Canted antiferromagnetism in high purity NaFeF; prepared by a novel wet-chemical
synthesis method
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We report a novel synthesis method for, and structural and magnetic characterization of the
fluoroperovskite NaFeFs. We have developed a wet-chemical method that allows preparation of large
volumes of air-sensitive fluoroperovskites with high purity. NaFeFs has a Néel temperature (Tn) of
90 K and a Weiss constant () of -124 K, corresponding to dominant antiferromagnetic interactions.
Below T, a slight difference is observed between zero-field and field cooled samples, indicating
spin-canting and weak ferromagnetism. AC magnetometry supports that weak ferromagnetism is
inherent to NaFeFs and not due to an impurity. From powder neutron diffraction data, we describe
the magnetic structure precisely as a weakly canted G-type (magnetic space group Pn'ma’). A
ferromagnetic component is allowed in Pn’ma’, however, this component is too small to be confirmed
on the basis of powder neutron diffraction data and may be absent in zero magnetic fields.

I. INTRODUCTION

Fluoroperovskites display rich structural chemistry,
strongly ionic bonding character (due to the high elec-
tronegativity of the fluoride anions), and corresponding
localized electron magnetism [T}, 2]. They exhibit a wide
range of properties that can be utilized in e.g. data stor-
age, computer processors, spintronics, multiferroics and
batteries [3H6].

NaFeF'; has attracted attention as a low-cost cathode
material [7, [§]. Its advantages in this application include
the Earth’s abundance of the constituent elements, in-
trinsic anion stability and a theoretical capacity of 197
mAhg~! for a one-electron process. NaFeFs nanoplates
in particular show good capacity retention compared to
other metal fluoride and composite cathode materials
with 50 % retained capacity for Na after 200 cycles at
0.2 A gt

The NaFeF 3 fluoroperovskite has intriguing phase rela-
tions under high-pressure. At ambient temperature and
pressure, the compound adopts the orthorhombic per-
ovskite GdFeOs-type crystal structure with space group
Pnma. Tt transforms into a corrugated layered CalrOs-
type post-perovskite (pPv) structure at room tempera-
ture at 9 GPa [10]. A second structural phase transition
occurs at 20 GPa from pPv-to-ppPv with the SboSs-type
crystal structure [I1]. The remarkable structural flexibil-
ity of NaFeF3 has made it an interesting candidate for
studies and simulations of extreme environments, includ-

ing the Earth’s interior and exoplanets [12].

The electronic configuration of the Fe?* ions in NaFeF3
is high-spin (HS) t‘zlgeg. They follow the spin-only model
with S = 2 and a theoretical paramagnetic moment of
teff = 4.90 pup, which is influenced by orbital contribu-

tions and usually leads to slightly higher fi.y .

Fe?* is air sensitive and oxidizes easily to Fe3*. Con-
trolling the anaerobic chemistry of Fe?t ions is a pre-
requisite for synthesis of single phase NaFeF3;. We have
previously utilized a solid state synthesis under inert con-
ditions [10], yielding a sample with < 0.5 % Fe metal im-
purity. Impurities, either from an incomplete solid state
reaction of the reagents or from the iron reaction ves-
sel, may introduce inaccuracy to magnetometric studies
and disguise the inherent magnetic behavior of NaFeFs.
Indeed, to the best of our knowledge there are no neu-
tron powder diffraction (NPD) studies on the magnetic
ordering in NaFeF3, probably because the air sensitiv-
ity of Fe?* makes it very difficult to produce sample
volumes sufficient for NPD experiments by conventional
solid state methods.

In this article we describe a wet-chemistry synthesis
method for NaFeF3, which produces iron-free material
in substantial volumes. Using the high purity NaFeFg
samples, we study the intrinsic magnetic properties of the
compound. Further, the magnetic structure is precisely
described based on neutron powder diffraction data.
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II. EXPERIMENTAL
A. Synthesis of NaFeF's

NaFeF3 was synthesised on a Schlenk-line equipped
with flexible hoses. Two polycarbonate vials of 85 and
200 ml volume (denoted A and B respectively) were used
for the reaction. Vial A was filled with 2 g of Fe pow-
der (~0.035 g mol™!, 99.999 % pure) and vial B with
0.08 mol (~3.35 g) NaF. The vials were closed tightly
with silicone rubber septa, connected through the hoses
to the Schlenk-line and thoroughly flushed with Ar. The
Ar flow was maintained throughout the reaction to en-
sure inert conditions. A needle was placed in each sep-
tum to vent the excess gas from the vials. 10 mL of
HCI (37 %) and 20 mL H2O were degassed, mixed and
added to vial A. 20 mL of degassed HoO was carefully
injected (using a syringe first evacuated and flushed with
Ar) to the NaF in vial B. Both vials were placed in an
oil-bath under constant Ar flow at 90 °C until the oxi-
dation of Fe metal to FeCly was completed. The FeCly
solution from vial A was then quickly transferred to vial
B with an Ar flushed syringe. The contents of vial B
were stirred constantly during injection to mix the two
solutions. Thereafter, vial B was cooled to 80 °C and the
contents stirred for 30 to 60 minutes. NaFeF3 appeared
as a beige precipitate. The product was washed repeat-
edly with degassed water and MeOH under flowing Ar,
with decanting the liquid after each washing. Finally the
solid product was removed from the vial, filtered, washed
thoroughly with degassed MeOH, and dried under vac-
uum overnight before storing in the Ar-atmosphere of a
glove box. Phase purity was confirmed by powder x-ray
diffraction (PXRD) and magnetometry.

B. Powder X-ray diffraction

PXRD data for NaFeF3 was collected at the Norwegian
National Resource Centre for X-ray Diffraction, Scatter-
ing and Imaging (RECX) on a Bruker D8 A25 powder
diffractometer in capillary mode using Mo radiation and
a focussing mirror. A Lynxeye detector with "hardened”
chip for Mo radiation was used for the data collection.
The diffraction patterns were analyzed using the TOPAS
V5 [13], where the background (sixteen term Chebyshev
polynomials), zero error, lattice parameters, atomic po-
sitions, peakshape, common isotropic thermal displace-
ment parameters for all elements and scale factor were
refined.

C. Magnetic characterization

Magnetometry experiments were performed with a 9 T
Physical Property Measurement System (PPMS, Quan-
tum Design) on 48 mg of polycrystalline powder. Tem-
perature dependent DC magnetic susceptibility x(7)

measurements were conducted between 2 and 300 K for
zero field cooled samples, followed by studies at field
cooled conditions (ZFC and FC, respectively). The mag-
netic susceptibility is calculated by x = M/H where M
is the magnetization, given in emu-mol 'Oe~! and H
the magnetic field (10 kOe). Isothermal field dependent
measurements M (H) were collected at 2K, likewise half-
loop isothermal measurements at 70, 120 and 300 K, all
up to 90 kOe. AC measurements were carried out with
frequencies ranging from 100 Hz to 10 kHz with a 10 Oe
field.

D. Neutron Powder Diffraction

NPD data for NaFeF3 was measured on the WISH in-
strument at the ISIS pulsed neutron and muon source
(UK) [14]. Diffraction patterns were collected between 2
and 297 K, and the data was reduced with the Mantid
software [I5]. Data from the four highest resolution de-
tector banks were used, as the lowest resolution bank did
not contain any unique information. NPD was collected
at selected temperatures below and above T .

The magnetic refinements were carried out in the mag-
netic space group Pn’ma’, which allows non-zero val-
ues for M, M, and M., in the Jana2006 software [16].
The background (five term Legendre polynomials), peak-
shape, atomic positions (according to symmetry restric-
tions), isotropic thermal displacement parameters for
each element type, lattice parameters and scale parame-
ters were refined. The derived values for M, and M, are
given in Supplemental Material [T7].

III. RESULTS
A. Synthesis procedure and crystal structure

Fluoroperovskites are typically prepared by solid-state
reactions and may contain magnetic impurities that make
them appear as weak ferromagnets, both below and
above the Néel temperature, as e.g. «-Fe impurities in
NaFeFs3 [10]. The air-sensitive chemistry of fluoroper-
ovskites is furthermore demanding. We currently bene-
fit from a new wet-chemical method that bypasses the
challenges of conventional solid-state reactions by al-
ways working under inert conditions on a Schlenk line.
This wet-chemistry approach is ideal for synthesis of air-
sensitive fluorides, as recently shown for the extremely
air-sensitive Cr?* [18].

The weakly beige fluoroperovskite NaFeF3 is currently
prepared by means of this wet-chemical method, and the
purity was confirmed by XRD and NPD, see Supplemen-
tal Material [I7]. For XRD and NPD, a tiny peak at d =
4.92 A (Q = 1.28 A~1) is observed with unknown origin,
and for NPD, a peak from the vanadium can is observed
at d = 2.14 A. We can exclude that the peak originates
in metallic Fe, Fe3Oy4, FesO3, FeFq, FeF3, NaFeOs, etc.
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Except this, no reflections from impurities are observed,
and we consider the sample to be of very high purity.
Due to the high quality and good contrast of the NPD
from the WISH instrument at ISIS pulsed neutron and
muon source, we will continue the structural discussion
based on these data.

Rietveld refinements of NPD data at 297 K yields lat-
tice parameters of a = 5.66227(7) A, b = 7.88227(10) A,
and ¢ = 5.48661(7) A, which are in perfect compliance
with reports [9, [10], confirming the correct stoichiometry
of the sample. Rietveld refinements of the composition
revealed no variations outside the standard deviations.
The composition is further in excellent agreement with
magnetic measurements, see below.

NaFeF3 adopts the distorted orthorhombic GdFeOs
perovskite structure with space group Pnma and Glazer
tilt a~bTa~, Figure The relation to the ideal cu-
bic perovskite is given by a ~ ¢ ~ V2a. and b ~ 2a,
where a. is the lattice parameter of the cubic perovskite.
A weak Jahn-Teller distortion is present in the system
originating from the high-spin d® electron configuration
of Fe?T. The consequence of the weak Jahn-Teller ef-
fect is slight differences in the bond lengths; the Fe-F1
bonds adopt a medium length (2.0744(3) A), while Fe-F2
forms two short and two long bonds (2.0564(6) A and
2.0795(6) A respectively), Figure |1l Bond length values
are extracted from NPD at 297 K, see below.

B. Magnetic properties

Variable temperature DC magnetization measure-
ments were carried out on a polycrystalline sample be-
tween 2 and 300 K under a 10 kOe field (Figure[2). The
data are consistent with long-range antiferromagnetic or-
dering. A sharp decrease in the molar magnetic suscepti-
bility is associated with a Néel transition at 90 K. From
the inverse susceptibility x ! curve in the paramagnetic
region (200 to 300 K), we calculate a paramagnetic mo-
ment of jerr = 5.58 pp from the Curie-Weiss fit shown
in Figure 2] This is in good agreement with typically
observed values for Fe?" (5.0-5.6 up). From the Curie-
Weiss fit, we extract a Weiss-temperature of § = -124 K
(data measured in a field of 10 kOe), confirming the dom-
inating antiferromagnetic nature of NaFeF3.

We note a significant difference between the FC and
ZFC curves at low temperatures, as well as a minor hys-
teresis. This might indicate a transition to a spin-glass
like state at low temperatures. However, AC magnetiza-
tion measurements (Figure [Bp) in a 10 Oe field show no
variations of the Néel temperature versus frequency for
X', refuting this hypothesis.

The appearance of magnetic hysteresis may be ex-
plained by the presence of a small ferromagnetic moment
originating from spin canting, resulting in weak ferro-
magnetism. For a purely antiferromagnetic transition,
the imaginary component Y” is expected to be zero in
AC measurements [19]. In contrast, for x” (Figure [Bp)

we observe a strong peak for an AC field of 10 kHz, indi-
cating that the magnetic transition at 90 K is not purely
antiferromagnetic and that a small ferromagnetic com-
ponent is present. The peak is less pronounced for 1 kHz
AC field, while only noise is observed for 100 Hz AC field.

As the peak starts to increase in intensity at the Néel
temperature (90 K), we believe that the peak is asso-
ciated with the magnetic transition in NaFeF3, and we
exclude effects caused by an impurity, such as e.g. a-Fe,
Fe304 and other ferromagnetic compounds with high (>
90 K) Curie temperature. Consequently, it is evident that
spin-canting results in weak ferromagnetism in NaFeF3,
inherent to the compound. We note that the ferromag-
netism is very weak and based on DC (Figure and
AC (Figure [3) magnetometry, it should be very close to
zero in the absence of a magnetic field. The maximum of
the peak is at ~32 K, indicating that the spin-canting is
further developing below the Néel temperature until the
peak goes to zero at ~13 K.

Isothermal field dependent magnetic measurements
above the Néel temperature (Ty = 90 K) at 120 and
300 K show a linear behaviour, associated with a para-
magnetic state (Figure 4)). The low magnetization ob-
served at 90 kOe (0.25 pp/Fe at 2 K) confirms the dom-
inating antiferromagnetic behavior of the system. How-
ever, below the Néel temperature, a slight hysteresis is
observed. The hysteresis is more clear at 2 K (inset in
Figure , while it is less prominent at 70 K. The pres-
ence of hysteresis below Ty supports that weak ferromag-
netism is intrinsic to the compound, as indicated by x” in
AC magnetometry. Enlarged isothermal field dependent
magnetic measurements are given in the Supplemental
Material for visualization of the hysteresis [17].

C. Neutron diffraction and magnetic structure

Neutron diffraction was carried out between 2 and
297 K to investigate possible ordering of Fe?t magnetic
moments. At 2 K, strong additional reflections from long-
range magnetic ordering are evident, e.g. two strong re-
flections at 4.49 and 4.58 A and one weaker reflection at
7.89 A (Figure[5)). To identify reflections of magnetic ori-
gin, diffraction patterns measured above and below the
Néel temperature are given in the Supplemental Material
[17]. These reflections were indexed according to the unit
cell of the crystal structure of NaFeF3, and corresponds
to a I'-point magnetic propagation vector k = (0,0,0).
However, several of the observed magnetic reflections
break the symmetry extinctions of space group Pnma.
We hence evaluated the possible magnetic structures for
the I'-point representations (Table [I)) by Rietveld refine-
ments against NPD at 2 K, and we found I‘j{ to precisely
describe the magnetic ordering. This corresponds to the
magnetic space group Prn’ma’ (Figure [6).

The magnetic ordering of I'j can be described as A,
antiferromagnetic ordering along [001], F,, ferromagnetic
ordering along [010] and G, antiferromagnetic ordering
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FIG. 1. Crystal structure of the orthorhombic perovskite NaFeFs (Pnma). Left: Illustration of the corner-connected octahedra

of FeFg with Glazer tilt a bta~.

Sodium, iron and fluorine atoms are shown in red, orange and gray, respectively. Right:

Illustration of the ac-plane, where ordered short and long Fe-F2 bonds are formed by the weak Jahn-Teller effect. The short
and long Fe-F2 bonds are marked s and [ respectively, while medium Fe-F1 bonds are out-of-plane. Fe, F1 and F2 are shown

in orange, purple and green, respectively.
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FIG. 2. Temperature dependency of the magnetic suscepti-
bility x(7') at H = 10 kOe measured in ZFC-FC mode (left
axis) and inverse magnetic susceptibility x = (right axis). The
Curie-Weiss fit is shown as a dashed gray line.

along [001], corresponding to the refined parameters M,
M, and M, respectively (Table E[) In our magnetic Ri-
etveld refinements (Table[[I), we find a large value for the
G, component (M) and a small value for the A, compo-
nent (M;). When performing Rietveld refinements of the
ferromagnetic F,, component, a value of M, = 0.75(3) up
is obtained for the 2 K NPD data. However, since F-
scattering coincides with nuclear peak positions, such
quite small values of M, yield very minor changes to
the calculated diffraction pattern and agreement factors.

TABLE I. Basis functions of the one-dimensional I'-point ir-
reducible representations found by decomposition of the mag-
netic representation for the iron site in NaFeFs. The + and
- symbols denote the relative sign of the magnetic moment
along z, y, and z on the respective site.

Coordinate ry rf ry rf
x Y z T Yy z Yy z T Y zZ T Y 2
0.0 0.0 05 +++ +++ +++ + + +
0.0 0.5 05 -+ - + -+ + -+ - + -
0.5 0.5 60 + - - - 4+ + + - - - + +
0.5 0.0 60 - -+ - -+ ++ - + + -

Furthermore, these are strong correlations with other pa-
rameters of the refinements, e.g. the thermal displace-
ment parameter of Fe. The ZFC magnetization measure-
ment furthermore suggests that the ferromagnetic mo-
ment should almost absent at low temperatures without
a magnetic field. As a consequence, the NPD data can-
not be used to claim the existence of a F, component.
Hence, M, was fixed to zero during the final refinements.

Complete structural details obtained from the Rietveld
refinements of NPD data is given in Table [[I] and in
Supplemental Material [I7] together with a visualization
file. The refined model has a dominating G,-type an-
tiferromagnetic structure with moments aligned parallel
to [001]. There are weak indications for a small cant-
ing parallel to [100] as given by the A, component (Fig-
ure@. The magnetic moments are antiferromagnetically
oriented with respect to their nearest neighbors along
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TABLE II. Atomic coordinates of NaFeF3 from Rietveld refinement of NPD at 2 K. The refinement was performed in magnetic
space group Pn’'ma’ with lattice parameters of a = 5.62571(11) A, b = 7.87673(15) A, and ¢ = 5.45623(10) A, and magnetic
parameters M, = 0.422(11) up, My = 0 up and M, = 4.221(4) up, yielding a total ordered magnetic moment of M =
4.246(11) pp. The R.p over all used detector blocks was 3.71 %.

Site Multiplicity T y z Occ Usso (A?)
Na 4 0.0544(2) 025  0.9826(3) 1 0.0175(4)
Fe 4 0.5 0 0 1 0.00438(17)
F1 4 0.45061(16)  0.25  0.11401(16) 1 0.0105(3)
F2 8 0.20707(11) 0.06114(8) 0.68918(11) 1 0.0096(2)
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FIG. 3. Temperature dependence of the (a) real (') and
(b) imaginary (x"') part of the AC magnetic susceptibility at
different frequencies (100 Hz, 1 kHz and 10 kHz).

[010], [101] and [101]. Neighboring spins are aligned close
to the equatorial plane of the octahedra (defined by the
four F2 atoms, Figure 1)) in the crystallographic (010)-
plane.

At 2 K the Rietveld refinements give a total ordered
magnetic moment of 4.246(11) up, slightly higher than
the expected 4 pp for the four unpaired electrons of
Fe?T. The value is in good agreement with that of Fe?™

0.30

03

02

H (kOe)

FIG. 4. Isothermal M versus H curves with an applied field
0T —- 9T — 0T recorded at 2, 70, 120 and 300 K. Insert:
M versus H curve at 2 K to show the full symmetry.

in KFeF3, which is 4.42 up [23]. The slightly higher
value than the expected total magnetic moment can be
accounted for by an orbital contribution to the total
magnetic moment measured by neutron diffraction. A
very weak additional ferromagnetic component will not
change this picture, but should not be neglected, see be-
low.

The refinements (and magnetic peak intensities) show
that the ordered magnetic moment decreases upon heat-
ing from 2 K. This is evidenced in the refined values for
M, and M, (Figure[7h). The magnetic reflection in NPD
disappears at 95 K, which is in compliance with the Néel
temperature found by magnetometry.

We note the presence of a strong magnetostructural
coupling in NaFeF3, evidenced by major changes in the
lattice parameters at the Néel ordering temperature (Fig-
ure [7b and c¢). At the transition, we observe a rather
smooth contraction of the unit cell volume, however, this
is an average of a contraction of the a-axis in contrast to
expansion of the b- and c-axis.

Already at 120 K, well above the ordering tempera-
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FIG. 5. Measured, calculated and difference curves from Ri-
etveld refinement of the magnetic structure of NaFeFs at 2
K for the second detector bank of the WISH instrument at
ISIS pulsed neutron and muon source (UK). The green ticks
indicate reflections allowed by the magnetic symmetry (space
group Pn’ma’). The R, for this detector block is 3.70 %.

]

FIG. 6. Magnetic structure of the NaFeF3 with magnetic
space group Pn’ma’. The magnetic moments of the iron
atoms are antiferromagnetically ordered relative to their near-
est neighbors, yielding G-type antiferromagnetism. Iron
atoms are shown in orange and the bonds to fluorine as pale
grey lines. Sodium atoms are removed for clarity.

ture, we observe a change in temperature dependence for
the b-axis (Figure . Actually, by evaluating the dif-
ference intensity plot between NPD patterns at 95 and
120 K (close to, and above the magnetic ordering temper-
ature respectively), we observe a broad peak at around
4.8 A (Figure, which corresponds to the position of the
(011) and (110) magnetic Bragg reflections in the ordered
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FIG. 7. Temperature dependence of structural parameters

derived from Rietveld refinements of NPD; (a) the total mag-
netic moment, the inset show the M, and M. components,
(b) lattice parameter a and cell volume, and (c) lattice pa-
rameter b and c¢. The Néel temperature of 90 K is indicated
by the purple dashed line.

phase. The broad peak at 4.8 A is thus interpreted as
originating from the existence of short-range magnetic or-
dering just above the Néel temperature. Fe?" is reported
to display magnetostrictive behavior and diffuse scatter-
ing above Ty in RboFeF,, and we note that the diffuse
scattering for NaFeF3 above T also coincides with a
tensile effect on the lattice [20].

As discussed above, due to a weak Jahn-Teller distor-
tion, NaFeF3 adopts short, medium and long Fe-F bonds,
Figure Considering the variation of the Fe-F bond
length between 2 and 297 K in the NPD experiment, we
observe a clear trend: The bond lengths tend towards
receiving identical values when temperature approaches
297 K (Figure [9). In the cubic perovskite KFeF3, the
Fe-F bond lengths adopts a value of 2.06 A, which ought
to be a value expected also for the Fe-F bond lengths
in NaFeF3 [2I]. On this basis it is tempting to suggest
that NaFeFs may undergo transitions to higher symmet-
ric structures at elevated temperatures [I0, [11]. This is
beyond the scope of the present work.

IV. DISCUSSION

We highlight that our new wet chemical synthesis pro-
tocol has allowed preparation of NaFeF3 of very high



IV. DISCUSSION

80 08 o S
3 @ o

Intensity (arb. units)

1 2 3 4 5 6 7 8 0
d-spacing (A)

FIG. 8. Plot of the difference between NPD patterns at 95
and 120 K measured on the low resolution detector bank. A
broad peak around 4.8 A is marked by a red arrow, which
corresponds to the (011)- and (110)-magnetic Bragg reflec-
tions and indicates short-range magnetic order appearing at
95 K.
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FIG. 9. Variation of the Fe-F bond lengths derived from Ri-
etveld refinements of NPD between 2 and 297 K. Uncertainties
are smaller than the symbol size.

purity which is a prerequisite for clarification of inherent
properties. Importantly, we compared ZFC - FC mag-
netic behaviour of phase pure samples with reported data
for samples made by a conventional solid-state method
[10]. For NaFeF3 prepared by our wet chemical methods,
the paramagnetic moment is within the expected range
for Fe?*. For NaFeF3 prepared by solid-state methods,
iron impurities easily outweigh the weak antiferromag-
netic or paramagnetic signal, resulting in overestimated
magnetization values. This is mirrored in the observation
of ferromagnetic behaviour in field scans at 300 K [I0],

which is not inherent to pure NaFeFs.

X" in AC magnetometry indicates a ferromagnetic

component appearing at 90 K, coinciding with the Néel
temperature of NaFeFs. Since a very weak additional re-
flection is observed by both diffraction techniques at low
and high temperatures, one cannot fully rule out that the
ferromagnetic component is due to an impurity phase.
This peak does not correspond to any known ferromag-
netic phase in the Na-Fe-F-O systems. Additionally, as
the peak in x” appears at 90 K we can exclude all fer-
romagnetic impurities with a high (> 90 K) Curie tem-
perature. Hence, as the peak in appears at the Néel
temperature of NaFeFs3, we interpret this as is a strong
signature of an inherent weak ferromagnetic component
for NaFeF3, but as indicated by the DC magnetometry
and field scans, with a ferromagnetic moment close to
Zero.

Although a ferromagnetic component is indicated by a
distinct peak in the imaginary component x” of the AC
susceptibility, NPD cannot unambiguously conclude on
the possible existence of a symmetry allowed ferromag-
netic component along [010] (F,) according to the mag-
netic space group Pn’ma’. Considering the magnetic F -
Fe - F interactions of NaFeF3 in light of the Goodenough-
Kanamori-Anderson (GKA) rules, antiferromagnetism is
expected [22]. Furthermore, a linear G-type magnetic
structure was predicted by DFT for NaFeF3 [10], also
with moments arranged along [001] (G,-type). However,
our Rietveld analysis considered an additional weak A -
component, which implies canting of the antiferromag-
netism. The latter component is close to the detection
limit of the analysis.

G-type magnetic ordering is observed in several other
fluoroperovskites, e.g. KMF3 (M = Mn, Fe, Co, and Ni)
[23]. However, due to the small sodium cation and the
weakly Jahn-Teller active Fe?t, the structure of NaFeF3
is significantly distorted and the F-Fe-F bond angles de-
viate from 180°. As a consequence, the interactions may
deviate from the GKA rules.

Correspondingly, one must consider other magnetic in-
teractions as origin to the weak ferromagnetism. For
compounds with d® electron configuration, Jahn-Teller,
as well as spin-orbit interaction mechanism, will con-
tribute to stabilization of the system [24]. If spin-orbit
coupling is present in NaFeF3, Dzyaloshinskii-Moriya in-
teractions may occur, which is in compliance with the
orbital contribution to the total magnetic moment found
by neutron diffraction. Such interactions give rise to fer-
romagnetic exchange and may thus be the origin of weak
ferromagnetism in NaFeFs [25] 26].

V. CONCLUSION

In summary we have developed a wet-chemical synthe-
sis protocol that allow preparation of NaFeF3 in large
quantities and of high purity. As a consequence we have
been able to investigate the inherent magnetic properties
of NaFeF3 without potential additional magnetic contri-
butions from impurities like a-Fe and FezO,4 that will



V. CONCLUSION

interfere with the analysis. Magnetic susceptibility and
powder neutron diffraction analysis show that NaFeFs
has a Néel temperature of 90 K. AC magnetometry in-
dicate the presence of weak ferromagnetism inherent to
NaFeFs below the ordering temperature, supported by
field dependent DC measurements. Neutron diffraction
data describe the compound as a weakly canted G,-type
antiferromagnet with a minor A, -component allowed by
symmetry. The magnetic space group opens for a F,
component, however, this is almost absent at zero-field
and is too weak to be proven by the current analysis. The
temperature variation of the Fe-F bonds suggests a pos-
sible structural phase transition to a higher symmetric
structure above 300 K.
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