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Cationic and magnetic order in LiNiO,- and NiO-type Li-Ni mixed oxides
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X-ray diffraction, magnetic susceptibility, and electron paramagnetic resor{&i® 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.

[. INTRODUCTION a dilution of the NiO antiferromagnetic phasgfr low Li
contenj and in a ferrimagnetic phase reflecting the presence
Two different kinds of solid solutions are present in the Of two kinds of magnetic iongNi** and NF*) in the cationic
system NiO/LiO and their crystallographic structures are &rangement of the layered LiNj@ype structure. Low-
well described in the literature3 temperature magnetic features observed in quasistoichiomet-
(i) Substitutional solid solution§SSS'$ Li,Ni, O, of ric LINIO, show that site-to-site inhomogeneities may also

NiO-structure type(NaCl related, have a unique cationic bﬁ found]é giyingl riszgto the typical disordered magnetic
site containing both lithium and nickel randomly distributed. phases of Spin glasses.

The cubic NaCl-like cell can be rhombohedrally distorted tralnnsSc?r?lg(r)gp,)et?tieesm%gegztrz%i;egsz?lnfhee IZeﬂ?:erglfaéee?of:%I};]:-
(space groufiR3m) for very low lithium content. Because of ion of the holes introduced by lithium substitution. Actually,

their semiconductive behavior, these materials are widel)y | i ints of vi indeed ted q
used in the preparation of devices for electrochemical &ells compiementary points of view are indeed reported as regards

(i) Ordered solid solution€dSS'$ Ni(Li;_,Ni,)Oy, usu- ‘the charge and the spin changes locally created by lithium

ally reported as Li,Ni, ,0,, are derived from the LiNiQ addition:> However, the nickel 8 character of the lithium-

layered structuréspace groufR3m). The order is due to the '””Oducgg' holes, for high o_loplng levels, seems now
preferred occupation of the two cationic sites by di1’“ferentaccepte - Arelated open question regards the electron para-

ions. These materials are used both in the preparation of tHgagnetic resonancEPR) signal observed in OSS samples

. . . _ 1112
electrodes for Li batteriés® and in the design of oxidation- and attributed to . Iow-spln IQIT ions (5=1/2), even
selective catalysfs!° though strongly anisotropic spin states were also proptised.

Samples with lithium cationic fractiox less than 0.31 are Detailed studies of the thermal behavior of the EPR line-

reported in the literature as SSS compounds, while the os@‘?tlg near the magnetic transition have also been carried
phase is related to the compositions with0.31%3° The Ou'i’h im of th twork is to o h oqi
structural difference between LiNi©and NiO-type solid so- € aim of the présent work 1S 10 give a pnénomenologi-

lutions can be clearly explained on the basis of the catioﬁ:al assessment of the relations among bulk composition,

layer sequence. The double hexagooaparameter of the structural cationic order, and magnetic phases, pointing out
LiNiO,, cell with respect to the NiO-like hexagonal cell is the crucial role of the preparation method before any detailed

due to the presence of alternate cationic planes. The atom tr_|but|on of_th_e magnetic featgres as a function of the
ithium substitution. By comparing the results of x-ray-

layers represent the 001 families of planes relative to th iffract vsi tibilit d tization dat
hexagonal axes or the 111 planes for cubic lattice translatiorg.I raction analysis, susceptibility and magnetization data,
nd EPR measurements, we show evidence of a possible

The ¢ hexagonal axis represents the diagonal of a multiplén® =" . . ;
cubic cell gStoichiometEic LiNIQ is ve?y difficult to P equilibrium between different structural phases in a wide

preparé2-*'and a small lithium deficiency, due to nickel composition range, previously not accounted for in the dis-
atoms occupying lithium sites rather than to" Lion vacan- cussion of the magnetic properties of these mixed oxides.

cies, is almost unavoidable.

The magnetic properties of these materials are strongly
affected by the composition and by the degree of cationic The samples investigated were prepared from the reactive
order'213|n fact, the lithium substitution may result both in system NiO/L,CO,. The reagents were intimately mixed by

Il. EXPERIMENTAL DETAILS
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grinding in an agate mortar and then heated at 5 °C/min up tanodulation field, the microwave power, and the sample po-
800 °C in alumina. An isothermal step at this temperaturesition in the resonant cavity were kept constant for correct
was held for the proper annealing time and then the samplesignal comparison. Care was taken to ensure thermal stabili-
were cooled at 5 °C/min to room temperature. Two sets ofation of the sample during spectra recording. Signal areas
samples were prepared with 0:8%<0.46 by following two  and spin densities were estimated by numerical analysis and
different methods. by comparison with paramagnetic standards.

(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 tgQi ll. RESULTS
evaporatior!.

(ii) Method B: the desired final composition was obtained
by preserving the initial lithium content by short annealing In Fig. 1 the x-ray-diffraction patterns at room tempera-
times. ture of three samples are reported in the angular range 15°

X-ray-diffraction (XRD) data were obtained with a Phil- <20<115°. Patterna refers to material with low lithium
ips PW 1710 powder diffractometer equipped with a Philipscontent (x=0.20 prepared by method, patternb to a
PW 1050 vertical goniometer. Use was made of thekiu  sample prepared by methddand withx=0.26, while pat-
radiation obtained by means of a graphite monochromatotern c refers to a Li-rich LiNiG-like compound(x=0.40:
Patterns were collected in the angular range<iZ¥<150°  with x>0.31, similar patterns are obtained from samples pre-
in step scan mode with a step width of 0.03dah s of pared byA andB methods. Two kinds of features turn out to
counting time. Diffraction measurements were carried outhange with the lithium content: the angular positions of the
from 300 down to 10 K using a Guinier-Huber diffractometer peaks belonging to the rhombohedrally distorted NiO-like
with a helium cooling device. structure, and the presence of additional peaks due to the

Static magnetic susceptibility measurements were carriethyered OSS phasgndicated by arrows This second fea-
out from 300 down to 77 K at a magnetic field of 50 mT by ture is typical of samples witk>0.31 and of samples with
using a Faraday balance susceptometer with a sensitivity 0é<0.31 if prepared by methoA.

0.1 ug and a continuous-flow cryogenic apparatus. For The angular shift of the peak position reflects the change
sample masses of a few 1®g, the resulting sensitivity is of thea andc single-cell parameters, decreasing from 0.295
about 107 cm®/g. The error on the absolute mass susceptito 0.290 nm and from 0.721 to 0.712 nm, respectively, on
bility data, derived from the accuracy in the magnetic-fieldincreasing the lithium content from=0.05 to 0.31. On the
gradient value, is estimated to be less than 10%. Thether hand, the additional peaks show the formation of a
magnetic-field dependence of the magnetization was alsdouble-cell structure with 1.426c>1.420 nm and 0.298a
monitored at different temperatures by changing the field in=>0.288 nm for the Li cationic fraction ranging between
tensity between 5 and 150 mT. x=0.31 and 0.46.

EPR spectra were detected in the temperature range 120— X-ray-diffraction patterns were analyzed by the Rietveld
300 K by using a Bruker spectrometer at 9.12 GHz. Therefinement procedut&!® in order to obtain structural and

A. X-ray diffraction
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TABLE I. As a function of the total lithium content and of the preparation meth@dor B (for the samples witkx<0.32), the following
parameters are reported: lattice constantnd b, OSS and SSS phase percentage, and, for each phaseand xggg lithium contents
deduced from XRD; percentages of OSS phase, lithium comtegy, transition temperatur€, , anda and y coefficients(see text deduced
from the y data;d(AB)/dT, spin densities, andl; values inferred from\B(T), resulting from EPR measurements.

X 0461 0416 0.399 0.359 0.314 0.257 0.201A 0.196B 0.181B 0.105B 0.045B
XRD data

0SS

a (nm) 0.2881 0.2889 0.2891 0.2896 0.2903 0.2908 0.2911

¢ (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 0461 0416 0.399 0359 0.348 0.308 0.268

Sss

a (nm) 0.2904 0.2909 0.2920 0.2918 0.2930 0.2940 0.2947

¢ (nm) 0.7121 0.7129 0.7143 0.7148 0.7174 0.7196 0.7213

% SSS 322 75.9 912 100.0 100.0 100.0  100.0

Xsss 0.241 0241 0194 0196 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

T¢ (K) 214 214 241 252 267 253

a 492 570 569 596 599 572 599

y 224 670 668 671 669 684 670
EPR data

T (K) 215 218 238 258 293 278

d(AB)/dT (mT K™} 0.64 1.45 1.44 2.00 2.20 2.56 2.37

Spin density(10?* cm™3) 2.8 55 55 9.7 8.5 0.15 0.17

profile parameters. This minimization procedure consists of a Figure Za), concerning a sample witk=0.46 and com-
least-squares fit which uses an intensity function accountingarable to a quasistoichiometric LiNj@ompound, shows a
for reflection contributions from one or more phases, besideparamagnetic behavior, slightly deviating from the Curie-
the background component. Fits of the observed patterné/eiss law at about 100 K. It is similar to that already ob-
were successfully obtained with single-phase and two-phasgerved in Ref. 12 and described by a high-temperature Curie-

models from the following structures:

(i) SSS NIiO type with a simple-axis hexagonal cell
(cationic site 0,0,0 and anionic site 0,0,1/2

(i) OSS LINIiO, type with doublec-axis hexagonal cell
[first cationic site(Ni) 0,0,0, second cationic sité.i,Ni)
0,0,1/2, and anionic site 0 Dwith z=1/4).

The percentage of each phase is deduced from the fit tcf—

gether with the lattice parametesisandc. The detailed pro-

cedure is described in Ref. 20. The results are shown in Tabl

I, reporting, as a function of the total lithium contentcell

Weiss law typical of ferromagnefs.

Figures 2b) and 4c), concerning samples with=0.40
and 0.36, respectively, show a change of behavior in the
temperature range investigated, consisting in a rapid increase
of the slope ofy,, around a critical temperatufg,. Similar
features are found in samples with lithium cationic fraction
<0.31 when prepared by following the methadas shown
n Figs. 3a) (x=0.20 and 3b) (x=0.26). In the x-ray pat-
tern, these samples also show double-cell feat(mesrked
ﬁy arrows in Fig. 1 curvd) even though detected together
with intense reflection peaks typical of the single-cell phase.

parameters, OSS and SSS phase percentage, and, for eacr‘SampIes withx<0.31 but prepared according to the

phase, lithium conterntygsandxsss
We remark that the samples wi#r>0.31 consist of the
OSS phase, while the samples with0.31, if produced by

methodB do not show any transition in thg,, curve nor
paramagnetic behavigFig. 3(c) with x=0.20] and their dif-
fraction patterns do not possess the double-cell features as

method B, consist of the SSS phase and, if produced byshown in Fig. 1 curvea. Their susceptibility is temperature

methodA, are two-phase systems.

B. Susceptibility and magnetization

independent, with values of a few 10cm?/g.

The magnetization data show that the observed abrupt
variations ofy ! are indeed related to a magnetic transition,
as follows.

In Fig. 2 the temperature dependences of the mass suscep- (i) The magnetization curves of samples with0.31[see
tibility x,, and of y,! are reported for three samples with Fig. 4@ for x=0.40] have linear paramagnetic behavior
high content of lithium(x>0.31), i.e., samples that show aboveT, but lack linearity below it. We did not observe any

very strong double-cell features in the x-ray pattesee Fig.
1, curvec).

change in x-ray pattern in the same temperature range sug-
gesting a structural transition.
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FIG. 3. Temperature dependence of the static magnetic mass
FIG. 2. Temperature dependence of the static magnetic masgsceptibility y, (open circles and of y;;* (filled circles for
susceptibility x,, (open circley and of x,,' (filled circles for  samples with@ x=0.20 and(b) x=0.26 both prepared by method
samples with(a) x=0.46, (b) x=0.40, and(c) with x=0.36. A and(c) with x=0.20 prepared by methdsl.

(ii) Samples withx<0.31 and obtained by meth@dhave o o )
magnetization curves similar to thosexof0.31 samples but taining to the OSS LiNi@type structure: the magnetic tran-
with values an order of magnitude lower, as shown in FigSition and the EPR signal. We observe that both the magnetic
4(b) (x=0.26). critical temperaturd ., and the EPR signal narrowing above

Samples witik<0.31 and prepared with meth@ishow  Tc turn out to be composition qn_d structure dependent. Pre-
nonlinear magnetization in the investigated temperatur&ious studies showed that a minimum critical vak:e0.31
range[Fig. 4(c) for x=0.20], according to a field-dependent ©f lithium substitution is ngeded to stab|I|z_e the ordered lay-
low susceptibility. ered structure. But we point out the crucial role of the syn-

thesis process, which may give products with the same bulk
C. EPR measurements composition but different physical properties. In fact, we ob-

No relevant EPR signal is detected in samples with IOWserve the presence of magnetic transition and EPR signal

content of lithium(x<0.31) and prepared with methdg, On also in materials witkx less than 0.31 when prepared starting

the other hand, a strongly temperature-dependent signal cha\tﬁ—lth excess of lithium. We interpret this result as evidence of

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.

this signal is symmetric withg factor =2.139 and very
broad, as already observEtlit is narrowed by decreasing
the temperature, down to a minimum linewidttB observed
nearT.: about this temperature it becomes asymmetric, be-

gins to broaden and its area increases following the suscep- A. Magnetic properties
tibility behavior. Calculations of the spin density give typical
values ranging between 4and 13? cm 3. Below T, the
signal splits into several components with resonant field
strongly dependent on the temperature: the number of the
components is sample dependent.

The magnetization curve of Fig.(ld) suggests a two-
hase model: one observes an abrupt changk! dfy de-
reasing the temperature beld@y, as in typical lithium-rich

Lamplessee Fig. 4a)], but theM values are more than a
factor of 10 smaller, approaching the values observed in an-
IV. DISCUSSION tiferromagnetic Iow—ITi-content samplégsee Fig. 40)].
In order to test this model, the paramagnetic response of
Comparisons between susceptibility, magnetization, anthe samples must be analyzed in some detail. Fromythe
EPR data allow us to identify specific magnetic features pereurves of the SSS samples, we may suppose that the disor-
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where the subscriptsl and L refer to the “heavy” only-

12 : ; R ; N
o 009 a1 nickel and “light” with-lithium planes, whilea andb indi-
o ° vor | cate contributions from Ni" and Nf*, respectively. Follow-
gl o0° ' e ing the Van Vleck approach, the sublattice magnetizations
o° 0031 & O . may be expressed in terms of the local fieldlis andH, :
v v N A%)Q
4 vV v %90 500 10001500 MHa:CaHH/T,
? (a)
el W g In| n| MHbZCbHH/TI
0.9 o
—_ M p=CpH_/T, 2
3 B i} Lb=CpH_ ()
> | .
" 0.6 00 o 7 o with
= ®_ v o " 2 2
v N N
T 0.3 v o AMB alB
83 RN s A o) Ca= 3kg gaJa(Jat1), Cb:3—kB IpJdp(Jp+1).
aB? an
0.0 1% 2 ¢ ¥ N,, ug, andkg are the Avogadro number, the Bohr magne-
0ol g | ton, and the Boltzmann constant, whjeandJ may be ap-
’ ] proximated, respectively, by 2 and by the spin-only values of
9 the NP* ions, in low-spin configuratioh}?>??and of Nf*
8 8 ions. The local magnetic interactions are accounted for by
oy 8 | contributions to the local fields from the sublattice magneti-
8 (c) zations weighted by ferromagnetic and antiferromagnetic
gg and y interaction coefficients:
OO I I L
0 500 10(00) 1500 2000 Hy=H—$(1—2X)M,+ a2XMp,+ a(1—2X)Myp ,
H (G

HL=H+a(1—2X)MLb—‘yZXMHa— y(1—2X)MHb (3)
FIG. 4. Magnetization curves at 300 (diamond$, 250 K (up
triangles, 200 K (squarey 150 K (down triangley and 100 K
(circles of samplega) with x=0.40, (b) with x=0.26 prepared by
methodA, and(c) with x=0.20 prepared by methdsl.

By substituting in(3) the expressions fad,, andH, given

by the mean-field relation®), one obtains three equations in
Mya, My, , andM . Solving the system, the molar suscep-
tibility xy is written asM(x,a,y,T)/H, whereM is calcu-
lated by using Eq(1). The continuous lines in Figs. 2 and 3
dered phases give temperature-independent contributions e the results of fits calculated within this model: the data
Xm- As regards the OSS phases, we have to consider th@nge for the fitting excludes the transition region, where the
existence of a superstructure of cationic planes containinghean-field theory is unreliable.

Li* ions intercalated by planes of nickel without lithium. In* From « and v, the ferromagnetic intraplane and antiferro-
addition, we suppose that the i ions introduced by magnetic interplane exchange constajitsand j” may be
lithium substitution enter preferentially in the nickel planes, estimated. Since each magnetic ion has six neighboring ions
so as to progressively approach the cationic structure of thg the same plane and three in the two adjacent ones, the
stoichiometric LiNiG. Really, this assumption just suggests mean-field coefficients from the sum of 12 exchange contri-
a ferrimagnetic transition, implying the existence of someputions averaged over the possible coordinations 8f ldid
distinction between the cationic sites occupied by each speNi2* ions for the given lithium composition are

cies of magnetic ior{Ni?" and NF"), so as to give rise to

uncompensated antiferromagnetically coupled sublattices. In 6 6

fact, we have verified that, if the Rii ions were randomly a=<2 j’/Ci>, y=- < > j”/Ci>, 4
distributed, explicit mean-field calculations of the paramag- ! !

netic response abovie would give rise to an average Curie- ywhere C; may beC, or C, depending on the specific ion
Weiss behavior without the hyperbolic divergencexgf’  consideredNi®* or Ni2", respectively. By substituting the

typical of a ferrimagnet. o . averaged sums by sums of thg ! terms weighted by the
Therefore we model the cationic arrangement in the OS$esence of Ni* or Ni2*, we finally obtain the expressions

phase by alternating 001 planes in the hexagonal settings j’ andj” as a function ofa, y, andx:
of Ni?" and NP* ions [“heavy” (H) plane§ and of NF*

and Li* ions [“light” (L) planeg, -constituting a al2x 1-2x\71 y({x 1-x\71
structure  usefully  described by the formula j’=€ (C_+C—> , '”=—€(C—+ C_>
[Li 5,Ni 255 ], [Ni 2, Ni 3 ,,0,.1 The molar magnetization a b a b ®)

may thus be written as
The j’ and j” exchange constants so estimated for the
samples with OSS featur€¢gs=0.46 excludegfall into nar-
M=2XMp,+(1=2X)Myp+ (1 =2X)M (1)  row ranges,j’ being 43:2 K, andj” —70*=2 K. The j”
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values well match the exchange constght —85 K of the The large area of the signal points to a “bulk” attribution,
parent compound Ni®® In fact, in both cases, the intersub- ruling out the defect sites as origin. In fact, by comparing the
lattice interactions are mediated by the same type of exsignal areas with the expected abundance df Mind Nf*
change geometry, though the magnetic structure is comions for a given lithium addition, we find agreement with the
pletely different (fcc in NiO and layered in OSS density of 180°-faced Ni-O-Ni** groups as already
Li, Ni,_,,0,). This latter fact is just the reason, by contrast,suggested® In Fig. 5 we report the spin density, esti_ryated
that the estimated’ cannot be compared with the value re- from the EPR signal areas, compared with thé ND-Ni**

ported for NiO[j'(NiO)=—55 K] since the intrasublattice abundancénormalized to the largest density obseryezal-
interactions have very different features. culated according to the relative occupation probabilities of

i3+ 24 ; P .
The calculatedj’ and j” for the “quasistoichiometric’ NI~ and NF" in adjacent cationiti andL planes:

sample withx=0.46 deviate from the values observed in the

other OSS compounds, givifg=32 K andj"”=—-21 K. This P(Ni3"-0-NiZ")=P(Ni2")P(Ni?*)=2x(1—2x). (6)
result agrees with the prevalence of ferromagnetic intralayer

interaction3” expected on approaching the LiNiGtructure The experimental points well match the ones calculated by

where the interlayer interactions are quenched by the diaéssuming the values of the OSS phase deduced from the

magnetic lithium layers. The lower value of the ferromag-y ay_giffraction and susceptibility analyses within the two-
netic j’ constant might be related to less efficient mtralayerphase model.

exchange interactions when the number of'Nions in the The linewidth thermal behavior is the otherdependent
heavy layers becomes very small. This result calls for furthefeature in the EPR spectra. We calculated the shbeB)/
investigatiod® about the effects of the coexistence ofNi 4T of the EPR signal narrowing abovi,. This parameter
and NP* on the intralayer ferromagnetic exchange interacas previously relatéd to “stoichiometry-dependent pho-
tions. non modulation of the line broadening due to dipole-dipole
The percentages of OSS phase and the lithium conteniateractions” in OSS compounds witk>0.31: in fact, a
Xosgresulting from this approach are reported in Table | forgood reproduction of the experimental data observed in
comparison with the analogous data from diffraction analy-single-phase compounds was achieved. In Fig. 5 we also
sis: the agreement between the percentages of OSS phasgort ourd(AB)/dT values, taking into account the OSS
and the similar trends ofyggis remarkable and supports in compositions reported in Table I. We remark that the data for
a nontrivial way the coexistence of the two different SSS andwo-phase samples witk<<0.31 prepared with method
0SS structures. also well match the other data.
In a few samplegsuch as that witkk=0.40 of Figs. 2, 4,
and 5 the sloped(AB)/dT is not strictly constant but shows
B. EPR data a slight decrease near the magnetic transition which also ap-
i __pears rather smooth in thg, ! curve. This fact is likely due
_ The comparison between the EPR spectra of samples in@ the presence of a variety of OSS regions with slightly
wide composition range brings us to the definite associatioRjtferent compositions, confirming that inhomogeneities may
of the EPR signal with the OSS layered structure. be easily found in these materials, as already observed in the
“quasistoichiometric” compound?
In Table I, besidesi(AB)/dT and the spin densities, the

3.0 3 T, values inferred fromAB(T) are reported for comparison
. . with the T, values resulting from the mean-field approach.
|
—~ £
S 204 12 8 V. SUMMARY
£ =
g 15 1 = Our results contribute to clarification of the relation be-
~ “% tween magnetic and structural features in these mixed oxides
3 10 17 § and indicate the importance of the preparation method,
I 5l | = which may allow the coexistence of SSS and OSS structures
& with different lithium content, for samples prepared with
0.0} 10 very long annealing time and low final lithium contefx

<0.3]). In such cases one can expect some inhomogeneity
o between the surface and the inner part of the grains. How-
X, Lip Nip 5,0, ever, the magnetic properties have been interpreted, in a

simple mean-field approach, as a result of diluted antiferro-

FIG. 5. (Open circles linear thermal dependence coefficient Magnetic contributions from the SSS phase and ferrimag-

d(AB)/dT of the EPR linewidth(Filled circle spin density esti- Netic behavior of the OSS phase witl dependent on the
mated from the EPR signal area. The data are reported according Rase composition. In summary, we have verified that the
thex value of the only-OSS phase. The upper continuous line is thénagnetic properties of the mixed Li-Ni oxide solutions are
experimental curve obtained by Stoyanova, Zhecheva, and Friebétrictly related to the cationic arrangement within the lattice,
(Ref. 24. The lower line is the expected statistical abundance ofand a model has also been proposed for the ordering of the
facing NF™-O-Ni?" couples. differently charged nickel ions.

0.25 0.30 0.35 0.40 0.45 0.50
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