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ABSTRACT: Triphylite-NaFePO, is a cathode material for Na'-ion
batteries, whereas its alternative polymorph maricite-NaFePO, is not.
These two different polymorphs exhibit widely different magnetic
structures; the ordered magnetic structure of triphylite-NaFePO, below
~50 K is described by the propagation vector q; = (0, 0, 0) with collinear
spins, and that of maricite-NaFePO, below ~13 K is described by g, = (1/2,
0, 1/2) with noncollinear spins. We probed the causes for these differences
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by calculating the spin exchange interactions of the two polymorphs and

determining the preferred orientations of their high-spin Fe?* (d S = 2) ions on the basis of density functional calculations. Our
study shows that maricite-NaFePO, is not spin-frustrated, which is also the case for triphylite-NaFePO,, that the ordered
magnetic structure of triphylite-NaFePO, is determined mainly by spin exchange, whereas that of maricite-NaFePO, is
determined by both spin exchange and magnetic anisotropy, and that the preferred spin orientations in the two polymorphs can
be explained by perturbation theory using spin—orbit coupling as the perturbation.

1. INTRODUCTION

NaFePO, is important as a cathode material for Na*-ion
batteries and has two distinct polymorphs, triphylite-NaFePO,
and maricite-NaFePO, (hereafter referred to as t-NaFePO, and
m-NaFePO,, respectively, for simplicity).'~> Both polymorphs
are made up of distorted FeOg octahedra containing high-spin
Fe** (d% S = 2) and distorted PO, tetrahedra. In t-NaFePO,,
the FeOg octahedra are corner-shared to form two-dimensional
(2D) layers parallel to the bc-plane (Figure 1a), and these 2D
layers are linked by PO, tetrahedra such that one-dimensional
(ID) channels are present through which Na* cations can
diffuse (Figure 1b). t-NaFePO, can deliver a reversible
discharge exceeding 120 mAh/g with Fe®"/Fe®" redox activity
around 3 V.** In contrast, m-NaFePO, has edge-sharing FeOj
octahedra to form chains along the b-axis (Figure 2a), and these
chains are linked by PO, tetrahedra to form a three-
dimensional (3D) crystal structure with no Na*-ion diffusion
channel. Thus, Na" ions are electrochemically inactive in m-
NaFePO,,° which is thermodynamically more stable than t-
NaFePO,.!

The magnetic properties of t- and m-NaFePO, probed by
magnetic susceptibility (y), neutron powder diffraction (NPD)
and specific heat measurements” present seemingly puzzling
teatures. The Curie—Weiss temperatures 6 of t- and m-
NaFePO, are similar (—84 and —83 K, respectively) and
indicate the presence of dominant antiferromagnetic (AFM)
interactions in both polymorphs. Specific heat measurements
reveal that a long-range AFM ordering takes place at Ty ~ 50
and 13 K for t- and m-NaFePOQ,, respectively.’ In general, a
magnetic system is regarded as spin-frustrated 7 when its
frustration index f = 10l/Ty is equal to 6 or greater. In such a
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Figure 1. Crystal structure and spin exchange paths of t-NaFePO,. (a)
A projection view of an isolated FePO, layer (green circle = Fe, purple
circle = P, yellow circle = O) with PO, units attached above and
below. (b) A perspective view of the crystal structure (blue circle =
Na). (c) Spin exchange paths of t-NaFePO, defined using only the Fe
atoms, where the numbers 1—6 represent the spin exchange paths J,—
Jo respectively. (d) An isolated FeO4 unit with the Cartesian
coordinate system employed to describe its d-states. The length of
the Fe—O along the z-axis is 2.054 A.
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Figure 2. Crystal structure, spin exchange paths, and magnetic
structure of m-NaFePO,. (a) A perspective view of the crystal
structure (green circle = Fe, purple circle = P, yellow circle = O, blue
circle = Na). (b) Spin exchange paths of m-NaFePO, defined using
only the Fe atoms, where the numbers 1—6 represent the spin
exchange paths J,—J, respectively. (c) An isolated FeOy unit with the
Cartesian coordinate system employed to describe its d-states, where
the short Fe—O,, the medium Fe—O,, and the long Fe—O; bonds are
indicated by blue, yellow, and red O atoms, respectively. (d) An
arrangement of orthogonal spins leading to doubling of the g-axis
length, and (e) leading to no a-axis doubling. The rectangles in (d)
and (e) represent the magnetic unit cell.

magnetic system, attainment of a 3D AFM order is expected to
be difficult and may involve a complex magnetic structure.”
Thus, it is surprising that m-NaFePO, undergoes a 3D AFM
ordering at 13 K despite its frustration index being greater than
6 (~6.3). Nevertheless, unlike the case of t-NaFePQ,, for which
f= 1.7, the 1/y vs T plot for m-NaFePO, is quite nonlinear
above Ty such that its Curie—Weiss temperature (—83 K),
estimated using the linear portion of the plot, may not be
accurate because the linear region is very narrow (namely,
240—300 K). The latter can be tested by estimating the Curie—
Weiss temperatures of t- and m-NaFePO, on the basis of mean-
field theory® once their spin exchange parameters are known.
Another puzzling feature of the two polymorphs is the sharp
difference between their ordered magnetic structures. The NPD
measurements show that the ordered magnetic structure of t-
NaFePO, is described by the propagation vector q; = (0, 0, 0)
with collinear spins (parallel to the b-direction), but that of m-
NaFePO, is q, = (1/2, 0, 1/2) with noncollinear spins. In the
latter, spins parallel approximately to the (a+c)-direction form
chains along the c-direction, as do spins approximately parallel
to the (—a+c)-direction, and these chains alternate along the a-
direction.” In general, a magnetic system adopts a noncollinear
spin order when its spin exchanges experience spin frustration
(not as strong as in a system with f > 6). One may wonder how
m-NaFePO, reduces its spin frustration (if there is any) by
adopting the particular (1/2, 0, 1/2) magnetic structure. The
preferred orientations of spins are a consequence of spin—orbit
coupling (SOC), which are primarily local interactions.
Recently, it was found that the preferred spin orientations of
transition-metal magnetic ions can be accounted for in terms of
perturbation theory with SOC as the perturbation and crystal-
field split d-states as the unperturbed state.” ' It is interesting
to see how the observed orientations of the Fe?* spins in t- and
m-NaFePO, are related to the d-states of their FeO4 octahedra.

4967

To address these issues, we first evaluated the spin exchange
interactions of t- and m-NaFePO, and then determined the
preferred orientations of their Fe** spins on the basis of density
functional theory (DFT) calculations. We show that m-
NaFePO, is not spin-frustrated just as in the case of t-
NaFePO,, that the ordered magnetic structure of t-NaFePO, is
largely determined by spin exchange, whereas that of m-
NaFePO, is determined by both spin exchange and magnetic
anisotropy, and that the preferred orientations of the high-spin
Fe®* (d° S = 2) ions in the two polymorphs can be explained
by perturbation theory using SOC as perturbation.

2. EXPERIMENTAL SECTION

We carried out spin-polarized DFT calculations for t- and m-NaFePO,
by employing the projector augmented wave method encoded in the
Vienna ab initio simulation package'*™"¢ with the %eneralized gradient
approximation of Perdew, Burke and Ernzerhof 7 for the exchange-
correlation corrections with a plane wave cutoff energy of 480 eV and
threshold of self-consistent-field energy convergence of 107° eV. The
irreducible Brillouin zone was sampled with 32 k points. To properly
describe the electron correlation associated with the Fe 3d states, the
DFT plus on-site repulsion U (DFT+U) '® method was applied with
effective Uy =U —J =4 and S eV for t-NaFePO, and Uz=U — J = 4,
S, and 6 eV for m-NaFePO, on the Fe atom. The preferred spin
orientations of t- and m-NaFePO, were determined by performing
DFT+U calculations including SOC (DFT+U+SOC). To simplify our
DFT+U+SOC calculations, we replaced all of the Fe** ions, except for
the one selected, of a unit cell with nonmagnetic Zn*" ions and then
performed DFT+U+SOC calculations for the Fe** spin of the selected
FeOg octahedron as a function of the spin orientation.

3. RESULTS AND DISCUSSION

A. Energy-Mapping Analysis of Spin Exchanges. We
considered six spin exchange paths for t-NaFePO, (Figure 1c)
and for m-NaFePO, (Figure 2b). For both t- and m-NaFePO,,
the spin exchange J; is an Fe—O—Fe exchange, whereas J,—J
are Fe—O---O—Fe exchanges. The Fe:--Fe and O--O distances
associated with the spin exchange paths J;—J4 are summarized
in Table 1. To evaluate these spin exchanges, we employed the
seven ordered spin states shown in Figures S1 and S2 in the
Supporting Information for t- and m-NaFePO,, respectively.
The relative energies of these ordered spin states obtained from

Table 1. Geometrical Parameters Associated with the Spin
Exchange Paths in t-NaFePO, and m-NaFePO,

t-NaFePO,
Fe--Fe (A) 0--0 (A)
Fe—O—Fe T\ 4.037°
Fe—0O-+-O—Fe I 6.198 2.386
I, 5.817 2,484
Js 5.692 2,549
Js 4936 2.585
Js 5.398 2484
m-NaFePO,
Fe---Fe (A) 00 (4)
Fe—O—Fe i 3421°
Fe—O--:O—Fe I 5.139 2.503
Iy 5.028 2,503
Ja 6.082 2.520
Js 6.173 2.504
Js 6.173 2.573

9/ Fe—O—Fe = 130.8°. ¥~ Fe—O—Fe = 93.6°, 101.8°.
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DFT+U calculations are summarized in Table SI in the
Supporting Information. To extract the values of J;—J¢ from
these electronic structure calculations, we expressed the total
spin exchange interaction energies of the ordered spin states in
terms of the Heisenberg spin Hamiltonian

A=-) 3,55

i<j (1)
where J;; = J;—J¢ is the spin exchange parameters for the spin
exchange interactions between the spin sites i and j, and S; and
S; are the spin operators at the spin sites i and j, respectively.
Then, for each of the spin ordered states of t- and m-NaFePO,,
the total spin exchange energy per chemical unit cell (ie., per
16 formula units (FUs)), can be written as

E= (nl.]1 + nZJZ + 1’13_]3 + n4J4 + nSJs + né]s)(N2/4)
)

by applying the energy expressions obtained for spin dimers
with N unpaired spins per spin site (in the present case, N = 4
for the high-spin Fe?* ions).'”*° The coefficients n,—n¢ for the
spin ordered states of t- and m-NaFePO, are summarized in
Table S2 in the Supporting Information. Then, by mapping the
relative energies of the spin ordered states onto the
corresponding energies expected from the total spin exchange
energies,”"*> we obtain the values of J;—J; summarized in Table
1.

In the mean-field theory,® the Curie—Weiss temperature € of
a magnetic system is related to its spin exchanges as

S(S+1)
0= ——= z].
3k, Z g (3)

where the summation runs over all nearest neighbors for a
given spin site, z; is the number of nearest neighbors connected
by the spin exchange parameter J;, and S is the spin quantum
number of each spin site (ie, S = 2 for high-spin Fe’).
According to the spin exchange paths given in Figures 1c and
2b, the Curie—Weiss temperatures of t- and m-NaFePO, are
related to their spin exchanges as @ & 4(2], + J, + J3 + J, + Js +
Jo)/kg for t-NaFePO, and 0 = 4(J; + 2], + J5 + 2] + 2]5 + 2J4)/
kg for m-NaFePO,. The calculated @ values are summarized in
Table 1.

B. Spin Exchange and Magnetic Structure. The three
strongest spin exchanges of t-NaFePO, are J;, J5 and Jj, all of
which are AFM (Table 1a) with relative strengths of J¢/J; ~ 1/
2 and J;/J; = 1/3. The J; exchange paths form 2D AFM layers
parallel to the bc-plane. When these 2D AFM layers are
antiferromagnetically coupled by J4 to form a 3D AFM lattice,
(JuJeJs) and (Jy, Je J4) exchange triangles occur. Because Jj, Jg,
and J; are all AFM, each (J}, Js J;) triangle can lead to some
spin frustration. However, J; may not add much spin frustration
to the 3D AFM lattice because it is weaker than J; and Jg.
Furthermore, the J, exchange is FM and thus strengthens the
3D AFM lattice made up of J; and J, through the (J;, Jo J4)
exchange triangles. The remaining spin exchanges, J, and J;, are
weak. Therefore, t-NaFePO, should have a 3D AFM lattice
determined by J; and J;, the unit cell of which is identical to
that of the chemical unit cell. This explains the observed
magnetic structure q, = (0, 0, 0).> The Curie—Weiss
temperature calculated for t-NaFePO, using the spin exchange
parameters is comparable in magnitude to the experimental

value (Table 1a).
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In general, m-NaFePO, has no strong spin exchange, and its
strong AFM exchanges are weak compared to those of t-
NaFePO,. The Curie—Weiss temperature € of m-NaFePO,,
estimated from the mean-field theory, is smaller than that of t-
NaFePO, by a factor of ~3.5. This suggests that the
experimental € derived for m-NaFePO, from the linear portion
of the 1/y vs T plot is overestimated in magnitude by a similar
factor. Because the Ty of m-NaFePO, is ~4 times smaller than
that of t-NaFePO,, the frustration indices f of t- and m-
NaFePO, should be similar.

The Fe—O—Fe exchange J, is AFM in t-NaFePO, but is FM
in m-NaFePO,. This difference is related to the fact that the
£Fe—O—Fe angle is considerably larger for t-NaFePO,
(130.8°) than for m-NaFePO, (93.6° and 101.8°).* In m-
NaFePO, the exchange J; forms FM chains parallel to the b-
direction (Figure 2b). The magnetic superstructure g, = (1/2,
0,1/2) 3 of m-NaFePO, means that, in the magnetic structure,
the a- and c-axes lengths are doubled with respect to the
chemical unit cell, whereas the b-axis length remains the same.
Let us first consider the possible spin arrangement along the b-
and c-directions. In the bc-plane, the FM chains consisting of J;
interact through J; and J,. The AFM ]J, is considerably stronger
than the FM J; such that, in terms of J, J;, and J, alone, the FM
chains defined by J, are antiferromagnetically coupled along the
c-direction. This explains the doubling of the c-axis length
without changing the b-axis length. The antiferromagnetically
coupled FM chains in the layers paralle]l to the bc-planes
(hereafter ||bc-layers) interact along the a-direction by the
“interlayer” exchanges Js, J,, and Js. The exchange J5 is AFM, is
the strongest among J,—Js, and leads to spin frustration in the
(s Ju» Jo Js) spin quadrangles. Because J; is the weakest spin
exchange among J;, J,, and Js, the spin arrangement of each || bc-
layer derived solely from J;, J;, and J, cannot remain valid once
the interlayer spin exchanges Js, J,, and Js are taken into
consideration. For the interlayer spin exchanges to exert no
effect, the spins of one ||bc-layer should be nearly perpendicular
to those of its adjacent ||bc-layers, which is precisely what has
been observed experimentally.

This consideration for m-NaFePO, raises a couple of
questions. First, it is unclear why the Fe®" ions should adopt
such spin orientations. Because the FeOg octahedra of m-
NaFePO, have three different sets of Fe—O bonds in the trans
arrangement (Figure 2c), one might speculate that the
magnetic anisotropy of each Fe’* ion (namely, the reference
of one spin direction over the other directions at each spin site)
is responsible for these spin orientations. Second, if this is true,
the magnetic anisotropy must be considerably strong to
overcome the effect of the strongest “interlayer” spin exchange
Js (Table 2). We next address these and other related issues.

C. Preferred Spin Orientation and Magnetic Super-
structure. As described in section 2, we carried out DFT+U
+SOC calculations for selected FeOg octahedra of t- and m-
NaFePO,. As depicted in Figure 1d, the FeOg octahedra of t-
NaFePO, are severely distorted. With the Cartesian coordinates
chosen for a selected FeOg4 octahedron of t-NaFePO, as in
Figure 1d, our DFT+U+SOC calculations showed that the
preferred orientation of the Fe?* spin is the y-axis direction
(Table 3), which is parallel to the b-direction of t-NaFePO,.
This result is in agreement with the observed spin orientation.
Note that the magnetic anisotropy of the Fe" ion favoring the
local y-axis spin orientation is slightly stronger than the
strongest AFM exchange between the Fe®" ions (7.3—8.8 vs
5.3—6.9 kzK). The FeOg octahedra of m-NaFePO, are also
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Table 2. Spin Exchange Parameters J;/kg (i = 1—6) (in K)
and the Mean-Field-Theory Curie—Weiss Temperature (in
K) Obtained From DFT+U Calculations for t-NaFePO, and
m-NaFePO,

t-NaFePO,
Uyg=4eV Ug=SeV
Ti/ks —6.94 -5.31
Jo/ks —0.65 —-0.37
Ja/kg —2.16 —1.66
Julks +1.84 +1.38
Js/ks —0.51 —0.38
Jo/ks -3.35 —-2.56
0 ~74.9 -56.8
m-NaFePO,
Uy = 4 eV Ug=5eV U, = 6 eV
Ji/ksy +1.01 +0.63 +0.40
Jo/ks —-0.22 —0.16 —0.12
Js/kg +0.18 +0.13 +0.10
Ji/ky -131 —-0.96 —0.69
Js/ks -1.66 -122 —0.87
Jo/ks —-0.12 —0.09 —0.07
[ -21.8 —-16.4 -12.0

Table 3. Relative Energies AE (in kzK/Fe) of various spin
orientations of the FeO4 octahedra in t-NaFePO, and m-

NaFePO, Obtained From DFT+U+SOC (with U4 = 4eV)
Calculations”
x y %
t-NaFePO, 8.81 0.00 7.31
m-NaFePO, 0.00 8.70 7.54

“For the definition of the coordinate axes, see Figure 1d and 2c for for
t-NaFePO, and m-NaFePO,, respectively.

distorted as depicted in Figure 2¢c, where each FeOg octahedron
has three sets of Fe-O bonds (i.e., Fe—O, = 1.992 A, Fe—0,, =
2.189 A, and Fe—O, = 2347 A) in the trans arrangement.
According to our DFT+U+SOC calculations, the preferred
orientation of the Fe" spin is along the x-axis direction (Table
3), namely, along the short Fe—O, bond. This finding is in
agreement with experimental data. Thus, the reason why the
spins of one [|bc-layer are nearly orthogonal to those of its
adjacent [|be-layers lies in the fact that the Fe—O, bonds in the
FeOg octahedra of one ||bc-layer are approximately oriented
along the (a+c)-direction, wheras those in the FeOy4 octahedra
of its adjacent ||bc-layers are approximately oriented along the
(—a+c)-direction. The preferred direction of the Fe?* ion is
more stable than its perpendicular direction by 7.5—8.7 kK per
Fe (Table 3), and the strongest interlayer spin exchange [J| is
on the order of 0.9—1.7 kzK (Table 2b). Therefore, in m-
NaFePO,, the spin order in the ||bc-layers set by the exchanges
Ju J» and J, and by the magnetic anisotropy cannot be
destroyed by interlayer spin exchanges.

We now examine the preferred spin orientations of t-
NaFePO, and m-NaFePO, from the viewpoint of their crystal-
field split d-states. Using the coordinate system (x, y, z) for
orbital, and (¥, y', 2') for spin, the SOC Hamiltonian Hyo = 48

- L can be written as®>**?

~ N PN N 1~ _; 1~
Hyo = Hgozﬂsz/(Lz cos 0 + EL+e % sin @ + EL_e"” sin 0)

(4a)
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A, ~ ﬁgozlgz/(ﬁz cos @ + L, sin @ cos g + I:y sin 0 sin @)
(4b)

where the terms allowing interactions between up-spin and
down-spin states (namely, the terms involving S, and S_) are
neglected. If an occupied down-spin d-state .| with energy
€occ interacts with an unoccupied down-spin d-state 0.l with
energy €y, via the matrix element (. | A% | Yonow), the
associated energy lowering AEgqc is given by

A0 2
<l//0CC|HSO|l//un0€C>
AEyo ="

|eOCC - eunoccl

©)

where the matrix element (.. | HY, | l//umcc> depends on the
spin orientation (i.., the orientation of the z'-axis with respect
to the (x, y, z) coordlnate system. If the (Woeo | Ao | Wonoeo)
elements are comparable in magnitude, the most important
interaction would be that between the highest occupied (HO)
and the lowest unoccupied (LU) states.” '* Eq. S is also valid
for the interactions of occupied up-spin d-states with
unoccupied up-spin states. By convention, however, for
magnetic ions with more than a half-filled d-shell, the HO
and LU d-states typically occur within the down-spin (e,
minority-spin) states. Eq. 4b reveals that the preferred spin
orientation along the [|z-direction (0 = 0°, easy-axis anisotropy)
requires a nonzero (W, | L, | Wunocc)) that along the |[|x-
direction (€ = 90° ¢ = 0°, easy-plane anisotropy) requires a
nonzero (W, | L, | Woc), and that along the [|y-direction (6 =
90° ¢ = 90°, easy-plane anisotropy) requires a nonzero (.. |

I Wunocc)

The split d-states for a distorted FeO4 octahedron of t-
NaFePO, are shown in Figure 3a in terms of the projected

o
o

g - —— E - 7
> z S z 1
@ 2 2
: o g o |
£ a £ =l
3 by 5 o
0 173
2 8
g 4T 2 4 g 2 ) 6
Energy (eV) Energy (eV)
(a) (b)

Figure 3. PDOS plots of the down-spin Fe d-states calculated for a
selected FeOg4 octahedron from DFT+U calculations (with U = 4
eV) of (a) t-NaFePO, (coordinates defined in Figure 1d) and (b) m-
NaFePO, (coordinates defined in Figure 2c). The values of the PDOS
are given in negative numbers to indicate that they are for the down-
spin states.

density of states (PDOS) plots, and those for a distorted FeOg
octahedron of m-NaFePO, are shown in Figure 3b. Here, the
d-states are characterized by employing the local Cartesian
coordinates presented in Figure 1d for t-NaFePO, and in
Figure 2¢ for m-NaFePO,. The HO and LU states of an FeOyq
octahedron in t-NaFePO, are described by xz| and x —yzl,
respectively (Flgure 3a). For these two states, (xz | L.l x -y
=0, (xz L, |« — 9y = —i,and (xz | L, | &% — y*) = 0.>° This
predicts that the preferred spin orientation is the y-axis, namely,
the b-direction as observed for t-NaFePO,.*

The PDOS plots of m-NaFePO, in Figure 3b show that the
HO d-state is given by yz|] and the LU d-state by both xy| and
xz|. The observed spin orientation of each FeOy4 octahedron in
m-NaFePO, is the local «- dlrectlon, namely, along the short
Fe—O, bonds. However, (yz | L, | xy) = 0 and (yz | L | xz) = 0,
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whereas (yz | ﬁy | xy) = —i and (yz | L, | xz) = i.>® Thus, the
HO-LU interactions predict that the preferred spin orientation
is either the y- or z-axis direction, which disagrees with the
experimental data.’> However, we note that yz| interacts w1th
both 2% and x2 52} with (yz | L, 1 2%) = \/3 and (yz | L, 1o
— y*) = —i.®® Note that the matrix element (yz | L, | zz) is
stronger than all of the other nonzero matrix elements
involving yz|. As a result, the x-direction (i.e, Fe—O; bond
direction) becomes the preferred orientation.

Finally, we comment on a probable cause for the doubling of
the g-axis length in the magnetic structure of m-NaFePO,. As
depicted in Figure 2d and e, the orthogonal spin arrangement
between adjacent ||bc-layers can be achieved regardless of
whether the a-axis length is doubled (Figure 2d) or not (Figure
2e). We examine the energy difference between the two spin
arrangements in terms of MDD interactions. 112627 Given that
two spins located at sites i and j are described by the distance r;;
with the unit vector ¢; ; along the distance, the MDD interaction

is described by'"***

gy | a ’ = 2 2
( 3B ){_OJ [_3(81"_:‘,‘)( ;'_;;) + (Si‘
ag y

where a, is the Bohr radius (0.529177 A), and (gu3)* /(ao)
0.725 meV. We used the Ewald summation method*®

sum the MDD interactions between various pairs of spin 51tes.
Our MDD calculations show that the two ordered spin
arrangements presented in Figure 2d and e are practically the
same. Statistically, then, one-half of a given sample of m-
NaFePO, would have the spin arrangement of Figure 2d and
the remaining half would have the spin arrangement of Figure
2e. In NPD of m-NaFePO,, the spin arrangement of Figure 2d
should show a magnetic peak at midpoints between the Bragg
peaks associated with the repeat distance 4, but that of Figure
2e does not. The combined result of the two would be the
presence of the magnetic peak, indicating the occurrence of a-

axis length doubling.

(6)

4. CONCLUSION

In summary, the 3D AFM structure q; = (0, 0, 0) of t-NaFePO,
is determined mainly by the spin exchanges J; and Js The
exchange J, forms 2D AFM sheets parallel to the bc-plane,
which are antiferromagnetically coupled along the a-direction
by Js. Other spin exchanges do not add much spin frustration to
this 3D AFM lattice; thus, the frustration index is small (f ~
1.7). The Curie—Weiss temperature 6 of m-NaFePO,,
estimated from the mean-field theory, is smaller than that of
t-NaFePO, by a factor of ~3.5, indicating that the experimental
0 derived for m-NaFePO, from the linear portion of the 1/y vs
T plot is overestimated in magnitude by a similar factor. In
describing the 3D AFM structure q, = (1/2, 0, 1/2) of m-
NaFePO,, the spin exchanges in the |[bc-layer need to be
considered, which lead to the FM chains of ], that are
antiferromagnetically coupled by ], along the c-direction, as well
as the magnetic anisotropy of each Fe** ion, which orients the
Fe’* spin along the short Fe—O, bonds. The interlayer
exchanges exert no effect on the magnetic structure of each
||bc-layer because the magnetic anisotropy of the Fe** ion is
stronger than the strongest interlayer exchange. The doubling
of the g-axis length suggested by the magnetic superstructure q,
is caused most likely by the fact that the two ordered spin
arrangements, presented in Figure 2d and e, are equally
probable. It is satisfying to observe that the preferred
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orientations of the high-spin Fe** (d°, S = 2) ions in the two
polymorphs can be understood by perturbation theory using
spin—orbit coupling as perturbation.
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