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X-ray diffraction studies on Sr;_ Ca, TiOj; in the temperature range 12 to 300 K reveal cubic to
tetragonal (I4/mcm) antiferrodistortive and tetragonal to orthorhombic (Ic2m) polar phase
transitions at ~170 and 225, 32, 34 K, respectively, for x=0.02 and 0.04. It is shown that the
polarization in the orthorhombic phase is along the (110) pseudocubic direction, in agreement with
the experimentally reported easy polarization direction by Bednorz and Muller. However, in
disagreement with them the moments are found to be ferrielectrically coupled in the neighboring
(001) planes that is responsible for the anomalously low values of the spontaneous polarization in
the polar phase. © 2009 American Institute of Physics. [doi:10.1063/1.3273863]

SrTiO5 has been the paradigm of structural phase transi-
tion studies.! It is also one of the most common ingredients
of BaTiO3-based ceramic c:apacitors.2 The room temperature

cubic perovskite structure of SrTiO; (space group Pm3m)
transforms to a tetragonal phase in the 14/mcm space group
below 105 K due to the freezing of one of the triply degen-
erate R,5 modes in which the adjacent octahedra rotate about
one of the cubic (100) directions in an anti-phase manner.’
Although the tetragonal phase is reported to be stable down
to the lowest temperature,4 its dielectric constant gradually
increases on cooling below room temperature and becomes
nearly two orders of magnitude greater at ~4 K below
which it levels off. While the increasing value of the dielec-
tric constant at low temperatures is linked to a zone center
soft mode,l its saturation below 4 K has been attributed to
quantum fluctuations (i.e., zero point vibrations) of the lattice
which stabilize the paraelectric state.” Ca®* substitution not
only increases the antiferrodistortive phase transition
temperature°’7 but also suppresses the quantum fluctuations,
as revealed by the appearance of a peak in the temperature
variation of the dielectric constant. It has been shown by
Bednorz and Muller® that above a critical Ca%* concentration
of x,=0.0018, XY type “ferroelectricity” is stabilized in
SrTiO; with sharp and diffuse ferroelectric transitions for
X, =x=0.016 and 0.016 <x=0.12, respectively. Ranjan et
al.’ and Mishra er al.” have shown the presence of an anti-
ferroelectric phase in Sr;Ca, TiO; (SCTx) for 0.12<x
=0.40. For Ca%* concentrations X, <x<0.12, the dielectric
constant of SCT in the ‘ferroelectric’ state decreases with
increasing x but its value (>10%) remains an order of mag-
nitude larger than that of the conventional ferroelectrics like
BaTiO; (Ref. 8). On the otherhand, the measured saturation
polarization values (~0.5 uC/cm?) are anomalously
low'®!" in the “ferroelectric” phase as compared to that in
BaTiO;, which is ~25 wC/cm?. There is no satisfactory ex-
planation for such a low value of saturation polarization
(~0.5 uC/cm?) in a ‘ferroelectric’ phase with extremely
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high dielectric constant. The present work seeks to provide a
structural basis for this low value of spontaneous polariza-
tion. We have investigated the phase transitions in SCT for
x=0.02 and 0.04 (SCT02 and SCTO04) in the temperature
range 12 to 300 K by Le-Bail and Rietveld techniques of
x-ray powder diffraction using the FULLPROF > package. Our
results suggest that the anomalously low spontaneous polar-
ization value of SCT is linked with the ‘ferrielectric’ nature
of the hitherto regarded “XY type-ferroelectric” phase of
SCT. The calculated spontaneous polarization values, ob-
tained using the Rietveld refined atomic positions and Born-
effective charges, as given in Ref. 13, are found to be in
excellent agreement with the values reported by Bianchi et
al."’ and Mitsui and Westphal.”

SCT02 and SCT04 powders were prepared by solid—
state thermochemical reaction at 1423 K for 6 h and then
sintered at 1573 K for another 6 h. Crushed and annealed
powders from sintered pellets were used for diffraction stud-
ies. Temperature dependent powder x-ray diffraction data for
the 26 range 20° to 110° at various temperatures from 12 to
300 K were collected on a 18 kW Rigaku (RINT 2000/PC
series) rotating anode based high resolution x-ray powder
diffractometer operating in the Bragg-Brentano focusing ge-
ometry fitted with a low temperature attachment and also a
curved crystal monochromator in the diffraction beam.

The cubic to tetragonal antiferrodistortive phase transi-
tion in SrTiO; occurring at ~105 K is accompanied with the
doubling of the elementary perovskite cell leading to charac-
teristic splitting of main perovskite peaks along with the ap-
pearance of superlattice reflections.* This transition occurs in
SCTO02 and SCTO04 also but with higher transition tempera-
tures. The tetragonal cell parameters (a,, b, and ¢,) of the low
temperature phase are related to the elementary perovskite
cell parameters (a,, by, and c,) as: a=b, =2 a,, ¢,~2c,.
The Miller indices of the main perovskite and superlattice
reflections of the tetragonal phase with a’a’c tilt system are
represented by all even (eee) and all odd (0oo) integers, re-
spectively, when indexed with respect to a doubled
pseudocubic (2a, X 2b, X 2¢;) unit cell (see Glazer™ for de-
tails). Figures 1(a) and 1(b) depict the evolution of the 311
superlattice and 800 perovskite reflections as a function of

© 2009 American Institute of Physics
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FIG. 1. Evolution of the XRD profile of the 311 superlattice and 800 per-
ovskite reflections of (a) SCT02 and (b) SCT04. The indices are with respect
to a doubled pseudocubic perovskite cell.

temperature for SCT02 and SCTO04, respectively. It is evident
from these figures that the 800 profile is a doublet at low
temperatures, as expected for the low temperature tetragonal
phase. It is also evident from this figure that the intensity of
the superlattice reflection resulting from cell doubling, as
also the splitting of the 008 peak, disappears at high tempera-
tures, as expected for the high temperature cubic phase. The
variations of the equivalent elementary perovskite cell pa-
rameters, as obtained by Le Bail refinement, with tempera-
ture depicted in Fig. 2(a) reveals the cubic to tetragonal an-
tiferrodistortive phase transition temperature T,=170 and
225 K for x=0.02 and 0.04, respectively. Ca>* substitution
thus increases the Tc in agreement with an earlier report.7
Although the XRD profiles shown in Fig. 1 do not depict any
qualitative change in the low temperature ‘ferroelectric
phase’, the refined tetragonal cell parameters do show
anomalies around 30 K [see Fig. 2(a)], which is close to the
transition temperatures reported in the literature using dielec-
tric measurements.
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FIG. 2. (Color online) Evolution of the equivalent elementary perovskite
cell parameters of the tetragonal phase of SCT02 and SCT04 as a function
of temperature showing (a) the phase transition to the cubic phase around
170 and 225 K, marked with arrows, and (b) orthorhombic splitting of the
“a,” parameter of the tetragonal phase below ~32 K. The anomaly at
~32 K is linked with the transition to the polar phase, and is marked with
arrow in Figs. 2(a) and 2(b). (c) A schematic representation of the direction
of the ionic displacements in the individual layers of the orthorhombic fer-
rielectric phase with respect to their ideal positions in the cubic phase.
Sr?*/Ca®*, Ti**, and O~ ions are represented by filled circles (green), filled
squares (red), and open circles (blue), respectively.
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The centrosymmetric [4/mcm space group of the
paraelectric tetragonal phase cannot represent the structure of
the ferroelectric phase of SCT02 and 04. The onset of ferro-

electric polarization transforms under Pm3m as the compo-
nents of the I'; irreducible representation (IR). Antiphase

tilting of oxygen octahedra transforms under Pm3m as the
components of the R IR. 1> Using the software package
“ISOTROPY 2000”" to couple I', and R+ IRs, we obtained
many space groups. Since the paraelectric phase of SCT is
tetragonal (I4/mcm), we impose the constraint that the
‘ferroelectric space’ group should be a subgroup of 14/mcm
for a second order phase transition. This constraint reduced
the number of possible space groups for the ferroelectric
phase to two, namely: I4cm and Ic2m (bea setting of Ima?2).
Previous Raman scattering studies on SCT with x=0.007
(Ref. 6) have shown that the E, mode is split into two lines
in the “ferroelectric phase,” whereas it is a singlet in the
tetragonal phase. Hence the tetragonal /4cm space group, for
which E, mode has to be a singlet, cannot represent the
ferroelectric phase. Thus, the orthorhombic space group
Ic2m is the only space group likely to represent the ferro-
electric (polar) phase of SCT. For this space group, the E,
mode will indeed be a doublet. The equivalent elementary
perovskite cell parameters obtained at various temperatures
by Le-Bail analysis of the full diffraction profiles in the 26
range 20 to 110 degrees using the Ic2m space group are
depicted in Fig. 2(b) for SCT02 and SCTO04, respectively.
The cell parameters (A,, B,, and C,) of the orthorhombic
Ic2m phase are related to the elementary perovskite cell pa-
rameters (a,, b, ¢,) as: Ag= 2a,, By= 2b,, and C;~2c,.
It is evident from this figure that the a, lattice parameter of
the tetragonal paraelectric phase splits below ~32 K into a,
and b, of the orthorhombic phase, in good agreement with
the transition temperature (T, ~ 32 K) at which the dielectric
peak is observed.® However, the orthorhombic distortion of
the lattice is very small and can easily be mistaken for a
tetragonal symmetry. The absence of any discontinuous
change in the cell parameters at the transition temperature
(~32 K) supports second order character of the transition.
The crystal structure of the low temperature phase in the
Ic2m space group consists of the stacking of TiO, Sr/CaO,
TiO, and Sr/CaO layers at z= 0, T 2, and of the unit cell, as
shown in Fig. 2(c). In the layers at z=7 and =, the Sr**/Ca**
and O?~ ions have component displacements both along +/
—[100] and +/-[010] directions of the orthorhombic cell.
However, the component displacements along +/-[100] in
the z=1/4 and z=3/4 planes cancel out leaving net effective
displacement only along the [010] direction of the ortho-
rhombic phase. Similarly, for the layers at z=0 and >, the net

displacements of Ti** and O?" ions are along the [010] di-
rection of orthorhombic ferroelectric phase. Thus the direc-
tion of polarization in the TiO as well as St/CaO layers is
along +/-[010] direction of the orthorhombic phase. This is
in agreement with the observation of Bednorz and Muller®
that the (110) pseudo-cubic direction, which becomes (010)
direction in the orthorhombic cell, is the easy direction of
polarization in the low temperature polar phase.

Having identified the most plausible space group for the
low temperature polar phase, we carried out Rietveld analy-
sis of the 12 K XRD data in the 26 range 20°-110° for
SCTO02 and SCTO04 using the Ic2m space group. Although the
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TABLE I. Refined structural parameters of the ferroelectric phase of SCT02 and SCT04 at 12 K using ortho-

rhombic structure (space group Ic2m).

Sry98Cag 0, TO; (SCTO2)

Srg.06Cag.04 TO3 (SCTO4)

Atoms X y z B(A)? X y z B(A)?

Sr/Ca 0.0018(9) 0.0091(7) 0.25 0.67(7) 0.0028(2) 0.0083(5) 0.25 0.89(5)
Ti 0.00000 0.4894(7) 0.50 0.008(5) 0.00000 0.4904(9) 0.50 0.011(7)
0O, —0.023(3) 0.552(7) 0.25 0.052(1) —0.021(6) 0.5298(2) 0.25 0.24(7)
0, 0.267(3) 0.7148(7) 0.001(2) 0.67(7) 0.2412(2) 0.7938(7) 0.003(4) 0.70(7)

Ay=5.5073(3) A; By=5.5066(2) A; Cy=7.7977(1) A A,=5.4979(3) A; By=5.4997(2) A; Cy=7.7908(1) A

R,=11.90; R,,,=18.73; R,=12.97; x*=2.08

R,=8.87; R,,=13.0; R,=9.36; x’=1.94

quality of Rietveld fit obtained for Ic2m was comparable to
that for 14/mcm space group, the Ic2m space group was
favored on the basis of the group theoretical analysis of the
second order phase transition discussed above. Further, the
observation of doublet character of the Eg band in Raman
spectra out rightly rejects the centrosymmetric tetragonal
space group I4/mcm. Table I depicts the refined structural
parameters and agreement factors for the ferroelectric phase
of SCT02 and SCTO04, respectively, using the Ic2m space
group. The refined structural parameters for the Ic2m space
group reveal ferrielectric coupling of the dipole moments
residing in the neighboring (001) layers of the orthorhombic
phase, in contrast to the suggestions of Bednorz and Muller®
for ferroelectric order. The dipole moments are not only
found to be antiparallel in the alternate (001) layers but also

their magnitudes along the [010] and [010] orthorhombic
directions are not equal. Using the Born effective charges
given in Ref. 13 for Sr/Ca (q=2.56 C), Ti (q=7.26 C), and
O (q=-3.27 C) along with the refined positional coordinates
given in Table I, we obtain a spontaneous polarization of
0.98 and 1.17 uC/cm? for x=0.02 and 0.04, respectively.
These values are in good agreement with the values reported
by Bianchi et al. 10 and Mitsui and Westphal11 on the basis of
hysteresis loop measurements. Thus the extremely low value
of spontaneous polarization, in spite of the very high dielec-
tric constant of SCT02 and SCT04 is due to the partial can-
cellation of the dipole moments as a result of the ferrielectric
coupling of the dipoles in the neighboring (001) planes of the
orthorhombic phase.

To summarize, we have observed anomalies in the unit
cell parameters at the antiferrodistortive and the polar phase

transition temperatures. Using symmetry arguments for sec-
ond order phase transition and the known Raman scattering
results, we have zeroed on the Ic2m space group as the most
plausible space group of the low temperature polar phase.
This polar phase is not ferroelectric in nature, as hither to
believed, but is ferrielectric, as a result of which it shows
very low polarization values.
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