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Ca2Fe2O5 shows a first-order phase transition from space group Pnma to a modulated structure

described in superspace group Immað00gÞs00. The transition starts at 947 K during heating and the

reverse transition in cooling conditions starts at 923 K, as determined from differential thermal analysis.

In-situ high-temperature single-crystal X-ray diffraction experiments revealed a phase coexistence over

a range of ca. 25 K. Data collected in this range show a good fit to a combined model of the two

simultaneously occurring phases, which was refined using the software JANA2006. In-situ high-

temperature transmission electron microscopy (selected area diffraction, dark field and high resolution

images) was utilized to prove the existence of Pnma and Immað00gÞs00 domains within the temperature

range of the phase coexistence. Remaining planar defects were observed within the Pnma phase at

temperatures below the phase transition. From the analysis of high-resolution electron micrographs,

these defects were proven to be antiphase boundaries with a displacement vector of R ¼ 1
2½111�.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Brownmillerite-type compounds (A2B2O5 and A2BB0O5) are
among the most frequently studied oxygen-deficient perovskites
(for an overview of these materials see [1] and citations therein).

The mineral brownmillerite corresponds to the composition
Ca2AlFeO5, which crystallizes in space group I2mb [2]. Brownmil-
lerite represents one composition of the solid solution series
Ca2ðAlxFe1�xÞ2O5 with x ¼ 0:5 [3,4]. The iron end-member
Ca2Fe2O5 [5,6] (mineral name srebrodolskite) adopts space group
Pnma at ambient conditions (a ¼ 5:4, b ¼ 14:8, c ¼ 5:6 ˚̊A). The
other end of the solid solution series (x40:7) is not realized at
ambient pressure, but Ca2Al2O5 was successfully synthesized
using high pressure [7–9].

Many studies on brownmillerite were performed due to the
fact that Ca2AlFeO5 is one of the four main phases in Portland
cement clinkers (see [10,11] and citations). Their magnetic
structures and properties have been investigated by many authors
[12–17]. Physical properties of Ca2Fe2O5, such as electronic and
oxygen-ionic transport [18] and catalytic [19] and photocatalytic
[20] behavior, have been studied. Usage as catalyst for the
combustion of volatile organic compounds [21,22] and for direct
ll rights reserved.

rüger).
decomposition of NOx in exhaust streams [23,24] has been
examined. Numerous entries in patent databases also highlight a
strong interest in brownmillerites for catalytic applications.

Brownmillerite-type structures exhibit two different layers,
alternately stacked: (1) perovskite-like sheets of octahedrally
coordinated B cations and (2) layers of BO4 tetrahedra, which are
corner-linked to form parallel zweier single chains. In the A2BB0O5

brownmillerites B and B0 may adopt the octahedral and tetra-
hedral sites, respectively. Mixed occupations are observed fre-
quently. For example, in Ca2AlFeO5 Al and Fe can be found on
tetrahedral and octahedral sites [2–4,25,26], although Al shows a
preference for the tetrahedral site.

Two mirror-related configurations of the tetrahedral chains are
possible: right-handed (R) and left-handed (L) [27]. The most
common space groups for brownmillerites result from these
configurations: the centrosymmetric Pnma (see Fig. 1a) requires
the configuration of the chains to change from one tetrahedral
layer to the next tetrahedral layer, whereas the acentric I2mb

(Fig. 1b) exhibits only one configuration of the chains within the
structure.

Structural models in space group Imma presuppose statistical
disorder of L and R chains. In our view, this is a simplification of
superstructures, which arise from an order (periodic or aperiodic)
of L and R chains within the tetrahedral layers. Examples of
superstructures due to ordering of the chains can be found in
[9,28–32]. Generally, the superstructure reflections of such chain

www.sciencedirect.com/science/journal/yjssc
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dx.doi.org/10.1016/j.jssc.2009.03.027
mailto:Hannes.Krueger@gmail.com


ARTICLE IN PRESS
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ordering are weak and can easily be missed in powder diffraction
patterns.

Two phase transitions are known for the iron end-member
Ca2Fe2O5: the loss of the antiferromagnetic order at the Néel
temperature at ca. 720 K [12,14,33] and a structural phase
transition [17,26,33,34] at ca. 950 K. The high-temperature phases
of the end-members Ca2Fe2O5 and Ca2Al2O5 turned out to be
isotypic modulated structures [9,31], with an aperiodic sequence
of tetrahedral chains. These structures are described using the
ð3þ 1Þ-dimensional superspace approach [35]. Their superspace
group is Immað00gÞs00. Our own studies show, that the system
Fig. 1. Structures of Ca2ðAlxFe1�xÞ2O5 brownmillerites at ambient conditions: (a)

space group Pnma with alternating layers of R and L-type of tetrahedral chains, (b)

space group I2mb, showing one type of tetrahedral chains only. Black spheres

depict Ca atoms.
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Fig. 2. Differential thermal analysis showing the signals of the Pnma–Immað00g
Ca2ðAlxFe1�xÞ2O5 exhibits modulated HT phases for x up to at least
0.28 [36]. Further details will be reported elsewhere.
2. Synthesis

Single crystals were synthesized using a CaCl2 flux. We used
the same sample material as in a former study [31]. More details
on the synthesis were given by Kahlenberg and Fischer [37].

Polycrystalline material for the differential thermal analysis
(DTA) and transmission electron microscopy (TEM) experiments
was synthesized by solid state reactions. Analytical grade (pro

analysi) CaCO3 and Fe2O3 were mixed and ground in an agate
mortar, pressed into pellets and heated to 1273 K. In order to
achieve a better homogeneity and a more complete reaction, the
sample was removed from the furnace after ca. 20 h, pulverized
and pressed into pellets again. Subsequently, the heat-treatment
was continued for 50 h at 1473 K.
3. Differential thermal analysis

The DTA experiment was performed on a Setaram SetsysEvolu-
tion 2400 instrument, using a TGA-DTA1600 transducer, equipped
with Pt/Pt-Rh 10% thermocouples. 95.4 mg of the pulverized
sample material was filled in a 100ml Pt crucible. Subsequently,
the DTA experiment was carried out with a rate of 5 K/min to a
maximum of 1273 K in He atmosphere. The DTA signal of one
heating–cooling cycle clearly shows two thermal effects: (1) one
weak signal with a maximum at 723 K without hysteresis
between heating and cooling, and (2) another weak effect,
showing onset temperatures of 947 K (maximum of the peak at
954 K) during heating and 923 K (maximum 915 K) during cooling
(Fig. 2). The first signal corresponds to the Néel temperature of the
material. Earlier studies of the Néel temperature of Ca2Fe2O5

report 703 [33], 716 [38], 720 [14] and 730 K [12]. The second
effect is caused by the Pnma–Immað00gÞs00 phase transition. The
hysteresis of ca. 24 K was not reported in earlier studies. The
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following values of Tc were given for this transition: 958 [34], 961
[38] and 997 K [26]. Possible reasons for the large spread of these
values will be discussed later.
4. High-temperature single-crystal X-ray diffraction (XRD)

4.1. Experimental

Single-crystal X-ray diffraction experiments were carried out
with a STOE IPDS-II (two-circle goniometer, image plate detector)
diffractometer. For high-temperature data collection a Heatstream
device (STOE & Cie GmbH) was used, which provides a hot N2 gas
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Fig. 3. Temperature dependence of selected reflections: hþ kþ la2n main reflections be

to the modulated HT phase (right scale).

Table 1
Details of the refinements.

Temperature (K) 961.8 963.1 966.0

Fraction of HT phase 0.083(6) 0.103(7) 0.307(11)

Refl. measured (obs/all) 1373/2827 1462/2821 1632/2822

Main refl. measured (obs/all) 1117/1417 1114/1418 1070/1412

Sat. refl. measured (obs/all) 257/1411 348/1403 562/1410

Unique refl. (obs/all) 702/1198 753/1199 812/1197

Unique main refl. (obs/all) 531/622 537/626 518/623

Unique sat. refl. (obs/all) 171/576 216/573 294/574

Rmerge (obs/all) 3.96/5.23 4.65/5.67 4.66/5.63

hklm all reflections

R (obs/all) 4.17/8.90 4.81/8.75 4.12/7.42

Rw (obs/all) 3.77/4.30 4.28/4.70 3.61/4.05

hkl0 main reflections

R (obs/all) 3.03/4.03 3.81/4.87 3.10/4.50

Rw (obs/all) 3.13/3.24 3.82/3.89 3.06/3.27

hklm; jmj ¼ 1 satellite reflections

R (obs/all) 17.52/38.42 13.65/29.56 9.12/18.61

Rw (obs/all) 19.32/24.21 13.44/17.49 7.98/9.69

Criterion for observed reflections is I43sðIÞ and weighting scheme based on s, w ¼ 1=
flow. The heater was operated at a constant flow of 0.8 l/min N2

(regulated by a mass flow controller).
To calibrate the temperature, a type K thermocouple (STOE &

Cie GmbH) at the sample position was used to record the
temperature vs the heating current. To account for deviations
due to the mounting of the samples, phase transitions of
polycrystalline K2SO4 and K2CrO4 (embedded in SiO2 glass
capillaries, as used for mounting the single crystals) were
observed by temperature-dependent measurements of X-ray
powder diffraction patterns. The known phase transition
temperatures [39,40] were used to correct the previously ob-
tained calibration function. The obtained accuracy is better than
�5 K.
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968.8 971.6 974.3 977.2 980.0

0.411(11) 0.528(11) 0.609(10) 0.714(10) 0.885(5)

1699/2823 1722/2822 1714/2826 1760/2827 1673/2820

1053/1415 1014/1414 982/1415 970/1414 828/1411

647/1408 708/1408 733/1411 790/1413 846/1409

844/1201 837/1198 850/1202 863/1199 827/1197

513/624 494/623 491/626 475/623 426/621

332/577 343/575 359/577 388/576 401/576

4.59/5.53 4.64/5.68 5.07/6.05 4.91/5.88 4.64/5.71

4.37/7.40 4.04/7.36 4.31/7.26 4.53/7.57 4.64/8.31

3.79/4.17 3.89/4.36 3.78/4.14 3.98/4.35 3.95/4.39

3.27/4.56 2.95/4.65 3.52/5.27 3.67/5.70 3.89/7.12

3.15/3.29 2.89/3.13 3.37/3.55 3.51/3.72 3.53/3.89

8.70/16.73 7.76/15.30 6.71/12.64 6.80/12.06 6.26/10.80

7.29/8.60 7.62/8.81 5.36/6.29 5.45/6.23 4.96/5.58

½s2ðFÞ þ ð0:01FÞ2�:
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H. Krüger et al. / Journal of Solid State Chemistry 182 (2009) 1515–15231518
The crystal under investigation (size 0:18� 0:18� 0:06 mm)
was embedded in a SiO2 glass capillary. While tracking down the
Pnma to Immað00gÞs00 transition by high-temperature single-
crystal XRD experiments, a diffraction pattern was observed,
which could not be explained by either one of the known
structures. The diffraction pattern exhibits a primitive lattice
(indexed with the known orthorhombic brownmillerite unit cell),
as well as satellite reflections, which can be indexed with a q-
vector [35] of q ¼ gc�. This observation can be explained as a
superposition of the diffraction patterns of the low-temperature
Pnma and the HT Immað00gÞs00 phase.

To elucidate the behavior of the phase transition a series of 21
diffraction experiments was performed from 948 up to 994 K in
steps of ca. 2 K. Subsequently, 13 experiments were performed
from 994 down to 932 K in steps of ca. 5 K. Eight more
experiments were carried out in a second heating–cooling cycle
between 1016 and 1080 K, to give a more detailed picture of the
variation of the modulation wave vector q.

All data collections were performed under the same condi-
tions: Ka radiation from a sealed Mo X-ray tube operated at 50 kV
and 40 mA was used. A plane graphite monochromator and a
0.5 mm multiple pinhole collimator were utilized to direct the
beam to the sample. The distance between the sample and the
detector was set to 100 mm, which corresponds to a maximum
diffraction angle of ymax ¼ 29:7�. Measurements were started from
the same position of the o-axis, with 5 min exposure and
1:5� rotation increments of o per frame. All data collections cover
at least a rotation of 15� in o, most measurements between 958
and 983 K cover ca. 70� (the ones used for the structural
refinements).

Fig. 3 shows the individual intensities of six selected
reflections (hklm) as they change with temperature. To keep the
intensities at the same scale, the data was integrated using the
same constant scaling factor for all individual data collections
[41]. Three of the selected intensities are main reflections (m ¼ 0)
violating the condition hþ kþ l ¼ 2n, i. e. they are not allowed in
the I-centered HT phase. Furthermore, three strong satellite
reflections (ma0) were arbitrarily chosen. First significant
intensities of satellite reflections can be observed at ca. 960 K
using the described experimental setup and conditions. At the
same temperature, the selected hþ kþ la2n reflections start to
decrease in intensities until they disappear at ca. 985 K. This
observation can be interpreted as a 25 K wide range of phase
coexistence with varying volume fractions of the two phases.
Fig. 4. Electron diffraction patterns (zone axis [010]) of (a) the modulated HT

phase at 1100 K (comb-shaped markers indicate main reflections (center) and up to

third-order satellites) and (b) the two-phase domain structure at 973 K. Arrow-

heads mark missing P-lattice reflections in (a) and existing ones in (b).
4.2. Multiphase refinement from single-crystal data

Whereas crystal structure refinements of multiphase systems
are routine work in quantitative powder diffractometry (Rietveld
analysis), there are only a few examples of multiphase refine-
ments carried out with single-crystal data, although the term
single crystal is not valid in a strict sense here.

All known examples [42–46] show systematically intergrown
structures with partly coinciding diffraction patterns. To the best
of our knowledge, this is the first application of multiphase
refinements to a 3-dimensional/ð3þ 1Þ-dimensional incommen-
surate system using single-crystal data. In this case, the diffraction
pattern can be indexed with one basic cell, which stays the same
in size (except thermal expansion) and orientation during the
transition, even though the lattices differ in centering and
q-vector. Apart from the ‘flipping’ of some tetrahedral chains (in
order to change their orientation) the structural changes over the
phase transition are small and continuous. These properties
justify the use of the term single crystal, even if the crystal
consists of domains with slightly different structures.
The data reduction process included corrections for Lorentz-,
polarization- and air-absorption effects, as well as a correction
accounting for sample absorption [41]. This was done using eight
indexed faces, describing the crystal morphology. The absorption
correction was performed under the assumption that the whole
crystal volume diffracts consistently. This will only be the case if
the domains are distributed randomly within the crystal. The
validity of the absorption correction was confirmed by the fact,
that the achieved improvement of Rmerge was very similar (ca. 2%)
for all datasets. The redundancy of each data set is 2.3, with a
completeness 497%.

Merging of the data did not require special precautions, since
both diffracting structures belong to the same point group mmm.
While applying the reflection conditions all intensities have to be
used, which are allowed in either Pnma or Immað00gÞs00.

Because both structures share the same basic lattice, with
perfect overlap of the reflections, the combined intensities are the
sum of each phase’s contribution. Thus, the combined structure
factors can be calculated by

FðHÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

n

nnF2
nðHÞ

r
(1)

with nn giving the relative proportion of phase n, their sum
P

n nn

is normalized to 1. In our case with two diffracting phases, one
additional parameter is required in the refinement to account for
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Fig. 5. Dark field TEM images of the domain structure. Domains of the Pnma and Immað00gÞs00 are labeled with P and HT, respectively. The temperature was lowered from

995 K (a) to 948 K (d). (a) The whole crystal grain shows the modulated structure. (b) Domains of the Pnma phase occurred. (c) Domains of the Pnma phase are getting larger.

(d) Remaining antiphase boundaries are marked with arrows.

Fig. 6. High-temperature HRTEM (zone axis [010]) of a phase boundary between

domains of the Pnma (lower left) and Immað00gÞs00 (upper right) structure.

Micrograph recorded at 970 K. Corresponding FFT patterns are shown on the right.
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the volume ratio of the phases. If the diffraction vector exclusively
belongs to one of the phases, the contribution of the other phase
to the structure factor is zero. For example, diffraction vectors
hklm with ma0 are caused by the modulated phase only. hklm

reflections with m ¼ 0 and hþ kþ la2n are generated by the P-
lattice low-temperature phase only.

Refinement of multiphase systems from single-crystal data can
be performed with JANA2006 [47]. The refinement includes 89
parameters: 45 structural parameters of the low-temperature
phase [6] including anisotropic atomic displacement parameters.
The superspace-embedded [35] model of the modulated phase
contains 42 structural parameters [31]. One scaling factor and the
previously mentioned factor to account for the volume ratio of the
phases complete the 89. The refinements were performed using
structure factors.

The details of eight full-matrix least-squares refinements in
the range of 961.8–980 K are given in Table 1. The absolute
temperatures are not as precise as given in the table (as discussed
above), although the relative accuracy is better than 1 K.

The refinements1 of the structures show satisfactory R-values.
The R-values of the satellite reflections at 980 K are very similar to
those we reported for the modulated phase at 1100 K [31]. At
lower temperatures, the satellite R-values increase, due to
1 The JANA input files needed to reproduce the refinements can be requested

from the authors.
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Fig. 7. (a) High-resolution electron micrograph of an antiphase boundary. Image

taken along the [010] zone axis. The trace of the APB is parallel [100]. (b) and (c)

are Fourier filtered using the frequencies parallel and perpendicular to the

antiphase boundary, respectively.
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decreasing intensities of the satellite reflections. At 980 K ca. 70%
of the measured satellites were considered to be observed
[I43sðIÞ]. Their average I=sðIÞ ratio is ca. 13. The satellites of the
data set collected at 961.8 K show an average I=sðIÞ of less than 3,
and only 30% of them are observed.

The R-factors for the main reflections show the smallest values
for the lower temperatures, slightly increasing with the tempera-
ture. This can be understood from the fact that the number of
observed main reflections decreases as the low-temperature
phase vanishes. Consequently, the best fit to all reflections
(main and satellite) is obtained at the phase composition close
to 1:1.
5. Transmission electron microscopy

Polycrystalline material of Ca2Fe2O5 was further pulverized in
an agate mortar, dispersed in ethanol by sonication and subse-
quently applied to a holey carbon film on a copper grid.

Transmission electron microscopy was performed using the
Stuttgart JEOL JEM-ARM1250 high-voltage atomic resolution
microscope in its side-entry configuration [48]. The microscope
was operated at an accelerating voltage of 1.25 MeV, providing a
point-resolution of 0.12 nm. The sample was mounted in a double-
tilt heating holder (GATAN Model 652-TaM). The accuracy for
temperatures given in this section is �15 K. A drift-compensating
device [49] was employed during the acquisition of high-
resolution images at elevated temperatures.

Selected area diffraction (SAD) experiments at 1100 K showed
the presence of the HT phase by the occurrence of satellite
reflections in the electron diffraction (ED) pattern in the (h0l)
layer (Fig. 4a). Furthermore, the lattice became I-centered, as
expected for the known modulated HT phase. The modulation
wave vector was determined to be q ¼ 0:58c�, which is in good
agreement with the XRD results.

By carefully lowering the temperature (to get into the
postulated two-phase region), a diffraction pattern showing a
primitive lattice, as well as satellite reflections, could be observed
and recorded at 973 K (Fig. 4b).

Dark-field images show that domains of the modulated HT-
phase are present next to domains of the low-temperature phase,
sharing the same basic lattice (Fig. 5a–d). The objective aperture
was placed in a way to achieve a diffraction contrast between the
phases. Domains of the modulated structure can be identified by
periodic fringes caused by the modulation (see enlarged regions in
Fig. 5a and b).

High-resolution micrographs were taken of the observed phase
boundaries. Fig. 6 shows a Pnma–Immað00gÞs00 phase boundary
at 970 K. The corresponding FFT patterns are calculated using
IMAGEJ [50]. The figure shows that the satellite reflections, which
can be seen in the FFT pattern, originate only from the upper part
of the micrograph.

The width of the domains showed a dependence on the
temperature. As the temperature was lowered, the low-tempera-
ture phase domains grew (Fig. 5b–d), until no HT-phase domains
remained. Some residual defects could be observed at tempera-
tures below the two-phase region (Fig. 5d), which can be
attributed to remaining antiphase boundaries (APBs). A high-
resolution micrograph (Fig. 7a) of such a defect clearly shows, that
it is an antiphase boundary. Fig. 7b and c are derived from Fig. 7a
by the Fourier-filtering technique: the Fourier transform of Fig. 7a
was computed. Masks were used on the frequency domain image
to pass only the frequencies parallel (Fig. 7b) or perpendicular
(Fig. 7c) to the inverse Fourier transform to derive the filtered
images. This was performed using IMAGEJ [50].

The phase shift parallel to the APB (along [100]) can be easily
seen in Fig. 7b. The component along [001] (perpendicular to the
APB) is not as easy to identify in Fig. 7c. In order to visualize the
phase shift in this direction an intensity profile along [001]
crossing the APB is derived from Fig. 7c (along the shown black
line). Equidistant vertical lines representing the lattice periodicity
are added to the intensity plot in Fig. 8. In the left part of the plot
these lines are in sync with the maxima and on the right side they
coincide with the minima. The phase shift of 1

2 along [001]
associated with the APB occurs in the center, which can be seen
between pixels 190 and 210.

In the Immað00gÞs00–Pnma transition the centering vector
1
2½111� is lost. APBs are formed if different (by a displacement
vector of R ¼ 1

2½111�) domains of the Pnma structure grow and
contact together. This could be observed during the TEM
experiments. The APBs are oriented parallel to [100]. Whether
they are parallel or inclined in respect to [010] cannot be
concluded from our experiments, since the observations were
made along [010]. The structure of such an APB can be interpreted
as follows: the substructure of the octahedral layers stays intact,
whereas the configuration of the tetrahedral layers changes across
the APB. A possible APB perpendicular to [001] is modeled
in Fig. 9.



ARTICLE IN PRESS

 120  140  160  180  200  220  240  260  280  300

In
te

ns
ity

 [a
rb

. u
ni

ts
]

distance [pixel ]
A B

Fig. 8. Intensity profile along [001] obtained from Fig. 7c along the shown profile between A and B. The periodic vertical lines correspond to the lattice spacing. The

antiphase boundary can be detected by the phase shift of 1
2, which occurs between 190 and 210 pixels.

Fig. 9. A model showing an APB perpendicular to [001]. The trace of the displacement vector R ¼ 1
2½111� is shown in black. Ca atoms are omitted.
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6. Discussion

The various phase transition temperatures reported in the
literature have to be discussed: they range from 958 [34] to 997 K
[26]. This large range is not suprising, since we know that both
phases coexist over ca. 25 K. Furthermore, the transition tem-
peratures are determined using different techniques, such as
powder X-ray or neutron diffraction and DTA. The powder
diffraction based studies monitored the intensity of hþ kþ la2n

reflections to detect the phase transition. This method gives the
higher limit (last observability of the Pnma phase) of the
transition, but is susceptible to the measurement condi-
tions (e.g. strong background) and temperature calibration of
the experiment. In DTA studies differences can occur depend-
ing on how the phase transition temperature is derived from
the thermal signals. Woermann et al. [33] report 963 K. From
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Fig. 9 in [33] it can be concluded, that this value corres-
ponds to the peak maximum. The onset temperature is approxi-
mately 15 K lower, which is in agreement with our DTA
experiments.

The existing literature already shows evidence for the
modulated high-temperature phase. In high-temperature powder
diffraction patterns of Ca2Fe2O5, five unindexed peaks (18.9, 19.8,
20.8, 26.1 and 27:8� 2y, Cu-radiation) were mentioned by
Redhammer et al. [26], which were ‘seen as an indication for an
incommensurate modulation’. Indeed, the latter four of this set
can be indexed as ð1101Þ, ð1211̄Þ, ð1301Þ and ð1121̄Þ satellite
reflections. Fig. 3a in [26] also supports a temperature range of
coexisting phases, due to the fact that the ð131Þ reflection can be
seen together with two satellites. Berastegui et al. [17] mentioned
two unindexed diffraction peaks at 3.4 and 3.2 Å. A closer look at
Fig. 4b in [17] reveals at least two more unindexed peaks, namely
at ca. 2.95 and 2.3 Å. Comparison with a simulated neutron
diffraction pattern (using the model of the modulated structure
[31]) shows that these peaks can be indexed as the (1301), (1121̄),
(1011) and (1411) satellite reflections.

From the presented results it is clear that the
Pnma–Immað00gÞs00 transition in Ca2Fe2O5 is of first order. The
hysteresis found in the DTA experiment, and the phase coex-
istence do not conform with a second-order phase transition as
proposed by Berastegui et al. [17]. The tetrahedral chains cannot
be ‘flipped’ from one to the other configuration without
discontinuous movement of the anions.

Lattice parameters and thermal expansion of Ca2Fe2O5 were
studied in several [17,26,34] works by powder diffraction
methods. Hence, we refrain from reporting less accurate values
from the single-crystal measurements. However, the modulation
wave vector q ¼ gc� requires further discussion, due to its
interesting behavior. Fig. 10 shows g (the only non-zero
component of q) and its evolution with temperature.

The q-vectors were refined from ca. 150 up to ca. 1000 control
reflections, utilizing the software X-AREA [41].
 0.596

 0.598

 0.6

 0.602

 0.604

 0.606

 0.608

 0.61

 0.612

 0.614

 0.616

 960  980  1000

γ

Tem

Fig. 10. Temperature dependence of the modulation wave vector q ¼ gc�. The parameter

collections in one heating–cooling cycle. The segments on the right are obtained from

cooling.
Even though the values show some scatter, the following
conclusions can be made: First satellites appear at 960 K with a g
of approximately 0.607. With raising temperatures, g increases
and reaches a maximum of ca. 0.614 around 985 K. From that
point g decreases down to 0.6 at 1080 K. A value of ca. 0.588 was
reported earlier for 1100 K [31], which fits to the extrapolated
trend. During cooling the values are significantly smaller (the
maximum at ca. 0.614 is less pronounced), which is evidence for a
hysteresis of structural features of the modulated phase.

In this context the influence of the modulation wave vector on
the type of the superstructure is interesting. The superstructures
are characterized by the sequence of R and L tetrahedral chains
within the layers. The given superspace-embedded structural
model in superspace group Immað00gÞs00, with g ¼ 0:5 would
lead to a superstructure with an alternating and periodic (RL)
chain sequence (as e.g. found Sr2MnGaO5 [30]). The same model
with g ¼ 1 is an alternate description of the Pnma structure. Other
commensurate superstructures with g ¼ 2

3 (chain sequence RRL)
or g ¼ 5

8 (chain sequence RLRLLRLL) were discovered in
Ca2Co2�xAlxO5 (x � 0:75) [29].

If the number of different-neighbors (RL or LR) is given as a
ratio of the overall number of chains, this ratio increases linearly
from 0% (g ¼ 1) to 100% for g ¼ 0:5.

Abakumov et al. [51] proposed competing mechanisms as
driving forces for a phase transition in Ca2MnGa1�xAlxO5.
Basically, dipole–dipole interactions (dipole moments are asso-
ciated with the tetrahedral chains [52]) should favor the alternate
chain sequence, which in turn leads to higher distortions in the
octahedral layers. Incommensurability allows any ratio of same-
and different-neighbor chains, which could be a way to fine-tune
the competing forces. The q-vector at 960 K corresponds to 78.5%
of different-neighbors. This value then decreases to 77.2% at the
maximum of g. At higher temperatures it increases to 80%
(g ¼ 0:6) and 82% at g ¼ 0:588. It can be assumed that with
increasing temperature the structure develops towards the 100%
different-neighbors (alternating chains) superstructure.
 1020  1040  1060  1080
perature [K]

g is plotted vs temperature. The two segments at the left are determined from data

a second heating–cooling cycle. Upper plots correspond to heating, lower ones to
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So far, APBs observed in Pnma brownmillerites have been
reported to be perpendicular to [010] [51,53,54]. Such APBs (? b�)
produce thin slabs of the I2mb structure within the Pnma matrix.
A compositionally induced phase transition from Pnma to I2mb is
described for Ca2MnGa1�xAlxO5. An increasing concentration of
APBs is reported, until the displacement vector becomes a new
lattice translation [51]. Furthermore, blocks of a superstructure
(q ¼ 1

9b�) caused by an ordered sequence of APBs were found in
Ca2MnGaO5:045 [53]. However, the APBs we found are not
perpendicular to [010], but at least inclined (if not parallel) in
respect to [010]. The reasons for the different orientations of the
APBs have to be attributed to the formation conditions. In
Ca2Fe2O5, the orientation of APBs results from the propagation
of domain walls during the symmetry reduction from
Immað00gÞs00 to Pnma. The propagation vector of the domain
walls clearly is within the bc-plane. The existence of a component
in b cannot be excluded or confirmed without further experi-
ments.
7. Conclusions

The phase transition of Ca2Fe2O5 has been studied using two
methods complementing one another. HT transmission electron
microscopy (ED and high-resolution), as well as HT single-crystal
XRD. Both methods derive substantial information, which cannot
be obtained from the other. In this case XRD delivers structural
information on the atomic level, TEM provides images on a larger
scale: distribution of domains and defects. Utilizing multiphase
refinements a quantitative measure for the phase composition can
be extracted, which—from TEM—is available qualitatively, only.
One of the goals of this paper is, to show that multiphase
refinements from single-crystal data can provide useful informa-
tion in phase transition studies with coexisting phases. The
software JANA2006 is able to handle multiphase refinements even
in cases where modulated structures are involved.
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[49] R. Höschen, W. Sigle, F. Phillipp, A drift compensating system for electron

microscopes, in: Electron Microscopy 1996, Proceedings of the 11th European
Conference on Electron Microscopy, The Committee of European Societies of
Microscopy, Dublin, vol. 1, 1996, pp. 373–374.
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