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Order-disorder transformations in a quaternary pyrochlore oxide system, Ca-Y-Zr-Ta-0, were studied
by powder X-ray diffraction (XRD) method, transmission electron microscope (TEM) and FT-NIR Raman
spectroscopic techniques. The solid solutions in different ratios, 4:1, 2:1,1:1,1:2,1:4, 1:6, of CaTaO3 5 and
YZrO3 5 were prepared by the conventional high temperature ceramic route. The XRD results and
Rietveld analysis revealed that the crystal structure changed from an ordered pyrochlore structure to a
disordered defect fluorite structure as the ratios of the solid solutions of CaTaOss5 and YZrOs s were
changed from 4:1 to 1:4. This structural transformation in the present system is attributed to the
lowering of the average cation radius ratio, ra/rg as a result of progressive and simultaneous substitution
of larger cation Ca®* for Y3" at A sites and smaller cation Ta>* for Zr** at B sites. Raman spectroscopy and
TEM analysis corroborated the XRD results.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Pyrochlore oxides of the general formula, A,B,0; (A and B are
metals) have considerable importance in both basic science [1-5]
and engineering [6-9] and become a point of attraction for
researchers, especially in material science. This is because
pyrochlores lend themselves to a wide variety of substitution at
the A and B sites provided the ionic radius ratio (ra/rg) and charge
neutrality criteria are satisfied. The crystal structure can tolerate
vacancies at A and O sites to an extent allowing cation and anion
migration [10]. These compounds exhibit a wide variety of
physical properties such as semiconducting properties, dielectric
properties, ionic conductivity etc. [10]. Many vacancy containing
pyrochlores possess good oxide ion conductivity and can be
considered as a potential candidate as solid electrolytes for solid
oxide fuel cell (SOFC) applications [11].

Ideal pyrochlore structure can be considered as an ordered
defect fluorite structure with twice the lattice constant. Pyro-
chlore has a general formula A,B,0s0’ where A is a bigger cation
(~1A) and B is a smaller cation (~0.6A). Depending upon the
oxidation state of A and B cation, oxide pyrochlores can be
generally classified as A3*B5*0;7 (3+, 4+) and A3*B370; (2+, 5+)
types. The existence, field of stability, synthesis and physical
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properties of (3+, 4+) and (2+, 5+) pyrochlores have discussed in
detail by Subramanian et al. The A cation is eight coordinated and
located within a distorted cubic polyhedron. The B cation is six
coordinated and located within a distorted octahedron of oxygen.
The O anions are coordinated to two A and two B cations whereas
the O’ anion is tetrahedrally coordinated with only A cations. It
belongs to the space group Fd3m (No. 227) with unit cell
containing eight formula units. With the choice of the origin of
the coordinate system at the B site, the atoms occupying the
following crystallographically nonequivalent positions: A at 16d, B
at 16¢, O at 48f and O’ at 8b sites. A symmetrically equivalent 8a
site is vacant. The 48f oxygen ions are characterized by a
positional parameter, x and it depends on the choice of the origin.
The lattice parameters are of the order of 10A and x parameter is
found to vary from 0.3125 to 0.375 [10].

Ideal fluorite is a simple crystal structure having a general
formula AO,. The A*" cation is eight coordinated with an fcc
arrangement and O~ anion occupying the tetrahedral holes within
the cubic polyhedron. It belongs to the space group Fm3m (No. 225)
and its unit cell contains four formula units. The atoms occupying
the following special positions in the unit cell: A** cation at 4a and
02~ anion at Sc sites. The lattice parameter of the fluorite structure
is ~5A and oxygen ion occupying a definite position with x
parameter 0.375. But defect fluorite structure is anion deficient
with a formula, AO¢ 75 and one of the 8c sites is vacant [10].

The order-disorder transformation in a pyrochlore structure is
of immense interest because this is the only oxide in which
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order-disorder transformations occur in both the anion and
cation arrangements. It has been reported earlier that disorder
can be introduced into the structure by ion-irradiation [12-16],
compositional changes (which lead to lower the difference in the
ratio of the ionic size of the cations at the A sites to that at B sites)
[11,17], pressure [18] and thermal treatment [19]. Disordered
pyrochlore oxides are of great interest in the area of solid oxide
electrolytes because they exhibit high oxide ion conductivity
which makes them suitable for applications in SOFCs [17]. It is
drawn from earlier investigations that one of the key parameters
influencing structural disorder in A;B,0- pyrochlores is the cation
radius ratio, ra/rg. As g approaches r,, disorder in both the cations
and anions sublattices increases ultimately resulting complete
disorder characteristic of the defect fluorite structure as in the
case of Yo(Ti,Zr;_,),07 [20] and Gd(Ti,Zr;_,)>07 when Zr content
is high [21]. These types of disorder may lack stability of the phase
for repeated thermal cycles. Apart from the cation ionic radius
ratio (ra/rg) considerations, the investigations on Y,(Sn,Ti;_x)>07
and Gd,(Sn,Ti;_x)20- solid solutions indicated that the crystal
chemistry of B site cations (e.g. chemical bonding) have an
important effect on the order-disorder transformation and the
degree of disorder in the pyrochlore [22]. Recently, we reported
new pyrochlore type oxides in a Ca-Y-Ti-Nb-O system which
show some useful dielectric properties [23]. In the present
investigation, we could prepare some quaternary pyrochlore type
oxides in Ca-Y-Zr-Ta-0O system in which pyrochlore (order) to
defect fluorite (disorder) phase transformation is observed. This
order-disorder phase transformation is studied by powder X-ray
diffraction, Raman spectroscopy and transmission electron micro-
scopy techniques. Some of these results are presented in this

paper.

2. Experimental

Solid solutions in different stoichiometric compositions:
Cai6Y04Zro4Ta1607 Ca133Yoe7Zr067Ta13307 CaYZrTaO,; Cagery
Y1.33Z11.33Tap.6707, Cap.4Y1.6Zr1.6Ta0.407 and Cag29Y1.71Zr1.71Tag 2907
in a Ca-Y-Zr-Ta-O system were prepared by the conventional
ceramic route using the starting materials, CaCO3, Y»0s3, ZrO,
and Ta;05 (ACROS ORGANICS, 99.99%). For better understanding,
these compounds can be treated as different ratios of Ca-Ta-O
and Y-Zr-0 system that is 4:1, 2:1, 1:1, 1:2, 1:4, 1:6. These are
represented as C4YZT4, C2YZT2, CYZT, CY2Z2T, CY4ZAT and
CY6Z6T, respectively. (These nomenclatures are used in the later
part of the text.) The raw materials were weighed according to the
stoichiometry of the samples and then mixed thoroughly in an
agate mortar. Acetone was added to the powdered mixture for
proper mixing. Then, the mixture was dried in an air oven at
100°C for 1h. This procedure of mixing and subsequent drying
was repeated thrice to get a homogeneous mixture. The powdered
samples were calcined at 1300 °C for 6 h.

The calcined product was ground into a fine powder and then
mixed with 2wt% solution of polyvinyl alcohol (PVA) as the
organic binder for strengthening and good compaction of the
pellet. The dried powder was pressed into cylindrical pellets of
10 mm diameter and about 2-3 mm thickness using a hydraulic
press. Pellets were initially heated to 600 °C and kept for 30 min to
completely remove the organic binder and then sintered at a
temperature of 1600 °C for 6 h. Powder X-ray diffraction patterns
were recorded to identify the crystalline phase of the sintered
samples using a Ni filtered CuKao radiation by a Philip’s X'pert Pro
diffractometer operating at 40 kV and 30 mA. Scans were recorded
over a 20 range of 10-70° with a step size of 0.02° and a scan time
per step 40 s using X'Pert software. The unit cell parameters were
calculated by least square method and Rietveld analysis was also

performed to refine the structure using X'pert plus software. The
FT NIR Raman spectra of the powdered samples were recorded on
a Bruker RFS100/S spectrometer using near infrared laser excita-
tion (Nd: YAG, 1064 nm). Standard Ge detector cooled to liquid
nitrogen temperature is used and it was set to scan over the range
from 50 to 1000cm~!. The resolution of the spectrometer is
4cm™. The selected area electron diffraction (SAED) pattern and
high resolution electron microscopy (HREM) of the samples were
carried out on a FEI TECNAI 30G2 S-TWIN transmission electron
microscope (TEM) operating at 300 kV. The sintered samples were
ground into very fine powder and a small amount of the powder is
dispersed in acetone medium using ultrasonicator. The solution is
drop casted on carbon coated copper grid using a micropipette
and dried.

3. Results and discussion
3.1. Powder X-ray diffraction studies

Fig. 1 shows the powder XRD patterns obtained for various
stoichiometric compositions: C4YZT4, C2YZT2, CYZT, CY2Z2T,
CY4ZAT and CY6Z6T in the Ca-Y-Zr-Ta-O system. The XRD
patterns of C4YZT4, C2YZT2, CYZT and CY2Z2T are similar to the
earlier reported cubic pyrochlore type oxides of the formula
A23207 such as (Ca2/3Y1/3)2(Ti1/3Nb2/3)207 [23] and
Bi;s5ZnNbqs_,Ta,O; [24]. All the reflections are indexed with
respect to the cubic pyrochlore structure in the space group Fd3m
(No. 227). The presence of super lattice reflections peaks like
(111), (311), (331), (333), (531), (711) and (731) points to a
doubling of the cubic-cell parameter, the characteristic peaks of
the pyrochlore structure. It was further found that the intensity of
the characteristic super-structure peaks diminishes on going from
C4YZT4 to CY2Z2T as the YZrOs 5 phase is increased. On the other
hand, the absence of these pyrochlore characteristic peaks in the
XRD patterns of CY4Z4T and CY6Z6T confirm the disorder of the
cations at the A and B sites.

In general, the transformation from order to disorder in
pyrochlore type oxides is attributed to the lowering of the ratio
of the average ionic size at A site to that at B site (ra/rg). In the
present system, this ratio varies from 1.69 to 1.46 as shown in
Fig. 2 (the ionic radii of Ca®" and Y>", in 8-fold coordination are
1.12 and 1.019A and that of Zr** and Ta>* in 6-fold coordination
are 0.72 and 0.64 A, respectively). This structural transformation
in the present system is attributed to the lowering of the
average cation radius ratio, ra/rg as a result of progressive and
simultaneous substitution of larger cation Ca®* for Y3* at A sites
and smaller cation Ta®* for Zr** at B sites. Usually, structural
disorder takes place in pyrochlore type compounds as the
average cation radius ratio (ra/rg) approaches unity. However,
structural disorder induced in the present system (CY4ZA4T) for ra/
rg = 1.47 which is relatively higher than that observed in the
transformation from the pyrochlore to the fluorite type phase in
the LnyZr,0, system [25]. (Y»Zr,0, has a metastable pyrochlore
structure having ra/rg, 1.42). Ordered pyrochlore is favoured when
the radius ratio (ra/rg) of the cations lies within the range
1.46-1.78 (e.g. LayZr,05, ra/rg = 1.61). Conversely, when the ratio
is less than 1.46, a defect fluorite structure is favoured (e.g.
Y2Zr,04, ralrg = 1.42) [26]. Although, the ra/rg value controls the
formation of pyrochlore structure and its transformation to a
disordered fluorite state, however, no significant order-disorder
structural transition occurs in the solid solution for which there is
strong covalent bonding, e.g. in the systems of Y,(Sn,Ti;_x)>07
and Gd,(Sn,Ti;_y),07 for the same range of ra/rg values in the
RE;(Zr,Ti), solid solution. It is concluded from these results that
other factors such as the crystal chemistry of B site cations (e.g.
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Fig. 1. Powder X-ray diffraction patterns for various compositions in the Ca-Y-Zr-Ta-O system.
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Fig. 2. Plot of radius ratio (ra/rg) as a function of various compositions in the
Ca-Y-Zr-Ta-0 system.

chemical bonding and the extent of covalency) have an important
effect on the order-disorder transformation and the degree of
disorder in the pyrochlore [22]. Therefore apart from cation radius
ratio consideration, the structural transformation in the present
system may be attributed to the crystal chemistry of the cations
substituted at the A (Ca®* for Y>*) and B (Ta>* for Zr*") sites.

The intensity ratios of superlattice peaks like (111), (311) and
(331) with (222) reflection of the simulated ordered patterns and
the observed patterns are compared in a plot (Fig. 3a). It should be
mentioned here that for fully ordered XRD pattern of Ca,Ta,0;
and Y,Zr,0; the super-structure peaks are very strong for
Ca,Tay07 due to large difference in scattering power of Ca and
Ta, whereas the super-structure peaks are very tiny for fully
ordered Y,Zr,0; presumably due to the fact that Y3* and Zr** are

isoelectronic. It is very clear from the plot that the peak intensity
ratio values for the observed patterns are smaller than that of the
simulated ordered patterns. This indicates that the decrease in
peak intensity ratio values is not presumably contributed entirely
due to the small scattering power difference of Y and Zr due to
their isoelectronic nature. (The intensity ratios were calculated
after normalizing to the maximum intensity peak and the XRD
patterns were recorded for all the samples under identical
measuring conditions). Therefore, the extent of structural
disorder in the system is also contributing to the decrease in
peak intensity ratios with increase of YZrOs 5 content. To illustrate
further, the ratios of the observed and calculated superlattice
peaks of (111), (311) and (331) reflections (Iops/Ica1) Were plotted as
a function of YZrOs s content (Fig. 3b). As can be seen from the
figure, the intensity ratios, I111, 311 and I33;, are seen to be more or
less same for the compositions, C4YZT4, C2YZT2, CYZT, and then
decrease markedly at the phase boundary of pyrochlore and
fluorite structure for the composition CY2Z2T, and finally the
ratios become zero for CY4Z4T and CY6Z6T. Similar observations
have been made in the study of the pyrochlore-fluorite phase
transitions in Ln,Ti;O; (Ln = Tm—Lu) [27]. It has been observed
that such structural disorder in pyrochlore type oxides displays
remarkable change in ionic conductivity as in the case of
Gdy(TiyZry_y),07 [21] and Gd,_,Nd,Zr,07 [28]. The increase in
ionic conductivity is associated with cation antisite disorder
which has been verified by XRD [29]. Furthermore, some
pyrochlores undergo order—disorder transitions on substitutions
of cations differing in valence state [30]. Here, in the present
system, order—disorder transition is observed on going from
Ca-Ta-O rich phase (Ca2*/Ta>" which have valence difference of 3)
to Y-Zr-O rich phase (Y**/Zr** which have valence difference of
1). It also elucidates that the reduction in valence state between
the cations occupying A and B sites might have contributed for the
order-disorder phenomena observed in the present system in
addition to the reasons cited above.
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function of YZrOs 5 content.

Rietveld analysis of the XRD data of all the compositions in the
Ca-Y-Zr-Ta-0 system was carried out in the space group Fd3m
(No. 227). The profile was fitted using pseudo-Voigt profile
function. The refinement is in good agreement with the space
group in all aspects, in which the A cations (A = Ca, Y) are at 16d
sites (,1,1) and the B ones (B = Zr, Ta) at 16¢ (000). There are two
types of oxygen: one at the 48fsites (x,,1) and the other at the 8b
sites (3,2 ,3). The variable positional parameter (x) of the oxygen
at 48f site determines the pyrochlore structure stability. Accep-
table values for this oxygen coordinate are within the range
0.3125-0.375. The Rietveld analysis of the powder diffraction data
of the samples C4YZT4, C2YZT2, and CYZT reveal that these three
compositions belong to cubic pyrochlore system with space group
Fd3m (No. 227). Fig. 4 shows observed, calculated and difference
pattern of CYZT sample. The Rietveld refinement of CY2Z2T,
CY4ZAT and CY6Z6T were performed by assuming the disordering
of cationic and anionic sublattices to different extent. The A cation
and B cation sites in pyrochlore become indistinguishable when it
is transforming to a defect fluorite structure. The pyrochlore
structure (space group Fd3m) was used as the starting model,
assuming the intermixing of the cations at A and B sites. The
cation disordering is due to antisite defect pair formation,
accompanied by the generation of Frenkel defects in the anion
sublattice which has a significant effect on the electrical

a
£
[
-
_E' l l j Observed
& _l A ” A ~
2
[}
g
E
3
=
E I Calculated
Q
c )\ ) l . A A
Difference
ks > 4 b
¥ al T
T T T T T
10 20 30 40 50 60 70
20 (degree)
Observed

A L

Calculated

UL Lo

Difference

Relative Intensity (arb. units)

¥ “
T T T : T T T T T T T
10 20 30 40 50 60 70
20 (degree)

Fig. 4. Observed, calculated and difference XRD pattern profiles of (a) CYZT and (b)
CY6Z6T.

properties of material [31]. As a result of this disordering, the
intensity of superlattice peaks gets decreased, but still belong to
space group Fd3m (No. 227). But in CY4Z4T and CY6Z6T cation
disordering is maximum, led to structural transformation from
pyrochlore to defect fluorite structure. Fig. 4 shows observed,
calculated and difference pattern of CY6Z6T sample. Table 1
shows refined lattice parameters and R-values for various
stoichiometric compositions. The lattice constant of the solid
solutions increased linearly with the increasing of CaTaOss as
expected based on the ionic size consideration of the cations.
Fig. 5 gives the variation of oxygen positional parameter, x as a
function of different compositions. The structural stability of the
compound is affected by the positional parameter (x) of the
oxygen at 48f. Considering an AB,0; pyrochlore structure,
varying this value changes the shape of the A and B-site
polyhedra [32]. For a value of 0.375 for this fractional
coordinate, the A and B-site polyhedra are regular cubes and
trigonally flattened octahedra, respectively. When the x
coordinate decreases to 0.3125, the B-site becomes a regular
octahedron and the cubic A-site distorts into a trigonal
scalenohedron. The deviation of oxygen at 48f from the special
position (x,% ,%) with x = 0.375 is thus a sensitive measurement of
the difference between a pyrochlore and a “defect fluorite” phase
[10]. It has been observed after Rietveld analysis that with
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Table 1
Refined lattice parameter and R-values for various compositions in the Ca-Y-Zr--
Ta-0O system.

Composition Crystal phase [attice constant (A) Rexp (%) Rp (%) Rwp (%) GOF

CY6Z6T Defect fluorite 10.4326(7) 5.06 6.61 997 3.87
CYAZAT Defect fluorite 10.4364(6) 11.95 1126 1728 2.09
CY2Z72T Pyrochlore 10.444(1) 9.83 13.77 1862 3.58
CYZT Pyrochlore 10.4652(8) 11.16 1146 17.26 2.39
C2YZT2 Pyrochlore 10.4725(6) 9.78 1420 1753 3.21
CAYZT4 Pyrochlore 10.4730(5) 10.62 1595 20.00 3.55
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Fig. 5. Variation of oxygen x-parameter as a function of different compositions in
the Ca-Y-Zr-Ta-0O system.

increase of YZrOs s phase in the system, the positional parameter,
x increases which in turn drives the system to transform from
ordered pyrochlore to disordered pyrochlore and finally to defect
fluorite.

3.2. Raman spectroscopic studies

Raman spectroscopic investigation provides information to
distinguish between a defect-fluorite structure and the pyrochlore
structure [33]. Based on the crystal structure and group theory
analysis, there are only six Raman active modes for the pyrochlore
structure.

Traman = Ag + Eg + 4Fog

A and B cations do not contribute to Raman active vibrations since
they are located at the inversion centre and the six Raman active
modes involve only the movement of oxygen atoms. One of the Fy,
modes is caused by the 8a oxygen sub-lattice vibration and other
modes are attributed to 48f oxygen sub-lattice vibrations. For
ideal fluorite structure there is only one F,, mode related to 8c site
[34]. From experimental data, defect fluorite structure normally
has weak Raman peaks [33]. More Raman lines other than
theoretically calculated, may appear in the Raman spectra of
pyrochlores and fluorites due to various reasons as discussed by
Glerup et al. [34].

The FT Raman spectra for different stoichiometries in
Ca-Y-Zr-Ta-0 system are shown in Fig. 6. The Raman bands are
broad as compared to that of well ordered crystalline compounds,
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Fig. 6. FT NIR Raman spectra of the samples sintered at 1600 °C for 6 h. The inset
shows variation of FWHM and intensity of the vibrational mode, E; as a function of
different compositions.

similar to that observed by Scheetz et al. for pyrochlore zirconates
[35]. The Raman spectra of CYZT shows major Raman modes of
pyrochlores like A, at 514cm™ ), E; at 343 cm™! and one F,, band
at 634 cm~"' with considerable intensity [36]. Other F»; modes are
too weak to be observable and additional peaks appeared around
100 and 850 cm ! may be due to local lattice modes arising due to
distortion of the octahedra [37]. But it is very difficult to take the
Raman spectra of C4YZT4 and C2YZT2 samples because of their
high fluorescence and as a result, the relative intensity of Raman
peaks became very less or indistinguishable from the noise. Also it
is already reported that as the content of Ta is increased at B site in
A,B,05 pyrochlores, intensity of the Raman lines becomes weaker
and weaker [34]. Raman spectrum of CY2Z2T is almost similar to
that of CYZT, but the intensity of the peaks became very low and
peaks corresponding to local disordering become relatively
intense. Small distortions of the atomic positions caused by B
cation species in pyrochlore structure compounds affect the force
constant of vibrational mode resulting small shift in vibrational
frequency. Thus, the full width at half maximum (FWHM) of a
vibrational mode provides a measure of the level of localized short
range structural disorder in the materials [32]. Typically, the
FWHM of the vibrational mode, E, (330-345cm™!), increases
considerably with changing slope in the phase boundary
combined with the decrease of Raman intensity for the
progressive and simultaneous substitution of larger cation Ca®*
for Y>* at A sites and smaller cation Ta>" for Zr** at B sites (shown
as inset in Fig. 6). This clearly confirms that pyrochlore structure is
getting disordered as revealed through XRD analysis. Raman
spectra of CY4Z4T and CY6Z6T show considerable difference from
that of other samples and the broadening of the Raman bands is
due to structural disorder [33]. Raman peaks corresponding to Aqg,
and E; of pyrochlore becomes very less in intensity whereas peaks
corresponding to local lattice modes become comparably intense.
However, the F,, mode usually observed at ~466cm™! for ideal
fluorite structured oxides ThO,, CeO,, etc., was not observed by us
[33]. The extra bands observed around 760cm™"! for CY4Z4T and
840cm™! for CY6Z6T can be attributed to seven coordinated A
cation in the defect fluorite structure [36,37]. Therefore the
structural transformation from ordered pyrochlore phase to more
disordered fluorite phase can be confirmed from the Raman
spectra.
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Fig. 7. Selected Area Electron Diffraction (SAED) patterns of (a) C2YZT2 and (b) CY6Z6T.

Fig. 8. High resolution TEM images of (a) CYZT and (b) CY6Z6T.

3.3. TEM studies

Fig. 7 shows the selected area electron diffraction patterns
(SAED) recorded from C2YZT2 and CY6Z6T samples which can be
indexed according to a pyrochlore unit cell and fluorite type unit
cell, respectively. SAED pattern of C2YZT2 shows highly ordered
diffraction maxima with the appearance of weak superlattice
diffraction spots in between the bright diffraction spots. The
absence of weak super lattice diffraction spots in CY6Z6T SAED
pattern distinguishes from the pyrochlore unit cell and the
diffraction maxima arranged in a ring pattern is similar to that
observed in a fluorite type SAED pattern of Ce,Zr,0; [16]. High
resolution TEM images of CYZT and CY6Z6T are also shown in
Fig. 8. The lattice constant of the fluorite structure layer is one half
that of the pyrochlore unit cell layer as shown by the difference of
the (111) spacing (Fig. 8). These results are in support of the XRD.

4. Conclusion

In summary, the present study determined the structural
variation, Pyrochlore to Fluorite type in the solid solutions of

different ratios: 4:1, 2:1, 1:1, 1:2, 1:4, 1:6 of CaTaOs5 and
YZrTaOs 5. The pyrochlore phase stabilizes for the ra/rg 1.69-1.57
and the defect fluorite phase for 1.47-1.45 values. The structural
disorder induced in the present system for ra/rg = 1.47 as the
ratios of the solid solutions of CaTaOss and YZrTaOss were
changed from 4:1 to 1:4. This ratio, ra/rg is much higher than that
observed in the transformation from the pyrochlore-type to the
fluorite-type phase in the Ln,Zr,0, system. Therefore apart from
cation radius ratio consideration, the structural transformation in
the present system may be attributed to the crystal chemistry of
the cations substituted at the A (Ca®* for Y3*) and B (Ta>* for Zr**)
sites.
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