
above the Curie temperature 7, which transforms to a ferro-
electric phase with a tetragonal symmetry below 7. Two
additional structural phase transitions occur at lower tem-
perature. At 5 °C, the tetragonal phase transforms into an
orthorombic one, and then at —90 °C to a rhombohedral
structure.

The samples used for spectroscopic ellipsometric mea-
surements were melt grown BaTiO; crystals (see Refs. 13
and 14 for details) with multidomains in the ferroelectric
phase. Spectroscopic ellipsometric measurements were car-
ried out by an improved variable-angle infrared spectro-
scopic ellipsometer'> in the energy range of 4000—800 cm™!
at the temperature of 20—150 °C. The accuracy is better than
1% for tan ¢ and cos A in the measurements. The incident
angle was 65° for the samples, and the difference between
the ordinary and extraordinary refractive indices in our ex-
perimental energy region is less than 3%.'® Therefore the
anisotropy in the ferroelectric phase is neglected.

In order to describe the dielectric function of ABOj5 in the
infrared wavelength range, where the corresponding energy
is higher than phonons but lower far away from band gap
energy, a formula is derived to fit the above experimental
data of BaTiO; in the following: For an electromagnetic field
Eye'® propagating in a material medium, a displacement x
will be deduced for ions from their equilibrium positions.
The equation of motion for the ions in a unit cell is

M5+ M/ 7= geEye™, (1)

where 1/M"=1/M_+1/M_ is the reduced ionic mass of cat-
ions M, and anions M_ in a unit cell, ge the average ionic
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FIG. 1. Real part of the dielectric function spectra of BaTiO3 in
the infrared region and model fitting. The inset shows the variation
of €. as a function of temperature.

static effective charges, and geEy e’ the electromagnetic
field force acted on atoms. 7is an energy-independent relax-
ation time. Restoring force, which brings ions back to the
equilibrium positions, is omitted in Eq. (1). This is due to the
fact that the optical frequency is high enough, and the ions
response will lag. Therefore restoring force can be consid-
ered to equal zero.

The solution of Eq. (1) leads to a complex dielectric
function

47're2q2 7
= €x — * T 9 9 2
)= T w2 @
477626]2 T
=, 3
(@) MQ 1+ o*7 ®)

where €, is the high frequency dielectric constant, and () is
the unit cell volume.

Figures 1 and 2 show the complex dielectric function
spectra €;(w) and o(w) of BaTiO; in the temperature range
of 20—150 °C. It can be seen that the real part of the dielec-
tric function spectra €,(w) and the optical conductivity spec-
tra o(w) do not differ substantially between paraelectric and
ferroelectric states in the entire energy range. In both cases,
€,(w) exhibits a continuous increase, however, o(w) exhibits
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FIG. 2. Optical conductivity spectra of BaTiOj3 in the infrared
region and model fitting. The inset shows the variation of
47e’q*/M"Q) as a function of temperature.
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FIG. 3. Spectral weight change of (A) €;/€, and (B) o as a
function of temperature through the cubic-to-tetragonal transition.

a continuous decrease toward high energy. The change of
€(w) in the short wavelength range is very small before
127 °C, for example, it is only about 1.5% at 4000 cm™'
over a 100° temperature range. Then it decreases faster and
faster when the temperature increases to 135 °C. The change
is ~1.0% at 4000 cm™! from 127 to 130 °C, it is ~2.0%
from 130 to 135 °C. When the temperature reaches from
135 to 140 °C, €,(w) drops dramatically, the change reaches
~12.7%. On the other hand, o(w) displays contrary rules.
The change of o(w) in the long wavelength range is small
before 130 °C. Then it increases when the temperature in-
creases. The fitted dielectric function spectra by Egs. (2) and
(3) are also shown in Figs. 1 and 2, respectively. Excellent
agreements are found between model fitting and experimen-
tal data in the energy range of 4000—800 cm™".

Ellipsometry has the advantage that it measures the com-
plex dielectric function directly without the usage of the
Kramers-Kronig(KK) relation. Its self-normalizing nature al-
lows us to analyze the temperature-distribution of the spec-
tral weight (SW) of o(w) and €;(w) in the cubic and ferro-
electric states for ferroelectrics. As shown in the insets of
Figs. 1 and 2, €, and 4me’q?>/M" () are the function of tem-
perature, the finite sum rule of SW(o)=[ zfcr(w)dw has been
calculated for o(w) and SW(e/€.)=[ zfel(w)/ e.dw for
€,(w)/e,. Figure 3 shows the integration results of SW(o)
and SW(e¢ /€,y with the upper integration limit o,
=4000 cm™! and lower integration limit ;=800 cm™' as a
function of temperature. There is an abrupt decrease for the
spectral weight SW(o) near the paraelectric-to-ferroelectric
transition temperature (7,), which reveals that an anomalous
ferroelectricity-induced SW(o) decreases in the energy range
of 4000-800 cm™'. The temperature dependence of € (w)
affords an independent and complementary way to analyze
the SW(o) variation. The decrease of SW(o) gives rise to an
increase of €(w) from the paraelectric-to-ferroelectric tran-
sition. It should be emphasized that this is a model-
independent conclusion based solely on the KK relation be-
tween €,(w) and o(w), both of which are directly measured
by ellipsometry.

The related SW changes can be quantified using the static
effective charge, which can be derived from the inset of Fig.
2. The lattice parameters in the calculations were taken from
Refs. 17 and 18. The temperature dependence evolution of
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FIG. 4. The spontaneous polarization of BaTiO5 vs temperature.
The open circles are taken from experimental data (Ref. 13). The
closed circles are calculated in terms of the static effective charges.
The inset shows the temperature-dependent evolution of the static
effective charge.

the static effective charge is displayed in the inset of Fig. 4.
The static effective charge appears to be composed of two
terms for BaTiOj; in the ferroelectric phase. The first one is
the hopping contribution through cubic-to-tetragonal struc-
ture transition: it leads to the modification of the interatomic
distance, which is characterized by a small uniaxial macro-
scopic strain, accompanied by microscopic displacements of
the ions out of their high-symmetry sites: the latter distortion
determines a preferred polarity of the tetragonal axis, and is
responsible, upon symmetry grounds, for the occurrence of
P. The second is the temperature-dependent charge compo-
nent: it originates in the effect of charge transfer in unit cells
and relates to the cell volume as temperature. It contributes
to the macroscopic polarization only in the ferroelectric
phase when the ions are out of the high-symmetry sites. We
obtain |¢|=1.65+0.0066 and 1.90+0.0058, respectively, for
140 and 20 °C from the inset of Fig. 4. In particular for
anions, the average effective charge of oxygen atoms is
—1.65+0.0066 at 140 °C and —1.90+0.0058 at 20 °C, re-
spectively. The effective charge of —1.65 in the cubic phase
is remarkably close to that of —1.63 from first-principles
calculations,® which supports the correctness of our model.

Different approaches have been considered in order to
evaluate the amplitude of the static effective charges for
BaTiO5.'%23 All the calculations reveal that the charge trans-
fer from Ti to O is not complete. If BaTiO; were a purely
ionic crystal, the 3d and 4s electrons of Ti would be entirely
transferred to the oxygen atoms, yielding a charge of —2 on
oxygen. However, due to the partial hybridization between O
2p and Ti 3d states,®%%* these electrons remain partly delo-
calized on the Ti atoms so that the static charges on the Ti
and O atoms are smaller than they would be in a purely ionic
material. The charge transfer from the Ti to O atoms favors
the static effective charge in the ferroelectric phases.

Based on the static effective charge concept, the sponta-
neous polarization is defined by the net value of the charge
transfer in one unit cell, relative to the static effective charge
of the paraelectric cubic phase, per unit area on the surface
perpendicular to the axis of spontaneous polarization
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P= AQ/Ao = (Q - Q())/A(Js (4)

where O, and Q are the experimental ionic static effective
charges in cubic and ferroelectric structures for ABO;, re-
spectively, and A, is the area perpendicular to the axis of
spontaneous polarization.

The spontaneous polarization of BaTiO5 versus tempera-
ture is calculated by Eq. (4) and shown in Fig. 4. A remark-
able agreement is obtained between the experimental and
reference data (Ref. 13) below T,. We emphasize that our
model is based on the static effective charge in one unit cell
and no detailed information is required for the displacement
of the centers of gravity of the negative and positive charges
within the unit cell, which was thought to be stabilized by
long-range Coulomb interactions. Therefore our results indi-
cate that the spontaneous polarization origins from the
charge transfer related to the cubic phase, in which no sub-
stantial critical polarized volume is necessary to stabilize lo-
cal polarization.

To further testify it, we expect the possible maximal val-
ues of the spontaneous polarization for the additional two
ferroelectric structures using the static effective charges and
compare with experiments, based on the fact that the maxi-
mum possible amount of the static effective charge is
AQ=0.35¢ without strain® (|g|=2.0 is assumed for a com-
plete charge transfer that occurred in orthorhombic and
rhombohedral phases). All the structural information is ob-
tained from Refs. 17 and 26. In terms of Eq. (4), the calcu-
lated Pis 24.4+1.2,19.9+1.0 ,u,C/cm2 for orthorhombic and
rhombohedral phases, compared with the maximal experi-
mental values of 26.8 and 19.3 uC/cm?, respectively.”’ The
quantitative agreements also support the fact that the sponta-
neous polarization is facilitated by charge transfer of the
static effective charge. The maximum degree of charge trans-
fer can be as high as ~21% without strain, relative to that in
the cubic phase.

In conclusion, our spectroscopic ellipsometric measure-
ments on BaTiO; suggest a ferroelectricity-induced SW
change of the dielectric function and have demonstrated the
static effective charge approach to determine the polarization
of BaTiO;. The spontaneous macroscopic polarization for
BaTiO; is predicated well both as a function of temperature
in tetragonal structure and in additional two ferroelectric
phases in one unit cell, which suggests that the spontaneous
polarization is driven by the static effective charge transfer
and no substantial critical polarized volume is necessary to
stabilize local polarization. It is anticipated that this work
will stimulate theoretical investigations on the static effective
charges for predicting the spontaneous macroscopic polariza-
tion and pyroelectricity of solids and to understand the
mechanisms of ferroelectricity at the nanoscale.
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