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Electronic and structural properties of a 4d perovskite: Cubic phase of SrZrO;
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First-principles density-functional calculations are performed within the local-density approximation to
study the electronic properties of SrZyQan insulating 4 perovskite, in its high-temperature cubic phase,
above 1400 K, as well as the generig¢ Berovskite SrTiQ, which is also a® insulator and cubic above 105
K, for comparison reasons. The energy bands, density of states, and charge-density distributions are obtained
and a detailed comparison between their band structures is presented. The results are discussed also in terms of
the existing data in the literature for both oxides.
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. INTRODUCTION this, both SrTiQ and SrZrQ are suitable for use in high-
temperature applications such as fuel cells, steam electroly-
The class of transition-metal oxides constitutes a largesis, and hydrogen gas sensoréThis is because when these
family of interesting materials with extra physical propertiestype of transition-metal oxides are doped with acceptor ions
due to the additionad electrons they possess. They come inthey exhibit protonic conduction at high temperatutes.
a variety of crystal structures and exhibit individually several  Unlike SrTiO;, at room temperature SrZgas an ortho-
of these phases. They include insulators, metals, semicomhombic phase as revealed by structural studies that date
ductors, and also superconductors. Some have delocalizedback to the 1950s and 1960’ Later the existence of two
bands providing catalytically active surfaces, narbbands  additional phases at high temperature was proposed by
with emphasized electron correlations giving rise to diverseCarlsson to be both tetragorfal,however, more recent
properties such as high-temperature superconductivity, anstudie$?=*# on high temperatures have shown that SrZrO
colossal magnetoresistance. They are well known with theiundergoes three structural phase transitions summarized as
ferroelectric, antiferroelectric, and piezoelectric propertiesfollows: First, orthorhombic Pnma to orthorhombic
Their use in technological applications is also diverse, in{Cmcn) at 970 K, then to tetragonal 4/mcm) at 1100 K,
cluding optical wave guides, laser-host crystals, high-and finally to cubic Pm3m) at 1400 K. This compound has
temperature oxygen sensors, surface acoustic wave devicegrather high melting temperature of about 292¢PKpnse-
nonvolatile memories, dynamic random access memorieguently it is cubic in a wide range of temperature where most
frequency doublers, piezoelectric actuator materials, andf its useful applications take place.
highK capacitors in various applications. In this work we have made first-principles pseudopoten-
Strontium titanate, SrTig) is a generic representative of tial calculations of the electronic band structure, density of
transition-metal oxides which have perovskite crystallinestates, and charge densities for Srgi@® the cubic perov-
structure. It has been extensively studied both theoreticallgkite phase. In addition to that we have made a reference
and experimentally because of its several interesting physicaalculation for SrTiQ in order to give a discussion by com-
and technological properties. It is highly insulating at roomparison. We have also made some comparisons with the re-
temperature, and in the form oftype thin films it shows |ated experimental data where available.
superconductivity at low temperatures. It is a cubic perov-
skite at room temperature with a tetragonal phase transition II. CALCULATION METHOD
at 105 K. Its surfaces are very flat and stable both mechani-
cally and chemically which makes it an appropriate electrode We used the pseudopotential method based on density-
for photocatalysis of watér,a good buffer layer for the functional theory in the local-density approximatitrDA).
growth of gallium arsenide on silicdhand an appropriate The self-consistent norm-conserving pseudopotentials are
substrate for the growth of high; cuprate superconductots. generated using the Troullier-Martins schéfehich is in-
Due to its high dielectric constant it is also one of the leadingcluded in therHigsPP packagée.’ Plane waves are used as a
candidates for replacing silica as a gate material in silicorbasis set for the electronic wave functions. In order to solve
technology. the Kohn-Sham equatiot conjugate gradient minimization
Another insulating perovskite is the strontium zirconate,method® is employed as implemented by theINIT code®
SrZrQ;, with 4d electrons, which is of interest because of its The exchange-correlation effects are taken into account
high-temperature electronic properties. Large single crystalwithin the Perdew-Wang schefiteas parametrized by Cep-
of SrZrO; with high perfection can be grown with recently erly and Alder
perfected techniques and this enables their usage as laser-Pseudopotentials are generated using the following elec-
host and substrate materials. It was also suggested by Shentiienic configurations: For Sr$electrons are considered as
et al? that these materials can be used in high-voltage cathe true valence. Moreover thes4nd 4p semicore states are
pacitor applications because of their high breakdownadded to the valence states. For O only the true valence states
strengths as well as high dielectric constant. In addition tq2s and 2p) are taken into account, because these states are
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enough to have the correct transferability property. Forsli4 ~ TABLE |. Calculated and experimental values for the lattice
and 3 true valence states plus the 8nd 3 semicore states parameter and bulk modulus of Sr§@nd SrZrQ.

are treated as valence states. Similarly, for the same group
element Zr, 5 and 4 true states and additionally the 4nd Lattice parametefA) Bulk modulus(GP3

4p semicore states are considered as valence states. Inclu- Calculation  Experiment ~ Calculation ~ Experiment
sion of semicore states in the case of Sr, Ti, and Zr is re

. . . . SrTiOg 3.878 3.90% 191 183
quired in order to get the correct electronic properties of,

these elements in various physical systems. In other WOFdSS r2ro 4.095 4109 1 150
the inclusion of these semicore states makes the corresporgkeference 27.

ing pseudopotentials closer to the all-electron potentials. Thereference 28.

above configuration is found to be the optimized choice forreference 12.

these materials.

All of the calculations involve a five-atom cubic unit cell liable and perform slightly better. To our knowledge no first-
arranged in a perovskite structure. We get a good convelprinciples calculation is available for SrzgQvith which to
gence for the bulk total-energy calculation with the choice ofcompare.
cutoff energies at 30 Ha for SrTiand at 33 Ha for SrZr© For the bulk modulus of SrZr§) we have listed in Table
using a 4<4x4 Monkhorst-Pack mesh grid. We have |an extrapolated value of 150 GPa by de Ligny and Riéhet,
found that in the band-structure calculationsk7foints are  however, such extrapolation is known to give about a 15%
enough to obtain good results for both of these transitionunderestimation for the Zr compound in a series of
metal oxides. In the density-of-states calculations, howeveiCaMO;,%® and by the same token we expect the experimental
the irreducible Brillouin zone was sampled with 560 and 455value to be higher than 150 GPa.

k points for SrTiQ and SrZrQ, respectively. Energy-band structures and densities of states are given in
Fig. 1, where the zero of energy is chosen to coincide with
IIl. RESULTS AND DISCUSSION the top of the valence band. The general features of the en-

ergy bands are similar for both oxides. An overall look at the

The results for structural parameter calculations are sumtwo band structures shows that the lower valence bands are
marized in Table I. The calculated lattice parameters forcomposed of O & and Sr 4 semicore states grouped to-
SrTiO; and SrZrQ are both within 0.5% of the experimental gether at about-15 eV. Although the individual bands have
results. Likewise the calculated bulk moduli for Srti@d  similar bandwidths for both materials, those of SrJid® not
SrZrQ; are found to be 4% and 14% larger than the effectiveoverlap and are separated by-d-eV gap, whereas those of
experimental values, respectively. The agreement with th&rZrO; having stronger interaction with each other, espe-
experiments can be considered to be very good. In the casgally around theX point, causing an overlap of the corre-
of SrTiO;, comparisons of our results with the theoretical sponding densities of states, and consequently, the combined
work of Kimuraet al?* and with the calculated values of van bandwidth is smaller.
Benthemet al?® suggest that our pseudopotentials are as re- The upper valence bands have the same trend, i.e., they
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FIG. 1. Calculated band structures f@ SrTiO; and(b) SrZrO;.
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FIG. 2. Charge-density contour plots fe#* bands for(a) SrTiO; and(b) SrZrO;.

are wider for SrTiQ (4.93 eV) and narrower for SrZrQ conduction bandwidths are 2.83 eV for Srfi@nd 3.39 eV
(4.32 eVj. The top of the valence bands reflects fhelec-  for SrZrQ;.

tronic character mostly due to oxygen-oxygen interaction For SrTiQ; the calculated indirect energy-band gap be-
(down to about—4 eV) for both of the transition-metal ox- tweenI’ andR points is found to be 1.92 eV and the direct
ides. This agrees well with th®V-Xa molecular-orbital band gap is 2.30 eV. Corresponding experimental values are
Study of Yoshinoet a|_29 Even though the whole valence- 3.25eV and 3.75 e?/? reSpeCtiVEIy. The results obtained for
band structure is dominated by @ tates, there are, how- SrZrO; are, on the other hand, as follows: The indirect band
ever, a mixture ofr bands stemming from thedo interac- 9P is 3.37 eV betweeh andR points. The direct band gap,

tions extending throughout the whole valence bandwidthP€ng 3.62 eV, is again smaller than the experimental value
and 7 bands due tqdr interactions which are narrower of 5.9 e\*° This disagreement between the calculations and

than that. experimental values resulting in narrower theoretical band

) . i . gaps is a well-known artifattof the LDA and does not have
¢ tiOtlQ Sr_T|t03Tar1]nd Sr2rQ halve th(:f‘f'r,tr\]/ alence banc: lr)n an%lm? any significant effect on the rest of the band structure.
at thel point. The energy values of the Uppermost banti a Looking at the density-of-states pictures one observes
andM points lie slightly lower than their values at poRtIn

. several structures common to both materials. Most of these
SrTiO; the bottom of the valence band occursRawhereas .o respond to singularities in the bands. There are three flat

in SrZrQ; it occurs at theM point. In both cases, however, pangs in the conduction band of both materials. The lowest is
these energy eigenvalues are close to each otidraatdR  the Ti (Zr) tpg band alongXM at about 4 eV(6 eV) which
points with a difference, the larger being for SrZt@f only  causes the well-defined* peak with a logarithmic Van
0.25 eV. Hove singularity in the density of states characteristic of the
The lower conduction bands are mainly Td ®r Zr 4d  two dimensionality of these bands. The next one up is the Ti
states hybridized with some OpZelectrons giving rise to (Zr) e; band along'X at 4.68 eV(8.24 e\j causing a jump
antibonding7* and ¢* bands. In the case of SrTithe  discontinuity in the density of states. A similai* shoulder
conduction-band ordering is as follows: Tid3ty, (7" in the density of states is caused by the third flat band which
triplet) bands stand alone next to the gap with no overlap tas again the Ti(Zr) e4 band alongMR at about 9 eM12.5
the Ti 3d g, states(o* double} which lie just above, the eV, not shown
upper parts of which mixed with the lower extension of Sr  Valence bands are slightly different in terms of Van Hove
5s and 4 t,4 bands. This ordering is slightly different for singularities. SrTi@ has a very significant flat band at2.87
SrzZrQ;, especially at high energies. Zd4,, states are next eV alongI’XMI" which is a nonbondingr, band due to O
to the gap and their upper parts are mixed with Safd 4 2p and responsible for the highest peak at the center of the
t,q states. Zr 4l gy states lie further up in the energy region valence band. The Tidt,, band at the same energy along
between 8.1 eV and 12.5 eV. The conduction-band minimunt"X is rather flat, and at about4.5 eV alongXM and also
occurs at thd” point in both materials. The lowest conduc- RXit is quite flat close to th& side. In addition, the band at
tion band alond X is more dispersed in strontium zirconate, —4.25 eV alongVI R looks almost flat but the corresponding
and consequently the conduction-band edge of its density afensity of states shows three-dimensional behavior just
states is of a three-dimensional nature. Calculatgd  slightly. For the SrZr@ valence band, at about4 eV, the Zr
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ty, state alongXM, MR, andRX are the only flat bands perovskite structure are studied usingaminitio pseudopo-
causing the highest peak located at the bottom of the valenaential method. Structural parameters are found to compare
band. The band corresponding to the oxygen nonbondingell with the available data in the literature. A detailed de-
state located at the center of the SrJM@lence-band density scription of their energy bands is given. Corresponding den-
of states is dispersed in all directions for SrZrO sities of states are presented and the major structures in them
Charge-density plots were obtained for the lowest thregyre identified. Charge-density functions are displayed for the
conduction bands degenerate at thpoint for a(001) plane  |ower conduction bands for both oxides. Our results for the
containipg the transition metal and Fhe four neighboring oxy-g|ectronic properties of SrTi{are shown to agree with other
gens. Figure 2 shows the composition of these bands to Rgyicyjations and experimental findings whereas those of

cl_era]\rly the hybridizat;orébetwsenl trgrr;]sition-meﬂiabrdb_itals SrzrO; are compared only with the estimations of Lee
with t,q symmetry and O @ orbitals. The corresponding™ o4 5130 from their optical conductivity spectra, since to our

bands shown in Fig. 1 are more smglec_j out for STénd knowledge, no theoretical calculations exist in the literature.
consequently the charge is more localized as compared to
SrZrQ; whose#* bands are not separated from the rest of

the conduction bands.
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