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ABSTRACT

Nd;sLigCosFeOs9_y, Nd;gligCoFe;039_, and Nd;sLigCosTiOs9_, have been synthesised and charac-
terised by neutron powder diffraction, magnetometry and Mossbauer spectroscopy. Their cubic
structure (Pm3n, a~11.9 A) is based on intersecting <111> chains comprised of alternating
octahedral and trigonal-prismatic coordination sites. These chains lie within hexagonal-prismatic
cavities formed by a Nd-O framework. Each compound has an incomplete oxide sublattice (y~1), with
vacancies located around the octahedral sites that lie at the points of chain intersection. These sites are
fully occupied by a disordered arrangement of transition-metal cations but only 75% of the remaining
octahedral sites are occupied. The trigonal-prismatic sites are fully occupied by lithium except in the
case of Nd;gLigCoFe3039_, where some iron is present. Antiferromagnetic interactions are present on
the Nd sublattice in each composition, but a spin glass forms below 5 K when a high concentration of
spins is also present on the octahedral sites.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The crystal structure drawn in Fig. 1 was first described in detail
in an account [1] of the synthesis and characterisation of
LnigligRhs039 (Ln=La, Pr). The cubic unit cell (space group
Pm3n) was found to contain <111> chains of alternating
RhOg octahedra and LiOg prisms, with adjacent polyhedra being
linked by face-sharing. The chains intersect at the origin and the
body centre of the unit cell, and each chain segment occupies a
hexagonal-prismatic cavity within the Ln-O framework. The octa-
hedra are not all equivalent; those centred on the 2a sites at (0 0 0)
and (¥2 ¥2 V%) are significantly smaller than those centred on the 8e
sites at (% % %) and equivalent positions. The multiplicity ratio of
the two octahedral sites is thus 1:4, as is the ratio of Rh**: Rh3*
cations in these oxides. It was therefore proposed that these
compounds were the first to exhibit an ordered arrangement of
Rh** and Rh3* in a mixed-valence oxide. It has subsequently been
shown that this structure type can accommodate a wide range of
chemical compositions [2-6]; rhodium may be substituted by
various combinations of titanium, manganese, iron, cobalt or
ruthenium, with Ln=Ilanthanum, praseodymium or neodymium.
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The choice of lanthanide cation controls, to some extent, the range of
transition-metal cations that can be accommodated in the octahedral
sites. This has been ascribed to the need to match the size of the
d-block cation to the size of the cavity created by the
Ln-0O framework. It has also been shown that the magnetic beha-
viour of the oxides at low temperatures depends on the choice of Ln;
compounds containing paramagnetic Nd>* or Pr>* often behave as
spin glasses, whereas those containing diamagnetic La>* do not.
La;gLigFes039 and NdgLigFesOs9 are among the compositions
to have been studied to date. However, our attempts to prepare
the cobalt analogues were unsuccessful. In the case of the
neodymium-cobalt system, a LiCoO, impurity was identified in
the X-ray diffraction pattern of the reaction product and we were
subsequently able to prepare a monophasic sample of the cobalt-
deficient composition Nd;gLigC04039. A study of this compound
by neutron diffraction [2] showed that the small 2a site is fully
occupied and that the cation deficiency is accommodated by
vacancies on the 8e site alone. The analysis of neutron powder
diffraction data did not reveal any oxygen deficiency in this
compound and thus led to the conclusion that all the occupied
octahedra contain Co?* cations. It was argued that the high
concentration of electropositive Nd3>* and Li* cations would
stabilise this unusual oxidation state. Consideration of the bond
lengths in NdigLigCo4039 and other compositions [3] in this
structural family generated the hypothesis that the Ln-O
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Fig. 1. (a) Polyhedral representation of the cubic (space group Pm3n) structure of
La;gLigRhs03g; LiOg trigonal prisms are blue (16i site), RhOg octahedra are green
(2a) and red (8e), grey circles represent oxygen (02 and 03), yellow circles Lal and
orange circles La2. (b) The La-02-03 framework viewed along <111>; the
polyhedral chains run through the channels. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

framework exerts a significant chemical pressure on the network
of polyhedra, thus providing another justification for the stability
of the high oxidation state. Magnetic measurements suggested
that the Co** cations are in a low-spin state, as would be
expected in a high-pressure environment. The observation [3]
by Méssbauer spectroscopy of low-spin Fe** in the solid solution
Nd;gLigFes_xM,039 (M=Co, Mn) is consistent with the hypothesis
that the Ln-O framework can exert a high chemical pressure in
these systems.

We have now carried out further studies in an attempt to
establish the circumstances under which cation-deficient mem-
bers of this family can be formed, and we describe below the
synthesis and characterisation of Nd;gligCos_xFe,O39_, and
Nd1sLi8CO4,XTix039,y.

2. Experimental

Polycrystalline samples of Nd;gLigCo4_xFeO39_, and Nd;glLig
Co,_,Tix039_,, were synthesised by grinding together stoichiometric

quantities of the appropriate oxide starting materials (pre-dried
neodymium(Ill) oxide (99.99%, Alfa Aesar), iron(lll) oxide (99.99%,
Alfa Aesar), cobalt(Il, III) oxide (99.95%, Alfa Aesar), and titanium(IV)
oxide (99.995%, Alfa Aesar)) and a 50% excess of volatile lithium
carbonate (AnalaR) prior to firing in pellet form at 800 °C in air for
12 h. A further 50% excess lithium carbonate was ground into the
reaction mixture before it was fired again in air for 1 h, as a pellet, at
1000 °C. X-ray powder diffraction was used to monitor the progress
of the reactions. Further one-hour firings, with the addition of 50%
excess lithium carbonate, were carried out on samples that X-ray
powder diffraction showed to be impure at this stage.

All X-ray powder diffraction was carried out on a Philips X'pert
diffractometer operating with Cu Koi; radiation with a step size of
A260=0.0084°. High-intensity X-ray powder diffraction data were
collected over a small angular range (15<20/°<40) in an
attempt to detect impurities. High-resolution X-ray powder
diffraction data for use in quantitative analysis were collected
over the angular range 5 <20/° < 125. The X-ray scattering from
these materials is dominated by the heavy metals and conse-
quently it was not possible to perform a full structural analysis
using these data. Limited Rietveld [7] refinements were carried
out using the GSAS [8] suite of programs in order to determine the
unit-cell parameters. Backgrounds were fitted using a Chebyshev
polynomial of the first kind and the peak shape was modelled
using a pseudo-Voigt function.

The diffractometer D2b at the Institut Laue Langevin, Grenoble,
France was used to collect neutron powder diffraction data on
selected samples using a wavelength of ~1.59 A. The unit-cell
parameters derived from X-ray diffraction data were used to
calibrate accurately the neutron wavelength. Data were collected
over the angular range 5 < 20/° < 160 with a step size A20=0.05°
at room temperature. Samples (~0.5g) were contained within
vanadium cans (¢ =5 mm). Rietveld refinements of the structures
were carried out using the FULLPROF [9] programme. The back-
ground level was refined using the software. Peak shapes were
modelled using a pseudo-Voigt function together with a correction
for peak asymmetry at low angles.

Magnetic measurements were carried out on selected samples
using a Quantum Design MPMS 5000 SQUID magnetometer. The
magnetisation (M) was measured as a function of temperature on
warming from 2 to 300 K after cooling both in zero field (ZFC) and
in the measuring field of 100 Oe (FC). AC susceptibility data were
recorded on one composition at 4 frequencies (1 < w/Hz < 1000)
in a direct field of ~2 Oe and an oscillating field of amplitude
3.5 Oe over an appropriate temperature range with AT=0.1 K.

The iron-57 Méssbauer spectrum of NdqgLigCoFe3039_, was
measured at 295K with a constant-acceleration spectrometer,
which utilised a rhodium-matrix cobalt-57 source and was
calibrated at 295 K with a-iron powder. The Mossbauer spectral
absorber contained 20 mgcm~2 of Nd;gligCoFe3039_, powder
mixed with boron nitride. The ideal thickness of the Mdssbauer
absorber is limited to this value because of the strong non-
resonant scattering of the y-rays by the eighteen neodymium
ions per formula unit. This is, at least in part, responsible for the
rather low signal to noise ratio observed.

3. Results
3.1. Nd]ng.gCO4,xF€XO3g,y

X-ray powder diffraction showed that single-phase products
had been prepared for x=1, 2 and 3. In each case the diffraction
pattern could be accounted for using a structural model based on
La;sgLigRhs039, which adopts space group Pm3n. The unit cell
parameter increased in a linear manner with increasing iron
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content from a=11.8658(1) A when x=1 to 11.9266(2) A when
x=3.

Neutron diffraction data were collected from Nd;gLigCosFe
O39_, and NdjsLigCoFe3039_,. Our analyses of these data took
as a starting model the structure of La;gLigRh5039. The smaller
and larger octahedral sites, labelled in the present case as Col and
Co2, are the 2a and 8e sites, respectively. The smaller site,
coloured green in Fig. 1(a), is coordinated by six 04 atoms, which
would ideally occupy a 12f site but are actually disordered over a
25%-occupied 48l site, and the larger site, coloured red in Fig. 1(a),
is coordinated by six O1 atoms on a crystallographically distinct
48l site. The disorder on the 04 site is thought to be a conse-
quence of the need to lengthen the Co1-04 bond in order to relax
partially the coordination environment about the cation [1]. The
trigonal prismatic site Lil, coloured blue in Fig. 1(a), is located
on x,x,X, a 16i site, and is coordinated on one side by three 04
atoms and on the other by three O1 atoms. Atoms O2 and O3 do
not interact strongly with the polyhedral chains; together
with the Nd3* jons they form the channels within which the
chains lie, see Fig. 1(b). The short Nd1-01, Nd2-01 and Nd2-04
distances within the structure provide links between the chains
and the channels.

The initial stages of the refinement of the structure of
Nd;gligCosFeO39_, proceeded smoothly using this model,
although an additional Li,CO5; impurity phase of less than 1 wt
% was also detected in the neutron experiment. Refinement of the
cation distribution over the two octahedral sites showed Co and
Fe to be disordered over the 2a and 8e sites. This structural model
then gave a good fit to the data, although a relatively large Biso
value was observed on the 16i trigonal-prismatic site occupied
by Li. Refinement of the Li occupancy of the 16i trigonal-prismatic
site did not significantly reduce the atomic displacement para-
meter and hence a stoichiometric composition was assumed. It
has previously been reported [2-5] that in some compositions
disorder between Li and the transition metals occupying the 8e
octahedral site occurs. Structural models in which Fe and/or
Co occupied the prismatic site with the displaced Li occupying
the 8e (% % ) octahedral site were therefore considered. The
resultant structural models did not significantly improve the fit or
reduce the Bjs, value of the 16i trigonal-prismatic site. Hence the
site was constrained to be fully occupied by Li with the Fe and Co
cations disordered over the two octahedral sites. The displace-
ment parameter at the O4 site was also unusually large and the
occupation factor of this site was therefore allowed to vary. This
resulted in a reduction in the value of both Bjs, and y2 The
composition refined to be Nd;gLigCosFeOss0xs). The resulting
structural parameters and bond lengths are listed in
Tables 1 and 2, respectively, and the observed and calculated
diffraction profiles are shown in Fig. 2. Analysis of the data
collected on Nd;gLisCoFe3039_, proceeded in a similar manner,
although in this case there was evidence for the presence of Fe on
the 16i site and Li on the 8e site. In this case the composition
refined to NdysLigCoFe303775¢9). The structural parameters and
bond lengths are included in Tables 1 and 2, respectively; the
diffraction profiles are shown in Fig. S1.

The temperature dependence of the dc molar magnetic sus-
ceptibility of Nd;sLigCos_,Fe,Os9_, is shown in Fig. 3 for the
compositions x=1 and 3. In both cases the inverse susceptibility
is a linear function of temperature above 100 K. The parameters
derived by fitting this region with a Curie-Weiss law are listed in
Table 3. The susceptibility of the x=1 composition shows hyster-
esis between the FC and ZFC data below ~14 K, and a maximum
is apparent in both data sets at 2.3(1) K. The behaviour of the
composition x=3 is very different. Hysteresis is observed below
~12 K and the ZFC susceptibility passes through a maximum at
43(3)K. The temperature gradient of the FC susceptibility

Table 1
Structural parameters of Nd;gLigCosFeOsgo, and Nd;gLigCoFe3;03775 at room
temperature in space group Pm3n.

Nd]gLi3C03FEO33_02(8) Nd]gLigCOFE3037>75(9)

a(A) 11.8658 11.9266
Rwp 0.0349 0.0323
Ve 1.67 1.62
Nd1 24k y 0.3069(3) 0.3071(3)
0yz z 0.3030(3) 0.3045(3)
Biso (A2) 0.34(4) 0.53(4)
Nd2 12f X 0.3476(2) 0.3485(3)
x00 Biso (A2) 0.12(5) 0.14(6)
Co1(Fe) 2a Biso (A2) 0.9(2) 0.7(2)
000 Co occupancy® 0.25(3) 0.13(3)
Fe occupancy  0.75(3) 0.87(3)
Co2(Fe/Li) 8e B, . (A%) 2.0(3) 0.9(2)
Vala Va Co occupancy® 0.688(8) 0.22(1)
Fe occupancy  0.063(8) 0.45(1)
Li occupancy 0 0.09(1)
Li1(Fe) 16i X 0.3708(8) 0.3685(8)
XXX Biso (A2) 2.6(3) 0.9(4)
Li occupancy? 1 0.958(5)
Fe occupancy 0 0.042(5)
01 48l X 0.8628(3) 0.8643(3)
Xyz y 0.8593(3) 0.8595(3)
z 0.6956(2) 0.6942(2)
Biso (A2) 0.62(3) 0.79(4)
02 6d Biso (A2) 0.6(1) 0.9(1)
%0
03 12g X 0.6326(5) 0.6313(5)
X0 Biso (A2) 0.80(9) 0.88(10)
04 48l X 0.1507(7) 0.1517(8)
Xyz y 0.016(2) 0.021(2)
z 0.018(2) 0.018(2)
Biso (A2) 1.5(3) 0.9(3)
occupancy? 0.209(3) 0.198(3)

@ Fractional occupancy.

Table 2

Bond lengths (A) and bond angles (deg.) in Nd;gLigCosFeOs50, and Nd;gLigCo-
Fe;057.75 at room temperature.

Nd;sLigCosFeOsg.02 Nd,sLigCoFe3037.75
Nd1-01 2.580(4) x 2 2.619(4) x 2
2.557(4) x 2 2.563(5) x 2
2.505(2) x 2 2.503(4) x
Nd1-02 2.433(4) 2.429(4)
Nd1-03 2.415(4) 2.425(4)
3.056(4) 3.092(4)
Nd2--01 2.387(3) x 2.385(3)x 4
Nd2-03 2.397(5) x 2.391(5) x 2
Nd2-04 2.354(9)a 2.370(11)*
Co1(Fe)-04 1.811(9)* x 6 1.839(10)% x
Co2(Fe/Li)-01 1.972(3) x 2.002(3)x 6
Li1(Fe)-0O1 2085(]0) 2.082(10)x 3
Li1(Fe)-04 2.19(2)% x 2.24(2)* x 3
Li1(Fe)-Li1(Fe) 3.068(13) 3.137(13)
Co1(Fe)-Lil 2.657(9) 2.716(10)
Co2(Fe/Li)-Lil 2.481(9) 2.448(10)
Nd1-Nd1 (pore size) 6.213(1) 6.253(1)
01-Co2(Fe/Li)-01 89.3(2) 88.4(2)
89.5(2) 89.9(2)
91.7(2) 91.7(2)

¢ Average bond length to a disordered oxygen site.

changes at this temperature, but no maximum is observed. The
ac susceptibility of the composition x=3 is shown in Fig. 4. The
temperature of the transition in the real part of the susceptibility
is clearly frequency-dependent. This dependence can be para-
meterized as the ratio of the relative change in the transition
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Fig. 2. Observed and calculated neutron diffraction profiles for Nd,gLigCosFeOsg o; a difference curve is shown below. The upper and lower sets of vertical bars mark the

positions of reflections attributable to the principal phase and Li,COs, respectively.

temperature to the decadic shift in frequency, ATy/T/Alogw [10],
which takes a value of 0.049. The imaginary component of the
susceptibility, %", is non-zero below ~6 K and a maximum is also
observed close to the transition temperature and for all frequen-
cies; the minimum in dy”/dT is co-incident with the maximum
value of y’.

The iron-57 Mossbauer spectrum of Nd;gLigCoFe3037 75 mea-
sured at 295K is shown in Fig. 5. The spectrum indicates that
Nd;gLigCoFe3037.75 is paramagnetic at this temperature. It has
been fitted with three doublets assigned to the 2a, 8e and 16i
sites, respectively; the relative areas of these sites have been
constrained to 29.4%, 59.12% and 11.48%, respectively, the frac-
tional iron content of these crystallographic sites as determined at
room temperature by powder neutron diffraction, see Table 1. The
linewidth was constrained to be the same for each site; it refined
to a value of 0.34(1) mm s~ . The resulting fit, see Fig. 5, and the
corresponding spectral parameters, see Table 4, suggest that
Nd;gLigCoFe;03775 formally contains high-spin Fe>* cations on
the 8e and 16i sites and low-spin Fe** cations on the 2a site. The
constraint based on the relative areas of the three components
has been applied because the lack of detail in the paramagnetic
Mossbauer spectrum renders several fitting models perfectly
satisfactory from the statistical and physical points of view and
because a reasonable analysis of the Mdssbauer spectrum must
include all available information and specifically the neutron
diffraction results.

3.2. Nd18Ll.gCO4,le.XO3g —y

X-ray powder diffraction showed that a single-phase com-
pound could only be prepared for the x=1 composition,
Nd;gLigCo3TiO39 . Analysis of the neutron diffraction data pro-
ceeded smoothly using the structural model described above.
Cobalt and titanium were found to be disordered over the 2a and
8e sites, but there was no evidence for the presence of transition-
metal cations on the 16i sites. The disordered arrangement of
cobalt, an element with a positive scattering length, and titanium,
an element with a negative scattering length, results in small
mean scattering lengths at the 2a and 8e octahedral sites. It was
therefore necessary to constrain the displacement parameters,
Biso, at these two sites to an arbitrary value, chosen to be zero.

Refinements in which they were constrained to a value of 0.5 A2
resulted in occupancy factors that differed by <0.01 from those
reported in Table 5. In contrast to the iron-containing composi-
tions described above, the O4 site in the titanium-containing
composition could be modelled by displacing the anion along
only one axis, that is by locating it on a half-occupied 24k site
rather than on a quarter-occupied 48l site. However, our initial
refinements again resulted in a displacement parameter at the
04 site that was large enough to suggest that the site is only
partially occupied, and subsequent refinements showed the
composition to be Nd;sLigCo3TiO3g06(s). The structural para-
meters and bond lengths are listed in Tables 5 and 6, respectively.
The observed and calculated neutron diffraction profiles are
shown in Fig. S2.

The temperature dependence of the dc molar susceptibility of
Nd,gLigCo3TiO35 063y is shown in Fig. 6. Fitting the data collected
above 165K to the Curie-Weiss law resulted in values of
32.00(6) cm® K mol~! and —50.8(5)K for the Curie constant and
the Weiss temperature, respectively. No hysteresis is observed
throughout the measured temperature range and the suscept-
ibility reaches a maximum value at 2.2(1) K.

4. Discussion
4.1. Nd]gLi8C04,XF€XO39,y

Although we have been unable to prepare the cobalt-free x=4
composition, the results presented above show that this crystal
structure can tolerate vacancies on the 8e site when elements
other than cobalt are present. As expected, the unit-cell para-
meter increases as cobalt is replaced by iron and the bond lengths
in the Nd-O framework are unremarkable. The ability of the Ln
cation to control the cation content of the polyhedral chains can
be understood by comparing the width of the hexagonal cavity in
this compound, described as the pore size in Table 2, with those of
6.397(1) and 6.321(3) A found [4,5] in La- and Pr-based analo-
gues, respectively. However, our data demonstrate that the
system is not a simple solid solution. Our previous study [2] of
the x=0 composition concluded that the anion sublattice was
fully occupied, and hence that only Co** was present. In contrast,
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(a) Nd;gLigCosFeOsg 0, and (b) Nd;gLigCoFe303775. The insets show the tempera-
ture dependence of the inverse susceptibility.

Table 3

Curie-Weiss parameters of NdgLigCo4_xFexO3g_.
X C (cm®Kmol~ ") 0 (K)
1 34.06(4) -31.9(3)
3 43.9(1) —15.2(5)

in the case of Nd13Li3C03F6033.02 and Nd]gLi8COF63037.75,
described in Table 1, there is evidence of vacant sites on the 04
sublattice: the presence of these vacancies requires the presence
of trivalent cations somewhere in the structure. The 2a site is
occupied by both cobalt and iron, albeit with a disproportionately
high concentration of the latter. The short metal-oxygen distance
around this site leads us to conclude that, as in the majority of the
isostructural compounds studied to date, these cations are in a
low-spin, tetravalent state. The Col(Fe)-O4 bond length of
1.811 A in Nd;gLigCosFeOsg0, is the same as that measured in
Nd;gLigC04039 and smaller [2] than that of 1.855A in Nd;g
LigFes03o. The increased length, 1.839 A, of the corresponding
bond in Nd;gLigCoFe3035 75 reflects the increased concentration of
Fe**, but is still less than the distance observed in Nd;gLigFesOs.

a
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Fig. 4. Temperature and frequency dependence of the (a) real and (b) imaginary
components of the ac molar susceptibility of Nd;sgLigCoFe3037.7s.
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Fig. 5. Iron-57 Mossbauer spectrum of Nd;gLigCoFe3037 .75 obtained at 295 K. The
components assigned to the 2a, 8e and 16i sites are indicated in green, red and
blue, respectively; this colour scheme matches that used in Fig. 1. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this article.)

The presence of vacancies on the 04 site lowers the coordination
number of the 2a sites and thus facilitates the accommodation of
the larger Fe** cation. It is interesting to note that the isotropic



P.D. Battle et al. / Journal of Solid State Chemistry 184 (2011) 2580-2587 2585

Table 4
Mossbauer Spectral Parameters for NdgLigCoFe3037.75 at 295 K.

Iron site d (mm/s)? AEqg (mm/s) I' (mm/s) Area (%)
2a —0.264(6) 0.23(1) 0.34(1) 29.40°
8e 0.323(3) 0.17(1) 0.34(1) 59.12°
16i 0.394(2) 0.64(3) 0.34(1) 11.48°

@ Isomer shifts are given relative to 295 K a-iron powder.
b parameter constrained to the value given.

Table 5
Structural parameters of NdgLigCo3TiO3g 06 at room temperature in space group
Pm3n.

a (A) 11.86892(9)

Rwp 0.0325

Ve 1.91

Nd1 24k y 0.3058(3)

Oyz z 0.3030(3)
Biso (AZ) 042(4)

Nd2 12f x 0.3492(3)

x00 Biso (A%) 0.22(5)

Co1(Ti) 2a Bieo (A2) 0.0

000 Co occupancy? 0.64(2)
Ti occupancy 0.36(2)

Co2(Ti) 8e Biso (A%) 0.0

Va V4 Va Co occupancy? 0.590(5)
Ti occupancy 0.160(5)

Li1 16i X 0.3634(8)

XXX Biso (A%) 1.8(3)

01 481 X 0.8640(3)

Xyz y 0.8591(3)
z 0.6953(2)
Biso (AZ) 080(4)

02 6d Biso (A%) 1.0(2)

“Y%0

03 12g x 0.6323(5)

x0% Biso (A%) 0.8(1)

04 24k y 0.028(1)

0yz z 0.152(1)
Biso (A?) 2.6(4)
Occupancy? 0.422(6)

@ Fractional occupancy.

Table 6

Bond lengths (A) and bond angles (deg.) in Nd;g
LigCo3TiO3g,05 at room temperature.

Nd1-01 2.593(4) x 2
2.537(5) x 2
2.509(4) x 2
Nd1-02 2.430(4)
Nd1-03 2.429(4)
3.069(4)
Nd2-01 2.384(4)x 4
Nd2-03 2.381(5)x 2
Nd2-04 2.364(12)?
Co1(Ti)-04 1.834(12)* x 6
Co2(Ti)-01 1.982(4) x 6
Li1-01 1.996(10) x 3
Li1-04 2.31(2)*x 3
Li1-Li1 3.243(13)
Co1(Ti)-Li1 2.808(9)
Co2(Ti)-Li1l 2.331(9)
Nd1-Nd1 (pore size) 6.209(1)
01-Co2(Ti)-01 88.8(3)
89.5(3)
92.2(3)

2 Average bond length to a disordered oxygen
site.
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Fig. 6. Temperature dependence of the dc molar magnetic susceptibility of
Nd;gLigCo3TiO3506. The insets show the temperature dependence of the inverse
susceptibility.

displacement parameter associated with the 2a site is larger in
Nd;gLigCosFeOsg op than in comparable compositions in which the
site is six-coordinate [2,3]. This can be interpreted as being a
consequence of a reduction in the chemical pressure which we
have previously argued exists within this structure. We also note
that the Fe:Co ratio in Nd;gLigCoFe4039 is sufficient to exclude
cobalt from the 2a site [3], whereas the lower ratio in Ndig
LigCoFe3037 75 is not.

The refined composition of NdgLigCosFeOsg o, requires a mean
oxidation state of 3.33 for the cobalt and iron cations on the 8e
sites, that is one third of the filled sites are occupied by a
tetravalent cation. Unfortunately, the low concentration of iron
precluded the use of Mdssbauer spectroscopy to determine the
oxidation states of the two different elements in this sample. The
mean Co2(Fe/Li)-01 bond length of 1.972(3) A around the 8e site
is shorter than the Fe2-01 distance of 2.028(3) A in Nd; gLigFesO3
but longer than the Co2-01 distance of 1.961(4)A in Nd;g
LigCo4030. The relatively large isotropic displacement parameter
of 2.0(3)/0\2 for the 8e site in Nd;gLigCosFeO3g 9, perhaps implies
that the size of the octahedral 8e site is larger than is required by
the smaller cation, which is consequently displaced, in a dis-
ordered manner, off the ideal site; we commented previously [2]
that even in Nd;gLigC04039 the 8e site was larger than was needed
to accommodate a low-spin Co** cation. The Curie constant of
34.06(4) cm® Kmol~' determined for Nd;gLigCosFeOsggy is
slightly greater than that of 32.13(5)cm®K~!mol~! reported
for Nd,gLigCo4039 but the number of possible combinations of
high-spin and low-spin cations in different oxidation states,
together with an enforced but inappropriate reliance on the
spin-only formula, makes the assignment of oxidation states
and spin states in Nd;gLigCosFeOsg g, difficult. However, the
increase in the Curie constant suggests that some of the iron
must enter the structure as high-spin Fe>*, presumably on the
expanded 8e site. It is unusual not to observe some Li* cations on
the 8e site in this structure, but their absence in the present case
can be attributed to the relatively small size of the 8e site. This is
consistent with the structure of Nd;gLigCo4039, Where the 8e site
is also too small to accommodate the alkali-metal cation. The
relatively large value, 2.6 A2, of the isotropic displacement para-
meter at the 16i site in Nd;gLigCosFeOsgo, might reflect cation
displacements which themselves occur as a consequence of the
partial occupancy of the 04 site.
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The anion deficiency in Nd,gLigCoFe3037 75 is somewhat higher
than that found in Nd;gLigCosFeOsg g, and the average oxidation
state of the d-block cations not on the 2a site is reduced to 3.16.
The Co2(Fe/Li)-O1 bond length around the 8e site is increased
to 2.002(3) A, closer to the value of 2.028(3) A found [2] in Nd;s
LigFesO3o. The increase in size of the octahedral 8e site is
sufficient to allow some of the Li* cations to occupy the 8e sites
instead of being confined to the prismatic 16i site as in NdgLig.
Co4039 and Nd;gLigCosFeOsg . Surprisingly, the introduction of
cation disorder on the 16i site is accompanied by a decrease in
the displacement parameter at this site. The higher concentration
of iron in Nd;gLigCoFe3037 75 made feasible a study by Mossbauer
spectroscopy. The relative areas of the spectral components,
see Fig. 5, agree with the cation distribution determined from
the neutron diffraction data; the fitted parameters in Table 4
confirm that the 2a site is occupied by Fe** and the 8e and 16i
sites by high-spin Fe>*. If we assume that all the cobalt cations on
the 8e site are present as Co** we calculate a mean oxidation
state of 3.29 for the d-block cations distributed over the 8e and
16i sites. This is higher than the value calculated from the
composition, but reasonable when the error in the latter is taken
into account. Furthermore, if we assume that the increased size of
the coordination octahedron around the 8e site allows Co** to
adopt a high-spin state, then the calculated Curie constant of
434cm*>Kmol~! is in excellent agreement with that of
43.9(1)cm3®Kmol~! determined for Nd;sLisCoFe;05,75 from
the experimental data; a value of 39.9 cm® K mol~! is obtained
if Co** is assumed to be in a low-spin state on the 8Se site. We
note that the presence of only high-spin 3d° cations on the 8e and
16i sites increases the value of predictions based on the spin-only
formula.

The magnitude of the magnetic susceptibility of the composi-
tion Nd;gLigCosFeOsg o, is slightly larger than that reported
previously [2] for Nd;gLigCo4039, as is to be expected if low-spin
Co** is replaced in part by high-spin Fe**. The hysteresis
between the ZFC and FC susceptibilities is apparent at a slightly
higher temperature in Nd;gLigCosFeOsg o>, Which is also consis-
tent with a higher spin concentration. However, the susceptibility
maximum occurs at the same temperature in the two composi-
tions, an observation that supports our previous proposal that this
maximum marks the onset of antiferromagnetic ordering on the
neodymium sublattices.

The temperature dependence of the magnetic susceptibility of
Nd;gLigCoFe303775 is very different from that of NdisLig
CosFeOsg0, and bears a closer resemblance [2] to that of Nd;g
LigFesO39. As was the case for the latter compound, the clear
hysteresis present below the temperature of the susceptibility
maximum suggests the formation of a spin-glass phase. The
frequency dependence of the transition temperature and the
appearance of an imaginary component in the ac susceptibility,
see Fig. 4, are consistent with this interpretation, and the value of
AT{TiAlogw determined from the data is typical of an insulating
spin glass [10]. The existence of a maximum in the ZFC suscept-
ibility, rather than simply a change of slope, shows that the
strongly-paramagnetic Nd3* cations must be involved in the
spin-freezing process. This is consistent with previous studies,
which have found that spin-glass formation occurs when Ln is
paramagnetic and there is a high concentration of unpaired
electrons on the 8e sites. On the basis of these studies, it was
concluded [5] that the Ln cation plays an important role in the
inter-cation interactions in these compounds. The present study
shows that this conclusion is true even when a quarter of the 8e
sites are unoccupied; the magnetic behaviour is sensitive to the
magnitude of the magnetic moment of the transition-metal
cations, but relatively insensitive to the presence of vacancies
on that sublattice.

4.2. Nd;gLigCO4 ,XTI.X039 —y

NdgLigCo4039 can only accommodate a relatively low level of
titanium substitution, perhaps because of the larger size of
titanium cations compared to those of cobalt and iron. As
expected, the unit cell increases in size when titanium is intro-
duced into the structure, although the diameter of the hexagonal
cavity containing the polyhedral chains remains comparable to
that in the Fe/Co compositions discussed above. The size of the
coordination octahedron around the 8e site is intermediate
between those listed in Table 2 for the iron-substituted composi-
tions, but is apparently too small to permit lithium cations to
occupy the 8e site. The mean Col1(Ti)-O4 bond length of
1.834(12) A around the 2a site is longer than those in Nd;g
LigCo4039 and NdgLigCosFeOsg o, as is to be expected in view
of the relatively large size of the titanium cation. However, the
site is too small to accommodate a six-coordinate Ti** cation, and
the location of titanium cations on this site is probably only made
possible by the reduction in the coordination number brought
about by the presence of vacancies on the 04 site. In the case of
La;sLisRh4TiO5 the 2a site is 64% occupied by Ti**, but the
presence of the larger La*>* cation resulted in a mean bond length
of 1.924 A and no anion deficiency was detected [6].

The presence of vacant anion sites in Nd;gLigCosTiOsg06
necessitates the presence of trivalent d-block cations in the
structure. The chemistry of the two elements leads us to expect
that Co** would be reduced more readily than Ti**, and that the
oxygen deficiency is accommodated by the cation combination
2Co%* +Co?* +Ti**. We assume that the small 2a site is occu-
pied by a mixture of low-spin Co** and Ti**, leaving the larger
trivalent cations and the remaining tetravalent cations to occupy
the 8e site. If Co>* is also in the low-spin state, the predicted
Curie constant, assuming a spin-only contribution from low-spin
Co** and that Nd®* behaves as an ideal “lgp cation, is
29.86 cm® K mol ', slightly less than the observed value of
32.00(6) cm® K mol~'. Better agreement between the observed
and calculated (31.3 cm® K mol~ ') Curie constants is achieved if
we assume that the Co** cations on the 8e site adopt a high-spin
configuration. The mean bond length around this site is inter-
mediate between those measured in the two iron-containing
compositions described above, and this model is therefore plau-
sible. However, we should emphasise that this level of interpreta-
tion relies on Nd>* behaving as an ideal 419/2 cation in our
compounds. The magnetic susceptibility of Nd;gLigCo3TiO3s06
shows none of the hysteresis observed in Nd;gLigC04039, Nd;gLis.
CosFeOsg 0z or NdqgLigCoFe3037 7. It seems likely that the combi-
nation of diamagnetic Ti** and cation vacancies reduce the
involvement of the 8e site in the magnetic interactions to such
an extent that the antiferromagnetic superexchange between
Nd3+ cations is the only significant magnetic coupling in Nd;sLis.
CosTiOsg 06, and that this compound consequently adopts an
antiferromagnetic ground state below Ty=2.2 K.

5. Conclusions

The crystal structure adopted by the compounds described
above permits a remarkable flexibility in composition. Our pre-
vious work [1-6] has suggested that cations can adopt unusual
oxidation states and spin states as a consequence of the chemical
pressure applied on the polyhedral chains by the Ln-O frame-
work. The results presented herein extend the scope of our earlier
studies to include further cation-deficient compositions. In
contrast to the case of Nd;gLigCo4030, the first such composition
to be reported, the cation deficiency in the newly-synthesised
compounds is partially compensated by the formation of oxide
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vacancies. The three compositions discussed all show different
magnetic behaviour at low temperatures, and thus illustrate the
range of complexity that can occur in the electronic properties of
this structural family. The temperature dependence of the sus-
ceptibility of Nd;gLigCo3TiO3g06 can be accounted for by assum-
ing that long-range antiferromagnetic ordering occurs on the
neodymium sublattices below 2.2 K. The increased concentration
of magnetic cations on the 8e site in Nd;gLigCosFeOsz 9, leads to
some hysteresis as the Nd>*-8e-cation interactions become
significant above 2.2 K and in Nd;gLigCoFe3055 75 these interac-
tions compete sufficiently strongly with those between Nd3+
cations that a spin-glass state is formed; the behaviour of the
latter composition is qualitatively similar to that of the Nd;g
LigCosFes _x0Os9 system described previously [3]. The central role
of the lanthanide cations in this progression of the magnetic
properties is consistent with the behaviour of the LnqgLigRhs_,
Fe,O39 compositions reported previously [5] and it appears that
the properties are more sensitive to the magnetic nature of the
lanthanide cation than they are to the presence of vacancies on
the transition-metal sublattice.
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