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ABSTRACT: The magnetic structure and properties of
sodium iron fluorophosphate Na,FePO,F (space group
Pbcn), a cathode material for rechargeable batteries, were
studied using magnetometry and neutron powder
diffraction. The material, which can be described as a
quasi-layered structure with zigzag Fe-octahedral chains,
develops a long-range antiferromagnetic order below ~3.4
K. The magnetic structure is rationalized as a super-
exchange-driven ferromagnetic ordering of chains running
along the a-axis, coupled antiferromagnetically by super-
super-exchange via phosphate groups along the c-axis, with
ordering along the b-axis likely due to the contribution of

dipole—dipole interactions.
S odium-ion batteries have recently attracted significant
attention because the low cost of sodium creates potential
for economical large-scale energy storage.1 However, only a
handful of suitable cathode materials have been studied in
detail. Inspired by LiFePO, various phosphor—polyanionic
systems have been explored, leading to the discovery of
Na,FePO,F fluorophosphate, which is capable of acting as a
host for both Na and Li (de)insertion.’ The material is
isostructural to Na,CoPO,F* and Na,MgPO,F,” crystallizing in
an orthorhombic structure (space group Pbcn, #60) built from
face- and vertex-sharing FeO,F, octahedra that form parallel
chains bridged by PO, tetrahedra. This forms a robust
framework that offers 3.5 V reversible electrochemical activity
with minimal volume strain and excellent cycling life.>
In addition to its electrochemical properties, Na,FePO,F is
an intriguing system for magnetic studies. Previous ab initio
DFT calculations suggested that Na,FePO,F should be
magnetically ordered, although the results were inconclusive
as to whether the material is more stable in ferromagnetic (FM)
or antiferromagnetic (AFM) conﬁgurations.7 However, at the
same time, Mossbauer spectroscopy measurements down to 4.2
K reported no evidence for long-range magnetic ordering.® In
order to resolve this apparent discrepancy and as a continuation
of ongoing characterization of polyanionic cathodes (ref 9 and
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references therein), we have now studied Na,FePO,F using
magnetometry and neutron diffraction down to 1.5 K. We have
discovered that the material does indeed undergo long-range
magnetic ordering into an AFM type structure. Although the
magnetic ordering transition occurs at quite low temperature
(~3.4 K) and so does not directly affect battery performance,
this experimental clarification of the magnetic ground state is
important because it will permit further DFT calculations with
improved accuracy and correspondingly improved quantitative
predictions of electronic and electrochemical properties. As was
shown by numerous examples, including ab initio calculations
for the title compound,'® treating a magnetically ordered
material as a non-spin-polarized system results in very
significant errors of both crystal structural parameters and
predicted intercalation voltages, reaching up to 20—30% for the
latter. In this Communication, we demonstrate that
Na,FePO,F magnetically orders at low temperature and report
for the first time the experimentally determined magnetic
structure and properties of Na,FePO,F.

Magnetic susceptibility measured at 100 Oe as a function of
temperature clearly showed a signature of an AFM transition at
~3.4 K (Figure 1, inset). No analysis of the data with the
Curie—Weiss equation was possible due to the presence of a
small amount of FM impurity (further confirmed by magnet-
ization measurements as a function of magnetic field that
showed an FM response up to 150 K, shown in Figure S1 of the
Supporting Information). Therefore, in order to suppress
impurity contributions, an additional measurement was carried
out under the field of S0 kOe (Figure 1). These data were
successfully analyzed in a high-temperature range (200—300 K)
with the modified Curie—Weiss law y = C/(T — Ocy) + 1o,
where y, includes all temperature-independent contributions.
The analysis yielded Oy = —5.1(8) K, y, = 0.00374 emu/mol,
and an effective moment p ¢ = 5.46(2) ps. The negative sign of
Oy points to predominantly antiferromagnetic interactions in
the system, and the value of the effective moment suggests an
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Figure 1. ZFC and FC (red and blue symbols, respectively) molar
magnetic susceptibility y,, and 1/(ym — o) (black solid line) as a
function of temperature for Na,FePO,F (50 kOe). Curie—Weiss fit is
shown by the red dashed line. Inset shows the susceptibility in the
vicinity of the transitions (100 Oe).
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Figure 2. Rietveld plot for the Na,FePO,F neutron powder diffraction
data collected at 1.5 K. The red crosses and black and green solid lines
indicate the observed and calculated patterns and their difference,
respectively. The top and bottom tick marks indicate the position of
the nuclear and magnetic diffraction peaks, respectively. R, = 4.89%,
R,, = 6.68%, Ry = 2.99%, and R,,,, = 10.6%. Inset shows the NPD data
(offset for clarity) collected above (red) and below (blue) magnetic
transition. The magnetic diffraction peaks corresponding to the
magnetic moment components along the a-, b-, and c-axes are labeled
x, y, and z, respectively.

unquenched orbital moment of (u.4"°(Fe?*) = 548 uy),
typical of the values observed in Fe** compounds ( ref 11 and
references therein).

Data collected at 6 K| i.e., above the transition expected from
the magnetic susceptibility measurements, were successfully
analyzed using the original model based on X-ray diffraction
data® The final Rietveld plot and crystallographic information
are presented in Figure S2 and Table S1 of the Supporting
Information, respectively.

Examination of the neutron diffraction patterns collected at
1.5 K revealed additional diffraction peaks due to magnetic
ordering in agreement with the magnetic susceptibility data. All
the diffraction peaks with a magnetic scattering contribution
could be indexed by the chemical unit cell, ie., with the
propagation vector k = (0,0,0). Representational analysis
performed with BasIReps'> showed that for the Fe(8d) site
of the Pbcn space group the magnetic representation
decomposes in terms of eight one-dimensional irreducible
representations (IR) as [ag =301+ 312 + 313 +3I'4 + 315 +
3I'6 + 3I'7 + 3I'8. The associated basis vectors are listed in
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Figure 3. View of the crystal and magnetic structure of Na,FePO,F
along (a) and perpendicular (b) to the quasi-layers. The octahedra and
tetrahedra correspond to [FeO,F,] and [PO,] coordination polyhedra,
respectively. Cyan, red, and yellow balls show Na, O, and F atoms,
respectively. The shortest super- and super-super-exchange pathways
are shown in (c) as solid and dashed lines, respectively, with
nonequivalent distances shown in different colors.

Table S3 of the Supporting Information. The best agreement
between experimental and calculated NPD patterns was
obtained for the I'2 representation equivalent to the Pb'c’n’
Shubnikov group (Opechowski—Guccione number 60.9.496).
The next best model based on the IR I'S not only produced
significantly higher R, (20.8% vs 10.6% for I'2) but also
suggested ferromagnetic ordering with the moment parallel to
the b-axis (Table S2, Supporting Information), which contra-
dicted the susceptibility measurement. Therefore, the NPD
data clearly pointed to the IR I'2. The strongest magnetic
diffraction peaks indicated that the largest magnetic moment
component is along b-axis. However, further careful examina-
tion of the NPD data revealed that, although much weaker,
peaks indicative of components along a- and c-axes are also
present (Figure 2, inset). The Rietveld plot and crystallographic
information are presented in Figure 2 and Table S2 of the
Supporting Information, respectively. The determined value of
the moment components along a-, b-, and c-axes are 0.44(15),
3.30(2), and 1.11(6) g, respectively. The total moment,
3.51(3) pg, is slightly lower than that expected for high-spin d°
S = 2 Fe**. However, assuming Brillouin function behavior of
the magnetization and Ty = 3.4 K, we obtain 3.79 pup as a
ground state moment, which is reasonably close to the
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theoretical spin-only value of 4 5. This suggests quenching of
the orbital moment, although it could also be a result of the
local disruption of fragile magnetic order in zigzag chains.

Analysis of crystal structure topology and geometry suggests
that the magnetic sublattice can be viewed as being built of
chains of face- and vertex-sharing [FeO,F,] octahedra linked
via phosphate groups into quasi-layers (Figure 3a-b). In
agreement with the Goodenough-Kanamori rules,'>'* intra-
chain superexchange via oxygen and fluorine atoms with the Fe-
(O,F)-Fe angles in the range 89—107° results in FM coupling
within chains. These chains are in turn coupled antiferromag-
netically to each other by supersuper-exchange via phosphate
groups (Figure 3c). Finally, the magnetic order between quasi-
layers, which are not connected via phosphate groups and are
separated by the rather long distance of 6.9 A (Figure 3a) is
most likely established with a contribution from long-range
dipole—dipole interactions. The structure is not geometrically
frustrated (Figure 3c), so the observed moment noncollinearity
is likely due to Fe®" anisotropy, which often manifests itself in
polyanionic materials.

In summary, we have studied for the first time the magnetic
structure and properties of the promising cathode material
Na,FePO,F. The material undergoes a long-range magnetic
ordering transition at ~3.4 K to a noncollinear AFM structure
with the moments mainly along the b-axis. Our results reconcile
previous DFT calculations predicting magnetic ordering’ and
Mossbauer experiments which did not find evidence of
magnetic ordering down to 4.2 K®
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Experimental details of synthesis, magnetic measurements, and
Rietveld analysis results. This material is available free of charge
via the Internet at http://pubs.acs.org.
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