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Abstract. The structures of SrZrO3; have been studied in fine temperature steps, from room
temperature to 1230 °C, by very high resolution neutron powder diffraction. It has been concluded
that SrZrO3, orthorhombic in space group Pnma at room temperature, changes by a continuous
transition to a pseudo-tetragonal structure in Imma at about 750 °C, then by a discontinuous
transformation to tetragonal /4/mcm at about 840 °C, and finally, continuously, to cubic at 1070 °C.
The sequence of structures is rationalised by reference to a recent group theoretical analysis
(Howard C J and Stokes H T 1998 Acta Crystallogr. B 54 782).

There is continuing interest in the structural variants and phase transitions in perovskites,
ABX3, associated with both their technological applications [1], and their pervasiveness in
the earth sciences [2,3]. The transitions between the different variants are often central to
the technological applications. In the earth sciences, the influence of these transitions on the
elastic constants may be of particular significance [4]. In spite of the countless studies of these
materials driven by the above interests, the structural variants are often poorly determined, and
the structural sequences not well understood.

In this letter we report new results, from room temperature to 1230 °C, obtained from the
apparently simple perovskite SrZrO; by high-resolution neutron powder diffraction.

That the room temperature structure of StZrOj; is orthorhombic was established by x-ray
diffraction many years ago [5]. Itis well known [6—8] that the orthorhombic distortion in ABX3
perovskites arises from the coupled tilting (relative to their orientation in the cubic aristotype)
of corner-linked BX¢ octahedra—such tilting leads not only to distortion, seen as splitting of
the main perovskite peaks, but also to the appearance of weak superlattice peaks due to the
concomitant enlargement of the unit cell. The superlattice peaks depend on scattering from
the anions which, for x-rays, is weak relative to that from the heavier cations, so it was only
in a subsequent neutron diffraction study [9] that the superlattice peaks were identified and
the space group Pnma, assigned. This space group is the one most commonly adopted by
perovskites under ambient conditions [10].

Itis generally considered that an orthorhombic perovskite, in Pnma, will transform through
higher symmetries upon heating, eventually (if it does not decompose or melt first) to cubic.
There are relatively few instances, however, in which the sequence has been followed in any
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detail [11-14]. In the case of SrZrO3, a good start was made by Carlsson [15] using laboratory
x-ray diffraction in conjunction with differential thermal analysis. Carlsson examined the
crystal systems, and presented apparently good data on lattice parameters as a function of
temperature. His observations as to the sequence of phases can be summarized as follows:

700 °C 830°C 1170 °C
Orthorhombic — Pseudo-tetragonal — Tetragonal — Cubic
Continuously cla <1 Discontinuously ¢/a > 1  Continuously

As indicated above, Carlsson did not suggest space groups for these different structures,
presumably because the superlattice reflections were not well determined in his work. He was
however intrigued by the first-order transition at 830 °C involving the reversal of tetragonality.
The occurrence of two transitions in the temperature range below 1000 °C seems to have been
confirmed quite recently by de Ligny and Richet [16] who, measuring heat capacity by drop
calorimetry, reported specific heat anomalies at 720 °C and 830 °C. Ahtee et al [17] recorded
two neutron diffraction patterns at elevated temperatures, in an attempt to investigate Carlsson’s
pseudo-tetragonal (c¢/a < 1) and tetragonal (c/a > 1) phases, and concluded that the space
groups were Cmcm (orthorhombic) and I4/mcm respectively. Kennedy et al [18] recently
reported on a high temperature neutron powder diffraction study carried out at the Oak Ridge
Laboratory, but the focus of that study was the detail of the transition from tetragonal /4/mcm
to the cubic Pm3m. The superlattice reflections were well defined, but the peak resolution
was poorer and the lattice parameters less well determined than in Carlsson’s x-ray work, and
except in the vicinity of the high-temperature transition to cubic, the temperature steps were
coarse. The occurrence of the Cmcm phase at lower temperatures was uncritically accepted.

The results presented here were obtained using the high-resolution neutron powder
diffractometer, HRPD, at the ISIS facility, Rutherford Appleton Laboratories [19]. This
provides lattice parameter data of better precision than laboratory x-rays, and at the same
time offers the advantages of neutrons as regards enhancing the intensities of the superlattice
peaks. The powdered sample of SrZrO; was from Aldrich, and was pre-annealed for 24 hours
at 1200 °C prior to measurement. The sample was loaded into an 11 mm diameter vanadium
can, which was mounted in turn into the RAL vacuum furnace. This furnace has vanadium
elements, the thermometry is based on tungsten-rhenium type W5 thermocouples, and the
sample temperature was controlled to +0.2 K. The diffraction patterns were recorded from the
sample at the 1 m position, in the back-scattering detector bank, over the time-of-flight range
30-130 ms, corresponding to d-spacings from 0.6 to 2.6 A. 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 a vanadium scan. The patterns were recorded
first at room temperature, then in steps of 20° from 100 to 660 °C, in steps of 10° to 970 °C,
in steps of 5° to 1190 °C, and finally in steps of 10° to a maximum temperature 1230 °C.
Most patterns were recorded to a total incident proton beam of 10 pA h, for approximately
15 min, which was sufficient to give a good determination of lattice parameters. About one
pattern in five was recorded for a longer period, to 40 A h, the pattern recorded at 660 °C
was measured to 150 uA h, and the pattern recorded at 780 °C, within the temperature range
of the pseudo-tetragonal phase, was counted for a total of 400 A h incident proton beam, for
about 10 hours.

The diffraction patterns recorded at several temperatures are shown in part in figure 1. The
main peaks have been indexed as for the cubic perovskite. Peak splitting due to the various
distortions can be seen—the 111 peak shows definite splitting in the orthorhombic phase at
room temperature, whereas the 002 peak shows splitting in both the pseudo-tetragonal and
tetragonal phases. The superlattice peaks have been marked according to their origin, from
R-point distortions (octahedra in successive layers tilting in opposite sense, the reflections
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Figure 1. A segment from the observed diffraction patterns (crosses) from SrZrO3, showing the
fundamental perovskite reflections, and the superlattice reflections arising from octahedral tilting.
The patterns were recorded at room temperature (A), 660 °C (B), 780 °C (C), 880 °C (D) and
1130 °C (E). The continuous lines are fits obtained by the Rietveld method assuming structures in
Pnma (A,B), Imma (C), I4/mem (D) and Pm3m. The significance of the splitting of fundamental
peaks and the presence or absence of superlattice reflections is explained in the text.

having half-integral indices on the cubic perovskite cell), from M-point distortions (octahedra
in successive layers tilting in the same sense, reflections having one integral, two half-integral
indices), or X-point distortions (occurring when R-point and M-point distortions operate in
concert). The reader is referred to the literature [6—8, 20-22] for a more detailed analysis of
these different distortions, and especially to Glazer [8] for the assignment of the superlattice
reflections to the different distortions. The arguments to follow will be assisted by reference
to the scheme obtained by Howard and Stokes [22] from their group theoretical analysis,
reproduced here as figure 2. That figure shows the space groups for the perovskite structures
obtained by ‘simple’ octahedral tilting, together with the Glazer [7] description of each tilt
system. For the purposes of this letter, it suffices to say of the Glazer notation that the
superscripts + and — are associated with M-and R-point distortions respectively.

We find no reason to doubt that the room temperature structure is orthorhombic, in space
group Pnma. The peak positions are consistent with an orthorhombic metric, and the R-point,
M-point and X-point superlattice reflections are all in evidence. The splitting of the 111
peak is consistent with space group Pnma but not with Cmcm. As can be seen in figure 1,
the fit obtained by the Rietveld method using the GSAS computer program [23] is quite
satisfactory—there are no unaccounted reflections and, but for one or two very weak X-point
reflections, every calculated reflection is observed. The refined values for the co-ordinates are
in good agreement with those reported in earlier work [9, 18]. Diffraction patterns have been
recorded, and the structure refined in space group Pnma, for temperatures up to 750 °C, and
the refined values for the lattice parameters are included in figure 3. It can be seen that the a-
and b-parameters become almost equal at the higher temperatures, so the structure becomes
metrically tetragonal. The reason for this is not known. As the splitting of the 111 diminishes
it becomes increasingly difficult to distinguish Pnma from Cmcm, since the diffraction patterns
now differ only by certain very weak M-point reflections that are space group forbidden in
Prnmabutnot in Cmcm; such reflections are not in fact observed. Butit can be seen from figure 2



L680

Letter to the Editor

a0
Pm3m
atatat a’bt bt a’a’ct a’a’c™ a’b= b~ a a"a”
Im3 I4/mmm P4/mbm I4/mem Imma R3e
T T
| |
| |
atvtet atate a’bte~ atbh b~ a’b e a b~ b
I'mimnm P4y /nme Cmemn Pnma C2/m C2/c¢
atb ¢ a b c”
P2;/m P1

Figure 2. A schematic diagram indicating the group—subgroup relationships among the 15 space
groups associated with octahedral tilting in perovskites. A dashed line joining the group with its
subgroup indicates that the corresponding phase transition is required by Landau theory to be first
order. This figure is reproduced from Howard C J and Stokes H T 1998 Acta Crystallogr. B 54
782.

that there is no reason to expect a transition from Pnma to Cmcm, and such a transition, if it
did occur, would necessarily be discontinuous. The evolution of the lattice parameters in the
temperature range of interest is notable for its continuity, so we conclude that the structure
remains in Pnma as long as both M-point and R-point superlattice reflections can be seen.
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Figure 3. Temperature dependence of the reduced lattice parameters for SrZrOs3. The first-order
transition at 840 °C, and the second-order transitions at about 750 °C and 1070 °C are indicated
on this plot. The structures in Pnma and Imma are described on the same unit cell.
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Figure 4. The R- and M-point reflections, near 1.9 and 2.2 A respectively, recorded at temperatures
from 580 °C (at back of figure) to 830 °C. The M-point reflections disappear at around 750 °C.

The M-point reflections become progressively weaker and disappear entirely at around
750 °C (see figure 4), but the R-point reflections remain. The 002 peak develops a splitting
(refer figure 1) notresolved in our earlier neutron study [18]. Thus, from about 750 °C to 840 °C,
we have a structure with only R-point distortions that is, as it was in the orthorhombic Pnma
at temperatures just below 750 °C, metrically tetragonal with ¢/a < 1. This new structure
corresponds to the pseudo-tetragonal structure reported by Carlsson [15]. The transition from
Pnma to the new phase is evidently continuous, whereas at 840 °C there is a clearly first-order
but volume-conserving transition to the accepted tetragonal structure in I4/mcm. Referring
to figure 2, the only space group showing only R-point distortions (superscript — in Glazer’s
notation) that can be reached by continuous transition from Pnma is the orthorhombic Imma,
and the transition from this space group to /4/mcm would have to be discontinuous, as observed.
From this we infer that the correct space group for Carlsson’s pseudo-tetragonal structure is
Imma. However, the question as to whether this pseudo-tetragonal structure might be truly
tetragonal (i.e. in a tetragonal space group) warrants further consideration. According to
figure 2, or indeed the earlier analyses of perovskite structures [7, 8,20], the (only) possible
tetragonal space groups are I4/mmm, PA4/mbm, P4,/nmc, and I4/mcm. None of these are
accessible by continuous transformation from Pnma, and all but the last are characterized by
M-point distortions and presumably the corresponding reflections. Such reflections are not
observed in the pseudo-tetragonal phase. The possibility of a curious first-order transition
between two variants of [4/mcm, one with c/a < 1 and the other with ¢/a > 1, can be
ruled out directly from the diffraction. By fitting and inspection of, for example, the R-point
reflection near 1.9 A, it can be seen (figure 5) that this reflection has a structure that can be
accounted for in /mma but not in tetragonal /4/mcm. By these arguments, the possibility that
the structure is truly tetragonal seems to be ruled out, reinforcing our conclusion that Imma is
the correct space group.

Around 840 °C there is a reversal of the intensities in the 002 reflection pair, occurring over
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Figure 5. The R-point reflection near 1.9 A in the pattern recorded at 780 °C. The continuous lines
show the best Le Bail fits obtained assuming space groups Imma and I4/mcm. The positions of
allowed reflections are indicated. The 031 in /4/mcm, which would correspond to the 013 in Imma,
is disallowed by the space group reflection conditions.

anarrow temperature range, and implying a transition from /mma to a tetragonal structure with
c/a > 1. The R-point reflections persist through this transition. The structure above 840 °C
is, as previously observed [17, 18], tetragonal in space group /4/mcm. Though the transition
Imma to I4/mcm is quite clearly first order, there is no measurable discontinuity in cell volume.
The nature of this first-order volume-conserving transition is not yet fully understood.

The tetragonal splitting in /4/mcm decreases with increasing temperature, and the R-
point reflections diminish in intensity, until the tetragonal transforms to cubic Pm3m at about
1070 °C. The transition here shows tricritical character [18].

The discussion so far has been based on the examination and analysis of diffraction patterns
recorded at successively higher temperatures. Additional patterns were recorded on cooling,
with emphasis on the temperature range from 860 °C down to 570 °C. At the temperature
interval used in this scan (10°) there was no evidence for any hysteresis.

The conclusions from the present work can be summarized in the schematic

750 °C 840 °C 1070 °C

Orthorhombic — Pseudo-tetragonal — Tetragonal — Cubic

Pnma Imma 14/mcm Pm3m

Continuously b < a+/2 ~ c+/2 Discontinuously ¢ > a~/2  Continuously

Thus, we confirm the sequence described by Carlsson [15], and identify the corresponding
space groups. The space groups differ from those proposed by Ahtee e al [17] only in respect of
the identification of the pseudo-tetragonal phase, but the sequence and the transitions (whether
continuous or otherwise) can now be understood by reference to figure 2, taken from the work
of Howard and Stokes [22]. In their work Ahtee et al examined SrZrO; at 760 °C, taken
to be in the pseudo-tetragonal phase, but commented upon the appearance of both R- and
M-point reflections in their diffraction pattern. Comparison with the present results suggest
that their pattern was recorded at a temperature below the transition to the pseudo- tetragonal
phase, in fact in orthorhombic Pnma. But as mentioned earlier, it can be difficult to distinguish
Pnma from Cmcm, and the authors chose the latter presumably because they believed they had
passed through the transition to the pseudo-tetragonal phase. In our own previous study of
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S1ZrO; [18], we refined the structure in /4/mcm from 750 °C to 1080 °C. The lattice parameter
variation in figure 1 of our paper shows however some unusual features, now seen to resemble
the changes seen through the Imma to I4/mcm transition in the present work. We now believe
the structure to have been Imma at 750 °C and 800 °C, but not recognised as such since we
did not resolve the (reversed) 002 tetragonal splitting. We note with interest that a similarly
high-resolution study of BaCeOj3 [12] revealed a sequence of phases, Pnma —> Imma —>
R3¢ —> Pm3m , that, referring to figure 2, is closely analogous to the sequence reported here.

Perovskite pseudo-symmetry has made the SrZrOj; crystallographic problem a challenging
one. It will be interesting to revisit the phase sequences in other perovskites (e.g. STHfO3 and
CaTiO3), and specifically to examine more recent reports of certain Cmcm perovskites in the
light of the present work.
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is gratefully acknowledged. BJK acknowledges that his work on perovskites is supported by
the Australian Research Council.

References

[1] Newnham R E and Ruschau G R 1991 J. Am. Ceram. Soc. 74 463-80
[2] Ringwood A E 1962 J. Geophys. Res. 67 4005-10
[3] Ringwood A E, Kesson S E, Reeve K D, Levins D M and Ramm E J 1998 Radioactive Waste Forms for the
Future ed W Lutze and R C Ewing (Amsterdam: Elsevier) pp 233-334
[4] Carpenter M A and Salje E K H 1998 Eur. J. Mineral. 10 693-812
[5] Roth R S 1957 J. Res. NBS 58 75-88
[6] Megaw H D 1973 Crystal Structures: A Working Approach (Philadelphia, PA: Saunders) pp 285-302
[7]1 Glazer AM 1972 Acta Crystallogr. B 28 3384-92
[8] Glazer A M 1975 Acta Crystallogr. A 31 756-62
[9] Ahtee A, Ahtee M, Glazer A M and Hewat A W 1976 Acta Crystallogr. B 32 3243-6
[10] Woodward P M 1997 Acta Crystallogr. B 53 44-66
[11] Zhao Y, Weidner D J, Parise J B and Cox D E 1993 Phys. Earth Planet. Int. 76 1-16
[12] Knight K S 1994 Solid State Ionics 74 109-17
[13] Kennedy B J, Howard C J and Chakoumakos B C 1999 J. Phys.: Condens. Matter 11 1479-88
[14] Darlington C N W and Knight K S 1999 Acta Crystallogr. B 55 24-30
[15] Carlsson L 1967 Acta Crystallogr. 23 901-5
[16] de Ligny D and Richet P 1996 Phys. Rev. B 53 3013-22
[17] Ahtee M, Glazer A M and Hewat A W 1976 Acta Crystallogr. B 34 752-8
[18] Kennedy B J, Howard C J and Chakoumakos B C 1999 Phys. Rev. B 59 4023-7
[19] Ibberson R M, David W I F and Knight K S 1992 Rutherford Appleton Laboratory Report RAL 92-031
[20] Aleksandrov K S 1976 Ferroelectrics 14 801-5
[21] Street J N, Wood I G, Knight K S and Price G D 1997 J. Phys.: Condens. Matter 9 L647-55
[22] Howard C J and Stokes H T 1998 Acta Crystallogr: B 54 782-9
[23] Larson A C and Von Dreele R B 1986 GSAS General Structure Analysis System, Los Alamos National Laboraory
Report LAUR 86-748



