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Structural relationships among LiNaMg[PO,4]F and Na,M[PO,]F (M =
Mn-Ni, and Mg), and the magnetic structure of LiNaNi[PO,]F

Hamdi Ben Yahia®*, Masahiro Shikano**, Hironori Kobayashi?, Maxim Avdeev®, Samuel Liu®, Chris D.

Ling®
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The new compound LiNaMg[PO,JF has been synthesized by wet chemical reaction route. Its crystal
structure was determined from single-crystal X-ray diffraction data. LiNaMg[PO4]F crystallizes with the
monoclinic pseudomerohedrally twinned LiNaNi[PO4]F structure, space group P2,/c, a = 6.772(4), b =
11.154(6), ¢ = 5.021(3) A, f=90.00(1) ° and Z = 4. The structure contains [MgO;F], chains made up of
zigzag edge-sharing MgO,4F, octahedra. These chains are interlinked by PO, tetrahedra forming 2D-
Mg[PO,]F layers. The alkali metal atoms are well ordered in between these layers over two atomic
positions. The use of group-subgroup transformation schemes in the Bérnighausen formalism enabled us
to determine precise phase transition mechanisms from LiNaNi[PO4]F- to Na,M[PO,]F-type structures
(M = Mn-Ni, and Mg) (see video clipl and 2). The crystal and magnetic structure and properties of the
parent LiNaNi[PO,]F phase were also studied by magnetometry and neutron powder diffraction. Despite
rather long interlayer distance, diin(Ni'2-Ni'?)~6.8 A, the material develops long-range magnetic order
below 5 K. The magnetic structure can be viewed as antiferromagnetically coupled ferromagnetic layers

with moments parallel to the b-axis.

1. Introduction

There have been a number of studies on compounds of the
formula AMPQO,, where A is an alkali atom and M is a transition
metal.!®d ot therein The crystal structures of AMPO, depend
strongly on the size of the monovalent A" cation. With 4 = Li, the
AMPO,4 compounds adopt the olivine-type structure. Since the
study of its electrochemical properties by Goodenough et al.,>
LiFePO, has been extensively studied among the olivine series
LiMPO,. Several studies have shown that LiFePO, is a promising
high-potential cathode material for rechargeable Li-ion batteries.>
> With 4 = Na, the AMPO, (M = Mn-Co) compounds have the
maricite-type structure.’®

When the LiMPO, (M = Mg, Co, Ni) compounds are mixed
with LiF, the Li,MPO,F fluorophosphates are formed and they
crystallize with the 3D-Li,NiPO,F-type structure. '° The
Li,MPO4F (M = Mn, Fe) phases could not be synthesised using
conventional synthesis routes. However, these phases could be
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obtained by electrochemical ion exchange starting from the
Na;MnPO4F and by lithium intercalation into the tavorite
LiFePO,F.'"" When the NaMPO, (M = Mn-Ni and Mpg)
compounds are mixed with NaF, the Na,MPO,F fluorophosphates
are formed and they crystallize with three different layered
structures strongly related to each other, '2 1 ef- therein

Since, the crystal structures of the 4A,MPO,F compounds are
very sensitive to any volume change, related to the size of the
alkali metal or the transition metal atoms, our research group has
recently focused on the synthesis and the study of the physical
properties of new compositions. Indeed, we succeeded to
discover several phases (LiNaCo[PO4]F, Li, NaFe[PO,]F,
LiNaFe; Mn,[PO4]F, and Li,Mg[PO4]JF crystallizing with the
Li,Ni[PO4]F-type structure and LiNaMg[PO,4]F, LiNaNi[PO,]F,
and Nap)Ni[PO4JF crystallizing with two different layered
structures).u'16 Furthermore, we discovered LigMgs[PO4]4F;
which crystallizes with a new structure type closely related to
Na,Mn[PO,]F and which exhibits a high ionic conductivity ¢ of
10™*S cm ™" at 300 °C."7

In this paper, we report the crystal structure study of the new
compound LiNaMg[PO,]F and discuss in details its structural
relationship to the NayM[PO4JF (M = Mn-Ni, and Mg)
compounds. We also characterized the parent LiNaNi[PO4]F
phase by powder neutron diffraction and magnetic susceptibility
measurements. This work is a complement to the previously
studied Li, Na,Ni[PO,]F system.

This journal is © The Royal Society of Chemistry [2011]

Dalton Trans., [2011], [vol], 00-00 | 1



w

>

@

2

S

w
S

Dalton Transactions

| | || LiNaNi[PO,|F-exp
| l | | iIF
L I i - | ' h
.E ST | RSN | [Nl I ROy | Gy P04 | Copeeiis || i | CPRREran 8 g P UL F SO I (RRRrOn . o) | SRV G | R SR TOMEEPRSpIy | Woor 00 j WP RRuowest
= | LiNaNi[PO,]F-theo
- | ‘ A
| |
- I [ |
£ 1
— LiNaMg[PO,]F-e
@ ] u iNaMg[PO,]F-exp
a4
_____f\ SEE WA P ‘_,,___.«_ _____.J-' 0, v | W, MO\ 4\- R kg Rl ,L...\_-m_a"«ws_«}'\q.tu_,m
y LiNaMg[PO,]F-theo
L]
15 35 45 55
20 ()

Fig. 1. Superposition of the theoretical and experimental powder XRD (Cu-Ka,,a, radiation) patterns of LiNaMg[PO4JF and

LiNaNi[PO4]F samples.

2. Experimental Section
2.1. Synthesis

A polycrystalline (powder) samples of LiNaMg[PO4]F and
LiNaNi[PO,]F were prepared by direct solid-state reaction from
stoichiometric mixture of NaF, LiMg[PO4] (LiMg[PO,] was
obtained by heating a 1:2:2 mixture of Li,CO; MgO, and
(NH4)H,PO, at 350 °C for 6 h and at 750 °C for 24 h) and
LiNi[PO,] (Fig. 1) (LiNi[PO4] was obtained by heating a 1:2:2
mixture of Li,COs, NiO, and (NH4)H,PO, at 350 °C for 6 h, at
700 °C for 10 h and at 850 °C for 18 h). The mixtures were wet-
ball milled in ethanol for 2 h in a planetary ball-mill. The mixed
slurries were dried, pelletized and fired at 580 °C for 48h.
LiNaMg[PO4]F was also prepared by a wet chemical route from a
stoichiometric mixture of LiF, NaNO,;, NH4H,PO,, and
Mg(NO;),-6H,0. The starting materials were dissolved in boiling
deionized water then left stirring for a few hours until the water
had evaporated. The obtained powder was then pelletized and
heated at 600 °C for 8 h in a platinum crucible under air. This
produced LiNaMg[PO,JF as a major phase alongside a tiny
amount of non-identified impurities. This mixture was placed in a
platinum tube and fired at 1000 °C, then slowly cooled to room
temperature at a rate of 15 °C/h. After washing the mixture with
distilled water, colorless single crystals of LiNaMg[PO,JF and
LiMg[PO,] were identified in the sample using a combination of
energy-dispersive X-ray (EDX) and single crystal X-ray
diffraction (XRD) analyses.

2.2. Electron microprobe analysis

Semiquantitative EDX analyses of different single crystals
including the ones investigated on the diffractometer were carried
out with a Genesis (EDAX) analyzer installed a JSM-500LV
(JEOL) scanning electron microscope (SEM). The experimentally
observed compositions of the carbon coated material were close
to the ideal LiNaMg[PO4]F (Fig. 2). The resolution of the
instrument was not sufficient to determine the lithium content.

[ Elem | Wi % [Ac% |
325 543
3 3641 4560
889 939
BT 1407 1228
B a4 138
3 2064 1338
ETH 10000 100.00

so Fig. 2. SEM image and EDX analysis of the LiNaMg[PO4JF
single crystal used for data collection.

2.3. X-Ray diffraction

To check the purity of the LiNaMg[PO4]F powder, routine
powder XRD measurements were performed. Data were collected
10s at room temperature over the 26 angle range 10 © < 26 < 80 ° with
a step size of 0.01 ° using a RINT2000-TTR (Rigaku)
diffractometer operating with CuKa,,a, radiation. Full pattern-
matching refinement performed with the Jana2006
program.'® The background was modelled using a Legendre
1o function, and the peak shape by a pseudo-Voigt function (Fig.
S1).1 The refined unit cell parameters were a = 6.8144(4), b =
11.1974(7), ¢ = 5.0155(3) A, B = 90.00(1) ° and ¥ = 382.70(6)
A%, in good agreement with the single crystal data presented in
Table S1.
os  Single crystals of LiNaMg[PO4]F suitable for XRD were
selected on the basis of the size and the sharpness of the
diffraction spots. Data collection was carried out on a SMART
APEX (Bruker) diffractometer using MoKa radiation. Data
processing and all refinements were performed with the Jana2006
100 program. A Gaussian-type absorption correction was applied and
the shape was determined with the video microscope. For data
collection details, see Table S1.

was

2.4. Magnetic susceptibility measurements

Magnetic susceptibility measurements of LiNaNi[PO4]F were
ss carried out using a Quantum Design Physical Properties
Measurement System (PPMS) with a vibrating sample
magnetometer (VSM) probe. The susceptibility was recorded in

This journal is © The Royal Society of Chemistry [2011]
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the zero field-cooled mode over the temperature range 2—300 K
under the field of 100 Oe.

2.5. Neutron powder diffraction

Neutron powder diffraction (NPD) data were collected on the
high-resolution diffractometer Echidna at the OPAL facility
(Lucas Heights, Australia) using neutrons of wavelength 2.4395
A. For the measurements, ~2 g of the powder sample was loaded
into a 6 mm diameter cylindrical vanadium can and data collected
between 3 and 6 K, i.e., above and below the magnetic transition,
using a closed-cycle refrigerator. Rietveld analysis of the data
was performed using the Fullprof Suite with the default neutron
scattering lengths and Ni** magnetic form-factor.

3. RESULTS AND DISCUSSION
3.1. Structure refinement

The cell parameters determined for LiNaMg[PO,4JF suggest
orthorhombic symmetry; however, the apparent systematic
absences were not consistent with any known orthorhombic space
group. Therefore, we first solved the structure in the triclinic
space group P1. Most of the atomic positions were located using
the sir2004 program.'’ After few refinement cycles followed by
difference-Fourier syntheses, the whole structure was determined
(18 atoms). Then, using the Platon suite of crystallographic
programs,”® we determined that a higher symmetry exists with a
monoclinic space group P2;/c. Starting from the triclinic
structural model and changing the space group from P1 to P2,/c
reduced the number of independent atomic positions by a factor
of two. Using isotropic atomic displacement parameters (ADP),
the residual factors converged to R(F) = 0.2617 and wR(F) =
0.532 for 37 refined parameters. With anisotropic ADPs, the
residual factors did not decrease, R(F) = 0.2473 and wR(F?) =
0.5116 for 82 refined parameters. The refinement of the alkali
metal occupancies did not show any significant deviation from
the expected values. At this stage of the refinement, all the atoms
were well-behaved, although the high values of the reliability
factors and the goodness-of-fit (s = 7.6) clearly hinted at a
symmetry problem, most likely twinning. Therefore, the Platon
suite program was used to test possible twinning of the structure.
The two-fold axis parallel to ¢ was identified as a possible
twinning element, and on this basis we introduced the twin matrix
(-100,0-10,00 1). By incorporating this twinning option, the
residuals immediately dropped drastically to the values listed in
Table S1. There are three other possible twin matrixes (a
consequence of the coset decomposition) which can be used and
which lead to the same refinement result; 2,005, 7100}, and ngoon).
Inspection of databases revealed a structural relationship to
LiNaNi[PO4JF."* The refined atomic positions and anisotropic
ADP are given in Tables 1 and S2,f respectively. Further details
on the structure refinements may be obtained from the
Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-
Leopoldshafen, by quoting the Registry No. CSD-426199.
Crystallographers and others will note that we used a
monoclinic space group P2;/c with the f = 90 ° which is
extremely rare and usually indicates higher symmetry. Therefore,
we have attempted to confirm the symmetry by closely
examining the structure. Indeed, in theoretical point of view, it is
possible to use the Pnma space group to solve the structure,

9.
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however in this case a Na/Mg statistical disorder is observed at
the 8d atomic position. Therefore, in order to obtain a perfectly
ordered structure it is necessary to decrease the symmetry from
Pnma to P2)/c. This induces the splitting of the 84 atomic
position into 2 x 4e (P2,/c) atomic positions, in which are located
the ordered Mg and Na atoms (For more details see section 3.4.
of ref. 12).

Table 1. Atom positions and isotopic ADPs (A% for

s LiNaMg[PO,]F.
Atom X y z Ueq (A9
Li 0.7408(5)  0.9196(3) 0.7635(7) 0.0068(12)
Na 0.51155(15) 0.83455(9)  0.2530(2) 0.0199(4)
Mg 0.01886(12) 0.17115(7)  0.76322(16)  0.0082(2)
P 0.754549)  0.08170(5)  0.27092(12)  0.00751(19)
o1 0.54292)  0.12366(16)  0.2405(3) 0.0143(5)
02 0.8905(3)  0.17177(16)  0.1317(4) 0.0143(5)
03 0.8051(3)  0.07394(15)  0.5700(4) 0.0126(5)
04 0.7828(3)  0.95910(14)  0.1428(3) 0.0119(5)
F 0.1990(2)  028708(13)  0.9647(3) 0.0137(4)

12

13

S

S

3.2. Crystal structure

LiNaMg[PO4]F was thereby found to be isostructural with
LiNaNi[PO,]F, which crystallizes with a layered structure.'? It is
a monoclinic pseudomerohedrally twinned structure consisting of
Mg[PO,]JF layers with lithium and sodium atoms well-ordered in
the interlayer space (Fig. 3a). Magnesium atoms are octahedrally
coordinated to four oxygen and two fluorine atoms. These
octahedra share edges (via 1F and 10) and form infinite chains
running along the ¢ axis. These chains are connected by PO,
tetrahedra to form Mg[PO,]F layers (Fig. 3b) between which lie
lithium and sodium atoms. The interatomic distances Na-X, Mg-
X, and P-O are listed in Table 2.

Fig. 3. Projection view of the structure of LiNaMg[PO,]F in the
(001) plane (a) and projection view of the Mg[PO4]F layer on the

95 (100) plane (b).

This journal is © The Royal Society of Chemistry [year]
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Table 2. Interatomic distances (in A) and bond valence sums
(BVS) for LiNaMg[PO4JF. Average distances are given in

brackets.

distance BV distance BV
Li-F 1.922(4) 0.219 Na-0O4 2.384(2) 0.208
Li-Ol 1.994(4) 0.240 Na-Ol 2.396(2) 0.201
Li-O4 1.977(4) 0.251 Na-F 2.4878(18)  0.112
Li-O3 2.034(4) 0.215 Na-03 2.550(2) 0.133
Li-F 2.722(4) 0.025 Na-O1 2.550(2) 0.133
Li-02 2.766(4) 0.030 Na-Ol  2.613(2) 0.112
<Li-X>  1.982[4] 0.925[4]° Na-F 2.6372(18)  0.075
Mg-F 1.9937(16)  0.390 <Na-X> 2.5168[7]  0.974[7]"
Mg-O4  2.0464(19)  0.385
Mg-02 2.047(2) 0.384 P-O1 1.5252(18) 1.282
Mg-F 2.0554(17)  0.330 P-04 1.5313(17) 1261
Mg-03 2.063(2) 0.368 P-02 1.5393(19) 1.234
Mg-02 2.076(2) 0.355 P-03 1.5438(19)  1.219
<Mg-X>  2.0469[6] 2212[6]°  <P-O>  1.5349[4]  4.996[4]"

o

@

S

* bond valence sum, BV = exp{(ro—r)/b} with the following parameters: b =
0.37, ry (Li'-0) = 1.466, r (Li'“F) = 1.36, ry (Na'-O) = 1.803, r, (Na'-F) =
1.677, ro Mg"-0) = 1.693, r, (Mg"—F) = 1.645 and r, (P'—0) = 1.617 A.*"%

In LiNaMg[PO,]F, the MgO,F, octahedra are regular in shape
with Mg-X distances ranging from 1.9937 to 2.076 A and an
average value of 2.0469 A. No significant difference in Mg
coordination is observed compared to Li,Mg[PO4]F and
Na,Mg[PO,]F, although the latter structures belong to a different
structure types.'”  The PO, tetrahedra are also quite regular,
with P-O distances ranging from 1.5252 to 1.5438 A with an
average value of 1.5349 A, only slightly lower than the value of
1.55 A estimated from the effective ionic radii of the four-
coordinated P°* and 0*.** The sodium atoms are coordinated to
five oxygen and two fluorine atoms (Fig. 4a). The Na-X distances
range from 2.384 and 2.6372 A with an average value of 2.5168
A. This sodium environment is similar to sodium polyhedra in
LiNaNi[PO,]F (Fig. 4b). The lithium atoms are four coordinated
to three oxygen and one fluorine atoms (Fig. 4a). The Li-X
distances range from 1.922 and 2.034 A with an average value of
1.982 A. The BVS of 0.925, 0.974, 2.212, and 4.996 are in very
good agreement with the expected value of +1, +1, +2, and +5 for
Li', Na", Mg®", and P>, respectively.

Fig. 4. Surrounding of the sodium and lithium atoms in

»s LiNaMg[PO,]F (a), and LiNaNi[PO,]F (b).
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3.3. Structural relationship of A,M[PO4]F (A = Li and Na; M
= Mn-Ni, and Mg) to other known oxides.

In the supplementary information section, we have demonstrated
that each Na,M[PO,]F unit cell is a supercell of an orthorhombic
subcell, similar to LiNaNi[PO4]F (Table $3).2* Consequently,
starting from an orthorhombic subcell (a,; ~ 6.75 A, b,; ~ 5 A,
and c,; ~ 11 A) and using the geometric relationships given in Fig.
5q, it is possible to build an orthorhombic supercell (a,, =~ 13.5
A, by, =b,;~5A, and c,, = c,;~ 11 A) (Fig. 50) or a monoclinic
supercell (a,, = ~ 13.5 A, b,= b,; ~ 5 A, and c,= ~ 12.9A) (Fig.
5p) which are very similar to the Na,M[PO,]F unit cells Fig. Sa-c.

A projection view of the fluorophosphates along the short axis
(~5 A) shows the layered character of the structures (Fig. 5a-e).
In all cases, the structures are built of M[PO,]F layers with the
interlayer spaces filled by the alkali metal atoms. The only
exception is the manganese phase, for which a mixture of
manganese and sodium atoms is observed in and between the
layers. A projection view perpendicular to the layers provide
more structural details (Fig. 5f-j). LiNaM[PO4JF (M = Ni and
Mg) contains infinite chains of edge-sharing octahedra (Fig. 5j),
whereas Na,M[PO4]F (M = Mn-Ni, and Mg) contain infinite
chains of dimer units (face-sharing octahedra) sharing corners
(Fig. 5f-i). Depending on the size of the transition metal, the
dimer units point to different directions (Fig. 5k-n). In
Na,M[PO,]F(M = Fe, Co, and Mg) all the dimer units point to the
same direction (Fig. 5k), whereas in Na,M[PO,]F(M = Ni and
Mn), we observe an alternation of two chains with the dimer units
pointing to the right and two chains with the dimer units pointing
to the left (Fig. 51, m). The structural transition from edge- to
face-sharing octahedra is mainly due to the tilting of a few PO,
tetrahedra. Furthermore, since the tilted tetrahedra are different
from phase to phase, this induces different orientations for the
dimer units built of face-sharing octahedra (Fig. Sk-n). From a
theoretical point of view, it would also be possible to build a
theoretical structure in which one chain with the dimer units
pointing to the right alternates with one chain with the dimer
units pointing to the left (Fig. 5d, i, n). The predicted
crystallographic data of this theoretical phase are given in Table 3.
Table 3. Crystallographic data of the A,M[PO4]F theoretical

structure (P2,2,2, Z =4, a=5.1991 A, b=11.6557 A, ¢ = 6.8489
A, and V'=415.04 A?).

Atom Wyck. X y z

Al 4c 0.25367 0.83112 0.75500
A2 4c 0.24405 0.57990 0.49245
M 4c 0.78012 0.92680 0.97370
P 4c 0.29525 0.83807 0.23435
o1 4c 0.08875 0.64283 0.79617
02 4c 0.65387 0.59587 0.92930
03 4c 0.74525 0.79147 0.78667
04 4c 0.71836 0.61910 0.56725
F1 2a 12 12 0.24880
F2 2b 0 12 0.18910

70

4 | Dalton Trans., [2013], [vol], 00-00

This journal is © The Royal Society of Chemistry [year]

Page 4 of 9



Page 5 of 9

Dalton Transactions

% S
z o -
é *Q,? I_Tf
= k- S T
g S
s : 2 T 3
o g = =
% 7 ‘__T E % u—' =l
O Geese” e S o < re B
= ¢ = 2] = I
pe S 2 R "E £ |
= pe e
& = o =~ =
2 © W OAZ AT
I <€ .é e I
S S VT L&
%. I Il
-
- 1‘3 1‘.::'
=
S
=1
g A
Z /
=
z :
=
B '®
- o)
23 s
= )
e B S
&z J
¢
< - <t
£ €[~
o Y€l =
<=
—_—
&
A
?n Q
& —
S S =
v £ 3
= S o o
2yl S
= £7
g E e
x“‘*ﬁ - A<l‘-l - "Z’
S8 Gedé &g Y™ &

Fig. 5. Crystal structures of the A,M[PO4]F compounds (4 = Li and Na; M = Mn-Ni, and Mg).
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3.4. Magnetic structure and properties of LiNaNi[PO,]F
3.4.1. LiNaNi[PO4]F magnetic properties

The results of magnetic susceptibility measurements for
LiNaNi[PO4]F are presented in Fig. 6. The magnetic

s susceptibility y as a function of temperature revealed a signature
of a magnetic transition at T ~ 5 K. Above ~ 170 K the
corresponding ™' curve follows the Curie-Weiss law. A linear fit
in the range 200-300 K yields ® = -16.5 K and an effective
moment 3.21 pg. The former indicates predominantly

10 antiferromagnetic (AFM) interactions in the system and the latter
is a typical value for S = 1 Ni*".** It is also noteworthy that
despite the overall AFM nature of the magnetically ordered state
below the transition temperature, the rise of the T product as a
function of temperature on cooling below ~30 K suggests that the

1s composition initially develops short-range ferromagnetic (FM)
correlations until the long-range AFM structure sets in at Ty ~ 5
K. This behaviour is fully consistent with the bulk magnetic
structure as determined from the neutron powder diffraction data
and discussed below.

T=5K

ES

—
o
1
xT (emu mol™* K)
o N

o 150
1S S
£0.54 100 E
@
o K
=2 A
50
P
0.0 T T T T 1 0
0 50 100 150 200 250

Temperature (K)
 Fig. 6. Magnetic susceptibility y, its inverse ¥, and yT product
(inset) as a function of temperature for LiNaNi[PO4]F. The red
dashed line shows the linear fit with the Curie-Weiss function.

3.4.2. LiNaNi[PO4JF magnetic structure from neutron
powder diffraction data

»s Examination of the NPD patterns collected at 3 K and 6 K
revealed additional diffraction peaks due to magnetic ordering
(Fig. 7a). *® This is consistent with the magnetic susceptibility
data which suggested an AFM transition at ~ 5 K (Fig. 6). All the
diffraction peaks of magnetic origin could be indexed by a unit

30 cell doubled along a axis, i.e., with the propagation vector k =
(172, 0, 0). For the 4e(x, y, z) Wyckoff site of the P2,/c space
group, the magnetic representation decomposes in terms of four
one-dimensional irreducible representations (IR) as I' = 3T"; + 31,
+ 3I'; + 3T'4. The associated basis vectors are listed in Table S8.F

35 The best agreement between experimental and calculated NPD
patterns was obtained for the I'; (GxFyGz) representation
(equivalent to the P2,’/c Shubnikov group, Opechowski-
Guccione number 14.3.88). Furthermore, examination of the
diffraction data showed no evidence of the scattering

40 corresponding to magnetic moment components along the a or ¢
axis, and therefore only the parameter defining the moment along
b axis was refined. The Rietveld plot and crystallographic

information are presented in Fig. 7b and Table S9,1 respectively.
The determined value of the moment, 1.87(4) ug, is close to that
75 expected for @® Ni**. Assuming Brillouin function behaviour of
the magnetization as a function of temperature, extrapolation to 7'
=0 for S=1and Ty = 5 K yields 2.12 pp as the ground state
moment, similarly close to the theoretical value.
The magnetic structure of LiNaNi[PO4]F arises due to an
ss interesting combination of progressively weaker interactions
along ¢, b, and a axes. The NiO;F zigzag edge-sharing octahedral
chains running along the ¢ axis with the shortest Ni**-Ni**
distances  (~3.1A) are ordered ferromagnetically by
superexchange via common oxygen and fluorine atoms, as
%0 expected from the Goodenough-Kanamori rules.*” *3
The magnetic moments are perpendicular to the chain direction
(Fig. 8), which is a typical case for (quasi-)isolated magnetic
chains.* Super-superexchange via phosphate groups often results
in AFM coupling; however, in the case of LiNaNi[PO4]F one of
s the two Ni-O---O angles in each M-O---O-M interchain link
appears to be severly bent to ~98° and as a result the chains are
coupled ferromagnetically, forming FM quasi-layers in the b-c¢
plane (Fig. 8a, b). Finally, the order between the layers is
supported likely by a combination of exchange and dipole-dipole
120 interactions which is consistent with the in-plane moment
orientation in the FM quasi-layers favoured by the latter***’.

— 35K
(a) —6K

Intensity (a.u.)
*

T ¥ T v T " T

10 20 30 40
Temperature (K)

(b)
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3
&
2
‘@
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= W
L L O R AL A IR MU LT L IIIIII
L T AL T DT T T [T LA

T T T T

20 40 60 80 100 120 140
20 (deg)

Fig. 7. LiNaNi[PO,]F neutron powder diffraction data collected

at 3 K and 6 K. Additional peaks observed at low temperature are

indicated with asterisk symbols (a). Rietveld plot for the

90 LiNaNi[PO,4]F neutron powder diffraction data collected at 3 K

This journal is © The Royal Society of Chemistry [2011]
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(b). The red crosses and black and green solid lines indicate the
observed and calculated patterns and their difference,
respectively. The tick marks indicate the position of the
diffraction peaks. R, = 4.89%, R,,, = 6.68%, R = 2.99%, Ry, =

5 10.6%. The blue curve in the inset shows magnetic contribution.

’a(!"

A“v’—

Aié"‘
VV““

Fig. 8. Views of the ferromagnetically ordered Ni[PO,]F layers at
x =0 (a), and x = 1 (b) and view of the magnetic structure of
LiNaNi[PO4JF with antiferromagnetic coupling between the
layers (c).

0 4. Conclusions

The crystal structure study of the Li, ,Na,Mg[POy4]F system (0 <
x < 2) led to the discovery of two new compounds Li,Mg[PO,JF
and LiNaMg[PO4]F. These phases are isostructural to
Li,Ni[PO4]F and LiNaNi[PO,]F, respectively. The inspection of
is the different crystallographic databases revealed strong
relationships among the fluorophosphates 4,M[PO,4]F (4 = Li and
Na; M = Mn-Ni, and Mg) and oxides such as -Nb[PO,]O and
Ca;[Si04]0 More interestingly, the  group-subgroup
transformation schemes showed that all the Na,M[PO4]F (M =
20 Mn-Ni, and Mg) phases can be described as layered structures.
The main difference between these compounds is the different
orientations of the PO, tetrahedra plus, in some cases
(Na,Mn[PO,4]F), a permutation between the alkali- and the
transition-metal atoms. This difference is mainly related to the
25 size of the transition-metal and alkali-metal atoms. The magnetic
structure of LiNaNi[PO4]F as determined from NPD data can be

Dalton Transactions

described as AFM coupling of FM quasi-layers of zigzag edge

sharing octahedral chains, in turn connected to each other via

phosphate groups. The magnetic moment is perpendicular to the
s0 chain direction and is close to the theoretical value for d® Ni*"
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