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Evidence for first-order orthorhombic-tetragonal and nearly tricritical tetragonal-cubic
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Temperature dependence of the symmetry-adopted strains (secondary order parameter) associated with the

antiferrodistortive-phase transitions involving change in space groups from Pm3m to I4/mem and I4/mem to
Pnma in Ca 5751 43TiO5 have been investigated using powder x-ray diffraction data in the temperature range
of 300-950 K. It is argued that the experimentally determined critical exponent S8~ 0.33*+0.03 in the tem-

perature range 0.70 < T'<0.98T. for the /4/mcm to Pm3m transition is due to a nearly tricritical transition. The
Pnma to 14/ mem transition is unambiguously identified as first order.
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I. INTRODUCTION

SrTiO; and CaTiO5 are well known for their quantum
paraelectric ~ behavior.> The mixed compositions,
Ca,_,Sr,TiO5 (CST), undergo quantum ferroelectric, relaxor
ferroelectric, and antiferroelectric transitions with increasing
Ca?* content in the SrTiO; matrix for 1.00=x=0.60.3* Both
the end members (i.e., SrTiO; and CaTiO;) and the mixed
compositions exhibit several antiferrodistortive structural-
phase transitions also which are linked with the phonon in-
stabilities at the R(k:%,%,%) and M(kz%,%,O) points of the
cubic Brillouin zone. The antiferrodistortive-phase transi-
tions induced by R and M point instabilities involve tilting of
the oxygen octahedra in the antiphase (—ve tilt) and in-phase
(+ve tilt) manners, respectively.’ Thus, SrTiO5, which has a
cubic perovskite structure at room temperature, undergoes an
antiphase tilt transition to a tetragonal structure (space-group
14/ mem, tilt system a%P°¢™ in the notation of Glazer®) below
105 K.7 This structure seems to remain stable down to the
lowest temperature.® It has been argued that the antiferrodis-
tortive phase transition of SrTiO; is responsible for suppress-
ing the ferroelectric order at low temperatures.” The other
end member, CaTiO3, has an orthorhombic structure (space-
group Pbnmj tilt system a”a"c*) at room temperature which
transforms to a tetragonal structure (space-group I4/mcm;
tilt system aa’c”) somewhere between 1373-1423 K and

finally to the cubic (Pm3m) perovskite structure above 1523
K.' Kennedy et al.'' speculated about the existence of yet
another intermediate phase with Cmcm space group (tilt sys-
tem a’b*¢”) in between the orthorhombic (a~a"c*) and the
tetragonal (a’a’c™) phases, but this possibility has now been
ruled out in a recent work.!?

The nature of antiferrodistortive-phase transition in
SrTiO5 has attracted enormous attention’ but is still contro-
versial as both asymptotic critical'® and mean-field'*!> be-
haviors have been reported. The situation in CaTiO; is even
more complex as it involves both R and M point instabilities.
Going by symmetry arguments, the transition from Pbnm to
I14/mcem is expected to be first order, in agreement with the
recent observation of a small discontinuous change in the
cell parameters at the transition temperature.'> For the
I4/mem to Pm3m transition, both second-order!® and
tricritical!! behaviors have been reported. However, most of
these conclusions cannot be relied on as they have been
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drawn on the basis of a very few data points in the stability
region of the /4/mcm phase.!!16 Because of the very high
temperatures involved, and also limited temperature range of
stability (~125=*25 K) of the I4/mcm phase, it is rather
difficult to settle this issue in pure CaTiO5. 10—20 % substi-
tution of Fe at the Ti site has been shown to lower the tran-
sition temperatures, but the stability region of the I4/mcm
phase is still low (~100+10 K).!” We have recently
shown!® that 57% Sr** substitution at the Ca®* site not only
lowers the two-transition temperatures drastically but also
enhances the stability field of the /4/mcm phase to ~350 K
range. We have exploited this enhanced stability field to
capture the variation in the tetragonal cell parameters with
temperature more precisely than the earlier workers and
to understand the nature of the Pnma to I4/mcm and

I4/mem to Pm3m transitions convincingly within the frame-
work of mean-field theories. We have investigated the
antiferrodistortive-phase  transitions of Cag 4351 5,TiO3
(CST57) using our earlier reported x-ray powder diffraction
data'® in the temperature range of 300-950 K. It is shown
that the Pbnm to 14/mcm phase transition in CSTS7 is first
order as confirmed by discontinuous change in the
symmetry-adopted strain (secondary order parameter). We

also show that the /4/mcm to Pm3m transition may be close
to tricritical with an effective exponent $~0.33 = 0.03. The
entire analysis has been carried out using 2-4-6 Landau po-
tential expansion considering primary and secondary order
parameter terms as also the coupling terms.'® The value of
the coefficient of the fourth-order term in the Landau expan-
sion is shown to be nearly zero as expected for a tricritical
transition. We believe that the strain produced by the distor-
tion of the lattice due to the antiferrodistortive transitions in
CSTS57 is large enough to promote long-range interactions
and hence the mean-field behavior.

II. EXPERIMENTAL

Cag 5751 43Ti05 powder was prepared by the solid-state
ceramic route at 1423 K for 6 h using 99% pure SrCO;,
CaCOs, and TiO,. The powders were sintered at 1573 K. The
high-temperature x-ray diffraction studies were carried out
using a 12 kW rotating Cu anode-based Rigaku powder dif-
fractometer (RINT 2000/PC series) fitted with a Rigaku high-
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temperature attachment and a curved-crystal monochro-
mator. The temperature was stable within =1 K during these
measurements. Rietveld refinement was carried out using
FULLPROF package.!® Pseudo-Voigt function was used to
model the peak profiles, while background was fitted to
sixth-order polynomial. The occupancy parameters of the at-
oms were fixed at the nominal composition, whereas other
parameters, i.e., lattice parameters, positional coordinates,
and isotropic thermal parameters, were refined.
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III. PRINCIPLE OF ANALYSIS
Carpenter et al.'® recently proposed the following Landau
free-energy expression for antiferrodistortive-phase transi-
tions in cubic perovskites driven by the R} and M3 point
instabilities with component primary order parameters g, ¢»,
g3, 44, g5, and gg, respectively, which are coupled to the
symmetry-adapted strains e,,e, and e, (secondary order
parameters);

1 | 1 1 1
G=a(T- TG+ +q3) + (= To)(q5+ a3 +qg) + Zbl(cﬁ +qr+q3) + Zbl(q? +q3+qy+ sz(qi +qs5+qp)*

1 1 1 1 |
+ b+ a5+ a9+ @i+ @+ @)+ ol (01003 + C(gT+ a2+ a1+ a2+ a) + cealgi+ g5+ o)’

2

1 ! 1 " !
+ 205(049599° + £A3(q3+ 45+ 90) (g + a5+ 48) + Ny(g + 43+ 43) (43 + 45+ 99) + (414 + 4345 + 4395)

= =
+Niea(qr+ @5+ q3) + Maea(qi + g5 + q) + Ms[V3eo(q3 — 43) + €247 — 45 — g3) 1+ Na[V3eo(q5 — q8) + €245 — 45— q2)]

1
+ Ns(e4qaqe + €5qaqs + ecqsqe) + )\6(‘]% + CI% + qg)(ei + eg + gé) + )\7(61%6’2 + 513‘3:21 + q%eg) + Z(C?1 - C?z)(ezz) + gt2)

1 1
+ g(C?l + 2C(1)2)e5 + > 24(6‘421 + eg + eé).

ay, ay, by, by, by, b, ¢y, c{], ¢, ¢y, ¢5, and ¢} are the normal
Landau coefficients. 7,; and T, are the critical temperatures
corresponding to the in-phase and antiphase tilt transitions.
A\ to \; are the coupling coefficients between the primary
and secondary order parameters. C!,, CY,, and CY, are the
bare elastic constants. ey, es, and eg are the shear-strain com-
ponents while e;, e,, and e; are the normal-strain compo-
nents along the [100], [010], and [001] directions of the el-
ementary pseudocubic perovskite cell. The symmetry-
adapted strains, ¢,,e, and e, are linear combinations of the
normal strain components e, e,, and ez as follows:

e,=(e;+ey+es), (2)
€0=(€1—€2), (3)
1
e,=T=2e;—e;—e,), 4)
\3

where the subscript, z, in Eq. (4) signifies that the tetragonal
axis is parallel to the reference z-axis, i.e., [001] of the
pseudocubic perovskite cell.'® For the 14/mcm structure, the
only nonzero-order parameter component is g, whereas the
spontaneous strain components are given by

(1)

€1 =6e= , €3= s (5)

where a, is the reference cell parameter of the cubic perov-
skite structure extrapolated into the tetragonal-stability field,
and a and c are the equivalent perovskite cell parameters of
the tetragonal /4/mcm structure. The tetragonal cell param-
eters (A,,B,,C,) are related to a and ¢ as A,=B,~ |2 a,
whereas C,~2c¢. The primary-order parameter (g,) for the
I4/mem structure is related to the secondary order param-
eters in the following manner:'®

A q2
€y== %’ (6)
E(C[ﬁ + 2C(1)2)
2\,q2
etz [ 1—4%, (7)
S (Cli=Ch)
e,=es=es=¢5=0. (8)
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It is evident from Egs. (6) and (7) that from a study of the
temperature dependence of the symmetry-adopted strains e,,
and e,, one can obtain information about the temperature
variation of the primary-order parameter (g,) of the tetrago-
nal phase.

For the orthorhombic Pnma structure (which is equivalent
to Pbnm with a different setting of axes), ¢;=¢3=¢5=0 but
q,#0 and g4=q¢#0. The individual strain components for
the orthorhombic phase are given by

b
)
e = , )
aO
a c
L) - —a
\6 \E ’
€2+€3= + ) (10)
aD aO
a c
=-a4, TF=-4q,
V2 V2
|€4| = - > (11)

a, a,

where a, b, and ¢ are the equivalent perovskite cell param-
eters related with the A,, B, and C, parameters of the ortho-
rhombic Pnma structure as A,=~ 2 a and B,=2b B,
=~ /2c. The symmetry adapted secondary order parameters
are related to ¢, and ¢, according to Ref. 16,

_ (A 195 +2Nog3)

a— (12)
1 0 0
g(C” +2C},)
2(\3g5 — Nug?)
€n=- # (13)
E(C(l)l - C(l)z)
A
€4~ = qu?u (14)
Cyq
e,=es=e;=0. (15)

An additional term (Ag+\;)eiq; in Eq. (14) has been ignored
since its contribution is expected to be very small.'®

In addition to the secondary order parameters, we have
also analyzed the temperature dependence of the tilt angle
(which is the primary-order parameter) to evaluate the coef-
ficients of the second-, fourth-, and sixth-order terms in the
Landau “2:4:6” potential.

IV. RESULTS AND DISCUSSIONS

Figure 1 depicts the temperature variation of equivalent
elementary perovskite cell parameters in the Pbnm setting,
as obtained by Rietveld analysis of the powder-diffraction
data at various temperatures, published earlier.'® For calcu-
lating the symmetry-adapted strains at various temperatures
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FIG. 1. The variation in equivalent elementary perovskite cell
parameters (a,,b,,c,) of Ca43Sr)57TiO3 with temperature (after
Ref. 18).

in the tetragonal and orthorhombic-phase fields, we extrapo-
lated the cubic-cell parameter up to room temperature. The
best linear fit to the cubic lattice-parameter values in the
temperature range of 850-950 is described by a (A)
=3.861 27+0.000 04 T (K). The fit and its extrapolation be-
low 850 K are shown with a straight line in Fig. 1. The
spontaneous strains, calculated according to Egs. (5) and
(9)—(11) for each structure were used to calculate the values
of the symmetry-adapted strains e, e,,, and e, for the ortho-
rhombic phase and e, and ¢,, for the tetragonal phase, as per
the relationships given by Egs. (12)—(15), (6), and (7), re-
spectively. The variations in these symmetry-adapted strains
are shown in Fig. 2(a). Both ¢, and e,, change discontinu-
ously and become e, of the tetragonal phase at the ortho-
rhombic to tetragonal-phase transition temperature of 463 K.
The volume strain e,, on the other hand, varies smoothly
across the transition temperature. The discontinuous change
in the symmetry-adopted strains e, and e, confirms first-
order nature of the Pnma to I4/mcm transition, as expected
from symmetry considerations also. The e,, of the tetragonal
phase decreases in a nonlinear fashion upon approaching the
tetragonal to cubic transition temperature. The variation in e,
[which is proportional to the fourth power of primary-order
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FIG. 2. (a) The variation in symmetry-adopted strains of
Cay 43510 57Ti05 with temperature. (b) The variation in e, with
T/T.. The dots represent experimental values, while the continuous
line corresponds to the least-squares fit for e,,~ (7,-T)%~.

174111-3



SANJAY KUMAR MISHRA AND DHANANJAI PANDEY

Temperature (K) Temperature (K)
900 800 700 600 500 400 300 475 425 375 325 275
LT S S I S 1 ) ! .

—~ 1/*;
=
£ :
5 : ¢
@ 1/A
3 /
<] :
Q i
=]
s :
g
> (3
[
T T T T
0 5 10 15 20

I311 1310

FIG. 3. (Color online) Symmetry-adopted strains plotted against
the integrated intensities of the 311 and 310 [the indices are with
respect to a doubled perovskite cell (Ref. 6) superlattice peaks as-
sociated with antiferrodistortive-phase transitions driven by R(g
=%,%,%)— and M (q=%,%,0)—point phonon instabilities. For clarity
temperature axis is shown on the top of the panel. Different color
symbols correspond to different temperatures.

parameter (g4) as per Eq. (6)] with temperature shows a
nearly linear dependence indicating tricritical behavior cor-
responding to ¢~ (T—T,)"*. However, a more rigorous least-
squares fit to the data in the temperature-range of 0.70
-0.987, in Fig. 2(a) using the expression e~ (T,—T)*®
gives an effective exponent 8=0.31*+0.02 with 7.=850 K,
which is shown in Fig. 2(b).

We have also determined the effective exponent using the
intensity of the superlattice reflections. As pointed out by
Glazer.® the intensities of the odd-odd-odd (00o)- and odd-
odd-even (ooe)-type reflections are related to the amplitude
of the antiphase and in-phase tiltings of the TiOg4 octahedra
about the [001] pseudocubic axes, corresponding to the R(k
=%,%,%)— and M (k=%,%,0)—point phonon instabilities of the
cubic Brilloun zone. The general relation between the order
parameter (g) and the intensity (I) of these superlattice re-
flections is Iaqg®. Since the secondary order parameters are
also proportional to ¢* [see Egs. (6) and (11)], one expects
linear relationship between the secondary order parameters
shown in Fig. 2 and the intensities of the corresponding su-
perlattice reflections. Figures 3(a) and 3(b) depict the plot of
secondary order parameters vs integrated intensity of the 311
and 310 superlattice reflections at each temperature. The
nearly linear relationship confirms the consistency of the sec-
ondary order parameter and the intensity data. Figure 4 de-
picts the temperature dependence of the integrated intensity
of the 311 superlattice reflection as a function of tempera-
ture. The solid line gives the least-squares fit for the power
law Io(T,—T)** for which a critical exponent of S
~(0.33 +0.03 was determined for 7,=850 K. This B value is
in agreement with the value obtained from the symmetry-
adopted strain within the standard deviations.

It is evident from the foregoing that the effective exponent
(B) obtained by using both the symmetry-adapted strains and
the intensity of the superlattice reflections lies in the range
from 0.31 to 0.33%=0.03 for the temperature interval to
0.70-0.98T.. Attempts to fit a limited set of data points in a
narrower temperature range did not alter the value of expo-
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FIG. 4. The variation in the intensity of the 311 superlattice
peak with temperature. The dots represent experimental values,
while the continuous line corresponds to the least-squares fit for
Iy~ (T-T)*.

nent (B). B~1/3 has been reported by Muller and

Behinger'? for I4/mem to Pm3m and R3¢ to Pm3m transi-
tions in SrTiO; and LaAlO; using electron paramagnetic
resonance (EPR) measurements in a narrow temperature
range of about 0.957.<T<T.,. This observation was inter-
preted as failure of Landau theory in the critical region close
to T, where critical fluctuations are expected to play an im-
portant role. For 7<<0.95T., mean-field exponent S=0.50
was observed. In our case the linear dependence of e,, and
I3, is observed up to ~0.80 and ~0.85T,, respectively, [see
Figs. 2(b) and 4] from the higher-temperature side. One may
be tempted to treat this as a signature of second-order tran-
sition with 8=0.50 for 7<<0.85 7, and 5~0.33*+0.03 as
departure from the mean-field behavior for 7> 0.85. How-
ever, the fits for e,, vs temperature and /3;, vs temperature in
the ranges 0.70<7=0.98T,. and 0.85<T=0.98T,, respec-
tively, yield the same value of the exponent . This suggests
that the exponent S~ 0.33£0.03 is valid in the entire tem-
perature range; i.e., 0.70=7T=0.98T.,.

In recent years, Salje and co-workers'“? argued for
SrTiO; that non-mean-field exponents, such as g
~0.35%0.02 (which is close to 1/3 obtained by us), can be
rationalized in terms of Landau 2:4:6 potential,

G=Aq*+Bg*+ Cq°, (16)
where
A= A()(T - Tc)

For a 2:4 Landau potential (c=0), the order parameter varies
as g« (T,—T)"? and hence B=1/2. For 2:6 potential (B=0),
g varies as g« (T.—T)"* (i.e., B=1/4) corresponding to a
tricritical transition. However, if B is very small but nonzero,
the effective exponent () in g« (T.—T)# will be between 0.5
and 0.25. In our case, the fact that S~ 1/3 is observed for
temperatures as low as 0.77, and as high as 0.987T, suggests
a mean-field behavior. Our results also suggest that the
asymptotic critical limit lies in the range 0.987,<T =T, for
CST57. We believe that the large spontaneous strain associ-
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FIG. 5. Variation in ¢> with T/ T,. The dots represent experimen-
tal values, while the continuous line corresponds to the calculation
predicted by 2:4:6 Landau potential.

ated with the primary-order parameter fluctuations induces
long-range strain interactions leading to mean-field behavior
over such an extended temperature range.

The master expression for the free energy given by Eq. (1)
reduces to the form given by Eq. (16) after appropriate renor-
malization of the coefficients in the former due to elastic
energy and coupling terms. In order to determine the coeffi-
cients A, B, and C of Eq. (16), we calculated the tilt angles
(which is the primary-order parameter) from the Rietveld-
refined positional coordinates of atoms at various tempera-
tures. The variation in the square of tilt angle with tempera-
ture, associated with the cubic- to tetragonal-phase transition,
is shown in Fig. 5. We fitted Eq. (16) to the temperature
variation of the square of the primary order parameter (q,)
shown in Fig. 5 and obtained the following values of A
=(4.815+0.005) X 10%, B=(-2.0905=0.0003) X 10*’, and
C=(2.297 28 +0.000 07) X 10*. It is evident that B is nega-
tive suggesting a first-order-phase transition. However, its
value is negligibly small as compared to C suggesting that
the situation may be close to tricritical. The variation in the
free energy with order parameter (¢g4) as obtained using these
values of A, B, and C is shown in Fig. 6. It is evident from
this figure that the free-energy curves at T=T, have a broad,
flat-bottom nature characteristic of a second-order/tricritical
transition. There is no signature of the coexistence of the
cubic and tetragonal phases at 7, in Fig. 6 in terms of the
presence of three triply degenerate minima, one for ¢=0 and
two for *g, characteristic of a first-order phase transition.
Further, there is no signature of any local minimum or an
inflection point in the free-energy curve just above 7. The
two minima corresponding to the equilibrium phase appear
at *¢q just below T,. All these observations clearly show that
the negative value of B obtained by our fits is too low to
make the transition first order, and as a result the situation
becomes close to a tricritical behavior with C>>B. In
StTiO;, both near-tricritical'* and second-order!? transitions
have been reported. Salje and co-workers'# argued that the
cubic to tetragonal transition is close to tricritical with an
effective exponent S8=0.35*=0.02, which is close to the ex-
ponent for CSTS57 but with one significant difference. In
SrTiOs3, B is positive and is not negligibly small as compared
to C whereas it is negative and negligibly small for CST57.
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FIG. 6. (Color online) Variation in free energy with order pa-
rameter (g) at various temperatures (black: 7=855 K; red: T
=850 K; blue: T7=848 K; purple: 7=846 K; and violet: T
=840 K) predicted by 2:4:6 Landau potential.

What could be the origin of vanishingly small value of B
in Eq. (6)? We recall that the cubic to tetragonal transition
requires antiphase rotation of octahedra about the pseudocu-
bic (100) direction. The second transition (tetragonal to
orthorhombic) requires additional in-phase rotation of the oc-
tahedra about the pseudocubic (110) direction. In the cubic
phase, both the instabilities involving antiphase and in-phase
octahedral rotations are present although the corresponding
phonon modes freeze one after the other at two different
temperatures (7,; and T,,) leading to the two-phase transi-
tions. It is therefore quite likely that the two order parameters
(g4 and ¢,) and the two modes could be coupled in the cubic
phase itself. In addition, the tetragonal to orthorhombic tran-
sition leads to very pronounced distortion of the lattice [see
Figs. 1 and 2(a)]. This would mean significant contribution
of the elastic energy [last few terms of Eq. (1)] and also the
strain-order parameter (e-g°) coupling terms of Eq. (1). Both
these terms would renormalize the coefficients of the fourth-
order terms in ¢ in Eq. (1). The coefficient B in Eq. (16) is
thus the renormalized coefficient. Depending on the strength
of the e-g® coupling, the sign of B can be positive or negative
leading to a second-order or a first-order phase transition.
This coupling is apparently very strong for tetragonal to
orthorhombic transition making it first order. This coupling
can influence the nature of the cubic to tetragonal-phase tran-
sition also. Since the tetragonal to orthorhombic transition
(order-parameter ¢,) is first order, it is expected that the co-
efficient B in Eq. (16) would have positive contribution from
g4 and negative contribution from ¢,. When the negative
contribution outweighs the positive one, the low-temperature
transition at 7., becomes first order. However, for the higher-
temperature transition (i.e., cubic to tetragonal), it appears
that the two contributions to B are nearly equal leading to
vanishingly small value of B. This is the most likely expla-
nation for the tricritical behavior of the cubic to tetragonal-
phase transition.

To summarize, we have studied the temperature depen-

dence of secondary order parameters for cubic Pm3m to te-
tragonal (I4/mcm) and tetragonal (I4/mcm) to ortho-
rhombic (Pnma) antiferrodistortive-phase transitions in
Cay 4351 57Ti05(CST57). The discontinuous jump and con-
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tinuous variation in the secondary order parameter for the
tetragonal to orthorhombic and cubic to tetragonal transitions
suggest first- and second-order characters, respectively. The
critical exponent (B) for the cubic to tetragonal-phase tran-
sition, as obtained from the temperature variation of second
ary and primary-order parameters, corresponds to a value of

PHYSICAL REVIEW B 79, 174111 (2009)

~ % It is argued that this exponent is due to a nearly tric-
ritical transition. The free-energy calculations support this
picture.

One of us (D.P.) acknowledges a useful discussion with
T. V. Ramakrishnan.
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