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The influence of small amounts of Fe** on the phase
transitions of CaTiO3 perovskite has been studied by means of
in situ high-temperature neutron diffraction. The same sequence
of phase transitions as observed in CaTiO3 is shown by both
CaTigoFey 10295 and CaTiggFey20,90 perovskites: from
orthorhombic Pnma symmetry at room temperature (RT) to
cubic Pm3m at high temperature, with an intermediate /4/mcm
tetragonal phase which exists over a temperature range of about
100°C. The two phase boundaries in the temperature vs
composition phase diagram of the system CaFe,Ti;_.O3_ ./
(0<x<0.4) decrease in a quasi-linear manner with increasing Fe
content up to x = 0.2 and then they both drop abruptly to RT.
The existence of a second orthorhombic phase (Cmcm), which
has been postulated for CaTiQOs3, is ruled out in the Fe-doped
CaTiOj; perovskites in view of the behavior of specific diffraction
peaks. Strain analysis shows first-order thermodynamic char-
acter for the Pnma— I4/mcm transition, while the character of
the Pm3m— I4/mem transition could be second order or
tricritical. Shear strains behave more or less classically, as
described by order parameter coupling and shear strain/order
parameter coupling models. The volume strain has an anomalous
coupling with the order parameter components, which appears to
be temperature-dependent. © 2002 Elsevier Science (USA)

Key Words: Perovskites; Fe-doped CaTiOs; Phase transi-
tions; Spontaneous strain; High-temperature neutron diffrac-
tion; Cmcm.

1. INTRODUCTION

Perovskite-type oxides of general formula ABO; (1) are
important in material sciences, physics and earth sciences,
e.g., for their electric properties and as the dominant
mineral in the Earth’s lower mantle. They are also well
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known for their phase transitions, which may strongly
affect their physical and chemical properties. In the lower
mantle, silicate perovskites are the dominant minerals, with
MgSiO; as the main component. Recent experimental
investigations (2) have shown that the phase transitions
and properties of silicate perovskites are strongly influ-
enced by the incorporation of minor elements such as Al or
Fe. Detail investigations on silicate perovskites are difficult
because of the extreme conditions of their synthesis (above
23 GPa for MgSi0s), the small amount of sample available,
the limitations of a precise control of oxygen fugacity, the
instability of these phases in ex situ investigations, etc.
In order to overcome these difficulties, we have chosen a
more tractable model system, the solid solution CaFe,
Ti;_+O3_y», as a convenient starting point to obtain basic
knowledge of the influence of Fe on phase transitions and
related aspects of CaTiO; perovskite.

Perovskites belonging to the system CaFe,Ti;_,O;3_,p
(0<x<1) exhibit a quasi-continuous variation of oxygen
defect concentrations, from zero in CaTiOs, to 0.5 per
formula unit in CaFeO, 5 (3). The CaFeO, s end-member
has a brownmillerite-type structure with alternating layers
of octahedra and tetrahedra (4), the latter due to the
clustering of oxygen vacancies into defect chains. Struc-
tures with fully ordered vacancies have also been described
for x=0.67 (5) and 0.5 (6), while partially ordered
structures occur at lower Fe contents. The degree of
ordering depends on the annealing temperature and
vacancy concentration (7). However, when the Fe content
is in the range 0 <x<0.4 and the samples are annealed at
high temperatures, the oxygen vacancies are randomly
distributed in the crystal which maintains the perovskite
structure (8). A number of papers have been published
describing the detailed mechanism and type of oxygen
vacancy ordering in this system from both short- and long-
range order points of view (7, 9).

In this paper we concentrate on low Fe content members
of the system CaFe,Ti;_,Os_,» annealed at temperatures
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such that the oxygen vacancies are randomly distributed in
the crystal. The CaTiO; end-member is orthorhombic at
room temperature (10) and transforms to the cubic ideal
perovskite structure at high temperatures, with an inter-
mediate tetragonal phase (11). The existence of a second
orthorhombic phase before the transformation to tetra-
gonal symmetry has been proposed (12) but is still unclear
(13). On the other hand, phase transitions from orthor-
hombic to tetragonal and cubic symmetry have been
reported with increasing Fe content at room temperature
in the system CaFe,Ti;_,O3_,; for 0<x<0.4. Thus, for
x<0.205(17) the structures are orthorhombic and for
x>0.251(29) they are cubic, the intermediate compositions
showing tetragonal symmetry (8). The same sequence of
phase transitions found in CaTiO; with increasing tem-
perature is expected when small amounts of Ti*" are
replaced by Fe? " in the perovskite structure, so that the
orthorhombic and tetragonal phases found at RT would be
the result of such phase transitions.

The objective of this study is to investigate the influence
of small amounts of Fe*" on the phase transitions of
CaTiOj5 perovskite with increasing temperature by using
the high-resolution powder diffractometer, HRPD, on the
neutron spallation source at the Rutherford Appleton
Laboratory. The high resolution of the diffractometer and
the stability of the sample heater have permitted a rather
precise characterization of the sequence of phase transi-
tions undergone by two CaFe,Ti;_,O;_,» perovskite
compounds (x = 0.10 and 0.20) heated to high tempera-
tures. A phase diagram of the system CaFe,Ti;_,Os_p
(0<x<0.4) has been derived and spontaneous strains
analysis has provided an indication of how the driving
order parameters for the transitions actually evolve.

2. EXPERIMENTAL

Two powder samples of CaFe,Ti;_,O3_,/, with nom-
inal compositions x = 0.10 and 0.20, were synthesized from
mixtures of CaCOs3, TiO, and Fe,03, by slow decarbona-
tion and sintering at 1350°C with repeated intermittent
grinding. These materials were then annealed in open Pt-
capsules at 1200°C for 6 days in CO-CO, gas mixtures
corresponding to oxygen fugacities one log unit above the
iron—wustite equilibrium. Under these conditions all the
iron in the samples is present as Fe® | the oxygen vacancies
are randomly distributed in the crystal lattice (9a) and
cubic symmetry is obtained. Samples were then drop
quenched and examined ex situ by electron microprobe
analysis. Chemical compositions have been calculated on
the basis of two cations per formula unit and are
x = 0.0999(92) and 0.1886(97). The powders were further
annealed as pressed pellets for a second period of 6 h at the
same temperature and gas mixing conditions and they were
then drop quenched.
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Neutron powder diffraction patterns were collected with
increasing temperature at the high-resolution powder
diffractometer HRPD (14) at the ISIS spallation source.
Approximately 2.5cm® of powder pressed as sintered
pellets were contained in a thin-walled vanadium sample
can with an internal diameter of 11 mm. The can was
connected to the center stick of a standard ISIS furnace
(max. temperature=1100°C) and the whole furnace was
evacuated to 5x 10 *mbar. The sample temperature was
measured using a chromel/alumel thermocouple mounted
on the surface of the can approximately 2cm from the
neutron beam. During all runs the temperature variations
were less than +2 K. Data were collected in time-of-flight
(TOF) mode using logarithmic time-channel binning of
At/t=1 x 107, from 30 to 130 ms, which corresponds to a
measured d-spacing range of 0.60-2.6 A for the back-
scattering detectors. The raw data from the detector banks
were focused to a common scattering angle of 163.329°,
normalized to an upstream monitor and corrected for
detector efficiency using a vanadium standard. Finally, the
data were rebinned in the TOF range 32-120ms, which
gave the required resolution to detect the transition-related
strains in the sample.

All the diffraction patterns were analyzed using the
Rietveld method with the GSAS software (15). Refined
parameters were background coefficients, lattice constants,
linewidths, atomic positions and temperature factors.

3. RESULTS AND DISCUSSION

3.1. Phase Transitions and Phase Diagram
3.1.1. Phase Transitions

Figure 1 shows a restricted TOF region of selected
normalized diffraction patterns of the x = 0.20 sample at
three different temperatures. The presence of superlattice
reflections in the low- and medium-temperature patterns
can be seen in comparison with the pattern obtained at a
high temperature (top of the figure). Superlattice reflections
in perovskites can result from the correlated tilting of
neighboring BOg octahedra and they can be used to
identify the space group of the phase (16). The pattern
recorded at 25°C (bottom pattern in Fig. 1) shows all the
superlattice reflections characteristic of the orthorhombic
Pnma space group. In Glazer’s notation (16) this space
group corresponds to the tilt system ath~ b, i.e., an in-
phase tilt about the tetrad axis ([100]cupic direction) and two
equal out-of-phase tilts about the tetrad axis ([010] and
[001] cubic directions). With increasing temperature, the
{022,220} prmas 112,031,211} pye and {102,201} p,,,, set of
reflections progressively converge, so that at 7= 820°C
(middle pattern in Fig. 1) the two former sets form single
peaks and the latter disappears. The superlattice reflections
of this pattern are indicative of tetragonal symmetry and
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FIG. 1. Selected TOF region of three normalized diffraction patterns
of CaFe(0Tipg005.90 at three different temperatures. Note the systematic
disappearance of the superlattice reflections when the temperature
increases. Multiplication factor of middle plot=10.

space group I4/mem. The tilt system corresponding to this
space group is a’a’c™, where two of the tilts are removed
with respect to the Pnma tilt system and there is one single
out-of-phase tilt about the tetrad axis. With increasing
temperature from 820°C, the intensity of the superlattice
reflection 21174, systematically decreases and at 940°C it
completely disappears (top pattern in Fig. 1). At T>940°C
the diffraction patterns do not show evidence of any
superlattice reflections and they are compatible with the
cubic space group Pm3m (a°a’a®).

The same behavior of superlattice reflections is observed
when heating the x=0.10 sample, with a transition
temperature for the orthorhombic Pnma— tetragonal
I4/mcm transition of ~1030°C. The maximum tempera-
ture of the furnace (1100°C) was not sufficient to transform
this perovskite to the cubic structure.

The diffraction patterns recorded at increasing tempera-
tures for both perovskites were then indexed in the
appropriate space groups and the cell parameters refined
by means of the Rietveld method using GSAS software
(15). Structural parameters and reliability factors obtained
from typical Rietveld refinements for every space group of
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TABLE 1
Representative Structural Parameters for the Phases
of CaTig oFeo.102.95
Atom  Site x y z B (AY
Pnma 300°C, a= 5.4461(1) A, b= 7.6786(1) A, c= 5.4151(1)A
Ca 4c 0.0257(3)  0.25 —0.0055(4)  1.46(3)
Ti,Fe 4b 0.5 0 0 0.79(3)
ol 4c 0.4867(3)  0.25 0.06793)  1.27(2)
02 8d 0.2877(2)  0.0341(1) 0.71242)  1.32(2)

14/mem 1100°C, a= 5.4927(1) A, b= 5.4927(1) A, ¢=7.7703(2) A

Ca 4b 0 0.5 0.25 3.24(2)
Ti,Fe  4c 0 0 0 0.79(1)
o1 4a 0 0 0.25 3.81(3)
02 8h 0.2664(4)  0.7664(4) 0 5.85(3)

Note. The standard R factors (in %) for both structural refinements
are: 300°C Pnma: WR, =4.79, R, =431, 1% = 4.08; 1100°C 14/mem:
WR, = 6.78, R, =4.97, > =5.2. The numbers in parentheses indicate
standard deviations, in units of the least-significant figures, as estimated in
the GSAS computer program.

the x = 0.10 and 0.20 samples are given in Tables 1 and 2,
respectively. Figs. 2a and 2b show the observed, calculated
and difference powder neutron diffraction patterns, corre-
sponding to the refinements of Tables 1 and 2, respectively.
Lattice parameters (in terms of the pseudocubic sub-cell)
are plotted vs temperature in Figs. 3a and 3b for both
samples. At both compositions, the orthorhombic cell edge

TABLE 2
Representative Structural Parameters for the Phases
of CaTiy gFe.202.90
Atom Site X v z B (Az)
Pnma 25°C, a= 5.4359(1) A, b= 7.6623(2) A, c= 5.4037(1) A
Ca 4¢ 0.02242(5)  0.25 —0.0051(6)  0.52(3)
Ti,Fe  4b 0.5 0 0 0.62(3)
o1 4c 0.4860(5) 0.25 0.0673(5)  1.15(2)
02 8d 0.2866(3) 0.0352(3) 0.7144(4)  1.61(4)
T4/mem 820°C, a = b= 5.4726(1) A, c= 7.7412(4) A
Ca 4b 0 0.5 0.25 1.86(2)
Ti,Fe  4c 0 0 0 1.72(2)
01 4a 0 0 0.25 7.5(5)
02 8h 0.2664(4) 0.7664(4) 0 4.53(3)
Pm3m 940°C,a=b=c= 3.8767(1)/&
Ca 1b 0.5 0.5 0.5 2.08(1)
Ti,Fe la 0 0 0 1.09(1)
0 3d 0.5 0 0 5.69(3)

Note. The standard R factors (in %) for the three structural
refinements are: 25°C Pnma: WR, =8.00, R, =7.11, 1% = 2.20; 820°C
I4/mem: WRy, = 8.67, R, =17.25, * = 1.66; 940°C Pm3m: WR, = 6.55,
R, =5.13, %% =2.54. The numbers in parentheses indicate standard
deviations, in units of the least significant figures, as estimated in the
GSAS computer program.
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FIG. 2. Observed (+), calculated (—) and difference neutron

powder diffraction patterns of CaFeg ¢Tig900295 (a) and CaFegq
Tigg00290 (b) at representative temperatures corresponding to the
characteristic space groups of the structure. Fig. 2a does not show the
refinement corresponding to the Pm3m space group because the maximum
temperature of the furnace was not sufficient to transform the
CaFeg 19Tip.0002.95 perovskite compound to the cubic symmetry. The
structural parameters corresponding to these refinements are given in
Tables 1 and 2, respectively.
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FIG. 3. Pseudocubic sub-cell parameters (¢ = dacei/</2, b = been/+/2,
¢ = ceent/2, Where deen, been and ce are the lattice parameters of the
orthorhombic or tetragonal cell) as a function of temperature for
CaFCO‘loTi0.9002A95 (a) and CaFeoloniolg()OZ.gO (b) The aop line is the
extrapolation to room temperature of the behavior of the cubic structure.
See text for this line in each composition. Transition temperatures
are marked by arrows. The maximum temperature of the furnace available
did not allow the transformation to cubic symmetry in the x = 0.10
sample.

lengths increase anisotropically in a non-linear manner
with increasing temperature, the non-linearity being
stronger at low temperatures and particularly pronounced
in the a-direction. In pure CaTiOj; perovskite this effect is
much smaller and the behavior of the lattice parameters
with temperature is described as “quasi-linear’” and “‘nearly
linear” by Redfern (11) and Kennedy et al. (12b),
respectively.

An upper limit for the I4/mcm— Pm3m transition
temperature in the CaTigoFeq 10,95 perovskite has been
estimated by linear extrapolation of the a and ¢ tetragonal
lattice parameters. They intersect at ~1145°C, and it can
be assumed that the symmetry changes to cubic somewhere
in the temperature interval 1100-1145°C. Therefore,
the sequence of space groups and transition temperatures
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(in °C) for each of the Fe-containing CaTiO3 perovskites is

x=0.10: 1030(10) 1120(25)
Pnma - I4/mem - Pm3m.
x=020: 815(5) 935(5)

Finally, Fig.4 shows the behavior of the pseudocubic
sub-cell volume with temperature for both iron-containing
CaTiO;3; perovskites. The pseudocubic sub-cell volume of
pure CaTiOs;—calculated from data in Refs. (11, 12b)—
has also been plotted for comparison. The following
comments can be made from the evolution of the cell
volume in the three samples: (i) In the Fe-containing
perovskites volumes increase without break or discontinu-
ity with increasing temperature. Pure CaTiO; shows,
apparently, the same behavior; however, Kennedy et al.
(12b) pointed out the presence of a discontinuity close to
1100°C which we cannot really see by plotting their data.
(ii) In detail, the volume vs temperature curves in Fig. 4
show a change in slope at the temperature of the
Pnma—1I4/mcem phase transition, with the high-tempera-
ture phase having a lower thermal expansivity than the
low-temperature phase. (iii) There is a clear relationship
between the cell volume and the Fe content of the samples,
so that the higher the Fe content, the higher the volume.
The reason for this is the larger ionic radius of Fe®™
compared to Ti*" for any of the coordination numbers
expected in these structures (9a).

3.1.2. Is There an Intermediate Orthorhombic Phase?

The sequence of space groups found here for both Fe-
bearing perovskites is the same as that reported by Redfern
(11) for CaTiO;. However, Guyot et al. (12a) have found

T T T T T T T T T T
0 200 400 600 800 1000 1200

Temperature (°C)

FIG. 4. Pseudocubic sub-cell volume as a function of temperature for
CaFeﬂ_]OTi()»()()Oz_gS (Circles), CaFeo_znTio_gooz_()Q (triangles) and CaTlO‘;
(open squares: data from Redfern (11) and solid squares: data from
Kennedy et al. (12b)).
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two specific heat anomalies in CaTiOs3, the low-tempera-
ture anomaly being assigned to an orthorhombic Pnma—
orthorhombic Cmcm transition and the high-temperature
anomaly to a combination of Cmem—I4/mem and
14/mem—Pm3m transitions. Kennedy et al. (12b) were
not able to distinguish between the two orthorhombic
space groups because the qualities of the fits obtained by
Rietveld analysis were comparable. The only weak
evidence that they found for the existence of a second
orthorhombic phase was a small discontinuity in the
temperature dependence of the cell volume and octahedral
tilt angles that coincides with the temperature reported by
Guyot et al. (12a) for the Pnma— Cmcm transition. A strain
analysis of the CaTiO; unit cell by Carpenter et al. (13),
using the parameters reported by Kennedy et al. (12b) for
both orthorhombic phases, demonstrated that the evidence
for an intermediate Cmcm structure on heating CaTiOj3
remains ambiguous.

The Pnma and Cmcem structures are very closely related
in perovskite-type oxides. The transition from Pnma
space group (ath=bh") to Cmem (a®h*c™) involves the
disappearance of one of the two octahedral rotations
and the doubling of the unit cell volume with the
c-axis being unchanged. The transition is required by
symmetry to be of first order and, therefore, discontinuous.
The diffraction patterns of both phases are very similar,
and only differ in the splitting of some reflections in Prnma
and in the presence of very weak superlattice peaks in
Cmcm.

The first evidence for the non-existence of a Cmcm phase
when heating CaFe()‘]()Ti(].goOz.gS and CaFeoloniongOZAQO
perovskites could be the absence of any discontinuity in
the evolution of the unit cell volume in the temperature
range where the transition is expected, as shown in
Fig. 4. However, this behavior could be due to the tilt
angles (or displacements of the oxygen atoms) being too
small to produce appreciable changes in the unit cell
volume. This is the case of CaGeO5; where a Pnma to Cmcm
transition seems to occur with no discontinuity in the unit
cell volume (17). In fact, the Puma— I4/mem transition in
our Fe-doped CaTiO; perovskites is also required by
symmetry to be of first order. However, only a discrete
change of slope but no discontinuity is observed in the
volume for either of the samples, probably due to the same
argument.

A more definitive conclusion related to the presence or
absence of a Cmcm phase on heating the Fe-bearing
perovskites can be drawn from the splitting of peaks that
differentiates between the orthorhombic space groups. As
pointed out above, some lines that are split in Pnma
become a singlet in Cmcm. This is the case for the
{022,220} p,;;na reflections, which form a single 222 reflec-
tion in Cmcm. Fig. 5 shows the TOF region of diffraction
patterns of the x = 0.20 sample, where these reflections
occur. We only show patterns recorded at T'<810°C
because, at temperatures above this, the orthorhombic
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FIG.5. TOF region of diffraction patterns of CaFeq0Ti.8002.90
where the {022,220}p,,,, reflections and {222}, reflections are
expected. The patterns correspond to temperatures just below the
transition to tetragonal symmetry.

reflections disappear and the symmetry changes to tetra-
gonal. The splitting of the lines is clear up to a temperature
of 700°C, where the diffraction peak seems to contain only
a single line. If this were the case, Cmcm would have
a stability field from 700°C to 810°C, where a
Cmem—1I4/mem transition would occur. However, if the
full-width at half-height (FWHH) of the peak is plotted vs
temperature (Fig. 6a), a continuous linear decrease is
observed up to the temperature at which the transition to
tetragonal symmetry takes place (815(5)°C). At tempera-
tures >820°C, where the material shows first tetragonal
and then cubic symmetry, the FWHH is constant as
expected from the single nature of the corresponding
reflections (202 in 74/mem and 111 in Pm3m). Therefore,
the {022,220} p,,,., reflections converge continuously with
increasing temperature and form a single line at the same
temperature as the orthorhombic reflections disappear.
This indicates that Pnma is the only orthorhombic space
group of the structure present until the transformation to
tetragonal symmetry. The same behaviour is observed in
the patterns of the x=0.10 sample (Fig.6b), thus
confirming the absence of a Cmcm structure in either of
the Fe-doped CaTiO; perovskites. Two studies have been
recently published which show that the Cmcm structure
does not exist either in Sr-doped CaTiO; perovskites (18).

3.1.3. Phase Diagram

Based on the transition temperatures given above for the
CaFeovloTi0'9002'95 and CaFeovonio'gooz'go perovskites,
and using the transition temperature data for CaTiOj;
given by Kennedy et al. (12b) a quasi-linear and parallel
decrease in phase boundaries is observed in the composi-
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FIG. 6. Full-width at half-height (FWHH) of the peak in the TOF
region shown in Fig. 5, where the {022,220}p,,.. and {222}ccm
reflections are expected: (a) for the CaFeq10Tigg002.90 sample and (b)
for the CaFeg 1¢Tig.9002.95 sample. The presence of two converging lines
all the way through the orthorhombic field can be easily inferred in both
samples, demonstrating the non-existence of a Cmcm space group in either
of the Fe-doped perovskites. The dotted lines are guides to the eye.

tional range 0 < x<0.20 of the temperature vs composition
phase diagram (Fig. 7).

In a previous X-ray diffraction study (8), we obtained
the following space groups and transition compositions at
RT for samples quenched from the disordered-cubic field:

x=0.205+0.017 x=0.251+0.029
— —

Pnma 14/mem Pm3m.

If the nature of the displacive phase transitions obtained by
quenching (Ref. (8)) and by in situ heating up the samples
(this study) is the same, this would imply that both phase
boundaries drop drastically to RT near x~0.20—0.25
(Fig. 7).
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showing the displacive phase transitions that take place on the system
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The transitions from Pnma to I4/mcem to Pm3m can be
modeled in terms of a Landau free energy in which the
chemical composition of the sample couples to the order
parameters for the transition. For example, if we consider
only the I4/mem—Pm3m transition initially, a general
Landau expansion for the excess free energy of the
transition can be written as

a b c ,
AGQ) =T = T)Q* + 70" +0° + 3 JieiQ?
1 =
32 Cheres + EXQ + &XQ",

where A; are the coupling coefficients between the
spontaneous strains, ¢;, and the order parameter, Q, and
CgC are bare elastic moduli (excluding the influence of the
phase transition). Here, the solute defect content, X,
couples with the order parameter in the form & XQ? +
& XQ*. If it is assumed that the transition is tricritical in
character at some composition Xi;; (both Carpenter et al.
(13) and Street (19) have suggested that the transition from
14/mem to Pm3m can be tricritical in pure CaTiO3), then
the expansion can be rewritten as

AGQ) =5(T = T)Q” + X — Xu)Q* + 20°

1
+) LeQ* +2)  Creer + EXQ,
z{: i 1Q 2%: ik€i€k 5 Q
where ¢ is a constant. If the solute defect concentration
couples with the order parameter in this form, then the
variation of T, with composition need not be linear.
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Indeed, a term of the form &’ X>Q?, giving biquadratic
coupling between Q and X, would give a parabolic T—X
relationship which approximates the behavior of the phase
boundary between [4/mcm and Pm3m fields in Fig. 7.
Similar models can be constructed to explain the parallel
nature of the phase boundary between Pnma and 14/mcem.
In each case, the influence of varying composition, X,
is to modify the relative sizes of the effective prefactors
of Q" in the Landau expansion, and to modify the
transition temperature in 7—X space along the lines
shown in Fig. 7.

This model, however, describes a linear or a parabolic
behavior of the phase boundaries in the 7" vs X diagram
but not the very pronounced kink at x = 0.20 which is
observed. It is then necessary to consider the possible
differences in the nature of the displacive phase transitions
that take place on quenching and on heating in Fe-rich
structures. At this point we need to look at the regions of
ordered and disordered structures in the phase diagram (7)
reproduced here as Fig. 8. Partially and fully ordered
structures appear as a consequence of the clustering of
oxygen vacancies. The two displacive phase transitions
observed on heating up the x = 0.1 sample occur at 1030°C
and 1120°C, as this study shows. The phase diagram of
Fig. 8 shows that, for this composition, the order—disorder
phase transition takes place at a temperature slightly below
900°C. Based on previous studies (9c), no significant
ordering of oxygen vacancies is expected during heating
up on the time scale of the neutron measurement. There-
fore, what we observe in the x = 0.10 sample are displacive
phase transitions under stable equilibrium conditions. For
the x = 0.20 composition, the order—disorder transition

140047 T T T T ™ T g T g T
1300 )
_ 1\ |disordered disordered
S 1 +TOO
g 1200': Pmam
B ]
l4mem S
E, 1100+ 4 fully ordered
2
® i TOO + TO+TOO
8 10004 partially
5 1 Prma ordered || TOOO
900 |
T T T T T T v T
0.0 0.2 0.4 TOOO 0gTOO 038 }'8
CaTio, x CaFeO, CaFeO,

FIG. 8. Regions of disordered, partially ordered and fully ordered
structures in the system CaTiO;—CaFeO,s. (Taken from Ref. (7)).
Symbols TO, TOO and TOOO indicate the sequence of tetrahedral (7°)
and octahedral (O) layers in the ordered structures. Displacive phase
transitions shown in Fig. 7 have been incorporated here.



466

takes place at ca. 1050°C while the displacive phase
transitions are at 815°C and 935°C and are, actually, in
the metastable state (the more stable state would be the
partially ordered structure according to the phase diagram
of Fig. 8). For any composition more iron rich than x =
0.20 the stability field of the partially ordered field extends
to higher temperatures where the rate of ordering will be
much faster. This means that crystals with more Fe rich
compositions than x = 0.20 might experience some order-
ing even during the short time scale of the quenching
process. Actually, such an example of ordering during
quenching has been shown for a composition x = 0.38
annealed in the region of the disordered structures (see
Fig. 5b in Ref. (9a)). The displacive phase transitions
appear to be suppressed by the ordering, giving the
apparently abrupt change in transition temperatures as a
function of composition.

In conclusion we can say that the boundaries of the
orthorhombic Pnma, tetragonal 14/mcem and cubic Pm3m
fields in the 7 vs X phase diagram of the system CaTiO;—
CaFeO, 5 decrease in a quasi-linear manner with increasing
Fe content up to x = 0.20 and that, above that composi-
tion, the ordering of oxygen vacancies interferes with the
displacive phase transitions which would take place in the
region of the partially ordered structures.

3.2. Strain Analysis of the Transitions

3.2.1. Landau Theory: Symmetry-Adapted Strains
and Their Coupling with the Order Parameter
Components

Carpenter et al. (13) presented a single Landau free
energy expansion (Eq. [1] in that paper) which contains six-
order parameter components (g; —¢s) for the description of
phase transitions in perovskites, from a cubic parent
structure to tetragonal and orthorhombic structures with
space groups related to the M3 and R»s points of the Pm3m
reciprocal lattice. The equation permits relationships
between symmetry-adapted forms of the spontaneous
strain and individual order parameter components to be
predicted. The symmetry-adapted strains, e, (volume
strain), ¢, (orthorhombic strain) and e; (tetragonal strain)
are combinations of the linear strain components and are
described as

e, = (e1 + e +e3),
eo = (e1 — e2),
e = (1//3)(2e3 — e; — e2).
The additional subscript, z, has been added to ¢; in order to

emphasize that the tetragonal axis is parallel to the
reference Z-axis in this case (see Fig. 1 in Carpenter et al.
(13)).

For the I4/mcm structure, all the order parameter
components are zero except ¢4 and the spontaneous strain
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components are given by

a/\/2 — a,
o ’

_¢/2—a,

=

€] = ey =

€3

where a, is the reference parameter of the cubic structure
extrapolated into the tetragonal stability field, and a and ¢
are the lattice parameters of the tetragonal structure.
Under equilibrium conditions, e, = ¢4 = 0, and e, and e,
are proportional to the square of the order parameter ¢4.
For the Pnma structure, ¢ = g3 = ¢s =0 and ¢, #0,
q4 = q¢#0. The individual strain components are given by

b2 —a,
==
a/ﬁ—ao+c/ﬁ—ao

o a ’

(4]

€1

e +e3 =

|es]

_ a/\/i_ao_c/\/i_ao
h o o ’

where a, b and ¢ are lattice parameters of the Pnma
structure. There is a tetragonal shear, which has its
tetragonal axis parallel to the reference X-axis. This may
be described as

1
e = —=(2e; — ez —e3).
V3
Under equilibrium conditions e, = 0, e4 is proportional
to the square of the order parameter component ¢4 while
e, and ey, scale with both ¢35 and ¢j.

3.2.2. Calculation of the Symmetry-Adapted Strains

The straight line @y shown in Fig. 3b is given by
3.82237 + 0.00005775T (in A for temperature in °C), and
was obtained by fitting the data points for the Pm3m
structure between 940°C and 1000°C of the x =0.20
sample. Due to the lack of data points for the sample with
x = 0.10 in the cubic field, the straight line ¢y shown in
Fig. 3a was built using the same slope as for the x = 0.20
sample and constraining the line to pass through the first
cubic data point obtained by linear extrapolation of the
tetragonal lattice parameters.

The spontaneous strains e, e, e3 and e4 were calculated
according to the equations given for each structure in
the preceding section. These were then used to calculate
values for the symmetry-adapted strains ey, e, and e,,
which are shown together with ¢4 in Figs. 9a and 9b for
the CaFCOAloTi0A9002_95 and CaFeo_onioAg()Ozgo perovskites,
respectively. The values of both e4; and e, are
relatively insensitive to the choice of the baseline, ag, while
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FIG.9. Spontaneous strains for CaFeq 9Tig.900,.95 (a) and CaFeg g

Tipg005.90 (b) as a function of temperature calculated from the lattice
parameter data shown in Figs. 3a and 3b, respectively.

the volume strain values e, are very sensitive to the choice
of ap.

3.2.3. Orthorhombic and Tetragonal Strains

The pattern of strain behavior in the orthorhombic field
is very similar in both samples and agrees with the data
reported by Carpenter et al. (13) for the pure CaTiOjz
perovskite. The absolute value of the individual strain
component ey increases approximately linearly with falling
temperature, developing discontinuosly from the tetrago-
nal structure. This fact is consistent with the transition
from tetragonal (I/4/mcm) to orthorhombic (Pnma) being
of first order in character, as expected from symmetry
considerations (20). The tetragonal shear e is very small
and changes sign in the vicinity of 425°C in the x = 0.10
sample and at around 250°C in the x = 0.20 sample. In the
case of CaTiOs;, e is also small and changes sign at 675°C.
The volume strain, e,, is distinctly non-linear in the
orthorhombic field for both compositions.

In the tetragonal field of the CaFeg gTip.9002.95 sample
(Fig. 9a), the tetragonal shear strain ey increases with
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decreasing temperature, reaching a maximum value of
0.009 in comparison with a maximum of ~0.005 for
CaTiOs. In the CaFeq »(Tig.8005.90 perovskite, however, e,
is very small (maximum of 0.0025) and shows a large
scatter (Fig. 9b). Fig. 10a shows the variation of ¢?, with
temperature in the x = 0.10 sample. In the absence of data
points between 1100°C and the transition to cubic
symmetry (1120+425°C), this variation seems to be linear.
The cubic — tetragonal transition would, therefore, be close
to tricritical in character, as is the case in the pure CaTiO3
(12b, 13). The linear fit in Fig. 10a gives a transition
temperature of ~1110°C, which falls into the temperature
range predicted for the transition. With such small strains,

e, (10°)

(a)

e, (10°)

1100
Temperature (°C)

1200
(®)

FIG. 10. (a) Square of the tetragonal strain vs temperature for the
14/mem structure of CaFeg 10Tip0002.0s. The linear fit gives a transition
temperature of 1110°C and would be consistent with tricritical character
for the Pm3m— I4/mcm transition. (b) Linear fit of the tetragonal strain
for the same phase giving a transition temperature of 1145°C for second-
order character. More data points close to the transition are necessary to
distinguish between the two possibilities.
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the plot of ey, vs. temperature (Fig. 10b) can also be fitted
to a straight line, however, giving 7,2~ 1145°C for second-
order character. More data close to the transition point are
therefore needed to determine the thermodynamic char-
acter definitively.

3.2.4. Strain-Strain and Strain-Order Parameter
Relationships

The relationships between symmetry-adapted strains and
order parameter components, given by Carpenter et al. (13)
and briefly explained in Section 3.2.1 above, can be tested
for self-consistency by plotting one strain against another.
Plots of strain/strain variations are shown in Fig. 11 for the
x = 0.10 and 0.20 samples. Both ¢, and e, for the I4/mcm
structure are expected to scale with ¢ and they do indeed
vary linearly with respect to each other in the x = 0.10
sample, as shown in Fig. 11a. The plot of ¢, vs e, shows
very low and roughly constant values for the x = 0.20
sample, however. In the Pnma structure a non-linear
behavior is observed for e as a function of e, in both
samples (Fig. 11a). A non-linear behavior is also shown by
the CaTiO; end-member (13). In the Pnma structure, the
shear strain e4 has two segments (Fig. 11b), increasing non-
linearly with decreasing e, but then reversing in slope. A
similar behavior is observed in CaTiOs, where the segments
could be linear, as opposed to the definite non-linearity
shown in the Fe-containing samples. Finally, Fig. 11c
shows the behavior of e vs e4, where a more or less linear
trend is observed. These results suggest that the anomalous
evolution of Pnma strains is associated largely with e,.

In order to test whether the non-linearities evident in
Figs.9 and 11 signify higher-order coupling effects or
variations of two-order parameter components with
respect to each other in the Pnma structure, it is necessary
to have some independent measure of how each of ¢, and
qs evolve. A way of measuring the order parameter
variation is through the general relationship Q7 oc I, where
QO is the order parameter for a transition and I is the
intensity of a superlattice reflection, which appears as a
consequence of the transition. We have measured the
intensities of 031 and 102 reflections (Zo31, /192), which have
zero intensity under Pm3m symmetry and arise at the
Pm3m <« 14/mem and 14/mem <> Pnma transitions, respec-
tively. It is assumed that /y3; is proportional to qﬁ and I o
is proportional to ¢3. Both o3 and Ijp; decrease with
increasing temperature for both Fe-doped CaTiOj3 per-
ovskites, as shown in Figs. 12a and 13a. A plot of Iy vs
Ip31 (Figs. 12b and 13b) is then effectively a plot of ¢3 vs ¢3.
The lines drawn through the data are guides to the eye for
an interpretation in which ¢, = 0 and ¢4 #0 in the 74/mcm
phase followed by a first order transition (dashed line) to
the Pnma structure with ¢, #0 and ¢4#0. Note that these
lines would extrapolate to the origin for the case of 7T =
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relationship between e, and e, and between ey, and e4 are clear, while e,
behaves in a distinctly non-linear manner with respect to both ¢4 and the
tetragonal strain ey. Values of ey, in the x = 0.20 sample (solid circles) are
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T, where T and T, are critical temperatures associated
with the M and R points. With increasing CaFeO, s
content the linear fit more nearly extrapolates through the
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origin, implying that the critical temperatures T,; and T,
converge across the solid solution.

Both Iy;; and e4 are expected to scale linearly with %21
and, within experimental error, they appear to do so
(Figs. 12¢ and 13c¢). The remaining strains depend on both
¢5 and ¢ and, while e and e4 vary approximately linearly
with Ijp, it is clear that e, is markedly non-linear with
respect to both [Ijp, and [ly; (Figs. 12¢ and 12d and
Figs. 13c and 13d). We can therefore infer that ey, e, q%
and ¢ behave more or less classically, as described by
order parameter coupling and shear strain/order parameter
coupling models. However, the volume strain, e,, has an
anomalous coupling with either ¢35 or g3 (or both) and,
therefore, the coupling coefficients A; and A, in the Landau
free energy expansion which describes these phase transi-
tions (Eq. [1] in (13)) may have a temperature dependence,
as found for pure CaTiOs.

The non-linear coupling behavior of the volume strain
with respect to the square of the order parameter has also
been described for the pure CaTiO; perovskite (13) as well
as for other perovskite-type compounds (21). This beha-
viour can be due to temperature-dependent coupling
coefficients or higher-order coupling effects. The first cause
would certainly change the pattern of evolution of the
order parameter as a function of temperature. Considering
the tetragonal <> orthorhombic transition in Fe-doped
CaTiO; perovskites, the shear strain es scales with
temperature as esoc|T — Te| for T< T, but as ejoc|T —
T.| when T is close to T, (Figs. 9a and 9b). This change is
consistent with a temperature dependence for the coeffi-
cients which are fourth order in ¢ if at high temperatures
the coefficient is large but then becomes smaller as
temperature is reduced. A strong coupling with e, at high
temperatures reducing to much weaker coupling at low
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FIG. 13. Relationships between superlattice reflection intensities and Pnma

spontaneous strains for CaFeq »0Ti g9O2.99. The intensities I3, and 7o,

are expected to be proportional to ¢3 and ¢3, respectively. (a) Variation of ¢ and ¢3 with temperature. (b) Variation of 7;9, with /p3;. (c and d) The shear

strain e4 1s, within experimental error, proportional to /y3; and to 7;p; and, the

refore, it is also proportional to qﬁ and q%, as expected. The tetragonal

shear, ey, is linear with both while the volume strain, e,, is markedly non-linear with Io3; and 7.

temperatures could have exactly this effect. This type of
coupling is observed in NaMgF; for the cubic < orthor-
hombic transition (13).
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