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The LizFe;(AsOy)3—(POy), (x=0, 1, 1.5, 2) solid solution was prepared by the ceramic method. LizFe,(AsQy);
crystallizes in the monoclinic P112,/n space group with the cell parameters, a=8.608(1), b=12.215(1),
¢=8.929(1) A and y=90.76(1)°. The structure consists of a three-dimensional framework of vertex-sharing
FeOg octahedra and AsO, tetrahedra with the lithium ions distributed in three four-coordinated crystal sites.
There are two independent iron positions in the structure of this compound, Fe(1) and Fe(2). The cell
parameters of the isostructural LizFe,(AsOy4);—(POy), (x=0, 1, 1.5, 2) phases follow Vegard’s law. The IR
spectra show the evolution of the intensity for the bands corresponding to the AsO,4 and POy tetrahedra in the
solid solution. An isotropic signal with a g value of 2.0 is observed in the ESR spectra of all compounds, in
good agreement with the presence of a high spin Fe(i) ion with slightly distorted octahedral symmetry. The
magnetization measurements and the magnetic DC and AC susceptibility data show an antiferromagnetic
behavior for these compounds, with the presence of a ferromagnetic component below the ordering
temperature. Ty decreases from 35.5 to 31 K with decreasing the amount of arsenate. The magnetic results are
explained by the existence of a phenomenon of ferrimagnetism in these compounds, due to the existence of two
different magnetic sublattices, corresponding to the Fe(1) and Fe(2) sites. The presence of canting between the
magnetic moments of these two sublattices has been also detected. This fact agrees with the relative orientation
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of the FeOg magnetic octahedra in the LizFe,(AsOy);—(POy), (x=0, 1, 1.5, 2) compounds.

Introduction

The A3;Fey(X0y4); (A=Li, Na; X=P, As) compounds are well
known as fast ionic conductors.'™ The structures of these
phases are related to two different structure types: Nasicon
type® for the sodium phases and Fe,(SO,); type’ for the lithium
compounds. These structures present similar [Fey(XOy)s]
frameworks, constituted by corner-shared FeOg octahedra
and XO, tetrahedra. However, the different space orientation
of the polyhedra leads to changes in the symmetry of the
systems. This fact does not affect the ionic conductivity
properties of the phases, which present excellent values in all
cases, but allows the existence of different and interesting
magnetic behaviors in this family of compounds. In this sense,
Na;Fe,(PO,);¥° shows a magnetic transition at 47 K to a
weakly ferromagnetic phase.'” The remanent weak magnetic
component, which is estimated to be about 2% of the total
magnetic moment of the Fe(i) ions, is consistent with a small
canting (~0.2°) of the antiferromagnetically coupled moments
of the iron ions.'!!2

Fe,(SOy4)3, representative of the other above mentioned
structure type, also presents a weak ferromagnetic moment
below the ordering temperature at 28 K. However, powder
neutron diffraction, Méssbauer and magnetic studies indicated
that this compound is a two sublattice antiferromagnet. Each
sublattice is made up of crystallographically different iron ions
in the monoclinic space group P2,/n. So, the ferromagnetic
component is a result of the ferrimagnetic coupling between the
two different iron sublattices.'> Similar ferromagnetic behavior
has been observed for another related compound,
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Fe,(MoOy)s. %17 However, Li,Fey(M00Oy);,'5" synthesized
via the topotactic redox-insertion reaction of Lil with
Fe;(Mo00Oy,);, does not exhibit two iron sublattices but also
shows a weakly ferromagnetic state below 7y due to an
intrinsic canting of the iron magnetic moments.*

LizFe,(POy);, isostructural to Fe,(SO4); and Fes(Mo00Qy)s,
shows the presence of two sublattices of Fe(i) ions. The
ferromagnetic ordering inside each sublattice at 29 K and the
simultaneous ferrimagnetic interaction between two different
sublattices lead to the appearance of a weak ferromagnetic
moment below T7Tn. This ferromagnetic component tends
towards zero at 0 K, because the magnetic moments of both
ferromagnetic sublattices tend to saturate the total value of the
Fe(i) ions.?!

In this paper we describe the crystal structure of LisFe,
(AsQy); together with the spectroscopic and magnetic study on
the LisFey(AsOy4);—(POy4), (x=0, 1, 1.5, 2) solid solution.
These compounds exhibit interesting magnetic properties
because they display the simultaneous presence of canting
and ferrimagnetism.

Experimental
Synthesis of LizFey(AsOy4)s—(POy4), (x=0, 1, 1.5, 2)

The LizFes(AsOy);—(POy), (x=0, 1, 1.5, 2) phases were
prepared by the ceramic method. Stoichiometric amounts of
FC(NO3)3'9H20, HzNH4ASO4, HzNH4PO4 and LlOHHzO
reagents were homogenized in an agate mortar. The resulting
mixtures were heated at 1073 K, with an intermediate
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Table 1 Percentages of the elements found (and calculated) for
LizFey(AsO4)3-(POy), (x=0, 1, 1.5, 2)

Li}Fez- Li3F62- Li3Fez- Li3F€2-
(AsOq)3 (AsO4)2(POs)  (AsO4)15(PO4)1s  (AsO4)(POy),
% Li 3.6(3.79) 4.0(4.12) 4.2(4.31) 4.4(4.51)
% Fe 20.2(20.33) 22.1(22.10) 23.2(23.11) 24.2(24.21)
% As  40.5(40.92) 29.5(29.65) 23.2(23.25) 16.2(16.24)
% P 5.9(6.13) 9.6(9.61) 13.1(13.43)

regrinding. The experimental contents of Li, Fe, As and P in
the products were determined by Inductively Coupled Plasma-
Atomic Emission Spectroscopy (ICP-AES). The percentages of
the elements found and calculated are displayed in Table 1.

Refinement of the crystal structure of LizFe,(AsQOy);

X-Ray powder diffraction pattern of Li;Fe,(AsQ,4); was recorded
on a Siemens D501 automated diffractometer, using graphite-
monochromated Cu-Ko radiation. The data collection was made
in the 5-109.5° 20 range, every 0.02°, with 20 seconds per step.
The structure was refined using the FULLPROF>* program,
modelling the peak shape with a pseudo-Voigt function. The
structural parameters of LisFey(PO,);> were used as a starting
model for the Rietveld refinement. Scale and background
variables were refined initially, followed in subsequent iterations
by the zero point of 20, the cell constants and the peak-shape
parameters. The atomic parameters were refined one by one in
different stages starting with those corresponding to the elements
of the highest scattering factors. From successive refinement
cycles the reliability factors dropped to the values shown in
Table 2. The experimental, calculated and difference XRD
patterns of the LizFe,(AsOy); polycrystalline sample are shown
in Fig. 1. Crystal parameters and details of the data collection and
the structural refinement are given in Table 2. Tables 3 and 4 show
the final atomic coordinates and selected bond distances and
angles of LizFe,(AsQy)s, respectively.

Characterization and physical measurements

Analytical measurements were carried out by Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)
analysis, with an ARL 3410+ ICP with Minitorch equipment.
X-Ray powder diffraction patterns of LizFe;(AsOy);— (POy),
(x=1, 1.5, 2) were recorded on a Philips Xpert diffractometer,
in the 5-70° 26 range, every 0.02°, with 10 seconds per step.
Infrared spectra were performed with a Nicolet FT-IR 740

Table 2 Crystal parameters and details of the structure refinement of
LizFey(AsO,);
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Fig. 1 Experimental, calculated and difference XRD patterns of the
LisFe,(AsOy4)s polycrystalline sample.

spectrometer using the KBr disk technique. ESR spectra were
carried out in a conventional ELXSYS Bruker X-band
spectrometer using a TE102 room temperature cavity. The
temperature of the samples was varied using a helium gas flux
system with a temperature controller. Magnetization and
magnetic susceptibility measurements were performed with a
Quantum Design MPMS-2 SQUID Magnetometer, in the 1.8—
300 K temperature range, with a maximum applied field of
7 T. AC susceptibility measurements were performed at 1 Oe
and 1 kHz, on a Quantum Design PPMS AC susceptometer.

Results
Crystal structure of LizFe;(AsOy)s

LizFes(AsOy); is isostructural with the related phosphate
LizsFe,(POy4)s. The structure can be described as a three-
dimensional framework of vertex-sharing FeOg4 octahedra and
AsOy tetrahedra (Fig. 2). Each FeOg octahedron is surrounded
by six AsOy tetrahedra and each tetrahedron is linked to four
FeOq polyhedra making up the [Fe,(AsOy4)s]>~ open frame-
work. The lithium ions are distributed in three different crystal
sites in the structure, filling the voids inside the iron arsenate
structure and compensating the negative charge.

There are two independent iron positions in the structure of
this compound, Fe(1) and Fe(2), which lead to the existence of
two different FeOg octahedra (Fig. 3a). Both FeOg polyhedra
present the six crystallographically independent oxygen atoms,
because the identity is the unique symmetry element in the
octahedra. So, for the Fe(1)Og octahedron, the six distances
Fe(1)-O are quite different, ranging from 1.860(2) to

Table 3 Fractional atomic coordinates and B., temperature factors
(x 10? A?) for LisFes(AsO,)s

Atom X y z B,
Crystal system Monoclinic
Space group P112y/n (no. 14) Fe(1) 0.2481(6) 0.1095(4) 0.4700(5) 0.3
FW/g mol ™! 549.62 Fe(2) 0.7449(6) 0.3947(4) 0.4765(5) 0.3
alA 8.608(1) As(1) 0.1118(4) 0.1446(2) 0.1175(4) 0.3
blA 12.215(1) As(2) 0.6149(4) 0.3503(3) 0.1226(4) 0.3
clA 8.929(1) As(3) 0.0378(3) 0.4914(3) 0.2483(4) 0.3
pI° 90.76(1) O(1) 0.426(2) 0.304(1) 0.080(2) 0.7
VIA3 938.8(1) 0(2) 0.931(2) 0.093(1) 0.114(2) 0.7
VA 4 0(3) 0.370(2) 0.255(1) 0.483(2) 0.7
TIK 295 04) 0.753(2) 0.226(1) 0.523(2) 0.7
Diffractometer Siemens 0O(5) 0.246(2) 0.057(1) 0.051(2) 0.7
Radiation (4, A,/A) Cu-Kao (1.5406, 1.5444) 0O(6) 0.637(2) 0.484(1) 0.084(2) 0.7
20/° range 5-109.5 O(7) 0.446(2) 0.064(1) 0.388(2) 0.7
Step/® 0.02 0(8) 0.935(2) 0.388(1) 0.340(2) 0.7
Time for step/s 20 0(9) 0.196(2) 0.432(1) 0.180(2) 0.7
No. of reflections 2320 0O(10) 0.597(2) 0.091(1) 0.134(2) 0.7
No. of fitted parameters 71 O(11) 0.174(2) 0.193(1) 0.287(2) 0.7
Rp 7.52% 0(12) 0.620(2) 0.333(1) 0.309(2) 0.7
Rp 6.14% Li(1) 0.321(6) 0.325(4) 0.270(6) 1.8
R, 7.66% Li(2) 0.566(6) 0.205(4) 0.400(5) 1.8
Ryp 10.2% Li(3) 0.061(6) 0.341(4) 0.504(5) 1.8
2780 J. Mater. Chem., 2000, 10, 2779-2785



Table 4 Selected bond distances (A) and angles (°) for LisFe,(AsOy);

Iron coordination polyhedra

Fe(1) Fe(2)

Fe(1)-0O(3) 2.054(1) Fe(2)-O(4) 2.105(1)

Fe(1)-O(7) 1.943(3) Fe(2)-O(8) 2.043(4)

Fe(1)-O(11) 2.035(5) Fe(2)-0(12) 1.983(5)

Fe(1)-0O(1) 2.090(3) Fe(2)-0(2) 1.955(4)

Fe(1)-0(9) 2.006(6) Fe(2)-0O(10) 1.964(4)

Fe(1)-0O(6) 1.860(2) Fe(2)-0O(5) 1.999(1)

O(3)-Fe(1)-0O(6) 168.2(3) O(4)-Fe(2)-0(5) 175.2(2)

O(7)-Fe(1)-O(1) 163.5(1) O(8)-Fe(2)-0(2) 176.9(2)

O(11)-Fe(1)-0(9) 163.0(1) 0O(12)-Fe(2)-0O(10) 160.8(1)

O(3)-Fe(1)-O(7) 80.0(1) O(4)-Fe(2)-0(8) 92.4(1)

O(3)-Fe(1)-O(11) 76.8(1) O(4)-Fe(2)-0(12) 78.6(1)

O(7)-Fe(1)-0O(11) 97.2(2) O(8)-Fe(2)-0(12) 87.9(2)

0O(9)-Fe(1)-0O(7) 93.8(2) O(10)-Fe(2)-0O(8) 83.1(1)

O(1)-Fe(1)-O(11) 83.9(1) O(2)-Fe(2)-0O(10) 94.4(2)

Arsenate tetrahedra

As(1) As(2) As(3)

As(1)-0O(5) 1.691(2) As(2)-0O(1) 1.753(2) As(3)-0(9) 1.669(3)
As(1)-O(11) 1.710(5) As(2)-0(6) 1.676(1) As(3)-0(8) 1.737(3)
As(1)-0(2) 1.673(2) As(2)-0(12) 1.680(6) As(3)-O(7) 1.707(4)
As(1)-0(3) 1.724(4) As(2)-0(4) 1.723(3) As(3)-0(10) 1.680(4)
O(5)-As(1)-0O(11) 108.4(2) O(1)-As(2)-0(6) 111.1(1) 0(9)-As(3)-0(8) 105.4(1)
O(5)-As(1)-0(2) 113.5(1) O(1)-As(2)-0(12) 101.6(2) 0(9)-As(3)-0(7) 110.7(3)
O(5)-As(1)-0(3) 98.6(2) O(1)-As(2)-0(4) 109.3(2) 0(9)-As(3)-0(10) 107.4(1)
0(2)-0(3) 2.770(3) O(1)-0(4) 2.836(2) 0(9)-0(8) 2.710(4)
0(2)-0(5) 2.813(2) O(1)-0(6) 2.828(1) 0(9)-0(7) 2.777(2)
0O(2)-0(11) 2.862(4) 0(6)-0(12) 2.730(4) 0(9)-0(10) 2.700(4)
0O(3)-0(5) 2.590(2) 0(12)-0(1) 2.660(5) 0O(8)-0O(7) 2.963(4)
O(5)-0(11) 2.758(4) 0(6)-0(4) 2.796(1) O(7)-0(10) 2.630(5)
0O(11)-0(3) 2.814(6) 0(12)-0(4) 2.869(5) 0O(8)-0(10) 2.839(1)
Lithium coordination polyhedra

Li(1) Li(2) Li(3)

Li(1)-O(1) 1.935(5) Li(2)-0(3) 1.947(3) Li(3)-0(8) 1.919(5)
Li(1)-0(3) 2.129(4) Li(2)-0(4) 1.969(4) Li(3)-0(1) 1.909(2)
Li(1)-0(9) 1.882(3) Li(2)-O(7) 1.991(1) Li(3)-0O(5) 2.104(2)
Li(1)-O(11) 2.040(1) Li(2)-0(12) 1.820(3) Li(3)-O(10) 1.981(4)

2.090(3) A. The angles O—Fe(1)-O are rather deviated from the
ideal ones (Table4). The Fe(l) ion is located out of the
equatorial plane formed by O(1), O(11), O(7) and O(9) oxygen
atoms, as can be deduced by the deviation from 360° found in
the sum of the four equatorial angles O-Fe(1)-O, which is
equal to 356.8°. The Fe(2)-O bond distances and O-Fe(2)-O
angles calculated for the Fe(2)Og octahedron are comparatively
more regular than those corresponding to Fe(1)Og. The six
independent distances Fe(2)-O range from 1.955(4) to
2.105(1) A, and the O-Fe(2)-O angles present values slightly
closer to 90° (or 180°, for the axial angles). The Fe(2) ion can be
considered as located inside the plane formed by the O(2), O(8)
and O(10) atoms. The fourth equatorial oxygen, O(12), is out
of the plane as a consequence of the polyhedral distortion.

Fig. 3a shows the tilt angles between both independent iron
octahedra in the structure. In Fig. 3b the disposition of the two
FeOg polyhedra in the related LizFe,(PO,); compound are shown
for comparison. As can be observed, in the phosphate compound
both independent octahedra are pseudosymmetrically related by a
glide plane on ac. However, this pseudosymmetry is absent in the
case of the arsenate compound, mainly due to the different space
orientation of the polyhedra.

With respect to the arsenate groups, three distorted
independent arsenate tetrahedra can be observed in the
structure of LizFe;(AsOy4)s;. The As-O distances and the O—
As-O angles present a wide range of values (see Table 4). These
distortions can be attributed to the fact that all oxygen vertices
in the (AsO,4)*~ tetrahedra belong to different FeOg octahedra.

The lithium ions in the structure of this compound are four-
coordinated to oxygen atoms with four different Li-O
distances for each case (Table4). The O-Li-O angles are
quite deviated from 109° and, consequently the LiO4 polyhedra
cannot be considered as regular tetrahedra. It is interesting to
note that the lithium sites in the structure of the related
phosphate LizFe,(POy4);, at room temperature, are rather
different. In the latter compound, two of the lithium ions are
five-coordinated and located inside trigonal bipyramids.

Crystallographic study of the LizFe;(AsOy4)3;—,(POy), (x=0, 1,
1.5, 2) solid solution

The LizFey(AsOy4)3— (POy), (x=1, 1.5, 2) phases are isostruc-
tural with the parents LizFe,(AsOy4); and LisFe,(POy);. All of
them crystallize in the monoclinic P112;/n space group. The cell
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Fig. 2 Crystal structure of LizFey(AsOy)s.

parameters (Table 5) exhibit a linear variation with the
arsenate substitution degree, x, following Vegard’s law.
These parameters and the cell volume decrease in the solid
solution with the gradual arsenate substitution by phosphate
(see Fig. 4). This result is in good agreement with the periodic
trend in radii down Group 15.

Infrared spectroscopy

The IR spectra of the title compounds show two important sets
of bands (Fig.5), which correspond to the arsenate and
phosphate groups. The bands observed in the 980-760 cm ™!
region are attributed to the stretching vibration modes of the
AsQy groups. These bands are strong, broad and split in the
case of the LizFe,(AsOy4); phase due to the presence of three
different AsQO, tetrahedra in the structure. In the other phases,
the gradual substitution of the arsenate by phosphate induces
the appearance of another set of bands, in the 1200-950 cm ™!
region, corresponding to the stretching vibration modes of the
PO, groups. As expected, the relative intensity of these two sets
of bands increases with the degree of arsenate—phosphate
substitution.

A similar behavior is observed for the bending vibration
modes of the AsO4 and PO, tetrahedra. The bands appearing in
the range from 550 to 430 cm™! assigned to the symmetrical
and asymmetrical deformation modes of the arsenate tetra-
hedra can be clearly observed for the LizFe,(AsO,4); phase.
However, the intensity of these bands decreases with the
amount of arsenate substituted by phosphate. Simultaneously,
another set of bands appears at 650-550 cm ™', which can be
attributed to the deformation modes of the PO,4 groups. The
wavenumber values observed for all these signals are in good
agreement with those given in the literature for these kinds of
compounds.?

Table 5 Cell parameters for the LizFe,(AsO4)s—(POy), (x=0, 1, 1.5,
2, 3) compounds

X alA blIA clA I° VIA3

0 8.608(1)  12.215(1)  8.929(1)  90.76(1)  938.8(1)
1 8.635(2)  12.181(1)  8.807(3)  90.74(1)  926.3(1)
1.5 85992)  12.121(1)  8.764(1)  90.65(2)  913.4(1)
2 8.595(1)  12.090(2)  8.708(1)  90.60(1)  904.8(1)
3¢ 8.562(2)  12.005(2)  8.612(2)  90.51(3)  885.2(1)

“From ref. 3.
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ESR and magnetic properties

The powder X-band ESR spectra of the LizFe;(AsOy)s—,-
(POy), (x=0, 1, 1.5, 2) compounds were measured at different
temperatures from 296 to 5K. Three selected spectra
corresponding to LizFe;(AsOy), 5(POy4);s have been repre-
sented in the inset of Fig. 6, as an example. An isotropic signal
with a g value of 2.0 is observed at room temperature in all
cases, which is consistent with the presence of a high spin Fe(ir)
ion in a slightly distorted octahedral symmetry. No significant
variation of the g value is observed over the whole temperature
range for any phase. The integrated intensity of the absorption
curve increases with decreasing temperature reaching a
maximum in the temperature range from 36 to 31 K and
after that rapidly decreases, becoming silent below 30 K.

The temperature dependence of the linewidth of the signals
calculated by simulations of the experimental spectra to
Lorentzian curves is displayed in Fig. 6. The linewidth is
observed to have low temperature dependence between RT and
50K for all compounds, probably due to the dipolar
homogeneous broadening. Below this temperature the line-
width increases rapidly when the temperature is decreased
reaching different maxima depending on the x content. This
behavior indicates the establishment of the magnetic ordering
in the compounds,* allowing us to deduce the temperatures of
the critical point for each phase: 36 K for Li;Fe(AsOy)3; 33 K
for Li3F62(ASO4)2(PO4); 32 K for Li3F€2(ASO4)1_5(PO4)1_5 and
31 K for Li;Fey(AsO4)(POy),. Consequently, the ordering
temperature in the LizFe;(AsOy);—(POy), (x=0, 1, 1.5, 2)
solid solution decreases with increasing phosphate content, x,
indicating the presence of higher magnetic interactions in the
arsenate phase.

The molar magnetic susceptibility measurements of LisFe,

[010]

Fig. 3 View of the two crystallographically different FeO¢ octahedra in
the structure of (a) LisFe;(AsQy4); and (b) LizFey(POy)s.
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Fig. 4 Evolution of the cell parameters with the phosphate content, x, in the LizFe(AsO4);—.(POy), solid solution.

(AsOy4)3—(POy) (x=0, 1, 1.5, 2) were carried out in the
temperature range 1.8-300 K, at a 0.1 T magnetic field. The
high temperature data are not well described by a Curie-Weiss
law in all cases. The y,,7 vs. T curves in the temperature range
from 100 to 1.8 K are shown in Fig. 7. The y,7 product
diminishes with decreasing temperature from 300 K, indicating
the predominance of antiferromagnetic interactions in all
compounds. The y,,,T curves for all phases exhibit a minimum
followed by a maximum whose values are given in Table 6. This
behavior is characteristic of antiferromagnetic arrangements
with the presence of a ferromagnetic component below the
ordering temperature. The AC susceptibility data, represented
in Fig. 8, accurately show the Ty value for each compound
(Table 6). The ferromagnetic component which appears in the
magnetic arrangement for all phases is revealed by the peak in
the imaginary susceptibility y,, that accompanies the peak in ;{’m
at T; N-

Magnetization vs. applied magnetic field measurements for
Li;Fey(AsOy4)3— (POy4), at 25 K (Fig. 9) show hysteresis loops,
confirming the existence of a weak ferromagnetic behavior at
this temperature. However, some differences can be seen for the
different compounds. The Li;Fe,(AsO4); phase exhibits a
lower value of coercive field than those of the other phases. The
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Fig. 5 IR spectra of (a) LizFey(AsOy)s, (b) LisFes(AsOy4),(POy), (c)
LizFea(AsOy4)1.5(PO4)15 (d) LizsFex(AsO4)(POy); and (e) LizFey(PO4)3
(included for comparison).

evolution of the magnetization values indicates that the
resistance of the magnetic moments to the applied magnetic
field increases with decreasing phosphate content, x.

In order to determine the thermal evolution of the remanent
magnetization below the critical temperature, field-cooled (FC)
magnetization vs. temperature measurements were also carried
out. The samples were cooled with a field of 0.1 T and heated
from 5 up to 50 K at zero field. The plot of the obtained curves
is given in Fig. 10. As can be observed, there is a rapid increase
of M just below Ty, reaching a different maximum value for
each phase in the 30-20 K temperature range (Table 6). After
that, the remanent magnetization (M}) decreases with decreas-
ing temperature in all cases, tending to different magnetization
values when the temperature tends towards zero. The value
observed is higher for the arsenate phase.

Discussion and conclusions

The LizFey(AsOy);—(POy), phases contain eight FeOg octa-
hedra in the unit cell. Four of them correspond to the Fe(1)
independent crystallographic site and the rest to the other site,
Fe(2). These octahedra exhibit different polyhedral distortions
with significant differences in the distances and angles. The
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Fig. 6 Thermal evolution of the ESR linewidth, AH,, for -@-
LizFe;(AsOy)s, -O- LizFex(As04)2(POy), -B- LizFex(AsOy).5(PO4); 5
and -V- LizFey(AsOy4)(POy),. Inset: three selected ESR spectra of
Li;Fe;(AsOy); 5(POy); 5 at different temperatures.
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Fig. 7 Thermal evolution of the y,,7 product for Li;Fe,(AsOy4);—
(POy), (x=0, 1, 1.5, 2), at 0.1 T.

space orientation of two independent Fe(1)O¢ and Fe(2)Og
octahedra shows changes in the LizFey(AsOy4);—(POy), solid
solution. Both independent octahedra are pseudosymmetric by
a glide plane in LisFey(PO4); whereas they are completely
asymmetric in Li;Fe;(AsQy)s. In this sense, one could deduce
that the tilt angle between Fe(1)Og and Fe(2)Og increases
progressively with the arsenate content in this family of
compounds.

The FeOg octahedra in the LizFe,(AsOy);-(POy), (x=0, 1,
1.5, 2, 3) phases are linked together through AsO4 or PO,
groups, building the three-dimensional framework. So, the
magnetic exchange pathways are established through the AsOy
and PO, tetrahedra. The Fe-Fe interactions are intrinsically
antiferromagnetic for all compounds. There is a significant
decrease of Ty with increasing degree of arsenate—phosphate
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Fig. 8 Thermal evolution of the AC susceptibility for -[J- LisFe,
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-@- LizFey(AsO,4)(POy), from 28 to 38 K.
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Fig. 9 Magnetization versus applied magnetic field at 25K for
Li3Fez(ASO4)3_X(PO4)X (x=0, 15, 2)

substitution, x. Considering the presence of similar magnetic
exchange pathways for all phases, these results cannot be
explained in a satisfactory way by the differences observed in
distances and angles for both LizFe;(AsOy); and LizFey(POy)3
compounds. Consequently, the most significant factor must be
attributed to the different relative orientation of the FeOg
octahedra in the structure. This orientation affects the
effectiveness of the overlap integral between the magnetic
orbitals leading to the presence of strongest Fe-Fe interactions
for LizFey(AsQy)s.

Taking into account that the Fe(i) cations are arranged in
two inequivalent sites, Fe(1) and Fe(2), the existence of two
different magnetic sublattices can be considered. The anti-
ferromagnetic coupling between Fe(1) and Fe(2) requires that
each separate sublattice must be ferromagnetically coupled.
Furthermore, the magnetic coupling constants from the two
sublattices should be different (/; and J, for the Fe(1) and Fe(2)
sublattices, respectively) as a consequence of the different
values observed in distances and angles for the Fe(1)-Fe(1) and
Fe(2)-Fe(2) superexchange pathways. Consequently, the weak
ferromagnetic component observed below the ordering tem-
perature for all phases can be explained by an incomplete
compensation of the antiparallel magnetic moments of both
Fe(1) and Fe(2) sublattices. It should be mentioned that the
existence of weak ferrimagnetism in LizFey(AsOy4)s— (POy4).
(x=0, 1, 1.5, 2) agrees with the analysis of the magnetic
behavior in the LizFe,(POy); related compoundA21
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Fig. 10 Thermal evolution of the magnetization from 5 to 50 K. The
LizFey(AsOy)3—(POy) (x=0, 1, 1.5, 2) samples were previously field
cooled at 0.1 T.



Table 6 Sclected magnetic data for the LizFey(AsOy);— (POy), (x=0, 1, 1.5, 2) compounds

LizFex(AsOg)3 LizFe(AsOy4),(POy) LizFe;(AsO4)1.5(PO4)1 5 LizFe;(AsO4)(POy),

T D min/ K 37 34 33.5 33

T D max/ K 31 29 29 30

TN/K 35.5 33 32 31

PH, (x 107%T) 20 170 210 200

M/ ug (mol Fe)7l 0.002 0.025 0.045 0.005

‘T of M. /K 22 23 25 24

M o/ g (mol Fef1 0.026 0.028 0.050 0.043

M at T—0 K/ug (mol Fe)7l 0.019 0.015 0.004 0.003

“Data obtained from the y,7T versus T curves, at 0.1 T. ‘*Data obtained from the M versus H curves, at 25 K. ““Data obtained from the M

versus T curves of the 0.1 T FC samples.

The highest values observed in the remanent magnetization
for all phases below Ty should correspond to the temperature
at which the difference in magnetization of the two sublattices
is higher. The saturation of the magnetic moments of both
ferromagnetic sublattices to the total moment of the Fe(i) ions
would lead to the disappearance of the remanent magnetic
moment at lower temperatures. However, in the title com-
pounds the remanent magnetization does not tend towards
zero at 0 K, as could be expected if only ferrimagnetic behavior
was present. Consequently, an additional factor, such as a
slight canting of the magnetic moments of the Fe(1) and Fe(2)
sublattices in the ordered state should be considered. This fact
gives rise to the presence of a weak ferromagnetic moment in
the compounds. Considering the observed values for the
remanent magnetization, the magnitude of the slight misalign-
ment should be of a few tenths of a degree, in every case.
Likewise, the canting angle should decrease with increasing x in
the LisFey(AsOy4); - (POy), solid solution becoming practically
negligible for the LizFey(POy4); phase (see ref. 21). Finally, it
can be concluded that the increase of the tilt angle between the
Fe(1)O¢ and Fe(2)O¢ octahedra with increasing arsenate
content in LizFe;(AsOy);—(POy), leads to a phenomenon of
canting, that is hampered in the case of LizFe,(POy);, probably
due to the existence of pseudosymmetry between the Fe(1)Oq
and Fe(2)Og octahedra.
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