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Abstract. We study the magnetic structure of layered Lii—;Nij4+;O2 and propose a new scheme: the AF
interaction between the excess Ni*T in the Li layers and the Ni** ions in the Ni planes, gives rise to the
formation of ferrimagnetic clusters, which control the physics of these systems. The values of the different
interactions are estimated from a mean field calculation in the high temperature limit. For the small z
samples studied here the method does not yield an accurate value of Jar, but it is very sensitive to the
intralayer interactions, allowing to conclude that they are ferromagnetic. The recent proposal of a quantum
spin-orbital liquid in this system is discussed and the comparison with Jahn-Teller distorted NaNiO; is

made.

PACS. 75.10.-b General theory and models for magnetic ordering — 75.30.Et Exchange and superexchange

interactions

1 Introduction

The sign and the hierarchy of the magnetic interactions
in Li;—;Nij 4,02 have been the subject of controversy for
long, renewed recently by its promising properties for bat-
teries. The system has been considered as a possible quan-
tum spin liquid [1], a 2D frustrated antiferromagnet [2], a
weakly coupled 2D Ising ferromagnet [3], a 2D Heisen-
berg ferromagnet [4], a spin glass [5, 6], as ferromag-
netic (F) clusters within a frustrated antiferromagnetic
(AF) matrix [7] and more recently, as the physical real-
isation of a quantum spin-orbital liquid [8-10]. It is now
clear that some of these interpretations have been moti-
vated by different samples, as the magnetic properties of
Li;—;Ni;4,04 are extremely sensitive to the preparation
conditions. Since this is also crucial for battery capacity, a
great effort has been devoted to the synthesis and charac-
terisation of the samples these last years. Therefore we are
now in a better position to compare measurements from
different groups in order to build a reliable theory.

Here, based on a systematic experimental study per-
formed on carefully characterised samples [11], a new
theoretical scheme is proposed: ferrimagnetic clusters are
progressively formed and oriented with increasing x con-
centration. In the small x limit they induce frustration,
going against the stabilisation of the long range magnetic
order observed in the isomorphic compounds NaNiOz [12]
and LiFeO, [13].

These materials crystallise in the rhombohedral struc-
ture (R3m space group). The Li/Ni ordering in the (111)
planes of the FCC oxygen lattice leads to the ideal struc-
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ture of LiNiOs, which can also be described as a pack-
ing of NiOs slabs built up of edge sharing NiOg octahe-
dra. Therefore Ni and Li hexagonal planes alternate [11],
see Figure 1. In contrast with NaNiOq [12], the pure sys-
tem cannot be synthesised, and extra Ni atoms are always
present in the Li planes, leading to the Li; _;Nij ;O com-
position.

The Ni atoms in the Ni planes, coupled to O 2p states,
appear as Ni** with s = 1/2 spins, the Li'* atoms are not
magnetic. The x Ni ions of the interslab space are divalent,
inducing = Ni?* ions with s = 1 in the Ni planes.

While the presence of extra Ni?* jons in the lithium
planes is well-detected by X-rays (Rietveld refinement
method), neutron diffraction experiments performed on
the samples that we will consider, showed that there was
no Li ions in the Ni** planes for 2 < 0.24 . Therefore for
them, we can write the effective formula:

[LiitzNiaQ:-i_]Light [N132:+Ni:1)’tm]HeavyO2 (1)
where the subscripts Light and Heavy correspond to the
Li and Ni planes respectively.

2 Sign of the magnetic interactions

The signs of the magnetic interactions in Lij_;Nijy,O2
are very controversial. We have made an analysis con-
sidering the Goodenough-Kanamori-Anderson (GKA)
rules [14] in order to predict the character of the different
couplings and we have later looked for experimental in-
dications of our hypothesis. The application of the GKA
rules is simplified in this case by the fact that in both Ni3+
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Fig. 1. Cluster model. Each Ni*" in a Li layer correlates ferro-
magnetically 6 Ni ions (third nearest-neighbours in each plane).
For electroneutrality one of them is in a Ni?T state yielding a
strong ferromagnetic interaction with the 6 nearest-neighbours
Ni** around it. All Ni ions are in octahedral O environment,
omitted for clarity. Interactions considered in the calculations
are indicated.

and Ni%*t ions, all tag levels are doubly occupied, there-
fore there are no virtual excitations involving these or-
bitals. The first point to remark is that while in the Heavy
(H) Ni layers there are only nearly 90° Ni(H)—O—Ni(H)
couplings, the presence of Ni?T ions in the Light (L) Li
planes introduces straight 180° Ni(L)—O—Ni(H) interac-
tions between layers. Taking this geometry and the rele-
vant orbitals into account, our main conclusions are the
following:

1) As shown in Figure 1, each additional Ni?* (L) ion in
a Li layer couples with six Ni(H) neighbours in the two
adjacent Ni planes (3 x 2 = 6 ions). Due to the 180° an-
gle between the Ni3T(H) and the Ni** (L) ions connected
through the oxygen, the interaction Ni?*(L)—O—Ni3* (H)
is AF: since virtual excitations involve the same O 2p
orbital, the s = 1/2 and s = 1 spins of those ions
will be antiparallel (in the semicovalent approach of
Goodenough and Loeb [15], i.e. considering the e,sp® hy-
brid in the latter case). Because of the 180° geometry there
is also an AF coupling between two Ni?* ions, one in the Li
layer and the other induced for electroneutrality in the Ni
plane. The AF contribution of the Ni?*(L)—O—Ni%*(H)
bonds will be stronger (like in NiO) than that of the
Ni?*+(L)—O—-Ni?*(H) bonds [15], but we will consider just
an averaged interaction Jap. This AF interlayer interac-
tion will be later confirmed by the behaviour of the system
with increasing Ni concentration x.

2) However, the fact that, in order to relate the two Ni(H)
ions in adjacent Ni planes, the interlayer interaction Jag
applies twice, ie. Ni**T(H)—O-Ni**(L)—O—-Ni*T(H),
makes the resulting coupling between Ni(H) ions in the
two Ni planes F. This is in contrast with the case of
NaNiOs, in which this effective coupling through the Na
layer is AF.

3) In the Heavy planes, where the nearest neighbour (n.n.)

Ni®*(H) ions are connected through the oxygen forming a
90° angle, we cannot derive a conclusion from GKA rules:
for this geometry, in which two O 2p orbitals are involved,
the coupling Ni3* (H)—O—Ni**+ (H) will be weaker but can
have, in principle, both signs, F or AF. However, Hund’s
rule acting on the oxygen atom will favour a F interaction,
JZ. Since in neutron experiments F peaks coincide with
the lattice peaks, the absence of new magnetic peaks was
first interpreted as a sign of spin liquid behaviour [1]. But
if the intralayer coupling between Ni(H) sites is F there
is no magnetic frustration in the triangular Ni planes.
Also in NaNiOs, the intraplane interactions are F. In
this stoichiometric compound the AF interaction between
n.n. Ni**(H) planes, although weak, gives rise to a 3D
A-type antiferromagnet, in which Ni(H) spin up and Ni(H)
spin down planes alternate [12]. In the Li; _;Ni; 1,02 com-
pound the distance between adjacent Ni3T planes is even
shorter but this AF interaction is overcome by the stronger
F interaction induced by the excess Ni?>T ions in the Li
planes. This indirect frustration effect and the high value
of the cluster magnetisation can be reasons to explain the
difficulty in observing long range F ordering of the planes
in this compound, without the necessity of invoking a spin
liquid state. We will later come back to this point.

4) An important fact is the presence of x Ni?*(H) ions in
the Ni3* planes, in order to achieve material electroneu-
trality. In this case, in which the number of electrons of the
two Ni(H) ions connected by the 90° oxygen is different,
the Ni**(H)—O—Ni?**(H) F interaction will be stronger,
and we will call it Ji. We will later see that this distinc-
tion between J} and JZ is necessary to account for the
experimental data.

3 Cluster model

Taking into account these interactions we propose now
the following picture. As explained before, each Ni?t ion
in the Li plane connects ferromagnetically 6 Ni(H) ions in
the Heavy planes: 3 on each adjacent Ni layer. Then for
x = 1/6 homogeneously distributed Ni?* (L) ions all sites
are coupled. If we also consider the fact that, each Ni%* (H)
ion in the Ni plane has in turn a strong Ji interaction
with its 6 n.n. Ni®*(H) in the same plane, this number is
reduced to the half.

Therefore, at low temperature, there will be an increase
of the magnetisation M¢ following the formation of these
ferrimagnetic clusters (indicated with a continuous line in
Fig. 1) up to this critical value x, = 1/12, necessary to
connect all sites:

Mc = 1lzmy;s+ for r < T (2)

for which Mg attains its maximum value. Instead, for
r > x. a decrease of M is predicted, due to the
Jar correlations of the excess Ni?*(L)—O—Ni*(H) and
Ni?*(L)—O—-Ni?*(H) bonds:

Mc = (1 — z)mygs+ for T > Te. (3)

This dependence is in fact experimentally observed and
depicted in Figure 2. (For > 0.24 there is a change in
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Fig. 2. Cluster magnetisation of the Li;_;Nij4+,O2 family.
Open dots: experimental data in an 11 T field at 4.2 K. Straight
lines correspond to equations (2, 3).

the chemical structure — Li ions going into the Ni layers
— and the model is not valid.) The faster increase of the
experimental points probably indicates the polarization of
the Ni sites due to the interaction between clusters, not
considered in the simple expression given by equations (2,
3). However, the general behaviour is a clear confirma-
tion the effective F coupling between Ni Heavy planes and
of the AF nature of the 180° interlayer Ni(L)—O—Ni(H)
bonds.

4 Hierarchy of the magnetic interactions

Considering these interactions as dominant and now that
we have verified their signs, we can calculate the magnetic
susceptibility x in mean field approximation, in the diluted
case (i.e. without interaction between clusters). Although
a general calculation for all temperatures can be done,
the high temperature limit will allow us to determine the
magnitude of the different interactions. From the effective
formula (Eq. (1)), we can write the molar magnetisation:

(4)

My = (1 — z)myis+ g + Tmnie+ g + Tmnge+ L
with:
Hj _ Napg

mNi@ g1; = Cz‘? Ci = s giJi(Ji +1)

(5)

where the local fields are H; = Hy or Hy, for the magnetic
ions, in the Heavy Ni and Light Li planes respectively.
For their calculation we will take into account the J&
90° Ni*T(H)—O-Ni**(H), J2 90° Ni**(H)—O-Ni**(H)
and the Jap 180° Ni?*(L)-O-Ni**(H) and 180°
Ni?*(L)—O—Ni?*(H) interactions. The former will give
rise to the average (weighted by the concentration)
intralayer F o coupling, and the two last ones to
the interlayer AF ~. We find:

Hy = Hy — YTMNi2+ 1, T QTMN;2+ |
(6)
(7)

+a(l — z)mys+ 1

Hy, = Hy — yrmyie+ g — 7(1 — 2)mNis+ 1
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Fig. 3. x~! vws. T for &1 = 0.06 (continuous) and xz = 0.07

(dashed line) concentrations. Dots: experimental points mea-
sured at 1 T. The calculation corresponds to equations (8, 9)
and (10), parameters are given in the text.

in this limit the inverse susceptibility is:

M 314 52)(1 —z2)2 -1
V= AT 8(3 3 l( T)72 | ®

0

in mol/emu units, where the averaged interactions are:

1—x T T 1
—6Jar | +— | +1—| =

C3+ Cat cot | 27
= —(11 — 5.Z‘)JAF

and distinguishing between J} and J2:

a=6{Jé [w(l—x) <$+i>}

1— 2 2
C3+ C2+

=2[11x(1 — z)Jg + (8 — 162 + 112*)J2].  (10)

We point out the F interaction v? induced by the excess
2 Ni%* jons in the Li planes, which adds to the intraplane
F interaction «, in the denominator of equation (8). From
the high temperature limit of equation (8) we can deter-
mine the slope:

dix™")
= (11)

i.e. the Curie constant Ceg just depends on the Ni%* (L)
concentration z, while the position of the straight line
in the x=! vs. T plane is given by the interactions (see
Fig. 3). The calculated expressions are only valid when the
paramagnetic regime is attained. Although with increas-
ing concentration x the slope S of the curves decreases,
the corresponding Curie temperature T¢ goes up. Fitting
the slope for two samples we find: 1y = 0.06 and z5 = 0.07.
These values are higher than those determined from initial
Rieltveld analysis (x; = 0.03 and z2 = 0.05), but this can
be understood by a partial oxygen loss when heating the
samples, which results in an increase of the Ni** concen-
tration. For Li;_,Nij4,02_s, equation (11) becomes:

/ 3+ 13z + 106
Clp = ==

gl
9)

g 3+ 13z

= Ceﬁ‘ =

(12)



40 The European Physical Journal B

which allows to explain the concentrations derived from
the high temperature susceptibility curves by an O de-
ficiency of 3—4%, in agreement with latter thermogravi-
metric analysis, performed after all measurements.

For the determination of the magnitude of the interac-
tions we have proceeded in the following way. We have first
fitted the curves with equation (8), ignoring the different
F intraplane interactions, i.e. considering Ji = J2 = Jp,
instead of equation (10). We found that it was not possi-
ble to fit correctly the experimental curves with the same
parameter values but with Jap = —15 K and Jp = 11 K
for z1 = 0.06 and Jr = 14 K for zo = 0.07. As we have
already mentioned the presence of Ni2t ions in the Ni
layers gives rise to strong 90° Ni?*(H)—O—Ni**(H) F in-
teractions, increasing the average a value with increas-
ing x. Therefore, in order to describe the experimental
data, it is necessary to distinguish between the JL and
the weaker J2 interactions between two Ni(H) ions. We
have estimated this last interaction JZ from a very di-
luted sample xy < 0.01 with a Curie-Weiss temperature
T2 =~ 26 K [16]. Considering that in this case the small
amount of Ni?tT ions can be neglected and that there
is consequently, a weak AF interaction between adjacent
Ni?+ planes mediated only by two O ions, Jyp ~ —2 K
(similar to the case of NaNiOsg, Ref. [12]), we can derive
JZ = (T8/3) — Jup ~ 10 K. Taking into account this value
and equation (10) for the average a, we can now repro-
duce both curves with the same parameters J§ = 30 K,
J2 =10K, Jar = —15 K as shown in Figure 3. The values
obtained for the corresponding Curie temperatures T
(T = 40 K and TZ = 60 K) are in very good agreement
with experiment. The same hierarchy but with a higher
J& value was obtained in reference [17] using approximate
expressions for the low x concentration limit.

We have made more detailed calculations, distinguish-
ing between the local fields Hy; and H3 for the Ni**(H)
and the Ni**(H) sites, but the differences in the results
are not significant.

Previous mean field analysis by Azzoni et al. [18] ne-
glected the Ni?* /Li ratio in the lithium planes and the
important difference between the J and JZ interactions.
These authors have measured samples with large = con-
centrations, so comparison can be made only with the
most diluted one, z = 0.08 in our notation. Although the
obtained Curie temperature is higher than ours, suggest-
ing that the paramagnetic regime was not reached (see
also curve (c) in Fig. 2 of Ref. [18]), the values derived
for the interactions are not very different, particularly for
the small interlayer Jap interaction. This is in contrast
with the stronger value that they found for larger x sam-
ples. This paper had the merit of pointing out the crucial
importance of the preparation method on the magnetic
properties of the different samples of the Lij_,;Nij 4,02
compound.

5 Interaction between clusters

When the concentration x increases, the clusters become
closer and the fact that we are correlating sites already

oriented will tend to increase the critical value x.; we ex-
pect this effect not to be important for the cases that
we consider. The correlation between clusters will orient
larger domains of the sample without the application of a
magnetic field, and a net moment must be observed for the
critical concentration, even at H = 0. In fact, z. can be
interpreted as a percolation threshold which means that
beyond it one can find at least one ferrimagnetic cluster
with an infinite size. Other correlation effects seem not to
be important for z < 0.24, value above which a chemical
transition takes place and all the calculation breaks down.

6 Jahn-Teller effect and orbital occupation

N3+ (5 e}) is a well-known Jahn-Teller (JT) ion. This ef-
fect will split the two higher levels: for the oxygen tetrahe-
dra elongated along the tetragonal axis the ground state
will be |322 — r?), while for the compressed case it will
be |22 — y?). As expected, in the isomorphic compound
NaNiQO, there is a macroscopic collective JT distortion: a
uniform elongation is observed and the [322 — r2) is the
lowest energy orbital for all Ni sites (F orbital ordering). In
contrast, for Li;_;Ni;;,O9 the absence of a macroscopic
JT effect has been a mystery since its synthesis. However,
EXAFS experiments indicate two different O—Ni distances
(2 long bonds with R = 2.09 A and 4 short bonds with
R =191 A) due to the displacement of the O ions, i.e.
a local JT effect favouring again the [32% — r?) state [19].
If this is the case, the orbital structure of Li;_,Nij4,O2
becomes similar to that of NaNiOy with F orbital order-
ing and F magnetic intraplane interactions. But while in
NaNiOs there is a distortion of the triangular Ni lattice,
no change of the Ni(H)—Ni(H) distance has been detected
in Li;_;Ni; 4, O2 (although a very small one cannot be ex-
cluded) [19]. It is true that Na atoms are larger than Li
atoms, so in that case ions can move more easily, but this
is still a very puzzling problem.

The same result, i.e. 2 long O—Ni bonds and 4 short
ones, has been derived from X-ray absorption (XAS) mea-
surements [20]. Curiously, a |22 —y?) ground state has been
found in high frequency electron spin resonance (ESR) ex-
periments [11]. This disagreement must be clarified since
this point is crucial to understand the role of the orbital
degrees of freedom.

This absence of macroscopic JT effect in Li; _;Nij 4,02
has been recently interpreted as an example of a quan-
tum spin orbital liquid. Because this system is more 3-
dimensional than NaNiQO,, quantum fluctuations between
eventual degenerate ordered classical configurations be-
come important and different orbitals fluctuate in the Ni
sites, avoiding the stabilisation of the planar ferromag-
netic state [8]. Another proposal [10] is that simply the
frustration of the triangular lattice plays a role in pre-
venting a staggered orbital ordering for double degenerate
ey orbitals, so there is a resonating state for the orbital de-
grees of freedom that yields fluctuating interactions, i.e. a
quantum spin liquid. However, if both kinds of orbitals are
alternatively occupied, the long and the short O-Ni bonds
will be present in a different ratio than in the NaNiO case;
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present EXAFS results [19] do not show this difference.
On the other hand, we would like to point out that even if
different e, orbitals are occupied in Lij_;Nij4;O2, the in-
traplane interactions between Ni(H) ions mediated by 90°
oxygens, will be probably always F, although with differ-
ent magnitudes. The positive values of the Curie temper-
ature, even for the most diluted samples, seem to confirm
this predominance of F interactions within the triangular
Ni planes.

We believe that it is the frustration induced by the
clusters, i.e. the strong effective F interaction (via the
Ni?* ions always present in the Li planes) competing
with the AF interaction (vie two oxygen ions when there
is no Ni?*(L) ion in the Li plane) between adjacent Ni
planes, which goes against the long range magnetic order-
ing. While in NaNiOg this second interaction drives the
AF stacking of the F Ni planes, in Li;_;Ni;;,O2 it can
be neglected compared to the strong effective F one. How-
ever, even if an orbital liquid is not necessary to explain
why this system does not show magnetic order, we cannot
exclude this state, since we still have no explanation for
the non observation of a macroscopic JT effect.

7 Discussion

The intraplane interactions (J and J2) are ferromagnetic,
they do not induce magnetic frustration in the triangular
Ni lattice, therefore Li;_;Nij;+,O2 is not a quantum spin
liquid, as it was proposed in reference [1]. The interplane
interaction between Ni?t ions in the Li planes and Ni3*
(or Ni?*) ions in the heavy planes are AF in agreement
with GKA rules and the measured M¢ vs. + dependence
(Egs. (2, 3), Fig. 2). However these Jar interactions yield
an effective F coupling for the Ni(H) ions in adjacent Ni
planes. The ferrimagnetic clusters formed in this way con-
trol the physics of this compound.

All these couplings have been incorporated in a clus-
ter model which, treated in mean field approximation,
allowed us to derive the magnitude of the magnetic in-
teractions. The value of the interplane Jarp =~ —15 K is
significantly weaker than the interaction found in NiO [21].
Azzoni et al. [18] proposed that in the diluted regime this
interlayer interaction is quenched by the diamagnetic Li
layer. It would be important to have data in the paramag-
netic regime for samples with higher = concentration, in
order to precise the value of Jap. In contrast, the curves
are very sensitive to the intralayer interactions, which ap-
pear to be clearly ferromagnetic. The value of J2 ~ 10 K
is in agreement with GKA predictions and Ji ~ 30 K
much larger than J2 is expected from the different num-
ber of electrons of connected Ni(H) ions in the same plane.
Therefore, within this dilute limit, we can conclude:

|Ja| > [Jar| > |J2]. (13)

We have tested that more detailed calculations do not
change these results, and we believe that interactions
between clusters do not modify this picture. This basic
treatment of the problem conciliates the expected signs
of the couplings with the observed magnetic behaviour.

It remains the interesting question why the stoichiometric
compound cannot be obtained.

We have recently performed magnetic measurements
on a very pure compound (z < 0.01) [16] showing striking
analogies with NaNiOs. This questions the recent interpre-
tation attributing to orbital disorder the absence of long
range magnetic order in Li;_;Nij;,O2, because this iso-
morphic compound orders below 20 K. However, it would
be worthwhile to repeat EXAFS and ESR experiments on
new improved samples in order to establish or rule out the
realisation of an orbital liquid in this compound.

We acknowledge useful correspondence with C.B. Azzoni and
A .M. Oles. LCMI is jointly associated with Université Joseph
Fourier and Institut National Polytechnique de Grenoble.
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