Chem. Mater. 2001, 13, 4527—4536

Magnetic Structural Studies of the Two Polymorphs of
LisFex(PO4)s: Analysis of the Magnetic Ground State
from Super-Super Exchange Interactions

Gwenaélle Rousse,*' Juan Rodriguez-Carvajal,* Calin Wurm,? and
Christian Masquelier$

Institut Laue Langevin, BP 156, F-38042 Grenoble Cedex 9, France, Laboratoire Léon
Brillouin (CEA-CNRS), CEA/Saclay, 91191 Gif sur Yvette Cedex, France, and Laboratoire de
Réactivité et Chimie des Solides, Université Picardie Jules Verne, 33 Rue St. Leu,
80039 Amiens Cedex 9, France

Received March 1, 2001. Revised Manuscript Received September 12, 2001

The nuclear and magnetic structures of the monoclinic (P2:/n, A-LFP) and rhombohedral
(R3 B-LFP) forms of LisFe,(PO,)s have been solved by using powder neutron diffraction at
room temperature and 1.5 K on polycrystalline samples. Both structures are built on [Fe,-
(POy)s] ‘lantern units’ that are connected in a different way for each form. Measurements
by a superconducting quantum interference device reveal a global antiferromagnetic behavior
with ordering temperatures of 25 and 23 K for the A and B forms, respectively. Both magnetic
structures, determined from symmetry analysis and Rietveld refinements of neutron
diffraction data recorded at 1.5 K are collinear. The magnetic moments are perpendicular
to [001] in both structures. The obtained magnetic moments are 4.7 and 3.9 ug per iron
atom for the A form (ferrimagnetic ordering of the two iron sublattices) and 4.7 ug for the
NASICON (B-LFP) form. The Fe atoms are oriented antiparallel within the [Fex(PO,)s]
lantern units, while parallel orientation takes place between Fe atoms that do not belong to
the same [Fe,(PO,)s] lantern unit. Using numerical calculations we have established a
magnetic phase diagram and determined the necessary constraints to be satisfied by the
values of the exchange interactions to obtain the observed magnetic structures as the ground
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state.

Introduction

Three-dimensional polyanionic structures built of
interconnected MOg octahedra and XO, tetrahedra,
which provide an interstitial space partially occupied
by alkali cations, have been the subject of intense
research for their unusual ionic conductivity, thermal
expansion, and electrochemical properties during the
past 20 years. The most widely investigated is the
NASICON family A,MM'(XOy,)3,* which offers extensive
versatility toward chemical substitutions in the [MM'-
(XO4)s]» polyanionic framework into which between 0
and 5 alkali cations may be accommodated. Recent
studies have been devoted to their interesting electro-
chemical properties as positive electrode materials in
rechargeable lithium batteries.?~® In particular, owing
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to the lower covalence of the M—O bonds in these
polyanion structures, the Fe3*/Fe2t and V4*/V3* redox
couples lie at much more useful potentials vs Li*/Li than
in the simple oxides.2—®

Electrochemical insertion of Li™ into LizFex(POy)s
leads to LisFey(POg4)s (Fedt/Fe2t couple),2® whereas
electrochemical extraction of Li* from LizVo(PO,)3 leads
to LiV2(POy)s (VAT/V3ET couple).210 These LisMy(POy)s3
(M = Fe, V) compositions adopt two distinct crystal-
lographic forms, denoted A-LisM2(POg4)z (monoclinic,
P2i/n) and B-Li3sMy(PQO4); (rhombohedral R3, NASI-
CON) that differ by the way the My(POy); “lantern
units” are connected. The “A” form is the stable form,
prepared via solid-state reaction, whereas the “B” form
is obtained through ion exchange from the NASICON
sodium analogues NazM(PO4)s (M = Fe, V).11713 The
A and B forms show distinct electrochemical behavior.8°
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Table 1. Magnetic Parameters for A- and B-LFP, Compared to the Literature
A-LFP Fea(SOu)s B-LFP NasFex(POs)s
compound our data ref 16 P2;/n15 our data ref 23 ref 18 R3¢??
Tn (K) 25 28 ~30 23 27 47 47
Op (K) —55 —55 -82 -50 —51(3) -85 —76
efr (us) 5.89(1) 5.4 5.9 5.77(1) 5.94(3) 4.26 45

Our interest lies also in determining the structural
factors that have an impact on the electrochemical
behavior of these materials. A detailed structural study
of the metastable, rhombohedral, form of LisFex(PO4)s3
[noted B-LFP] was communicated recently.’* As part of
our structural synchrotron X-ray and neutron diffraction
works on these compositions, it was interesting also to
investigate their magnetic structures that were still
unknown. Only a few magnetic structural studies have
been published so far, on isotypic compositions such as
the stable monoclinic “A” form, adopted for instance by
Fex(S04)3°~17 or on the stable “B” form adopted by
NazFe,(P0O,)318722 In the course of our study, the mag-
netic behavior of B-LizFe,(PO4)s was also reported.?3

Experimental Section

The monoclinic (A-LFP), and rhombohedral (B-LFP) forms
of LisFe,(POy)s were prepared as described.81213 A-LizFe,(POy)3
was obtained in pure form after a prolonged final solid-state
reaction in a Pt crucible at 930 °C from a stoichiometric
starting mixture of Li,COg3, Fe,O3, and NHsH,PO,. B-LizFe,-
(PO4); was prepared by three successive ion exchanges (1 day
each) from NasFe,(PO4); in a renewed concentrated aqueous
solution of LiNOj3 (Lisoution/Naseia > 10). The phase purity was
carefully controlled by chemical analysis and X-ray diffraction
on a Philips diffractometer (Cu Ka radiation) equipped with
a back monochromator, as well as by high-resolution Synchro-
tron X-ray diffraction on the WD4C wiggler beamline of the
DCI ring of LURE (Laboratoire pour I'Utilisation du Rayon-
nement Electromagnetique). Neutron diffraction experiments
at 300 K and 1.5 K were performed at the Orphée reactor at
the Laboratoire Léon Brillouin in Saclay, France. The neutron
powder diffractometer G4.2 (1 = 2.3433 A) allowed a precise
determination of the lattice parameters at room temperature
and the resolution of the magnetic structures at 1.5 K. The
high-resolution neutron powder diffractometer 3T2 was used
for data collection with high direct space resolution (1 = 1.2251
A, Qumax = 9.2 A1), which allowed a precise determination of
the nuclear crystal structures at room temperature. The
program FullProf?* was used for crystal structure refinements
by using the Rietveld method.?
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Results and Discussion

A. Magnetic Properties of A-LizFe,(PO4); and
B-LisFe,(PO,4)s. Magnetic and spectroscopic properties
of A- and B-LFP have been published recently by two
different groups.'623 In complete agreement with these
reports, A- and B-LizFe,(PO4); demonstrate antiferro-
magnetic behavior and the values of magnetic moments,
paramagnetic Curie temperature (determined from a
Curie—Weiss behavior >100 K), and Néel temperature
are reported in Table 1. Values found in the literature
for similar compounds are also reported for comparison.
Both A- and B-LFP samples exhibit Curie—Weiss
behavior above 100 K, leading to a magnetic moment
of 5.89(1) ug (A-LFP) and 5.77(3) ug (B-LFP), consistent
with the theoretical value of a free high spin Fe3* in a
weak crystal field (5.92 ug). The value obtained for the
A-LFP is slightly higher than the relatively low value
(5.4 ug) reported by Gorii et al.1® The negative para-
magnetic Curie temperatures (—50 K and —55 K for A-
and B-LFP, respectively) indicate a global antiferro-
magnetic behavior at low temperatures and is in very
good agreement with other reports.’® The value of the
Néel temperature Ty is very close in both samples,
about 25 K, also consistent with values already pub-
lished.16:22 These values were used to plan the neutron
diffraction experiments. Macroscopic magnetic mea-
surements in A- and B-LFP indicate the existence of
possible ferrimagnetism in both compounds.1623 The
observed antiferromagnetic ordering is caused by ex-
change interactions that we identify after the analysis
of the magnetic structures.

B. Nuclear and Magnetic Structures of A-LiszFe,-
(PO4)s (Monoclinic, P2;/n). The stable form of LisFe,-
(POy)s, A-LFP, is monoclinic at room temperature (o-
form, space group P2:/n) and transforms on heating to
orthorhombic symmetry (y-form, space group Pcan)
because of the disappearance of lithium ion ordering in
the three-dimensional framework.26 We have refined the
crystal structure of the a-form with neutron powder
diffraction, at room temperature and at 1.5 K where
antiferromagnetic ordering occurs on the iron sublattice.

We first checked the sample quality with conventional
X-ray diffraction (Cu Ka) at room temperature. All the
peaks are indexed in the monoclinic space group P2i/n.
The monoclinic distortion is very small [y = 90.523(1)°;
pseudo-orthorhombic symmetry2%] but high-resolution
Synchrotron radiation at LURE (1 = 0.9616 A), allowed
a clear separation of the Bragg peaks (Figure 1). The
lattice parameters obtained from Synchrotron X-ray
diffraction are in very good agreement with those
already published and with those determined from
powder neutron diffraction at room temperature (1 =

(26) Bykov, A. B.; Chirkin, A. P.; Demyanets, L. N.; Doronin, S.
N.; Genkina, E. A.; Ivanov-Shits, A. K.; Kondratyuk, I. P.; Maksimov,
B. A.; Melnikov, O. K.; Muradyan, L. N.; Simonov, V. I.; Timofeeva, V.
A. Solid State lonics 1990, 38, 31.
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Figure 1. Comparison between Synchrotron (a) and conventional (b) X-ray diffraction patterns for A-LFP, at room temperature

(a-form).

Table 2. Unit Cell Parameters of A-LFP Determined
from Neutron Diffraction at 300 K (o-Form), Compared
with Those Reported in Ref 26 from Single-Crystal X-ray
Diffraction at 293 K

Table 3. Structural Parameters of A-LFP Determined
from Neutron Diffraction at 300 K, a-Form (P2:/n);

Atomic Positions of Magnetic lons in the Unit Cell and
Their Magnetic Moment (ug) at 1.5 K

our data from Bykov et al.?6

A-LizFez(POa)s, neutron powder single-crystal

o-form diffraction® X-ray diffraction
temperature (T) 300 K 293 K
wavelength (1) 2.3433 A 0.7093 A
space group P2i/n P2i/n
a 8.5706(2) A 8.562(2) A
b 12.0170(2) A 12.005(3) A
c 8.6162(2) A 8.612(2) A
y 90.523(1) 90.51(2)

ARy, 6.44; Ryp, 6.90; Rexp, 5.00; x2, 1.91; Bragg R factor, 3.76; N
— P + C, 1488; total number of “independent” reflections, 566.

2.3433 A) (Table 2). Rietveld refinements were per-
formed with the atomic coordinates previously deter-
mined by Maksimov from single-crystal X-ray diffrac-
tion.?” Refinement of all the atomic coordinates and of
the thermal parameters lead to very satisfactory reli-
ability factors listed in Table 2. The list of fractional
coordinates is given in Table 3, where the notation “s”
[for example Fe(1s)] refers to the (Y2 + x, 1, — vy, 2)
pseudosymmetry element. The experimental, calculated,
and difference profiles are given in Figure 2. There are
two independent crystallographic sites for iron and three
for phosphorus. The average Fe—O (2.006 and 2.018 A)
and P—O (1.530, 1.536, and 1.526 A) bond lengths are
characteristic of Fe" in octahedral coordination and P5*
in tetrahedral coordination, respectively. As described
by Bykov et al.,?8 the lithium ions fully occupy three
distinct crystallographic sites, two of which are in 5-fold
coordination [Li(2) and Li(3)] whereas Li(1) is in 4-fold
coordination.

The neutron diffraction pattern recorded when A-Lis-
Fe,(POy)s is cooled below Ty shows the appearance of
some extra reflections. In addition, the intensity of some
peaks already present at high temperature is increased
(Figure 3). One very intense reflection is clearly ob-
served at 260 = 19.3°, and some other reflections are

(27) Maksimov, B. A.; Muradyan, L. A.; Genkina, E. A.; Simonov,
V. I. Sov. Phys. Dokl. 1986, 31(5), 370.

atom X y z Biso (A2)
Fe(1) 0.2462(5) 0.1079(3)  0.4619(4) 0.26(7)
Fe(1s) 0.7541(5) 0.3950(3)  0.4707(4) 0.22(7)
P(1) 0.1030(8) 0.1484(5) 0.1069(8) 0.9(2)
P(1s) 0.6039(9)  0.3495(5)  0.1160(8)  0.5(1)
P(2) 0.0359(7) 0.4932(5) 0.251(1) 1.0(1)
0O(1) 0.4292(7) 0.3309(5) 0.0885(7) 0.9(1)
0O(1s) 0.9237(7)  0.1497(4)  0.1151(7)  0.6(1)
0(2) 0.3527(7) 0.2620(5) 0.4806(7) 0.6(1)
O(2s) 0.8022(7) 0.2193(4) 0.4972(6) 0.3(1)
0O(3) 0.1669(8) 0.0389(5) 0.0580(7) 1.4(1)
0(3s) 0.6455(7)  0.4713(5)  0.0920(7)  0.8(1)
0O(4) 0.4506(7) 0.0689(4) 0.3678(8) 0.4(1)
O(4s) 0.9273(7) 0.4037(5) 0.3132(7) 0.6(1)
o(5) 0.1709(6)  0.4317(4)  0.1710(7)  0.4(1)
O(5s) 0.5979(7) 0.0701(4) 0.1273(8) 0.6(1)
O(6) 0.1635(6) 0.1868(4) 0.2636(7) 0.3(1)
O(6s) 0.6374(7) 0.3168(5) 0.2868(8) 1.0(2)
Li(1) 0.288(2) 0.320(2) 0.275(2) 0.05(35)
Li(2) 0.571(2) 0.202(2) 0.419(2) 1.4(5)
Li(3) 0.901(3) 0.243(2) 0.291(3) 5.2(7)
Magnetic Moments (ug) at 1.5 K
atom X y Mx My Mz
Fe(1-1) X y z 47(3) O 0
Fe(1-2) —x+12 -y+12 z+1/2 4738 0 0
Fe(1-3) —x y -z 47(3) O 0
Fe(1-4) X+12 y+12 —-z+12 478 0 O
Fe(1s—1) X y z —-4.03) O 0
Fe(ls—2) —-x+1/2 -y+1/2 z+1/2 —-40B8) 0 O
Fe(1s—3) —x y -z —4.0@3) O 0
Fe(1s—4) X+ 1/2 y+1/2 —-z+1/2 —-4.03) O 0

more intense at 1.5 K than at 40 K. All these reflections
can be indexed with a propagation vector k = (0,0,0),
which indicates that the magnetic unit cell is the same
as the nuclear unit cell described above and, conse-
quently, the space group remains P2;/n, with lattice
parameters a = 8.5599(2) A, b = 11.9965(3) A,
¢ =8.6096(2) A, and y = 90.559(2)°. The eight magnetic
Fe3* ions of the cell are distributed in two different
crystallographic sites, at general position 4e, with
X A~ 0.246, y ~ 0.108, z ~ 0.462 for Fe(1) and x =~ 0.754,
y ~ 0.395, z ~ 0.471 for Fe(ls).
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Figure 2. Calculated and experimental neutron diffraction patterns of A-LFP at 300 K (1 = 2.34 A).

We labeled the four iron atoms generated by Fe(1) in
position 4e as Fe(1—1), Fe(1—2), Fe(1—3), and Fe(1—4).
The different possibilities of magnetic configurations
were investigated by using Bertaut's symmetry analysis
method,?®2° which allows the determination of the
symmetry constraints between each magnetic moment
of Fe3* belonging to the same general crystallographic
position. The representation of the propagation vector
group can be decomposed upon four irreducible repre-
sentations, each with three basis vectors, I' = 3 (I'; +
I, + I's + I'y), leading to four possible spin configura-
tions:

I G*=8"-8+8"-85G"=
S," =S, +8,Y — 8, F =57 +5,7+8°+8,

[y A"=8-8,-8X+S A" =
S,Y—8,Y—8,Y+5s,;,c*=5,"+5,"-S,—S,°

Iy =87 +8 +SX+8,5F'=
S)'+8, +8;,"+58,;G* =5, -5, + 87 ~8S,°

I C*=8 45 -85-sXC'=
S,Y+S,Y -8, -5, A*=5"—-S,"—S;°+S,%,

where Si¥ is the component along x of the magnetic
moment of atom i for a general position Fe(j) (j = 1 or
1s in our case). For example, the representation I';
corresponds to a ferromagnetic coupling of the four
moments in the z direction (F%), whereas in the x and y
directions (G* and GY), the moments are coupled anti-
ferromagnetically between Fe(j—1) and Fe(j—2) and
between Fe(j—3) and Fe(j—4), and ferromagnetically
between Fe(j—1) and Fe(j—3).

We tried all these magnetic models by least-squares
refinements and Monte Carlo techniques. Refinement
of independent magnetic moments for Fe(1) and Fe(1s)
led to an antiferromagnetic coupling along the x axis.
Of all the possibilities, the collinear solution FX = S;X

(28) Bertaut, E. F. J. Phys. 1971, 32, C1.
(29) Rossat-Mignot, J. Magnetic Structures and Neutron Diffraction;
Academic Press: New York, 1987.
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26

Figure 3. Neutron diffraction patterns of A-LFP showing the
appearance of magnetic peaks at low temperature.

+ SpX 4 SgX + 54X (I'3), with opposite magnetic moments
for Fe(1) and Fe(1s), gives the best agreement between
observed and calculated patterns. No component of the
magnetic moment exists along the y and z directions.
We first tried the refinement with a same magnetic
moment amplitude for Fe(1) and Fe(1s), and at the last
stage of the refinement, we allowed the magnetic
moments of Fe(1) and Fe(1s) to be completely indepen-
dent. The refinement is shown in Figure 4, and the
magnetic final Bragg R factor is 5.34%. For Fe3* in high-
spin configuration, the expected moment is 5 ug, but we
observed slightly smaller values, perhaps because of a
combined effect between the covalent character of the
Fe—O bonds and the zero-point spin fluctuation of
antiferromagnetism. The refined values for the magnetic
moment are 4.7(3) ug for Fe(1) and 4.0(3) ug for Fe(1s),
respectively. The magnetic moments for the eight iron
magnetic ions of the unit cell are reported in Table 3.
The difference observed between the magnetic moments
of Fe(1) and Fe(1s) is in total agreement with macro-
scopic magnetic data at low temperature, indicating a
ferrimagnetic structure for this compound.®17 The
structure we found by neutron diffraction confirms
experimentally the prediction of Gofii et al. from electron
spin resonance spectra, the magnetic interaction in each
sublattice being ferromagnetic and antiferromagneti-
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Figure 4. Observed (obs, circles) versus calculated (calc,
continuous line) neutron powder diffraction patterns of A-LFP
(A =2.34 A) at 1.5 K. The positions of the Bragg reflections
are represented by vertical bars (first row, nuclear; second row,
magnetic). The difference (obs — calc) pattern is displayed at
the bottom of the figure. Arrows indicate the most intense
magnetic reflections.

a v

Figure 5. Representation of the magnetic structure for
A-LFP. Filled and open circles represent opposite directions
of the magnetic moment along [001].

cally coupled between the two Fe(1) and Fe(1s) sublat-
tices. Figure 5 represents the magnetic structure found
by neutron diffraction. The filled circles correspond to
a negative magnetic moment of 4.0(3) ug in the x
direction, whereas the open circles correspond to a
positive moment of 4.7(3) ug in the x direction. In each
‘lantern unit’, the two Fe(1) and Fe(1s) are antiparallel,
whereas two neighboring lantern units are parallel. This
result can be compared with the magnetic structure of
the related iron sulfate Fe(S04)3.1° This Fedt sulfate
presents the same nuclear structure (space group
P21/n) for the framework, and the arrangement of the
magnetic moments is very similar to what we observe
in A-LizFe,(POy)s; the orientation of magnetic moments
between crystallographically equivalent iron atoms is
parallel, and Fe(1) and Fe(1s) atoms are antiparallel
lying in the (a, b) plane. The magnetic moment, con-
strained to be equal for Fe(1) and Fe(1s), was refined
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t0 4.52(8) ug. In A-LizFex(POy)s, introducing a magnetic
component along the y axis (according to the I's repre-
sentation) led to a refined value for the y component
very close to O ug, so, within the experimental error, the
magnetic structure of A-LisFe»(PO4)s can be described
by (Fx®, — Fx®@).

Analysis and Discussion of the Magnetic Structure.
Magnetic Phase Diagram. The relative impacts of the
different exchange interactions within this crystal struc-
ture type on the observed magnetic structure were
closely examined. Because of the complexity of the
topology, we had to treat the problem numerically by
using the two computer programs, SIMBO and ENER-
MAG, which are briefly described in one of our previous
articles.®® The symmetry of the structure is so low that
an analysis of the exchange paths led to 18 different
exchange interactions, all of them being of the super-
super exchange type; two anions are involved in the
path. These interactions only differ by some changes in
distances or in (Fe—0;—0j) angles, (O;—0O;—Fe) angles
and (Fe—0;—0;—Fe) torsion angles. We chose to simplify
this problem by using the highest-symmetry structure,
that is the orthorhombic space group Pcan (#60). The
number of atoms is then divided by 2, because the
pseudo-symmetry element (Y, + x, 1/, —y, z) observed
in the nuclear structure is taken into account. P(2) lies
in special position 4c. The atomic positions we used for
each iron and oxygen atom are the mean values of the
previous two crystallographic positions in the space
group P2;/n. Note that this average structure corre-
sponds to the high-temperature form of A-LFP (y-form,
>530 K25). In this space group, the number of indepen-
dent exchange interactions found by SIMBO is 9, but
this number can be reduced to 5 by a careful analysis
of the exchange paths; we assume that the exchange
integrals will have the same value if the topology is
similar. The Fe—O distances are almost all identical,
and we compared the (Fe—O;—0;) and (O;—0O;—Fe)
angles and torsion angles to distinguish between the
different paths. Then, apart from J; which connects the
iron atoms belonging to a same ‘lantern unit’, the
exchange paths can be grouped by 2. Table 4 reports
the five resulting exchange interactions that should be
considered to study the problem and the related geo-
metrical information. Figure 6 represents these interac-
tions (here the atoms are labeled in the Pcan space
group, i.e., the notation ‘s’ is omitted, except for Fe for
reasons of clarity). J; is the coupling between two iron
atoms that belong to the same lantern unit; the mag-
netic moments are aligned perpendicular to the general
direction of the lantern units and are coupled antifer-
romagnetically. These two Fe3" are coupled via three
different super-super exchange paths involving O(3) and
0(6), O(4) and O(4), and O(6) and O(3), corresponding
to the three PO, tetrahedra that link the two [Fe(1)Og¢]
and [Fe(1s)Og] octahedra (Figure 6). This antiferromag-
netic exchange may be the most intense because the
Fe—Fe distance is the smallest in the structure (4.517
A), and it governs the global antiferromagnetic proper-
ties of the material. The four other magnetic couplings,
Jo, Js, Js4, and Js, occur via two double super-super

(30) El Khayati, N.; Cherkaoui EI Moursli, R.; Rodriguez-Carvajal,
J.; Andre, G.; Blanchard, N.; Bouree, F.; Collin, G.; Roisnel, T. Eur. J.
Phys. B 2001, 22(4), 429.
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Table 4. List of Effective Exchange Interactions Considered between Iron Atoms and Related Super-Super Exchange
Paths, Bond Lengths, and Angles for A-LFP2

interaction path dl d2 d3 ol a2 y d
Ji Fe(1)—0(3)—0(6)—Fe(ls) 1.90 2.50 2.08 141.2 102.0 164.4 4.52
Fe(1)—0(4)—0(4)—Fe(1s) 197 2.52 1.97 117.1 117.1 134.7 4.52
Fe(1)—0(6)—0(3)—Fe(1s) 2.08 2.50 1.90 102.0 141.2 164.4 4.52
I Fe(1)—0O(4)—0O(5)—Fe(1) 1.97 2.47 1.91 130.0 123.4 123.1 5.02
Fe(1)—0O(5)—0(4)—Fe(1) 191 2.47 1.97 123.4 130.0 123.1 5.02
Fe(1)—0(1)—0(3)—Fe(1) 2.01 2.49 1.90 110.4 152.7 152.3 5.02
Fe(1)—0(3)—0O(1)—Fe(1) 1.90 2.49 2.01 152.7 110.4 152.3 5.02
J3 Fe(1)—0(1)—0(2)—Fe(1s) 2.01 2.46 2.10 121.3 128.7 76.4 5.49
Fe(1)—0(2)—0(1)—Fe(1s) 2.10 2.46 2.01 128.7 121.3 76.4 5.49
Fe(1)—0(6)—0O(2)—Fe(1) 2.08 2.53 2.10 146.6 108.1 77.5 5.51
Fe(1)—0(2)—0(6)—Fe(1) 2.10 2.53 2.08 108.1 146.6 775 5.51
Ja Fe(1)—0(5)—0(5)—Fe(ls) 191 2.40 1.91 139.2 139.2 104.5 5.51
Fe(1)—0(3)—0(2)—Fe(1s) 1.90 2.46 2.10 139.7 160.8 99.5 6.03
Fe(1)—0(2)—0(3)—Fe(1s) 2.10 2.46 1.90 160.8 139.7 99.5 6.03
Js Fe(1)—0(4)—0O(5)—Fe(1s) 1.97 2.35 1.91 168.4 158.1 150.1 6.07
Fe(1)—0(5)—0(4)—Fe(ls) 191 2.35 1.97 158.1 168.4 150.1 6.07
Fe(1)—0(6)—0O(1)—Fe(1s) 2.08 2.45 2.01 138.3 168.8 147.2 6.07
Fe(1)—0O(1)—0O(6)—Fe(1s) 2.01 245 2.08 168.8 138.3 147.2 6.07

a The pseudo-orthorhombic symmetry (space group Pcan) has been considered, for which ‘s’ atoms are deduced from their corresponding
analogues by the symmetry element (Y2 + x, > —y, z). d1 = d(Fe—0j); d2 = d(0;i—0j); d3 = d(Oj—Fe); al = (Fe—0;—0j); 02 =

(Oi—0Oj—Fe); y = torsion angle; d = d(Fe—Fe).

Figure 6. Representation of the five exchange paths between
the iron atoms that must be considered in A-LFP.

exchange paths involving two oxygen atoms. J, links
two Fe(1) via O(4) and O(5) in the (a, ¢) plane, and via
O(1) and O(3) in the (a, b) plane. J3 and J4 connect two
adjacent lantern units. We tried to evaluate the relative
strengths and signs of these four exchange interactions
that give the observed magnetic structure as the ground
state. For that, numerical phase diagrams were gener-
ated by the program ENERMAG.30

The problem of the magnetic ground state of a system
of classical spins connected by isotropic exchange in-
teractions was considered 40 years ago by several
authors.31-34 Here we follow the discussion summarized
by Fraiser.®* The first ordered state can be obtained
from the resolution of an eigenvalue problem in which
the matrix is the Fourier transform of the exchange
interactions. In our case we do not have any new
magnetic transition below Ty, so that the first ordered
magnetic state is the ground state. We use the method
discussed in refs 31 and 34 to evaluate the conditions

(31) Yoshimori, A. J. Phys. Soc. Jpn. 1959, 14, 807.

(32) Villain, J. J. Phys. Chem. Solids 1959, 11, 303.

(33) Lyons, D. H.; Kaplan, T. Phys. Rev. 1960, 120, 1580.
(34) Fraiser, M. J. Phys. Rev. 1961, 123, 2003.

satisfied by the exchange integrals to have the propaga-
tion vector k = (0,0,0) and the observed spin arrange-
ment (irreducible representation T'3), (FxV, — Fx®) =
(++ + +; — — — —), as the ground state.

The energy, lowest eigenvalue of the matrix &(k, { Jij}),
as a function of the exchange integrals and k = (X, Y,
Z), can be obtained only numerically. The vector k
minimizing A(k, {Jj}) for a given set of {J;} is the
propagation vector of the magnetic structure, and the
spin configuration is obtained from the corresponding
eigenvector. For the cases in which k = 1/,H, H being a
reciprocal lattice vector, the eigenvectors are all real and
the sequence of signs of the eigenvector components
corresponding to the lowest eigenvalue gives the spin
configuration corresponding to the ground state.

A careful analysis of the five exchange integrals led
us to make J; = 0, because this path presents angles
that do not favor exchange interactions; the torsion
angle is close to 80° and we expect this interaction to
be negligible compared with others. This also reduces
the number of integrals to consider to four, which is
reasonable for plotting a phase diagram. To study the
problem with ENERMAG, we varied the values of all
the exchange interactions J; (i = 2, 4, 5) taking J; as a
reference value (J; = +100 or J; = —100) and J; = 0,
in the interval [-100, 100]. The k vectors were varied
inside the Brillouin zone and in special points. An
auxiliary program takes the output of ENERMAG and
plots a high-dimensional phase diagram with the ex-
change interactions as Cartesian axes. The different
regions correspond to different magnetic structures. We
have numbered the eight different kinds of collinear
magnetic structure, with k = (0,0,0), found by the
program, and numbered as ‘9’ the regions where there
is no classical magnetic ordering or where the magnetic
structure is incommensurate because of frustration
effects. The sign sequence characterizing the eight
collinear structures is reported in Table 5. The observed
magnetic structure of A-LFP is given by the sequence
(Fx®, — Fx®) = (+ + + +; — — — —) and is numbered
as ‘1.

In Figure 7 we have represented two-dimensional
maps of the different regions for representative cases.
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Table 5. Label of the Magnetic Structures and Sign Sequences of the Magnetic Moments Corresponding to Atoms
Fe(1-1), Fe(1-2), Fe(1-3), Fe(1-4), Fe(1s—1), Fe(1s—2), Fe(1-3), and Fe(1s—4) Characterizing the Eight Possible
Magnetic Structures for k = (0,0,0) for A-LFP2

sign sequences of collinear magnetic moments

structure Mepe-1) Meea-2) Mre1-3) Mpe(1-4) Mee(s-1) MEe(1s-2) Mee(1s-3) Mee(1s-4)
1. k=(0,0,0) + + + + - - - -
2. k=(0,0,0) + - - + + - - +
3. k=(0,0,0) + + - - - - + +
4. k =(0,0,0) + - + - + - + -
5. k =(0,0,0) + + - - + + - -
6. k =(0,0,0) + - - + - + + —
7.k =(0,0,0) + + + + + + + +
8. k=(0,0,0) + - + - - + - +
9 case of incommensurate or disordered structures
a We have numbered as ‘9’ the incommensurate and disordered structure occurring in the magnetic phase diagram because of frustration
effects.
=-100 =-30
5 =
100 100 100 3
3 4 9 A
J, 0 J 0 3,0
2
1 5 1
-100 -100 -
-100 0 100 -100 0 100 10(»)100 0 100
J2 J2 J2
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100 100 100
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9 7
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J2 J> I
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Figure 7. Magnetic phase diagram for A-LFP, for J; = —100. Phases numbered from 1 to 8 correspond to k = (0,0,0) collinear
magnetic structures found by the program ENERMAG. The sequence of signs is described in Table 5. The label ‘9’ corresponds

to incommensurate or disordered structures.

An analysis of the boundaries between the regions gives
us the conditions that the exchange integrals have to
satisfy to give, as the first ordered state, the observed
magnetic structure. Only two values of J; are consid-
ered: +100 and —100, because no fundamental differ-
ence is observed on the phase diagrams when |J1| varies
from O to +100. Here we have plotted J4 vs J, for
different values of Js. The eight different collinear
structures are all observed, whatever the sign of Jj.
However, their relative importance is different. For
example, the ferromagnetic structure (FxM, Fx®) =
++++;, ++++) labeled as ‘7’ is observed in the
upper right side of the diagram (J, and J,4 positive) when
Js is positive. This domain is smaller for J; = —100 than
for J; = +100, but exists. On the opposite, the arrange-
ment (+ + — —; + + — —) labeled as ‘5, is observed for
negative values of J, and J4, but positive values of Js.
This structure is obtained for both J; +100 and
Ji1 = —100, but is smaller in the former case. Let us
concentrate on the magnetic structure we observed
from neutron data. It is labeled as ‘1’ and corresponds

to a spin arrangement of (Fx®, — Fx@) = (++ + +;
— — — —). The first condition to get the observed mag-
netic structure as the ground state is J4 being negative.
For J; = —100, the arrangement ‘1’ is observed if the
following conditions are fulfilled:

if J5 < 1/,,31,34<0,and 34 < 2 Jo + 1/, Jy;

if |Js| < /> J1, then the conditions are J, > 2 Js and J4
< 0;

if J5 > =1/, J;, the 2" domain is not observed.

The ‘1’ domain is much smaller for J; = +100 than
for J; = —100, but the general trend is the same. The
conditions are then J; < 0 and J4 < 2J, + 1,31. The
domain ‘1’ vanishes very quickly if Js increases: for Js
> —1/, J; and above, the domain is not observed. To
summarize, the stronger negative J;, J4, and Js, and
the stronger positive J,, the more important domain ‘1’
is.

C. Nuclear and Magnetic Structures of B-LisFex-
(PO4)3 (Rhombohedral, R3). The rhombohedral B-Lis-
Fey(POg4)s (B-LFP) compound presents the NASICON
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Table 6. Structural Parameters of the B-LFP Compound
Determined from Neutron Diffraction, at 300 K (4 = 1.225

A)
atom X y z B (A?)
Fe(1) 0 0 0.1461(1) 0.33(5)
Fe(2) 0 0 0.6527(2) 0.36(5)
P 0.2926(4) 0.0014(6) 0.2511(2) 0.39(4)
0(1) 0.1923(6) —0.0106(6) 0.1923(2) 2.64(9)
O(1s) 0.7658(5) 0.9132(5) 0.6990(1) 1.42(6)
0O(2) 0.2426(5) —0.1995(5) 0.2658(2) 1.50(7)
0(2s) 0.5005(4) 0.8795(5) 0.7558(2) 1.08(6)
Li(1) 0.346(2) 0.029(2) 0.3808(7) 2.6(2)
Magnetic Moments (ug) at 1.5 K
atom X y z Mx Mz
Fe(1-1) 0 0 z 4.76(3) 0
Fe(1-2) 0 0 -z 4.76(3) 0
Fe(2—1) 0 0 z —4.76(3) 0
Fe(2—2) 0 0 -z —4.76(3) 0

a Space group R3, a = 8.3165(4) A, ¢ = 22.459(1) A. Ry, 9.94%;
Rwp, 10.1%; Rexp, 4.88%; x2, 4.32. Atomic positions of magnetic ions
in unit cell and their magnetic moment (ug) at 1.5 K.

structure with space group R3; its structure was pre-
sented for the first time and in detail in one of our
previous articles.* Prepared by ion exchange from
NasFe,(PO,)3, this compound is based on the same Fe,-
(POy)s lantern units as in A-LFP, but the relative
positions of these lantern units are different. Table 6
reports the space group, lattice parameters, and atomic
positions of the B-LFP at 300 K, determined from
neutron diffraction on the 3T2 diffractometer, starting
from the atomic positions of ref 14. One of the most
striking features of this structure is that the Li* ions
lie in a new 4-fold coordinated site, different from the
M(1) and M(2) sites occupied in NagFe,(PO4)s. Note that
the same interesting redistribution of lithium ions
within the framework occurs on going from B-NazV-
(POy)s to B-Li3V2(PO4)3.25 We concentrate here on the
magnetic structure revealed by neutron diffraction
below 25 K, because the neutron diffraction patterns
present some new peaks and a higher intensity for some
other peaks already present (Figure 8). Although the
magnetic properties of the Na analogue B-NagFe,(POg);3
(space group C2/c) has been widely studied,®=2! those
of B-LFP have scarcely been mentioned apart from a
recent publication that appeared during the course of
our study.? The results obtained by Andersson et al.
on the magnetic structure are slightly different from
what we found with our neutron data. We will discuss
that point later.

As mentioned by Andersson et al., all the magnetic
reflections observed in the neutron diffraction pattern
at 1.5 K can be indexed within the nuclear cell, indicat-
ing that the propagation vector for the magnetic struc-
ture is k =(0,0,0), as in A-LFP. The magnetic structure

Rousse et al.

B-Li,Fe,(PO,); | -

Intensity (A.U.)

Figure 8. Neutron diffraction patterns of B-LFP showing the
appearance of magnetic peaks at low temperature.

was solved by testing the different basis functions of
the irreducible representation for R3 with k = (0,0,0).2829
There are two different crystallographic sites for iron
in B-LFP, both in the 6¢c Wyckoff position with atomic
coordinates of the atoms within a primitive cell (0, 0, z)
and (0, 0, —z). The symmetry analysis with k = (0,0,0)
gives a decomposition within six irreducible representa-
tions of dimension 1, asI' =11 + T, + I3+ T4+ 5+
Te. I's, I'4, T's, and T's have complex basis vectors, and
are equivalent to two reducible representations I's and
'y with two real basis vectors. We also have four
different representations with basis vectors as follows:

representation Fe(1) Fe(2)
I (] 0 1) (] 0 1)
I © 0 1) © 0 -1
Ty (1 0 0) 1 0 0
Ty (2 -1 0) (12 -1 0
s 1 0 0 (-1 0 0)
X (-12 -1 0) w2 1 0

The presence of a (001) reflection indicates that there
is a magnetic component in the (a, b) plane. The
structure is very well refined with the collinear model
(Fx®, —Fx®@) corresponding to the T's' representation.
The values of the magnetic moments of Fe(1) and Fe(2)
were constrained to be equal, otherwise the refinement
leads to an unrealistic value for one of them (>5 ug).
The obtained value for Fe(1) and Fe(2) is refined to
4.76(3) us. Note that we cannot distinguish between
moments along the a or b axes with powders in a

Table 7. List of Exchange Interactions and Related Super-Super Exchange Paths, Bond Lengths, and Angles for B-LFP2

interaction path di d2 d3 ol a2 y d
Ji Fe(1)—0(1)—0(1s)—Fe(2) 1.94 2.52 2.00 117.0 118.5 137.1 454
Fe(1)—0(1)—0(1s)—Fe(2) 1.94 2.52 2.00 117.0 1185 137.1 454
Fe(1)—0O(1)—0(1s)—Fe(2) 1.94 2.52 2.00 117.0 1185 137.1 4.54
J> Fe(2)—0O(1s)—0(2)—Fe(2) 2.00 2.54 1.99 107.5 125.0 100.4 4.85
Fe(2)—0(2)—0(1s)—Fe(2) 1.99 2.54 2.00 125.0 107.5 100.4 4.85
Js Fe(1)—0(1)—0(2s)—Fe(1) 1.94 2.52 2.08 156.5 98.8 139.9 4.87
Fe(1)—0(2s)—0(1)—Fe(1) 2.08 2.52 1.94 98.8 156.5 139.9 4.87

adl = d(Fe—0j); d2 = d(0i—0)); d3 = d(O;—Fe); ol = (Fe—0;—0j); a2 = (O;—0j—Fe); y = torsion angle; d = d(Fe—Fe).
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Table 8. Label of the Magnetic Structures and Sign Sequences of the Magnetic Moments Corresponding to Atoms
Fe(1-1), Fe(1-2), Fe(2—1), and Fe(2—2) Characterizlng the Four Possible Collinear Magnetic Structures for k = (0,0,0)

for B-LFP
sign sequences of collinear magnetic moments conditions to be observed as ground state
structure MFre1-1) MEe@1-2) Mere(2-1) MEe@2-2) J1 J> J3

1. k=(0,0,0) + - - + >0 <0 <0
2.k=(0,0,0) + + + + >0 >0 >0
3.k=(0,0,0) + - + - <0 <0 <0
4.k =(0,0,0) + + - - <0 >0 >0
5 case of incommensurate or disordered structures

a We have numbered as ‘5’ the incommensurate and disordered structure occurring in the magnetic phase diagram because of frustration
effects. The conditions of existence as ground state are reported in terms of the three super-super exchange interactions described in

Table 7.
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Figure 9. Observed (obs, circles) versus calculated (calc,
continuous line) neutron powder diffraction patterns of B-LFP
(A = 2.34 A) at 1.5 K. Position of the Bragg reflections are
represented by vertical bars (first row, nuclear; second row,
magnetic). The difference (obs — calc) pattern is displayed at
the bottom of the figure. Arrows indicate the most intense
magnetic reflections.

rhombohedral symmetry. We know, however, that a
weak ferrimagnetic component exists from magnetic
measurements.?® This component is probably very weak
because we cannot obtain it from neutron diffraction.
Andersson et al. suggest a ferromagnetic contribution
of 0.7 ug along the z axis, which would mean that they
have a mixture of the I'; and I's representations. If we
try to introduce a weak component along the z axis with
our data, the refinement becomes unstable. Table 6
gives the magnetic moments of the magnetic ions within
the unit cell. Figure 9 presents the final refinement.
(The magnetic reflections are indicated by arrows.) The
final magnetic R factor was 7.42%. The magnetic
structure obtained is in agreement with what has been
observed for the Na analogues!®—2: the two Fe inside
the same lantern unit have an antiparallel orientation,
and the orientation between crystallographically equiva-
lent Fe is parallel (Figure 10).

To understand the observed magnetic structure in
terms of super-super exchange interactions, the same
procedure as for A-LFP was followed. In Table 7 we
report the first three super-super-exchange paths con-
necting two iron atoms. Only three exchange paths have
to be considered for this structure. We limited at 5 A

(35) Masquelier, C.; Wurm, C.; Elkaim, E.; Lauriat, J. P., manu-
script in preparation.

Figure 10. Representation of the magnetic structure for
B-LFP. Filled and open circles represent opposite directions
of the magnetic moment in a direction perpendicular to [001].

Figure 11. Representation of the three exchange paths
between the iron atoms that must be considered in B-LFP.

the maximum cation—cation distance. Above 5 A, there
is a gap in intercation distance, the first neglected
interaction between Fe and Fe being at a distance of at
least 5.5 A. J1, J,, and Jz exchange interactions are
illustrated in Figure 11. J; is the shortest one and
connects Fe(1) and Fe(2) in the same lantern unit via
three equivalent exchange paths involving O(1) and
O(1s). J, connects two Fe(2) atoms via O(1s) and O(2).
This interaction is perpendicular to the sheets contain-
ing the lantern units. J; connects two Fe(2) belonging
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J;=-100t0 0 J,=0to +100
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J; 0 J; 0
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Figure 12. Magnetic phase diagram for B-LFP. Phases
numbered 1, 2, 3, and 4 correspond to k = (0,0,0) collinear
magnetic structures found by the program ENERMAG. The
sequence of signs is described in Table 8. The label ‘5’
corresponds to incommensurate or disordered structures.

to two adjacent lantern units, via O(1) and O(2s). As
for A-LFP, we calculated the phase diagrams with Jj,
J,, and J; as Cartesian axes. We have numbered as ‘1’,
‘2, '3, and ‘4’ the four possible collinear magnetic
structures with k = (0,0,0), as described in Table 8. The
observed magnetic structure is (Fx®, —Fx®@) = (+ +;
— —) and is labeled as ‘4’ in the diagram of Figure 12.
The incommensurate structure and the domains where
no classical order can be found by the program are
labeled as ‘5. Then, we get the conditions to obtain the
observed magnetic state [k = (0,0,0) and the spin
sequence (Fx, —Fx®) = (+ +; — —)] as the magnetic
ground state. The phase diagram is much simpler than
that for A-LFP (Figure 12). The different domains can
be distinguished only by the sign of the exchange
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integrals, not by their strength. If J; > 0, the observed
magnetic structure is not found as ground state. It is
only observed when J; < 0 and J, > 0 and J; > 0. Note
that a positive value of J, can be understood from the
Goodenough—Kanamori—Anderson prediction rules36:37
extended to the super-super exchange interactions,
because this exchange path exhibits the smallest angles,
and also should be less antiferromagnetic than the
others. The conditions to observe the other collinear
structures are reported in Table 8.

Remarks and Conclusion

We have studied the crystal and magnetic structures
of two iron phosphates: A-LisFex(PO4)s and B-LizFe,-
(POg4)3s (NASICON). Both of them show long-range
magnetic ordering at low temperature. In both struc-
tures, the magnetic moments of iron atoms are anti-
parallel in a same lantern unit. We have determined
the conditions to be satisfied by super-super exchange
integrals to find the observed magnetic structure as the
magnetic ground state. It is expected that for all
compounds involving lantern units the exchange is
negative and will lead to a global antiferromagnetic
behavior.

CM011054Q

(36) Goodenough. J. B. Magnetism and the Chemical Bond; Inter-
science Publishers: New York, 1963.
(37) Kanamori, J. J. Phys. Chem. Solids 1959, 10, 87.



