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Abstract

The crystal structures of BaTbO; have been investigated over a wide temperature range between 40 and 773 K using high-
resolution time-of-flight neutron powder diffraction. Two-phase transitions were observed. Below about 280 K, BaTbO; adopts an
orthorhombic perovskite structure (space group Ibmm), which is characterized by rotation of TbOg octahedra about the
pseudocubic two-fold axis. Above 280 K, BaTbO3 undergoes a first-order phase transition to a tetragonal symmetry (space group
14/mcem), in which the tilting of the octahedra is around the pseudocubic four-fold axis. As the temperature is further increased,
BaTbO; adopts the primitive cubic aristotype at about 623 K. This later phase transformation is characterized by a gradual decrease

of the rotation angle, indicating a continuous phase transition, which is described by a critical exponent = 0.35.

© 2004 Published by Elsevier Inc.
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1. Introduction

Many ternary compounds with the general formula
ABX; belong to the perovskite family. The structure of
the perovskites has been studied over many years
because of scientific as well as technological importance.
Depending on the tolerance factor, ¢= (ry+rg)/
2172(rg +ry), where r4, rp and ry are the constituent
ionic radii, the perovskites may have a simple cubic
structure (¢~ 1), space group Pm3m, or a distorted one
(t>1 or <1), with lower symmetry. By simple tilting of
rigid BX, octahedra of the cubic aristotype, Glazer [1,2]
developed a description of the different tilting patterns
in terms of compound tilts around the pseudocubic axes,
and obtained 23 corresponding space groups. Recently,
Howard and Stokes [3] undertook a group-theoretical
analysis and found 15 possible structures under the same
conditions of tilting rigid octahedra. This analysis
indicates also the possible pathways by which phase
transitions occurring in perovskites might be either
continuous or discontinuous.

For many distorted perovskites, increasing tempera-
ture generally has the effect of decreasing the tilt
angles as was described long ago by Megaw [4], and,
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consequently, structural phase transitions may be
expected to occur. In the past few years, temperature-
induced structural phase transitions have been reported
for SrZrO; [5,6], StHfO; [7] and SrRuO; [8,9]. These
compounds, with tolerance factor (¢) of 0.947, 0.952,
and 0.994, respectively, all have the orthorhombic
GdFeOs; structure, with the space group Pbnm (tilting
(a”a ¢") in Glazer’s notation), at low temperature, and
show, by increasing temperature, a sequence of phase
transitions from orthorhombic to tetragonal and, then,
to the cubic aristotype.

For some BaBOs-type perovskites, the tolerance
factor is very close to 1, and they adopt the simple
cubic structure at room temperature. Examples are
BaZrO; (¢t =1.00), BaHfO; (¢ =1.01) and BaSnO;
(t = 1.02). On the other hand, BaPbO; (¢ = 0.98) and
BaCeO; (t =0.94) have the orthorhombic structure,
with space group Ibmm [10-12] and Pbnm [13],
respectively. The later compound also shows a more
complicated phase transition sequence of Pbnm—
Ibmm — R3c— Pm3m, with increasing temperature [13].

BaTbO; (r=0.985) is known to be a distorted
perovskite. The structure of this compound, both at
room temperature and at 4 K, was first determined from
powder neutron diffraction data by Jacobson et al.
[14,15], to be rhombohedral (space group R3c, tilting
(a"a"a) in Glazer’s notation). Banks et al. [16] also
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found the same space group from the powder neutron
diffraction data. Recently, Tezuka et al. [17] have
reported an orthorhombic space group Pbnm for
BaTbOs (tilting (¢ a ¢")), as was obtained from high-
resolution powder neutron diffraction data. However,
the present authors have shown, by using high-resolu-
tion powder neutron diffraction, that the room-tem-
perature structure of BaTbOj is actually tetragonal with
the space group 14/mcm (tilting (a’a’c™)) [18].

The present investigation is devoted to the study of
the phase transitions that may occur in BaTbOj;. Since
the tolerance factor of BaTbOj is close to unity and is
only slightly larger than that of BaPbO;, one may expect
structural phase transitions in BaTbOj3 as a function of
temperature. We have, therefore, carried out a crystal
structure study over a wide temperature range
using high-resolution time-of-flight powder neutron
diffraction technique, and report the results in this

paper.

2. Experimental

A powder sample of BaTbO; was prepared from AR
BaCO; and Tb407 (99.99%) in an alumina crucible. The
mixture was intimately ground and heated in air at
1323 K for 2 weeks with repeated grindings, followed by
furnace cooling to room temperature.

X-ray diffraction patterns were collected with a
Philips PW1050 diffractometer using monochromatic
CuKu radiation in the range of 10°<26<117° with the
step size of 0.02° and 12s counting time at each step.
High-resolution time of fight powder neutron diffraction
data were obtained at the HRPD diffractometer, ISIS
Facility, Rutherford Appleton Laboratories. The sam-
ple was loaded into a 11 mm diameter vanadium can and
placed either in a cryostat (7’ <300K) or in a furnace
(T >2300K). The diffraction patterns were recorded in
both the backscattering bank and the 90° detector bank,
over the time-of-flight range 32-120 and 35-114ms,
corresponding to the d spacings from 0.6-2.5 to 1.0-
3.3A, respectively. The patterns were normalized to the
incident beam spectrum as recorded in the upstream
monitor, and corrected for detector efficiency according
to prior calibration with vanadium (rod). Most patterns
were recorded to a total incident proton beam of about
120 uA h, for approximately 4h. Calculations were
performed simultaneously on both backscatterings and
90° bank data by the Rietveld method using the GSAS
computer program [19].

3. Results

The X-ray diffraction pattern of BaTbO; at room
temperature revealed a single phase, which could be

interpreted with the distorted perovskite structure with a
supercell of cell dimensions: axbx~+v2ay and cxay,
where ay is the cell parameter of the ideal cubic
perovskite.

The refinement of neutron powder diffraction data
above the room temperature was carried out in the space
group 14/mcem as reported earlier [18]. Examination of
the high-resolution backscattering data at 623 K has
shown, however, the disappearance of the superlattice
reflections as well as the splittings of basic reflections of
perovskite (Fig. la). Consequently, the structure of
BaTbO;3; was modelled with the simple cubic perovskite
in the space group Pm3m. During the refinements, we
observed a few weak reflections at the d value of about
2.06, 1.78 and 1.26 A, respectively. These weak reflec-
tions do not, however, show up in our low-temperature
data. Careful analysis has shown that they are due to the
chromel-alumel thermocouple that was placed outside
the vanadium can. Since the exact composition is
not known, and the attempt of introducing nickel as
the second phase did not affect the refinement results,
we did not consider these reflections further in the
refinements.

Below room temperature, at about 280K, a phase
transition to an orthorhombic structure is observed as
indicated by the splitting of the (400) reflection of the
tetragonal phase (Fig. 1b). Since no additional reflec-
tions, resulting from the coupled in-phase tilting
around the pseudocubic [001],-axis, were observed, we
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Fig. 1. A section of the observed high-resolution neutron diffraction
patterns of BaTbOj3 at some representative temperatures. In (a), both
the splitting of main diffraction peaks and the superlattice diffraction
(indicated by the arrow) can be seen. A small peak due to the
contamination of chromel-alumel thermocouple is shown by *. (b)
Basic (222) diffraction, which remains single line in /4/mcm and splits
into two in Ibmm. Note that the splitting starts already at 7=280 K.
Tick marks below indicate the allowed diffraction by each space group
(see also the discussion in the text).
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Table 1
Refined atomic positions and thermal parameters of BaTbOj; at some selected temperatures
T (K) 40 100 260 373 473 573 623 873
Space group  Ibmm I4/mem Pm3m
a (A) 6.07141(10) 6.07123(10)  6.07202(13)  6.05275(4) 6.06175(3)  6.07110(5) 4.29692(1) 4.30226(1)
b (A) 6.04407(10) 6.04591(10)  6.05519(13)
¢ (A) 8.52560(13) 8.52897(13)  8.54526(16)  8.59573(8) 8.59598(8)  8.59512(14)
Tb 4a (0,0,0) 4¢(0,0,0) 1a(0,0,0)
Uio 0.12(4) 0.11(4) 0.27(4) 0.14(3) 0.29(3) 0.36(3) 0.45(3) 0.58(3)
Ba 4e(x,0,1/4) 4b(1/2,0,1/4) 16(1/2,1/2,1/2)

x: 0.5015(7) 0.5009(7) 0.4985(11)
Ulo 0.50(4) 0.56(4) 0.98(5) 1.00(4) 1.29(4) 1.54(4) 1.65(4) 2.08(5)
o(1) 4e(x,0,1/4) 4a(0,0,1/4) 3d(1/2,0,0)

x: 0.0525(4) 0.0508(4) 0.0449(6)
Uio 0.73(8) 0.83(8) 1.32(11) 1.63(7) 2.17(10) 2.65(22) 2.81(4) 3.07(4)
0(2) 8g(1/4,1/4,z) 8h(x,1/2 + x,0)

z: —0.0282(2) —0.0273(2) —0.0238(3) x: 0.2780(1) 0.2730(2) 0.2657(2)
Ul 0.71(5) 0.85(5) 1.42(7) 1.41(4) 1.87(5) 2.29(11)
Ryp (%) 8.34 8.00 8.54 6.33 6.09 6.57 6.73 6.89
R, (%) 6.48 6.25 6.38 5.39 5.17 5.47 5.46 5.66

Ui, = Uis x 100.

iso

concluded that this orthorhombic phase belongs to the
space group Ibmm (a—a~c"). It is worth mentioning that
this phase transition, although clearly visible at 280 K,
shows hysteresis and exhibits a small two-phase region,
AT~10K. For example, the refinement of neutron
diffraction data at 280 K in the space group 14 /mcm still
gives slightly lower agreement factor (R, =8.61%) than
that in the space group Ibmm (Ry,=9.60%). On the
other hand, full convergence could not be reached when
refining the diffraction data at 260 K in 74 /mcm, even by
using the highest damping factor. It resulted also in poor
agreement factor (Ry,=9.56%) as compared to that in
the space group Ibmm (R,,=8.54%). Below about
20K, some magnetic diffraction lines are visible in
agreement with the observations of Tezuka et al. [17].

Table 1 summarizes the refined atomic positions and
the thermal parameters for BaTbO; at selected tem-
peratures. Fig. 2 shows a few examples of the observed
and calculated profiles.

4. Discussion

At low temperature, the structure of BaTbOj3 has the
space group Ibmm (a a ), which can be derived from
the cubic aristotype by tilting the octahedra around the
primitive [110],-axis. The tilting angle decreases
smoothly with increasing temperature ranging from
9.0-7.2° at 40 and 260K, respectively (Fig. 3). The
a-axis remains nearly constant whereas the b- and
c-axis expand with rising temperature (Fig. 4). The
observed space group Ibmm is in agreement with the
powder neutron diffraction diagram at 10 K of Tezuka
et al. [17], which shows the absence of reflections for
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Fig. 2. Observed (crosses) and calculated (continuous line) profiles
(90° bank data) of BaTbO; at 77=200, 375 and 635K in the space
groups Ibmm, I4/mem and Pm3m, respectively. Tick marks indicate
the positions of allowed reflections by each space group. The difference
curve (Iops—Icar) is shown at the bottom. A few visible peaks due to the
contamination of the chromel-alumel thermocouple are marked by ™.
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Fig. 3. Temperature dependence of the tilting angles in BaTbO;. The
continuous line in tetragonal phase region is the fit to the expression:
@ = A(T. — T)" with =0.35, 4=0.90 and T.=623K.
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Fig. 4. Temperature dependence of (a) reduced cell constants, and (b)
reduced cell volume for BaTbOs. Note that the cell volume shows
discontinuous change across the Ibmm— I4/mem phase transition.

h+k+1=2n+1. This confirms an I-centered cell
rather than a primitive cell.

Above about 280 K, the structure of BaTbO5 becomes
tetragonal with the space group 14/mcm, characterized

by the change of ¢/a ratio from c/a<l to cla>1
across the phase transition. In I4/mcm, the TbOg
octahedra are tilted around the primitive [001],-axis.
Since it involves an abrupt change of octahedral
tilting from a diad axis to a tetrad axis, the phase
transition from Ibmm to I4/mcm is first order. A
discontinuous change of the (reduced) cell volume
can be clearly secen (Fig. 3) as well as a hysteresis
behavior around 280K. These observations under-
write the prediction from the group-theoretical ana-
lysis that this structural phase transition should be first
order.

The tetragonal 14/mcm structure persists over a
relatively wide temperature range and transforms to
the aristotype cubic (Pm3m) at about 623K. In
agreement with the diagram of group—subgroup relation
given by Howard et al. [3], both the lattice parameters
and the tilting angle gradually change with the
temperature (Figs. 3 and 4), suggesting that the
tetragonal —cubic transition is probably continuous.
To evaluate the phase transition, we have used the
tilting angle (@) as the order parameter and fitted
its variation with temperature using the general form
for the temperature dependence of the order parameter
[20]:

0 =A(T. - T),

where T, (=623 K) is the transition temperature, and f
is termed the “‘critical exponent”. The experimentally
fitted value gives = 0.35 with 4 = 0.90. For contin-
uous structural phase transitions, the ff-values of 0.5 and
0.25 are expected for a mean field second-order
transition or a tricritical transition, respectively. No
model prediction for the observed f value in BaTbOs is
known. However, its value would fit in the three-
dimensional Heisenberg universality class. We mention
that the similar phase transition has also been observed
in SrZrO; and SrHfOj, but characterized by either
tricritical (f = 0.25) or mean field second-order transi-
tion (ff = 0.50), respectively [5,7].

The phase sequence of Ibmm — I4/mem — Pm3m that
occurs in BaTbO; with increasing temperature is what
one would expect for a distorted perovskite in which the
distortion is solely confined to the tilting of octahedra. It
has already been observed in perovskites such as SrZrO;
[6] and SrRuO; [8], although the Ibmm phase has
once been either wrongly assigned as Cmcm in the
former [7] or missing in the later compound [9]. We
noted that a similarly high-resolution powder neutron
diffraction study on BaCeO; has revealed a somewhat
different sequence of phases, Pnma— Ibmm— R3c—
Pm3m [13]. On the other hand, our recent study on
BaPbO; has shown the same phase sequence repor-
ted here, and the detailed results will be published
elsewhere.
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