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First-principles study of the orthorhombic CdTiO ; perovskite
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In this work we perform arab initio study of the CdTiQ perovskite in its orthorhombic phase using the
FLAPW method. Our calculations help to decide between the different cristallographic structures proposed for
this perovskite from x-ray measurements. We compute the electric field gradient (EfF&rat Cd site and
obtain excellent agreement with available experimental information from a perturbed angular correlation ex-
periment. We study EFG under an isotropic change of volume and show that in this case the widely used
“point charge model approximation” to determine EFG works quite well.
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Perovskites materials of the formBO; have been inten- that it was more suitable to assign the space grBbpm
sively studied last years. In addition to the interest thato CdTiO;. The main objective of the present work is to
present the technological aplications of ferroelectric matericlarify this picture, studying from first-principles the elec-
als, perovskites are known to undergo several phase trangdronic properties of the different structures proposed for the
tions as a function of temperature that make them appealingdTiO; perovskite.
for theoreticians and experimentalists. The transitions be- Another important question that may be learned from this
tween different structures usually involve very little atomic System concerns the correctness of the predictions made by
displacements and are difficult to characterize, requiring=LAPW and PCM approximation to the EFG tensor at Cd.
some times several experimental techniques. First principle¥/ith PAC technique the EFG tensor at a probe introduced in
calculations have been playing an increasing role in the unthe solid can be determinédiand Cd is one of the most used
derstanding of the these systehiBhese studies not only try PAC probes, so, it is of valuable interest to check the differ-
to give theoretical explanations to the observed phenomen&nt theoretical approaches to the problem of determining
but usually give valuable information that help in the inter- EFG at a Cd site. In the PCM the EFG at the probe is usually
pretation of the experimental results. approached as

CdTiO; perovskite has been the object of several studies
using x-ray diffractiort* dielectric properties methods®
infrared spectroscopy,and perturbed angular correction Vij=(1- %C)V:é_m (1)
(PAC) techniqué'9 and there have been some difficulties and .
controversies in determining the symmetry group of it's
orthorhombic structure at room temperature. In 1957 Kay/\lhereV!j-m is the EFG produced by the valence charges lo-
and Miles established through x-ray measurements that Catated as point charges at the ions positions. In this approxi-
TiO5; perovskite should have orthorhombic symmetry andmation the only effect of the probe is to antishield the lattice
noncentrosymmetrid®bn2; (Ref. 10 space group with a contribution through the Sternheimer antishielding fatfor,
large displacement of Ti atoms along theaxis® However, that for Cd is usually taken ag,= —29.272° PCM has been
the measurement of the electrical properties of CdTiO extensively used to predict EFG at Cd sites in perovskites
single crystals could not resolve whether they were ferroelecand oxide$’~*but calculations at thab initio level are rare
tric or not, then, the displacement of Ti atoms from theirin these systems because Cd usually enters the solid as im-
symmetric positions couldn’t be confirm@dn Ref. 8 Baum- purity and this introduces several complications, as the
vol and co-workers study the EFG at Cd in CdJifrough  effect of atomic relaxations, for exampféIn the case of
PAC measurements. Using the point charge model approxiedTiO; perovskite, Cd is one of the constituents of the sys-
mation (PCM) to estimate theoretically the EFG, they infer tem, so accuratab initio calculations can be performed and
that the structure of the perovskite could not be the one comsed to check the validity of PCM aproximation.
responding td®bn2; space group but should be another one  The first-principles calculations were performed with the
with centrosymmetric space group, also considered and dis¥IEN97 implementation of the full-potential linearized-
carded by Kay and Miles. Baumvel al. made their argu- augmented-plane-wavéFLAPW) method developed by
ments based on the asymmetry of EFG tensor, but in fadBlahaet al'® We use the generalized gradient approximation
they obtained a disagreement of about 80% in the absolut€sGA) to describe the exchange correlation potential in the
value of EFG components. In 1987 Sasakal* performed  parametrization of Perdeet al° The size of the basis set in
new x-ray studies on CdTiDThey obtained that two ortho- these calculations is controlled by the param&#&,,,, that
rhombic structures with very similar coordinates and differ-we fixed in the value of 8. The atomic sphere radii where
ent space group&entrosymmetri®bnmand noncentrosym- chosen as 1.06, 0.90 and 0.85 A for Cd, Ti and O atoms
metric Pbn2,) fitted equally well the x-ray data. Analyzing respectively. Integrations in reciprocal space were performed
some structural and physical properties, they finally arguedvith the tetrahedron method using 18 andi3goints in the
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TABLE |. Absolute value of forces on inequivalent atorti§ in eV/A component of largest absolute
value of the EFG tensoiMg) in 10°* V/m? and asymmetry parameter) calculated in the present work
compared with PAC experiment.

F(Cd) F(Ti) F(O1) FO2) F(O3) Va3 7
Pbn2,: Ref. 3 1.84 3.43 3.85 1.04 3.63 +10.00 0.80
Pbnm Ref. 4 0.03 0.00 0.05 0.05 —5.10 0.42
Pbn2,: Ref. 4 0.03 0.10 0.41 0.45 0.54 —5.14 0.42
PAC exp.(Ref. 8 5.41+0.80 0.407%0.008

irreducible first Brillouin zone foPbnmand Pbn2 struc- x-ray data from Ref. 4 are also adjusted quite well by a
tures respectively. The unit cells have 20 atoms containingron-centrosymmetric structure with oxygens O2 and O3 that
five molecules of CdTiQ. In the case ofPbnm structure  slightly appart from their corresponding symmetric positions

there are four inequivalent atoms in the cell: €&, Veq, 1), ?n Pbnmstructure may in_dicate the presence of a soft mode
Ti(1,0,0), 01k 1) and 02 . while for in Pbnm structure involving those displacements. A future
215 o1-Yo1:a), €02, Y02 0_2)’ study of the phonons in thBbnmstructure would be valu-
Pbn2z structure there are five inequivalent atoms: jp1a"in order to check this hypothesis.
Cd(Xcq-Ycd: ) Ti(X7i . Y7i,27), O1(Xo1,Yo1:Zo1): As was mentioned, Baumvet al. analyzing the asymme-
02(X02:Y¥02:202), and O3Ko3.Y03.Z03). Once self- try of the EFG tensor with the point charge model supposed
consistency of the potential is achieved g componentes  CdTiO; should have a centrosymmetric space group, but in
of the EFG tensor are computed from the lattice harmonidact they obtainedvs; larger than experiment, at least, in
expansion of the self-consistent potenfiallhe EFG tensor  80%. In effect, the discrepancy Mg; would beonly about
is then diagonalized and it is expressed in terms of its grea809 assuming the same sign for PCM prediction and experi-
est absolute value componeény; and the asymmetry param- mental value, and they atributted this discrepancy to a failure
eter 7=(V,—V11)/Vg3, WhereV;; are the components of of pCM to account for a suppossed existing covalent contri-
the diagonalized tensor that are ordered such tNag bution to EFG at Cd in this system. But the sign \bfs
> Voo > V1. predicted by Baumvol is opposite to the one that emerges

In Table | we show the results of our FLAPW calculations o1y F| Apw calculations. The point is that they used coor-
performed for the different structures reported in the I'tera'dinates of a centrosymmetric structure studied in Ref. 3. If

ture compared with the PAC de_termination|M33| ar_1d - the coordinates obtained later by Sasakil* are used in
We see that the huge value obtained for the forces in the Casg. pcm calculationsys;= — 4.41 andy = 0.45 are obtained
33_ . - .

of Pbn2 structure of Ref. 3 and the poor agreemenvgt . . . .
and » with experiment lead us to discard this structure as the” fairly good agreement with experiment and FLAPW cal-

stable one for CdTiQperovskite. In the case of structures of (;)uclalt/tllons(.j I:__':Xg%(/to m;p?_ct furttheErthstagreement be:{ween
Ref. 4, we see that for both of them we obtainég, and » an predictions to ensor, we periorm

in excellent agreement with the experimental result of BaumLAPW calculations for an isotropic change of volume of

vol et al® The forces obtained for these structures are much® Pbnmstructure. For each volume considered we relaxed
smaller than those obtained fBbn2 structure of Ref. 3 but the internal _coordlnates and evz_allu_ate EF_G _tensor at the re-
the ones on oxygen atoms fBbn2, structure of Ref. 4 are laxed coordinates. The change is isotropic in the sense that
still too big to be attributed to the precision of our calcula-We hold the relations/b anda/c fixed in the experimental
tions. So, in order to check the stability of structures of Refratios of Ref. 4. The results are shown in Table II. Both EFG
4 in the frame of FLAPW calculations, we have relaxed bothestimations predict an increase \¢f; and » with compres-
structures(keeping fixed the lattice parameters at their ex-sion and also an increase of the angle betwégydirection
perimental valuesuntil forces on every atom are below a and x axis. PCM not only predicts the same tendence as
tolerance value taken as 0.01 eV/A . These relaxation proFLAPW, but also the absolute values are in fairly good
cesses involve the variation of the 7 and 14 independerdagreement. However, the agreemeni/gf and especiallyy
coordinates that definBbnmand Pbn2, structures respec- seems to be better for larger Cd-O distances where covalency
tively, and we have performed them following a Newton between Cd and oxygen is smaller. In Ref. 15, using PCM to
damped schent@.At the end of the relaxations we obtained compare with several PAC measurements in oxides, the au-
that both structures relaxed to the sambnm structure thors obtained empirically that when Cd-O bond is larger
within a tolerance in distances of 0.01 A. The finally ob-than 21 A a good agreement between predictions and ex-
tained Pbnmstructure was very similar to the one proposedperiment is found. The results of Table Il suggest that the
by Sasakiet al., as expected, due to the small forces previ-previous affirmation could be generalized including perovs-
ously obtained for this structure shown in Table I. So, ourkites, since the agreement of PCM with FLAPW begins to
calculations indicate thaPbn2 structure is not stable and worsen wherd,,(Cd-O) approaches this value.

confirm the assignation oPbnm as the space group of In their PAC study of CdTi@ as a function of tempera-
CdTiO; perovskite that was suggested in Ref. 4. The fact thature, Baumvokt al. obtained thaV;; and » increase wheit
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TABLE II. Electric field gradients as a function of an isotropic change of volume foPthamnstructure
of CdTiOsperovskite. PCM calculations were performed on the FLAPW-relaxed structur¥%. is the
relation between volumes taken in our calculations and those of Ref,,4Cd-O) (in A) is the nearest-
neighbor Cd-O distancé/zzand », as in Table 1.

FLAPW PCM
VIV, d,n(Cd-0) Vag 7 V33 direction Va3 7 V33 direction
0.913 2.18 -5.63 0.49 (0.759,0.651,p —4.67 0.59 (0.773,0.634, D
0.956 2.21 —-5.33 0.44 (0.772,0.636, D —4.53 0.52 (0.778, 0.629, D
1.000 2.25 —-5.04 0.40 (0.787,0.617,D —4.35 0.47 (0.784, 0.620, D
1.046 2.28 —4.82 0.40 (0.807,0.591,p —4.21 0.45 (0.795, 0.607, D
1.093 2.31 —4.62 0.38 (0.829, 0.560, p —4.07 0.41 (0.809, 0.587, D

decreases. This confirms the tendency predicted in our cakround 870, 1000, and 1360 K. As far as we know, no struc-
culations assuming a positive thermal expansion coefficiertural study of CdTiQ at high temperature has been per-
for CdTiO5. The augment ofy with pressure may be ex- formed. Moreover in PAC studies of orthorhombic CdJiO
plained because the distorsion of the perovskite structurgp to 1270 K no signature of any phase transition has been
also increases with pressure. This can be seen by looking &ported? In a previous study on SrHfO(Ref. 28 a differ-
Table Il where we show the behavior of three parametergnce of 0.27 eV has been obtained between orthorhombic
defined in Ref. 4 to characterize the distorsion of this andPbnm and cubic structures. Thus looking at the 0.8 eV
other perovskites. For a cubic perovskitg.=1, ¢,, obtained in the present work for CdTjQve would expect
=180° and ¢,.=90°, and when larger is the Separationthe transition to the cubic phase, if present, to occur at very

from these values, larger is the distorsion of the structure anfigh temperature. Future experimental work on CdTED

the tilting of the octahedra. We have obtained that the menbigh temperatures would be valuable to check this predic-

. . . ._tion
tioned parameters vary almost linearly for an isotropic . .

P Y . y P In summary our calculations help to decide between the
change of volume of CdTiQperovskite.

. . . proposed structures for orthorhombic Cd7Ji@erosvskite.
Even when in this study we keep fixed théb a_nd alc We have obtained that within the precision of our FLAPW
Palculations the proposeBbnm structure from Ref. 4 is
stable whilePbn2 is not. We have obtained very good

vs volume dependence, it is interesting to look at {¥)
curve compared with the one of the cubic phésee Fig. 1
The high energy difference obtained between both phases
[two orders of magnitude larger than the one obtained for the
same phases in BaTidRef. 23] may explain why the tran- 1.20 | .
sition to cubic CdTiQ has not been reporté.In fact, per- CUBIC

ovskites that crystallize in an orthorhomBdRbnm structure L .
at room temperature, such as CajjCsrZrQ;, and SrHfQ,
undergo three transitions when the temperature is increased: 0.80 | _
orthorhombic Pbnm) — orthorhombic Cmcn)— tetrago-

nal (14/mcm— cubic?®~?” For the case of SrHfQperov- ~ |
skite, for example, the transitions occur for temperatures L

- 040 | \ ORTHORHOMBIC |

TABLE IIl. Parameters showing the distorsion in CdtiQer-
ovskite as a function of an isotropic change of volume. The ob- - 8
served tolerance factot 9 and the tilting angles of the octahedra
in ab plane (¢,,) andbc plane (. as defined in Ref. 4t 00 F 4
=(Cd-0)/(\/2(Ti-0)), where(Cd-O) and(Ti-O) are the mean in- v v
teratomic distances with twelve and six coordination for Cd and Ti Orthl l cub
sites, respectively. L L L L
0.9 1.0 1.1

V/VO tobs $ab Pnc VN()
0.913 0.9759 141.52 105.20 FIG. 1. Energy vs volume for cubic and orthorhombic phases of
0.956 0.9765 142.18 105.11 CdTiO; perovskite. Energy is referred to the minimum obtained for
1.000 0.9772 142.87 104.97 the orthorhombic phase, and volume is in terms of the experimental
1.046 0.9777 143.53 104.81 volume of the orthorhombic phase,VRef. 4. Arrows indicate the
1.093 0.9783 144.24 104.66 positions of the minima of the plotted curves. Full circles: calcu-

lated points, lines: cubic fit.
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agreement between the calculated EFG and experiment asdiggest that the transition to the cubic phase, if present,
have shown that PCM approximation works quite well in thiswould take place at quite high temperature.

case. However, care should be taken when applying PCM to This work was supported by CONICET artlindacio

other systems with lower Cd-O bond, since the agreemenfantorchas Argentina. We want to aknowledge Dra. P. de la
seems to worsen in this direction. Our energy calculation$resa for fruitful discussions.
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