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Abstract

High-resolution time-of-flight neutron powder diffraction was carried out to investigate the crystal structures of CeAlO3 over a wide

temperature range between 4.2 and 1423K. Confirming the recent result of X-ray powder diffraction, the room temperature structure is

tetragonal with the space group I4/mcm (tilt system (a0a0c�)). The tetragonal structure persists down to 4.2K. However, above room

temperature CeAlO3 undergoes three phase transitions: first to the orthorhombic Imma structure (tilt system (a0b�b�)) at, e.g., 373K,

then to the rhombohedral R3̄c structure (tilt system (a�a�a�)) at, e.g., 473K, and finally, to the primitive cubic Pm3̄m structure which

exists above 1373K. The sequence of phases, Pm3̄m! R3̄c! Imma! I4=mcm, which occurs in CeAlO3 is a rare one in oxide

perovskites.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years there has been a renewed interest in the
problem of the phase transitions in perovskites. Many
ABO3 oxide perovskites at room temperature or below
have structures which are distorted from the ideal cubic
aristotype. The distortion mostly occurs when the ionic
radii, rA, rB and rO, do not fulfil the condition for the
Goldsmith tolerance factor, t ¼ 1, t ¼ (rA+rO)/
O2(rB+rO). Generally, based on t two mechanisms of
distortion may be distinguished1: A B-cation driven one
(t41) and one driven by the A-cation (to1). In the first
case, the B-cation is nominally too small for its octahedral
site, tending to move from the centre. This type of
distortion typically results in ferro-electricity as in tetra-
gonal BaTiO3 [1]. Conversely, when to1, the cubic cavity
formed by corner-linked BO6 octahedra is too large for A,
consequently the minimum energy distortion mode is
realised by tilting the normally rigid BO6 octahedra. In
e front matter r 2006 Elsevier Inc. All rights reserved.
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from cubic symmetry in perovskites may be due to

ect caused by the B-cation, for instance if B is Mn(III) or
such cases, the A–O distances are shortened while the first
coordination sphere of the B-cation remains virtually
unchanged, only the soft B–O–B angle being disturbed.
Between the two distortion mechanisms, the A-cation
driven one is the most common. In particular, as there
are many different ways of tilting the BO6 octahedra, in
practice this type of distortion results in many different
structures. Glazer [2,3] analysed the different tilting
patterns in terms of component tilts around the three
cubic axes, obtaining 23 tilt systems. He also introduced a
convenient symbolic description (a7b7c7) which is now
universally adopted. Here the symbols indicate the tilting
magnitudes about the given axis and ‘‘+’’ and ‘‘�’’
represent whether the adjacent octahedral layer is tilted
in phase or out of phase. Although Glazer’s classification
of the tilt systems may be very helpful in describing the
structure of distorted perovskites, it provides no informa-
tion on what would be the logical phase sequence in the
case of a particular perovskite in a changing environment.
Recently, Howard and Stokes [4] have, based on group
theoretical considerations, re-analysed the problem of
octahedral tilting in simple perovskites. They have listed
15 possible space groups covering all possible tilt systems.
They also presented a diagram of the group–subgroup
relationships and the nature of the corresponding phase
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transitions, i.e., being either discontinuous or possibly
continuous.

Among the recently studied phase transitions in ABO3

perovskites, two transition pathways have been well
established. In SrZrO3 [5,6], SrHfO3 [7], SrRuO3 [8,9] and
BaTbO3 [10], the sequence on decreasing temperature, is
Pm3̄m! I4=mcm! Imma! Pnma, though the Pnma

structure does not occur in BaTbO3. In BaCeO3 [11], the
sequence is Pm3̄m! R3̄c! Imma! Pnma. Other phase
sequences such as Pm3̄m! I4=mcm! Imma! I2=m or
Pm3̄m! R3̄c! Imma! I2=m have also been reported
for BaPbO3 [12,13] and PrAlO3 [14,15], respectively.
However, a recent high-resolution time-of-flight neutron
powder diffraction study has ruled out the existence of the
I2/m structure in BaPbO3 [16].

The lanthanide ortho-aluminates, LnAlO3 (Ln ¼ lantha-
nides and Y), have long been known to be distorted
perovskites. At room temperature, two structures have
been well determined previously. For large lanthanides,
i.e., Ln ¼ La, Pr and Nd, the structure is rhombohedral
with the space group R3̄c (tilt system (a�a�a�)) [17–19].
With smaller lanthanides (Ln ¼ Sm–Lu and Y), LnAlO3

are of the orthorhombic GdFeO3-type structure, having
the space group Pnma (tilt system (a+b�b�)) [18,20–23].

Among the lanthanide ortho-aluminates the structure of
CeAlO3 is of a particular interest as it is reported to have a
different symmetry than the neighbouring LaAlO3 and
PrAlO3 at room temperature. Moreover, the formation of
this compound was known to remarkably stabilise the
high-surface g-Al2O3 in current three-way catalyst systems
[24]. Zachariasen [25] and Tas and Akinc [26] found a
tetragonal cell for CeAlO3 with the lattice parameters
closely related to that of the cubic aristotype (ap)
(aE3.77 Å and cE3.79 Å), though Roth [27] and Kim
[28] described it as rhombohedral (a ¼ 5.327 Å and
a ¼ 60.251). Leonov et al. [29] have studied the Ce2O3–
Al2O3 system, and reported the binary phase diagram.
They showed two phase transitions in CeAlO3 at 363 and
1253K. However, this result has not been confirmed by Tas
and Akinc [26] in their DTA analysis of CeAlO3. On the
other hand, Egorov et al. [30] carried out differential
scanning calorimetry measurements on CeAlO3 in the
temperature range 300–800K, demonstrating the presence
of two phase transitions at 310 and 450K, respectively.
Shelykh and Melekh [31] have studied the electrical and
optical properties of single crystals of CeAlO3, confirming
the phase transitions reported by Egorov et al. [30]. They
also observed a decrease of optical transmittance starting
at 1170K and completing at 1400K, which was attributed
to the transition to an isotropic cubic phase. In these
papers no structural details were given. The structure of
CeAlO3 at room temperature has been determined by
Tanaka et al. [32] from their X-ray single crystal diffraction
data. They confirmed the presence of a primitive tetragonal
cell and refined the structure in the space group P4/mmm.
However, the tetragonal distortion in CeAlO3 cannot
simply be explained in a primitive cell without considering
the electronic instability, e.g., B-cation displacement or
Jahn–Teller distortion. In addition, the space group
P4/mmm does not occur in any of the pathways derived
by Glazer [2–4]. Considering further that the basal oxygen
atoms of the AlO6 octahedron showed remarkably non-
spherical distribution of the electron density when mod-
elled in P4/mmm [32], the choice of a primitive cell for
CeAlO3 seems to be inappropriate.
Recently, we re-examined [33] the crystal structure of

CeAlO3 using X-ray powder diffraction data. From the
presence of a few very weak but nevertheless clearly visible
super lattice reflections, we ruled out the possibility of a
primitive cell and modelled the structure with a super cell,
aEO2ap and cE2ap, in the space group I4/mcm, (tilt
system (a0a0c�)) [2–4]. Given that the ionic radius of Ce3+

is just in-between those of La3+ and Pr3+, the occurrence
of the I4/mcm structure is quite unexpected. In particular,
from the phase transitions observed thus far, one might
anticipate CeAlO3 crystallising in Pm3̄m at high tempera-
tures, turning into Imma and possibly Pnma (I2/m) on
cooling. This would exclude the possible existence of the
rhombohedral R3̄c structure for CeAlO3, observed in the
neighbouring LaAlO3 and PrAlO3. To clear this matter up
once and for all we carried out a high-resolution time-of-
flight neutron powder diffraction study on CeAlO3

between 4.2 and 1423K. In this paper we report the phase
sequence observed.

2. Experimental

A sample of CeAlO3 (�5 g) was prepared from high-
purity CeO2 (99.999%) and Al2O3 (99.99%) in a platinum
crucible. The stoichiometric mixtures were ground inti-
mately and fired in a flow of diluted hydrogen (10% H2 in
N2) at 1773K for 24 h. After regrinding this treatment was
repeated twice, whereupon the reaction mixture was
allowed to cool to room temperature.
X-ray powder diffraction was used to check the sample’s

purity. High-resolution time-of-flight powder neutron
diffraction data were collected on the HRPD diffract-
ometer at the ISIS Facility, Rutherford Appleton Labora-
tories. The sample was loaded into an 11mm diameter
vanadium can and mounted either in a cryostat (Tp300K)
or in a furnace (T4300K). Measurements were carried out
in vacuo (�10�6 Torr). Before a measurement was started
the sample was kept at the specific temperature for about
10min to allow thermal equilibrium to occur. During data
collection, the temperature fluctuation is approximately
70.5 1C. The diffraction patterns were recorded in both
the backscattering bank and the 901 detector bank, over
the time-of-flight range 32–120 and 35–114ms, correspond-
ing to d-spacings ranging from 0.6 to 2.5 Å and 1.0 to 3.3 Å,
respectively. The patterns were normalised to the incident
beam spectrum as recorded in the upstream monitor, and
corrected for detector efficiency according to a prior
calibration with vanadium (rod). Most patterns were
recorded to a total incident proton beam of about
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Fig. 1. A section of the high-resolution backscattering data showing the

evolution of the basic (1 1 1) and (200) reflections as the function of

temperature. The significance of the peak splitting and the change of their

relative intensities is discussed in the text.
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Fig. 2. Observed (crosses) and calculated (continuous line) high-resolu-

tion backscattering profiles of CeAlO3 in the space groups I4/mcm, Imma,

R3̄c and Pm3̄m. Tick marks below indicate the positions of the allowed

Bragg’s reflections. The difference curves (Iobs.�Ical.) are shown at the

bottom.

2For easy comparison with the tetragonal structure, the space group

Ibmm, instead of the standard Imma, was used with the c-axis as the

longest one.
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30 mAh, in approximately 2 h. Calculations were performed
simultaneously on both backscattering and 901 bank data
by the Rietveld method using the GSAS computer program
[34].

3. Results

Confirming our earlier X-ray diffraction study [33], the
high-resolution backscattering data of CeAlO3 at room
temperature demonstrates the presence of a super cell,
easily identified from the substantial intensity of the
superlattice reflections. Tetragonal symmetry is identified
by examination of the peak splitting of the basic reflections
of the cubic perovskite, i.e., the (h00)-type reflections are
split into doublets and the (hhh)-type reflections remain
single (Fig. 1). As no additional reflections associated with
in-phase tilting of adjacent octahedra are present, the
logical choice of the space group is I4/mcm [4]. Below room
temperature no structural change was observed except an
increasing tetragonal distortion (Fig. 1). Therefore, the
structure of CeAlO3 between 4.2 and 300K was modelled
in the space group I4/mcm [33].

However, examination of the high-resolution back-
scattering data above room temperature has shown three
phase transitions. At 373K, the basic (1 1 1) reflection also
splits in two, and the doublet of the basic (200) reflection
reverses its intensity. This is characteristic of an orthor-
hombic distortion. As the temperature increases further,
e.g., at T ¼ 473K, the doublet of the basic (200) reflection
merges into a single peak, but the splitting of the basic
(1 1 1) reflection remains with the intensity ratio changing
from �1:1 to �1:3. This structure is best described by a
rhombohedral distortion. The rhombohedral structure
continues until 1348K, though the splitting of the basic
(1 1 1) reflection becomes unobservable above about
1173K. However, in this temperature range some super
lattice reflections, e.g., at dE2.3 Å (Fig. 2), persist, only to
completely disappear at T ¼ 1373K. The neutron diffrac-
tion pattern is typically primitive cubic. As no additional
super lattice reflections resulting from in-phase octahedral
tilting (Fig. 2) were observed, we concluded that the
structural changes in CeAlO3 above room temperature
correspond to the I4/mcm - Imma, Imma! R3̄c and
R3̄c! Pm3̄m phase transitions.
Rietveld refinements carried out in the space groups2

mentioned above yielded satisfactory results. Table 1
summarises the refined lattice parameters and atomic
positions of CeAlO3 in four different phases. Fig. 2 shows
the plots of the observed and calculated profiles at some
representative temperatures. Some selected interatomic
distances are listed in Table 2.
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4. Discussion

The present high-resolution powder neutron diffraction
study has confirmed that the structure of CeAlO3 at room
temperature is tetragonal, crystallising with a super cell
instead of a primitive one. The tetragonal distortion is
readily explained by the cooperative tilt of AlO6 octahedra
about the primitive four-fold [001]p-axis resulting in the
space group I4/mcm. The tilting angle at room temperature
is about 7.11. Due to octahedral tilting, the a-axis shrinks,
the reduced cr/ar ratio becoming 1.008. The octahedral
tilting changes the 12 Ce–O bond distances into four short,
four medium and four long ones (Table 2). On the other
hand, the change of the Al–O bond lengths is insignificant.
Below room temperature, no phase transition was observed
except a gradual increase of the tetragonal distortion. At
4K, the tilting angle is about 8.11 with a reduced cr/ar ratio
of 1.012.
Above room temperature, the tetragonal structure does

not change directly into the primitive cubic as was
anticipated; instead, it turns, e.g., at 373K, into an
orthorhombic structure with the space group Imma. This
structure is obtained by octahedral tilting about the
primitive two-fold [1 1 0]p-axis with a tilting angle of about
6.91 at 373K. This distortion results in seven shorter and
five longer Ce–O distances (Table 2). Again, the Al–O bond
distances change very little. The tilting about the two-fold
[1 1 0]p-axis shortens the c-axis leading to a ratio
cr/ar(br)o1.
As the temperature increases further, the rhombohedral

R3̄c structure appears, e.g., at 473K. This structure
corresponds to tilting of the octahedra arround the
primitive three-fold [1 1 1]p-axis. This is just the structure
of LnAlO3 (Ln ¼ La, Pr and Nd) at room temperature. In
the rhombohedral phase, three short, six medium and three
long Ce–O bonds occur (Table 2). On the other hand,
tilting does not change the Al environment significantly.
The rhombohedral structure persists till 1348K. Above
about 1373K, the structure of CeAlO3 becomes primitive
cubic. Across the R3̄c! Pm3̄m phase transition, no
discontinuous cell volume change is observed (Fig. 3). On
the other hand, the tilting angle gradually decreases with
increasing temperature (Fig. 4), indicating the approach to
the cubic phase. Given that the same phase transition in
LnAlO3 (Ln ¼ La, Pr and Nd) was ascribed to be
continuous [19], we have estimated the transition tempera-
ture by choosing the tilting angle (j) as the order
parameter and fitting its variation with temperature (T)
using the formula: j ¼ A(Tc�T)

b, where Tc is the
transition temperature, and b is termed the ‘‘critical
exponent’’. The experimentally fitted values are:
Tc ¼ 1371K with b ¼ 0.35 and A ¼ 0.52 (Fig. 4). The Tc-
value obtained falls well within the experimentally ob-
served transition temperature range, i.e., between 1348 and
1373K. However, the calculated b-value is not the expected
one, neither for a mean field second-order transi-
tion (b ¼ 0.5) nor for a tricritical transition (b ¼ 0.25).
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Table 2

Selected interatomic distances (Å) in CeAlO3

T (K) 4.2 300 373 473 1373

Space group I4=mcm I4=mcm Ibmm R3̄c Pm3̄m

Al–O(1) 1.89988(1) 2� 1.89712(1) 2� 1.8981(1) 2� 1.8987(4) 6� 1.90894 6�

Al–O(2) 1.89594(8) 4� 1.89676(7) 4� 1.89778(6) 4�
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Nevertheless, we have previously observed similar beha-
viour in BaTbO3 (b ¼ 0.35) [10] for the corresponding
I4=mcm! Pm3̄m phase transition. Interestingly, fitting
the tilting angle of rhombohedral LaAlO3 using the refined
oxygen coordinates given in Ref. [19], we obtained a b-
value of 0.36. Obviously, these continuous phase transi-
tions have common features.
From the discussion given above, the phase sequence in

CeAlO3—with decreasing temperature—is: Pm3̄m!

R3̄c! Imma! I4=mcm . Of particular interest is that
all three simple tilt systems, i.e., (a�a�a�), (a0b�b�) and
(a0a0c�), have been observed. Here the R3̄c! Imma and
Imma - I4/mcm transitions must be the first-order ones
[4]. It is interesting to compare this phase sequence with the
others known in perovskites. As was mentioned in the
introduction, A-cation driven phase transitions in ABO3

perovskites usually follow the sequence of either Pm3̄m -
I4/mcm - Imma - Pnma or Pm3̄m! R3̄c! Imma!

Pnma, though the structure at lower temperatures has also
been reported to have the space group I2/m instead of
Pnma (see discussion below). Inspecting these sequences,
some distinct features can be noticed. For instance, the
cubic space group Pm3̄m changes into its subgroups: either
I4/mcm (tilt system (a0b0c�)) or R3̄c (tilt system (a�a�a�));
the immediate transition to the space group Imma (tilt
system (a0b�b�)) is, apparently unknown. On the other
hand, neither I4/mcm nor R3̄c transforms directly into
possible subgroups; both go via the space group Imma to
the space group Pnma (tilt system (a+b�b�)). Why any
perovskite would follow such peculiar pathways does not
seem to be well understood. However, examining the
nature of the phase transitions as discussed by Howard and
Stokes in their group theoretical study [4], one clear
condition seems to exist: the transition from one space
group into a subgroup seems to be possible only if the
associated phase transition is continuous. However,
between different subgroups a first-order phase transition
may occur. For example, the Pm3̄m! Imma transition is
required by Landau theory to be of the first order [4], and it
does not occur in perovskites. Also, since the space group
Pnma is a subgroup of neither I4/mcm nor R3̄c, perovskites
crystallising in those space groups would first undergo a
first-order transition to Imma, enabling the further
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continuous transition to Pnma. Nevertheless, without
theoretical confirmation, it is as yet unclear whether this
condition may indeed account for the phase sequences
observed.

In common perovskites the transition from Imma to
I4/mcm occurs on an increase in temperature. In CeAlO3

this transition occurs at decreasing temperatures. A simple
A-cation driven mechanism cannot account for this
anomaly. The presence of the tetragonal structure over a
wide temperature range may have an electronic origin as
the Ce(III) ion contains one 4f-electron. The La(III)
counterpart, which does not have a 4f-electron, does not
show the tetragonal phase at all [19]. The fact that the
Imma - I4/mcm phase transition in CeAlO3 is likely to be
driven by the electronic structure of Ce(III) may seen too
from the phases in the series of Ce1�xLaxAlO3. In this case,
as La-substitution depopulates the 4f-electron at the A-site,
one would expect that the tetragonal structure ceases to
exist at certain doping level. Indeed, our preliminary results
have shown that this occurs already at the x-value of about
0.1. In particular, we also observed the orthorhombic
Imma structure in the compounds of the intermediate
compositions before the occurrence of the rhombohedral
R3̄c structure at higher degrees of La-substitution (xE0.5).
Details will be published elsewhere.

It is interesting to note that a similar structural
behaviour has been observed in PrAlO3 more than 30
years ago. This perovskite has the rhombohedral R3̄c

structure at room temperature, and undergoes two phase
transitions, near 205 and 150K, respectively [35]. The first
transition to an orthorhombic structure has been identified
by Megaw [36] as corresponding to the R3̄c! Imma phase
transition. The structure that results from the second
transition, though being universally recognised as pseudo-
tetragonal [37,38], remains unclear. Moussa et al. [14] have
studied the phase transitions in PrAlO3 using a combina-
tion of high-resolution neutron powder diffraction and
synchrotron X-ray powder diffraction techniques. They
proposed that the near 150K phase transition corresponds
to an orthorhombic (Imma) - monoclinic (I2/m) transi-
tion, which is continuous. Even so, their synchrotron data
at 20K show a virtually tetragonal metric. More recently,
Carpenter et al. [15] have, using high-resolution time-of-
flight neutron powder diffraction, investigated the strain
mechanism through successive phase transitions in PrAlO3.
From the analysis of peak profiles close to the transition
temperature, they confirmed the 150K phase transition
being Imma - I2/m. They also carried out refinements,
using their 4.2K neutron data, in both I4/mcm and the
I2/m models. The tetragonal space group was rejected as it
resulted in a poor agreement factor (Rwp). To see whether
the proposed I2/m model might be compatible with the
structure of CeAlO3 at room temperature and below, we
refined the structure at 4.2K, using our data, in the
monoclinic space group as well. While a comparable but
somewhat higher agreement factor was obtained
(Rwp ¼ 4.98%), the refined oxygen positions showed
standard deviations being roughly 10 times higher com-
pared to the refinement in I4/mcm. Also the refined
lattice parameters, a ¼ 5.3412(1) Å, b ¼ 7.5093(2) Å, c ¼

5.3432(2) Å and b ¼ 90.6831, are very close to a tetragonal
metric except for the large monoclinic angle. Considering
further that the tilting of the AlO6 octahedra in a
monoclinic model is practically dominated by one tilt,
being 7.61 vs. 1.01, the space group I2/m clearly failed to
model the structure of CeAlO3.
It is unclear whether the phase transitions in CeAlO3 and

PrAlO3 have the same mechanism given their similar
electronic configurations and the close similarity of the
low-temperature structures. In particular, whether the
observed phase sequences of Pm3̄m! R3̄c! Imma!

I4=mcm and Pm3̄m! R3̄c! Imma! I2=m are both
valid for ABO3-type perovskites remains to be clarified.
As was discussed before, the Imma - I4/mcm phase
transition with decreasing temperature does not usually
occur in perovskites, which may suggest an electronic
origin. On the other hand, the Imma - I2/m transition
would obey group–subgroup relations [4]. Nevertheless, in
many perovskites the Imma structure transforms to the
subgroup Pnma at low temperatures instead of to I2/m. As
was explained by Woodward [39], the orthorhombic
tilt system (a+b�b�) (Pnma) provides the best balance
between maximising the coulomb attraction while
minimising repulsive ion–ion interactions, if large tilting
angles are required. As the tilt system (a0b�c�) (I2/m) is,
actually, intermediate between the tilt system (a0b�b�)
(Imma) and (a0a0c�) (I4/mcm), i.e., when two tilting
angles are either equal or one tilting angle is zero, it is
questionable whether a perovskite would adopt the
I2/m space group. In fact, in the ABO3-type perovskites,
only BaPbO3 has, besides PrAlO3, once been reported to
have this structure [12,13,40]. But the monoclinic structure
in BaPbO3 is disproved by a recent high-resolution neutron
powder diffraction study [10], which showed that the
line broadening of some diffraction lines that has
been attributed to the monoclinic distortion is likely
due to the presence of micro twins. In this regard, the
structure of PrAlO3 at low temperature necessitates a closer
examination to see whether it is indeed monoclinic or
the correct space group is tetragonal—I4/mcm—by con-
sidering the possibly similar anisotropic line broadening
effect.
In conclusion, we have investigated the structure of

CeAlO3 in a wide temperature range. The tetragonal
I4/mcm structure at room temperature, once reported from
X-ray powder diffraction data, is firmly confirmed, and no
phase transition is observed below room temperature till
4.2K. On the other hand, CeAlO3 undergoes the successive
phase transitions to the orthorhombic Imma structure (e.g.,
T ¼ 373K), the rhombohedral R3̄c structure (e.g., 473K)
and finally the cubic Pm3̄m structure at about above
1373K. The phase sequence, Pm3̄m! R3̄c! Imma!

I4=mcm, occurring in CeAlO3, is unique in the ABO3-type
perovskites.
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Note added

After submitting this paper we learnt from one of the
reviewers the works of L. Vasylechko et al. on CeAlO3

using high-resolution synchrotron X-ray diffraction tech-
nique (see Ref. [41] and the attached PDF’s and web
addresses). In particular, they identified the phase sequence
in CeAlO3 being: I4=mcm! Imma! R3̄c! Pm3̄m. Our
results are in agreement with their findings.
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