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Density functional theory calculation of the electronic structure of Ba0.5Sr0.5TiO3:
Photoluminescent properties and structural disorder
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First-principles quantum-mechanical techniques, based on density functional theory~B3LYP level! were
employed to study the electronic structure of ordered and deformed asymmetric models for Ba0.5Sr0.5TiO3.
Electronic properties are analyzed and the relevance of the present theoretical and experimental results on the
photoluminescence behavior is discussed. The presence of localized electronic levels in the band gap, due to
the symmetry break, would be responsible for the visible photoluminescence of the amorphous state at room
temperature. Thin films were synthesized following a soft chemical processing. Their structure was confirmed
by x-ray data and the corresponding photoluminescence properties measured.
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I. INTRODUCTION

Our group recently demonstrated that amorphous titan
(ATiO3, where A5Pb, Ca, Sr, and Ba!, synthesized by a sof
chemical process called the polymeric precursor method,
played intense visible photoluminescence~PL! at room
temperature.1–3 We have reported several interesting prop
ties of these amorphous titanates, including the fact that
PL emission wavelength depends on the exciting wa
length, suggesting electronic transitions between a distr
tion of vibronic states4 and that the PL phenomena are r
lated to the amorphous state.2,5 These studies reveale
important aspects. First, a simple water-based chemical
cess was used, allowing amorphous titanates to be proce
at temperatures as low as 523 K in the form of thin films
particles. Second, theoretical and experimental results
gested that amorphous titanates are composed of a Ti–O
work. The charge of the A cation must be compensated
negatively charged nonbridging oxygen~NBO! and the PL
phenomenon is associated to this defect. The bond betw
the A cation and oxygen is basically ionic.

Among the compounds presenting PL properties,
perovskite-type semiconducting crystals with the chem
formula ABO3 are well known.6–8 For example, Eglitis
et al.9 demonstrated very recently through semiempiri
quantum chemical calculations that the origin of the intrin
excitonic ~‘‘green’’ ! luminescence of ABO3 perovskites at
low temperature is linked to the recombination of electro
and hole polarons forming a charge transfer vibronic exci
~CTVE!.

Over the last 10 years, renewed interest has been pa
the PL properties of titanates and especially of perovs
titanates such as SrTiO3 and BaTiO3.10,11 Bouma and
Blasse12 reported that some crystalline titanates such
A2TiOBO4 (A5Li,Na; B5Si,Ge! show efficient PL at room
temperature and some others only below room tempera
(LiTiOPO4 at 125 K, BaTiO3 at 45 K, and Li2TiO3 at 250
0163-1829/2004/69~12!/125115~7!/$22.50 69 1251
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K!. They concluded that irregular titanate octahedra conta
ing a short Ti–O distance show PL at room temperature
these octahedra are isolated from each other, and asc
this effect to a broadening of the energy bands. More
cently, several phenomena of PL at low temperature~45 K!
have been reported for the BaTiO3 crystal, and the observe
effects have been correlated to the creation of CTVE11 or to
impurity centers, e.g., doping rare earth ions. When p
SrTiO3 crystal samples are excited by radiation above th
energy band gap, a broad luminescent band appears at
temperatures~35 K!.13–15

The investigations about SrTiO3 and BaTiO3 crystals
have been successfully extended to the electronic struct
of impurities, surfaces, and defects.16–18 Nowadays these
conditions are known to play an important role in photoco
ductivity, PL, and others effects. Therefore, intense stu
about the electronic structures of the SrTiO3 and BaTiO3

compounds in the crystalline form has been carried out.
example, Sahaet al.19 have led a detailed study of the ele
tronic structure and optical properties of paraelectric~cubic!
BaTiO3, using the tight-binding linearized muffin-tin orbita
~TB-LMTO! method. The calculated values of the groun
state gap of paraelectric BaTiO3 was 1.2 eV, much smalle
than the experimental value of 3.4 eV.20 The electronic struc-
ture of SrTiO3 has been investigated by Moet al.21 using the
first-principles orthogonalized linear combination of atom
orbitals ~OLCAO! method, and a 1.45 eV gap has be
found, smaller than the experimental gap reported to be
eV.13 These underestimations of the gap values are inhe
to the DFT methods. However, Heifetset al.17 calculated a
gap of 4.6 eV for SrTiO3, in a better agreement with th
experimental value using the hybrid B3PW functional.

Among the perovskite-type compounds, crystalli
BaxSr12xTiO3 in the powder and thin film forms, has bee
exhaustively investigated, owing to its high dielectric co
stant coupled with its good thermal stability. Shuvae
et al.22 have realized EXAFS measurements at the Ba
©2004 The American Physical Society15-1
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edge at room temperature, in BaxSr12xTiO3 system. The re-
sults indicate that Ti atoms are disordered in a wide rang
Sr concentration. Yuzyuket al.23 reported experimental evi
dence for the stress-induced tetragonal symmetry in a
eroepitaxial Ba0.7Sr0.3TiO3 thin film on MgO ~001! substrate.
In addition, several studies have found interesting electr
properties in amorphous and crystalline BaxSr12xTiO3 thin
films prepared by physical or chemical processes.24–28

The dependence on so many different parameters m
interpretation of the results difficult: theoretical calculatio
can be helpful in this respect. In the present paper,
present a combination of laboratory experiments and h
level calculations into a synergetic strategy for identifyi
the origin of PL properties at room temperature in am
phous BaxSr12xTiO3 system. It should allow us to demon
strate the fundamental role of structural disorder to gene
PL emission in these materials. We choose for convenie
to focus on the Ba0.5Sr0.5TiO3 compound~BST! as a model
for the BaxSr12xTiO3 system. We use a 13132 supercell
for representing the crystalline structure~BST-c! and a 1
3132 supercell in which the position of one titanium h
been shifted by a~0 0 0.5 Å! vector to model a deformed
asymmetric structure~BST-a!, which stands for the amor
phous phase of BST, as explained in Sec. III. Both structu
are presented in Fig. 1.

The paper is organized as follows. In Sec. II the expe
mental methods of the BST thin films preparation are
scribed, together with spectral measurement techniques.
tion III presents the BST-c and BST-a structures, while S
IV gives the computational details. The results are discus
attempting to explain the PL phenomenon in Sec. V. Sec
VI resumes the main lines of our hypothesis of the origin
PL at room temperature in BST amorphous thin films.

II. COMPUTATIONAL DETAILS

The calculations were made within the framework of t
density functional theory~DFT! using the gradient-correcte
correlation functional by Lee, Yang, and Parr,29 combined
with the Becke3 exchange functional,30 B3LYP, which has
been demonstrated by Muscatet al. to be suitable for calcu-
lating structural parameters and band structures for a w

FIG. 1. The crystalline structure for symmetric BST-c~a! and
asymmetric BST-a~b!.
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variety of solids.31 The atomic centers have been describ
by all-electron basis sets 9763-311(d631)G for Ba,
976-41(d51)G for Sr, 86-411(d31)G for Ti, and 6-31G* for
O.32,33

All the calculations were carried out with the crystallin
orbital program CRYSTAL98.34 The k-points sampling
was chosen to be 40 points within the irreducible part of
Brillouin zone. The unit cell volume was optimized in a
isotropic way. For simulating the displacement of t
Ti atom, we used theATOMDISP option provided with
the CRYSTAL program.

TheXCRYSDEN program was used to design the density
states and the band structure diagrams.35

III. EXPERIMENT

Ba0.5Sr0.5TiO3 ~BST! thin films studied in the presen
work were obtained from a soft chemical processing. Det
of the preparation method can be found in the literature36

The polymeric precursor solution was spin-coated on s
strates@Pt ~140nm!/Ti ~10nm!/SiO2 ~1000nm!/Si# by a com-
mercial spinner operating at 6000 rev./min for 20 s~spin-
coater KW-4B, Chemat Technology!, via a Syringe filter to
avoid particulate contamination. After spinning, the film
were kept in ambient air at 423 K on a hot plate for 20 m
to remove residual solvents. The heat treatment was car
out at 573 K in a tube furnace under oxygen flow, at a he
ing rate of 5 K/min, for different durations, to pyrolyze th
organic materials. The BST thin films were structurally ch
acterized using x-ray diffraction~XRD! ~Cu Ka radiation!.
The diffraction patterns were recorded on a Siemens D5
machine in au-2u configuration, using a graphite monochr
mator. The spectral dependence of the optical absorbanc
the crystalline and amorphous Ba0.5Sr0.5TiO3 on quartz sub-
strates was taken at room temperature in the total reflec
mode, using Cary 5G equipment. The PL spectra of the B
thin films were taken with a U1000 Jobin-Yvon doub
monochromator coupled to a cooled GaAs photomultip
and a conventional photon counting system. The 488.0
exciting wavelength of an argon ion laser was used, with
output power kept at 20 mW. A cylindrical lens was used
prevent the sample from overheating. The slit width w
100 mm. All the measurements were taken at room tempe
ture.

IV. CRYSTAL STRUCTURE

BST crystallizes in the cubic perovskite-type structu
~space group Pm3m, Oh symmetry!. We built a 13132 su-
percell, whose fractional atomic positions are given in Ta
I. The strontium and barium atoms share the vertices of
unit cell; the titanium is at the center of the cube, surround
by six oxygen atoms that occupy the middle of the faces
a regular octahedral configuration@Fig. 1~a!#. The experi-
mental and calculated values of thea parameter are, respec
tively, 3.951 and 3.901 Å. It results in ten atoms in the u
cell. Each Ti is surrounded by six O in an Oh configuration.
This crystal structure will be called BST-c and can also
designed as@TiO6# –@TiO6# (D4h). It is worth mentioning
5-2
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DENSITY FUNCTIONAL THEORY CALCULATION OF . . . PHYSICAL REVIEW B 69, 125115 ~2004!
that we checked all the presented results with the invers
of the Sr and Ba positions, without noting changes in
main facts.

XANES experimental results on the amorphous phase
SrTiO3

37 and PbTiO3
2 pointed out the coexistence of tw

types of environments for the titanium, namely, fivefo
oxygen–titanium coordination (@TiO5# square-base pyramid!
and sixfold oxygen–titanium coordination (@TiO6# octahe-
dron!. This certain degree of order in amorphous mater
could be expected, since two or more atoms arranged c
to each other in a stable configuration must necessarely
some degree of order because there always are minima o
potential energy. Furthermore, as it is well known, the det
of the band structure in a solid are mainly determined by
potential within the unit cell, rather than by the long-ran
periodicity. This means that it is necessary to disturb the u
cell symmetry to disturb the energy band gap. Based on th
results, we constructed another BST structure to repre
the amorphous by shifting the titanium 10 by a~0 0 0.5 Å!
vector, resulting in the fractional coordinates~0.5 0.5 0.814!.
This displacement turns the unit cell asymmetric, in wh
Ti10 is now surrounded by five oxygen atoms in a squa
base pyramid conformation, while Ti9 stays in an octahed
environment. This asymmetric BST unit, BST-a, is the m
simple model for representing the two titanium coordinatio
of the amorphous phase and can be designed
@TiO6# –@TiO5# (C4v) @see Fig. 1~b!#.

V. RESULTS AND DISCUSSION

Figure 2 shows the evolution of the x-ray diffraction pa
terns of BST thin films prepared by the polymeric precur
method, deposited on platinum-coated silicon substrate
annealed at 573 K for 2, 4, and 8 h, and at 973 K for 2 h in
an oxygen flow. A diffuse XRD pattern can be observed
the sample annealed at 573 K in the 2 to 8 h range, indicating
the formation of an inorganic amorphous precursor after
pyrolysis process. The crystallization of BST in the cub
phase can be observed at 973 K. Figure 3 shows the
spectra performed at room temperature for the thin fil
treated in an oxygen flow at 573 K and at 973 K for differe
amounts of time. A comparison of the different samples
veals that the PL behavior of the amorphous BST thin fil
is sensitive both to the thermal treatment history and to
duration of thermal treatment. As shown in the roo
temperature PL spectra of Fig. 3, the intensity of PL
creased with the time of heat treatment. However, BST t

TABLE I. Atomic fractional coordinates of the 13132 BST
supercell in the P4/mmm space group.

Atom Position x y z

Ba 1a 0 0 0
Sr 1b 0 0 0.5
O3 1c 0.5 0.5 0
O4 1d 0.5 0.5 0.5
O55O65O75O8 4i 0.5 0 0.25
Ti95Ti10 2h 0.5 0.5 0.25
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films annealed at higher temperatures~973 K!, and thus crys-
talline as shown by the diffraction peaks of Fig. 2, show
no detectable PL response either at room temperature o
10 K.

Figure 4 illustrates the spectral dependence of absorba
for the amorphous BST treated at 573 K for 8 h in anoxygen
flow, and for the crystalline sample~treated at 973 K!. Amor-
phous BST showed a spectral dependence on absorb
similar to that found in amorphous semiconductors such
amorphous silicon~Si! and insulators, while crystalline BST
showed a typical interband transition of crystalline materia
These experimental results strongly indicate that in this ca
the PL is directly related to the exponential optical edges
tails. The nature of these exponential optical edges and
may be associated with localized defect states promoted
the disordered structure of the amorphous BST-a. The ab
bance measurements, associated with the PL characteriz
of BST system, suggest a nonuniform band gap struc

FIG. 2. X-ray patterns of BST thin films annealed at differe
temperatures and times.~a! 573 K/2 hours;~b! 573 K/4 hours;~c!
573 K/8 hours; and~d! 973 K/2 hours.

FIG. 3. Room temperature photoluminescence spectra of B
thin films heat treated at 573 K during~a! 2 hours;~b! 4 hours;~c!
8 hours; and~d! at 973 K during 2 hours.
5-3
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E. LONGOet al. PHYSICAL REVIEW B 69, 125115 ~2004!
with a tail of localized states and mobile edges.
In order to understand the relationship between the st

tural disorder and the electronic defects that it generates
performed a detailed theoretical study of the electronic str
ture in a crystalline~BST-c! and disordered~asymmetric!
material ~BST-a!. To appreciate the difference in the ele
tronic structure, it is convenient to make reference to qu
tities such as the band gap or the projected densities of s
~DOS!, which may be compared to each other, independe
of the crystalline space group.

Figure 5~top! reports the calculated band structure of bu
BST-c. The top of the valence band~VB! is at the M point
and is very close to the X point. The bottom of conducti

FIG. 4. UV-visible absorbance spectra for crystalline and am
phous BST thin films.

FIG. 5. The calculated energy band structure for BST-c~top!
and BST-a~bottom!. The zero of the energy scale was set at
Fermi energy of BST-c.
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band ~CB! is at theG point. The minimal indirect gap be
tween M andG is 3.78 eV, equal to the experimental on
deduced from the observed optical absorption edge.
minimal direct gap atG is 3.89 eV.

The calculated band structure of bulk BST-a is depicted
Fig. 5~bottom!. The top of the VB is at the M point and th
bottom of CB is at theG point, as in the case of BST-c. Th
indirect minimal gap between M andG is 3.06 eV, while the
minimal direct gap atG is 3.75 eV. The indirect gap can b
compared with the optical gap of the amorphous film that
found to be 3.25 eV.

These results show that our data are consistent with
interpretation that the exponential optical absorption ed
and the optical band gap are controlled by the degree
disorder, structural and thermal, in the lattice of BST syst
~see Fig. 4!.

For the BST-c@Fig. 5~top!#, the valence bands are derive
from O (2px , 2py , 2pz) atomic orbitals, as well as from O
(3px , 3py , 3pz) polarization orbitals. They are separated
an indirect gap from the first conduction band, which deriv
from transition-metal titanium (3dxy , 3dxz , and 3dyz)
atomic orbitals, designated as ‘‘t2g’’ by comparison with the
@TiO6# regular cluster (Oh). Above these six bands com
four Ti (3dz2- y2 and 3dz2) character bands designated
‘‘ eg . ’’ For the BST-a @Fig. 5~bottom!#, although the VB is
globally constituted of O (2px , 2py , 2pz) and O (3px ,
3py , 3pz) character states, the top mainly depends on
oxygen located at the center of the structure, O4. The CB
composed of the 3d states of titanium, in an apparently ran
dom splitting of the bands.

For both BST-c and BST-a structures, the main contrib
tions for each band are schematically represented as en
levels in Fig. 6. Each level symbolizes the eigenvalue of o
band calculated at theG point. The dominating character o
the bands at theG point is also indicated along the figure
The square modulus of minimum coefficient was set to 0.
This scheme can be assimilated to the molecular orbital
gram of two linked titanium clusters:@TiO6–TiO6# in a D4h
geometry for BST-c and@TiO6–TiO5# in the C4v geometry
for BST-a. The top of the VB, globally O (2p) in the case of
BST-c, is destabilized by the displacement of Ti10 and
pends mainly on O4. By elongating the Ti10–O4 bond,
created new states located within the band gap of BS
This is in accordance with the absorbance tail observed
amorphous BST in Fig. 4. The Sr, Ba contribution to the V
is also shifted towards the highest energies and the Ba
tribution becomes weak as the distance Ti10–Ba elonga
The bottom of the CB is also destabilized by the distortio
but in a minor way. Splitting of the Ti (3d) orbitals that was
clearly ‘‘t2g–eg’’ in the case of BST-c becomes more co
fused. The apparition of a O4 (2p) contribution in the CB
seems to indicate a reinforcement of the O4–Ti9 hybridi
tion.

The calculated total and atom-resolved projected DOS
BST-c and BST-a structures are shown in Fig. 7, rang
from 29 eV below the top of the VB to 19 eV above. Th
upper VB is predominately made of the O (2p) states,
equivalently distributed in the six oxygens of the structu

r-
5-4
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DENSITY FUNCTIONAL THEORY CALCULATION OF . . . PHYSICAL REVIEW B 69, 125115 ~2004!
The CB is clearly made of the Ti (3d) states. The Ti–O
covalent bond creates a limited Ti (3d) contribution in the O
(2p) region, as well as a weak O (2p) contribution to the Ti
(3d) area. It has to be noted that this hybridization is mo
important in the case of BST-a than of BST-c. The Sr (5s)
states are out of the energy range, located around217 eV.
The Ba (6s) states form a band above the Ti (3d) states,
from 15 to 16 eV. Their participation is more important in th
case of the BST-c.

In order to further understand the electronic states
greater detail, we constructed contour and surface plot
the electronic charge density calculated in two selec
planes for BST-c and BST-a. The first one is a vertical di
onal plane allowing one to see the Ba, Sr, Ti9, Ti10, O3, a
O4 contributions@Fig. 8~a!#. The second one is a horizont
plane containing the Ti10, located at 3/4 of the cell edge
BST-c and at 0.814 for BST-a@Fig. 8~b!#. Figure 8~a! clearly
shows that the bonding between Ba and@TiO6# is strongly
ionic, as well as the bonding between Sr and@TiO6#. From
this figure, it is also obvious that substantial covalent bo
ing exists between Ti and O, due to the hybridization b
tween the O (2p) states and the Ti (3d) states. Figure 8~b!
also allows one to see the covalent nature of the Ti–O bo
It is visible that the covalent connection between Ti10 a
O6/O7 is weaker in the case of BST-a.

The theoretical results indicate that the formation o
fivefold oxygen–titanium coordination@TiO5# through the
displacement of Ti10 and the rupture of the Ti10–O4 bo
introduces localized electronic levels with O4 (2px , 2py ,
2pz) character above the VB of the structure before def
mation@Fig. 7~bottom!#. The BST-c presents indeed a high

FIG. 6. Schematic diagram of the energy levels of the BS
~left! and BST-a structure~right!.
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band gap than the BST-a, which is in agreement with exp
mental results observed by absorbance spectral data~Fig. 4!.
Moreover, it should be noticed here that the same calc
tions performed with progressive shifts of Ti10 along thez
axis from 10.1 to 10.9 Å showed that the more localize
Ti10, the smaller is the indirect gap. Therefore, a complet
disordered model should have a much smaller gap, indu
by the presence of localized levels in the band gap of
crystalline material.

The experimental PL measurements and UV-vis spe
indicate that the band structure of amorphous BST must c
tain localized levels that broaden the energy bands. This
confirmed by the calculations on a simple deformed crys
structure, BST-a, showing clearly the creation of those de
states.

VI. CONCLUSIONS

The photoluminescence at room temperature
Ba0.5Sr0.5TiO3 ~BST! was interpreted by means of firs
principle calculations based on the density functional the
at B3LYP level, using a periodic supercell model. The ele
tronic structures derived from the models proposed in t
study for both crystalline~symmetric! and amorphous~asym-

c

FIG. 7. The total and atom-projected density of states for BS
~top! and BST-a~bottom!. The zero of the energy scale was set
the Fermi energy of BST-c.
5-5
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FIG. 8. The charge density contour and su
face plots for crystalline and amorphous BST
two different planes: vertical diagonal plane~a!
and horizontal plane cuttingz axis at 0.75 for
BST-c and at 0.814 for BST-a~b!.
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metric! structures allow one to calculate electronic ene
band gap, as well as energy band structures that are co
tent with experimentally determined optical band gap. Mo
over, the foresight of localized electronic levels in asymm
ric structure within the energy band gap of crystalline BST
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in accordance with the experimental tail observed in the
sorbance spectra of amorphous BST and with the dep
dence of the PL emission band on the excitation wavelen
Therefore, the localized electronic levels induced in the
lence band by the symmetry break may be the reason for
5-6
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DENSITY FUNCTIONAL THEORY CALCULATION OF . . . PHYSICAL REVIEW B 69, 125115 ~2004!
apparition of the visible photoluminescence emission
amorphous BST.

The knowledge of the geometric structure of BST p
vides an essential basis for understanding its photolumi
cence behavior, and we think that this phenomenon is
duced by the coexistence of both@TiO6# and @TiO5#
connected configurations in the same crystal, allow
charge transfers from one cluster to another.

*Electronic address: liec@dq.ufscar.br
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