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Abstract The photoluminescence (PL) emission from
S1ZrO5 (SZ) and SrTiOj; (ST) crystalline, quasi-crystalline,
and quasi-amorphous samples, prepared by the polymeric
precursor method, was examined by ab initio quantum
mechanical calculations. It was used in the modeling the
structural model consisting of one pyramidal TiOs5 or ZrOs
unit piled upon the TiOg or ZrOg, which are representative
of disordered structures of quasi-crystalline structures such
as ST and SZ. The structural crystallization process was
monitored by X-ray diffraction. In quasi-crystalline pow-
ders, the photoluminescence (PL) in the visible region
showed different peak positions and intensities in SZ and
ST. The PL emission was linked to distinct distortions in
perovskite lattices and the emission of two colors—violet-
blue in SZ and green in ST—was also examined in the light
of favorable structural and electronic conditions.
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1 Introduction

Perovskite-type oxides are a class of materials that have
been investigated extensively since the 1940s due to their
significance to fundamental research and their high
potential for technological applications [1]. Materials that
crystallize in perovskite-type oxide structures have the
general formula of ABO3 (where A = Ca, Sr, Pb or Ba and
B = Ti or Zr) and are among the most important materials
for a variety of applications, as well as some of the most
versatile for chemical tuning of composition and structure.
These materials display a plethora of physical and chemical
properties of technological interest that depend on pro-
cessing conditions, oxygen content, and order [1-6].

Strontium zirconate, SrZrO; (SZ), is particularly inter-
esting because of its high-temperature electronic properties
[7]. Large single crystals of SZ of great perfection can be
grown for applications as laser hosts and substrate mate-
rials such as fuel cells, steam electrolysis, and hydrogen
gas sensors [8—10]. These properties are obtained when this
oxide is doped with acceptor ions that exhibit protonic
conduction at high temperature [11].

At room temperature SZ has an orthorhombic phase, as
revealed by structural studies performed in the 1950s and
1960s [12, 13]. More recent studies [14—16] at high tem-
peratures have shown that SZ undergoes three structural
phase transitions, as follows: first, orthorhombic (Pbnm) to
orthorhombic (Cmcm) at 697 °C, then to tetragonal (/4/
mcm) at 827 °C, and finally to cubic (Pm3 m) at 1,127 °C.
The experimental energy gap of SZ ranges from 5.22 to
5.50 eV [17, 18].

StTiO5 (ST) has a simple cubic perovskite structure and
is a semiconductor with an indirect band gap, which usu-
ally ranges from 3.2 to 3.4 eV [19, 20]. By modifying its
structure, this material can be made to display a variety of
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physical properties. For example, a small amount of elec-
tron doping by chemical substitution of oxygen vacancies
makes the material conducting and even superconducting
at low temperatures [21, 22].

Several reports in the literature describe the conditions
required for PL emission in materials presenting a degree
of order—disorder [23-25]. However, there is no general
consensus in the literature about why and how radiative
decay takes place in perovskite-like structures with a cer-
tain degree of disorder [26].

Some authors ascribe the PL to deviation from stoichi-
ometry and others to the presence of impurities. From the
general phenomenology and the seminal idea of Landau
[27], the intrinsic molecular polarons in ionic solids have a
crucial effect and can be considered a characteristic subject
of current research. The idea of self-trapping originally
introduced by Landau describes an excess electron being
trapped within a potential self-created well in a crystal. The
electron, together with the locally distorted lattice around
it, can be considered a quasiparticle, which is known as a
polaron. In this respect, Qiu et al. [28] studied the relaxa-
tion process of self-trapped polarons by a nonadiabatic
molecular dynamic method. These authors point out that
localized disorder due to lattice fluctuations can give rise to
a tightly bound electronic state in ultraviolet-illuminated
SrTiO;5 crystal. This bound state is actually a self-trapped
polaron, in accordance with the experimentally observed
large Stokes-shift. The formation of the self-trapped
polaron is an ultrafast process. Among the several mech-
anisms for analyzing the origins of PL in perovskite-based
materials, the recombination of self-trapped excitons (STE)
[29, 30], holes (excitons) and charge transfer vibronic ex-
citons (CTVEs) [31] are the basis of the current proposals
to interpret the PL behavior. Vikhnin et al. [32, 33] intro-
duced the concept of CTVE to explain an exciton structure
in ABOj3-type materials. CTVEs are multi-site structures
that are induced by charged impurities in ionic-covalent
solids [32]. A pair consisting of an electron polaron and a
hole polaron is associated with a defect-bound or STE such
as Ti™-0O~ state in the TiOg octahedron. For strontium
titanate (SrTiO3), Vikhnin and Kapphan [34] proposed that
the “green” luminescence corresponds to the recombina-
tion of the electron and the hole in the vibronic charge-
transfer exciton, which is accompanied by the emission of
light. In this respect, also for StTiO;3, Leonelli et al. [29]
point out that the visible emission is intrinsic in origin,
corresponding to the recombination of a STE. Eglitis et al.
[35] combined time-resolved absorption and luminescence
spectra with quantum mechanical calculations at a semi-
empirical level to study polaron optical properties in
KNbO; perovskite associated with radiative recombination
of self-trapped electrons and hole polarons. Meng et al.
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[36] proposed a visible emission model for nanocrystalline
A _,A’TiO;5 systems (A = Ba, Sr, A’ = Pb), in which the
electrons in the valence bands absorb photons and get
excited to some localized sensitizing centers correlated
with surface states in the forbidden gap, but not directly to
a conduction band, with the electron polarons with holes
forming STEs. However, both CTVE and STE models for
ABOj; ferroelectric materials converge in that they asso-
ciate the strong electron—lattice interaction and exciton
relaxation as being responsible for the large Stokes shift
observed [23].

Green light PL emission of ST [37] and the intense
violet-blue light emission of SZ [38] have already been
reported. The PL emission was attributed to localized
levels above the valence band (VB) and below the con-
duction band (CB) [37, 38]. In this context, PL emission
has proved to be a powerful tool for investigating the
energy levels of materials, offering important information
about the physical properties of materials at the molecular
level, including shallow and deep level defects and gap-
states [39]. However, the exact nature of the recombination
of PL emission is still controversial. In this context, using a
local density approximation, Lee et al. [40] recently
reported that oxygen vacancies tend to cluster in linearly in
ST. This linear vacancy cluster and the appearance of the
in-gap states explain many experimental results, such as
transport behaviors and photoluminescence of oxygen-
deficient ST. These findings may provide a viable route to
understand various physical behaviors, specifically trans-
port properties, of perovskite oxide, which is inherently
prone to oxygen nonstoichiometry. They also suggest that
the properties of materials can be influenced significantly
by vacancy clusters throughout regions like interfaces or
grain boundaries, where nonstoichiometry 1is often
enhanced. To elucidate the mechanism of the blue-light
emission process, Onishi [41] made hybrid-DFT calcula-
tions for oxygen-deficient cluster models, concluding that
oxygen deficiency is irrelevant to the process because of
the strong chemical bond between titanium atoms. These
findings contradict the experimental results reported by
Kan et al. [42-44], who observed blue-light emission in
both oxygen-deficient and electron-doped SrTiOj. Thus, it
is believed that other factors such as conducting electrons
play an important role in the blue-light emission process.
Zhan et al. results indicate that the annealed ZrO, samples
exhibit broad, intense visible photoluminescence and the
annealing temperature is indispensable for the lumines-
cence of the obtained ZrO, particles. The emission colors
of the ZrO, samples can be tuned from blue to nearly white
to dark orange by varying the annealing temperature [45].

In this paper, we present a comparative study of an
intense and broad PL band at room temperature in quasi-
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amorphous and quasi-crystalline SZ and ST powders
excited by the 350.7 nm line of a Kripton ion laser. The
origin of the intense PL bands was investigated based on
electronic structure calculations carried out within the
framework of ab initio periodic quantum-mechanical
techniques. The evolution of order—disorder in the network
former, Zr in the case of SZ and Ti in that of ST, and the
different colors of PL emission, are also discussed in the
light of the complex cluster concept.

2 Experimental section

Ordered and disordered SZ and ST powders were prepared
by the polymeric precursor method [46]. Experimental
details have been described elsewhere [17, 47]. This
technique is well known and used extensively for the
design and synthesis of advanced functional and engi-
neering materials, including powders, films, fibers, and
monoliths of almost any shape, size, and chemical com-
position [48, 49].

The polymeric SZ resin was pyrolized at 350 °C for 2 h,
and the ST at 300 °C for 2 h, both resulting in powders
containing organic residues due to the method employed.
The SZ powders were annealed at 400, 475, and 660 °C for
2 h while the ST powders were annealed at 400, 450, and
550 °C, both in an oxygen flow atmosphere.

The SZ and ST powders were structurally characterized
by X-ray diffraction (XRD) (with Cu K, radiation). The
diffraction patterns were recorded in a Bragg-Brentano
diffractometer at Cu K, in a 6 — 26 configuration, using a
graphite monochromator. For a better understanding of this
work, it should be noted that two kinds of powders were
involved: the first, structurally disordered, was heat-treated
below the crystallization temperature, while the second
one, structurally ordered, was crystallized. The PL spectra
were collected with a Thermal Jarrel-Ash Monospec 27
monochromator and a Hamamatsu R446 photomultiplier.
The 350.7 nm exciting wavelength of a krypton ion laser
(Coherent Innova) was used, with the nominal output
power of the laser kept at 200 mW.

3 Crystal structure

Knowledge of material structures at the atomic level is
one of the workhorses of modern structural chemistry.
This knowledge is the fist step toward an understanding
of the behavior of materials, and the difficulty of
accessing such structures is a major factor that limits our
ability to fully investigate the chemistry and physics of
systems and hinders our access to potentially useful
materials.

Real solid materials are incredibly complex. They have
an intricate band structure of allowed energy states, and the
Coulomb interactions of electrons are difficult to account
for. Disorder and the inevitable effects of vibrations of the
crystal lattice add to this intricacy. It is not desirable, and
usually impossible, to take all these effects into account
simultaneously.

These problems can be circumvented partly by using
computer simulations and theoretical calculations. Since
most materials exhibit quantum phenomena, it is necessary
to understand them from an atomistic point of view. On the
computational side, theorists have been fine-tuning first-
principle (ab initio) calculations so they can better under-
stand the different properties. Without question, molecular
simulations play a crucial role in facilitating the interpre-
tation of experimental data at the atomic level.

Oxide perovskites are commonly described by the
chemical formula ABO;, where A represents cations with a
large radius, B stands for cations with a small radius, and O
denotes oxygens. The characteristic constituents of poly-
hedra are the octahedron and dodecahedron, i.e., the
coordination number A is 12 (cube-octahedral polyhedra,
AOj,), while B remains at six (octahedral polyhedra BOg)
and the oxygen anions present a mixed coordination
environment of four and two neighbors (Fig. 1). Thus, the
structure of typical ABO; materials can be understood in
terms of both cube-octahedral and octahedral clusters
linked along the network and these clusters can be con-
sidered the structural motifs.
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Fig. 1 Structure of typical ABO; perovskite with octahedral poly-
hedra, BOg; and cube octahedral polyhedra, AO;, (color figure on-
line)
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4 Periodic models

Comparisons between simulations and experiments, while
seemingly straightforward, can be easily overinterpreted or
misinterpreted in terms of both the apparent quality of a
simulation and the model’s inability to reproduce the
experimental observable of interest.

StTiO; crystallizes in the cubic perovskite structure
(space group Pm3m, O, symmetry). The optimized calcu-
lated value of the a parameter is 3.88 A and has been
reported previously [47]. The strontium atoms share the
corners of the unit cell and the titanium is at the center of
the cube, surrounded by six oxygens that occupy the
middle of the faces in a regular octahedral configuration.
We haveuseda 1 x 1 x 2 supercell as a periodic model to
represent the crystalline ordered ST (ST-o0), which results
in ten atoms in the unit cell (Fig. 2a). This ST-o can be
designed as [TiOs—O-TiOs], since each titanium is sur-
rounded by six O in an O, configuration.

StZrOj crystallizes in an orthorhombic structure. The
unit cell has 20 atoms containing four units of SrZrOj; as
well as four nonequivalent atoms. We have used a unit cell
as a periodic model to represent the crystalline ordered SZ
(§Z-0) (Fig. 2c). The calculated lattice constants of the
structure are a = 5.78 A, b =579 Aandc = 8.15 A and
the model can be designed as a [ZrOs—O-ZrOs] complex
cluster.

Previous X-ray absorption near edge structure (XANES)
experimental results [37] on the disordered phase of SrTiO5
pointed to the coexistence of two types of environments for
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Fig. 2 a The ordered model of symmetric ST-o; b the asymmetric
ST-f model of network former dislocation (T1); ¢ the ordered model of
symmetric SZ-o; and d the asymmetric SZ-f model of network former
dislocation (Zr) (color figure on-line)
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titanium, namely, fivefold titanium coordination and six-
fold titanium coordination.

Based on these experimental results, the disordered
network former ST (ST-f) was modeled by shifting the
titanium 9 by a (0 0 0.2) A vector from its previous posi-
tion in the 1 x 1 x 2 supercell. Using the same criteria,
the zirconium 8 was shifted from its previous position in
the former unit cell by a (0 0 0.2) A vector, modeling the
distorted SZ network former lattice (SZ-f). These dis-
placements render the unit cell asymmetric, with Ti9 and
Zr8 now surrounded by 5 oxygens in a square-base pyra-
midal configuration, while Til0 and Zr2 are surrounded by
the remaining 6 oxygens, as in the case of ST-o and SZ-o,
respectively. Therefore, this asymmetric ST-f and SZ-f
model represents a distortion in the network former clus-
ters. This structure can be designated as [TiOs—O---TiOs]
for ST-f (Fig. 2b) and as [ZrOs-O---ZrOs] for SZ-f
(Fig. 2d).

Ab initio calculations were carried out with the
CRYSTAL98 [50] package within the framework of the
density-functional theory (DFT), using the gradient-cor-
rected correlation functional proposed by Lee, Yang, and
Parr, combined with the Becke3 exchange functional,
B3LYP [51, 52], which was demonstrated by Muscat et al.
[53] to be suitable for calculating structural parameters and
band structures for a wide variety of solids. The atomic
centers were described by all the electron basis sets for the
SZ model: 31(3d)G for Sr, 311d31G for Zr, and 6-31G* for
O [54] and for the ST model: 976-41(d51)G for Sr, 86-
411(d31)G for Ti, and 6-31G* for O [54]. To simulate the
displacement of the Zr and Ti atoms, we used the
ATOMDISP option contained in the CRYSTAL program.

The density of states (DOS) and energy band structures
were calculated with the total 0.2 A vector dislocation of
the network former in the two dislocated models.

It should be noted that our models are not meant to
represent the exact reality of disordered structures but to
offer a simple scheme serving to shed light on the effects of
structural deformation on the network former and on the
electronic structure without completely suppressing the
geometry of the cell, which is useful for periodic calcula-
tions. These models can be useful for representing the
quasi-crystalline material, as well as intrinsic structural
defects that derive from the presence of [TiO5—O---TiOs] or
[ZrO5—0O---ZrOs] complex clusters.

5 Results and discussion

Figures 3a and 4a, respectively, illustrate the evolution of
the XRD patterns of ST powders annealed at 400, 450 and
550 °C and of SZ powders annealed at 400, 475 and
660 °C for 2h in oxygen flow atmosphere. XRD
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diffraction peaks are visible for ST annealed at 550 °C and
SZ annealed at 660 °C, indicating that, at these tempera-
tures, both powders possess a long-range structural order.
Moreover, the XRD pattern of the ST annealed at 550 °C
indicates that this material possesses a single phase,
allowing it to be completely indexed on the basis of the
cubic structure, JCPDS card no. 35-0734 (Pm3m). The
XRD pattern of the SZ annealed at 660 °C also indicates
that this material possesses a single phase and that it can be
indexed on the basis of the orthorhombic structure, JCPDS
card no. 44-0161 (Pbnm).

The absence of a crystalline lattice requires a probabi-
listic description of the atomic structures of amorphous
materials, giving rise to weaker and more diffuse diffracted
intensity than Bragg peak intensities. Even structurally
disordered (amorphous) materials are known to possess
some degree of ordered, quasi-amorphous, and quasi-
crystalline materials. The structure of glass, for example,
presents an intermediate-range order, i.e., it has longer
order over length scales than those associated with short-
range order, but not as extensive as to constitute long-range
order [55, 56].

Previous XANES results in the short-range order of ST
[37] and SZ [38] on quasi-crystalline and quasi-amorphous
samples revealed the presence of sixfold and fivefold
coordinations for titanium and zirconium above 500 °C. In
this context, the samples annealed at 400 °C can be con-
sidered as quasi-amorphous and more disordered struc-
tures, while those annealed at 450 °C (ST) and 475 °C (SZ)
can be considered as quasi-crystalline and more ordered
structures.

Figures 3b and 4b, respectively, exhibit PL spectra of
ST and SZ measured at room temperature and excited at
350.7 nm.
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The profile of the emission band is typical of a mul-
tiphonon and multilevel process, i.e., a system in which
relaxation occurs by several paths, involving the partici-
pation of numerous states within the band gap of the
material. This behavior is related to the structural disorder
of ST and SZ and indicates the presence of additional
electronic levels in the forbidden band gap of the material.

Qualitative measurements showed that the intensity of
the SZ powders was much greater (tenfold) than that of the
ST powders. The disordered (quasi-amorphous) SZ and ST
powders annealed at 400 °C presented low intensity
emission, while PL emission in the ordered (crystalline)
powders annealed at 660 °C (SZ) and 550 °C (ST) was
absent. Hence, maximum PL emission in both cases
occurred in the ordered-disordered powders (quasi-crys-
talline) annealed at 475 °C (SZ) and at 450 °C (ST).

The strength of the electron—phonon interaction can be
ascribed to the difference between the excitation and the
maximum emission (Stokes shift). The SZ powder annealed
at 475 °C showed maximum emission at 433 nm in the
violet-blue region of the visible spectra, while the ST powder
annealed at 450 °C displayed maximum emission at 550 nm
in the green region of the visible spectra. This indicates the
strong dependence of the electron—phonon interaction on the
excitation wavelength and on the structure of the lattice.
Note that the Stokes shift is smaller in the disordered SZ
powder (at both 400 and 475 °C). Lattice rearrangement was
clearly detected by experimental PL measurements (Stokes
shift) when the annealing temperature of SZ changed from
400 to 475 °C and that of ST from 400 to 450 °C, indicating
that this measurement is highly sensitive to structural chan-
ges. Raising the annealing temperature caused the structure
of the powders to become more ordered, favoring violet-blue
light emission by SZ and green-light emission by ST.
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Fig. 3 a XRD patterns of ST; and b photoluminescence spectra for the ST powders annealed at 400, 450, and 550 °C for 2 h in an oxygen flow

atmosphere (color figure on-line)
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Fig. 4 a XRD patterns of SZ; and b photoluminescence spectra for the SZ powders annealed at 400, 475, and 660 °C for 2 h in an oxygen flow

atmosphere (color figure on-line)

Thus, materials reveal the secrets of their structure on a
length scale. These secrets are relevant in shedding light on
several outstanding issues in materials science, clarifying
the relationships existing between local, intermediate- and
long-range structures and the properties of materials.
Careful experiments, allied to theory, modeling, and sim-
ulations, will be required to pick apart the origins of these
relationships. Experimental probes can provide more
structural information on short- and long-range orders in
materials; however, their structures over the intermediate
range are still little understood. Theoretical calculations
and computer simulations can complement experimental
methods and have revealed new insights into medium-
range order and dynamic changes in local structure.

To understand the relationship between the structural
disorder in complex clusters, with an intermediate-range
interaction (interaction between two clusters) and the
resulting electronic defects that are generated, a detailed
theoretical study was made of the electronic structure of the
ordered (SZ-o and ST-0) models and of the disordered (SZ-
f and ST-f) periodic models. To appreciate the differences
in the electronic structure, it is opportune to make reference
to quantities such as the band structures and density of
states (DOS), which can be compared to each other inde-
pendently of the crystalline space group.

Figure 5a shows the calculated band structure of bulk
ST-o. The top of the valence band (VB) is at the M point
and is very close to the X point. The bottom of the con-
duction band (CB) is at the I" point. The minimal indirect
gap between M and I' is 3.69 eV and is close to the
experimental one deduced from the optical absorption
edge, which was found to be 3.5 eV [47].

The calculated band structure of bulk ST-f is depicted in
Fig. 5b. The top of the VB is at M point and bottom of CB
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is at I', as in the case of ST-o. The indirect minimal gap
between M and I' is 3.45 eV.

For the ST-o (Fig. 5a), the valence bands are derived
from O (2p,, 2p,, 2p.) atomic orbitals. These orbitals are
separated by an indirect gap from the first conduction band,
which derives from transition-metal titanium (3d,,, 3d.;,
3d,,) atomic orbitals, designated as “#,,” by comparison
with the [TiOg] regular cluster. Above these six bands
come four Ti (3d,>_,2and 3d) character bands designated
as “eg”. For the dislocated model (ST-f), although the VB
is globally constituted of O (2p,, 2p,, 2p.) character states,
the top depends mainly on the axial oxygen located at the
center of the structure. The CB is composed of the 3d states
of titanium, in an apparently random splitting of bands.

The calculated total projected DOS ranges from —4 eV
below the top of the VB to 8 eV above. In the case of ST-o,
the upper VB is predominately composed of the O (2p)
states distributed equally among the axial O3 and O4
oxygens and O5, 06, O7, and O8 planar oxygens of the
structure (Fig. 5a). In the case of ST-f (Fig. 5b), although
the VB is also composed of O (2p) states, the upper part,
i.e., the new states, present a strong O3, O4 character, the
oxygen atom that loses its connection with Ti9 (Fig. 2).
The CB is clearly composed of the Ti (3d) states in the
ordered and disordered structures. The Ti—O covalent bond
makes a limited Ti (3d) contribution to the O (2p) region as
well as a weak O (2p) contribution to the Ti (3d) area. The
Sr (5s) states (not shown) are to be found in energies above
—10 eV and more dispersed in the case of disordered
models. These levels are weakly hybridized with oxygen
levels in the ST-f model.

Figure 6a depicts the calculated band structure of bulk
SZ-o. The top of the VB is very close to the S point, while
the bottom of the conduction band CB is very close to the
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I' point. The minimal indirect gap between S and I is
5.28 eV and is close to the experimental one deduced from
the optical absorption edge, which was reported previously
to be 5.22 eV [17].

The calculated band structure of bulk SZ-f is depicted in
Fig. 6b. The top of the VB is close to S point and bottom of
CB is close to I', as in case of SZ-o0. The indirect minimal
gap between S and I' is 5.12 eV.

For the SZ-o, the valence bands are derived from 2p,,
2p,, and 2p, orbitals of O atoms. These bands are sepa-
rated by an indirect gap from the first conduction band,
which derives from transition-metal zirconium (4d,,, 4d..,
and 4d,;) atomic orbitals, designated as “t,,” by com-
parison with the [ZrOg] regular cluster. Above these six
bands come four Zr (4d,._jand4d.) character bands
designated as “e,”. In the displaced model (SZ-1),
although the VB is globally constituted of O (2p,, 2p,,
and 2p,) character states, the top depends mainly on the

axial oxygen located at the center of the structure, Ol1
and O12. The CB is composed of the 4d states of
zirconium.

Figure 6 depicts the calculated total DOS ranging from
—4 eV below the top of the VB to 8 eV above. In the case
of SZ-o, the upper VB is composed predominantly of the O
(2p) states distributed equally in the O11 and O12 axial
oxygens and the O13, O15, O17, and O19 planar oxygens
of the structure (Fig. 6a). In the case of SZ-f (Fig. 6b),
although the VB is also composed of O (2p) states, the
upper part, i.e., the new states, present a strong axial
oxygen O11, O12 character, the oxygen atom that loses its
connection with Zr8 (Fig. 2). The CB is clearly composed
of the Zr (4d) states in the ordered and disordered struc-
tures. The Zr-O covalent bond makes a limited Zr (4d)
contribution to the O (2p) region as well as a weak O (2p)
contribution to the Zr (4d) area, as in the case of the ST-f
model.
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Fig. 7 Wide-band model: a
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In disordered SZ and ST powders, oxygen displacement
gives rise to complex clusters. These complex clusters in
titanates and zirconates can occur in three different charge
states: the [TiOs—O---TiOs] or [ZrOs—O---ZrOs] complex
states, which present two paired electrons 1] and are
neutral relative to the crystalline lattice. The second is the
singly ionized [TiO5—O---TiOs] or [ZrOs—O---ZrOs] com-
plex state, which has one unpaired electron T and repre-
sents quasi-crystalline and quasi-amorphous complex
clusters. The third is the [TiOs—O---TiOs] or [ZrOs—
O--ZrOs] complex state, which does not trap any elec-
trons—and is doubly positively charged with respect to the
lattice and can be linked to the amorphous state. Another
portion of electrons and holes may be trapped by intrinsic
crystal defects in the network modifier complex clusters.

These titanium, zirconium, and strontium complexes
induce new energy states in the band gap, as reported pre-
viously in the discussion on the electronic band structure and
total density of states. These can be attributed to the tita-
nium—oxygen, zirconium—oxygen, and strontium—oxygen
complex clusters. Geometrical alterations in these clusters,
such as distortions, breathing, and tilt, create an innumerable
variety of structures and hence distinct material properties.

Quantum-mechanical calculations of dislocated [TiOs—
O---TiOs] or [ZrOs—0---TiOs] complex clusters indicate
that localized states generated in the band gap reduce the
gap energies. When the structural order increases, the gap
energy increases. These findings confirm the fact that PL is
directly associated with the localized states existing in the

@ Springer
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band gap. Distorted clusters cause local lattice distortion
that propagates throughout the material, pushing the sur-
rounding clusters away from their ideal positions. Thus,
distorted clusters must move for these properties to occur,
changing the electronic distribution along the network of
these polar clusters. This electronic structure dictates both
optical and electrical transport properties and plays a major
role in determining reactivity and stability. However, these
movements can be induced within the crystal lattice by PL
measurements and these anisotropic cooperative move-
ments lead to these properties.

The band gap of ST is comparatively smaller than that
of SZ. Therefore, the excitation wavelength of 350.7 nm is
able to excite different populations of electrons in the band
gap of the two structures. Here, each color represents a
different type of electronic transition and is linked to a
specific structural arrangement. In the case of ST, the
recombination of electrons and holes gives rise to green-
light emission and in that of SZ to very intense violet-blue
light emission.

In our model, the wide-band model [57] shown in Fig. 7,
the most important events occur before excitation, i.e.,
before the photon arrives. The deep and shallow defects
generated by the complex clusters give rise to localized
states in the band gap and inhomogeneous charge distri-
bution in the cell, allowing electrons to become trapped
(Fig. 7). The localized levels are energetically distributed
so that various energies are able to excite the trapped
electrons.
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In these complexes, the [BOs—O] species acts as an
electron donor, while the complexes [BOs---O] tend to trap
electrons and/or holes and the complexes [BOs::-O---BOs]”
act as electron traps. After excitation of the photon, the
process of recombination and decay follows the several
valid hypotheses proposed in the literature [27-36].

In this paper we have shown that distinct structures and
different orders—disorders in the lattice produce different
types of PL emission. The complex clusters already
existing in the ground state facilitate the emission process
and lead to PL, i.e., radiative recombination. Thus, the
distortions of complex clusters are crucial for an under-
standing of the properties of materials.

6 Conclusions

In summary, ultrafine crystalline, quasi-crystalline, and
quasi-amorphous SrZrOz; and SrTiO; powders were syn-
thesized by soft chemical processing. PL measurements
indicated an intense violet-blue light in SZ and a less
intense green light emission in ST quasi-crystalline pow-
ders. As the order of the lattice increased, the PL emission
in both powders disappeared. The PL results can be
attributed to the distortions in the materials’ polyhedral
constituents (octahedral and dodecahedral clusters). The
different electronic levels appearing in the band gap of ST
and SZ powders are able to create different color emissions
in the visible spectra of light. This effect was confirmed by
first-principles calculations based on the B3LYP density
functional theory using disorder models of the lattice.

The map shown here offers a conceptual framework to
understand, discuss, and optimize electronic material
properties on the basis of their constituent polyhedra. The
interactions of the clusters in the solid provide important
information about molecular movements and reactivity
towards external stimuli, and this information was used
successfully to induce complete PL emission. However, the
mechanistic pathway of PL emission is still not completely
understood. Understanding it may provide information
about how clustered molecules “communicate” with one
another in physical and chemical processes.
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