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Abstract: Electronic and optical properties of Sr(Ti,Zr)O3 crystals in the cubic (Pm−3m) and tetragonal (I4/mcm)
phase were calculated by the first-principles calculations using the density functional theory and the local
density approximation. The band structure of cubic and tetragonal phases show an indirect band gap at
(R-Γ) point and at (M-Γ) point in the Brillouin zone, respectively. The linear photon-energy dependent
dielectric functions and some optical properties such as the absorption coefficient, energy-loss function
and reflectivity are calculated for both phases. The optical properties of tetragonal phase of Sr(Ti,Zr)O3
were investigated by theoretical methods for the first time. We have also made some comparisons with the
available related experimental and theoretical data.
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1. Introduction

The ABO3 perovskite-type oxides, where A is a monova-
lent or divalent cation, B is penta- or tetravalent transition
metal atom and O is oxygen, display a wide range of inter-
esting electrical and optical properties and therefore have
wide applications in the manufacture of electronic and op-
toelectronic devices such as various sensors, electro-optic
modulators, infrafed detectors, catalytic activity, optical
waveguides in various applications [1, 2].

Strontium zirconate (SrZrO3) belongs to the perovskite
family with the general formula ABO3. The powder neu-
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tron diffraction data suggest the following sequence of
phase transitions in SrZrO3 [3]:

Pnma 702 K←→ Cmcm 1100 K←→ I4/mcm 1400 K←→ Pm–3m (1)

where Pnma, Cmcm, I4/mcm and Pm−3m denote the
phases with orthorhombic, orthorhombic, tetragonal and
cubic symmetry, respectively. SrZrO3 has a rather high
melting point of about 2920 K [4], consequently it is cubic
in a wide range of temperatures where most of its useful
applications take place.
Strontium titanate (SrTiO3) is a typical perovskite dielec-
tric with a wide range of technological applications. Be-
cause of its special properties related to ferroelectricity,
semiconductivity, superconductivity and catalytic activity,
it has been extensively studied over the past several years.
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From the literature data, SrTiO3 undergoes the following
sequence of phase transitions [1]:

I4/mcm 105 K←→ Pm–3m (2)

The cubic and tetragonal structures of Sr(Ti,Zr)O3 in the
unit cell are shown in Fig. 1. For these materials the
differences in the details of the electronic structure and
dielectric functions are still of fundamental interest. Sim-
ple cubic Sr(Ti,Zr)O3 offers a natural starting point for
the study of the electronic structure and dielectric func-
tions. The crystal field splitting of the O 2p states oc-
curs because oxygen resides at a site of tetragonal point
symmetry in Sr(Ti,Zr)O3 with the simple cubic point sym-
metry. The structure of the empty conduction band, as
well as that of the filled valence band, could play a in
the electronic and optical properties of Sr(Ti,Zr)O3. As
far as we know, the studies of the electronic structure [5–
12] and optical properties [13–19] were performed on the
cubic phase. The lattice structure parameters [6, 20] of
Sr(Ti,Zr)O3 were calculated only for the tetragonal phase.
First principles calculation offers one of the most power-
ful tools for the theoretical study of structural parameters,
electronic and optical properties of ABO3 materials. How-
ever, to our knowledge, there is no first-principles calcu-
lation on tetragonal Sr(Ti,Zr)O3. Thus a calculation from
the first-principles is needed. In the present work, we have
made a first-principles pseudopotential calculation of the
structural, electronic band structure and optical properties
of Sr(Ti,Za)O3 in the cubic and tetragonal phases.

Figure 1. The (a) cubic and (b) tetragonal structures of Sr(Ti,Zr)O3.

2. Computational method
The present calculations were performed in the density
functional theory (DFT) framework implemented in the
ABINIT package [21]. The exchange-correlation energy
is evaluated in the local density approximation (LDA) [22]
using the Teter "extended norm-conserving" [23] pseudopo-
tential. The electronic wave functions were expanded in

terms of a plane-wave basis set and the kinetic energy
cutoffs needed to obtain a convergence better than 1 mHa
(Ha =Hartree) for total energy were found to be equal
to 54 Ha (cubic phase) and 58 Ha (tetragonal phase).
With the application of norm-conserving pseudopotentials,
the original valence configurations are 4s24p65s2 for Sr,
3s23p63d24s2 for Ti, 4s24p64d2 5s2 for Zr and 2s22p6 for
O. The sampling over the Brillouin zone was treated by a
8x8x8 Monkhorst-Pack mesh grid [24].
All calculations for Sr(Ti,Zr)O3 have been done with the
optimized lattice constants and atomic positions. These
parameters were necessary to obtain converged results for
the structural, electronic band structure and linear optical
properties of these crystals.

3. Results and discussion
3.1. Structural parameters
We determined the structural parameters of Sr(Ti,Zr)O3 in
their two phases by relaxing simultaneously the cell shape
and the atomic positions. There are 5 atoms (Pm−3m) and
10 atoms (I4/mcm) [6] in a primitive cell of Sr(Ti,Zr)O3.
In the optimized structures reported here, the forces on
the atoms are less than 10−6 Ha/Bohr and the stress on
the unit cell is smaller than 10−6 Ha/Bohr3. During the
structural optimizations, we held the Sr, Ti and Zr atoms
fixed by symmetry in the tetragonal phase while the po-
sitions of oxygen atoms were determined by the internal
parameter u. The results of our structural optimizations
are summarized in Tab. 1 and Tab. 2. We see that our
values for the lattice parameters and atomic positions are
in very close agmrement with the experimental data.

3.2. Electronic structure
The total density of states (DOS) and the calculated band
structures along high-symmetry directions in the Brillouin
zone in cubic and tetragonal phases are shown for SrZrO3

in Fig. 2 and SrTiO3 in Fig. 3. The Fermi level is set as
the zero of energy and is indicated by a horizontal dashed
line. The general features of the energy bands such as
band gaps, DOS, and orbital hybridization are similar for
both oxides. Sr(Ti,Zr)O3 are transition metal oxides, in
which the band gap is between the valence band of filled
oxygen 2p states and the conduction band of empty transi-
tion metal d states. The valence band maximum is located
at point R (cubic) (point M for tetragonal) and the con-
duction band minimum is located at point Γ, giving these
compounds an indirect band gap (R-Γ) of 3.36 eV (SrZrO3)
and 1.895 eV (SrTiO3) in the cubic phase and at (M-Γ) of
3.787 eV (SrZrO3) and 2.117 eV (SrTiO3) in the tetrag-
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Table 1. The structural parameters of the cubic phase of Sr(Ti,Zr)O3.

Sr (1a) (0.0, 0.0, 0.0)
Atomic position Ti, Zr (1b) (0.5, 0.5, 0.5)

O (3c) (0.5, 0.5, 0.0)

Crystal SrTiO3 SrZrO3

Lattice constant (present)(Å) a=3.845 a=4.084
Expt. (Å) 3.905[20], 3.90[25] 4.152[3], 4.109[26]
Calc. (Å) 3.94[6], 3.809[27] 4.095[5], 4.186[15]

Table 2. The structural parameters of the tetragonal phase of Sr(Ti,Zr)O3.

Sr (4b) (0.0, 0.5, 0.5)
Atomic position Ti, Zr (4c) (0.0, 0.0, 0.0)

O1 (4a) (0.0, 0.0, 0.25)
O2 (8h) (1/4+u, 3/4+u, 0.0)

Crystal SrTiO3 SrZrO3

Lattice constant (present)(Å) a = b = 5.440 a = b = 5.744
c = 7.693 c = 8.137

Expt. (Å) 5.522, 7.810[20] 5.845, 8.281[3]
Calc. (Å) 5.935, 8.393[6]
Internal parameter (u)(present) 0.327 0.064
Expt. 0.244[20] 0.0364[6]

onal phase. The bands with the lowest energy in Fig. 2
and Fig. 3 for Sr(Ti,Zr)O3 have not been shown (for both
phases); these bands are very flat bands around -46 eV,
-33 eV and -25 eV due to Sr 4p, Sr 4s and Zr 4p states
in cubic SrZrO3, respectively. The band lying between
-16.30 and -14.45 eV in cubic SrZrO3 corresponds to O
2s and Sr 4p states. The upper part is mainly due to
Sr 4p with a few mixing with O 2s states. Whereas O
2s and Sr 4p states of SrTiO3 and tetragonal SrZrO3 do
not overlap and are separated by a ∼ 1 eV gap. We can
also see a similar situation for the DOS. The nine valence
bands between -5.0 eV and Fermi level are mainly due
to O 2p states, with a minor admixture from Zr-4d states.
The lower conduction bands consist of Zr 4d states, and
at higher energies the O 2p and Sr 4d-like bands are
present. The band structure of SrTiO3 is shown in Fig. 3
and looks very similar to that of SrZrO3, except the Sr 4p
state is close to the O 2s state. The bottom of the conduc-
tion bands is dominated by Zr 4d or Ti 3d states which
hybridize with some O 2p states in the Sr(Ti,Zr)O3. The
important features of the band structure (main band gaps
and valence bandwidths) for these compounds along with a
comparison of our results with the experimental and other
theoretical data are given in Tab. 3 and Tab. 4. These
results can be explained by the presence of Zr atoms; in-
deed, SrTiO3 has a small band gap; but when Zr replaces
Ti, the band gap increases by about 1.5 eV, because it

is controlled by the Zr-d states. If valence band width is
decreased the band gap can be increased by raising the
transition metal d levels. A tabulation of atomic energy
levels shows that this can be achieved by using 4d metals
instead of 3d metals. Our calculated energy band gaps in
the cubic phase are about 43 % (SrZrO3) and 41% (SrTiO3)
of the corresponding experimental data. These are lower
than the experimental ones, as expected from LDA calcu-
lations due to the well known band gap underestimation of
the LDA [28]. We can make similar comments in tetragonal
SrTiO3 in Fig. 3, except the indirect band gaps and band
numbers are increased to undergo from cubic to tetragonal
phase. Also the valence band width is decreased.
To further elucidate the nature of the band structure, we
have also calculated the DOS. The DOS are displayed
in Fig. 2 and Fig. 3, at the right most panel of the band
structures. The lowest bands at the range of -20 to -13 eV
(SrZrO3) and -17.5 to -14 eV (SrTiO3) are formed by the O
2s and Sr 4p states. Only the O 2s and Sr 4p states of the
cubic SrZrO3 have stronger interaction with each other,
especially along the X-M points, causing an overlap of the
corresponding the DOS. For Sr(Ti,Zr)O3 compounds, it is
found that upper valence bands are essentially dominated
by O 2p states, with a minor admixture from Zr 4d (or
Ti 3d) states. Moreover, the presence of the latter in the
bonding region suggests a covalent bonding contribution
in these materials. The bottom of the conduction bands is
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dominated by Zr 4d states which hybridize with Sr 5s and
Zr 4d states in the SrZrO3 and with Sr 4d and Ti 3d states
in the ZrTiO3. All of these states are distributed in a wide
energy range of 4-10 eV (SrZrO3) and 2-10 eV (SrTiO3).
On the other hand, there is an energy gap between the
occupied O 2p states and the unoccupied Zr 4d or Ti 3d
states, as seen from the analysis of the DOS.

Figure 2. The energy band structure and total density of states for
cubic and tetragonal SrZrO3.

Figure 3. The energy band structure and total density of states for
cubic and tetragonal SrTiO3.

3.3. Linear optical response
The optical properties in the tetragonal phase of
Sr(Ti,Zr)O3 have not been reported so far. These prop-
erties are also of great importance in giving insight into
the fundamental physical properties and potential appli-
cations. The macroscopic optical response function of a

solid is expressed by the dielectric function in the range
of linear response. It is known that the dielectric function
is connected mainly with the electronic response. The
optical properties of Sr(Ti,Zr)O3 were calculated from the
complex dielectric function of ε(ω) = ε1(ω) + iε2(ω). The
imaginary part, ε2(ω), was calculated from the momen-
tum matrix elements between the occupied and unoccupied
wave functions within the selection rules. The real part
ε1(ω) was evaluated from ε2(ω) by the Kramers-Kronig
transformation. The electron energy-loss functions L(ω),
the reflectivity R (ω) and the absorption coefficient α(ω)
were derived from the calculated dielectric functions. Fur-
ther details on matrix elements and optical constants such
as L(ω), R (ω), and α(ω) can be found in Ref. [31] and
Ref. [32]. In anisotropic materials, dielectric properties
must be described by the dielectric tensor which reduces
to only one (cubic, εx=εy=εz) and two (tetragonal, εx=εy
and εz) independent components. Symbols C and T refer
to the cubic and tetragonal structures, respectively. ε2(ω)
of the dielectric function is directly connected with the
energy band structure. ε2(ω) and ε1(ω) parts of the di-
electric functions as a function of the photon energy for
Sr(Ti,Zr)O3 are shown in Fig. 4. As shown in Fig. 4(b, d),
we were only interested in c - crystallographic direction
in the tetragonal phase. The calculated ε2(ω) shows main
peaks in the range of 2.5 to 13 eV for both phases. These
peaks for ε2(ω) are related to the interband transition
from the valence to the conduction band states. Regard-
ing selection rules, only transitions that imply a change
∆l = ±1 in angular momentum are allowed. These peaks
are related to the interband transition from O 2p to Zr 4d
(or Ti 3d) and Sr 4d states. It is noted that peaks in ε2(ω)
do not correspond to a single interband transition since
many are a result of indirect transitions may be found in
band structure with an energy corresponding to the same
peaks [33].

The peaks in L(ω) spectra represent the characteristics as-
sociated with the plasma resonance and the corresponding
frequency is the so-called plasma frequency [31], the fre-
quency of collective oscillation of the valence electrons in
the crystal. A root in ε1(ω), i.e. ε1(ω) = 0 , can give
a plasma resonance, although this is not a sufficient re-
quirement. However as is now obvious, not all roots of
ε1(ω) = 0 give rise to peaks in the electron energy-loss
spectrum. Thus, ε1(ω) = 0 is a necessary condition for
plasma oscillations to occur, but as observed is not a suf-
ficient condition [34]. At the same time, the peaks of L(ω)
correspond to the trailing edges in the reflection spectra,
for instance, the prominent peaks of L(ω) (Fig. 5(a, b)) are
situated at energies corresponding to the abrupt reduc-
tions of (Fig. 5(c, d)). Fig. 5(a, b) show the loss function.
The sharp peak in the energy loss function is associated
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Table 3. Some direct band gaps (Γ-Γ, X-X, M-M, R-R), indirect band gap (R-Γ, R-X, R-M) and the upper valence band width (UVBW) for Sr(Ti,Zr)O3
in the cubic phase. Values in eV.

Γ-Γ X-X M-M R-R R-Γ R-X R-M UVBW

Present 2.221 2.824 4.152 4.792 1.895 2.095 4.053 4.969
SrTiO3 Expt. 3.75[9] 3.20[29] 6.5[29]

3.25[9]
Calc. 1.92[10] 1.40[19] 5.0 [19]

1.85[16] 4.93[5]
2.30[5]

Present 3.574 4.205 6.225 6.207 3.360 3.853 6.149 4.358
SrZrO3 Expt. 5.90[30]

Calc. 3.75[8] 3.20[8] 3.45[8]
3.50[6] 3.23[6] 4.32[5]
3.72[15] 3.42[15] 4.05[15]

Table 4. Some direct band gaps (Γ-Γ, X-X, M-M, P-P, N-N), indirect band gap (M-Γ, M-X, M-V, M-N) and the upper valence band width (UVBW)
for Sr(Ti,Zr)O3 in the tetragonal phase. Values in eV.

Γ-Γ X-X M-M P-P N-N M-Γ M-X M-P M-N UVBW

SrTiO3 2.156 4.146 2.211 3.613 3.797 2.117 3.601 3.149 3.260 4.554
SrZrO3 3.806 5.615 3.989 5.203 5.528 3.787 5.424 4.945 5.168 3.992

Figure 4. The calculated real part ε1(ω), and imaginary part ε2(ω) of
dielectric function ε(ω) of (a) and (b) SrZrO3, (c) and (d)
SrTiO3.

with the plasma oscillations and corresponding oscillation
frequency, the frequency of the collective oscillation of the
valence electrons in the crystal. The value of the plasmon
energies of Sr(Ti, Zr)O3 obtained in this work and by oth-
ers is given in Table 5 and are in agreement with the edge
energy of plasma.
Fig. 6(a) and (b) are plots of absorption coefficient as a
function of incident energy. It is obvious that absorption
coefficients of cubic and tetragonal phases vary with inci-
dent energy and display multi-peak spectra. The optical

Figure 5. The calculated electron energy loss spectrum L(ω) ((a),
(b)) and optical reflectivity spectrum R (ω) ((c), (d)).

spectra of SrZrO3 is similar to those of SrTiO3 except that
there is an energy shift at low energy range. These en-
ergy shifts reflect the microstructure difference between
SrZrO3 and SrTiO3 phases. The infrared absorption of
tetragonal Sr(Ti, Zr)O3 are stronger than that of the cubic
phase at about 14 eV. When the photon energy is below
3.56 eV (SrZrO3) and 2.20 eV (SrTiO3), Sr(Ti, Zr)O3 are
transparent. The absorption edge starts from about 3.56
eV (SrZrO3) and 2.20 eV (SrTiO3) corresponding to the
energy gap ΓV -ΓC . This originates from a transition from
O 2p electron states located at the top of the valence
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Table 5. Energy of plasmons of Sr(Ti,Zr)O3.

L(ω) (eV) L(ω) (eV)

Phase Cubic Tetragonal
SrZrO3 31.927 27.976
SrTiO3 29.250, 29.5[35], 28[14], 5[19] 31.503

bands to the empty Zr 4d (SrZrO3) and Ti 3d (SrTiO3)
electron states dominating the bottom of the conduction
bands.

Figure 6. The calculated absorption coefficient of (a) SrZrO3 and (b)
SrTiO3.

4. Conclusion
The structural parameters, electronic structures, and op-
tical properties of both phases of Sr(Ti,Zr)O3 were cal-
culated by means of the density functional theory within
the LDA. Our structural parameters are in agreement with
previous calculations and experimental data. The elec-
tronic structures of Sr(Ti,Zr)O3 revealed that the top of
the valence band and the bottom of the conduction band
are decided by the O 2p and Zr 4d (or Ti 3d) states,
respectively, and that Sr(Ti,Zr)O3 presented an indirect
band gap. The analysis of the DOS showed that the con-
duction band is mainly composed of Zr 4d (or Ti 3d) with
some mixture of Sr 5s and Sr 4d states for Sr(Ti,Zr)O3,
while the valence band is essentially dominated by O 2p
states. The Zr (or Ti) - O bond has a significant cova-
lent character. Finally, the dielectric function, absorp-
tion spectrum, reflectivity and energy-loss spectrum were
obtained. The relations of the optical properties to the
interband transitions were also discussed. At present,
there are not yet any calculations and experimental re-
sults in electronic and optical properties for the tetrago-

nal Sr(Ti,Zr)O3. Therefore, we hope that our calculated
results could serve as a reference for future experimental
study and develop the optical applications of tetragonal
Sr(Ti,Zr)O3.
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