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Magnetic structure and properties of NaFeSO4F and NaCoSO4F
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NaFeSO,F and NaCoSO,F crystallize in the maxwellite crystal structure and consist of one-dimensional chains
of corner-sharing M O4F, octahedra linked together through F atoms sitting in a trans configuration with respect
to each other. Magnetic susceptibility measurements and low-temperature powder neutron diffraction indicate
that both the Fe- and Co-based phases establish G-type antiferromagnetic ground states below 36 and 29 K,
respectively. We discuss the obtained magnetic structure in the context of the local anisotropy of the two magnetic

ions.
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I. INTRODUCTION

There has recently been a surge of interest in materials
that display electrochemical activity for applications in Li-
ion batteries. Besides enabling the transformation of chem-
ical energy into electricity, electrochemically driven redox
reactions unlock the ability to tune electronic, ionic, and
magnetic properties of 3d transition-metal-based inorganic
compounds through careful control of oxidation states as well
as enabling the preparation of new metastable phases that
frequently reveal exotic physical properties. Examples of such
properties include superconductivity in Na,CoO,-nH,0,"?
charge ordering in LiMn,0,4,>> and magnetoelectricity in
LiCoPOy and LiNiPO,.6

New materials for positive electrodes in Li-ion batteries
have recently been discovered with the general formula
AMSO4F (A = Li or Na, M = transition metal), which
demonstrates high potentials.”'° Despite the vast amount
of work devoted to the crystal structure and electrochemi-
cal characterization of the recently characterized metastable
fluorosulfate phases,'"!? very little has been done in the way
of magnetic characterization with the exception of our earlier
report on LiFeSO4F and FeSO4F, which were shown to order
antiferromagnetically at Ty of 25 and 100 K, respectively.'?
With regard to magnetic properties, many of these new phases
are potentially very interesting as they consist of a one-
dimensional connectivity of the transition-metal polyhedra.
Materials with reduced crystallographic dimensionality such
as this are extremely attractive as the competition between
nearest- and next-nearest-neighbor magnetic exchange inter-
actions often results in a strong interplay between charge, lat-
tice, orbital, and spin degrees of freedom. This competition is
well known to give rise to fascinating physical properties such
as noncollinear conical spin structures and magnetoelectric
coupling.

Aside from the possibility for interesting physics, a detailed
understanding of the magnetic structure is absolutely essential
for accurate models to be calculated using density functional
theory (DFT) codes. Such computational methods have re-
cently provided crucial insight into pathways for sodium and
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lithium diffusion in fluorosulfates and may eventually give
insight into the origin of enhanced redox potentials.'"* Here
we present a detailed report of the temperature-dependent
magnetic susceptibility for the recently reported fluorosulfate
phases NaFeSO4F and NaCoSO,F.!"> Further, we use low-
temperature powder neutron diffraction to propose models for
the magnetic structure of both phases.

II. EXPERIMENT

The title compounds were prepared through the dehydra-
tion of NaMSO4F-2H,0 in a 1-ethyl-3-methyl imidazolium
bis(trifluoromethylsulfonyl)imide (EMI-TFSI) ionic liquid
media at 260 °C for several hours. NaMSO4F-2H,0O was
prepared via a previously established protocol.'® Stoichio-
metric amounts of commercially available CoSO4-6H,0 (or
repurified FeSO4-7H,0) and NaF were separately dissolved in
enough water to obtain transparent, fully dissolved solutions.
The two solutions were then mixed and heated to 80 °C while
stirring for approximately 5 h until roughly 90% of the water
had evaporated. The product was collected by mixing the
resulting solution with a large excess of ethanol, centrifuging,
and air drying at 100 °C for 1 h.

Sample purity was analyzed by laboratory powder x-ray
diffraction (XRD), using a Bruker D8 diffractometer with
Co K« radiation (A; = 1.7892 A, A, = 1.7932 A) equipped
with a Vantec detector. Neutron-diffraction data were collected
either at Institut Laue Langevin (ILL), Grenoble, France, or
at Laboratoire Léon Brillouin (LLB), Saclay, France. At ILL,
NaFeSO4F was measured on the D2B and D20 powder diffrac-
tometers using wavelengths of 1.594 and 2.420 A, respectively.
The D2B diffractometer has a very high resolution and was
therefore used to precisely refine the nuclear structure of
NaFeSO4F at room temperature. The high-intensity powder
neutron diffractometer D20, which provides good resolution
at low angle, was used to determine the magnetic structure.
At LLB, NaCoSO4F was measured at room temperature and
50 K on the high-resolution 3T2 powder diffractometer using
a wavelength of 1.225 A and on the high-intensity G41
diffractometer with a wavelength of 2.428 A between 2 and
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50 K for the magnetic-scattering part. The FULLPROF suite
of programs!’” was used for nuclear and magnetic structure
refinements using the Rietveld method'® as well as bond length
and bond-valence-sum calculations.!” A symmetry analysis
was performed using the method of Bertaut?® as implemented
in the BASIREPS?! program to determine all possible spin con-
figurations that are compatible with the monoclinic symmetry
of the title compounds.

The temperature dependence of the dc magnetization was
measured on well-ground samples of powder using a Quantum
Design magnetic property measurement system (MPMS) SXL
superconducting quantum interference device magnetometer
(SQUID).

III. CRYSTAL STRUCTURE

The structures of the title compounds were originally
reported to crystallize in a monoclinic P2, /c space group;'®??
however, a recent x-ray diffraction study on the NaMSO4F
family revealed that C2/c is a more appropriate space group,'”
giving a primitive unit cell with half the volume of the original.
Here, using high-resolution powder neutron diffraction, we
confirm that the cell does indeed contain a C centering. While
neutron diffraction cannot differentiate F and O atoms, given
that the scattering factors are so close [0 on(F) = 4.017 barns,
0con(0) = 4.232 barns], the ability to localize the position
of Na atoms is much improved when compared to x-ray
scattering.

The room-temperature crystal structures of NaFeSO4F and
NaCoSO4F were refined against powder neutron diffraction
obtained on D2B and 3T2, respectively, with the results
illustrated in Fig. 1. Traces of NazFeFg are visible in the
neutron-diffraction pattern of NaFeSO4F, so it was included
as a secondary phase in the refinement [Fig. 1(a)]. Addition-
ally, the sample of NaCoSO4F was found to have partially
reabsorbed water prior to collection of the neutron-diffraction
data, which resulted in traces of NaCoSO4F-2H,0, which was
therefore included as a secondary phase. The presence of this
hydrated phase, together with the high incoherent neutron
cross section for cobalt, is a likely origin for the relatively
high background observed in Fig. 1(b).

The diffraction patterns of both compounds can be fully
indexed to the monoclinic space group C2/c. The structures
obtained are very similar for the Fe and Co compounds with
metal atoms located on the 4a Wyckoff site at the origin of the
unit cell and oxygen atoms placed on two 8 f sites. Na was
found to be on the 4e Wyckoff site, and its atomic displacement
parameters were refined anisotropically. A summary of the
structural refinement including reliability factors is given in
Table I for NaFeSO4F and in Table II for NaCoSO4F. The
unit cell volume of the iron-based phase was determined to be
384.344(6) A3 versus 374.46(3) A3 for the cobalt homologue,
as expected for the smaller ionic radius of Co>* [0.745 A
(Ref. 23)] when compared to Fe>* [0.78 A (Ref. 23)]. A bond-
valence-sum analysis (BVS) using the Zachariasen formula
[Vi = Zsij = X exp{(do — d;;)/0.37}] with the parameter dj,
which characterizes a typical cation-anion distance, taken
from Ref. 19, is reported in Tables I and II and shows the
good agreement with expected formal charge on each atomic
species.
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FIG. 1. (Color online) Portion of the refined powder neutron-
diffraction patterns (observed shown as black circles, and calculated
shown as the red line) at room temperature for (a) NaFeSO,F collected
on D2B (A = 1.594 A) at the ILL and (b) NaCoSO,F collected on
3T2 (1 = 1.225 A) at the LLB. The positions of the Bragg reflections
are shown as vertical bars below. [The first line shows NaFeSO,F
(a) or NaCoSO4F (b). The second line of ticks marks corresponds
to 6 wt % NaszFeFq impurity (a) and 1 wt % NaCoSO4F-2H,0 (b).]
Note the higher background level for (b) due to the high incoherent
scattering length of cobalt and hydrogen from the hydrated impurity.
The difference (observed minus calculated) line is displayed in
blue.

The crystal structure of NaFeSO4F and NaCoSO4F is
illustrated in Fig. 2. Apart from the small volume change,
both compounds are isostructural and show no evidence of
changes in the nuclear symmetry on cooling aside from the
effects expected from thermal contraction. They are composed
of MO4F, octahedra that are bound together at their corners
through F atoms, which are oriented in a trans configuration
with respect to each other, giving rise to buckled chains. All
of the oxygen atoms in the structure are bound within SOy
tetrahedra, which connect the chains via shared corners on the
MO4F, octahedra. These chains, which run along the ¢ axis
of the unit cell, are illustrated in Figs. 2(a) and 2(b). Na sits
in channels that run along the [110] and [110] directions and
is coordinated to four oxygen and one fluorine at distances
ranging from 2.2 to 2.5 A. Tt should also be noted that there
is only one unique M site in both structures and that the
M-F-M bond angle dictates the degree of buckling along the
chains.
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TABLE I. Crystallographic data and atomic positions of NaFeSO,F resulting from refinements of the structure against the data collected
on the high-resolution powder neutron diffractometer D2B (ILL, Grenoble, France) obtained at room-temperature Rpp,, = 2.81%, x? = 3.86.

Results from the BVS are also indicated.

Space group C2/c

a(A) 6.68655(7)

b (A) 8.71252(8)

c(A) 7.19527(7)

a ()

B () 113.5213(8)

y ()

vV (A% 384.344(6)

Atom Wyckoff X z Bi(A?) BVS
Na 4e 0 0.3371(4) i anisotropic® 0.93(1)
Fe 4a 0 0 0.55(2) 2.04(1)
S 4e 0 0.6789(4) : 0.68(7) 6.00(1)
01 8f 0.6068(2) 0.2778(2) 0.1483(2) 0.95(2) 1.91(1)
02 8f 0.3387(2) 0.0810(2) 0.0985(2) 0.95(2) 2.01(1)
F 4e 0 0.0856(3) 1 0.97(3) 1.14(1)

4

aAnisotropic B (x 10%): Bi; = 151(11), B = 14(5), B3 = 377(16), B1» = 0, B3 = 61(11), B3 = 0.

IV. MAGNETIC SUSCEPTIBILITY

The temperature dependence of the magnetic susceptibility
for both phases is shown in Fig. 3, where cusps indicative
of long-range antiferromagnetic order can be seen at 36
K for NaFeSO4F and 29 K for NaCoSO4F. A minimum
field of 10 kOe was necessary to suppress the contribu-
tion from the magnetic impurity phases discussed above;
however, the presence of these phases can still be seen in
the paramagnetic tail that occurs after the bulk magnetic
transition temperature. There is a significant difference in the
sharpness of this peak between the cobalt- and iron-based
phases.

The high-temperature region (200-300 K) of the sus-
ceptibility was fit to a modified Curie-Weiss equation,

x =C/(T —Ocw) + xo, which includes a temperature-
independent term to account for the background contribution
of the impurity phases. The resulting fit to the data for
NaFeSO4F gave an effective paramagnetic moment of 5.40
up per Fe, ©®cy of —104 K, and yxy = —6.8 x 10~* emu
mol~! Oe~!. Such an effective moment matches well to the
5.48 up that is expected for a high-spin Fe>* ion (d°, tfgez,
S = 2,L = 2) with an unquenched orbital moment that is fully
decoupled from the spin contribution as calculated using the
equation iy s = /4SS F D+ L(L+ 1.4

Fits to the NaCoSO,F data gave an effective paramagnetic
moment of 520 up per Co, Ocy of —72 K, and yxo =
—4.2 x 10~* emu mol~! Oe~!. In this case, the effective
moment is also in perfect agreement with the 5.20 u g expected

TABLE II. Crystallographic data and atomic positions of NaCoSO,F resulting from refinements of the structure against the data collected
on the high-resolution powder neutron diffractometer 3T2 (LLB, Saclay, France) obtained at room-temperature Rp,g, = 2.62%, x2 = 1.10.

Results from the BVS are also indicated.

Space group C2/c

a(A) 6.6687(4)

b(A) 8.6251(5)

c(A) 7.1444(4)

a ()

B© 114.323(3)

v (©)

vV (A% 374.46(3)

Atom Wyckoff X z Biso(A2) BVS
Na de 0 0.331(1) % anisotropic® 0.99(1)
Co 4a 0 0 1.51(28) 2.08(1)
S 4e 0 0.680(1) 1 0.19(20) 5.72(6)
01 8f 0.6067(6) 0.2797(4) 0.1454(6) 1.13(3) 1.88(3)
02 8f 0.3335(5) 0.0788(5) 0.0950(5) 1.13(3) 1.91(3)
F 4e 0 0.0852(9) 1 1.13(3) 1.21(1)

1

aAnisotropic 8 (x10%): i1 = 185(34), Baa = 15(4), Ba3 = 233(38), B12 = 0, B13 = 5(33), o3 = 0.
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FIG. 2. (Color online) (a) Illustration of the crystal structure of
NaFeSO4F and NaCoSO4F perpendicular to the [110] direction,
showing the “tavorite cages.” Co or Fe atoms sit in the middle of
the green octahedra, SO, tetrahedra are grey, and Na and O atoms
are displayed as large yellow and small orange balls, respectively.
(b) Nustration of the crystal structure perpendicular to the c axis of the
monoclinic C2/c cell. The structure is composed of corner-sharing
octahedra, which share corners through F atoms (in blue) sitting trans
with respect to each other along the length of the chains.
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FIG. 3. (Color online) Temperature-dependent magnetic suscep-
tibility of (a) NaFeSO4F and (b) NaCoSO,F collected in a field
of 10 kOe.
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for a high-spin Co?* ion (d’, tzsgeé, S =3/2,L =3) with an
unquenched orbital moment that is fully decoupled from the
spin contribution. The negative sign on both ® ¢y confirms that
the dominant magnetic superexchange is antiferromagnetic, as
seen in the rapid downturn of the susceptibility with the onset
of magnetic order.

V. POWDER NEUTRON DIFFRACTION

Neutron-diffraction patterns were collected between 2 and
60 K for NaFeSO4F on the high-intensity D20 powder
diffractometer at ILL and between 2 and 50 K for NaCoSO4F
on the high-intensity powder neutron diffractometer G41
at the LLB. Both instruments are especially well adapted
for magnetic structure determination, using a wavelength of
2.42 A with good resolution at low 26 angles.

Below the respective ordering temperature several new
peaks corresponding to the onset of long-range magnetic
ordering begin to evolve. The intensity of the strongest
magnetic reflection for both phases is plotted as a function
of temperature in Fig. 4(a), with the observed ordering tem-
perature in good agreement with the temperature-dependent
susceptibility data. As the structures are identical, the reduced
magnetic ordering temperature for the Co>* analog (Ty =
29 K) as compared to Fe** (Ty = 36 K) is expected to
be due to the increased occupancy of the antibonding levels
and is in good agreement with what is typically observed.
Note that the increased ordering temperature with respect
to the tavorite phase LiFeSO4F (25 K) can be explained by
the increased Fe-F-Fe angle [129.3° in LiFeSO4F (Ref. 13)
compared to 134.9° for NaFeSO4F] approaching the ideal
angle of 180°, in agreement with the general theory of
superexchange.?>~%’

VI. RESULTS AND DISCUSSION

Figures 4(b) and 4(c) illustrate the new magnetic peaks that
evolve below the ordering temperature. The magnetic reflec-
tions for both compounds can be indexed with a propagation
vector k = (1,0,0), so that the C centering of the lattice is
broken with the onset of magnetic order. The little group
Gy coincides with the full G = C2/c space group because
all of the operators of G leave the propagation vector k =
(1,0,0) invariant (up to a reciprocal lattice vector). There are
two one-dimensional irreducible representations associated
with the 4a site where the metal sits: 'y = 3I') @ 3073,
Each representation is composed of three basis vectors that
correspond to moments oriented along the a, b, or ¢ unit-cell
directions, as given in Table III. The basis vectors of the I';
representation correspond to a coupling where the two metal
atoms within a primitive cell, located at 1: (0,0,0) and 2:
(0,0,%) in the conventional cell, are oriented parallel along
b and antiparallel along @ and c. The magnetic moments
are of the form (u,v,w) and (—u,v,—w), respectively. In
contrast, the basis vectors of the I'; representation correspond
to the coupling (u,v,w) and (#,—v,w). The rest of magnetic
moments in the crystal can be obtained from the magnetic
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FIG. 4. (Color online) Neutron powder diffraction on title
compounds. (a) Evolution of intensity of the main magnetic
peak with temperature. For NaFeSO,F (red squares), the
magnetic reflection is (101) at 20 = 24.02°, and for NaCoSO,F
(blue circles), the magnetic peak is the (011)/(011) at 20 =
26.97°. Lines are a guide for the eyes. Note that the ordering
temperatures are in good agreement with the temperature-dependent
susceptibility. Magnetic Rietveld refinement of the title compounds:
Observed (black dots) vs calculated (red line) powder neutron
diffraction patterns of (b) NaFeSO,F on D20 with A=
242 A and (c) NaCoSO,F on G41 (LLB) with » =242 A
collected at 2 K. The difference pattern (blue line) is displayed at
the bottom of each panel. The patterns recorded above the magnetic
transition are displayed (orange line) for comparison at 60 K for
NaFeSO4F and 50 K for NaCoSO4F. The positions of the Bragg
reflections are shown as vertical bars below. [For NaFeSO,F in (b),
the first line is nuclear, the second line is magnetic, and third line is
the NazFeFg impurity. For NaCoSO,F in (c) the first line is nuclear,
and the second line is magnetic.]

moments of the sublattice j(1, 2) in the zero cell with the
expression

m;; = my; exp{—2mikR;}
= my; exp{—2mi(la*)(lja+ L,b + [3¢)}
= my; exp{—2mil;} @))]
where the lattice translation R; = /ja 4+ b + 3¢ contains
integer values as well as rational values due to the centering

translation tc = (%, %,O); for instance, the (%, %,O) set of atoms
in the conventional cell has its moment opposite to those of
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TABLE III. Representation analysis for the magnetic structure.
The basis functions for the two possible representations, I'1 and I3,
are indicated. How the magnetic moments on the two metal atoms
related with the symmetry operation —x,y, —z + % of space group
C2/c are related by symmetry when the magnetic propagation vector
is k = (1,0,0) is also indicated.

Basis vectors

representation M(Co/Fe) in (000) M(Co/Fe) in (00 %)
(100) (100)
ry (010) (010)
(001) (00T)
(100) (100)
T, (010) (010)
(001) (001)

the zero cell because exp(—2mi [}) = exp(—2mi %) = —1.The
two possible configurations were tested, and it was found that
the best agreement with the observed magnetic reflections
is obtained when I'j{mg; = (u,v,w), mg; = (—u,v,—w)}
is used for both of the title compounds; however, there are
significant differences between the two magnetic structures
due to different values of the (#,v,w) components. For
NaFeSO,F, the magnetic moment on each Fe?t has a nearly
zero v component, so the moments are within the ac plane. The
results of the Rietveld refinement give moments that primarily
point along ¢ with a contribution along a: mg; r, ~ (,0,w).
The magnitude of the magnetic moment is 3.85(4) up, in
agreement with values typically observed for octahedrally co-
ordinated Fe?*.?8-30 In contrast, while the main component of
the magnetic moment in NaCoSO4F is also oriented along the
c axis, the nearly zero component is along the a axis, with the
minor component oriented along the b axis: mg;, ¢, ~ (0,v,w).
The magnetic moment for Co** refines to a value of 4.06(4)
g, which is higher than the value of 3.0 expected for the spin-
only contribution from a high-spin octahedrally coordinated
d’ ion. Such a result is a reflection of the unquenched orbital
contribution to the magnetic moment that was identified in the
Curie-Weiss analysis of the temperature-dependent magnetic
susceptibility data and is in good agreement with what has
typically been seen for Co?* ions.?!-3?

The resulting magnetic structures of NaFeSO4F and
NaCoSO,F are gathered in Table IV and illustrated in Fig. 5. In
both compounds, the moments are oriented antiparallel along
the length of the chains as well as between the chains. If we
consider the chains of MO4F, as having a perovskite-like
topology, then the magnetic structures of NaFeSO4F and
NaCoSO4F may be described using the notation developed by
Wollan and Koehler.>* Applying this nomenclature to the four
atoms within the conventional cell, numbered in the order 1:
(0,0,0),2:(0,0,1),3:(3,3.3), and 4: (,1,0), and considering
only the ¢ component, both compounds adopt a magnetic
structure analogous to a G-type (+,—,+,—) antiferromagnetic
structure where all the spins on nearest-neighbor magnetic ions
are antiferromagnetically aligned. Within this nomenclature
the magnetic structure of NaFeSO4F can be labeled as
(Gx,0,G,), apure G mode, whereas that of NaCoSO4F can be
labeled as (0,Cy,G ).
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TABLE IV. Magnetic structure of NaFeSO,F and NaCoSO.F
determined from refinement of the structure against powder neutron
diffraction on D20, ILL, at 2 K (NaFeSO,4F) or on G41, LLB, at
2 K (NaCoSO,4F). All the magnetic atoms in the conventional cell
are given with the components listed along a,b,c in pup and were
determined using I';.

NaFeSO,F*
Atom my m me Mrota (145)
Fe(000) 1.427(55) 0 4.187(39) 3.847(37)
Fe(OO%) —1.427(55) 0 —4.187(39) 3.847(37)
Fe(% % % 1.427(55) 0 4.187(39) 3.847(37)
Fe(% %0) —1.427(55) 0 —4.187(39) 3.847(37)
NaCoSO,F®
Atom Mg my, me Mo (1LB)
Co(000) 0 1.270(47) 3.860(40) 4.063(45)
CO(OO%) 0 1.270(47) —3.860(40) 4.063(45)
Co(% % % 0 —1.270(47) 3.860(40) 4.063(45)
CO(% %0) 0 —1.270(47) —3.860(40) 4.063(45)

*Rumag = 9.09%, propagation vector k = (1,0,0), magnetic mode
(G+,0,G)).
meag = 8.10%, propagation vector k = (1,0,0), magnetic mode
0,¢Cy,G>).

While the magnetic structures of both compounds are
similar with respect to the main spin sequence along the ¢
axis, the absolute orientation of the moments presents some
interesting differences. The main component of the magnetic
moment in both phases is along ¢, but the secondary component
orients along the a axis in NaFeSO4F and along the b axis in

NaCoSO,F

NaFeSO,F
(@ ° ° o
@ ..'_fb

o4 ©

FIG. 5. (Color online) Illustration of the proposed magnetic
structures of (a),(c) NaFeSO4F and (b),(d) NaCoSO,F. Magnetic
moments on the Fe?* or Co?* ions are indicated with arrows. The
color code is the same as in Fig. 2. The moments along the length
of the chains are aligned antiparallel, and the chains are also coupled
antiparallel, giving a G-type antiferromagnetic structure.
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NaCoSO4F. One can see from Fig. 5 that while the pure G
mode results in a collinear magnetic structure in the case of the
Fe-based phase, the mixed mode (0,C,,G;) in the Co-based
phase results in a noncollinear structure with magnetic moment
tilted in alternative sequence along ¢ toward one side or the
other of the b axis. Moreover, the moments in the Co-based
phase are oriented such as they point toward apexes of the
octahedra where the F atoms sit such that they are parallel to
the quasifourfold pseudosymmetry axis of rotation. In contrast,
the moments in NaFeSO4F are oriented almost perpendicular
to the (a, b) plane. Such an orientation is a reflection of the
strong magnetocrystalline anisotropy of the Co** ion, which
results from the relatively strong spin-orbit coupling, which is
a common feature in Co-based phases and has been observed
in several other cobalt-containing compounds.®>* It should
also be noted that we have previously encountered a similar
anisotropic orientation of the magnetic moments in the tavorite
phase of LiFeSO4F'? of the fluorosulfate family where the
spins on the orbitally degenerate Fe’* ions align along the
local pseudosymmetry axis.

Inspection of the neutron-diffraction patterns as a function
of temperature shows that no additional magnetic reflections
develop below the onset of long-range order. An analysis
of the relative strengths and signs of the different exchange
interactions in the structures required to produce the observed
magnetic structure has been done. It should be noted that this
analysis neglects the magnetocrystalline anisotropy, which
plays a role in NaFeSO4F and NaCoSO4F. We follow here
using a procedure similar to that applied to other polyanionic
iron compounds.?8-30-37:38

(a) NaFeSO4F

FIG. 6. (Color online) Illustration of the superexchange and
supersuperexchange pathways considered in (a) NaFeSO4F and
(b) NaCoSO,F. Fluorine atoms are blue, oxygen atoms are orange,
and sulfur atoms are grey. J; is the exchange pathway between
neighboring metal atoms within the chains mediated via an F atom
(superexchange) or via SO, tetrahedron (supersuperexchange). J,
connects metal atoms in adjacent chains through a supersuperex-
change pathway, which is doubly degenerate with two distinct SO,
tetrahedra linking neighbors. (c) Illustration of the topology of
the exchange pathways considered here. Orientation of moments
corresponds here to the cobalt analog. Note that from this topology it
is clear that there is no geometrical frustration present.
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TABLE V. List of exchange paths and their geometrical charac-
teristics for NaFeSO4F and NaCoSO,4F. S denotes a superexchange
interaction, while SS indicates a supersuperexchange pathway.

NaFeSO4F
Ji J

Direct Fe-Fe 3.598 A 5.491 A
distance (intrachain) (interchain)
Path type S (via F) SS SS SS
Fe-0O (A) 1.947 2.188 2.188 2.202
0-0 (A) - 2.418 2.402 2.402
O-Fe (A) 1.947 2.188 2.202 2.188
Fe-0-0 (°) - 97.9 118.7 152.5
0O-O-Fe (°) - 97.9 152.5 118.7
Torsion angle (°) 134.9 —534 13.8 —13.8

NaCoSOF

J] Jz

Direct Co—Co 3.578 A 5.459 A
distance (intrachain) (interchain)
Path type S (via F) SS SS SS
Co-0 (A) 1.938 2.141 2.141 2.150
0-0 (A) - 2473 2.447 2.447
0-Co (A) 1.938 2.141 2.150 2.141
Co-0-0 (°) - 97.4 118.4 152.6
0-0—Co (°) - 97.4 152.6 118.4
Torsion angle (°) 134.7 —-53.4 15.4 —154

The first ordered state is obtained by a calculation as
a function of k (on the surface or at the interior of the
Brillouin zone) and the exchange integrals. This state is given
by the eigenvector corresponding to the highest eigenvalue
(giving the highest transition temperature, Ay.x = 3kpT) of
the Fourier transform of the exchange integral matrix:

Eij() =Y Jij(Rye R, )
!

where i and j refer to the magnetic atoms in a primitive cell and
Jij(Ry) is the isotropic exchange interaction between the spins
of atoms i and j in unit cells separated by the lattice vector R;.
Our convention is that negative J;; means antiparallel coupling
(pair interaction energy: E;; = —J;; S;S;). Examination of the
exchange pathway in both compounds shows that the principal
magnetic exchange interaction between nearest-neighbor ions,
denoted as J; in Figs. 6(a)-6(c), occurs either through a
superexchange path M-F-M linkage along the length of
the chain or else through M-O-O-M supersuperexchange
pathways along the edge of the SO, tetrahedra. In contrast,
the next-nearest-neighbor interactions are entirely mediated
by supersuperexchange interactions along the edge of the SO4
tetrahedra, which are doubly degenerate and are labeled as
J, in Figs. 6(a)-6(c). A third supersuperexchange interaction
also exists between metal ions in the adjacent chains; however,
since this pathway only involves a single SO4 group, it is
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reasonable to consider this interaction will be negligible when
compared with the strength of J; and J,. Table V lists the
geometric characteristics of the two exchange paths J; and
J>. The bond distances and angles are similar for both title
compounds, except the longer bonds for the Fe-based phase,
in agreement with the larger ionic radius.

The phase diagram is easily obtained using the programs
SIMBO and ENERMAG® or by hand determining the eigenvalues
and eigenvectors of the matrix:

2Jycosmw(k, + ky)

J](l +827Tikz)
§k,Ji,h) = <J1(1 + o2k > '

2Jycos (ks — ky)
3)

The phase diagram is very simple (except for singular points
with no order, null J; or J,, or isolated points): when J, is
positive, the propagation vector is k = (0,0,0), and if J, is
negative, k = (1,0,0). In our case the observed propagation
vector is k = (1,0,0), so J, must be negative. The sign of J
determines the coupling mode between the atoms 1: (0,0,0)
and 2: (0,0,%) (relative sign of the eigenvectors). If J; is
positive, the mode is (4,+), which corresponds to the C mode
if the four atoms of the conventional cell are considered in
the case of k = (1,0,0) and to an F mode for k = (0,0,0).
If J; is negative, the mode is (4,—), which corresponds to
the G mode in the case of k = (1,0,0) and to an A mode for
k = (0,0,0). The observed magnetic structures easily lead to
negative values of J; and J; for both compounds.

VII. CONCLUSIONS

We have presented a detailed report on the temperature-
dependent magnetic susceptibility for two recently reported
fluorosulfate phases, NaFeSO4F and NaCoSO4F. We have
furthermore used low-temperature powder neutron diffraction
to propose models for the magnetic structure of both phases
and analyzed the structure in terms of the local anisotropy of
the constituent ions. It is our hope that this information on
the magnetic structure will encourage computational efforts
to more carefully examine the effect of the structure on the
accuracy of DFT calculations.
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