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A new quasi-two-dimensional oxyfluoride, Sr; sFeO,_F,, has been
successfully synthesized by combining topotactic fluoridation and
CaH, reduction. The introduction of F through this synthesis
provides a new route to introducing charge carriers into the
square layered lattice. While the average crystal symmetry and
magnetic structure remain the same as in the parent compound,
the addition of F results in an enhanced buckling of the Fe(O/F),
square plaquettes that is most likely topologically driven.

Oxyfluorides are of great interest due to their technological
applications such as in light emitting diodes and as electrolytes in
fuel cells and aqueous batteries.” Furthermore, the appearance of
superconductivity upon fluorine doping in several systems including
NdzCu04_xe,5 SrzCquFz,,B,6 LaOl_xeFeAs7 and W03_XF,(8 has
motivated the search for new oxyfluorides with novel structures
and functionalities.® To this end, attention has centred on two—
dimensional lattices as they have become a platform from which
emergent phenomena including massless Dirac fermions™® and
superconductivity11 have been observed.

Recently the two-dimensional SrFeOz,lz’13 a structural analogue of
the superconducting SrCu0,, has been synthesized by a topotactic
method which is a low temperature synthesis route. The SrCuO,-
based materials with infinite layers of CuO, sheets become
superconducting when charge carriers are introduced through rare
earth ion doping.“’14 However, the latter compounds are prepared
under high temperature and pressure, and are metastable at
ambient conditions.”’ In contrast, the moderate synthesis
conditions of SrFeO, allow for better control of the reaction.”
SrFeO, is an antiferromagnetic insulator with a Néel transition
temperature of Ty ~ 473 K. The presence of the very strong
magnetic interactions and the high Ty are unusual for a two-
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dimensional system. Earlier neutron studies showed that the
magnetic exchange coupling is sensitively influenced by localized
modes involving transverse displacements of O and Fe, leading to
buckling of the infinite sheets.”® The buckling is enhanced by rising
temperatures just as the Fe magnetic moment is reduced, implying
a strong spin-lattice coupling.

The introduction of fluorine ions as a means to introducing
electron carriers in the two-dimensional lattice of SrFeO, has not
been previously explored and the purpose of the present work. The
synthesis of SrFeO,,F,, by combining two topotactic reactions,
yields the first example of an infinite-layer oxyfluoride. Very
recently, the layered structure of Sr;Co,0,Cl,, which consists of
infinite sheets of CoO, and mixed anions, has been synthesized.16
The CI* anions are introduced during the parent compound
Sr3Co,05Cl, synthesis however, and do not enter the CoO, planes.
In contrast, the F' anions are introduced directly on the planes of
SrFeO,, and in this communication, the magnetic and structural
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Figure 1. A schematic of the synthesis procedure of Sr;_sFeO,.Fy

properties with fluorine doping are presented.

The synthesis of the oxyfluoride SrFeO,_F, is outlined in Figure 1.
SrFeO; is obtained by sintering SrCO; and Fe,05 at 1000 °C for 24
hours. This step is repeated with intermediate grinding and re-
pressing into pellets. The pure SrFeO; is ground with PVDF
(polyvinylidene fluoride) in 1:0.1, 1:0.15, and 1:0.2 molar ratios, and
pressed into pellets, in order to yield 20, 30, and 40 % of nominal F
doping, respectively. The pellets are annealed under N, flow at 400
°C for 48 hours. The intermediate product consists of mostly the
cubic SrFe(O,F); and orthorhombic brownmillerite SrFe(O,F),s
compounds along with a small amount of SrF, impurity (Figure
Sl).17 The fluorinated cubic phase has an expanded unit cell in
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comparison to the non-fluorinated phase.m'ZZ The sample is

subsequently sealed with CaH, under Ar atmosphere and heated to
280 °C for 48 hours in a 3:2 weight ratio. The residual CaH, and the
Ca0 byproducts are removed from the final reaction phase by
washing them out with a solution of NH,Cl/methanol. Neutron
diffraction measurements were performed on the three nominal
compositions of 20, 30 and 40 % as a function of temperature at the
Neutron Powder Diffractometer (NPDF) of the Los Alamos National
Laboratory. From the Rietveld refinement of the data, it is
suggested that the fraction of the impurity phase, SrF,, in the final
product increases with the F doping level from 4.98, 8.46, to 10.90
%, respectively.

All fluorinated samples crystallize in the same symmetry as in
SrFe0,, with space group P4/mmm (see Figure 2 and Figure S3).
With increasing doping, the a- and c-lattice parameters become
smaller (Figure S2). The reduction of the a-lattice constant in the
new phase in comparison to SrFeO, is most likely due to the
inclusion of fluorine in the unit cell, while the decrease of the c-axis
is most likely related to the presence of Sr vacancies in between the
layers. The magnetic structure is determined to be
antiferromagnetic with G-type ordering as shown in the inset of
Figure 2, with a characteristic wave-vector of (1/2, 1/2, 1/2). The
investigate whether or not fluorine is incorporated in the SrFeO,
lattice, Mossbauer spectra using with a Rh’’Co source were
collected on the nominal 40 % fluorine doped sample as a function
of temperature. The results from three temperature
measurements are shown in Figure 2(b). At 285 K, the values
obtained for Fe’' (red line) are in good agreement with those in
Refs. [12] and [23] for SrFeO,. In addition, a quadrupole doublet
with a splitting 1/zeZQq of 2.39 mm/s, an isomer shift of § = 1.24
mm/s and an intensity which is 20 % relative to the magnetic
component of Fe”" is observed. Typical values of the isomer shifts
of the different valance states of Fe are given in Table S4. For Fe?'in
a fourfold square-planar coordination (as in Gillespite) the shift has
been measured” to be 0.75 mm/s (when corrected for the Pd*’Co
source), in good agreement with the value in Table 5423287 A
similar reduction for Fe* would give a value § = 1.25 mm/s which is
consistent with the value & = 1.24 mm/s found for the doublet in
the current measurement for Fe'*. At 6 K the Fe'" doublet has split.
It has a smaller field of about 279 kG (compared to 462 kG for Fe?'
at 6 K) and it has the same shift (1.24 mm/s) which indicates that it
has become magnetic. The transition is not sharp and begins at
around 20 K as seen in Figure S4. As the temperature is reduced to
100 K, a weak (18 %) hyperfine sextet is observed with a hyperfine
field of 330 kG which is slightly stronger at 6 K. This is due to
metallic iron which appears to be weakly bound as it has a low
Debye-Waller factor at 285 K, suggesting that it is on the surface of
the crystallites.
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Figure 2. In (a), the diffraction pattern of Srggg1Fe0; g15Fp 152 at 10 K
is shown. The magnetic structure is shown in the inset. The wRp and
Rp are 0.110 and 0.084. In (b), the Mossbauer spectra at three
temperatures show three lines, from Fe'* (green), Fe*" (red) and Fe**
(blue).
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Figure 3. Comparison of the PDF with two models. In (a), the
P4/mmm model (solid line) is compared with the data (symbols) for
x =0.132 at 10 K. In (b), the same data is compared with a local
model. In (c), the same local model is extended to fit the data at
300 K. In (d), the local model is compared to the data of all three
compositions. The goodness of fit is as indicated.

The diffraction data were further corrected for instrumental
background and sample containment, and normalized by a
vanadium standard. Absorption and multiple scattering corrections
were applied as well. The structure function, S(Q), obtained from
the diffraction data as a function of Q, the momentum transfer, was
Fourier transformed to obtain the pair density function (PDF), G(r).
The PDF is a real space representation of the atomic correlations.

In pure SrFeO,, it was earlier shown that buckling of the FeO,
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Figure 4. The motion of oxygen and fluorine is shown in the 2-
dimensional plane at 300 K for SrggsgFeO;goFo13,- The atoms
represented in circles represent the up and down motion of O/F1,
0/F2, O/F3 and O/F4 along the c-axis, while the arrows show the in-
plane displacement of O/F7.

planes lowers the global P4/mmm symmetry.15 The distortions,
best described within the monoclinic P2/m symmetry, involve static
displacements of oxygen and iron. The distortions become most
significant above room temperature and continue through the
magnetic transition of 473 K. Coupled with this distortion is the Fe-
to-Fe magnetic interactions. Three magnetic coupling constants
are present due to direct exchange and superexchange
interactions. Distorions of the O and Fe sublattices weaken the
interactions, driving the system to the paramagnetic state. What
happens to the square plaquette with the introduction of F?

This journal is © The Royal Society of Chemistry 2015
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Shown in Figure 3 are the PDF’s corresponding to the local
structure of the three fluorine compositions. In Figure 3(a), the
data for SrggsgFeO;goFp132 (symbols) is compared to a model
calculated based on the atomic coordinates and unit cell
dimensions of the P4/mmm crystal cell (solid line). The average
structure model provides a very good fit to the data at 10 K (Fig.
3a). Some differences are observed, particularly with the second
and fifth correlations that suggests that the local symmetry is lower.
The data is fit to a local model where the O/F atoms are displaced
as shown below (Fig. 3b) The differences become quite
pronounced as the temperature rises and displacements become
larger (Fig. 3c). These differences are observed in the other
compositions as well. While the first peak is almost composition
independent, subsequent peaks exhibit noticeable changes,
attributed to an enhanced in-plane buckling as will be discussed
below (see Figure 3(d)).
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Figure 5. (a) The temperature dependence of the buckling angles assoicated
with sites 1, 2, 3, 4 and 7 in SrogssFeO1.s0F0.132. (b) The schematic electronic
levels for Fe*"and Fe.

To reproduce the local atomic arrangement, the fluorinated
lattice is distorted, where the onset temperature for the distortions
is significantly lower than what was previously observed in SrFeO,.
In the SrggsgFe0; goFo132, the FeO, plane is distorted as shown in
Figure 4 where the O/F displacements are out of phase along the b
axis. The displacements alternate between large (O/F)1 and (O/F)2
and small (O/F)3 and (O/F)4). The structural details are provided in
Table S2. By 300 K, the corresponding displacements are 0.1910,
0.1285, 0.076, and 0.059 A for (O/F)1, (O/F)2, (O/F)3, and (O/F)4,
respectively. The local model corresponding to the proposed
distortion pattern of Figure 4 is best represented by the P2/m
monoclinic symmetry and is compared to the data of x =0.182 at 10
K (Figure 3(b)) and 300 K (Figure 3(c)). It can clearly be seen that
the fit is quite good at both temperatures. Note that in this model,
Fe is not displaced.

The undulations resulting from the motion of O/F reduce the
bond angle from the ideal 180° between Fe and O/F. In Figure 5a,
the buckling angle between five O/F sites in the monoclinic
symmetry and Fe is plotted as a function of temperature for
Srp.9ssF€0; goFo.132- The angle is continuously reduced with both
temperature and composition. With F doping, the FeO, square
plaguettes are significantly buckled mostly due to the c-axis
displacements of O/F at sites 1 and 2. Shown in Figure 5b is a
schematic of the electronic level diagram of Fe’" and Fe'* in the
square planar crystal field geometry. In this configuration, no Jahn-
Teller distortion is expected and the lowest orbitals are the d,.,,
and dy, and dy,. In Fe'" with the 3d’ configuration, the extra
electron can occupy any one of the 3d,, 3d,, or 3d,, orbitals,
reducing the total moment S from 2 to 3/2, in agreement with the
reduction of the observed moment.

Comparison of SrFe0, to LaNiO, which are isostructural to SrCu0,,
the parent phase of the high-T, superconductors is of interest here.
LaNiO, was first synthesized by reducing LaNiO3 with H, at 300 °C in

This journal is © The Royal Society of Chemistry 2015

1983, before the discovery of high-Tc superconductors.zg’29 LaNiO3

was later transformed to LaNiO, using NaH at 200 oc |t is weakly
insulating with no magnetic order. However, SrFeO, is a strong
localized antiferromagnet with Ty around 473 K and a magnetic
moment of 3.6 pug. Thus, it is interesting to introduce F into the
LaNiO, lattice. Since LaNiOs is not stable at high temperatures in air
and only survives in high O, pressure, XeF, can be a choice for
fluglriar;ation, by which the reaction can take place at around 100
OC' ”

To summarize, infinite-layer oxyfluorides SrFeO,.,F, have been
synthesized by combining topotactic fluorination with PVDF and
reduction with CaH,. This is the first example of an oxyfluoride with
an infinite-layer structure. In SrFeO,, the iron moment is localized
and the system is insulating. Fluorine doping does not drive the
system to an insulator-metal phase boundary in spite of the
introduction of charge carriers, indicating that SrFe(O,F), is located
far away from the insulating-metal boundary. Even though the
crystal and magnetic structures remain unchanged, locally the
lattice undergoes significant distortions with doping. This synthesis
technique may be useful to explore possible routes to creating two-
dimensional lattices that might exhibit superconductivity like in
SrCu0O, and LaNiO,.
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