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Abstract

The crystal structure of Cag7Ndg3Tig7Aly 303 has been determined using synchrotron X-ray diffraction. Data were collected
from a polycrystalline sample for Rietveld analysis. At room temperature, the structure exhibits an octahedral tilted framework
(perovskite-type) with an orthorhombic lattice (a=15.3803 A, b=5.4003 A and ¢=7.6140 A). The positions of the atoms in the unit
cell and their isotropic temperature factors have been determined, together with the occupations of sites by Ca/Nd and Al/Ti atoms.
The structure was determined to feature an a—a~¢* orthorhombic tilt system in association with displacement of the A-site cations.
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1. Introduction

A number of new materials have been developed for
the expanding telecommunications market in the past
decade. These applications require a combination of
high relative permittivity (e,), to enable size reduction of
devices, low dielectric loss in the high frequency region,
(i.e. high quality factor, Q) to ensure spectral purity at
microwave frequencies and near zero temperature coef-
ficient of resonant frequency () to ensure high stability
of devices.! Several dielectric materials have been
developed that meet these requirements in different fre-
quency ranges. The existing dielectric materials can be
classified according to their relative permittivities. High
permittivity materials (g, typically 90-130) include cera-
mics based on BaO-Nd,0;-TiO;?> and CaO-Li,O-
Ln,05-TiO»;* medium permittivity (e, ~40-60) based
on CaO-TiO>-Nd,05-Al,O3* (so called CTNA) and
ZrO,-TiO>~ZnO-Nb,Os.> and finally low permittivity
(e, ~20-40) dielectrics include BaO-ZnO-Ta,0O5 and
related complex perovskites. !

Ceramic materials with the perovskite-type structure
dominate the low and medium permittivity range of
microwave dielectric ceramics, providing the highest
quality factor, temperature-stable dielectric ceramics.
Moreover, the versatility of the perovskite structure
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provides the possibility of making solid solutions
designed to achieve specific requirements. The main
factors considered when selecting candidate materials
for solid solutions include the dielectric properties of the
end members, compatibility of their crystal structures,
tolerance factor and processing conditions. It is found
that most microwave dielectric ceramics with a high
dielectric constant have large positive 7y values. How-
ever, compensation of 7y can be achieved by combining
two compatible compounds with t; of opposite polarity
or by modifying the unit cell with selective substitution
of cations. This has been extensively demonstrated
using CaTiO; and SrTiO; ceramics, which have high
relative permittivities of approximately 170 and 230,
respectively, with large positive temperature coefficients
of resonant frequencies of +859 and +1647 ppm/°C,
respectively.® Temperature stable ceramics have been
effectively fabricated by combining CaTiO; or SrTiOj
with REAIO;,*78 REGa0;,%? Ca/Sr(B>*/3+
B5+)O310711 and RE(B2+B4+/6+)O3’12715 where
RE =Rare Earth. In particular, solid solutions of xCa-
TiO3—(1—x)NdAIO; (CTNA) form an important system
and exhibit low temperature coefficient (ty ~0 ppm/°C),
medium range relative permittivity (¢, ~45) and high Q
value (> 43,000 GHz), at x=0.7.%7-8

CaTiO; has a distorted perovskite structure with
orthorhombic symmetry at room temperature.!® It is
structurally compatible with NdAlOj;, which has a
similar perovskite-type structure with rhombohedral
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symmetry at room temperature.!” NdAlO; has a nega-
tive ty of ~—33 ppm/°C, relative permittivity of ~22.3
and high Q value (Q;= 58,000 GHz).!” Jancar et al.* and
Kim et al.” reported that CaTiO; and NdAIO; form
solid solutions over the composition range xCaTiOs-
(1—x)NdAIO; ceramics, where x=0-1. Although the
general features of the crystal lattice in the solid solution
are known,*’ the structural details have not previously
been examined. We have therefore undertaken synchro-
tron radiation studies to gain insight into the detailed
structure of a commercially important CTNA ceramic.
Recently, it has been successfully demonstrated that
synchrotron radiation is a viable technique for detailed
structural studies of complex high permittivity micro-
wave dielectric ceramics.'®

2. Experimental

A large cylindrical commercially prepared CaTiOs;—
NdAIO; ceramic sample (of nominal composition
Cag7Ndg 3Tig7Alp303) 30 mm diameter and 15 mm
thickness was used for the investigation. The dielectric
properties were first determined using the Hakki-Coleman
technique; the measurement frequency was 2.895 GHz.
Elemental analysis was performed on samples (polished to
mirror-like finish) using a CAMECA (SX 100, Paris,
France), Electron Probe Microanalyser operating at 15
kV with 20 mA beam current. Synthetic corundum and
synthetic rutile were used as calibration standards for Al
and Ti, respectively. Natural wollastonite (CaSiO3) was
used for Ca, while synthetic rare earth glass, containing
Nd3", was used as standard for Nd. The chemical
composition was determined from the average of ana-
lyses performed at six different locations on the sample.
Additional energy-dispersive (EDS) system analyses
were undertaken using a Philips 525 Scanning Electron
Microscope. Detailed X-ray diffraction measurements
were performed on Station 2.3 at the synchrotron
radiation source of Daresbury Laboratory. The angu-
lar-dispersive instrument is purposely built for high-
resolution powder diffraction to solve crystal structures
in materials.'® In the experiment, a 1.8 mm (vertical) x
10 mm (horizontal) X-ray beam of A1=1.4 A was used to
achieve a large illuminated sample area. The tuned
wavelength was calibrated to be 1=1.40019(5) A using
a high quality silicon powder (NIST 640B standard).
The figure in the parentheses is the estimated standard
deviations (e.s.d).?’ The calibrated beam was incident
onto the flat surface of the sample. A total of 4 repeat
scans of 0/20 geometry from 20 to 110° 20 with a step
0.01° and 1 s per point, were collected. These scans were
summed to give a single pattern to improve the statistics
and the background was subtracted. The pattern was
analysed by the Rietveld method?! to extract crystal-
lographic information as used in previous work.!8

3. Results and discussion

The relative permittivity of the commercial CTNA
sample was determined to be 46.2+0.5 and the Qr value
was 40,400+1000 GHz. The relative permittivity is
comparable with published data*”-® but the Q-values
are slightly lower than published data because of differ-
ences in measurement techniques. A typical SEM
micrograph of the CTNA ceramic specimen is shown in
Fig. 1. The specimen exhibits a variable grain size with
grains in the range 5-12 pm. There is evidence of a
minor second phase, characterised by elongated grains
approximately 1.0 pym long and less than 0.5 um wide.
The second phase is rich in alumina as indicated by the
EDS spectra (Fig. 2). However, the second phase is too
small to yield accurate quantitative compositional data.
A similar, Al-rich, phase was observed by Kim et al.” in
compositions with xCaTiOs-(1—x)NdAIO;, where
x=0.7-0.9. Compositional analysis of the matrix phase
of the present ceramic is shown in Table 1. This yields a
formula equivalent to Ca0.713Nd0.312Ti0_703A10_27502_998.

Experimental X-ray diffraction data and the results of
the final least squares refinement are presented in Fig. 3.
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Fig. 1. Typical SEM micrograph of the Ca,7Ndg 3Aly3Tip 7,03 sample.
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Fig. 2. Energy dispersive spectra for (a) matrix phase and (b) minor
phase typified by small dark elongated grains.
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Table 1

Elemental composition of commercial ceramic sample

Element At.%
Nd 6.23
Ca 14.26
Ti 14.05
Al 5.50
O 59.96
Total 100.0

The XRD spectrum (Fig. 3) was initially indexed for an
orthorhombic system. Constrained by symmetry opera-
tors of Pbnm (No. 62), the instrumental parameters and
crystallographic information (Table 2) were obtained
from the final Rietveld refinement. The modelled struc-
tures in Figs. 4 and 5 are good representations as
demonstrated by the excellent fit to the experimental
data (Fig. 3). The accuracy of fit is also indicated by the
agreement in the R-factors, where the weighed value
(Rwp=8.65%) is close to the expected value
(Rgxp=17.63%) (Table 2).

Initial refinements of the atom site occupations yiel-
ded acceptable results, but the overall improvement was
very small (Rwp=28.46%). The octahedral centres
(Fig. 4) are occupied by ~60% Ti atoms sharing with
~40% Al atoms. The larger cations (Ca and Nd)
represented by spheres in Fig. 4 are distributed in the

Table 2
Instrumental parameters and crystallographic information
Wavelength, A 1.40019(5) A
26-zero point —0.0014(2)°
Peak function parameters U=2323,V=112.5, W=-1.34
(pseudo-Voigt)
Peak mixing parameter 0.433
26 range 20-110°
Number of reflections 199
Number of refined 19
parameters
Space group Pbnm (No. 62), Z=4
Lattice parameters (/OX) a=5.3803(1),
b=15.4003(1), c=7.6140(1),
a=B=1=90°
R-factors R;=3.50%, Rwp=28.65%,

Rexp=7.63%

rhombic cavity channelling along the c-axis. These sites
are occupied in the ratio 70:30% for Ca:Nd. However,
the final refinement presented here was carried out with
the occupations fixed at Ca?* =70%, Nd3* =30%,
Ti** =70% and AI’* =30%, which matches well the
values determined by chemical analysis.

The atomic co-ordinates and temperature factors
given in Table 3 are consistent with those of GdFeOs-
type orthorhombic perovskites.'® The distortion from
the ideal cubic perovskite may be described as tilting of
the oxygen octahedra surrounding the Al/Ti atoms. In
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Fig. 3. XRD spectrum and refinement of the Cay;Ndg3Aly3Tip7O5 sample. The experimental data are shown as crosses, fitted results as solid line
and difference as solid line below the main data. For presentation purposes, data below 260=28° are not shown. Data for 26=28-55° are indexed

where the assignment is unambiguous.
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L a-axis

Fig. 4. The structure of Ca,;Ndg 3Aly3Tip 703 showing four unit cells,
viewed along the c-axis with the a- (horizontal) and b-axis (vertical).
The octahedra represent Al/TiO4 molecules and the spheres are either
Ca or Nd cations.

c-axis

L a-axis

Fig. 5. The structure of Ca,7Ndg 3Aly3Tip 703 showing four unit cells,
viewed along the h-axis with the a-axis horizontal and c-axis vertical.
The octahedra and spheres have the same representation as in Fig. 4.

Table 3

Fractional atom positions, isotropic thermal parameters (B)

Atom X ¥ z B (A2
Ca —0.0033(4) 0.0251(1) 0.25 0.55(1)
Nd —0.0033(4) 0.0251(1) 0.25 0.55(1)
Al 0.00000 0.50000 0 0.45(2)
Ti 0.00000 0.50000 0 0.45(2)
ol 0.0629(8) 0.4894(5) 0.25 0.26(3)
02 0.7180(6) 0.2821(5) 0.0369(4) 0.26(3)

Fig. 3, both odd—odd-odd and odd-odd-even reflec-
tions are present illustrating that the oxygen octahedra
are tilted both in-phase and anti-phase, respectively.
The octahedral rotations occur about the inversion
centres at the Al/Ti atoms and rotate the (Al/Ti)Og
units as rigid bodies. In the notation of Glazer?? the tilt
mechanism can be described by a simple three tilt sys-
tem denoted as a—a—¢*. The ¢* tilt indicates that (Al/
Ti1)Og octahedra rotate about the [001] axis of the pseu-
docubic cell by an angle ¢. The magnitude of rotation
along this axis is preserved by mirror planes perpendi-
cular to the rotation axis. Thus all successive octahedra
linked along this axis are rotated in the same direction
denoted by +superscript on ¢™ as projected in Fig. 4.
The single tilt about the a-axis is decomposed into two
tilts of equal magnitude with respect to [100] and [010]
axes of the pseudo-cubic cell, represented as a—a~. The
negative superscript on the [100] and [010] axis tilts
indicate that successive octahedra along these axes
rotate in anti-phase, that is, ¢™ and a~ sequentially
(Fig. 5). In this tilting mechanism the A-site cations are
displaced from their ideal location in prototypic per-
ovskites with a resultant loss of the A-site inversion
centres. In contrast, the original cubic symmetry persists
in approximate form near each B-site thus retaining the
inversion centres throughout the lattice.

In Tables 4 and 5 the interatomic distances are pre-
sented where the atoms are numbered in accordance
with Sasaki et al.'> The six-fold coordination is main-
tained for the B-sites at the centre of the near-perfect
octahedra as indicated by the small variations in Al/Ti—
O bond lengths, where the shortest A/Ti—O1 bond is
1.9342(8) A and the longest Al/Ti—O2 bond is 1.943(3)
A. However, two of the Ca/Nd-O bonds are non-bond-
ing (>3.0 A) thus reducing the coordination number of
Ca/Nd atoms to 10 acentric bonds in contrast to 12 for
ideal cubic perovskites. The geometry of the Ca/Nd
coordination sphere defined by the tilted octahedra is
therefore a distorted cuboctahedron (Fig. 4) in relation
to the ideal A-site polyhedron in cubic perovskites
which is that of a cuboctahedron composed of four tri-
angular and six square faces.??

The deviation from the cubic perovskite (also denoted
by the tolerance factors which is less than 1.0,
t,=0.9740), can therefore be considered in terms of
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Table 4
The interatomic distances in Al/Ti octahedra (left) and cub-octahe-
dron (right) with e.s.d. in parentheses

Atom-atom Distance (A)

Ca/Nd(i)-01() 2.377(5)
Ca/Nd ()-O1(iv) 2.533(3)
Ca/Nd(i)-O1(ii) 3.017(5)
Ca/Nd(i)-01(v) 2.914(3)
Ca/Nd(i)-02(i") 2.385(3)
Ca/Nd(i)-02(iv") 2.609(3)
Ca/Nd(i)-02(v) 2.697(3)
Ca/Nd(i)-02(viii) 3.143(3)
AUTi()-O1() 1.9342(8)
Al/Ti()-02(v) 1.941(3)
Al/Ti(i)-02(viii) 1.943(3)
01()-02(v) 2.772(5)
01(1)-02(iv) 2.723(4)
01(1)-02(i) 2.706(5)
01(i)-02(viii) 2.760(4)
02(v)-02(viii) 2.722(4)
02(v)-02(iv) 2.770(5)

Table 5
Metal-metal distances with standard deviations in parentheses

Metal-metal Distance (A)

Ca/Nd(i)-Al/Ti(i) 3.313(2)
Ca/Nd(i)-Al/Ti(iii) 3.4152(4)
Ca/Nd(i)-Al/Ti(v) 3.284(2)
Ca/Nd(i)-Al/Ti(vii) 3.1941(4)
Al/Ti(i)-Al/Ti(ii) 3.8115(2)
Al/Ti(i)-Al/Ti(ii) 3.8070(2)
Ca/Nd(i)-Ca/Nd(iii) 3.836(3)
Ca/Nd(i)-Ca/Nd(v) 3.787(3)
Ca/Nd(i)-Ca/Nd(ii) 3.8167(2)

rotation of the essentially rigid (Al/Ti)O¢ octahedra
from their alignment within the ideal perovskite and the
displacement of the A-site cations from the ideal per-
ovskite location.

4. Conclusions

The structural details of a CTNA microwave dielec-
tric  ceramic of composition equivalent to
Ca()_713Nd0_312Ti0i703A10_27502.998 have been determined.
Synchrotron XRD data were collected from the tem-
perature stable CTNA sample at ambient conditions
using Station 2.3 (Daresbury Laboratories, England).
Structural characteristics were obtained from the
refinement analysis. The overall lattice framework is a
distorted perovskite-type structure (orthorhombic)
described by the space group, Pbnm. The deviation from
the cubic perovskite, which occurs in the structure, can
be considered in terms of orthorhombic a—a—c¢™ tilt
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system in association with displacement of the A-site
cations of the perovskite structure.
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