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Electronic structure, chemical bonding, and optical properties of paraelectric BaTiQ
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The electronic-energy band structure, site, and angular-momentum decomposed density (G@tasd
charge-density contours of perovskite BaJi@ the paraelectric phase are calculated by the first-principles
tight-binding linear muffin-tin orbitals method with the atomic-sphere approximation using density-functional
theory in its local-density approximation. The calculated band structure shows a direct band gap of 1.2 eV at
the I' point in the Brillouin zone. The total DOS is compared to the experimental x-ray photoemission
spectrum. From the DOS analysis, as well as charge-density studies, we conclude that the bonding between Ba
and TiO; is mainly ionic and that the TiQentities bond covalently. Using the projected DOS and band
structure we have analyzed the interband contribution to the optical properties of Balh® real and
imaginary parts of the dielectric function and hence the optical constanth as the reflectivity, refractive
index, extinction coefficient, absorption coefficient, and the electron energy-loss speateucalculated. The
calculated spectra are compared with the experimental results for Bati@om temperature in the ferro-
electric phase and are found to be in good agreement with the experimental data in the low-energy regions. The
role of band-structure calculation as regards the optical properties of Bad iiscussed.

. INTRODUCTION been carried out to study the structufadielectricl® elastic,
and thermal properti€¥, the infrared? and the Ramédif as

Ferroelectric and related materials having the chemicalvell as electron-spin resonartspectra of BaTiQ Recent
formulaABO; have been the subjects of extensive investigastudies?~'* on nanocrystalline powders of BaTjChave
tion, both because of their technical importance and becausshown that the tetragonal ferroelectric structure disappears
of the fundamental interest in the physics of their phaséelow a critical size of the particle, leading to the cubic
transitions: Within this family of materials, one finds tran- phase.
sitions to a wide variety of low-symmetry phases, including In the present study, the electronic structure and optical
ferroelectric and antiferroelectric transitions. The ideal strucproperties of cubic perovskite BaTiOn the paraelectric
ture is cubic perovskite, where theand B cations are ar- phase are calculated by the first-principles tight-binding lin-
ranged on a simple cubic lattice and the O ions lie on theearized muffin-tin orbital (TB-LMTO) method with the
face centers nearest tftgpically transition metalB cations.  atomic-sphere  approximation (ASA) using density-
Thus theB cations are at the centers of O octahedra, whilefunctional theory in its local-density approximatiéirDA).*
the A cations lie in a larger 12-fold-coordinated sites. ThisThe first-principles density-functional calculations offer an
ideal structure displays a wide variety of structural instabili-attractive approach for enhancing our microscopic under-
ties in the various materials. These may involve rotations andtanding of perovskites. The all-electron full-potential linear-
distortions of the O octahedra as well as displacements of theed augmented plane-wave method has been used by several
cations from their ideal sites. The interplay of these instabili-groups to study ferroelectricity in perovskites within the
ties accounts for the rich variety of ferroelectric and antifer-LDA.'5-*°Recently, King-Smith and Vanderbilt performed a
roelectric behaviors. systematic study of structural and dynamical properties and

BaTiO; is among the most extensively studied systems irenergy surfaces for eight common perovskites using the first
this class. It transforms from the high-temperature high-principles ultrasoft pseudopotentiai method and the
symmetry paraelectric cubic perovskite phase to slightly dist pa 2021 These calculations demonstrate that ferroelectric-
torted ferroelectric structures with tetragonal, orthorhombiGty in the perovskites reflects a delicate balance between
and rhombohedral symmetriéShe cubic perovskite struc- |ong-range electrostatic forces which favor the ferroelectric
ture exists above 120°C. Below 120°C it transforms to thestate and short-range repulsions which favor the cubic phase.
tetragonal phase which exists down to 5°C. Since the dism the next sections, the computational details regarding the
covery of ferroelectricity in BaTiQ a large number of in-  methods used in our calculations of the electronic structure
vestigations have been carried out to study its variousnd optical properties are described. Finally, the calculated

properties;™ no theoretical investigations of optical proper- results are compared with available experimental 8ata.
ties based upon the first-principles band-structure calcula-

tions have been reported to our knowledge.

Spitzer et al® have measured the infrared reflectivity
spectra of BaTi@ at room temperature and from these data
they have calculated the principal dielectric-response func- The crystal structure of BaTiQOn the para- and ferroelec-
tions using Kramers-Kronig relations. Investigations havetric phases has been studied experimentally using various

Il. COMPUTATIONAL DETAILS
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duced subsequently phenomenologically by convoluting the

% Q)
‘%‘W 4 absorptive part o&(w) with a Lorentzian with a full width at
7 %

B 0) » half maximum(FWHM) of 810 % Ryd at the photon en-
I ! O o ergy of 0.073 Ryd increasing quadratically with photon en-

| 1 /O ergy, as suggested by Ravindrenal ?® The cubic nature of
OO ® B BaTiO; leads to a diagonal and isotropic dielectric tensor.

The imaginary park’(w) of the dielectric functione(w) is

then given by
'_— —— et
@y/ 7,

€' (w)=
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@) X F(kn)(L—f(kn"))8(Eyn— B — ). (1)

s Here#w is the energy of the incident photop,is the mo-
’ mentum operator{/i)d/ dx,|kn) is a crystal wave function

R and f(kn) is the Fermi function. The other symbols have

3 VO S X their usual meanings. It is often easier to convert from the

P reciprocal-spack as the variable of integration to the energy
S M E and from the band index to the LMTO indicesL,q,

whereL=(I,m) are angular momenta andlabels the par-

(b ticular atom in the unit cell. The expressi@t) then becomes

FIG. 1. (a) The cubic unit cell of BaTi@ (b) The Brillouin zone

; ; A )
for the cubic BaTiQ. €"(w)= FJ’ dE ,2 , Tﬁf,(E,w)nf(E)
techniques? The paraelectric phase is cubic and belongs to Lhae
the space grouPm(3)m. The ferroelectric phase has the Xnﬁf(E+ﬁw)f(E)(1_f(E')), 2

tetragonal structure with a small tetragonal distortianha(

=1.01) *° The cubic unit cell contains one molecule with the WhereA is a constantn, (E) is the angular-momentum pro-
Ba sitting at the origin (0.0,0.0,0.8) the Ti at the body jected density of state$(E) is the Fermi function, and the
center (0.5,0.5,0.%) and the three oxygen atoms at the transition matrixT, .(E,w) is given by

three face centers (0.5,0.5,080) (0.0,0.5,0.5%, and p

(0.5,0.0,0.59. The lattice constant is 7.57 a.u., taken from T (B w)= f d3r ¥ (E,r) — L (E+haw,r)
the experimental results of Jona and ShirdhEigure 1a) 28

shows the unit cell and Fig.(l) the Brilluoin zone of
BaTiO; for this structure.

We present here electronic structure calculations made u
ing the TB-LMTO. The calculations were done within the . _ .
ASA. The basis sets used here comprised of augmented ”r@ental resolution of FWHM of 10" * Ryd was also incor-
ear muffin-tin orbitals. Within the atomic spheres, the basisoorated' , . . .
functions, the charge density and the potential are expanded The real parte’(w) of the_ d'e'eCF”C fu_nctlone(w_) fol-
in symmetry-adapted, spherical harmonics together with ows from the Kramers-_Kronlg relatl_onsh|p. All optical con-
radial function. Basis functions up tQ,,=3 for Ba and stants may now be derived from this. If we assume orienta-
|,..=2 for Ti and O were used. The calculations were cartion of t_he crystal surfac_e parallel to the o?ncal axis, the
ried out within the LDA and the radial part of the basis wasreﬂeCt'VIty R(w) follows directly from Fresnel's formula:

2

The matrix element is evaluated over the atomic spheres.
%E addition to the lifetime broadening which is introduced at
is stage, an additional Gaussian broadening due to instru-

obtained by solving a Schdinger-like Kohn-Sham m—l 2
equatiofi? in which the scalar relativistic corrections were R(w)= |l |
incorporated. The von Barth-Hedin exchange poteftitiahs Ve(w)+1

used. The atomic-sphere overlap wa$2%. Brillouin-zone ] ] o ]
integration was carried out using the tetrahedron méthod  Expressions for the absorption coefficidifiw), extinc-
using a mesh of about 500 symmetry-reduced points. The B#on coefficientk(w), energy-loss spectrub(w), and the
6p, the O 3 and 3 orbitals were downfolded and do not refractive indexn(w), now follow immediately:

contribute to the dimension of the Hamiltoni@H) and the ; - ,

overlap (O) matrices, but carry charge. This downfolding l(0)=V20[Je' (0)*+ €'(0)*~ €' (0)]"

avoided the appearance of ghost bands.

The linear response of the system to an external electro-
magnetic field with a small wave vector is measured through
the complex dielectric functiore(w). The frequencies of
interest to us will be well above those of phonons, so we _ Je ()2t € (w)2+ € 12
consider the electronic excitations alone. This we do within N(@)=(AM2)[Ve (0)"F €'(0)"+ €' (0) ] ©
the random-phase approximation. Local-field and lifetime efdt is to be noted that for the interpretation of the optical
fects will be neglected. Lifetime broadening will be reintro- spectra of systems, it does not seem realistic to give a single

k(w)=1(w)2w,

L(w)=€"(w)/[€ (0)*+€"(0)?],
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1 FIG. 2. The calculated energy-band structure
. for BaTiO;. The zero of the energy was set at the
28 top of the valence band.

Energy (eV)

—

r M X r R

+ ™
T T
= s}
& B &
1 1

transition assignment to the peaks present in a crystal reflegvas arbitrarily set to be at the valence band maximum. In the
tion spectrum since many transitio(direct to indirect may  figure we find a large dispersion of the bands. Nine valence
be found in the band structure with an energy correspondingands are derived from Op2orbitals. These are separated by
to the peak, and since states away from the lines and point &f direct gap of 1.2 e\(at thel” point) from the transition-
symmetry could contribute to the reflectivity. Therefore, themetal d-derived conduction band. This gap is somewhat
symmetry-allowed transition energies lead to an incompletéower than the experimental band gap 3.2 eV for BaJiO
description of the optical spectrum. We have generated theFhe origin of this discrepancy may be the local-density ap-
oretical curves using the customary approximation made tproximation which underestimates the band gaps even for
interpret the optical spectra from band-structure calculationsnsulators. The nine valence bands at fhepoint are the
namely by considering the imaginary paft(w) of the op-  three triply degenerate level¥ (s, I',5, andI'15) separated
tical dielectric constané(w) as proportional to the joint den- by energies of 1.141{;5—1I",5) and 1.09 eV [y5—I'15).

sity of states weighted byw 2. Although the room- These splittings are produced by the crystal field and the
temperature phase of BaTjOhas the tetragonal structure electrostatic interaction between o rbitals. In the con-
with a small tetragonal distortion, we consider its opticalduction band the triply I ,5) and doubly {"1,) degenerate
spectra to be not much different from the cubic phase andevels represert,, andey states of Ti @ orbitals separated
will compare the calculated results with the room-by energy of 2.15 eV. A visual comparison of our band-
temperature experimental data of Baueztel®

Ill. RESULTS AND DISCUSSION
A. Band structure and density of states

Since the optical spectra are calculated from interband
transitions, we first describe our calculated electronic struc-
ture. The calculated band structure for paraelectric BgO
the high-symmetry directions in the Brillouin zone is shown
in Fig. 2. The energy scale is in eV, and the origin of energy

DOS (States/eV cell)

DOS

1 | 1

8 4 0 -5 0 5 10
Relative Binding Energy (V) Energy (eV)
FIG. 3. The calculated total density of sta{€@09) in the va- FIG. 4. The angular-momentum and site-projected density of

lence region and the XPS spectriRef. 9 for BaTiO;: continuous  states for BaTi@Q The zero of the energy scale shows the position
line indicates theoretical, dotted line indicates experimental. of the Fermi level.
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FIG. 5. The valence charge density contour for cubic BaTiO FIG. 6. The valence charge density contour for cubic BaTiD
the (200) plane(a) in two dimensiongb) in three dimensions. the (110 plane(a) in two dimensiongb) in three dimensions.

structure results against those of King-Smith and Vanderbilt
on BaTiO; shows almost no discernible difference except
that they have obtained a direct band gap of 1.8 eV al'the ™ -
point using the pseudopotential mettf3d\e have also per- 0
formed the calculations with the theoretical lattice constant L
(a=7.43a.u.) but the band gap and the nature of the banc 3
structure remained the same with a slight shifting in the po- ©
sitions of Til';, and OI',5 states.

The calculated total DOS for BaTidn the valence-band
region along with experimental resulthe x-ray photoemis-
sion spectroscopyXPS) spectrum (Ref. 9 are shown in
Fig. 3. The calculated DOS was convoluted with a Lorentz- _
ian of 0.94 eV full width at half maximum. The valence- ¢ !f
band maximum is set to zero on the energy scale. Our DOS
exhibits sharper peaks than the experimental spectkign ol
3), since we have not included the lifetime broadening in our — Y L L
DOS curve. The experimental band width is 6 eV whereas Energy €V)
our calculated result gives a band of width 4.8 eV. This ey
reduction of band width is due to muffin-tin approximatfGn. FIG. 7. The optical spectrum of the dielectric constant as a
To get more insight into the valence-band spectra near thfinction of the photon energy for paraelectric BaZiQg) the real
Fermi level, we have shown the angular-momentum and Sit%art €'(w) and and(b) the imaginary park”(w) of the dielectric

decomposed DOS in Fig. 4. There exists a strpstbhybrid-  function e(w): dotted line is experiment#Ref. 8, continuous line
ization as is evident from this figure. The TdZontribution s theoretical.
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Energy (€V)

FIG. 8. The calculated optical parameters for paraelectric BaBilOng with the experimental resultRef. 8), (a) the reflectivity
spectrumR(w), (b) the absorption coefficien{w), (c) the refractive index(w), (d) the extinction coefficierk(w), and(e) the energy-loss
spectrumL (w): dotted line is experimental, continuous line is theoretical.

is zero at the valence-band maximum but rises strongly wittexists between Ti and O. It is to be mentioned here that if we
increasing binding energy. Conversely the @ @ntribution  consider the self-consistently calculated valence charges
rises from zero at the conduction band minimum with in-within different atomic spheres, the chemical formula for the

creasing energy. These reflect the T-® 2p covalency. system may roughly be written as Bee°Ti "1440; %% Thus
we find a significant deviation from the charge distribution of
B. Chemical bonding a prototypical ionic crystal, namelyA*2B**0;°. Due to

. ) ) . the strong hybridization between @ states and the Td
In the previous section, it has been shown that there exisi§ates, there is a large amount of valence charge transfer back
a significant hybridization of Ti 8 with O 2p states in (4 Tj revealing that the static Ti charge is significantly less
BaTiO;. This means that the bonding in this system cannOtyan +4 and the O sphere is more or less neutral, rather than
be purely ionic but must exhibit a large covalent part. Tocharged by—2. Similar results for BaTi@ have also been

have a clear pictulre about the. nature of chemit_:al bondingpiained by Cohen using the full-potential linearized aug-
between the constituent of BaTjn the paraelectric phase, mented plane-wave methdfi’

we have shown the distribution of charge density in two
different planes in Figs. 5 and 6. Figure 5 shows a sharing of
charge between Ti and O due to Td &nd O 2 hybridiza-
tion. Figure 6 shows the calculated valence charge density The interband optical functions calculated using expres-
for cubic BaTiQ. The distribution of charge around Ba site sions(2) and(3) are shown in Figs. 7 and 8. The imaginary
indicates that the bonding between Ba with Ti® mainly  part €”(w) of the complex dielectric constar{w) shows
ionic. Further the interatomic distance between the Ti and @nainly two peaks at 3.8 and 5.9 eV. The first one is attrib-
is only 3.785 a.u. and that between Ba and O is 5.353 a.wted to transitions from the O®(lower I';5) valence band
indicating the bonding between Ti and O is covalent in nato the Ti 3d (I',5) conduction bandtg,) and from the O p
ture. To show the bonding between these units more clearlfupperI’;s) valence band to the TiB(I';,) conduction band
we have also plotted the corresponding three dimensiondle;). The second one is due to transitions from the @ 2
charge density map in the Figs(bb and &b). From these (lowerI;5) valence band to the Ti®B(I";5) conduction band
figures it is clearly evident that substantial covalent bondinge;). These also explain the origin of the peak structure in

C. Optical properties
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T 7 T T In the energy-loss spectruin(w) in Fig. 8e), it is seen
that the calculated peak appears at about 5 eV whereas the
experimental peak appears at about 27 eV. It is to be noted
that the condition of plasma resonance is fulfilled at the en-
ergy wheree’(w) crosses zero. So the discrepancy as re-
gards the peak df (w) arises because our calculated w)
becomes zero at around 5 eV as shown in Fig) Whereas

the experimentat’ (w) becomes zero at around 22 eV. The
effective number of valence electrons per unit cell contribut-
ing in the interband transitions can be calculated by means of
Energy (eV) the sum rule

Do

FIG. 9. The calculated effective number of electrongg] par- om
ticipating in the interband optical transitions. Nefi( Em) = —thf
Ne 0

Em
E¢'(E) dE,

the reflectivity R(w) and the absorption coefficien{ w) o ) )

spectra. The energy-loss functiob(w) shows intense vyhereEm denotes the upper limit of integration. The quan-

maxima at around 5 eV due to the excitation of plasmonstities mande are the electron mass and charge, respectively.
Absorption coefficient, energy loss, refractive index, and reN stands for the electron density. The results are shown in
flectivity spectra for BaTi@ crystals at room temperature Fig. 9. Thenes(Ey) reaches a saturation value above 25 eV.

(tetragonal phase have been measured by severaITh'S shqws that the deep—lymg valence orbitals do not par-
authors*®8 Since the effect of tetragonality on band struc- ticipate in the interband transition.

ture has been found to be very smdD—150 meV,*?" we

may compare our calculated values for optical functions with IV. CONCLUSIONS
the room-temperature experimental results of Bauetlal ® o o )
The experimentat”(w) spectrurfi deduced from reflectivity We have made a detailed investigation of the electronic

measurements by Kramers-Kronig analysis is mainly comstructure and optical properties of paraelectric BaliiCthe
posed of two peak structures where the first peak is located &bic phase using the TB-LMTO method. The calculations
around 4 eV and the second one is located at around 10 ehow that the fundamental gap of Bati@ direct at thel’

In Fig. 7 we have compared our calculai€dw) ande” (o) point. Our calculated fundamental gap of 1.2 eV is smaller
spectra with the experimentatiata. The calculated values than the experimentally reported value 3.2 %¥s it should
agree well as regards the tWO_peak structure in gj‘(eu) be because of the discontinuity in the exchange correlation
curve with a slight~0.5 e\) shifting of the first peak from Potential, which is not taken into account. Using the site and
the experimental data while the second peak is shifted bgngular-momentum projected DOS and band structure we
about 4 eV from the experimental peékig. 7). This dis- ave analyzed the interband contribution to the optical prop-
crepancy may be due to the inadequacy of the LDA as reerties. The chemical bonding of Ba'l'j@s also analyzed.
gards reproducing the band gap and the higher-energy exthe TiO; complex is bonded mainly by covalent bonds and
cited states properly. Corrections like the “scissorsthe Ba and TiQ constituents are bonded ionically. The total
operator” technique correct these discrepancies somewhd®OS obtained from our first-principles calculation is com-
Figures 8a), 8(b), 8(c), 8(d), and §e) show a comparison of pared with the experimental resutt¥Ve have examined the
calculated and experimerftaresults for the reflectivity energy-dependent dielectric constants as well as related
R(w), absorption coefficient(w), refractive indexn(w), quantities such as reflectivities, absorption coefficients,
extinction coefficienkk(w), and energy los& (w), respec- energy-loss functions, refractive indices and extinction coef-
tively. Overall, our theoretical spectra are found to be inficients, and compared them with the experimental reatts
good agreement with experimental data for lower energyoom temperature for BaTiQin the ferroelectric phase.
range. The optical spectra generated using the theoretical ldtastly, the effective number of electrons per unit cell partici-
tice constant§=7.43 a.u.) remain almost the same. pating in the interband transitions are calculated.
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