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The oxyfluoride SrFeO,F has been prepared via a low temperature route involving the infinite-layer
SrFeO, and XeF,. SrFeO,F crystallizes in the cubic space group Pm-3m with disordered oxygen and
fluorine atoms on the anion site. Recent reports demonstrated that SrFeO,F is antiferromagnetic at room
temperature and the zero field cooled and field cooled curves diverge at ~150 K and ~60 K, suggesting
that the material has a spin glassy magnetic state at low temperatures. In this article, variable-
temperature neutron diffraction (4-723 K) was performed to clarify the magnetic behavior observed in
this material. Neutron powder diffraction measurements confirmed the antiferromagnetic (AFM)
ordering of the system at room temperature. Below 710(1) K, the magnetic structure is a G-type AFM
structure characterized by a propagation vector k=(},1,1). The ordered moments on Fe3* are 4.35(6)us
at 4 K and 4.04(5)up at 290 K. Our results indicate that the cubic structure is retained all the way to base
temperature (4 K) in contrast to PbFeO,F. These results are compared with those of Pb and Ba analogs
which exhibit very similar magnetic behavior. Furthermore, the observation of magnetic reflections at
4 K in the diffraction pattern shows the absence of the previously proposed spin glassy behavior at low

temperatures. Previous proposals to explain the ZFC/FC divergences are examined.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Oxyfluoride materials are of great interest due to their recent
technological applications such as light emitting diodes, electro-
lytes for fuel cells, and electrodes for aqueous batteries [1-3].
The discovery of the superconducting oxyfluoride Sr,CuO,F; . , has
led to increased efforts to synthesize other oxyfluoride compounds
[4-7]. In this regard many oxyfluoride phases have been prepared
using a number of fluorination agents, e.g. F, gas, transition
metal fluorides, XeF,, and poly(vinylidene fluoride) (PDVF) [8-11].
Among these oxyfluorides a number have accumulated interest due
to their unusual magnetic behavior, for instance, PbFeO,F, BaFeO5F,
and SrFeOF [12-19].

PbFeO,F has been synthesized at 1000 °C under high pressure
(~5 GPa) [12]. This compound crystallizes in a cubic perovskite-
type (Pm-3m) structure where the Pb ions are shifted from the
ideal A site and in the < 110 > directions [13]. No evidence for the
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ordering of O and F ions were observed therefore the ions are
assumed to be randomly distributed over the anion site. PbFeO,F
exhibited antiferromagnetic ordering below Ty=655(5) K [14]. The
magnetic structure is G-type antiferromagnetic with a propagation
vector k=(1, 1, 1) and Fe** moment of 3.83uz at 298 K which
increases to 4.1ug at 3.4 K. This material shows a complex
structural history. It is cubic, Pm-3m, in the as-quenched state at
room temperature but transforms to a tetragonal form when
heated, transforming again to cubic above ~475 K. This transfor-
mation is reversible and the room temperature form is indeed
tetragonal with a complex a x a x 5¢ supercell confirmed by both
X-ray and electron diffraction. It is of interest to determine if such
structural transformations occur for SrFeO,F.

BaFeO,F has been synthesized by both the high pressure route and
recently via the low temperature polymer method using PDVF
[12,15,16]. Similarly to PbFeO,F, BaFeO,F adopts a cubic structure
(Pm-3m) with no apparent ordering of the O/F ions. However, a 0.25 A
off-site shift for Fe was proposed due to the large Ba®* ion, leading to
underbonding at the iron site. BaFeO,F orders antiferromagnetically
below Ty=645(5) K again with a G-type structure.

Recently, we and others have reported on the perovskite
oxyfluoride SrFeO,F. This compound has been synthesized both
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by the polymer method using PVDF and SrFeOs_s at 400 °C and
also via reaction between the infinite layer SrFeO, and XeF, at
150 °C [17,18]. Both samples crystallize in the cubic Pm-3m space
group with the same unit cell parameter, 3.955 A, with no long
range ordering of oxygen and fluorine atoms, suggesting that the
two different synthetic methods yield the same material. If there
are differences they will likely occur on the short range length
scale. For example, Mossbauer spectroscopic data reported for the
SrFeO,/XeF, prepared sample indicated a preference for cis-FeO4F,
octahedra [18]. More recently, Clemens et al. noted that SrFeOF
can be described by an orthorhombic structure, Imma, instead of
Pm-3m based on symmetry mode decomposition analysis [19].
However, the unit cell constants remain metrically cubic. From
Mossbauer data Berry et al. report an antiferromagnetic ordering
temperature of Ty=685(5) K and divergence of the zero field (ZFC)
and field-cooled (FC) curves below 150 K in the magnetic suscept-
ibility. Blakely et al. report antiferromagnetic ordering at room
temperature, also from Mossbauer data, and a ZFC/FC divergence
below 60 K. There have been at least two proposals to explain the
ZFC/FC divergent behavior. Initially, Berry et al. suggested the
existence of a “random spin” state below 300 K based in part on
interpretation of Mdssbauer data. A later proposal involved the
onset of spin-canting, albeit at a temperature well below Ty, which
is unusual [19]. Recently, Blakely et al. have shown the absence of a
strong frequency shift in a.c. susceptibility data for their sample,
which mitigates against a spin glassy transition [18]. These issues
will be revisited.

Obviously, these reported studies leave some open questions
and further examination is justified. To help unravel the mystery
behind the observed structural and magnetic behavior in these
materials we have carried out variable-temperature neutron
diffraction measurements on a sample of SrFeO,F, specifically that
prepared via the reaction between the infinite layer SrFeO, and
XeF, [18]. Our studies suggest no evidence of any structural change
with increasing temperature in contrast to PbFeO,F and that the
structure can be characterized by the standard cubic Pm-3m
structure throughout the whole temperature range (4-723 K).
There is no indication of spin randomization or spin glassy
behavior as evidenced by strong magnetic reflections observed
in the 4 K neutron diffraction pattern. Furthermore, we obtained a
higher magnetic ordering temperature of 710(1) K rather than 685
(5) K reported earlier by Berry et al. [17]. Lastly, we conclude with
a critical examination of the various explanations of the low
temperature magnetic behavior observed in SrFeO,F prepared by
both groups and compare SrFeO,F to the other oxyfluorides
PbFeO,F and BaFeO,F.

2. Experimental section
2.1. Synthesis

A ~2 g powder sample of SrFeO,F was prepared in multiple
separate syntheses via the method reported earlier by Blakely
et al. [18] i.e. via the reaction of infinite-layered SrFeO, and XeF,
(15% excess). Stoichiometric amounts of both starting materials
was weighed in a glove box and loaded into a Teflon sleeve. The
sleeve was sealed in a steel autoclave then removed from the glove
box and placed in a furnace. The mixture was heated for 48 h at
150 °C and the products were stored under nitrogen due to the
moisture sensitivity of the oxyfluoride.

2.2. Neutron diffraction

Powder neutron diffraction measurements were performed on
the C2 diffractometer at the Canadian Neutron Beam Centre at

Chalk River, Ontario. The data were collected at 16 different
temperatures from 4 K to 723 K. A wavelength of 1.33025 A with
20 step size of 0.100° was used to collect data within the 26 range
of 12.0-92.0°. Measurements were performed on a sample of ~2 g
held in a cylindrical molybdenum (high-temperature scans;
>290K) or vanadium (low temperature scans; <290K) con-
tainer in a top-loading closed-cycle refrigerator. The Rietveld
refinements were performed excluding peaks both from the
intense scattering of the molybdenum sample can (~2 mm in
wall thickness; high-temperature data) and broad impurity peaks
of poorly crystallized SrF, which result from partial decomposition
occurring during the fluorination process (low-temperature data).
The crystal and magnetic structures were refined using FullProf
[20].

3. Results and discussion
3.1. Crystal structure

Rietveld refinement results of the 290 K and 723 K neutron
diffraction data confirmed that SrFeO,F crystallizes in the cubic
perovskite structure Pm-3m depicted in Fig. 1, in accordance
with previously reported results [17-19]. The lattice constants,
displacement parameters, and agreement indices are provided in
Table 1. Fig. 2 shows the refinement results of the neutron powder
diffraction data at 290 K and 723 K. SrFeO,F is isostructural with
the previously reported compounds BaFeO,F and PbFeOF (for
T > 475 K), former having been synthesized by the low tempera-
ture polymer (PDVF) method and the latter by the high tempera-
ture and high pressure method [12-16]. The oxygen and fluorine
atoms are long range disordered on the anion site and no ordering
of these atoms was detected and/or could be confirmed via
neutron diffraction due to the similar neutron scattering lengths
of both oxygen (5.803 fm) and fluorine (5.654 fm). Refinement of
the anion site led to full occupancies, therefore, both the oxygen
and fluorine atoms were fixed to their respective site occupancy
ratios, 2/3 and 1/3 respectively. Bond valence sum calculations
were performed and are provided in Table 2, the calculations for
the cations (Sr and Fe) were executed with the expected coordi-
nated ratios of oxygen and fluorine (2/30 and 1/3F) [21,22]. The
bond valence for iron is +2.97 at 723 K and +3.10 at 290 K which
confirms that the oxidation state for iron is +3. The bond valence
for strontium, oxygen, and fluorine at 723 K are +1.66, —1.67,
—1.32, respectively, and are consistent with those reported for
PbFeO-F [13].

Fig. 1. Crystal structure of SrFeO,F. Strontium, iron, and oxygen/fluorine atoms are
shown in green, gold, and red spheres, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Neutron diffraction data were also collected at 4 K. The lattice
constants, atomic displacement parameters, and agreement
indices are provided in Table 3 and the refinement results are
shown in Fig. 2. The refinement results indicate that the crystal
lattice preserves cubic symmetry at 4 K with ao=3.9438(5) A.

3.2. Magnetic structure

Previous magnetic susceptibility and Mdssbauer spectroscopy
measurements indicated antiferromagnetism in SrFeO,F at room
temperature [17]. In order to determine the actual magnetic
structure neutron powder diffraction patterns were recorded at
various temperatures from 723 K to 4 K. The diffraction pattern
collected at 723 K confirms the cubic Pm-3m structure, while for
lower temperatures additional reflections are expected due to the
antiferromagnetic alignment of the iron moments. Indeed, this is

Fig. 5 shows the temperature dependence of the refined iron
moments from 4 K to 723 K. The Fe>* moments are 4.35(6)uz and
4.04(5)ugp at 4K and 290K, respectively. These moments are
typical for an S=5/2 ion, which are between 4.0 and 4.5y for
many Fe>* oxides. From Fig. 5 the antiferromagnetic ordering
temperature, Ty, is somewhere between 698 K and 723 K. Ty can
be determined by tracking the intensity of the most intense
magnetic reflection, for instance, the (1, 1, 1) magnetic peak. The
intensity of the magnetic peaks is proportional to the moment
squared (Mg2), therefore, the square root of the intensity (I'/?) is
plotted versus temperature. Ty can be estimated by fitting the data
near Ty to the function ['"2=A x ((Ty—T)/Ty)’, where S is a “critical

Table 2
Selected bond distances and calculated bond valence sums in SrFeO,F at various
temperatures.

. . . 4K 290 K 723 K
the case, as Fig. 3 shows the 723 K and 373 K neutron diffraction
patterns along with the difference intensity. The new peaks can be Bond distances (A)
indexed with a propagation vector k=(},1, 1), indicating a G-type Sr-OfF 2.7887(2) 2.7951(2) 2.8173(7)
antiferromagnetic structure where all the adjacent Fe>* ions are Fe-OfF 1.9719(2) 1.9764(2) 1.9921(7)
antiferromagnetically coupled (Fig. 4). Bond valence sums (BVS)®
Sr 1.79° 1.76° 1.66"
Table 1 Fe 3.13¢ 3.10° 2.97°
Neutron diffraction refinement results of SrFeO,F at 290 K. The results for the 723 K 0 - }Z? - ];g - 123
data are reported in [] below the 290 K data. F o -1 o
) 2 ¢ Bond valence parameters used were obtained from Refs. [21,22].
X y z Biso (A ) b
Used (2/3 x Sr-0)+(1/3 x Sr-F)=2.085.
S 05 05 05 0.6(1) ¢ Used (2/3 x Fe-0)+(1/3 x Fe-F)=1.732.
[19(3)]
Fe 0 0 0 1.6(1)
[2.7(3)] Table 3
O/F 0 0 0.5 2.0(1) Neutron diffraction refinement results of SrFeO,F at 4 K.
[3.3(3)] -
ao (A) 3.9529(5) X y z Biso (A?)
[3.984(1)]
Fe*+ (up) 4.04(5) Sr 0.5 0.5 0.5 0.2(1)
Va 4,01 Rarage 9.54 Fe 0 0 0 1.2(1)
[3.78] [284] OJF 0 0 0.5 1.7(1)
R, 3.53 Rr 5.71 ao (A) 3.9438(5)
[7.02] [18.8] Fe*+ (up) 4.35(6)
Rwp 4.73 Ruvtag 235 7 536 Riragg 10.7
[9.18] R, 4,05 Rr 6.72
Rexp 236 Ruwp 5.53 Ruvtag 233
[4.72] Rexp 239
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Fig. 2. Rietveld refinement of the neutron diffraction pattern at 290 K (left) and 723 K (right). The green tick marks indicate the nuclear and magnetic Bragg peaks with
propagation vector k=(% s % % ), respectively. The omitted regions correspond to broad impurity peaks of SrF, (290 K) or strong Bragg peaks from the Mo sample can (723 K).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Neutron diffraction patterns at 373 K and 723 K, along with the difference between the two curves (left). Refinement of the neutron diffraction pattern at 4 K (right)
with propagation vector k=(1, 1, 1). The green tick marks indicate the nuclear and magnetic cells, respectively. The black arrows indicate selected indexed magnetic
reflections. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

c

Fig. 4. The magnetic unit cell of SrFeO,F. Iron and oxygen/fluorine atoms are
shown in gold and red spheres, respectively. Strontium atoms are omitted for
clarity and the gold arrows represent the Fe>* magnetic moments in the G-type
AFM structure. The moment direction is arbitrary as this cannot be determined
from powder data on a cubic material. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

exponent” which can be taken as 0.36, the value appropriate for
Heisenberg spins, which is the most likely case for Fe>* which has
no orbital magnetic moment (Fig. 6) [23]. This function describes
the T-dependence of the magnetic moment as Ty is approached
from lower temperatures for T near Ty. The magnetic ordering
temperature Ty estimated in this manner is 710(1) K (Fig. 6).

3.3. Comparisons with previous works

As stated above, neutron diffraction experiments demonstrated
that SrFeO,F retains cubic symmetry throughout the temperature
range from 4 K to 723 K, in contrast to PbFeO,F, which exhibited a
structural change from tetragonal t-PbFeO,F to cubic c-PbFeO,F
symmetry at ~470 K [14]. In addition, our results indicate that the
magnetic ordering temperature is 710(1) K, which is significantly
higher than that reported by Berry et al., 685(5) K, determined

from Mdssbauer spectroscopy measurements [17]. The disparity in
ordering temperatures might be due to a difference in sample
preparation methods. Our samples were prepared by a reaction
between the infinite layered SrFeO, and XeF, at 150 °C, whereas
the sample of Berry et al. was prepared using SrFeOs_ s and PVDF
at 400 °C [17,18].

As mentioned in Section 1, previous reports suggested that
SrFeO,F, while antiferromagnetically ordered at room tempera-
ture, undergoes spin randomization at lower temperatures [17]. In
spin glasses, there is no long range magnetic order and the spins
are randomly oriented in space and frozen in time, therefore, their
neutron powder diffraction patterns will not give rise to sharp
magnetic reflections. All neutron diffraction data presented here
from 4 K to 698 K show sharp magnetic Bragg reflections consis-
tent with a G-type antiferromagnetic structure with a propagation
vector k=(1,1,1). Parallel results were reported at 4 K for BaFeO,F
and PbFeO,F [14-16]. Thus, there is no evidence for a transition to
a spin glassy state below ~300 K in SrFeO,F as suggested by Berry
et al. [17].

Both samples of SrFeO,F, Berry et al. and Blakely et al., show
divergences of the zero-field cooled (ZFC) and field cooled (FC)
bulk susceptibility at ~150 K and ~50K, respectively [17,18].
While random bulk spin freezing can be ruled out by the neutron
diffraction data, a weak spin canting model has been proposed,
similar to that for the case of BaFeO,F [16,19]. One problem with
this explanation is that the most likely mechanism enabling spin
canting, the Dzialoshinski-Moriya (D-M) interaction, is not
allowed by symmetry for the Pm-3m perovskite structure - there
exists an inversion center between nearest neighbor Fe** ions
[24]. It is of course possible that a weak structural phase transition
occurs upon cooling to a symmetry for which the D-M is allowed.
However, it would be necessary for this to happen at different
temperatures for the two different SrFeO,F samples. On the
subject of different crystal symmetries, as mentioned in the
Introduction, it has been proposed that Imma is the true space
group for SrFeO,F [19]. For this space group and the Fe** ion
position at 4b, D-M is allowed. Nonetheless, as mentioned earlier,
the evidence for this symmetry is not strongly supported by the
diffraction data as the unit cell is metrically cubic. In order to
check if our neutron data can be described by the Imma structure
type instead of Pm-3m, we performed a refinement on the neutron
diffraction pattern recorded at 723 K, above the ordering tempera-
ture where the additional magnetic reflections are absent. This
refinement did not converge indicating that, within the resolution
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of our neutron diffraction data, there is no evidence for Imma
rather than Pm-3m. Fig. 7 demonstrates the refinement of the
neutron data at 723 K with the cubic structure Pm-3m and
includes the expected additional peak positions that would be
present if the structure were Imma.

While the structural transition/spin canting explanation cannot
be ruled out conclusively, given the above difficulties, are there
mechanisms apart from spin canting which can give rise to the
observed ZFC/FC divergences? While it seems clear that the vast
majority of the sample volume is well described by a robust G-type
antiferromagnetic order below 710 K, the contributions of relatively
small sample volume components, if they are somehow decoupled
from the bulk, could dominate the bulk susceptibility data at low
temperatures, as at temperatures well below Ty, the majority volume
spins will make little contribution. At this stage the a.c. susceptibility
data of Blakely et al. can be revisited [18]. While it is true that the
overall change in T4 With increasing frequency is very small, there
is indeed a discernible shift between the range @ =500-1000 Hz and
@=5000-10,000 Hz. Oddly, the shift does not appear to be contin-
uous with frequency but occurs as a jump between 1000 Hz
(Tinax=64.3 K) and 5000 Hz (T;;,;x=66.0 K). From these results a shift
ratio ATyax/Tmax(Alog w)~0.007 can be obtained [25]. This value is

2500
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-500

26 (deg.)

Fig. 7. Refinement of the neutron diffraction pattern at 723 K. The purple dash
lines indicate the expected additional peaks of an Imma structure-type that are not
present. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

at the low end of the range reported for spin glasses. Small volume
regions of the sample with such properties could arise due to short
range OfF site ordering. As mentioned earlier, there is Md&ssbauer
evidence for such ordering for samples prepared by the SrFeO,/XeF,
method [18]. As the degree and details of the short range OfF
ordering would likely vary with sample preparation method, the
observed differences in the ZFC/FC divergence temperatures could be
understood, at least, qualitatively.

Finally, the observed results of SrFeO,F can be compared to the
other aforementioned isostructural oxyfluorides, PbFeO,F and
BaFeO,F. Fig. 8 shows the comparison between MFeO,F (M=Sr, Pb,
Ba) phases. Note that, as the cation ionic radius decreases, there is a
direct correlation between the magnetic ordering temperature and the
Fe-O/F distance. ie., as the Fe-O/F distances become longer, the
magnetic interaction between Fe-O/F-Fe decreases resulting in a
lower magnetic ordering temperature. Surprisingly, there is a drastic
change from Pb>* to Sr*>* ions. Although there is a relatively small
difference in ionic radii (AIR=0.05 A) and distance between Fe-O/F
(Adpe_or=0.03 A), the change in the magnetic ordering temperature
(ATy=55K) is quite large in contrast to that from Ba®* to Pb®* ions
with ATy=10K, AIR=0.12 A, and Adge_ oz=0.03 A.
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4. Conclusion

Variable temperature neutron diffraction data show that SrFeO,F
has antiferromagnetic order with the Type G structure over the
range 4-710 K. The refined iron magnetic moment is 4.35(6)uz and
4.04(5)up at 4K and 290 K, respectively, establishing that Fe is
indeed 3+ and is supported by BVS calculations. The cubic Pm-3m
structure is maintained over the entire temperature range studied,
4-723 K, in contrast to PbFeO,F which exhibits a structural change
from tetragonal to cubic at ~475 K. The Neel temperature Ty=710
(1) Kiis significantly higher than that from a previous report, 685(5)
K obtained from Mossbauer spectroscopy, and this may be due to
the difference in synthetic preparations. A previous explanation for
the ZFC/FC divergence in the bulk susceptibility in terms of a spin
randomization at low temperatures can be ruled out. A proposed
spin canting mechanism is evaluated critically and an alternative
mechanism involving small volume, bulk decoupled, spin glassy
domains or clusters is proposed. Compared to Pb and Ba analogs,
SrFeO,F has the highest antiferromagnetic ordering temperature
which can be rationalized by a shorter Fe-O/F distance, resulting in
a stronger magnetic interaction.
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