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Scaling behavior of order parameters for the hybrid improper ferroelectric (Ca, Sr)3Ti2O7
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We show that in contrast to the conventional view of a mean-field Landau-type behavior, the oxygen octahedral
tilt (R) and polarization (P) in the A3B2O7 Ruddlesden-Popper hybrid improper ferroelectric (Ca, Sr)3Ti2O7

exhibits the scaling behavior of a 2D Ising class near the para-to-ferroelectric transition temperature (Tc). We also
show that P exhibits an additional transition from a 2D Ising to a 3D mean-field critical behavior at a temperature
Td < Tc, which is driven by enhanced interlayer dipolar correlations due to an increase in the ferroelectrically
active B-site centered dipoles.
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I. INTRODUCTION

In many ABO3 ferroelectric materials, such as BaTiO3,
PbTiO3, or BiFeO3, the spontaneous polarization predomi-
nantly arises due to off-centering cation displacements [1]
as a result of electronic phenomena such as Jahn-Teller dis-
tortions or lone-pair effects [2,3]. A complementary picture
for polar displacements in perovskite crystals is that of lat-
tice instabilities due to soft-phonon modes [1], which can
ultimately be linked to such above electronic phenomena
[2,3]. Nevertheless, such chemical bonding effects limit the
scope for designing new ferroelectrics for applications, such
as piezoelectric sensors, electrocaloric refrigeration, and non-
volatile memories [4,5]. In recent years, the discovery of
hybrid improper ferroelectrics (HIF) has broadened the range
of possible ferroelectrics, since they principally rely on non-
electronic geometric effects, such as tilting or rotation of
the oxygen octahedra to induce cation displacements [6–8].
However, a lack of clear understanding of the phase-transition
mechanisms in HIFs has constrained their rational design.
The key to understanding the phase-transition mechanism in a
material system is to characterize the temperature-dependent
evolution of its order parameter(s) [1], which has not been
examined comprehensively for HIFs. For example, it is debat-
able whether the transition to a polar phase is first- or second
order in HIFs [7–10]. Additionally, it is not clear whether or
not the evolution of polarization (P) can be always described
by classical mean-field behavior for HIFs, which assumes the
dominance of long-range interactions over short-range fluc-
tuations [11,12]. Here, we examined these questions for the
Ruddlesden-Popper (RP)-phase HIFs of (Ca, Sr)3Ti2O7.

The potential for robust ferroelectric properties in RP ox-
ides has generated great interest in these materials [6,13].
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For example, theoretical calculations predicted a polarization
P ∼ 20 µC cm−2 for the RP Ca3Ti2O7 [6], while experimental
studies demonstrated switchable P of ∼0.6 µC cm−2 [14] and
∼6 µC cm−2 [15] for polycrystalline and single-crystalline
Ca3Ti2O7, respectively. The crystal structure of RP oxides
An+1BnO3n+1 consists of blocks of n perovskite-like ABO3

(or ABO3) layers that are further separated by intervening AO
(or A2O) layers with the rocksalt structure in Fig. 1(a). As
proposed by Benedek and Fennie [6], the high-temperature
nonpolar I4/mmm structure of RP oxides, such as CaTi3O7 and
Ca2Mn3O7, transforms to the ferroelectric A21am structure
via a simultaneous condensation of two octahedral distor-
tions: (i) an in-phase rotation (θr) around the [001] axis or
a0a0c+ as per Glazer notation, and (ii) an out-of-phase tilt (θt )
around the [110] axis or a−a−c0. The primary order param-
eter (OP) for the paraelectric-to-ferroelectric phase transition
is proposed to be the oxygen octahedral tilting/rotation dis-
tortions. In contrast, P constitutes the secondary OP, which
means that the polar distortion is not the primary driver for
the phase transition, but rather arises as a consequence of
octahedral tilting/rotation. However, a fortuitous condensation
of two lattice modes—octahedral tilting and rotation—at the
ferroelectric transition temperature is not typical for Lan-
dau theory. Indeed, diffraction measurements have failed to
show a direct transition from I4/mmm to A21am structure
at the paraelectric-ferroelectric phase transition for many of
the RP oxides [8–10,16–19]. Additionally, the temperature-
dependent evolution of P is quite diverse in different RP phase
ferroelectrics such as reported in Refs. [6,9,16,18], which
raises the important question of whether a Landau-type model
could be used to describe the behavior of all HIFs.

Here, we used high-resolution time-of-flight neutron-
scattering experiments for a detailed structural characteri-
zation of the phase-transition parameters in Ca3Ti2O7 and
Ca2.4Sr0.6Ti2O7 RP oxides. We show that the evolution of
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FIG. 1. (a) Crystal structure of (Ca, Sr)3Ti2O7 with possible ferroelectric-paraelectric phase-transition pathways. Solid and dotted lines
represent transitions with and without group-subgroup relations, respectively. (b) DSC curves of Ca3Ti2O7 and Ca2.4Sr0.6Ti2O7 on heating.
Both curves show small endothermic peaks, which mark the phase-transition temperatures, Tc. In addition, the slopes of the curves change
above the temperature, Td (see text for explanation). (c) Temperature-dependent neutron diffraction patterns of Ca3Ti2O7. hkl reflections are
indexed based on the A21am structure. Diamonds indicate changes in hkl peak profiles.

neither R nor P follows mean-field Landau-type behavior, but
rather exhibits the scaling behavior of a 2D Ising class near the
para-to-ferroelectric transition temperature (Tc). More impor-
tantly, there is a second transition temperature, Td < Tc, below
which the temperature-dependent evolution of P transforms
from that of a 2D Ising system to that of a 3D universality
class. Such a change in the universality class arises due to the
increased magnitude of the Ti-O polarization dipoles at lower
temperatures, which increases the interlayer dipolar coupling.
We propose that the transition in critical behavior below Td

may be a general feature for layered perovskite compounds
with a ferroelectrically active B-site ion.

II. RESULTS AND DISCUSSION

Figure 1(a) illustrates the proposed mechanisms for
paraelectric-to-ferroelectric transition in (Ca, Sr)3Ti2O7. The
high-temperature phase of Ca3Ti2O7 has the I4/mmm tetrag-
onal (T ) structure with no octahedral tilt or rotation. The
different possible distortions of the T phase are the Acaa (O∗),
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FIG. 2. (a), (b) Rietveld refinement fits of neutron diffraction patterns of Ca3Ti2O7 measured at (a) 313 K and (b) 1173 K. Figures show
the measured (black symbol), refined (red line), and difference (blue line) profiles, while Bragg peak positions are indicated by green tick
marks. (c), (d) Temperature-dependent evolution of (c) primary OP, R, and (d) secondary OP, P. Both parameters are obtained from Rietveld
refinement against Bragg diffraction data. Dotted lines show the fits using the equation R ∼ tβ or P ∼ tβ , where t = (Tc − T ) and β is the
critical exponent.

P42/mnm (T ′), Acam (O′′), and Amam (O′) space-group struc-
tures, or a0a0c−, a−a0c0, a0a0c+, and a−a−c0, respectively, in
the Glazer notation [8,10,19,20]. As per some earlier studies,
the paraelectric I4/mmm structure transitions to the ferro-
electric A21am structure (a−a−c+) through an intermediate
paraelectric phase with Acaa space-group structure (a0a0c−)
[10,16]. The transition between O and O∗ phases is supposed
to be first order due to a lack of group-subgroup relation;
however, some x-ray and computational studies indicate that
the structural transition in Sr-doped Ca3Ti2O7 may be close to
second order [10,16]. To verify this, we undertook differential
scanning calorimetry (DSC) measurements for both Ca3Ti2O7

and Ca2.4Sr0.6Ti2O7 upon heating [Fig. 1(b)]. For Ca3Ti2O7,
a clear endothermic peak is observed at Tc ∼ 1082 K. For
Ca2.4Sr0.6Ti2O7, while the original DSC curve does not show
a distinct peak, the differential curve (shown in the inset)
shows an anomaly at Tc ∼ 773 K. These observations suggest
that the ferro-to-paraelectric transition for both Ca3Ti2O7 and
Ca2.4Sr0.6Ti2O7 are first order, although the magnitude of the
observed anomalies indicates that the transition is close to
second order. The phase-transition temperatures, Tc, are also
confirmed by Bragg diffraction measurements (see below).

We additionally can note that the DSC curves show a
change in their slopes at higher temperatures, which indicates
structural relaxation. This is prominently observed for
Ca3Ti2O7, whereby the heat flow sharply increases above
800 K. For Ca2.4Sr0.6Ti2O7, the slope of the heat-flow curve
changes more gradually beyond 500 K.

We examined the structural changes associated with the
observed temperature-dependent anomalies in the DSC curve
from analysis of neutron Bragg diffraction data, which were
measured at the POWGEN instrument [21] (see Sec. S.1 in
Supplemental Material (SM) [22] for details). Figure 1(c)
shows that the temperature-dependent neutron-diffraction pat-
terns of Ca3Ti2O7 for T � 1073 K are similar, while a sharp
decrease in the intensities of several reflections, such as 215,
124, etc. can be observed at T = 1173 K indicating a phase
transition. For Ca2.4Sr0.6Ti2O7, the diffraction patterns (Fig.
S1 in SM) are similar for T � 673 K, while progressive
changes in some of the peak intensities are observed at T =
873 K and T = 1073 K.

For structural characterization, we carried out Rietveld re-
finement against the measured Bragg diffraction data using
the software GSAS-II [23]. The structural parameters, viz.,
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FIG. 3. Temperature-dependent evolution of G(r) of (a) Ca3Ti2O7, and (b) Ca2.4Sr0.6Ti2O7. Insets show the FWHM of the Ti-O peak as a
function of temperature.

unit-cell parameters, atomic coordinates, and atomic displace-
ment parameters, were refined to best fit the experimental
diffraction patterns. The quality of the fits was assessed from
the weighted residuals Rw [24]. Figures 2(a) and 2(b) show
representative fits to the diffraction patterns of Ca3Ti2O7 mea-
sured at 313 and 1173 K, respectively. The fits for all other
temperatures and the detailed structural parameters are pro-
vided in the SM (Figs. S2 and S3) [22]. The diffraction peaks
of Ca3Ti2O7 for T � 1073 K can be reproduced well with
a polar A21am space-group structure. For the T = 1173 K
pattern, Rietveld refinement using the different possible space
groups ]such as those indicated in Fig. 1(a)] showed that the
best fit is obtained for the Acaa space group (Fig. 2(b) and Fig.
S4 in SM [22]). Similarly, for Ca2.4Sr0.6Ti2O7, the measured
diffraction patterns for T � 673 K are also reproduced well
by the A21am space group; see Fig. S5 in SM [21]. How-
ever, for T = 873 K, the best fit is obtained for the structure
with the Acaa space group; see Fig. S6 in SM [22]. For the
T = 1073 K pattern, the best fit is obtained with I4/mmm
space group, while including the lowest number of vari-
ables; see Fig. S7 in SM [22]. These results confirm that for
both Ca3Ti2O7 and Ca2.4Sr0.6Ti2O7, the A21am-to-I4/mmm
transition proceeds through an intermediate phase with the
Acaa structure, which is equivalent to a−a−c+ → a0a0c− →
a0a0c0. In other words, the ferroelectric-paraelectric phase
transition involves first a loss in octahedral tilting, followed
by a loss in octahedral rotation. Therefore, we assert that
octahedral tilting should be the primary order parameter, R.
In addition, we observe nonlinear increases in atomic Uiso

above Tc; see Fig. S8 in SM [22], which further supports
the first-order nature of the ferroelectric-paraelectric phase
transitions in Ca3Ti2O7 and Ca2.4Sr0.6Ti2O7.

Figure 2(c) shows the temperature-dependent values of
the octahedral tilt angle, which are obtained from Rietveld
refinement, and constitute the primary OP, R. For both the
compounds, R shows a continuous decrease with increasing
temperatures up to Tc. Figure 2(d) shows the secondary OP, P,
which was calculated from the refined structures against the
Bragg diffraction data (for details, see Sec. S.4 in SM [22]).

In contrast to R, P exhibits sharp changes at temperatures
marked as Td: Td ∼ 800 K for Ca3Ti2O7 and Td ∼ 500 K for
Ca2.4Sr0.6Ti2O7. Note that these temperatures roughly corre-
spond to the points where we can observe increases in the
slope of the heat-flow curves [Fig. 1(b)].

The peculiar nature of the different temperature-dependent
behaviors of R and P can be explained based on their critical
behavior. Ferroelectrics are known to exhibit certain types
of critical behavior below Tc, which characterize different
universality classes [25–29]. The universality class can be
examined from the temperature dependence of OP, suscepti-
bility, or correlation lengths [30,31]. Here, the experimentally
determined OPs are fitted using the equation R ∼ tβ and
P ∼ tβ , where t = (Tc − T ) and β is the critical exponent. For
both Ca3Ti2O7 and Ca2.4Sr0.6Ti2O7, R could be fitted with the
exponent β ∼ 0.13 [Fig. 2(c)], which is close to the expected
value of β ∼ 0.125 for a two-dimensional Ising universality
class. For context, β ∼ 0.5 in the case of classical mean-field
behavior for Landau theory of phase transition. This shows
that the primary OP for the paraelectric-to-ferroelectric tran-
sition exhibits behavior that is unlike classical mean-field
theory, but instead can be described by a 2D Ising universality
class [30,31]. The 2D nature of the critical behavior for R is
justified by the fact that the octahedral tilt orders couple more
strongly within each perovskite ABO3 layer, rather than across
the intervening AO layers.

Notably, for Ca3Ti2O7, the temperature dependence for P
is not uniform below Tc. Near Tc, P can be fit using a critical
exponent of β ∼ 0.13 (similar to R), Fig. 2(d). However, P
increases sharply below Td ∼ 800 K, at which point the best
fit is obtained using P ∼ (Td − T )0.5, which is expected for
either mean-field behavior or 3D Ising model with correlated
disorder [30,31]. For Ca2.4Sr0.6Ti2O7, a similar temperature-
dependent behavior of P is observed, albeit with different
transition temperatures Tc and Td. The sharp change in P
at Td, which also correlates with an increase in heat flow,
can be explained as a result of a transition from a 2D to
a 3D universality class. Such a transition does not entail a
crystallographic phase transition, but rather corresponds to
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FIG. 4. (a), (b) Experimental and fitted G(r) profiles of (a) Ca3Ti2O7 and (b) Ca2.4Sr0.6Ti2O7 for interatomic distance r ∼ 20 Å at 313 K.

how the electric dipoles couple in space, as further explained
below.

In order to examine the structural origin of the temperature
dependent behavior of P, we characterized the local dipole
moments of Ca(Sr)-O and Ti-O. The local dipole moments
were calculated from pair-distribution function (PDF) anal-
yses of the neutron total scattering data [32] measured on
NOMAD [33]. The temperature-dependent G(r) for Ca3Ti2O7

and Ca2.4Sr0.6Ti2O7 are shown in Figs. 3(a) and 3(b), respec-
tively. For both compositions, we can note an increase in the
peak widths with increase in temperature. For example, the
insets in Figs. 3(a) and 3(b) show the full width at half maxima
(FWHM) of the Ti-O peaks as a function of temperature.
The FWHM increases with temperature indicating a steady
increase in increasing disorder until Td, beyond which the
FWHM saturates. For quantitative analysis, the experimental
G(r) at different temperatures were fit using the software
PDFGUI [34] (see details in Secs. S.3 and S.4 in SM [22]).

As shown in Figs. 4(a) and 4(b), the measured neutron
PDF at 313 K for both Ca3Ti2O7 and Ca2.4Sr0.6Ti2O7 in the

FIG. 5. Layer-by-layer contribution of polarization in Ca3Ti2O7

and Ca2.4Sr0.6Ti2O7 at 313 K along the a axis, which was estimated
from the local structure obtained from PDF analysis. Note that the
light shade represents the dipole moments of Ca3Ti2O7 and the dark
shade with slashes represents the dipole moments of Ca2.4Sr0.6Ti2O7.

range of r < 20 Å, can be fit using the A21am structures.
Furthermore, as shown in Figs. S11 and S12 [22], all the PDFs
measured below Tc could be fit using the A21am structure
models. For Ca3Ti2O7, reliable PDF data were not collected
for temperatures above 1100 K. However, for Ca2.4Sr0.6Ti2O7,
it is observed that the PDFs measured above Tc ∼ 773 K
are best fit with the nonpolar Acaa structure (see Figs. S13
and S14 in SM [22]). This indicates that the temperature-
dependent local structural evolution is similar to that observed
for the average structure.

Based on the PDF refinement, we calculated the individual
contributions of the Ca(Sr)-O and Ti-O dipoles to the net
polarization. The temperature-dependent polarization is cal-
culated from the refined atomic structural parameters. Since
(Ca, Sr)3Ti2O7 can be divided into the Ca/Sr1-O (or A1-O),
Ti-O, and Ca/Sr2-O (or A2-O) electric dipole layers stacked
along [001], the polarization for each layer is calculated sep-
arately, using the relation P = ne

V

∑
i (�ri) where e is the

elementary electronic charge, V is the volume of the unit
cell, �r is the displacement of the cation, Ca/Sr or Ti, from
the center of its nearest-neighbor O atoms within each layer
[35]. For Ca/Sr-O dipole layers, each Ca/Sr is coordinated
to 4 O atoms as their nearest neighbors. For Ti-O dipole
layers, each Ti is coordinated to 4 O atoms as their nearest
neighbors. Therefore, n = 4 for the Ca/Sr-O dipoles and the
Ti-O dipoles. Note that the dipoles in each layer along the
b axis and c axis will cancel with each other, and therefore
the net polarization is along the a axis. Figure 5 shows the
layer-by-layer polarization for the average and local structures
of both the compounds at 313 K. With respect to the reference
of the figure, the A2-O and Ti-O layers contribute positively to
the net P, while A1-O contributes negatively. The calculated
total polarization of the local structure and average structures
slightly differ, but show similar contributions from A-O and
Ti-O dipoles (see Fig. S15 in SM [22]). Our calculated values
for the total polarization are lower than those by Senn et al.
[8]; however, the current values are consistent with the exper-
imentally measured values of P by Oh et al. [15].

Figures 6(a) and 6(b) show the contributions to the total
polarization from the A-O and Ti-O dipoles, as a function
of temperature. The most notable features in Figs. 6(a) and

224103-5



JING KONG et al. PHYSICAL REVIEW B 107, 224103 (2023)

FIG. 6. Contributions to the total polarization from the local Ca/Sr-O and Ti-O dipoles, calculated from analysis of G(r) in (a) Ca3Ti2O7,
and (b) Ca2.4Sr0.6Ti2O7. Magnitude of the Ti-O dipoles approaches zero beyond Td. (c) Schematic illustration of changes in dipolar correlations
with increasing temperature (see text for description).

6(b) are that the local Ti-O dipoles drop to nearly zero for
T > Td , which explains the physical origin of the change
in critical behavior at Td. Below Td, the local Ca/Sr-O and
Ti-O dipoles are finite, and therefore correlations between
these dipoles extend in three dimensions, although the cor-
relation length decreases with increasing temperature. This
gives rise to a scaling behavior for P, which is consistent
with mean-field theory of phase transitions, that is, β ∼ 0.5,
for T < Td. However, above Td, the Ti-O dipole moments
are vanishingly small. Therefore, above Td, the dipolar cor-
relations only extend along the Ca/Sr-O layers and interlayer
dipolar correlations are significantly weaker—this gives rise
to a scaling behavior, which is consistent with a 2D Ising
universality class. The scenario is schematically illustrated
in Fig. 6(c). This points to an important role for the B-O
dipoles in cases where the B-site ion is ferroelectrically active,
such as Ti in (Ca, Sr)3Ti2O7. Although, the majority polar-
ization component is from the A-O dipoles, the B-O dipoles
play a critical role in interlayer dipolar coupling and hence

enhanced total polarization at lower temperatures. Similarly,
a large enhancement in polarization at lower temperatures
was also reported for Li2SrNb2O7, which contains ferroelec-
trically active Nb at the B site, although this point was not
discussed in that article [18]. In contrast, for A3B2O7 RP
ferroelectrics with ferroelectrically inactive B-site ions such
as Sn in (Sr, Ca)3Sn2O7 [9] or Zr in Sr3Zr2O7 [16], there
is no transition point Td for a sharp rise in polarization, and
polarization increases monotonously below Tc.

III. CONCLUSION

In summary, from high-resolution neutron-scattering ex-
periments, we clarified the evolution of the primary and
secondary OPs for the paraelectric-ferroelectric phase transi-
tion in the HIFs Ca3Ti2O7 and Ca2.4Sr0.6Ti2O7. The primary
and the secondary order parameters are the octahedral tilt R
and the polarization P, respectively. We observe that both R
and P exhibit scaling behaviors, which are consistent with a
2D Ising universality class near Tc. However, we also identify
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a second transition point Td < Tc, below which P transforms
from a 2D to a 3D universality class, which is driven by an
increase in the Ti-O dipoles and therefore strengthening of the
interlayer dipolar coupling. The current insights can enable
rational design of site-specific chemistries in the RP phase
and other layered perovskite HIFs for tuning of macroscopic
polarization.
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