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a b s t r a c t

We report here a detailed study of the system La1�xSrxFeO3�xFx, by neutron powder diffraction- and
magnetic-measurements. All the compounds are robust antiferromagnetics with ordering temperatures
well above room temperature. Magnetic moments are shown to align parallel to the c-axis. FC-ZFC
measurements indicate a small canting of the magnetic moments, resulting in a ferromagnetic
component with a maximum for La0.5Sr0.5FeO2.5F0.5. We show that the system exhibits a composition-
driven transition from a phase, for low fluorination levels (xr0.5), with Pnma symmetry and the usual
system of octahedral tiltings, to a phase with space group Imma for higher fluorine contents, where a
correlated distortion of the oxygen octahedra plays a significant role. The consistency of the structural
models, with respect to the expected continuity of the amplitudes of the different distortion modes and
the invariance of their internal form, was monitored through the symmetry mode decomposition of the
structures.

& 2013 Elsevier Inc. All rights reserved.

1. Introduction

A variety of applications have been reported for the perovskite-
type compounds La1�xSrxFeO3�d, ranging from oxygen separation
membranes to gas sensors [1–6]. Furthermore, these compounds
show interesting magnetic properties, varying from antiferromag-
netic G-type ordering in LaFeO3 [7,8] to antiferromagnetic order-
ing in rhombohedral La1/3Sr2/3FeO3, in which ferromagnetic
interactions between the magnetic moments on Fe3þ and Fe5þ

in neighbouring layers also occur [9].
Low temperature fluorination reactions (see [10–12] for reviews)

are powerful methods for the formation of new oxide fluoride
compounds from preformed oxides with concomitant changes in
transition metal oxidation state. For iron-containing perovskites,
polyvinylidenedifluoride, PVDF [13], has been shown to be a powerful
agent for the preparation of the iron-containing perovskite oxide

fluorides, such as the compounds SrFeO2F [14,15], BaFeO2F (cubic
[16,17], 6H [18] and 15R [19] polymorphs), SrxBa1�xFeO2F [20],
fluorinated La1�xSrxFe1�yCoyO3�d [21,22], fluorinated SrFe1�xSnxO3�d

[23] and the system La1�xSrxFeO3�xFx [24].
In these materials the magnetic properties of perovskite-related

compounds are influenced by the exchange of O2� for F� which
reduces the average iron oxidation state. Thus, for example, 6H–
BaFeO3�d shows antiferromagnetic ordering below 170 K [25–27],
whereas the magnetic ordering temperatures of 6H–BaFeO2F [18]
and 6H–Ba0.8Sr0.2FeO3�dF0.2HH [28] lie between 600 and 700 K.
Although the compounds 15R–BaFeO2F and 15R–BaFeO2.42F0.2 [28]
only show a small difference in the average iron oxidation state, the
orientation of the spins is different in that the spins align parallel to
the c-axis for 15R–BaFeO2.42F0.2 [28] but are aligned in the a/b-plane
for 15R–BaFeO2F [19].

La1�xSrxFeO3�xFx has been recently reported [24] to undergo a
structural distortion from the cubic perovskite structure (Pm-3m)
reported for SrFeO2F [14,15,20,21] to the orthorhombic perovskite
structure (Pnma) found for LaFeO3 (e.g. [29]) with decreasing
values of the Sr content, x. This structural distortion was studied
by X-ray powder diffraction and reported to occur in a two-step
manner: increasing the metric distortion and shift of mainly
the oxygen ions between x¼1 and x¼0.5, and a further decrease
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in the metric distortion and additional shift of the La/Sr ions when
x is changed from 0.5 to 0. This change was attributed to a
lowering of the effective coordination number (ECoN [30]) with
the change from Sr2þ to La3þ .

In this article we report a detailed neutron powder diffraction
study of high quality high resolution diffraction data for the
compounds La1�xSrxFeO3�xFx (x¼1, 0.8, 0.5 and 0.2), which has
allowed a more detailed understanding of the structural relaxation
and has corrected structural descriptions for the compounds with
0.5oxr1 as orthorhombic perovskites with space group Imma,
identifying a distinct new phase within this composition range.
Especially for SrFeO2F, which was previously reported to be a
simple cubic perovskite by analysis of XRD data [14,15,20,21], it is
shown that the structural arrangement of the ions has this lower
orthorhombic symmetry, although the cell parameters are pseu-
docubic. Both the results from the structural study reported in [24]
and those reported here have been analyzed and checked in terms
of distortion modes with respect to the cubic perovskite. This
mode decomposition based in group theory [31] has allowed a
quantitative characterization of the peculiarities of the new
orthorhombic Imma phase found at high fluorination levels (Sr
rich samples), in comparison with the Pnma phase that is observed
at low fluorination levels (La rich samples), and is common to
many oxides with distorted perovskite structures. Furthermore,
we describe the magnetic properties of the compounds, including
the determination of their magnetic structures.

The manuscript is therefore structured as follows: In Section 3.1,
we report on the mode analysis which was performed on the
structural data received from refinement of XRD data and were
reported in [24]. Those investigations motivated us in performing
neutron diffraction experiments, and the results of the NPD studies
are reported in Section 3.2. At the end of this sectionwe again report
on a mode analysis performed on the structures derived from
neutron diffraction experiments. Section 4 gives a detailed descrip-
tion of the compound′s magnetic properties and structures.

2. Experimental

2.1. Sample preparation

Compounds of composition La1�xSrxFeO3�d with a strontium
content of x¼1, 0.8, 0.5, 0.2 and 0 were prepared by a solid state
reaction as reported previously [24]. High-purity La2O3, SrCO3 and
Fe2O3 powders were mixed in the appropriate stoichiometric ratio
and were thoroughly ground in n-pentane. The La2O3 powder was
first calcined at 1100 1C for 12 h to remove any water content. The
ground powders were heated twice in air at 1250 1C for 30 h with
intermediate grinding and slowly cooled to room temperature.

For the fluorination reaction, the La1�xSrxFeO3�d compounds
were mixed with a 10% excess of poly(vinylidenefluoride), PVDF
(Sigma Aldrich). After thoroughly grinding, the mixtures were
slowly heated to 400 1C for 24 h. We would like to make the reader
aware that a synthesis temperature of 673 1C was erroneously
reported in a former article by Clemens et al. [24], and the actual
temperature was 400 1C (673 K).

The success of fluorination was confirmed by comparing the
lattice parameters of the as- prepared samples to those reported in
[24] (lattice parameters are significantly different between fluori-
nated and unfluoridated compounds, and both systems, La1�xSrx
FeO3�d and La1�xSrxFeO3�xFx have been extensively studied and
compared to each other in [24]). In [24] (and also in [20], where we
would like to refer the reader for more information about proof of
composition), Clemens et al. additionally used decomposition reac-
tions and quantification of the decomposition products to confirm
the composition of the fluorinated compounds (e.g. 42 SrFeO2F-21

SrF2þ5 Sr4Fe6O13þSrFe12O19). In addition, O/F are indistinguishable
by means of XRD and NPD experiments, but full occupancy of the
anion sites was verified from the NPD diffraction data.

2.2. Diffraction experiments

X-ray powder diffraction (XRD) patterns were recorded on a
Bruker D8 diffractometer with Bragg–Brentano geometry and a
fine focus X-ray tube with Cu anode. A primary beam monochro-
mator was attached. A LYNX eye detector and fixed divergence slit
were used. The total scan time was 16 h for the angular range
between 5 and 1401 2θ.

Time of flight neutron powder diffraction (NPD) data were
recorded on the high resolution diffractometer (HRPD) at the ISIS
pulsed spallation source (Rutherford Appleton Laboratory, UK). 4g of
powdered SrFeO2F, La0.2Sr0.8FeO2.2F0.8, La0.5Sr0.5FeO2.5F0.5 and
La0.8Sr0.2FeO2.8F0.2 were loaded into 8 mm diameter thin-walled,
cylindrical vanadium sample cans and data collected at ambient
temperature for 75 mA h proton beam current to the ISIS target
(corresponding to �2 h beamtime) for each sample. Furthermore,
La0.5Sr0.5FeO2.5F0.5 was also measured at 200, 300 and 400 1C to
determine its magnetic ordering temperature.

Structure refinements using both the XRD and NPD data were
performed using the Rietveld method with the program TOPAS 4.2
(Bruker AXS, Karlsruhe, Germany) [32]. For the room temperature
XRD data the whole 2θ-range was used, while for the NPD data
only those data collected in the highest resolution backscattering
detector bank (bank 1, average 2θ¼168.3291, dmax �2.5 Å) were
used. The instrumental intensity distribution for the X-ray data
was determined empirically from a sort of fundamental para-
meters set [33], using a reference scan of LaB6, and the micro-
structural parameters were refined to adjust the peak shapes for
the XRD data. For the neutron diffraction data, a corresponding
TOF shape model was used. Lattice parameters were allowed to be
slightly different for neutron- and XRD-data (Δ �0.01–0.02%), but
relative axis lengths were constrained to be the same for both data
sets (i.e. aNPD/bNPD¼axRD/bxRD) and NPD lattice parameters are
given throughout the article. The same positional parameters were
used and refined for both data sets. Independent thermal dis-
placement parameters were refined for each type of atom, but
those for O and F, and Sr and La, were constrained to the same
value. While these parameters were also constrained to be the
same both for X-ray- and neutron-powder diffraction data, an
additional B overall value was refined for the XRD data accounting
for further effects such as absorption or surface roughness.
Reflections that showed a large magnetic scattering contribution
were omitted from the initial crystallographic refinement. For
La0.5Sr0.5FeO2.5F0.5, an unusual asymmetry to lower d-spacings
was found, which was not observed in the XRD pattern and could
be related to a partial aging/water uptake of the sample, which we
had not observed in fluorinated compounds before. To describe
the peak shape appropriately, two further fractions (11.4 and 7.2%
of total scattered intensity) of this phase with slightly smaller
lattice parameters ((a/b/c)fraction_1,2¼c1,2� (a,b,c)main_fraction; c1 and
c2¼0.9967 and 0.9940) were used to better describe the peak
shape. However, the lattice parameters of the main phase (81.4% of
total intensity) were still in excellent agreement with those found
by XRD.

Refinements of the magnetic structures of SrFeO2F, La0.2Sr0.8-
FeO2.2F0.8, La0.5Sr0.5FeO2.5F0.5 and La0.8Sr0.2FeO2.8F0.2 were per-
formed with the program GSAS [34,35] using the NPD data
collected from all of the HRPD detector banks. Unit cell, atomic
position and atomic displacement parameters were set to the
refined values from the previous coupled analysis of NPD- and
XRD-data determined above. A second phase in space group P1
with the same lattice parameters that contained only the Fe3þ
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ions, and for which only the magnetic scattering was calculated
was introduced into the refinement. Different orientations of the
magnetic moments were then examined.

2.3. Magnetic measurements

DC susceptibility measurements were performed over the
temperature range 5–300 K using a Quantum Design MPMS SQUID
magnetometer. The samples were pre-cooled to 5 K in zero field
(ZFC) and also in an applied field of 0.05 T (FC) and values of χ
measured whilst warming in a field of 0.05 T. Field-dependent DC
susceptibility measurements were performed on the same instru-
ment at 5 K between 0 and 5 T.

3. Results and discussion

3.1. Mode analysis of recently published data

Using the program AMPLIMODES [36] we first performed a
symmetry mode analysis of the Pnma structures reported in [24],
which were determined from XRD data. The analysis was limited
in each case to the distortion of displacive type, i.e. that produced
by relative atomic displacements considering the disordered
mixed O/F sites as a single atomic species. An analysis of this type
permits for each composition to decompose the observed struc-
tural displacive distortion (with respect to the cubic perovskite)
into different contributions that are in general caused by different
mechanisms.

The application of group theoretical methods to the description
of structural distortions and phase diagrams dates back to Landau
and its theory of phase transitions [37]. The structural distortion is
decomposed into distortion modes that transform according to
different irreducible representations (irreps) of the parent space
group. Distortion modes corresponding to different irreps are
necessarily uncoupled in the lowest approximation, as mixed
quadratic terms are forced by symmetry to be zero [38]. In
principle, the parameterization of the distortions in terms of
symmetry adapted modes can resolve and separate the specific
atomic displacements which are stabilizing the observed phase
(primary modes), from those that appear by some high-order
coupling and have a secondary marginal role. Thus, the degrees of
freedom of the distorted structure expressed in this form have in
most cases a clear hierarchy, and subtle changes that may take
place with temperature or composition can be better monitored
and characterized. In particular, the specific distortions associated
with the order parameter(s) of the investigated phase can be
identified and quantified. Computer programs are freely available
for this type of studies [36,39]. The most recent one, AMPLIMODES
[36] has introduced a novel parameterization of the mode decom-
position, by defining an amplitude for each irrep mode, together
with a polarization vector subject to a normalization with respect
to a chosen reference parent structure. This is the parameteriza-
tion used here. The irrep distortion modes present in the inves-
tigated structure are classified according to an irrep of the parent
space group, and their symmetry properties are specified by a
modulation wave vector (k-vector), an irrep label (the irrep labels
used here follow the standard of [39]) and a so-called isotropy
subgroup, which is the symmetry (a subgroup of the parent space
group) maintained by this specific irrep mode. The atomic dis-
placements associated with a given irrep distortion mode are then
defined by a normalized polarization vector describing the relative
atomic displacements involved, and a global amplitude. A recent
review of the state of the art of this type of mode analysis and its
applications can be found in [31].

Table 1 summarizes the results of the mode analysis of the
structures reported in [24] for some representative compositions.
The table lists the irrep distortions present in the reported
structures and their global amplitudes. It also includes for com-
parison the result for SrZrO3. The amplitudes of the different
distortion modes, especially their relative values, are similar in
many Pnma-distorted perovskites [31], SrZrO3 is taken here as a
typical example. One can therefore see in Table 1 that for small x
the Pnma distortion in La1�xSrxFeO3�xFx is similar to that of other
Pnma-distorted perovskites. The structure is mainly the result of
two tilting modes of the oxygen octahedra, with symmetries
labeled as R4þ and M3þ (see Fig. 1), and having as isotropy
subgroups (invariance symmetries) the space groups Imma and
P4/mbm, respectively. This main feature can be directly derived
from the much larger amplitudes of these two modes and the fact
that they can explain completely the symmetry break into the
Pnma space group. The Pnma symmetry of the phase is just the
intersection of the two symmetry groups that would result from
the presence of either one or the other tilting mode separately
[31]. These two rigid-unit modes, which are often unstable in the
cubic configuration of many perovskite-like structures, act as the
driving force for the distorted Pnma phase. The remaining distor-
tion modes are secondary degrees of freedom with much smaller
amplitudes, which appear due to their compatibility with the
symmetry break produced by the two mentioned primary distor-
tions. According to their isotropy subgroup, two of these second-
ary modes (X5þ and M2þ) are triggered by the simultaneous
presence of both tilting modes, while the mode R5þ , as its isotropy
subgroup Imma coincides with that of the primary tilting R4þ ,
would in principle be allowed in an hypothetical Imma phase
resulting from the single instability of the R4þ mode (for a review
of the symmetry mode analysis of these systems see Ref. [31]).

This familiar scenario disappears in Table 1 as x increases. It can
be seen that for x¼0.5, the amplitude of the second primary mode
M3þ is reduced to less than half with respect to x¼0.1, and for
x¼0.8 it is zero. In fact, at x¼0.8, only the modes compatible with
the higher symmetry Imma have significant non-zero amplitudes,
with a remarkable increase of the amplitude of the R5þ mode,
with respect to low x compositions. Fig. 2 depicts a more global
picture of the variation with x of the amplitudes of the different
distortion modes in the structures reported in [24]. A clear
indication emerges that a change of behaviour takes place about
x¼0.6. As x increases in value, the amplitudes of the two primary
tilting modes decrease, especially the M3þ mode, and the second-
ary modes either remain marginal with large relative errors, or if
they have significant amplitudes as for the X5þ distortion, they
decrease in accordance with the decrease of the driving tilting

Table 1
Summary of the symmetry mode decomposition of the Pnma structures of
La1�xSrxFeO3�xFx reported in [24]. Only three representative compositions are
listed. A parent cubic perovskite with average cell parameter 3.93 Å has been used
as a reference structure, with the unit cell origin chosen at the iron site. The
analogous mode decomposition of a typical Pnma distorted perovskite (SrZrO3) is
also listed for comparison. Only the symmetry character of each irrep mode present
in the structure and its global amplitude are listed.

k-Vector Irrep Isotropy subgroup Amplitudes (Å)

SrZrO3 La1�xSrxFeO3�xFx

x¼0.1 x¼0.5 x¼0.8

(1/2 1/2 1/2) R4þ Imma 1.19 1.18(5) 0.99(2) 0.76(3)
(1/2 1/2 1/2) R5þ Imma 0.07 0.06(3) 0.05(2) 0.22(3)
(0 1/2 0 ) X5þ Cmcm 0.34 0.316(7) 0.14(5) 0.02(3)
(1/2 1/2 0) M2þ P4/mbm 0.01 0.10(4) 0.10(6) 0.0(7)
(1/2 1/2 0) M3þ P4/mbm 0.79 0.66(4) 0.29(6) 0.0(7)
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modes. For xZ0.7, however, the tilting mode M3þ disappears with
only the distortion modes R4þ and R5þ having non-negligible
values, and the amplitude of the R5þ mode increases significantly
as x increases while the R4þ tilting continues decreasing. The
effective symmetry for xZ0.7 is therefore Imma. This change in
symmetry is also indicated from an analysis of the degree of lattice
distortion (calculated from the lattice parameters reported in [24]
using the STRAIN program of the Bilbao Crystallographic Server
[40–42]), for which a clear change of slope is indicated for xo0.7
(see Fig. 3). The degree of lattice distortion has been calculated
with respect to a lattice with the same volume per unit cell but
having the ideal cubic metrics, so that it becomes a kind of average
orthorhombic strain, namely the square root of the sum of the
squared strain tensor components along the three orthorhombic
axes divided by 3. It seems therefore that this composition range
corresponds to another phase, and the significant weight of the
R5þ distortion clearly shows that its type is quite different from
the usual Pnma phase in distorted oxide perovskites. This new
phase is not only the result of suppressing the M3þ tilting mode,
but also the R5þ distortion seems to play an important role. It is
not acting as a marginal degree of freedom as happens in the Pnma
phase, but it becomes a significant part of the structural distortion.
In this range of high fluorination the R5þ distortion mode, which
distorts the anion octahedra, behaves as if it were an additional
primary order parameter, despite its compatibility with the

symmetry break of the R4þ tilting. This is evidenced by the fact
that its magnitude increases while the tilting mode decreases.

An interesting point to note is that, while the x¼1 compound
SrFeO2F has been reported from XRD data to be cubic with the
ideal perovskite structure [14,15,43], this high symmetry is diffi-
cult to reconcile with the mode behaviour shown in Fig. 2.
Although the amplitude of the tilting R4þ mode, following its
decreasing tendency, could indeed become zero at this limit
composition, the amplitude of the R5þ distortion increases as x
approaches 1. This suggests that the x¼1 compound should also
have Imma symmetry.

The analysis above thus shows that the phase symmetry for
samples with high strontium content is probably higher than
Pnma. This higher symmetry can be understood in terms of group–
subgroup relationships (see Supplementary material) and this has
already been discussed in other reports [44] in a similar fashion.
The space group Imma is a supergroup of Pnma. This may explain
why the distortions and relaxations of the structure could only be
approximately described in our earlier report [24]. The number of
degrees of freedom for the refinements might have been too high
for some of the compositions and the very small shift of (O/F)1
along the a- and of (O/F)2 along the a- and c-axis in the structural
models reported in [43] for xZ0.5 should be revised. It therefore
seemed appropriate to revisit this system by means of a detailed
NPD analysis, reported in the following section, and thus try to

Fig. 2. Amplitudes as a function of x of the distortion modes present in the
structures of La1�xSrxFeO3�xFx reported in [24].

de
gr

ee
 o

f l
at

tic
e 

di
st

or
tio

n

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0.0014

x in La1-xSrxFeO3-xFx

0 0.2 0.4 0.6 0.8 1

Fig. 3. Degree of lattice distortion as average orthorhombic strain for the lattice
parameters of the compounds of the system La1�xSrxFeO3�xFx reported in [24].

Fig. 1. The two primary distortion modes with respect to the cubic perovskite that are present in Pnma perovskites. They represent two tilting schemes of the oxygen octahedra.
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confirm the rather new phase diagram scenario inferred from the
symmetry-mode analysis discussed above.

3.2. Structural characterisation of the La1�xSrxFeO3�xFx system

An overview of HRPD bank 1 data recorded for different
samples of the system La1�xSrxFeO3�xFx is given in Fig. 4. Compar-
ing the samples La1�xSrxFeO3�xFx, the pattern for the compound
with x¼0.2 is different from the ones for xZ0.5, in that it is richer
in reflections. The reflections can be indexed on the basis of a
distorted perovskite with space group Pnma. The refined structure
is reported in Table 2, and the plot of the coupled Rietveld analysis
is shown in Fig. 5.

The Fe–(O/F)1,2 distances were calculated to be 1.993(2) and
2.003(1) Å. In addition, the angles of the octahedron do not shift
much away from the ideal angles of 901 (see Table 3). Therefore,
the octahedra can be considered as essentially undistorted. In
addition, the metric distortion of the compound is very low and
the lengths of the cell axes therefore relate to a pseudocubic
length. This can also be seen in the normalized lattice parameters
(see Fig. 6), which were calculated according to

ða; b; cÞnorm: ¼
ða; b; cÞ

k� ffiffiffiffiffiffiffiffiffi
Vf :u:

3
p

with k¼2 for b and k¼
ffiffiffi
2

p
for a, c. Vf.u. is the volume per

La1�xSrxFeO3�xFx unit (¼V/4). Such normalized lattice parameters
are related to the components of the strain tensor. In this
construction, the values of (a,b,c)norm. for La0.8Sr0.2FeO2.8F0.2 are
very close to the value of 1.

For x¼0.8, some of the superstructure reflections disappear
and the patterns can be indexed in the space group Imma.

For x¼0.5, superstructure reflections resulting from the loss of
the body centering can be found, albeit very broad with a small
intensity in the NPD pattern (see Supplementary material). The
higher breadth of the peaks might indicate that the domain size of
Pnma ordering is smaller than the overall domain size and/or only
partly expressed. Due to these findings we decided to describe the
structure in the lower symmetric space group Pnma, but would
like to comment that it seems that this sample is on the borderline
of the lower symmetry region and we could not entirely rule out
the possibility that the symmetry is higher. This is also repre-
sented by a further quite small improvement of the fit for a
reduced symmetry of Pnma instead of Imma for the x¼0.5 phase
(Rwp(Pnma)¼3.126 vs. Rwp(Imma)¼3.163; see Fig. 7 for a plot of
the Rietveld analysis). Furthermore, the mode analysis reported in
Section 3.1 also indicates a reduced symmetry for samples with
xo0.7. The refined structural data for La0.5Sr0.5FeO2.5F0.5 and
La0.2Sr0.8FeO2.2F0.8 are listed in Tables 4 and 5.

As for the x¼0.2 sample discussed earlier, the Fe–(O/F)1,2 dis-
tances are fairly regular for both compounds: 2.0003(4) and 1.9898
(2) Å for x¼0.5 and 1.9859(4) and 1.9883(3) Å for x¼0.8. In addition,
the bond angles were also found to deviate only slightly from 901 for
both compounds (see Table 3), leaving the octahedra essentially
undistorted.

Following on from these structure determinations for mixed
Sr/La samples, special attention must be drawn to the SrFeO2F
endmember, which was previously reported using X-ray diffrac-
tion data to crystallize in the cubic space group Pm-3m
[14,15,20,24]. The neutron diffraction pattern for this compound
shows reflections which cannot be indexed on the basis of a
primitive cubic cell (see Fig. 4), even at very low d-spacings where
magnetic scattering can be ruled out due to the rapid decrease of
the magnetic form factor for d51.5 Å. This is in agreement with
the magnetic structure described later in Section 4.2, which
showed that those additional reflections cannot be assigned to
magnetic scattering. A detailed structural analysis was therefore
performed, and this showed that the pattern could also be indexed
on the basis of an orthorhombic perovskite with space group Imma
as found for samples with xZ0.5 (see Fig. 8). Remarkably, only a
very small deviation (if any at all) of the lattice parameters from a
pseudo-cubic cell was observed (see Fig. 6). We therefore tried to
refine the patterns by using cubic subgroups of Pm-3m (such as
Fm-3m and Fm-3c). However this did not result in a proper
description of the peak intensities, attributed to the fact that those
subgroups cause a splitting of the A or B site, and a common anion
site with one degree of freedom. The underlying symmetry of
those cubic subgroups is therefore not suitable to describe the
crystal structure, although the pattern could be indexed in
principle using these subgroups. It is also worth mentioning that
the Imma arrangement of the atoms is in very good agreement
with what can be expected from the mode analysis of compounds
with xo1 reported in Section 3.1.

Fig. 4. Neutron powder diffraction patterns of samples in the system La1�xSrx-
FeO3�xFx. hkl values are given on the basis of a primitive cubic cell for SrFeO2F (x¼1).

Table 2
Crystal structure of La0.8Sr0.2FeO2.8F0.2 (space group Pnma) from a coupled Rietveld analysis of HRPD bank 1 NPD and XRD data.

Atom Wyckoff site x y z Occupancy B [Å²]

La3þ
A1/4c �0.0229(2) 1/4 0.4953(4)

0.8
0.62(1)

Sr2þ 0.2
Fe3þ Fe1/4a 0 0 0 1 0.41(1)
O2�

(O/F)1/4c 0.0118(4) 1/4 �0.0676(6)
0.9333

0.51(1)
F� 0.0667
O2�

(O/F)2/8d 0.2227(3) 0.0398(2) 0.2748(3)
0.9333

0.51(1)
F� 0.0667

a [Å] 5.5608(2) b [Å] 7.8632(3) c [Å] 5.5663(2)

Rwp [%] (XRDþNPD) 2.67 GOF (XRDþNPD) 2.08 RBragg [%]
0.73 (XRD)
11.8 (NPD)
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The Fe–(O/F)1/2 distances remain quite similar and were deter-
mined to be 1.9984(6) and 1.9785(2) Å, respectively. Nevertheless,
the shifts of the (O/F)1 and (O/F)2 ions from their ideal cubic
positions cause a deviation of �31 of the (O/F)1–Fe-(O/F)2 angle
(see Table 3). The refined crystal structure is reported in Table 6.
It is also worth mentioning that the mode analysis of the as
determined structure of SrFeO2F (reported later in this section)
allowed for the determination of the correct global minimum of
the refinement (a local minimum was reached in the initial
refinement).

We therefore attempted to determine or rule out possible
reasons for this shift of the anions in SrFeO2F. Since the anion site
is split into two sites with multiplicities of 4 and 8, ordering of O2�

and F� on the anion sites could be possible. Such ordering was
recently observed for the hexagonal perovskites 6H–BaFeO2F and
15R–BaFeO2F [19] by a detailed investigation of bond valence
sums. However, the bond valence sums for O1, O2, F1 and F2 were
obtained as 1.715, 1.708, 1.423, and 1.418, respectively. Therefore,
these differences do not indicate ordering of oxygen and fluorine
ions on the anion sites and suggest that the determined position is

Table 3
Selected bond angles for the compounds La1�xSrxFeO3�xFx.

(O/F)x–Fe–(O/F)y angle [1] La0.8Sr0.2FeO2.8F0.2 La0.5Sr0.5FeO2.5F0.5 La0.2Sr0.8FeO2.2F0.8 SrFeO2F

(O/F)1 (O/F)2 (O/F)1 (O/F)2 (O/F)1 (O/F)2 (O/F)1 (O/F)2

(O/F)1 180 89.39(5) 180 89.24(4) 180 87.820(1) 180 85.79(1)
(O/F)2 90.61(5) 88.49(7) resp. 91.51(7) 90.76(4) 88.6(1) resp. 91.4(1) 92.180(2) 88.945(1) resp. 91.055(1) 94.21(1) 89.361(2) resp. 90.639(2)
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neither ideal for O2� nor for F� (a similar lack of evidence based
on bond valence sums for anion ordering was found for the other
compounds of the system). However, as discussed below, mode
analysis points to some kind of ordering, and this could also be
inferred from a difference Fourier analysis (see Supplementary
material), which showed some anomaly around the (O/F)1 posi-
tion, which could be assigned to F� from the site multiplicity. In
contrast, no such anomaly was found around (O/F)2. The anomaly
could be interpreted as altered bonding to Sr2þ along the c-
direction and would be in agreement with a smaller size of F�

compared to O2� . It is also worth mentioning that anion ordering
was reported for the compounds SrTaO2N and SrNbO2N (O and N
can be distinguished by means of neutron diffraction), where the
metric distortion remained very low at the same time [45].
However, we have to point out that the metric distortion could
also arise from a small size mismatch of the Sr, Fe and O/F ions,
which might be indicated by a tolerance factor slightly smaller
than one for this compound (t�0.985).

The relaxation of the respective ions can also be understood
in the following terms. Higher symmetry structures seem to be
favoured whenever they are possible. In the Sr rich samples (space
group Imma), only the (O/F)1,2 ions move significantly from their
ideal cubic position, hence accounting for the need for neutron
diffraction studies to elucidate the lowering of symmetry from
cubic for the Sr endmember, SrFeO2F. Due to symmetry, this
movement occurs along the z- and y-directions, respectively. For
increasing La content, the lattice parameters of the cell deviate
increasingly from the cubic average (see Fig. 6) which was also
observed in a previous report [24]. When this metric distortion
becomes maximal at x �0.5, the symmetry decreases to Pnma. By
this lowering of symmetry, the metric distortion is decreased,
which can be seen by the fact that (a,b,c)norm. become closer to a
value of 1. Therefore, the shifts of the (O/F)1,2 ions along the x- and
x-/z-direction, respectively, and of the (La/Sr) ion along mainly the
x-direction compensate this metric distortion, making the cell

Table 4
Crystal structure of La0.5Sr0.5FeO2.5F0.5 (space group Pnma) from a coupled Rietveld analysis of HRPD bank 1 NPD and XRD data.

Atom Wyckoff site x y z Occupancy B [Å²]

La3þ A1/4c �0.0073(5) 1/4 0.4975(4) 0.5 0.68(2)
Sr2þ 0.5
Fe3þ Fe1/4a 0 0 0 1 0.68(2)
O2� (O/F)1/4c 0.0015(12) 1/4 -0.0631(4) 0.8333 0.92(2)
F� 0.1667
O2� (O/F)2/8d 0.2376(5) 0.0346(2) 0.2610(5) 0.8333 0.92(2)
F� 0.1667

a [Å] 5.5575(2) b [Å] 7.8731(3) c [Å] 5.5887(2)
Rwp [%] (XRDþNPD) 3.13 GOF (XRDþNPD) 2.49 RBragg [%] 0.91 (XRD)

4.69 (NPD)

Table 5
Crystal structure of La0.2Sr0.8FeO2.2F0.8 (space group Imma) from a coupled Rietveld analysis of HRPD bank 1 NPD and XRD data.

Atom Wyckoff site x y z Occupancy B [Å²]

La3þ A1/4c 0 1/4 0.5002(7) 0.2 0.85(2)
Sr2þ 0.8
Fe3þ Fe1/4a 0 0 0 1 1.13(2)
O2� (O/F)1/4c 0 1/4 �0.0408(7) 0.7333 1.25(2)
F� 0.2667
O2� (O/F)2/8d 1/4 0.0302(3) 1/4 0.7333 1.25(2)
F� 0.2667

a [Å] 5.5717(3) b [Å] 7.8908(4) c [Å] 5.5949(3)
Rwp [%] (XRDþNPD) 3.47 GOF (XRDþNPD) 2.74 RBragg [%] 2.02 (XRD)

9.84 (NPD)
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Fig. 8. Coupled Rietveld analysis of XRD (a) and HRPD bank 1 NPD (b) data from
the sample of composition SrFeO2F. For the NPD data, reflections that have not been
included due to the strong contribution of magnetic scattering are marked grey.
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parameters more similar to those of a cubic cell. Consequently,
although the symmetry is lowered from Imma to Pnma the axis
lengths become more similar to each other and we assume that
this could be beneficial, for example in terms of lattice energy.

As has already been discussed [24], the effective coordination
number (ECoN [30]) decreases for increasing La-content (see
Table 7). This can be understood in terms of the ionic radii of the
Sr2þ and the La3þ cations [46]: since Sr2þ is larger, and also softer
due to its smaller charge than La3þ , it is more tolerant to a less strict
anion coordination surrounding. Therefore, La3þ is likely to optimize
its own cation surrounding compared to Sr2þ and this can be
considered as a main driving force for the change in symmetry.

A further driving force for this distortion lies probably in
the “need” to leave the octahedra around Fe3þ as undistorted as
possible, while relaxing the structure at the same time due to a
decrease in Goldschmidt′s tolerance factor (t(SrFeO2F)¼0.985 vs.
t(LaFeO3)¼0.955 [24]), and regular coordination polyhedra are
considered to be energetically favourable for small highly charged
cations. For decreasing symmetry, going from SrFeO2F to La0.5Sr0.5-
FeO2.5F0.5, the increase of metric distortion causes a decrease in
the (O/F)1–Fe–(O/F)2 angle closer to 901, along with a simulta-
neous increase in the (O/F)2–Fe–(O/F)2 angle (away from 901). The
change of symmetry from Imma to Pnma could be beneficial in
terms of “not distorting” the octahedra any further, but results in
their tilting in other directions. This is also reflected in the bond
angles Fe–(O/F)1,2–Fe (see Table 8), which express the degree of
tilting by the amount of deviation from 1801. For increasing
La-content, this tilting increases continuously.

Table 9 summarizes the mode decomposition of the structures,
which have been described above, with respect to the ideal cubic
perovskite. The data can be compared with those in Table 1. The
general features observed in the structural models proposed in

[24] are confirmed. Apart from the suppression of the M3þ tilting
mode at high degrees of fluorination, it is clear that the R5þ mode
behaves very differently in the Imma phase. Its amplitude
increases significantly in this phase as the degree of substitution
increases, although it does not reach the high values present in the
structural models obtained with less experimental accuracy in
[24]. The change of behaviour of the R5þ mode in the Imma phase
can be detected not only in its amplitude variation, but also in its
internal structure, i.e. its so-called polarization vector [31]. This
mode involves in general both displacements of the La/Sr atoms
and the oxygen atoms as it combines two basis symmetry modes,

Table 6
Crystal structure of SrFeO2F (space group Imma) from a coupled Rietveld analysis of HRPD bank 1 NPD and XRD data.

Atom Wyckoff site x y z Occupancy B [Å²]

Sr2þ Sr1/4c 0 1/4 0.503(1) 1 0.95(2)
Fe3þ Fe1/4a 0 0 0 1 1.78(2)
O2�

(O/F)1/4c 0 1/4 �0.016(2)
0.6667

1.37(2)
F� 0.3333
O2�

(O/F)2/8d 1/4 0.0264(4) 1/4
0.6667

1.37(2)
F� 0.3333

a [Å] 5.5888(4) b [Å] 7.9043(9) c [Å] 5.5893(5)

Rwp [%] (XRDþNPD) 2.39 GOF (XRDþNPD) 1.95 RBragg [%]
2.43 (XRD)
6.60 (NPD)

Table 7
Effective coordination numbers (ECoN) for samples
La1�xSrxFeO3�xFx.

x in La1�xSrxFeO3�xFx ECoN

1 10.4
0.8 10.0
0.5 8.3
0.2 7.6

Table 8
Fe–(O/F)1,2–Fe bond angles.

x in La1�xSrxFeO3�xFx Fe–(O/F)1–Fe [1] Fe–(O/F)2–Fe [1]

1 174.850(2) 167.925(3)
0.8 166.799(1) 166.251(1)
0.5 159.70(10) 163.41(16)
0.2 158.055(1) 158.499(1)

Table 9
Summary of the symmetry mode decomposition of the new Pnma and Imma
structural models of La1�xSrxFeO3�xFx reported in this article. The reference cubic
structure is the same as in Table 1.

k-Vector Irrep Isotropy
subgroup

Amplitudes (Å)

x¼0.2 x¼0.5 x¼0.8 x¼1.0

(1/2 1/2 1/2) R4þ Imma 1.158(6) 1.032(5) 0.795(7) 0.54(1)
(1/2 1/2 1/2) R5þ Imma 0.108(6) 0.058(2) 0.153(7) 0.29(1)
(0 1/2 0) X5þ Cmcm 0.287(3) 0.075(9) – –

(1/2 1/2 0) M2þ P4/mbm 0.027(5) 0.00(1) – –

(1/2 1/2 0) M3þ P4/mbm 0.579(5) 0.19(1) – –

Fig. 9. R5þ distortion mode with respect to the cubic perovskite present in the
Imma phase observed at high values of fluorine substitution/Sr rich samples.
It distorts the cation–anion bond angles within the octahedra and its amplitude
increases with the degree of fluorination.

O. Clemens et al. / Journal of Solid State Chemistry 206 (2013) 158–169 165



one for the La/Sr and one for the oxygen. In the Pnma phase for
x¼0.2 and 0.5, the weight of the La/Sr displacements is quite
significant in this linear combination (the two modes combine in
an approximate ratio 2/5) for the two compositions, while in the
Imma phase the R5þ mode is essentially restricted to the anions.
This mode is shown in Fig. 9, where it can be seen to distort the
octahedra (for small amplitudes only the bond angles change).
This distortion mode of the octahedra could be the signature of
some small ordering of the F/O sites, such that the two indepen-
dent O/F sites do not have exactly the same F/O occupation ratio,
the difference increasing with x. This occupation asymmetry of the
octahedral anion sites could be at the origin of the activation of the
displacive distortion of the octahedra through the R5þ mode.

Table 9 also shows that the mode amplitudes for the limiting
composition x¼1 are fully consistent by continuity with the values
for lower compositions, confirming the soundness of an orthor-
hombic Imma model for this phase, in contrast with the cubic
configuration that had been considered previously using only
X-ray diffraction data.

4. Magnetic characterisation of the system La1�xSrxFeO3�xFx

4.1. SQUID measurements

The samples of composition La1�xSrxFeO3�xFx (x¼1.0, 0.8, 0.5,
0.2, 0.0) were magnetically characterized via field cooled (FC)/zero
field cooled (ZFC) measurements. All the samples showed a similar
temperature dependence of the FC/ZFC curves (shown for SrFeO2F
and La0.5Sr0.5FeO2.5F0.5 in Fig. 10). The magnitudes of χ indicated

antiferromagnetic ordering of the magnetic moments which was
confirmed by a detailed investigation of the magnetic structure
reported in Section 4.2. Furthermore, the divergence of the FC
and the ZFC is indicative of a small canting of the magnetic
moments. Unfortunately, the canting angle that would corres-
pond to such a low magnetic moment is too small to be
determined by NPD.

Although the shape of the ZFC/FC curves is rather similar,
χ for SrFeO2F (�3�10�8 m³/mol) and for La0.5Sr0.5FeO2.5F0.5
(�3�10�7 m³/mol) differ by approximately one order of magni-
tude. It was observed that the magnitude of χ increases as x
changes from 1 to 0.5, then decreases when x decreases further to
0.2, before increasing slightly again when x decreases to 0. Field
dependent measurements were therefore recorded at 5 K for x¼1,
0.8, 0.5, 0.2 and 0.0 to examine this behaviour in more detail (see
Fig. 11). These measurements showed that the magnetic moments
per Fe atom (Fig. 12) follow the same trend as has been observed
for the magnitude of χ.

The dependency of the magnetic moment per Fe atom follows
the change of orthorhombic strain as depicted in Fig. 3. We assume
that the deviation of the cell lengths might be responsible for a
small canting of the magnetic moments which then causes a small
remanent magnetization in the samples. Hence, these results
demonstrate that small structural distortions can influence the
magnetic properties of compounds which on first inspection are
very similar.
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Fig. 12. Magnetic moments per Fe atom for compounds in the system
La1�xSrxFeO3�xFx.
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4.2. Determination of the magnetic structure

Refinements of the magnetic structure were performed using
HRPD bank 1, bank 2 and bank 3 data to determine the magnitude
and the orientation of the magnetic moments at room tempera-
ture (see Fig. 13). All the samples show G-type antiferromagnetic
ordering (i.e. the four Fe atoms at positions (0,0,0), (1/2, 0, 1/2),
(0, 1/2, 0), and (1/2, 1/2, 1/2) have the signs of their magnetic
moments along the prevailing direction correlated in the form (þ1
�1 �1 þ1). The magnetic moments per Fe atom were deter-
mined to lie between 3.36(1) and 3.72(1) mB for all the samples
(x¼1, 0.8, 0.5, 0.2). The magnetic moments are therefore similar to
other oxyfluoride compounds such as cubic BaFeO2F [17], 6H-
BaFeO2F [18] and 15R–BaFeO2F [19]. The deviation from the

expected 5.9 mB for a high-spin d5 cation results from the fact that
the magnetic moment from NPD is given as mSþmL�mcovalent.

For the determination of the orientation of the magnetic
moments, it is necessary that the cell possesses some degree of
metric distortion [47]; therefore, such an analysis could only be
performed for La0.5Sr0.5FeO2.5F0.5 and La0.2Sr0.8FeO2.2F0.8. For both
samples, the best fit was obtained for an alignment of the
magnetic moments along the c-axis (see Fig. 14 for a depiction of
the crystallographic and magnetic structure of La0.5Sr0.5FeO2.5F0.5;
for a comparison of the fits of magnetic reflections for La0.5Sr0.5-
FeO2.5F0.5 for the high resolution HRPD bank 1 data see Fig. 15).
An orientation of the magnetic moments along the c-axis has also
been reported for the non F containing endmember LaFeO3 [7,8]
and the oxide fluoride compounds with space group Pnma/Imma
reported here are therefore similar to this phase. A G-type
ordering of the Fe atoms implies that the Shubnikov space group
of this magnetic phase is Pn′ma’ [48]. This magnetic symmetry also
allows A and F-type moment components along the x and y
directions [49], respectively. The observed weak F component
must therefore point along the y direction.

In order to estimate the Néel temperature of the compounds,
a temperature dependent NPD measurement was recorded for
La0.5Sr0.5FeO2.5F0.5 (see Fig. 16b). Refinement of the magnetic
moments on the Fe atoms showed a decrease of the magnetic
moment (see Fig. 16a) which allows an estimation of the Néel
temperature to be between 300 and 400 1C. Therefore, the
compounds of the system La1�xSrFeO3�xFx show very robust
antiferromagnetic ordering. This robustness is related to the
presence of iron as single valent Fe3þ , which was also found for
many similar compounds [28]. In contrast the precursor oxides
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Fig. 13. Rietveld analysis of the magnetic structure of La0.5Sr0.5FeO2.5F0.5 HRPD
data. Bank 1 (a), bank 2 (b) and bank (3) were simultaneously refined.

Fig. 14. Crystallographic and magnetic structure of La0.5Sr0.5FeO2.5F0.5. Viewing
directions are slightly tilted along the a- (a) and b-axis (b).
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La1�xSrxFeO3�d show magnetic ordering at room temperature
only for La rich compounds (xr0.3) [50], i.e. samples that contain
high amounts of Fe3þ . Hence, fluorination of perovskite com-
pounds can be used to elevate the magnetic ordering temperature
of such phases by a change in the average iron oxidation state.

5. Conclusions

Through a study of the series, La1�xSrxFeO3�xFx, it has been
shown that the description of the structures in terms of
symmetry-adapted distortion modes is a helpful means to observe
and quantify some trends and common structural properties,

which are difficult to detect from inspection of the atomic
positional parameters or the atomic distances of the different
structures. For higher fluorine contents (Sr richer samples), includ-
ing the limit x¼1, a different phase of Imma symmetry has been
identified and characterized. This corrects previous reports on the
structural properties of this system. In this new phase, a distortion
of the octahedra that increases with the degree of fluorination is
activated.

The comparison of the mode decomposition of the structures
refined for different compositions ensures the consistency of the
models with respect to the expected continuity of the amplitudes
of the different distortion modes and the invariance of their
internal form. This consistency check has allowed us in some
cases to avoid false refinement minima which correspond typically
to configurations with opposite sign for some secondary mode.

Furthermore, the fluorinated compounds, La1�xSrxFeO3�xFx,
were shown to be antiferromagnetically ordered at ambient
temperatures, with a Néel temperature of �300–400 1C. Magnetic
moments were shown to align parallel to the c-axis. FC-ZFC
measurements indicate a small canting of the magnetic momets,
resulting in a ferromagnetic component with a maximum for
La0.5Sr0.5FeO2.5F0.5.
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