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X-ray diffraction, magnetic susceptibility, and electron paramagnetic resonance~EPR! measurements have
been carried out on mixed nickel-lithium oxides as a function of the lithium content. The experimental results
allow us to analyze the cationic order and the magnetic interactions. All the data are consistent with a model
that admits coexistence of different structural phases in a wide composition range, previously not accounted for
in the discussion of the physical properties of these mixed oxides.

I. INTRODUCTION

Two different kinds of solid solutions are present in the
system NiO/Li2O and their crystallographic structures are
well described in the literature.1–3

~i! Substitutional solid solutions~SSS’s! Li xNi12xO, of
NiO-structure type~NaCl related!, have a unique cationic
site containing both lithium and nickel randomly distributed.
The cubic NaCl-like cell can be rhombohedrally distorted
~space groupR3̄m! for very low lithium content. Because of
their semiconductive behavior, these materials are widely
used in the preparation of devices for electrochemical cells.4

~ii ! Ordered solid solutions~OSS’s! Ni~Li12yNiy!O2, usu-
ally reported as Li2xNi222xO2, are derived from the LiNiO2
layered structure~space groupR3̄m!. The order is due to the
preferred occupation of the two cationic sites by different
ions. These materials are used both in the preparation of the
electrodes for Li batteries5–8 and in the design of oxidation-
selective catalysts.9,10

Samples with lithium cationic fractionx less than 0.31 are
reported in the literature as SSS compounds, while the OSS
phase is related to the compositions withx.0.31.2,3,9 The
structural difference between LiNiO2- and NiO-type solid so-
lutions can be clearly explained on the basis of the cation
layer sequence. The double hexagonalc parameter of the
LiNiO2 cell with respect to the NiO-like hexagonal cell is
due to the presence of alternate cationic planes. The atomic
layers represent the 001 families of planes relative to the
hexagonal axes or the 111 planes for cubic lattice translation.
The c hexagonal axis represents the diagonal of a multiple
cubic cell. Stoichiometric LiNiO2 is very difficult to
prepare1,2–4,11and a small lithium deficiency, due to nickel
atoms occupying lithium sites rather than to Li1 ion vacan-
cies, is almost unavoidable.

The magnetic properties of these materials are strongly
affected by the composition and by the degree of cationic
order.1,12,13In fact, the lithium substitution may result both in

a dilution of the NiO antiferromagnetic phase~for low Li
content! and in a ferrimagnetic phase reflecting the presence
of two kinds of magnetic ions~Ni21 and Ni31! in the cationic
arrangement of the layered LiNiO2-type structure. Low-
temperature magnetic features observed in quasistoichiomet-
ric LiNiO2 show that site-to-site inhomogeneities may also
be found, giving rise to the typical disordered magnetic
phases of spin glasses.14

In addition, the magnetic response is also related to the
transport properties, depending on the degree of delocaliza-
tion of the holes introduced by lithium substitution. Actually,
complementary points of view are indeed reported as regards
the charge and the spin changes locally created by lithium
addition.15 However, the nickel 3d character of the lithium-
introduced holes, for high doping levels, seems now
accepted.16A related open question regards the electron para-
magnetic resonance~EPR! signal observed in OSS samples
and attributed to low-spin Ni31 ions ~S51/2!,1,12 even
though strongly anisotropic spin states were also proposed.17

Detailed studies of the thermal behavior of the EPR line-
width near the magnetic transition have also been carried
out.13

The aim of the present work is to give a phenomenologi-
cal assessment of the relations among bulk composition,
structural cationic order, and magnetic phases, pointing out
the crucial role of the preparation method before any detailed
attribution of the magnetic features as a function of the
lithium substitution. By comparing the results of x-ray-
diffraction analysis, susceptibility and magnetization data,
and EPR measurements, we show evidence of a possible
equilibrium between different structural phases in a wide
composition range, previously not accounted for in the dis-
cussion of the magnetic properties of these mixed oxides.

II. EXPERIMENTAL DETAILS

The samples investigated were prepared from the reactive
system NiO/Li2CO3. The reagents were intimately mixed by
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grinding in an agate mortar and then heated at 5 °C/min up to
800 °C in alumina. An isothermal step at this temperature
was held for the proper annealing time and then the samples
were cooled at 5 °C/min to room temperature. Two sets of
samples were prepared with 0.05<x<0.46 by following two
different methods.

~i! Method A: 0.5 initial lithium cationic fraction. Lower-
lithium-content samples are obtained after very long anneal-
ing time by the decrease of lithium content due to Li2O
evaporation.1

~ii ! Method B: the desired final composition was obtained
by preserving the initial lithium content by short annealing
times.

X-ray-diffraction ~XRD! data were obtained with a Phil-
ips PW 1710 powder diffractometer equipped with a Philips
PW 1050 vertical goniometer. Use was made of the CuKa
radiation obtained by means of a graphite monochromator.
Patterns were collected in the angular range 15°,2u,150°
in step scan mode with a step width of 0.03° and 1 s of
counting time. Diffraction measurements were carried out
from 300 down to 10 K using a Guinier-Huber diffractometer
with a helium cooling device.

Static magnetic susceptibility measurements were carried
out from 300 down to 77 K at a magnetic field of 50 mT by
using a Faraday balance susceptometer with a sensitivity of
0.1 mg and a continuous-flow cryogenic apparatus. For
sample masses of a few 1022 g, the resulting sensitivity is
about 1027 cm3/g. The error on the absolute mass suscepti-
bility data, derived from the accuracy in the magnetic-field
gradient value, is estimated to be less than 10%. The
magnetic-field dependence of the magnetization was also
monitored at different temperatures by changing the field in-
tensity between 5 and 150 mT.

EPR spectra were detected in the temperature range 120–
300 K by using a Bruker spectrometer at 9.12 GHz. The

modulation field, the microwave power, and the sample po-
sition in the resonant cavity were kept constant for correct
signal comparison. Care was taken to ensure thermal stabili-
zation of the sample during spectra recording. Signal areas
and spin densities were estimated by numerical analysis and
by comparison with paramagnetic standards.

III. RESULTS

A. X-ray diffraction

In Fig. 1 the x-ray-diffraction patterns at room tempera-
ture of three samples are reported in the angular range 15°
,2u,115°. Patterna refers to material with low lithium
content ~x50.20! prepared by methodB, pattern b to a
sample prepared by methodA and withx50.26, while pat-
tern c refers to a Li-rich LiNiO2-like compound~x50.40!:
with x.0.31, similar patterns are obtained from samples pre-
pared byA andB methods. Two kinds of features turn out to
change with the lithium content: the angular positions of the
peaks belonging to the rhombohedrally distorted NiO-like
structure, and the presence of additional peaks due to the
layered OSS phase~indicated by arrows!. This second fea-
ture is typical of samples withx.0.31 and of samples with
x,0.31 if prepared by methodA.

The angular shift of the peak position reflects the change
of thea andc single-cell parameters, decreasing from 0.295
to 0.290 nm and from 0.721 to 0.712 nm, respectively, on
increasing the lithium content fromx50.05 to 0.31. On the
other hand, the additional peaks show the formation of a
double-cell structure with 1.426.c.1.420 nm and 0.290.a
.0.288 nm for the Li cationic fraction ranging between
x50.31 and 0.46.

X-ray-diffraction patterns were analyzed by the Rietveld
refinement procedure18,19 in order to obtain structural and

FIG. 1. X-ray-diffraction pat-
terns of samples with~curve a!
x50.20, prepared by methodB,
~curve b! x50.26 prepared by
method A, and ~curve c!
x50.40. The arrows indicate the
double-cell reflections~see text!.
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profile parameters. This minimization procedure consists of a
least-squares fit which uses an intensity function accounting
for reflection contributions from one or more phases, besides
the background component. Fits of the observed patterns
were successfully obtained with single-phase and two-phase
models from the following structures:

~i! SSS NiO type with a simplec-axis hexagonal cell
~cationic site 0,0,0 and anionic site 0,0,1/2!;

~ii ! OSS LiNiO2 type with doublec-axis hexagonal cell
@first cationic site~Ni! 0,0,0, second cationic site~Li,Ni !
0,0,1/2, and anionic site 0,0,z with z>1/4!.

The percentage of each phase is deduced from the fit to-
gether with the lattice parametersa andc. The detailed pro-
cedure is described in Ref. 20. The results are shown in Table
I, reporting, as a function of the total lithium contentx, cell
parameters, OSS and SSS phase percentage, and, for each
phase, lithium contentxOSSandxSSS.

We remark that the samples withx.0.31 consist of the
OSS phase, while the samples withx,0.31, if produced by
methodB, consist of the SSS phase and, if produced by
methodA, are two-phase systems.

B. Susceptibility and magnetization

In Fig. 2 the temperature dependences of the mass suscep-
tibility xm and of xm

21 are reported for three samples with
high content of lithium~x.0.31!, i.e., samples that show
very strong double-cell features in the x-ray pattern~see Fig.
1, curvec!.

Figure 2~a!, concerning a sample withx50.46 and com-
parable to a quasistoichiometric LiNiO2 compound, shows a
paramagnetic behavior, slightly deviating from the Curie-
Weiss law at about 100 K. It is similar to that already ob-
served in Ref. 12 and described by a high-temperature Curie-
Weiss law typical of ferromagnets.21

Figures 2~b! and 2~c!, concerning samples withx50.40
and 0.36, respectively, show a change of behavior in the
temperature range investigated, consisting in a rapid increase
of the slope ofxm around a critical temperatureTc . Similar
features are found in samples with lithium cationic fraction
x,0.31 when prepared by following the methodA, as shown
in Figs. 3~a! ~x50.20! and 3~b! ~x50.26!. In the x-ray pat-
tern, these samples also show double-cell features~marked
by arrows in Fig. 1 curveb! even though detected together
with intense reflection peaks typical of the single-cell phase.

Samples withx,0.31 but prepared according to the
methodB do not show any transition in thexm curve nor
paramagnetic behavior@Fig. 3~c! with x50.20# and their dif-
fraction patterns do not possess the double-cell features as
shown in Fig. 1 curvea. Their susceptibility is temperature
independent, with values of a few 1025 cm3/g.

The magnetization data show that the observed abrupt
variations ofxm

21 are indeed related to a magnetic transition,
as follows.

~i! The magnetization curves of samples withx.0.31@see
Fig. 4~a! for x50.40# have linear paramagnetic behavior
aboveTc but lack linearity below it. We did not observe any
change in x-ray pattern in the same temperature range sug-
gesting a structural transition.

TABLE I. As a function of the total lithium contentx and of the preparation methodA or B ~for the samples withx,0.31!, the following
parameters are reported: lattice constantsa andb, OSS and SSS phase percentage, and, for each phase,xOSS and xSSS lithium contents
deduced from XRD; percentages of OSS phase, lithium contentxOSS, transition temperatureTc , anda andg coefficients~see text! deduced
from thex data;d(DB)/dT, spin densities, andTc values inferred fromDB(T), resulting from EPR measurements.

x 0.461 0.416 0.399 0.359 0.314 0.257A 0.201A 0.196B 0.181B 0.105B 0.045B

XRD data

OSS

a ~nm! 0.2881 0.2889 0.2891 0.2896 0.2903 0.2908 0.2911

c ~nm! 1.4205 1.4222 1.4226 1.4237 1.4259 1.4266 1.4296

% OSS 100.0 100.0 100.0 100.0 67.9 24.1 8.8

xOSS 0.461 0.416 0.399 0.359 0.348 0.308 0.268

SSS

a ~nm! 0.2904 0.2909 0.2920 0.2918 0.2930 0.2940 0.2947

c ~nm! 0.7121 0.7129 0.7143 0.7148 0.7174 0.7196 0.7213

% SSS 32.2 75.9 91.2 100.0 100.0 100.0 100.0

xSSS 0.241 0.241 0.194 0.196 0.181 0.105 0.045

x data

% OSS 100.00 100.00 100.00 100.00 67.00 25.00 9.00

xOSS 0.46 0.40 0.40 0.38 0.37 0.35 0.37

Tc ~K! 214 214 241 252 267 253

a 492 570 569 596 599 572 599

g 224 670 668 671 669 684 670

EPR data

Tc ~K! 215 218 238 258 293 278

d(DB)/dT ~mT K21! 0.64 1.45 1.44 2.00 2.20 2.56 2.37

Spin density~1021 cm23! 2.8 5.5 5.5 9.7 8.5 0.15 0.17
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~ii ! Samples withx,0.31 and obtained by methodA have
magnetization curves similar to those ofx.0.31 samples but
with values an order of magnitude lower, as shown in Fig.
4~b! ~x50.26!.

Samples withx,0.31 and prepared with methodB show
nonlinear magnetization in the investigated temperature
range@Fig. 4~c! for x50.20#, according to a field-dependent
low susceptibility.

C. EPR measurements

No relevant EPR signal is detected in samples with low
content of lithium~x,0.31! and prepared with methodB. On
the other hand, a strongly temperature-dependent signal char-
acterizes the samples showing a magnetic transition and
double-cell peaks in the x-ray-diffraction pattern. AtT.Tc
this signal is symmetric withg factor >2.139 and very
broad, as already observed.13 It is narrowed by decreasing
the temperature, down to a minimum linewidthDB observed
nearTc : about this temperature it becomes asymmetric, be-
gins to broaden and its area increases following the suscep-
tibility behavior. Calculations of the spin density give typical
values ranging between 1020 and 1022 cm23. Below Tc the
signal splits into several components with resonant fields
strongly dependent on the temperature: the number of these
components is sample dependent.

IV. DISCUSSION

Comparisons between susceptibility, magnetization, and
EPR data allow us to identify specific magnetic features per-

taining to the OSS LiNiO2-type structure: the magnetic tran-
sition and the EPR signal. We observe that both the magnetic
critical temperatureTc and the EPR signal narrowing above
Tc turn out to be composition and structure dependent. Pre-
vious studies showed that a minimum critical valuex50.31
of lithium substitution is needed to stabilize the ordered lay-
ered structure. But we point out the crucial role of the syn-
thesis process, which may give products with the same bulk
composition but different physical properties. In fact, we ob-
serve the presence of magnetic transition and EPR signal
also in materials withx less than 0.31 when prepared starting
with excess of lithium. We interpret this result as evidence of
the possible coexistence of OSS and SSS structures. We will
show that the observed magnetic properties are consistent
with the x-ray-diffraction model and, moreover, this agree-
ment allows us to detail the structure of layered compounds
as concerns the cationic and magnetic ordering.

A. Magnetic properties

The magnetization curve of Fig. 4~b! suggests a two-
phase model: one observes an abrupt change ofM by de-
creasing the temperature belowTc , as in typical lithium-rich
samples@see Fig. 4~a!#, but theM values are more than a
factor of 10 smaller, approaching the values observed in an-
tiferromagnetic low-Li-content samples@see Fig. 4~c!#.

In order to test this model, the paramagnetic response of
the samples must be analyzed in some detail. From thexm
curves of the SSS samples, we may suppose that the disor-

FIG. 2. Temperature dependence of the static magnetic mass
susceptibility xm ~open circles! and of xm

21 ~filled circles! for
samples with~a! x50.46, ~b! x50.40, and~c! with x50.36.

FIG. 3. Temperature dependence of the static magnetic mass
susceptibility xm ~open circles! and of xm

21 ~filled circles! for
samples with~a! x50.20 and~b! x50.26 both prepared by method
A and ~c! with x50.20 prepared by methodB.
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dered phases give temperature-independent contributions to
xm . As regards the OSS phases, we have to consider the
existence of a superstructure of cationic planes containing
Li1 ions intercalated by planes of nickel without lithium. In
addition, we suppose that the Ni31 ions introduced by
lithium substitution enter preferentially in the nickel planes,
so as to progressively approach the cationic structure of the
stoichiometric LiNiO2. Really, this assumption just suggests
a ferrimagnetic transition, implying the existence of some
distinction between the cationic sites occupied by each spe-
cies of magnetic ion~Ni21 and Ni31!, so as to give rise to
uncompensated antiferromagnetically coupled sublattices. In
fact, we have verified that, if the Ni31 ions were randomly
distributed, explicit mean-field calculations of the paramag-
netic response aboveTc would give rise to an average Curie-
Weiss behavior without the hyperbolic divergence ofxm

21

typical of a ferrimagnet.
Therefore we model the cationic arrangement in the OSS

phase by alternating 001 planes in the hexagonal setting
of Ni21 and Ni31 ions @‘‘heavy’’ ( H) planes# and of Ni21

and Li1 ions @‘‘light’’ ( L) planes#, constituting a
structure usefully described by the formula
@Li 2x

1Ni 122x
21 #L@Ni 122x

21 Ni 2x
31#HO2.

11 The molar magnetization
may thus be written as

M52xMHa1~122x!MHb1~122x!MLb , ~1!

where the subscriptsH and L refer to the ‘‘heavy’’ only-
nickel and ‘‘light’’ with-lithium planes, whilea andb indi-
cate contributions from Ni31 and Ni21, respectively. Follow-
ing the Van Vleck approach, the sublattice magnetizations
may be expressed in terms of the local fieldsHH andHL :

MHa5CaHH /T,

MHb5CbHH /T,

MLb5CbHL /T, ~2!

with

Ca5
NAmB

2

3kB
ga
2Ja~Ja11!, Cb5

NamB
2

3kB
gb
2Jb~Jb11!.

NA , mB , andkB are the Avogadro number, the Bohr magne-
ton, and the Boltzmann constant, whileg andJ may be ap-
proximated, respectively, by 2 and by the spin-only values of
the Ni31 ions, in low-spin configuration,1,12,22 and of Ni21

ions. The local magnetic interactions are accounted for by
contributions to the local fields from the sublattice magneti-
zations weighted by ferromagnetic and antiferromagnetica
andg interaction coefficients:

HH5H2g~122x!MLb1a2xMHa1a~122x!MHb ,

HL5H1a~122x!MLb2g2xMHa2g~122x!MHb . ~3!

By substituting in~3! the expressions forHH andHL given
by the mean-field relations~2!, one obtains three equations in
MHa , MHb , andMLb . Solving the system, the molar suscep-
tibility xM is written asM (x,a,g,T)/H, whereM is calcu-
lated by using Eq.~1!. The continuous lines in Figs. 2 and 3
are the results of fits calculated within this model: the data
range for the fitting excludes the transition region, where the
mean-field theory is unreliable.

Froma andg, the ferromagnetic intraplane and antiferro-
magnetic interplane exchange constantsj 8 and j 9 may be
estimated. Since each magnetic ion has six neighboring ions
in the same plane and three in the two adjacent ones, the
mean-field coefficients from the sum of 12 exchange contri-
butions averaged over the possible coordinations of Ni31 and
Ni21 ions for the given lithium composition are

a5K (
1

6

j 8/Ci L , g52K (
1

6

j 9/Ci L , ~4!

whereCi may beCa or Cb depending on the specific ion
considered~Ni31 or Ni21, respectively!. By substituting the
averaged sums by sums of theC i

21 terms weighted by the
presence of Ni31 or Ni21, we finally obtain the expressions
of j 8 and j 9 as a function ofa, g, andx:

j 85
a

6 S 2xCa
1
122x

Cb
D 21

, j 952
g

6 S x

Ca
1
12x

Cb
D 21

.

~5!

The j 8 and j 9 exchange constants so estimated for the
samples with OSS features~x50.46 excluded! fall into nar-
row ranges,j 8 being 4362 K, and j 9 27062 K. The j 9

FIG. 4. Magnetization curves at 300 K~diamonds!, 250 K ~up
triangles!, 200 K ~squares!, 150 K ~down triangles!, and 100 K
~circles! of samples~a! with x50.40,~b! with x50.26 prepared by
methodA, and~c! with x50.20 prepared by methodB.
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values well match the exchange constantj 95285 K of the
parent compound NiO.23 In fact, in both cases, the intersub-
lattice interactions are mediated by the same type of ex-
change geometry, though the magnetic structure is com-
pletely different ~fcc in NiO and layered in OSS
Li2xNi222xO2!. This latter fact is just the reason, by contrast,
that the estimatedj 8 cannot be compared with the value re-
ported for NiO @j 8~NiO!5255 K# since the intrasublattice
interactions have very different features.

The calculatedj 8 and j 9 for the ‘‘quasistoichiometric’’
sample withx50.46 deviate from the values observed in the
other OSS compounds, givingj 8532 K andj 95221 K. This
result agrees with the prevalence of ferromagnetic intralayer
interactions12 expected on approaching the LiNiO2 structure
where the interlayer interactions are quenched by the dia-
magnetic lithium layers. The lower value of the ferromag-
netic j 8 constant might be related to less efficient intralayer
exchange interactions when the number of Ni21 ions in the
heavy layers becomes very small. This result calls for further
investigation21 about the effects of the coexistence of Ni21

and Ni31 on the intralayer ferromagnetic exchange interac-
tions.

The percentages of OSS phase and the lithium contents
xOSS resulting from this approach are reported in Table I for
comparison with the analogous data from diffraction analy-
sis: the agreement between the percentages of OSS phase
and the similar trends ofxOSS is remarkable and supports in
a nontrivial way the coexistence of the two different SSS and
OSS structures.

B. EPR data

The comparison between the EPR spectra of samples in a
wide composition range brings us to the definite association
of the EPR signal with the OSS layered structure.

The large area of the signal points to a ‘‘bulk’’ attribution,
ruling out the defect sites as origin. In fact, by comparing the
signal areas with the expected abundance of Ni31 and Ni21

ions for a given lithium addition, we find agreement with the
density of 180°-faced Ni31-O-Ni21 groups as already
suggested.13 In Fig. 5 we report the spin density, estimated
from the EPR signal areas, compared with the Ni31-O-Ni21

abundance~normalized to the largest density observed!, cal-
culated according to the relative occupation probabilities of
Ni31 and Ni21 in adjacent cationicH andL planes:

P~NiH
31-O-NiL

21!5P~NiH
31!P~NiL

21!52x~122x!. ~6!

The experimental points well match the ones calculated by
assuming thex values of the OSS phase deduced from the
x-ray-diffraction and susceptibility analyses within the two-
phase model.

The linewidth thermal behavior is the otherx-dependent
feature in the EPR spectra. We calculated the sloped(DB)/
dT of the EPR signal narrowing aboveTc . This parameter
was previously related24 to ‘‘stoichiometry-dependent pho-
non modulation of the line broadening due to dipole-dipole
interactions’’ in OSS compounds withx.0.31: in fact, a
good reproduction of the experimental data observed in
single-phase compounds was achieved. In Fig. 5 we also
report ourd(DB)/dT values, taking into account the OSS
compositions reported in Table I. We remark that the data for
two-phase samples withx,0.31 prepared with methodA
also well match the other data.

In a few samples~such as that withx50.40 of Figs. 2, 4,
and 5! the sloped(DB)/dT is not strictly constant but shows
a slight decrease near the magnetic transition which also ap-
pears rather smooth in thexm

21 curve. This fact is likely due
to the presence of a variety of OSS regions with slightly
different compositions, confirming that inhomogeneities may
be easily found in these materials, as already observed in the
‘‘quasistoichiometric’’ compound.14

In Table I, besidesd(DB)/dT and the spin densities, the
Tc values inferred fromDB(T) are reported for comparison
with theTc values resulting from the mean-field approach.

V. SUMMARY

Our results contribute to clarification of the relation be-
tween magnetic and structural features in these mixed oxides
and indicate the importance of the preparation method,
which may allow the coexistence of SSS and OSS structures
with different lithium content, for samples prepared with
very long annealing time and low final lithium content~x
,0.31!. In such cases one can expect some inhomogeneity
between the surface and the inner part of the grains. How-
ever, the magnetic properties have been interpreted, in a
simple mean-field approach, as a result of diluted antiferro-
magnetic contributions from the SSS phase and ferrimag-
netic behavior of the OSS phase withTc dependent on the
phase composition. In summary, we have verified that the
magnetic properties of the mixed Li-Ni oxide solutions are
strictly related to the cationic arrangement within the lattice,
and a model has also been proposed for the ordering of the
differently charged nickel ions.

FIG. 5. ~Open circles! linear thermal dependence coefficient
d(DB)/dT of the EPR linewidth.~Filled circles! spin density esti-
mated from the EPR signal area. The data are reported according to
thex value of the only-OSS phase. The upper continuous line is the
experimental curve obtained by Stoyanova, Zhecheva, and Friebel
~Ref. 24!. The lower line is the expected statistical abundance of
facing Ni31-O-Ni21 couples.
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