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Structure and stability of Cd,Nb,0, and Cd,Ta,0, explored by ab initio calculations
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Structural instabilities of Cd,Nb,O5 have been explored by all-electron ab initio calculations in the frame-
work of density-functional theory. The calculated phonon-dispersion curve of the cubic high-temperature phase
displays several modes with imaginary frequencies. A distortion according to a 7, mode at the I" point leads
to the energetically most favorable configuration. The resulting structure has been optimized in space-group
symmetries /ma2 and Ilal (Cc). The stability of these structures suggests a sequence of phase transitions
Fd3m-Ima2-Cc. The dominant structural changes occur as a result of the ferroelectric transition to orthorhom-
bic symmetry, whereas the distortions associated with the subsequent transition to monoclinic symmetry are
relatively small. With respect to the cubic phase, Nb is displaced most strongly. In both low-temperature
phases, two crystallographically distinct Nb and Cd positions exist. The Nb displacements give rise to an
ordered arrangement of short and long Nb-O bonds. In the Ima2 phase, chains of alternating long and short
bonds propagate along [001] and along (111), while corresponding chains parallel to [100] still consist of
symmetric Nb1-O bonds. The latter bonds distort only with the transition to the Cc phase. In contrast to

Cd,Nb,04, the structure of Cd,Ta,05 returns to cubic symmetry when subjected to similar distortions.
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I. INTRODUCTION

Ferroelectricity in cadmium pyroniobate, Cd,Nb,0O,
(CNO), was discovered as early as 1952.' Since then the
compound has attracted considerable interest because of its
structural phase transitions and its unusual ferroelectric prop-
erties. However, to date neither the crystal structure of ferro-
electric CNO nor the driving forces behind the ferroelectric
transitions have been accurately determined.

Following recent reviews in Refs. 2 and 3 and references
cited therein, the crystal structures and phase transitions
(PTs) known to occur in CNO can be summarized as follows:
Above T1=205 K CNO is cubic, exhibiting the pyrochlore

structure type in space-group (SG) symmetry Fd3m. The py-
rochlore structure is commonly described as composed of
two interpenetrating networks without common constituents:
The first network comprises linear O1-Cd-O1 bridges con-
nected in a cuprite-type arrangement. The second network is
formed by the Nb cations, which are sixfold coordinated by
0O2. The [NbOg¢] polyhedron is either an elongated or a com-
pressed octahedron along the threefold axis, depending on
the value of the only free structural parameter of the pyro-
chlore structure, xg,. In the second coordination sphere, Cd
is coordinated by six O2 atoms. On cooling below 7}, CNO
transforms to a phase which is orthorhombic* or tetragonal.’
The transition at 7 is sometimes referred to as an improper
ferroelastic® or an improper ferroelectric PT. Spontaneous
polarization has been reported for all temperatures below
T, At T,=196 K a proper ferroelectric (FE) transition oc-
curs, evidenced by a polar soft mode.* A broad heat-capacity
anomaly and a frequency dependent dielectric function? have
been reported at and below T,. The frequency dependence of
the dielectric constant in this temperature regime is similar to
that seen in typical relaxor materials, indicating the presence
of polar clusters in CNO. While coupling of the FE mode to
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a central mode* has been proposed, other authors’ saw the
FE mode as an uncoupled but overdamped TO phonon mode.
At T;=85 K a further structural PT has been observed, in-
dicated by anomalies in heat capacity and dielectric constant.
Below T; monoclinic symmetry has been proposed.’ Some
authors claimed that an incommensurate phase exists be-
tween T3 and a further PT at 7,=46 K. Conclusive proof of
such an incommensurate phase has not been presented yet.
The occurrence of a PT near 7, has been confirmed by heat-
capacity measurements, however.”

Strongly anisotropic diffuse scattering has been observed
in single crystals of CNO (Ref. 8) at ambient temperature.
The diffuse scattering intensity is found in planes normal to
(110}, indicating local symmetry breaking with correla-
tions along these directions.

Contrary to CNO, Cd,Ta,0; (CTO) is not ferroelectric.
Just one phase transition has been reported at temperatures
close to 7|, which might indicate that the corresponding
phase transitions in CNO and in CTO are related.’

In spite of the abundant literature on dielectric properties
of CNO, there is a remarkable lack of published crystallo-
graphic data and many of the available results differ substan-
tially, highlighting the influence of impurities and defects.
All low-temperature phases of CNO remain strongly
pseudocubic; i.e., very little spontaneous strain is involved in
the PTs. Diffraction studies of CNO thus remain difficult to
interpret.'? Here we report on the results of an ab initio study
of CNO, thereby circumventing many of the problems inher-
ent to previous experimental studies. The limitations of this
computational approach include the neglect of possible
disorder.!

II. METHODOLOGY

Total energies and interatomic forces were calculated us-
ing the (linearized) augmented plane wave plus local orbitals
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method (L/APW+1lo) implemented in the WIEN2K code.!?
The calculations were done using the generalized gradient
approximation (GGA) exchange-correlation functional in the
parametrization of Perdew et al.'> A combination of APW
+1lo basis functions for the s,p,d states and LAPW basis for
higher angular momenta'* provided the best convergence.
The core states were treated fully relativistically, whereas a
scalar relativistic scheme was used for the valence states.
Preliminary calculations ensured a good convergence of the
quantities in question with respect to the Brillouin-zone (BZ)
sampling and the cut-off parameter R, K.« (the product of
the smallest atomic sphere radius R, times the largest K
vector in the plane-wave expansion). A mesh of eight k
points in the full first BZ and R, K,,,x=6 was used for the
frozen phonon calculations, as these values yielded well-
converged interatomic forces. Subsequent optimization of
the distorted structures was carried out with R, K.=7.5
and 216 k vectors in the first BZ.

Attempts to optimize the volume of cubic CNO resulted
in an overestimation of the equilibrium volume with respect
to experimental values, a problem that is well known in
DFT calculations using the GGA exchange-correlation
functional.'> Thus, the published experimentally determined
lattice parameter a=10.3665 A at T=2 K (Ref. 10) was
used in all calculations, thereby arbitrarily setting the lattice
strain to zero in all potential low-temperature (LT) phases. It
is well known that the energy barrier for a displacive distor-
tion in perovskites such as KNbO; and KTaOj is rather sen-
sitive to volume.'® In the present case, however, the experi-
mentally detectable changes in volume and unit-cell shape at
the ferroelectric phase transition are negligible. Keeping the
experimental volume fixed is thus justified. A structure opti-
mization for cubic CNO using the above lattice parameter
led to an internal parameter xg,=0.3193. The resulting
Nb-02 bond length of 1.968 A is in perfect agreement with
the neutron-diffraction data of the cubic phase.'”

In order to calculate the phonon-dispersion relation of
CNO, the PHONON software was used.!” This program em-
ploys the direct method to calculate the vibrational properties
of crystals. It is based on the interatomic forces that are
calculated for a set of structures. In each structure one atom
is displaced in a certain direction and the corresponding
force constants are derived from the resulting WIEN2K
forces.!®

The phonon-dispersion curves were calculated for the op-
timized cubic phase of CNO. The chosen supercell, i.e., the
conventional unit cell of cubic CNO containing 88 atoms,
was demonstrated to be of sufficient size since the calculated
force constants for interatomic distances close to the length
of the supercell had values close to zero. The phonon fre-
quencies were calculated at five high-symmetry points of the
first Brillouin zone and for 20 wave vectors in between each
pair of adjacent high-symmetry points. A similar approach
has already been applied to several other pyrochlore
compounds.!®? The electric-field gradients (EFGs) have
been obtained from the self-consistent charge density with-
out further approximations as described in Ref. 21.
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FIG. 1. Calculated phonon-dispersion curve for cubic CNO. The
scale of the x axis corresponds to the modulus of the wave vector,
starting from the K point.

III. RESULTS AND DISCUSSION
A. Cd,Nb,0;

Structural instabilities throughout most of the Brillouin
zone are evident in the phonon-dispersion curve (Fig. 1). The
W point is the only point of high symmetry where all modes
are stable, whereas there is more than one unstable mode
each at the I and the X points.

In SG Fd3m there are eight infrared (IR)-active modes
(T, symmetry) and four Raman-active modes (four 75,, one
Al and one Eg). Concerning the six stable IR modes, good
agreement between the calculated frequency values at the I’
point and the measured frequencies in Ref. 4 is observed
(Table I). The high-frequency modes agree within a few per-
cent, but the low-frequency modes are difficult to compare
because they may be dominated by dynamical instabilities
and anharmonic effects.

Concerning the Raman-active modes, the available ex-
perimental data?>?? do not permit an unambiguous assign-
ment to measured frequencies. This is caused by the presence
of modes other than the six expected ones, indicating that
some forbidden modes have to be active in CNO. In particu-
lar the strong bands at 588 and 637 cm™! match the frequen-
cies predicted for the T,, and the T, modes, respectively
(Table I), both of which are not nominally Raman active. The
T,, mode at 422 cm™! has low intensity in both the
high-pressure?® and the ambient-pressure spectra.””> The ab-
sence of the T,, mode predicted at 883 cm™! from the high-
pressure data of Ref. 23 may be due to similar low intensity
as well as the nonambient measurement conditions.

The most pronounced instabilities, represented by the
most negative frequency values in Fig. 1, are a T, mode at
the I" point and a doubly degenerate mode at the X point.
Two structures incorporating the atomic displacements cor-
responding to each of these two modes were generated. A
distortion according to the 7', mode led to a phase with P1
symmetry in a 22-atom cell (no cell multiplication). A dis-
tortion according to the mode at the X point led to a phase
with P2,2,2, SG symmetry in a 44-atom cell (cell doubling).
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TABLE I. Measured and calculated frequencies (in cm™') of
stable modes at the I" point. IR-active modes have been measured at
T=540 K (Ref. 4). Raman mode frequencies have been measured
at T=290 K (Ref. 22) and include several forbidden modes.

Expt. Calc. Irrep
IR-active modes
39 71 T,
87 116 T,
121 190 T,
350 360 T,
391 407 T,
535 523 T,
Raman-active modes
94 (69) E,?
158 (133) E,*
279 265 Ty,
313 302 E,
339 332 Ty,
377 (387) Ay ?
422 441 Ty,
509 482 Ajg
588 (579) 1, *
637 (617) Ty, *
883 Ty,

4Forbidden modes.

Both structures were optimized using the minimization pro-
cedure of the WIEN2K package. A symmetry search was car-
ried out in both optimized structures using KPLOT.>* With
increasing tolerance, the P1 structure was found to be com-
patible with space groups Cc (No. 9) and Ima2 (No. 46).
Both SG symmetries permit the observed ferroelectricity. Re-
lating these results to the experimental observations in Ref.
5, the transition to the orthorhombic /ma?2 phase corresponds
to the ferroelectric transition at 75, while the transition to the
monoclinic Cc phase corresponds to the secondary transition
at Ts.

Concerning the P2,2,2; phase, which is energetically less
favorable, the compatible space groups are neither ferroelec-
tric nor have they been observed experimentally. It can thus
be concluded that, taking into account the limitations of the
approach (assumption of a purely displacive transition and
neglect of lattice strain), the ab initio calculations predict an
unstable 7', mode as the primary mode that drives the struc-
tural phase transitions. The other structural instabilities indi-
cated by the phonon-dispersion relation (Fig. 1) might play a
role as secondary modes and could be of particular impor-
tance for the transition at 7.

The space groups Ima2 and Cc are isotropy subgroups of

Fd3m. Thus in principle an order parameter transforming
according to an irreducible representation (Irrep) of Fd3m

could explain the symmetry break Fd3m— Ima2 or Fd3m
— Cc in the context of a single continuous phase transition.
Both the T}, and the T,, modes can produce the respective
distorted phases, but only the T, mode is IR active.* The
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FIG. 2. Lattice of maximal subgroups (Ref. 25) for the SG pair

Fd3m/Cc in the absence of cell multiplication.

presence of several intermediate phases between Fd3m and
Cc is indicative of competing order parameters. Figure 2

shows the chains of maximal subgroups between Fd3m and
Cc. Candidate SG symmetries for the intermediate phase at
T, would thus be I4,/amd or Imma, associated with the
(Raman-active) modes E, and T, respectively. Both sym-
metries do not permit ferroelectricity, however, and would
thus contradict the observed polarization below T7.

The resulting two types of structures with symmetries
Ima2 and Cc were again optimized. The Cc structure was
transformed to an /1al setting in order to avoid a monoclinic
angle of B=135°. As the lattice strain was neglected, this
transformation results in an orthogonal cell, simplifying the
comparison with the cubic and the orthorhombic structures.
The origin of both LT phases was shifted along the polar
directions in a way that the sum over all displacements in the
respective direction becomes zero. The atomic positions of
both phases are given in Table II and the /1al structure is
shown in Fig. 3.

The differences in total energy between the two calculated
LT phases and the cubic phase are given in Table III. It is
apparent that the main change in total energy occurs at the
transition from the cubic phase to the orthorhombic phase,
the Ima?2 phase being energetically favored by 1.004 kJ/mol.
In comparison, the further change in total energy at the tran-
sition to the monoclinic phase is rather small, amounting to
0.091 kJ/mol. According to the experimentally determined
excess entropies for the phase transitions at T, and T, the
expected values would be 0.4 and 0.01 kJ/mol, respectively.
The discrepancies might be related to the chosen base lines
in the determination of the transition entropies, or they might
indicate possible order-disorder contributions to the phase
transitions in CNO.

Calculated EFG parameters at the various atomic sites are
given in Table IV. Perturbed angular correlation measure-
ments of CNO (Ref. 26) confirm two Cd sites at low tem-
peratures. Based on the measured quadrupole coupling fre-
quencies in Ref. 26 and a nuclear quadrupole moment of
7.8 107% m? for '''Cd,”’ the respective moduli of V_, are
17.08 X 10%! and 16.54 X 10*' V m™2 for the distorted phase
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TABLE II. Structural parameters of calculated LT phases with /ma2 and I1al symmetries. Both structures are set in identical 44-atom
cells, i.e., Z=4. The lattice parameters (in A) of both phases are a=7.3295, b=10.3655, and c=a with orthogonal axes. The corresponding

pseudocubic cell has a.,=b. WP=Wyckoff position.

Ima?2 phase I1al phase
Atom WP X y Z Atom WP X y z
Cdl 4a 0 0 0.5078 Cdl 4a —-0.0002 0.0004 0.5071
Cd2 4b 0.25 0.2535 0.2525 Cd2 4a 0.2482 0.2537 0.2521
Nbl 4a 0 0 0.0076 Nbl 4a —-0.0031 0.0004 0.0080
Nb2 4b 0.25 0.7453 0.2633 Nb2 4a 0.2489 0.7449 0.2625
01 4b 0.25 0.3746 -0.0015 Ol 4a 0.2504 0.3747 -0.0019
02 4b 0.25 0.8207 0.4992 02 4a 0.2511 0.8208 0.4988
03 4b 0.25 0.0688 —-0.0072 03 4a 0.2500 0.0686 —-0.0063
04 8c 0.9467 0.1241 0.8002 04 4a 0.9476 0.1245 0.8007
05 8¢ 0.9419 0.3736 0.6890 05 4a 0.0596 0.6263 0.6885
06 4a 0.9437 0.3733 0.6902
o7 4a 0.0537 0.8761 0.8003

and 16.37 X 10> V m™2 for the cubic phase of CNO. The
observed asymmetry parameter is zero. Considering the un-
certainty of the quadrupole moment and the neglected finite
temperature effects, the calculated |V,.| in Table IV agree
reasonably well with these experimental results.

Compared to the cubic phase, both [NbOg] octahedra of
the LT phases show a considerable degree of distortion (Fig.
4). The changes in Nb-O bond lengths are caused mainly by
a displacement of the central cations toward octahedron
edges ([Nb1Og]) or faces ([Nb20g]). The displacements
with respect to the cubic phase amount to 0.056 A for Nbl
and 0.109 A for Nb2. However, the oxygen framework sur-
rounding the niobium atoms is also affected: The displace-
ments of the oxygen atoms range from 0.015 A for O2 to
0.053 A for 03, and in some cases, a considerable deviation
of the O-O distances from the cubic values is observed.

Considering the [CdOg] polyhedra in the Ima2 phase, it is
notable that the Cd-O1 distances remain practically identical
to the cubic value of 2.244 A, in spite of the fact that both
Cd atoms are displaced considerably: The Cdl atom is
shifted by 0.057 A and the Cd2 atom by 0.040 A with re-
spect to the cubic phase. The distances between Cd and the
oxygen atoms that are coordinated to Nb in the first coordi-
nation sphere deviate quite strongly from the cubic value of
2.620 A, ranging from 2.530 to 2.713 A. The distortion of
the Nb sublattice is small in comparison to that in
Y,Nb,0,," with only minor deviations of the Nb-Nb dis-
tances from the cubic value. In comparison to the displace-
ments described above, the additional displacements associ-
ated with the transition to the monoclinic phase are small,
and the coordination polyhedra remain very similar to those
of the orthorhombic phase.

In the Ima2 phase, all cations are displaced from their
cubic position along the same direction parallel to [001],
whereas all anions are displaced along the opposite direction:
The resulting dipole moment of each unit cell is consistent
with the macroscopic ferroelectricity. As [001] of the ortho-
rhombic phase corresponds to [110] of the cubic phase, this
orientation of the polarization would lead to a formation of

ferroelectric domains along [110].,,, which are indeed ob-
served experimentally.® In the monoclinic phase, there is an
additional component of displacement along [100]. Again,
cations and (most) anions are shifted in opposite directions
along this axis. Thus, the polarization vector has the direc-
tion [#01], corresponding to [7kO].,.

The displacements and the resulting direction of polariza-
tion can be seen in a different way that emphasizes the chain
components of the pyrochlore structure: The Ima2 phase ex-
hibits ordered chains of corner sharing octahedra, in the
sense that short (1.898 A) and long (2.052 A) Nb-O bonds
alternate parallel to [001] [Fig. 3(a)]. A similar alternation of
long and short Nb-O bonds is found parallel to (111). In
these directions Nbl and Nb2 alternate as well; thus two
different short bonds (1.931 and 1.915 A) and two different
long bonds (2.029 and 2.011 A) occur. No such alternation
is found parallel to [100] with the Nb1-O3 bond (1.969 A)
connecting the octahedra in chain direction. However, this
remaining symmetry is lifted in the Cc phase, where the
alternation of long and short bonds is also attained along
[100]. The associated distortion is small though and the long
and short bond distances in this direction do not differ much
[1.988 and 1.949 A; Fig. 3(b)].

Bond valence calculations were carried out for the cubic
phase and both calculated LT phases using the program
SOFTBV, employing “bond softness” parameters.?® The main
results are included in Table III. The calculations reveal a
drastic underbonding of Cd and O1 and a less significant
overbonding of Nb in cubic CNO. In the LT phases, the
situation improves slightly, but there are no drastic changes
in the calculated bond valence sums. The empirical bond
strain as measured by the global instability index G;; is at the
upper limit (0.2) of what is considered tolerable for a stable
structure.?%30 This critical value slightly relaxes on distortion
to the orthorhombic and monoclinic structures (Table III).
The decrease in the global instability index in the LT phases
correlates with the decrease in the total energy obtained in
the ab initio calculations.

An overview of the density of states (DOS) of cubic CNO
close to the Fermi energy E is shown in Fig. 5. The obtained
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FIG. 3. (Color online) The /1al structure projected along [100]
(a) and along [001] (b) and in tilted view (c). The O2 atoms are
located at the corners of the octahedra.
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TABLE III. Some calculated quantities for optimized LT phases
and cubic pyrochlore structure of CNO. AE corresponds to the dif-
ference in total energy with respect to the cubic phase. For Cd, Nb,
and O2, the bond valence sums V; [given in valence units (v.u.)] of
the LT phases are averaged over the respective nonequivalent at-
oms. The global instability index G;; is calculated according to
G2=N""3N (V;=V?)?, where V' is the formal valence sum.

Fd3m Ima2 Ilal
Assumed range of stability 7>T7, T,>T>T; T3>T
AE (Ry/primitive cell) -1.5290X 1073 —1.667 X 1073
AE (kJ/mol) -1.004 -1.094
Vi(Cd) (v.u.) 1.667 1.678 1.679
Vi(Nb) (v.u.) 5.120 5.114 5.112
Vi(O1) (v.u.) 1.569 1.568 1.567
Vi(02) (v.u.) 2.000 2.003 2.002
Gj; 0.1992 0.1954 0.1951

DOS in the cubic phase is in good qualitative agreement with
previous calculations for cubic CNO.3! The DOS clearly re-
produces the insulating character of CNO. The energy ranges
of interest for the chemical bonding were inspected in detail,
using partial DOS plots and energy-resolved electron-density
maps (Fig. 6). With increasing energy, the following peak
manifolds can be distinguished, as labeled in Fig. 5: (A)
02 2s states interact with Nb 4d states, indicated by a slight
increase in the Nb partial DOS as well as a nonzero electron
density along the Nb-O2 bond. A narrow Ol contribution
appears at the upper edge of the manifold. (B) Cd 4d states
mainly contribute to the peak at —6 eV. The electron-density
map in this energy range reveals a considerable electron den-
sity between Cd and Ol1, indicating some covalent contribu-
tion to the bond. The interaction of Cd with the more distant
02 atoms is much weaker. (C) The energy range near -4 eV
corresponds to the Nb-O bonding. Both O2 2p states and
Nb 4d states contribute considerably to the bonding. An
electron-density map of this energy region reveals a strong
anisotropy of the Nb-O2 bonds. The bonding situation is
similar to other Nb oxide ferroelectrics, e.g., LiNbO;,3?
which show a high polarizability of the Nb-O bonds. (D) The
peaks directly below E comprise those oxygen 2p states that
do not take part in the bonding. Almost all O1 p character is
localized in this narrow DOS structure. In the unoccupied
region, nonbonding d states of Nb (E) and Nb-O antibonding
states (G) as well as a Cd-O antibonding peak state (F), can
be identified.

The DOS plots of the LT phases do not exhibit any re-
markable differences in comparison with cubic CNO. How-
ever, the fact that the peaks are broader is clearly related to
the less regular coordination environment of the atoms. As
the main geometrical changes occur within the [NbOg] octa-
hedra, only the electron-density maps of the energy range of
Nb-O bonding differ considerably from those of the cubic
case: The electron density increases along those bonds that
are shortened with respect to cubic CNO, whereas it de-
creases for those bonds that are elongated. In the latter case,
enhanced electron density appears at the e, orbital lobes
closer to Nb (Fig. 6). As the minimal electron density along
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TABLE IV. Calculated electric-field gradients of CNO and CTO. Principal components V_, are given in

10" Vm™
Fd3m Ima2 Ilal
Atom V. i Atom i Atom V., i
Cd —-14.16 0.0 Cdl1 —-13.81 0.0 Cdl -13.85 0.01
Cd2 -14.22 0.0 Cd2 -14.18 0.01
Nb 4.34 0.0 Nbl 3.62 0.29 Nbl 3.73 0.35
Nb2 6.05 0.01 Nb2 6.08 0.05
Ol 0.0 0.0 (0] 0.22 0.12 (0] 0.22 0.41
02 -1.02 0.72 02 -1.71 0.78 02 -1.63 0.83
CTO 03 0.86 0.87 03 0.92 0.96
Cd -14.28 0.0 04 -1.11 0.55 04 -0.97 0.53
Ta 10.35 0.0 05 1.38 0.80 05 1.38 0.95
Ol 0.0 0.0 06 1.38 0.95
02 0.83 0.37 o7 -1.26 0.60

the length of the bond is significantly larger for the Nb-O2
bonds than for the Cd-O1 bonds, it can be concluded that the
Nb-O bonding has a larger covalent contribution than the
Cd-O bonding.

Due to the fact that these are the most notable changes in
valence electron distribution in the LT phases, it can be con-
cluded that the interaction between Nb 4d states and O2 p
states is of crucial importance for the structural distortion
associated with the phase transition: It is the environment of
Nb that becomes energetically unstable on cooling, leading
to a distortion of the [NbOg] octahedron, thereby triggering
the structural phase transition.

B. Cd2T3207

The P1 structure of CNO generated above was modified
by replacing Nb with Ta. A subsequent geometry optimiza-
tion returned to the cubic pyrochlore structure within a close
tolerance. Thus the ab initio calculations indicate that
Cd,Ta,0; (CTO) does not form the same low-temperature

FIG. 4. (Color online) Graphical representation of nonequiva-
lent NbOg octahedra of the Ima2 phase, including Nb-O bond
lengths. The Nb1Og octahedra are connected via the O3 atoms and
form chains parallel to [100]; the Nb20Og octahedra are connected
via the O2 atoms and form chains parallel to [001]. The atoms O4
and OS5 connect octahedra of different types.

structure as CNO, but we have not searched systematically
for other instabilities. The Ta-O2 bond length of optimized
CTO amounts to 1.969 A and is practically identical to the
corresponding distance of the niobate. Bond valence calcu-
lations for cubic CTO show deviations from the nominal
valences that are very close to those calculated for cubic
CNO. In contrast to CNO, the resulting bond strain remains
unrelaxed in CTO. As in experiment?® there is little variation
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I
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FIG. 5. Electronic density of states of cubic CNO (dashed line)
close to the Fermi energy (Ep=0 eV). The solid lines show the
contributions of Cd, Nb, and O in the top, middle, and bottom
diagrams, respectively.
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FIG. 6. (Color online) Electron-density maps for the energy region of Nb-O d-p bonding (-5.55 eV <E<-2.83 eV) in the Fd3m phase
(a) and in the Ima?2 phase (b). Isolines are in equal steps of =0.05¢ A3,

in the Cd-EFG parameters between CNO and CTO (Table
V).

The calculated density of states of cubic CTO is quite
similar to the one shown in Fig. 5, but it exhibits an addi-
tional peak at —18 eV, corresponding to the occupied Ta 4f
states. Energy-resolved electron-density maps reveal an in-
creased interaction of the O 2s states with the Ta 5d and
4f-states as compared to the O2 s-Nb d interaction in CNO.
The interaction of Ta states with the O2 2p states is slightly
diminished with respect to CNO, and the electron-density
map shows that the d-p bonds are somewhat more diffuse
and less directional, which can be related to the relativistic
expansion of the 5d orbitals.?® It can be assumed that these
differences in electronic structure are directly connected to
the increased stability of CTO: Due to the lesser degree of
covalence of the Ta-O bonds, distortion of the [TaOg4] octa-
hedron does not yield an energetic benefit as in CNO; thus
the phase transition does not occur. It is a typical feature of
many isostructural niobate-tantalate pairs that the niobate
compound undergoes structural phase transitions on cooling,
whereas the tantalate compound does not. A well-known ex-
ample is the pair KNbO;/KTaO;: While potassium niobate
exhibits numerous phase transitions and ferroelectric behav-
ior on cooling, potassium tantalate remains cubic down to
low temperatures, although a soft phonon mode and incipient
ferroelectricity indicate the presence of a structural
instability.

IV. CONCLUSIONS

The pyrochlore structured compounds CNO and CTO rep-
resent a typical example of the dichotomy between ferroelec-
tric niobates on one hand and incipient ferroelectric tanta-
lates on the other. However, it is well known that the
ferroelectric transitions in KNbOj; involve a significant de-
gree of order-disorder character.>* The evident local symme-
try breaking, indicated by the observed diffuse scattering,
suggests that a similar order-disorder component might also
be involved in CNO. The present calculations show that a
purely displacive ground state of CNO is characterized by a
three-dimensional network of alternating short and long
Nb-O bonds. However, in the presence of multiple-well or-
dering, geometrical frustration on the pyrochlore lattice
might inhibit the formation of the fully ordered ferroelectric
ground-state structure of CNO. Further studies are currently
under way to elucidate these aspects.
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