The ferroelectric phase of CdTiO3. A powder neutron diffraction study.
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Abstract

The synthesis of bulk samples of polycrystalline CdTiO3; in both the
rhombohedral ilmenite and orthorhombic perovskite forms is described and the
structures of these have been refined using powder neutron diffraction data. This
involved the preparation of samples enriched in Cd-114. Cooling perovskite-type
CdTiO3 to 4 K induces a ferroelectric phase transition, with the neutron data
suggesting the low temperature structure is in Pna2;. Mode analysis shows the polar
mode to be dominant at low temperatures. The ilmenite-structure of CdTiOs; is
compared with that of ZnTiOs;. The refined scattering length of the Cd-114 is
estimated to be 5.56 fm.
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Introduction

Cadmium titanate (CdTiOz3) is somewhat of an enigma in solid state chemistry,
and is relatively poorly studied, partially due to the toxicity of cadmium and partially
due to difficulties in obtaining pure CdTiOs since it has only a moderate stability with
respect to the oxides [1]. CdTiOgz like CdSnO; [2] can be synthesised with either an
ilmenite or perovskite type structure. Recently Wang and co-workers reported the
preparation of a hexagonal phase using sol- gel methods, although the precise
structure of this is unknown [3]. The ilmenite-like phase of CdTiOs is unstable at
high temperatures and, as was first experimentally demonstrated by Posnjak and Barth
[4], undergoes an irreversible reconstructive phase transition to the perovskite phase
near 900 °C [5]. The perovskite phase decomposes, through the loss of Cd, if heated
to ~1000 °C. In recent years, there has been growing interest developing thin films of

cadmium oxides for a variety of uses including as a photocatalyst [6].

There has been some uncertainty regarding the precise structure of the
perovskite phase of CdTiOs. This is a consequence of the combination of its
ferroelectric properties [7] and the subtleties in the various octahedral tilting schemes
observed for perovskites [8]. Kay and Miles [9] proposed a ferroelectric structure for
CdTiOg3 at room temperature in space group Pc2;n (an alternate setting of space group
33, Pna2;), whereas Sasaki et al [10] concluded it was non-polar in Pbnm (SG 62),
and hence isostructural with CaTiO3 [11]. Subsequently it was demonstrated that
CdTiOz undergoes a displacive ferroelectric phase transition at about 80 K [7], with
X-ray studies suggesting the low temperature ferroelectric phase is in Pna2; [7] or
P2.ma [12] [13] while the room temperature paraelectric phase is in Pbnm. The
structure of the ferroelectric phase of CdTiOg is of interest since the TiOg octahedron
is well known for its tendency to form polar groups where the Ti position is off
centred with respect to the geometrical centre of the surrounding oxygen atoms. Such
polar structures exist in compounds such as PbTiO3 [14], BaTiO3 [15] and others [16]
[17]. Competition with octahedral rotation [18] in the orthorhombic phase of CaTiO3
appears to suppress the off-centering. Dielectric measurements have suggested that

CaTiOg3 is an incipient ferroelectric similar to SrTiO3 at low temperatures [19].

In the present work we have used high resolution neutron diffraction methods
to refine the structure of the three phases of CdTiOs3, namely the paraelectric ilmenite

and perovskite phases and the ferroelectric perovskite phase. It is expected that



neutron diffraction will provide a more accurate and precise description of these
structures compared with X-ray diffraction methods due to the presence of the heavy
Cd cations. To circumvent the high neutron absorption cross section of naturally
occurring Cd we used samples enriched in **Cd.

Experimental

Synthesis: CdTiO; **CdO (~ 0.7 g) (Isoflex 99.8% isotope purity) was used as
supplied and TiO, (Aldrich 99.9+%) were preheated at 1000 °C for 12 h before use.
The two oxides were mixed by hand and heated at 700 °C for 12 h. After regrinding
the powder sample were pressed into a pellet and heated at 800 °C for 60 h. The
sample was heated at 950 °C for 45 h after first neutron data been collected. Ca doped
samples were prepared under similar conditions using normal CdO (Aldrich 99.99%)
and CaCOj3 (Aldrich 99.995%) as starting materials.

ZnTiO3: ZnO (Aldrich 99.9%) and TiO, (Aldrich 99.9+%) were preheated at
1000 °C for 12 h before use. A stoichiometric mixture of the two oxides was finely
ground together by hand and heated at 700 °C for 12 h. After regrinding the powder
sample were pressed into a pellet and heated at 800 °C for 60 h and then 850 °C for
20 h.

The sample was sealed in a 6 mm diameter vanadium can and neutron powder
diffraction data were obtained using the high resolution powder diffractometer
Echidna at ANSTO’s OPAL facility at Lucas Heights [20]. The wavelength of the
incident neutrons, obtained using a Ge 335 monochromator, was 1.622 A as
determined using data collected for a certified NIST SRM676 Al,O3 standard. This
instrument has a maximum resolution of Ad/d ~ 1 x 10, with data collection taking
around 8 hours. An additional pattern was recorded for CdTiOs at 4K using 2.442 A
neutrons. For the low temperature measurements the sample was contained in the
same cylindrical vanadium can which was mounted in a closed cycle helium

refrigerator.

Powder X-ray diffraction data were collected over the range15° < 26 <90° on
a PANalytical X'Pert PRO X-ray diffractometer using Cu Ko radiation and a PIXcel
solid-state detector. Data were recorded for the three samples Cag 25Cdo.75 TiOs3,
CapsCdosTiO3 and Cag 75Cdo 25 TiOz at temperatures of up to 900 °C using an XRK

900 Reactor Chamber, operating under a vacuum of 10 torr. The sample was



allowed to equilibrate for five minutes after reaching each measurement temperature.

Each pattern took around 15 minutes to collect.

The structures were refined using the Rietveld method implemented in the
program GSAS [21, 22]. The neutron peak shape was modelled by a pseudo Voigt
function and the background was estimated using an eight-term shifted Chebyschev
function. Anisotropic displacement parameters were refined where possible. The

neutron scattering length of ***Cd was refined during the Rietveld analysis.
Results and Discussion
1. Synthesis

The synthesis of phase pure CdTiOj3 is complicated by the first order nature of
the ilmenite to perovskite phase transformation and by the decomposition of CdTiO3
at high temperatures. The latter occurs via the formation of volatile cadmium oxides
and given the toxicity of Cd presents a potential health hazard. In the present work we
established it was possible to prepare gram quantities of phase pure CdTiOs in both
structural forms using conventional solid state methods, provided the temperature was
carefully controlled. Pure ilmenite-type CdTiO3; was formed by the direct reaction of
TiO, and CdO at a maximum temperature of 850 °C. This could be converted to the
perovskite phase by heating at 950 °C for 45 hours. Careful control of the heating
regime allowed high quality samples of CdTiOs in both structural types to be prepared
at atmospheric pressure. Liebermann [23] has demonstrated that the ilmenite phase
can be stabilised through the use of pressure. Alternatively it has been demonstrated
that the target phases can be prepared using sol-gel methods [24, 25], however we

preferred direct reaction of the oxides due to the cost of the Cd-114.

Likewise care is required during the synthesis of ZnTiOs. Although ZnTiO3 is
readily formed from a stoichiometric mixture of ZnO and TiO, heating it 1000 °C or
higher for extended periods of time results in decomposition to a mixture of Zn,TiO,4
and TiO, [26, 27].

Solid solutions of the type Cd;«CaxTiO3 could be prepared albeit at relatively
high temperatures resulting in the formation of perovskite-type oxides and we did not
find any evidence to suggest appreciable amounts of Ca could be incorporated into the
ilmenite type CdTiOj3 structure. It can be imagined that doping CdTiO3 would have a
significant impact on the stability of the ferroelectric phase. However, we could not



prepare solid solutions of the type Cd;xSrcTiO3 using conventional methods. This is
somewhat remarkable given the relative ease with which oxides of the type Ca;-

xS T103 can be prepared [28] and suggests the A-O bonding is playing a significant,
but poorly understood role in stabilising the oxides. There is ample evidence that
altering the A-cation significantly alters the hybridisation between the B-site metal tyg

d states and the O = p orbitals.

It was possible to prepare solid solutions of the type Cd;.xZn,TiO3 with an
ilmenite type structure. Single phase samples were obtained for small x < 0.2 or large
x > 0.8 values of x. For other Zn:Cd ratios phase separation occurred and two

separate rhombohedral phase of ZnTiO3 and CdTiO3 were present.
2. Rhombohedral Structure

The powder neutron diffraction data for the ilmenite phase of CdTiO3 at room
temperature are shown in Figure 1. All the observed peaks could be accounted for by

a model in space group R3 (Space Group 148) where the primitive unit cell contains
two formula units of CdTiOs. Compared to the profile of, isostructural, ZnTiO3
recorded under identical conditions the pattern for CdTiO3; shows a somewhat higher
and more structured background. This is believed to be a consequence of both the
relatively small amount of sample available for the work and incoherent scattering
from the Cd. Although the scattering length of *“Cd has been tabulated as 7.5 fm
[29], the use of this resulted in higher than anticipated displacement parameters for
the Cd cation and negative values for the Ti cation. Treating the scattering length of
Cd as a variable in the refinement resulted in an improved fit ¥* = 1.44 vs 1.73 and
more reasonable displacement parameters, see Table 1. A similar situation occurred
for the perovskite phase of CdTiO3; where the refined scattering length for the Cd was
found to be 5.63(7) fm compared to the value of 5.48(8) fm for the ilmenite phase.
This value presumably reflects the precise isotopic composition of the sample used in
this work. We have observed similar discrepancies between the estimated and
tabulated scattering lengths in resent studies using **°Gd [30, 31], ***Sm [32] and **Tc
[33-35]. There is evidently a need to carefully consider the choice of scattering

lengths when using enriched samples.

The refined structure of CdTiOs3 is unexceptional and is compared to that of
ZnTiOgs in Table 1. The ilmenite structure can be described as a hexagonal close-



packed array of oxygen ions with metal ions occupying two-thirds of the octahedral
holes. The different metal ions are in alternating layers such that each octahedron
containing a cadmium (or Zn) ion shares a face with a titanium octahedron above or
below it (but not both) and also shares edges with three other cadmium octahedra in
the same layer. The titanium octahedra have similar linkages. The octahedral holes of
the oxygen array are linked by face-sharing into chains that are filled in the sequence
vacancy — Cd — Ti — vacancy — Ti — Cd — vacancy, etc. Replacement of Cd (ionic
radius 0.95 A [36]) by the smaller Zn cation (0.740 A) results in a contraction of the
cell and in the various metal-metal separations, see Table 3. The M-Ti distance across
the face sharing octahedra is slightly longer the edge sharing, M-M or Ti-Ti distances
in both CdTiO3 and ZnTiO3. While the average Cd-O distance is noticeably larger
than the average Zn-O distance, the average Ti-O distances in the two structures are
essentially the same. The Bond Valence Sums for the Ti cations in both structures are
consistent with their nominal valences, whereas both the Cd and Zn are noticeably
underbonded, each having a BVS of 1.71.

Figure 1(a) . Observed calculated and difference neutron diffraction profiles for

ilmenite-type CdTiOj3 refined in space group R3. (b) The structure of CdTiO3 is
illustrated with the TiOgand CdOg represented by the blue and grey octahedron
respectively.

3. Orthorhombic Structure

The neutron pattern for the perovskite structure of CdTiOs, recorded at room
temperature (Figure 2), was well fitted in space group Pbnm with a = 5.3069(1) b =
5.4224(1) and ¢ = 7.6200(2) A in excellent agreement with the lattice parameters

reported by Sasaki et al [10]. This corresponds to a \/Eap X \/§ap x 2a, supercell of the

basic cubic perovskite subcell where a,, is the idealised perovskite lattice parameter ~
3.8Aasa consequence of the cooperative tilting of the corner sharing TiOg octahedra.

The unit cell contains four formula units of CdTiO3. Space group Pbnm is derived

from the ideal cubic Pm3m structure by a combination of in-phase octahedral tilting
about <001>, and out-of-phase octahedral tilting about <110>,. The in-phase tilting is
a consequence of the condensation of the M3 soft mode while the out-of-phase tilts are

due to condensation of the R,s soft mode [37]. The larger Cd?* cations occupy the



cuboctahedral sites, although as a consequence of the tilting of the TiOg octahedra the
Cd?* cations are effectively eight coordinate with the other 4 Cd-O contacts being
greater than 3.1A. The BVS for the Ti cation is 3.97 whilst that for the Cd cation
suggests this is equally under bonded in both the perovskite and ilmenite structures,
being 1.66. The refined structural parameters for the perovskite-type CdTiOj3 structure

and associated interatomic distances are collected in Tables 4 and 5.

Figure 2. Observed calculated and difference neutron diffraction profiles for
perovskite-type CdTiOj3 refined in (a) space group Pbnm at 295 K and (b) Pn2;a at 4
K. The structure at 295 K is shown in (c) and that at 4 K in (d). In both cases the TiOg
are represented by the blue octahedron.

Variable temperature XRD studies of selected members in the Cd;xCaxTiO3
series did not reveal any phase transitions associated with removal of the tilting of the
octahedra below 900 °C. This is not surprising, since the tolerance factor for CdTiO3
is slightly less than that for CaTiOs resulting in larger tilts at room temperature in
CdTiOgz and it is reasonable to expect that these will only be lost at higher
temperatures than that seen for CaTiO3 [11]. The temperature dependence of the
lattice parameters for CdTiOs, Figure 3, is reminiscent of those for CaMnO; [38],
which also remains orthorhombic in space group Pbnm over this temperature range, in
that it approaches a metrically tetragonal cell whilst remaining orthorhombic. Similar
effects have been observed in numerous other perovskites including SrRuQO; [39, 40]
and SrZrOg [41], although both those ultimately transform to a cubic structure at
elevated temperatures. Higher temperatures were not investigated here due to the

potential loss of Cd.

Figure 3. Temperature dependence of the lattice parameters normalized to the
perovskite subcell and unit cell volume for CdTiO3 estimated from X-ray diffraction

data. The error bars are smaller than symbols.

Cooling the sample to 4 K did not result in the appearance of any additional
reflections in the neutron diffraction pattern, nor was any additional splitting of the

strongest Bragg reflections evident, even when using longer wavelength neutrons, see



Figure 2. The cell was clearly still orthorhombic and a satisfactory fit to the two
neutron patterns (recorded with A = 1.622 and 2.442 A) was obtained in Pbnm with
= 1.59. The displacement parameters for each of the ions were unexceptional
(provided an appropriate scattering length for the ***Cd cations was employed). Space
group Pbnm is, however, incompatible with the observed ferroelectric behaviour of
CdTiOg at this temperature [7].

There are three possible space groups for the low temperature ferroelectric
phase of CdTiO3, and Rietveld refinements were conducted for all three. For both
P2;ma and Pnm2; the resulting ¥ was higher than that obtained in Pbnm, 1.73 and
1.71 respectively, which together with the presence of one, or more, negative
displacement parameters suggest neither of these is the correct structure. The fit in
Pn2;a provides the best agreement with the experimental data x> = 1.56 and the full
refinement details, complete with isotropic displacement parameters are listed in
Table 4. The BVS are 4.01 and 1.70 for Ti and Cd respectively. This conclusion is in
agreement with the first-principles calculations of Lebedev [42] who concluded that
the ground state of CdTiOsthe the ferroelectrically distorted Pn2;a phase.

The situation for CdTiOs is similar to, but not identical with, that of NaNbOs.
Rietveld refinements of neutron diffraction data for NaNbOj3 [43] suggested the
ferroelectric phase was in P2;ma (3 - 4.8) with the Pn2;a model having a higher x*
value (5.6). Critically in the Pn2;a structure there is a single Na site whereas in P2;ma
there are two distinct Na sites as was observed in NMR measurements[43].
Unfortunately we are unable to measure NMR spectra of CdTiO3 below the transition
temperature, although such measurements are clearly warranted. It may be significant
that the polar structure in CdTiO3 results from a second order Pbnm - Pn2;a
transition whereas in NaNbO3 the polar P2;ma structure appears via a Pbcm
intermediate. We are unaware of any evidence for a Pbcm phase in CdTiO3z. Whilst
the subtle effects that differentiate the stability of these two polar structures are
unknown, local bonding effects of the cations are presumably important. Raman
studies have demonstrated that the substantially pure displacive second order
transition in perovskite CdTiOs is driven by the softening of a soft mode [44].
Anomalies in the Raman spectra of the ferroelectric phase of CdTiO3 suggest there
may be local symmetry breakdown [44] as seen in other ABO3 perovskites [45, 46].

The local symmetry breakdown is believed to be induced by A-O bond disorder, and



such small changes in the local symmetry may be sufficient to stabilise the Pn2;a

structure with-respect to P2;ma.

The distortion of the low-temperature ferroelectric Pn2;a phase with respect to
the parent Pbnm modification was explored in terms of symmetry-adapted modes
using the AMPLIMODES code.[47] After shifting the unit cell origin along the polar
b-axis by 0.00021 in order to eliminate global translation of the ferroelectric phase,
the Pn2;a distortion was decomposed into two modes corresponding to the irreducible
representations (irreps) GM1+ and GM4-. The amplitudes of the 7-dimensional non-
polar GM1+ (isotropy subgroup Pbnm) and 8-dimensional polar GM4- (isotropy
subgroup Pn2;a) were found to be 0.0377 A and 0.1889 A, respectively, indicating
that the latter is the primary distortion mode (Fig. 4).

Based on the individual atomic displacement and ionic formal charges we also
estimated the spontaneous polarization Ps using Eq 1:

D.(m;-Ay;-Z;)e

P =
\%

(1),

where m; is the crystallographic site multiplicity, Ay; is the displacement along
the polar axis from the corresponding position in the paraelectric phase along the
polar axis, Zie is the ionic charge, and V is the unit cell volume. The calculated value
0.078 C/m? lies between that predicted by ab initio calculations (0.21 C/m?)[42] and
observed experimentally (0.009 C/m?).[48]

Figure 4. Non-polar GM1+ (left) and polar GM4- (right) irrep distortions of
the Pn2;a phase. Arrow lengths are proportional to the mode amplitudes.

Conclusion

The structures of three phases of CdTiO3 prepared using Cd-114 have been
refined using powder neutron diffraction data. At room temperature CdTiO3 adopts
either an ilmenite or perovskite type structure depending on the preparative
conditions. In both structures the Cd is slightly underbonded with an effective bond

10



valence of around 1.7. The perovskite-form undergoes a transition to a ferroelectric
structure upon cooling and the neutron data suggests this is to a second orthorhombic
structure in space group Pna2; rather than the P2;ma structure observed in NaNbOs.
It was necessary to refine the neutron scattering length of the Cd-114 and this was
estimated to be 5.56 fm. This work, together with other recent neutron diffraction
studies of some Gd, Sm and Tc oxides, demonstrates the need to carefully evaluate

the choice of scattering lengths when using enriched samples.
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