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The present paper details the way to determine the cation distribution in mixed oxides with transition 
ions from the diffraction and magnetic susceptibility data. This approach allows one to determine phase 
abundances and phase compositions by two combined procedures. By X-ray diffraction Rietveld pro-
file refinement and magnetic susceptibility data analysis it is possible to estimate the ratio and the oc-
cupancy factor of paramagnetic ions in different oxidation states. A brief discussion of practical cases 
is reported. In the Li-Ni-0 system the lithium cationic fraction of the ordered phase Li2rNi2_2X02 in-
creases monotonically with the total lithium fraction x, for 0.31 < x, < 0.46. In the Li-Mn-0 system for 
0.36 < JC, < 0.53 the Li 2 Mn0 3 fraction has been determined, and for the coexistent Li [Li-yMn2_>,] 0 4 spi-
nel phase the dependence of y on xt has been evaluated. 

Key words: X-ray Powder Diffraction; Magnetic Susceptibility; Lithium Nickel Oxides; Lithium Man-
ganese Oxides; Lithium Manganese Spinel. 

1. Introduction 

The principal aim of material science is to plan com-
pounds with predetermined characteristics, through the 
knowledge of the relationships between composition, 
structure and properties. 

Ternary Li-M-0 systems with lithium and transition 
metal cations often possess a wide homogeneity range 
and properties markedly dependent on the effective cat-
ionic composition and on the valence state of the transi-
tion cation [1-3]. In fact, large variations of structural 
[1,4-6], microstructural [7,8], magnetic [1,9] and trans-
port properties [10] are sometimes observed in these 
systems as functions of the composition. As a result, such 
compounds can be considered useful systems for the 
understanding of the process of charge transfer and mag-
netic interactions in crystalline solids and may suggests 
interesting applications for devices with composition-
tunable properties. In particular, the layered rock-salt 
LiM02 structure (M = V, Cr, Mn, Co, Ni) (2-D array of 
edge-sharing M 0 6 and Li0 6 octahedra) and the oxygen 
close packed spinel type LiMn204 structures (3-D array 
of edge-sharing Mn0 6 octahedra and Li04 tetrahedra) 
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can both sustain the reversible extraction/insertion of 
lithium [2, 11-13]. Thus, they are potential candidates 
as electrode materials for a light and rechargeable bat-
tery known as "rocking-chair" system [14, 15]. Mixed 
lithium-nickel, lithium-cobalt and lithium-manganese 
oxides have recently been used for the preparation of 
cathode materials for rechargeable lithium-batteries [16-
18] and as selective hydrocarbon oxidation catalysts [19]. 
In both cases the properties are due to the coexistence, 
of the transition cations in two different oxidation states 
and to the cation incoporation into the crystal sites. 

An important goal in this case is it therefore to know 
the cation distribution in order to obtain a structural mod-
el as a function of the composition and possibly of the 
synthesis conditions. Useful physical observables for this 
aim are the structure factors of the reflections (nuclear 
and magnetic), contributing to the diffraction patterns of 
X-rays and neutrons, and the temperature dependence of 
the magnetic susceptibility arising from the magnetic 
moments of the different valence states of the transition 
cations. 

We will show how XRD and paramagnetic suscepti-
bility measurements can be effective to determine the 
abundance and composition of the phases. In this way 
the stoichiometry of the components of the system, gen-
erally dependent on the bulk composition, preparation 
temperature and oxygen partial pressure, can be obtained. 
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2. Experimental Details 

2.1. Materials and Sample Preparation 

Li-Ni-0 system: the samples were prepared from the 
reactive system Aldrich (99.99%) NiO/Carlo Erba (R.P.) 
Li2C03, the starting mixture having the lithium cationic 
fraction, xt, ranging between 0.31 and 0.46. The reagents 
were intimately mixed by grinding in an agate mortar and 
then heated at 5 K/minupto 1073 Kin alumina crucibles. 
An isothermal step was then held for an annealing time 
of 8 h at this temperature, followed by cooling down to 
room temperature at 5 K/min. 

Li-Mn-O system: the samples were prepared by the re-
active system Alfa (99.9%) MnO/Carlo Erba (R.P.) 
Li2C03 from a starting mixtures with 0.33 < x t < 0.53. 
Heating and cooling cycles were the same as in the pre-
vious case. 

2.2. Apparatus and Procedures 

Diffraction data were obtained by a Philips PW1710 
powder diffractometer equipped with a Philips PW1050 
vertical goniometer. Use was made of the CuKa radia-
tion (Kal = 1.54056 Ä; Ka2= 1.5443 Ä), selected by 
means of a graphite monochromator. Patterns were 
collected in the angular range 15° < 2 9 < 130° in step 
scan mode (step width 0.03° or 0.025°; counting time 
10 s/step or 1 s/step). 

Structural and profile parameters were obtained by the 
Rietveld refinement procedure [20] performed with the 
program WYRIET version 3.5 [21, 22], 

Static magnetic susceptibility measurements were car-
ried out from 300 K down to liquid helium temperature 
at a magnetic field of 200 mT by using a Faraday bal-
ance susceptometer with a sensitivity of 0.1 pg and a con-
tinuous-flow cryogenic apparatus. For experimental de-
tails see [9, 10]. 

3. Fundamentals of an XRD and 
Static Susceptibility Approach 

3.1. X-Ray Diffraction 

The XRD pattern simulation can be performed on the 
basis of the Rietveld method [20] with the program 
WYRIET version 3.5 [21, 22] for multiphase analysis. 
The residual M is minimized, 

where yo / is the observed intensity at each point i of the 
pattern; w, the statistical weight of each observation and 
yc i the total intensity calculated at point i. For the gen-
eral case of multiphase systems, yc i can be expressed by 
the formula 

yc,i = p W P lfh. / G h , p. Ah. P. i + )'b. i (2) 

where Kp is the scale factor, mh p the multiplicity of the 
reflection, Lh p the Lorentz-polarization factor, Fhp the 
structure factor, Gh p , the peak profile function (Pseudo-
Voigt or Pearson VII) [21, 22], Ah p , the peak asymme-
try function and yb , the background intensity contribu-
tion. In (2) all the h reflection contributions of each p 
phase are considered. The above procedure had previ-
ously been used to determine the relative amounts of 
phases such as ordered and disordered solid solutions 
and stoichiometric compounds, as well as the cation oc-
cupancy factors, in the systems Li-Ni-0 [1, 23] and Li-
Mn-0 [7, 24], 

3.2. Magnetic Susceptibility 

The magnetic behaviour of a transition metal mixed 
oxide at sufficiently high temperature approaches the Cu-
rie-Weiss (C-W) law independently of the specific mag-
netic order that the structure can sustain at low tempera-
ture, as one can see from the high temperature asymptot-
ic mean field expression for magnetic oxides. So, in the 
high temperature range the paramagnetic mass suscepti-
bility Xm depends on the temperature T according to the 
equation 

1 T-G 
r M 

(3) 

where 9 is the Weiss constant and Cm the Curie constant 
referred to the mass unity. 9 is related to the local inter-
action sign and gives information about the magnetical-
ly ordered phases (if existing). Cm is related to the mag-
netic moment of the considered ion and thus to the mean 
effective number of Bohr magnetons, m, per ion. Through 
the relation 

m 2 = 
WC„ 

Â aMB 
(4) 

M = Xw,(y0i,-yCi,)2 (1) 

where W is the weighted average of the component mo-
lar mass of the sample, n the number of magnetic ions 
per unit formula, kB the Boltzmann constant, NA 

Avogadro's number, pB the Bohr magneton, and m de-
pends on the mean valence state of the magnetic ions and 
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is directly related to the phase abundance of the system 
and to the composition of each phase, it is possible to de-
termine the compositional parameters. 

4. Comparison with the Experiment 

4.1. Li-Ni-0 System 

For x, < 0.32 the simple solid solution Li^Ni^O (SSS) 
and the ordered solid solution Li2xNi2_2JC02 (OSS) are 
both present [9, 23], and the paramagnetic region is ob-
servable at temperatures remarkably higher than covered 
in this work (see Fig. 1, curve a). The SSS contribution 
to the slope of \/%m is negligible since it is nearly inde-
pendent of the temperature. Therefore, the fraction (a) 
of OSS in the sample must be deduced from the Rietveld 
refinement results, while the C-W parameters are ob-
tained from the paramagnetic range of the \lxm vs. T 
curve. Then it is possible to determine the lithium con-
tent JCQSS in the OSS phase of the mixture by consider-
ing the relations of x0ss with W, n and m2: 

W = 2 a [ x 0 s s ^Li + 0 - * o s s M N i + A 0 ] , (5) 

where only the contribution of the OSS phase has been 
considered because it represents the only contribution to 
the T dependence of 1 /xm, and Au, ANi and A 0 are the 
atomic mass of Li, Ni, and O, 

n = 2- 2xoss, (6) 

70000 

60000 

50000 

ro 
6 40000 o 

w 

£ 30000 

20000 

10000 

0 0 100 200 300 400 500 600 
T(K) 

Fig. 1. System Li-Ni-O: l/£m values as functions of T for (a) 
x, = 0.31 and (b) x, = 0.46: present ( O ) and literature data ( • ) 
are compared. Regression lines for the paramagnetic range are 
shown. 
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Inserting (5)-(7) in (4), the xoss value can be obtained 
from the value of Cm determined by (3). In Fig. 1 we re-
port (curve a) the 1 lxm data of our x, = 0.31 sample for 
100 K < T< 300 K, compared with literature data [25] 
for 300 K < T < 600 K. The two sets of data agree near 
room temperature. 

In the range xt > 0.32, only the OSS phase is present 
[4, 9, 23] and the paramagnetic region is observable at 
relatively low temperature [9]: the parameters 6 and Cm 

of (3) can easily be obtained from the same equation. Fig-
ure 1, curve b, shows the trend of \/xm as a function of 
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Fig. 2. System Li-Ni-O: x, dependence of (a) OSS phase frac-
tion a determined by XRD and (b) lithium content of the OSS 
phase determined by XRD ( O ) and by susceptibility ( • ) meas-
urements. 
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Fig. 3. System Li-Mn-O: comparison between the patterns of lithium manganese oxide samples with xt = 0.36 (a), x, = 0.40 (b), 
xt = 0.44 (c) and x, = 0.53 (d). The stars mark the most intense peaks of the L i 2 Mn0 3 phase. 

7Tor the xt = 0.46 sample. The lithium content of the OSS 
phase (JCoss) can be determined both by the refinement 
of the cation sites occupancy factor and by solving (4) as 
a function of x o s s . 

The above procedures have been used to obtain the 
pertinent Li-content of the OSS phase fraction (see 
Fig. 2a) for the samples in the composition range 
0.31 < x t < 0.46. The results are reported in Fig. 2b and 
compared with the values estimated by XRD Rietveld 
analysis. 

4.2. Li-Mn-0 System 

In the Li-Mn-0 system the detected crystallographic 
phases are LiMn204 , spinel type, and Li2Mn03 , mono-
clinic rock-salt type. As an example, in Fig. 3 the XRD 
patterns of some samples are reported to show the in-
crease in the Li 2 Mn0 3 abundance with increasing xt (the 
stars refers to literature Li 2 Mn0 3 data). 

As reported in previous papers [7, 24] a suitable pro-
file fit on the spinel phase peaks can be obtained, for 

x, > 0.35 samples, on considering an additional diffrac-
tion component close to the spinel peaks. That was at-
tributed to the presence of a Li-rich spinel form coexist-
ing at room temperature with the stoichiometric one. The 
two forms differ both in cell dimensions and composi-
tion. To obtain the best result in the Rietveld profile anal-
ysis it was necessary to model the rock-salt type Li 2 Mn0 3 

phase and two limiting spinel forms, one stoichiometric 
(larger cell) and another Li-enriched. Figure 4 shows, as 
an example, the Rietveld refinement results for the 
xt = 0.40 sample. From the Rietveld procedure the phase 
abundances and Li content in each sample were obtained, 
and those pertinent to the two spinel forms were used to 
evaluate the mean spinel phase composition; the aver-
aged formula may be expressed by Li [LiyMn2_y] 0 4 . 

The y values can also be obtained from susceptibility 
data, related to the mean sample composition and then to 
the mean valence state of the transition cation, following 
the procedure previously outlined. The 1 lxm vs. Tcurves 
for the samples with xt = 0.36,0.40,0.44 and 0.53 are re-
ported in Figure 5. 
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Fig. 4. System Li-Mn-O: comparison between the observed (dots) and calculated (solid line) pattern obtained after Rietveld re-
finement for the j:, = 0.40 sample. In the lower part, the difference curve is plotted and bars for the reflection positions are shown. 

To describe the suceptibility data it was necessary to 
take into account the two distinct phases Li1+vMn2_v04 

and Li2Mn03 , for which the weight fractions a and ß, 
respectively, are considered. The Li2Mn03 fraction 
ß = (1 - a) can be obtained by both XRD and, more re-
liably, by EPR determination [24] (in general, when no 
EPR signal is available, other techniques, for example 
density determinations, must be used), and the following 
equations for the molar mass (W), the number of mag-
netic cations (n) and the effective number of Bohr magne-
tons (m) are used: 

W = a[(\ + y)Au + ( 2 - y ) A M n + 4 A 0 ] 

+ ( l - a ) W L i 2 M n o 3 , 

(8) 

where AMn is the atomic mass of Mn and WLi2Mn0? the 
molar mass of Li2Mn03 , 

n = a(2 -y) + (1 - a) 

and 

m = a 
1 - 3y 2 

3 2-y M" 
2y +1 2 

2 — y M n 

(9) 

(10) 
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Fig. 5. System Li-Mn-O: values as functions of T for 
= 0.36 (O) , JC, = 0.40 (V) , = 0.44 ( • ) and JC, = 0.53 ( • ). 

Regression lines in the paramagnetic range region are shown. 
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V. Massarotti et al. • Structural and Magnetic Characterization of Mixed Oxides 155 

0.16 

0.36 0.40 0.44 0.48 0.52 

*t 
Fig. 6. System Li-Mn-O: x, dependence of (a) Li 2 Mn0 3 phase 
fraction ß determined by XRD ( O ) and EPR ( • ) and (b) de-
viation from stoichiometry y determined by XRD ( O ) and sus-
ceptibility ( • ) measurements. Lines are drawn as guide for the 
eye. 

Inserting (8)-(10) in (4), the y value can be obtained 
upon Cm determination from (3). The results obtained are 
reported in Figure 6. The values of the weight fraction ß 
(Fig. 6a) and the deviation from stoichiometry (Fig. 6b), 
deduced by Rietveld refinement and by magnetic meas-
urements, are compared. The sensible overestimation of 
the XRD ß values with respect to the EPR ones, for 
x > 0.44 (Fig. 6a), causes a corresponding underestima-
tion of the y XRD values, as can be seen in Figure 6b. As 
previously discussed [23], the overestimation of ß by 
Rietveld determination can be due to the influence of the 
microstructure of the phases. 

5. Conclusions 

The comparison between the analysis of the paramag-
netic response and the Rietveld refinement of diffraction 
data allowed us to evaluate the stoichiometry deviation 
in ternary oxides and to relate the composition of the 
system to other physical properties. In effect, knowledge 
of the mean valence state of the transition cations and the 
abundances of the different phases, together with struc-
tural information represents a suitable tool for the deter-
mination of property-composition relations. 

In the case of substitutional solid solutions in the 
systems Li-Ni-0 and Li-Mn-O we established a correla-
tion between the magnetic properties and the mean va-
lence state of the transition cations in the component phas-
es as a function of lithium substitution. Other important 
aspects concern the influence of preparation conditions 
on the mean valence state, as reported in a recent paper 
on the Li-Mn-0 system [26], where the spinel phase was 
considered together with compounds displaying other 
stoichiometry and transition cation valence states. 
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