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Phase-transition effects in BaTiO; from tight-binding energy bands
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The behavior of the complex electronic dielectric constant € in cubic and tetragonal BaTiO;
crystals has been deduced from tight-binding energy bands, revealing an anisotropy in agree-
ment with experimental data. The single- and two-oscillator parameters obtained from calculat-
ed € functions are used in the interpretation of the optical properties and polarization-induced
effects. The upper oscillator is found polarization dependent. The phase transition induces a re-
markable decrease of interband transition strengths along the polar axis and an upward shift of
transition energies. The ionic charges, deduced from band results through a population analysis,
allow one to estimate the spontaneous polarization in the tetragonal phase. The electro-optic ef-
fects are investigated from calculated birefringency, polarization, and oscillator parameters. Opti-
cal and electro-optic properties are due to transitions in a relatively wide spectral region.

I. INTRODUCTION

Semi-empirical tight-binding computations of the
optical properties of cubic ABQO; perovskites have re-
cently shown the influence of tight-binding parame-
ters on the complex electronic dielectric constant
e(E) versus photon energy,' this strong dependence
being clearly revealed on the spectra when the inter-
band transition momentum matrix elements P, (k)
are evaluated for each kK wave vector in the Brillouin
zone. This first work allowed us to set up new band
computations for BaTiO; and KNbO; which provided
a rather reliable x-ray photoelectronic spectra (XPS)
description of these crystals.2 Further investigations
of the optical properties of cubic and tetragonal
KNbO; crystals® have been handled with the parame-
ter set reported in Ref. 2 allowing an estimation of
the spontaneous polarization and some electro-optic
parameters in the tetragonal phase.

The purpose of the present work is to complete
these studies to provide an interpretation of the opti-
cal properties and of the polarization-induced aniso-
tropy by performing similar computations for cubic
and tetragonal BaTiO;. The tetragonal phase has
been investigated using crystallographic data and
atomic displacements determined by Harada* at
18°C. The determination of e(E) functions in cubic
and tetragonal phases is reported in Sec. Il and an
evaluation of two-oscillator Sellmeir model parame-
ters performed on the band structure allows a-mean-
ingful discussion about the optical properties. An
electronic population analysis provides the theoretical
crystal ionic charges in the two phases. This allows
us to estimate the spontaneous polarization P as
described in Sec. III. Some of the electro-optic ef-
fects are deduced from the theoretical anisotropy and
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polarization. They are compared to existing expen-
mental data.

II. DIELECTRIC CONSTANT AND RELATED
OPTICAL PROPERTIES

A. Computational details

The component €, =€, +i€,, of the complex
dielectric function, for a light polarized in direction
K, due to interband transitions, is determined in the
self-consistent-field approach’ through the expression

|PE (k)|

(E)=1- -1
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with the interband momentum matrix elements
P;(k) given in the effective-mass approximation® by

BH,,,(k)

;4

PE(K) = 2 L (K) G (K) , @
where EU is the energy difference between the jth
and ith K states, Q is the unit-cell volume, SolE) is
the Fermi function, taken to be zero or one, respec-
tively, for an empty or an occupied band. The relax-
ation time { gives a linewidth to the ij interband tran-
sition, and is taken less than 107'2 s in order to give
no artificial enlargement of €, curves. In the PJ (¥)
expression, C;(K) denotes the expansion coefficient
of the /th Bloch atomic orbital in the /th state while
HL,,,(I_(‘) is the Hamiltonian matrix element between
the / and m Bloch orbitals. In the present work, /i and
J stand, respectively, for O 2p and Ti 3d bands while

1 ©1981 The American Physical Society
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the atomic Bloch orbitals retained in H ,,(K) estima-
tions present the O 2s, O 2p, and Ti3d symmetries.

The moments of €,, computed according to the ex-
pression given by Wemple et al.’

Er
M= [, Ere) dE 3)

are used to estimate the oscillator parameters defined
by

Eo=(M_/M_)"?
Ed=(M_3_|/M_3)l/2 » (4)
F=EOEd )

where F is the oscillator strength, £, the dispersion
energy (considered as an interband strength parame-
ter), and F the oscillator strength in the single-
oscillator (SO) and the two-oscillator (TO) models,
commonly used in the interpretation of ordinary in-
dex measurements and electro-optic parameters. In
the SO case, all interband transitions are taken into
account and the sum-rule integral extends from
E;=0¢eV to E, =15 eV (considered as a maximum
energy for O 2p-Ti3d interband width). In the TO
model, the lower frequency oscillator, usually as-
cribed to transitions towards the lower conduction-
band subgroup, is denoted by index € and the in-
tegration can be restricted to £, < 6 eV, while the
second oscillator, denoted by vy, describes transitions
towards the higher part of the conduction band, the
energies E ranging between E; =6 eV and E, <15
eV. The optical functions determined in the tetrago-
nal phase will be identified by a supplementary sub-
script a (or ¢) in order to represent a light polarized
perpendicular (or parallel) to the spontaneous polari-
zation P,.

B. Dielectric function in
the paraelectric phase

The theoretical determination of optical functions
from relation (1) implies a careful sampling of the
Brillouin zone in order to obtain reliable histograms.
Several computations have been performed with an
increasing number of equivalent X points inside the
Brillouin zone (BZ). When no interpolation pro-
cedure is applied to obtain energies and wave func-
tions between the K points where the secular deter-
minant is solved, 8000 equivalent points appear to be
the minimum which ensures stable histograms; this
number leads also to the equality of the values of
€,(0) obtained directly from relation (1) or derived
from the €, moment M_, + 1. To get some insight
into the optical properties from energy bands, faster
computational procedures commonly used in the
literature express the €, behavior by the joint density
of state J(E), or alternatively by the J(E)/E? func-

tion. This approximation emphasizes the part played
by level positions in the band scheme and misses out
totally any selectivity between the strengths of optical
transitions. In the case of perovskite compounds, the
high value of the dielectric constant is usually as-
cribed to closely spaced energy levels. The evalua-
tion of e(E) function through expression (1) reveals
the presence of strong oscillator strengths at specific
K points inside the BZ, related to the band bending
at these points, and responsible for the €,(E)
behavior. lndeperldent of a specific report of P,,(T()
variations versus k vectors, devoted to a forthcoming
paper, the previous remarks are clearly illustrated by
the line shape of J(E), J(E)/E?, and €,(E) curves
plotted in Fig. 1. The first two functions exhibit two
important maxima around 5.2 and 6.4 eV while only
one dominant structure, localized between 3.6 and 5
eV, is visible both in theoretical and experimental e,
spectra, a huge decrease of €, intensity is observed in
the 5—7-eV region, the oscillator strengths being weak.
The J(E)/E? curve is flattened to high energies due
to the factor £, whereas the strong values of P;(k)
connecting the O 2p states to the higher energy sub-
group of the conduction bands restore the €, struc-
ture above 8 eV. Another positive advantage of an
exact determination of € function is that absolute
magnitudes of €, and €, curves are obtained, and the
quite good agreement between calculated and experi-
mental €, (0) data ensures that oscillator parameters
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FIG. 1. Real (€¢) and imaginary (e,) parts of the optical
dielectric constant vs photon energy, compared with the
joint density of states J(E) and J(E)/E? function (dashed
line) in cubic BaTiOj;.
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TABLE 1. Single- and two-oscillator parameters and refractive index in BaTiOj crystals.

Phase SO parameters TO parameters
Ey Eq Eoe Eqe Eo, Eqy
Reference (eV) (eV) (eV) (eV) (eV) (eV)
cubic a 4.78 16.26 4.12 9.06 7.88 9.30
tetragonal )
g ha a 4.90 16.06 4.21 8.77 8.08 9.52
b 5.66 24.00 4.20 6.20 10.50 29
zIT a 5.06 15.69 437 8.71 8.14 8.86
b 5.95 24.22 4.36 5.8 10.50 29
Refractive indices
References ng (1 eV) n(lev). n,(2eV) n.(2eV)
c 2.101 2.057 2.220 2.163
d 2.104 2.052 2.230 2.168
e 2.132 2.086 2.283 2.217
4This work. dEstimated from relation (5) in the TO

bReference 10.

“Estimated from relation (S) in the SO description.

can be reliably deduced from energy-band results.
The main structure in the €, curve presents two
peaks localized around 3.7 and 4.9 eV, similar to the
epxerimental data,® the dominating optical transitions
are roughly centered around 4.4 eV. This value coin-
cides with the effective oscillator position Eo,=4.43
eV deduced by Johnston® from ordinary index mea-
surements in flux-grown BaTiO; at room tempera-
ture. The cubic oscillator parameters, evaluated as
described in Sec. I A, are gathered in Table I and
discussed hereafter.

C. Dielectric constant in
the ferroelectric phase

The atomic displacements Aa (a=Ba, Ti, O,, O,,
0;) determined by Harada er al.* on BaTiO; crystals
at 18 °C are used to compute the Madelung energy
shifts and the changes in overlap and transfer in-
tegrals induced by the cubic to tetragonal phase tran-
sition. The changes of the relevant tight-binding
parameters, together with the crystal symmetry
lowering, are responsible for the anisotropy exhibited
by theoretical €; and €, curves owing to light polariza-
tion. These curves are compared in Fig. 2 to
Cardona’s data, obtained with unpolarized light on
samples presenting a random orientation of ferroelec-
tric domains. Considering these measurement condi-
tions, theoretical and experimental spectra appear
coherent. The dominating optical transitions, es-
timated from the first maxima of e,., €;, spectra are
centered around 4.6 eV (i along T axis) and 4.5 eV
(# along @ axis). These energies qualitatively deter-
mined compare well with a more significant computa-

description.
¢Deduced from ¢ values [relation (1)].

Photon Fnergy (eV)

FIG. 2. .Light polarization dependence of the dielectric
function in tetragonal BaTiO3: €, and €y, curves (———),
€. and €, curves ( ), experimental €, and €, spectra
taken from Ref. 8 (—-—-).
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tion of the first oscillator positions given by Uchida'’
and also calculated by ourselves: Ey, =4.36 eV and
Egea =4.2 eV (Table I). The anisotropy is more ap-
parent for the lower energies because it is more local-
ized: the first peak of €. at 3.9 eV is strongly
smoothed over and the second one at 5 eV is raised.
The opposite effect holds for & perpendicular to the
P, axis. This behavior is quite similar to the one of
experimental reflectivity spectra reported by
Gahwiller.!" In the TO model, Johnston® found one
optical transition, or possibly a closely spaced transi-
tion group, localized around 5 eV, which is polariza-
tion dependent. The €; anisotropy allows us to local-
ize these transitions more precisely around 3.8 and 5
eV. The spontaneous polarization involves an en-
largement of P moments around 5 eV and a de-
crease of them near 3.8 eV.

The TO model reveals the polarization dependence
of the vy oscillator as it will be pointed out below.
The oscillator parameters, estimated through SO and
TO models are gathered in Table I, with the experi-
mental ones deduced by Uchida.'® The main
discrepancy concerns the y parameters, which are
weaker than Uchida’s data. This can be easily under-
stood by considering that 4s and higher excited Ti
states have been neglected in the present tight-
binding computations, dropping out part of the possi-
ble high-energy transitions. Moreover, transitions
above 15 eV are discarded in the sum-rule integral
(3) whereas the experimental €, spectrum'? shows
small structures between 15 and 30 eV. The contri-
butions to the vy oscillator are restricted and the ef-
fect on E,, is about three times stronger than on Ey,
due to the fact that €; underestimation affects mainly
the moment M_;. Nevertheless the observed
discrepancies being independent of light polarization
and of crystal symmetry, a meaningful interpretation
of the phase-transition effects or polarization-induced
changes on these parameters may be attempted. On
the other hand Uchida and Johnston have assumed
that the position and the strength of the y oscillator
are polarization independent, but actually, we find
comparable changes of the € and y parameters caused
by the phase transition and owing to light polariza-
tion, as it can be deduced from Table I. We can note
that, at high energies P is reflected in the transition
strength (Ezyc — Egyq =—0.66 ¢V) rather than in the
displacement of the transitions (Eg,. — Eg,q =0.06
eV) while the opposite effect holds at low energies.
The cubic to tetragonal phase transition induces a
similar decrease (0.35 and 0.44 eV) of the E,, and
E,, parameters for a light vector along P,. In the
perpendicular direction Ey, increases by 0.22 eV and
E,¢ decreases by 0.29 eV. In the tetragonal phase
these parameters are weaker along the polar axis than
those perpendicular to it. It appears, therefore, that
spontaneous polarization saturates part of the optical
dielectric constant.. The effect of Fs parallel to its

axis, from the cubic to the tetragonal phase, besides
the remarkable reduction of interband transition
strengths, is an upward shift of 250 meV for € and

v Ey. oscillators; it would amount to a rigid displace-
ment of transitions, independent of X vectors, as it
was found by Gahwiller for an E, oscillator under
an applied electric field parallel to the c axis. But this
is only an average effect, the different K states move
independently. We can note the interband gap shift
to the phase transition at I' point is 100 meV when
the shift between a- and c-axis band edges deter-
mined experimentally!® is 110 meV. This can be
compared with E¢. — Eg, =200 meV found by Wem-
ple'? or with our result Eo, — Eg, = 150 meV for the
SO positions. A customary approximation consists,
in the absence of cubic experimental data, of the
tetragonal a axis as a reference in the estimation of
phase-transition-induced effects. Results of Table I
or €, curves below the threshold energy (Figs. 1 and
2) show non-negligible differences between cubic and
tetragonal a-axis data, and the phase-transition ef-
fects are slightly stronger than the effects due to
orientation of & in the tetragonal phase. The TO
model will be now used for the estimation of the
respective part played by the € and y parameters on
birefringency and refractive index.

D. Refractive index and birefringence

The frequency dependence of the refractive index
n, deduced from €, spectra, is plotted in Fig. 3 for the
two phases and according to the orientations of light
vector & (i.e., n, and n.) and compared to the
curves of Wemple et al.'* Johnston’s data® as well as
Wemple’s, are larger than the calculated ones at low
energies. This can be justified through relation (5)
that expresses » in the region of transparency, since
the second oscillator is underestimated, as pointed
out just before. But the first oscillator is prepon-
derant as the energy is closer to the threshold and the
refractive index spectra rise over the experimental
ones, computed € parameters being strong. The
respective contribution of each oscillator to the re-
fractive index can be estimated by using the expan-

2
3 2.8 2.6 2.4 2.2 2.0 1.8 1.6
Photon Fnergy (eV)

FIG. 3. Dispersion of the refractive indices in cubic (ny)

and tetragonal phase (n,,n.): (——) deduced from theoret-
ical € functions and (———) experimental spectra taken
from Ref. 14.



23 PHASE-TRANSITION EFFECTS IN BaTiO; FROM . .. b

sion of €, (E) (Ref. 7) in powers of E? yielding the
relation

Ed¢E0¢ + EdyEOy
E} —E* ' E}, —E?

This approximation involves an error less than 3%
for the determination of » and is all the more accu-
rate as the considered frequencies are far from the
threshold energy. As an example, we reported in
Table I the refractive index values for 1 and 2 eV,
deduced from €; computations and from relation (5)
with the E; and £, parameters determined previous-
ly. Single- and two-oscillator representations give a
correct estimation of n, but a further insight into the .
nature of optical anisotropy is provided by the two-
oscillator model.

The contribution of € and vy oscillators to the
birefringency can be shown to be of the same order,
from relation (5). The anisotropies, involving transi-
tions up to 15 eV, have an influence on the
birefringency in the visible part of the spectrum as it
was already deduced by Wiesendanger and Gunth-
erodt" for orthorhombic KNbO; considering transi-
tions up to 10 eV. The calculated birefringency at
0.546 um is An =0.07, close to experimental data re-
ported earlier by Wemple and Di Domenico,'*

An =0.061, or by Johnston,’ An =0.05

Q)

e|—1=n2—l=

III. SPONTANEOUS POLARIZATION AND ELECTRO-

OPTIC PARAMETERS

The partial densities of states of O 2p and Ti3d
characters have been estimated from band results in

0y and C/, symmetries, according to the procedure
described in a preceding work.'® This allows us to
obtain the crystal ionic charges on titanium and oxy-
gens by convenient summations over the energies of
occupied states. Results relevant to tetragonal case
are gathered in Table II. A slight electron transfer
from transversal oxygens (0O, O;=0,) towards the
axial one (O, =0,) is observed; the axial position ap-
pears more ionic than the transversal ones, as in
KNbO;,? but in this latter case, the ionicity changes
are due to an electronic exchange between Nb and O,
ions. In a previous work, the electronic structure of
cubic BaTiOj; crystal has been investigated by per-
forming X a self-consistent computations on an oc-
tahedral TiOg™” cluster.!” The population analysis of
X a electronic distributions leads to a Ti ionic charge
of about 1.9, quite similar to the value obtained from
band structure (=2). A decrease of about 2|e| in -
the ionicity on central ion B relatively to the perfectly
ionic value has been observed in a lot of ferroelectric
ABO; compounds (SrTiO;, KNbO;, KTa03), when
population analyses are performed on their electronic
structures obtained by various approaches: X« clus-
ter method,!” augmented plane wave-linear combina-
tion of atomic obitals (APW-LCAO) band

schemes'® or the previous® and present tight-

binding computations. In spite of the ambiguities in-
herent in a Mulliken population analysis, this steady

decrease is not an effect of computational procedure
and expresses very probably the correct degree of co-

valency in such perovskites. Indeed, the calculated

charges have their origin in partial densities of states

leading to a quite good interpretation of covalency ef-

TABLE II. lonic and apparent charges, spontaneous polarization, and unclamped electro-optic parameters for BaTiO;.

References Charges and spontaneous polarization
OBa Ori Qo, Qo Oga o1 Qo, Qo, Py (cm™2)
a 2.0 1.99 -1.35 -1.32 4.14 4.12 -2.06 —4.13 0.22
b ) 29 6.7 24 —4.8 0.27
c 1.4 2.2 -1.2 -1.2 3.6 5.7 -3.1 =3.1 0.25
d 1.35 2.46 —-1.27 —1.27 0.16
References Polarization-optic coefficients Polarization potentials
g1 &1z g1 —8n f33 S B B2 Bii—B12
(m#/C?) (m?/C) (eVm?/C?)
a 0.39 0.16 0.24 0.17 0.07 5.75 2.60 315
e 0.14 3.2
fand g 0.12 6.3 0
4This work. dReference 23. fReference 14, at A =0.633 um.

bReference 20:
‘Reference 21.

¢Reference 9.

BReference 13.
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fects in photoelectron spectra relevant to these crys-
tals.!6- 17

To evaluate electro-optic effects we estimate the
spontaneous polarization through the relation

Ps=%2Q;’Ada

by using the concept of apparent charges Q"' intro-
duced by Cochran,!? as reported in a previous paper.’
For a diagonally cubic crystal the apparent cation
charges are

0" =+(e.+2)0" ,

where Q' are the effective ionic charges. Axe has
found in the local-field approximation?® that this rela-
tion is still a good approximation in the tetragonal
phase and the ratio Q"'/Q’ is not far from the Q"'/Q
for several perovskites. The high-frequency dielectric
constant e, along ¢ axis deduced from relation (1) is
4.203, weaker than the experimental one 5.31 as we
expected, owing to the two oscillator model interpre-
tation. The anisotropy of the apparent charges of the
two types of oxygens can be taken into account using
the ratio Q(')'“/Q(')'l =2 (Ref. 20) obtained from in-

frared dipole strengths. The absolute values of Q(’,'I_

are deduced from the requirement of the total ap-
parent charge neutrality. These apparent charges, to-
gether with the atomic displacements of Ref. 4, lead
to the P; value. These results are compared in Table
II to Hewatt’s data,?! the effective charges being es-
timated from Cowley’s SrTiO; results??> and with the
choice Q1;/0%, = 1.6, and to these of Axe’s?® with
01/ Qpa=2, and to Bouillot’s values computed from
the shell model.?

The main discrepancy may be ascribed to the
choice of the Qr;/Qp, ratio. The value 1.6 is near the
ratio Q1i/Qga chosen by Kahn and Leyendecker? to
compute the Madelung energies and the ionization
energies in SrTiO; crystals. It is also close to the ra-
tio chosen by ourselves to set up the Hamiltonian di-
agonal elements since O1;=2.99|e| and Qg,=2le] in
the beginning of the computation. The present
tight-binding calculations have not been carried out
to self-consistency, since it has been found that it is
impossible to obtain simultaneously self-consistency
upon the charges, and agreement between theoretical
and experimental optical functions such as band gap
or dielectric constant.2 This misleading effect seems
inherent in the nature of the approximations in-
volved in the determination of diagonal matrix ele-
ments. In the present work, the ratio Qri/Qg, ob-

tained from the population analysis is reduced to
about 1; once more, this result is coherent with X«
self-consistent results,!” where the self-consistency
upon energies and potentials is achieved, with a
simultaneous good reproduction of the main features
of BaTiO; crystal properties. - This coherence between
theoretical results obtained by two different computa-
tional procedures seems to us a positive point to en-
sure the reliability of our Q1i/Qg, ratio, as well as the
relevant calculated P, value (0.22 C/m?), which
agrees fairly well with experiment.”

The unclamped quadratic and linear polarization-
optic coefficients g,1,€1> and f33,/13 (reduced nota-
tion), are determined for the wavelength A =0.6 um,
from the relation reported by Wemple and Di
Domenico?’ and are compared to available experi-
mental results in Table II. They are higher-than the
latter but our P, value is weaker and some approxi-
mations discussed in Sec. IIC lead to some disagree-
ments concerning the refractive index. The part
played by the € and vy oscillator in the refractive in-
dex changes from the cubic to the tetragonal phase in
the region of transparency discussed previously,
stresses the importance of the high- and low-lying p-d
charge transfer transitions for the unclamped
electro-optic effect in BaTiO;. In the polarization po-
tential concept, a single oscillator description is used
and the results are compared to average interband
polarization potentials calculated by Di Domenico and
Wemple.?® The difference 8,; —Bi2=3.15 eV m*/C?
is close to Johnston’s data®. 3.2 eV m*/C2.

IV. CONCLUSION

The theoretical determination of the optical proper-
ties involves some approximations that could explain
some disagreements observed between calculated and
experimental data. However the computation of the
moment P} for every X vector allows us to carry out
the dielectric constant determination, emphasizing
the polarization-induced anisotropy. The sum rules
applied to the band structure allow us to determine
independently the y and e oscillator parameters. This
determination provides an interpretation of the opti-
cal properties, setting off the part played by the
high-energy transitions for BaTiO;. The optical an-
isotropy and the optical property changes induced
from the cubic to the tetragonal phase, can be
described from Madelung energy shifts, overlap and
transfer integral changes, and lowering of crystal
symmetry. Their respective influences will be
described more extensively in a further paper.
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