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Abstract. NaNiO2 has been studied by neutron-powder diffraction, magnetic susceptibility and submil-
limeter wave ESR. The monoclinic structure at room temperature is characterised by a ferrodistorsive
orbital ordering due to the Jahn-Teller (JT) effect of the Ni** ions in the low spin state. NaNiOs un-
dergoes a structural transition at around 480 K, above which the orbital ordering disappears. The high
temperature phase is Thombohedral with the layered a—NaFeOs structure (R3m space group). The mag-
netic susceptibility exhibits hysteresis and we observe a change of the Curie-Weiss law parameters above
the JT transition. The anisotropy of the g-factor at 200 K can be attributed to the JT effect which favours
the | 32% — r2> orbital occupation. Finally, the interplay between the magnetic and structural properties

of NaNiO2 and Lij—;Ni14,0O2 is discussed.

PACS. 71.70.Ej Spin orbit coupling, Zeeman and Stark splitting, Jahn-Teller effect — 61.12.-q Neutron
diffraction and scattering — 76.30.-v Electron paramagnetic resonance and relaxation

1 Introduction

The AMO; oxides (with A =H, Ni, Na and M = 3d-metal)
are promising materials for battery applications. A and
M hexagonal layers alternate in these compounds. The O
ions connect the M ions both within the same layer and
between adjacent layers giving rise to ferromagnetic or an-
tiferromagnetic interactions, depending on the bond angle.
Among these compounds, Li;_;Nij;,O2 is the subject of
strong theoretical interest due to the possible coupling be-
tween spin and orbital degrees of freedom.

In fact, the absence of a cooperative Jahn-Teller ef-
fect (CJTE) and of spin ordering in this system has been
recently interpreted as the realisation of an orbital-spin
liquid state. Quantum fluctuations between degenerate
classical configurations [1] or simply the frustration of the
triangular Ni®* lattice [2] are invoked as reasons prevent-
ing any long range ordering. On the other hand, the par-
ticular magnetic properties of this compound, which is
never stoichiometric, have been attributed to the com-
petition between the interactions induced by the excess
Ni ions in the Li layers, with the magnetic interactions
analogous to those present in NaNiOy [3]. The parent
compound NaNiOy is an A-type antiferromagnetic insu-
lator with a ferrodistorsive orbital ordering due to the
CJTE breaking of the orbital degeneracy of the Ni** ions
with (2§,el) configuration. This system was synthesised
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for the first time by Dyer et al. in 1954 [4]. The magnetic
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structure was derived from magnetization measurements
on a single crystal by Bongers and Enz in 1966 [5]. The
structure of the low temperature monoclinic phase has
been determined by Dick et al. [6], while Delmas et al. [7]
have studied the effect of the Co substitution on the JT
distortion.

Chappel et al. [8] have performed a complete static and
dynamical magnetic study at low temperatures. However,
to our knowledge, besides these references no other works
exist devoted to this compound. Therefore, the detailed
analysis of the development of the CJTE and improved
data, both, above and below the transition in NaNiOo,
are desirable in order to understand the interplay between
the magnetic and structural properties in this family of
compounds.

2 Experimental

Powder samples of NaNiOsy were prepared by reaction of
3.5 g of NiO and 2.62 g of NasO5 in an AloO3 crucible. In-
timately ground mixture was heated under pure dry oxy-
gen for 70 h at temperature of 700 °C, and then allowed
to cool slowly to room temperature still under oxygen at-
mosphere. The resulting powder was a mixture of NaNiOq
with a small amount of NiO. Refiring this mixture with an
excess of NasOgy (0.5 g) during 3 days with intermediate
grinding led to pure samples of NaNiOs.

X-ray powder patterns were collected for 10° < 26 <
90° with a Siemens D5000 powder diffractometer in
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Table 1. Structural and reliability factors (%) of NaNiOz below and above the JT transition. The numbers in parentheses

are the statistical errors of the last significant digits.

2

a (A) b (A) C (A) ﬂ (O) Rp pr Rexp RBragg X
room T (C%) 5.311(1)  2.840(1)  5.568(1)  110.44(1) 3.07 389 0.74 3.00 275
565 K (R3m) 2.9602(2) 2.9602(2) 15.759(4) 314 418 129 246 10.5

transmission mode, equipped with a Ge monochroma-
tor placed on the primary beam (CuK,, radiation, A =
1.54056 A), a rotating sample and a mini PSD.

Neutron diffraction experiments were done at the In-
stitut Laue-Langevin reactor using the high flux D1B in-
strument (CRG-CNRS) operating at 2.52 A neutrons and
a position sensitive detector that simultaneously collects
data over a range of 80° in 260. The neutron diffraction
patterns were recorded at different temperatures between
2 and 300 K in a dedicated cryostat. The high temperature
analysis of the structural phase transformation has been
performed between room temperature and 600 K in a fur-
nace. In order to avoid diffraction from the sample holder
and/or the furnace, both were made of vanadium. The
structure analysis has been undertaken with the Rietveld
method implemented with the Fullprof program [9].

X-band EPR measurements were carried out at
9.44 GHz in the temperature range 5-300 K using a Bruker
spectrometer. Special care was taken to keep constant the
Q-factor of the resonant cavity.

Submillimeter wave electron spin resonance (ESR)
measurements were carried out between 25 and 300 K
in the frequency range 95-285 GHz using Gunn oscilla-
tors. The magnetic field (up to 12 tesla) is produced by a
superconducting magnet.

Magnetic susceptibility measurements were performed
on an extraction magnetometer at 1 T between 300 and
600 K using pressed pellets.

3 Results
3.1 Neutron diffraction

The thermal analysis of the diffraction patterns presented
in Figure 1 shows the phase transition of NaNiOs. One
can clearly see that the structural change is shifted in
temperature by heating or cooling, respectively. It takes
place between 480 and 500 K when the samples are heated
but between 465 and 445 K when they are cooled.

The high temperature phase is rhombohedral with the
layered a—NaFeOy structure (R3m space group), which
can also be described from a packing of Na and NiO,
slabs built up of edge sharing NiOg octahedra to form a
triangular Ni lattice. In Figure 2 we present the observed
and calculated diffraction patterns of NaNiOs, both be-
low and above the structural transition. Traces of NagCag
impurity have been found and they are indicated as the
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Fig. 1. Temperature dependence of neutron powder diffraction
patterns of NaNiOz obtained (a) on heating, (b) on cooling.

second row of ticks in Figure 2. The refinement leads to
an estimation of the impurity content lower than 4%.

Tables 1, 2 and 3 summarise the geometrical parame-
ters that are directly related to the JT effect.

The lift of the degeneracy of the e, orbitals due to
the JT effect can be described by the distortion of the
NiOg octahedra. The NaNiO, low temperature phase is
monoclinic, space group C%, which can be derived from
the rhombohedral high temperature structure: the oxygen
ions form a distorted hexagonal close-packed arrangement.
The NiOg (and NaOg) octahedra are distorted (elongated)
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Fig. 3. Sketch of the Cc% layered structure of NaNiO2 showing
the deformation of the NiOg octahedron, with 2 long (black)
and 4 short (gray) bond lengths, responsible for the R3m —
Cc% crystallographic transition.

Table 2. Refined atomic positions and average Debye-Waller
factors B of the low and high temperature phases of NaNiOs.
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Fig. 2. Observed and calculated neutron diffraction patterns
(the lowest curve indicates their difference) of NaNiO2 below
and above the JT transition. The first and second row of ticks
refer to the nuclear contribution of NaNiO2 and NazCag re-
spectively, to the diffraction pattern.

with 4 short (gray) and 2 long (black bonds in Fig. 3)
Ni-O distances of 1.91 and 2.14 A, respectively. This
distortion is characteristic of JT ions like the low spin
state of Ni*t with (5 e!) configuration. All octahedra un-
dergo the same elongation and a macroscopic distortion is
observed: this state is referred as ferrodistorsive orbital
ordering.

The temperature dependence of the lattice parame-
ters when the samples are heated is shown in Figure 4.
We observe a linear regime below and above the JT tran-
sition. Fitting the spectra with only one structure when
approaching the transition becomes difficult, and we ob-
serve a strong increase of the error bars. Between 480
and 500 K the two phases are simultaneously present. Be-
tween 2 and 300 K the cell parameters do not change
much (¢ = 5.339(4) A, b = 2.860(2) A, ¢ = 5.599(6) A,
and 8 = 110.43(6)° at 1.6 K), and they are similar to

atom site =z y z B
room T Na 2d 0 0.5 0.5 0
(C2) Ni 2a 0 0 0 0.2(7)

0] 4 0.2832(4) 0 0.804(7) 0.8(5)
565 K Na 3a 0 0 0 0.9(5)
(R3m)  Ni 3b 0 0 0.5 0.2(5)

@) 6¢c 0 0 0.230(8) 1.4(2)

Table 3. Interatomic distances and angles of NaNiOgz at the
low and high temperature phases.

room T 565 K

Ni-O A 1.91 (x4)  1.98 (x6)
2.14 (x2)

Ni-Ni(layer) A 2.84 (x2)  2.96 (x6)
3.01 (x4)

0 =Ni-O-Ni(layer)(°) 95.67 (x4) 96.43 (x6)
95.90 (x2)

those observed in the low temperature phase study by
Dick et al. [6].

3.2 Magnetic susceptibility

In Figure 5 we report the temperature dependence of
H/M for NaNiOgy. The open and filled circles correspond
to measurements on cooling and heating, respectively. The
points can be fitted with a Curie-Weiss law between 300
and 450 K, with an effective moment p.g = 1.85up and a
Weiss temperature of § = +36 K. The hysteresis observed
around 480 K is due to the JT transition from the mono-
clinic to the trigonal symmetry. Above the JT transition
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Fig. 4. Cell parameters of NaNiOz as a function of tempera-
ture obtained by heating: a) a and c; b) b and 8 parameters
of the monoclinic C%L structure for T < 480 K; ¢) a and ¢
parameters of the hexagonal R3m structure for 7' > 500 K.
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NaNiOz showing hysteresis around the JT transition.
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Fig. 6. ESR spectra of NaNiO; taken at 9.44 GHz for different
temperatures.

the points also follow a Curie-Weiss law but with differ-
ent parameters pog = 2.07up and 8 = +15 K. It is clear
that the Ni** ions are in the low spin state (¢5,e;) with
S = 1/2 in the whole temperature range. These results
will be discussed in Section 4.

3.3 ESR measurements

Figure 6 shows the low frequency ESR spectra of NaNiOq
for different temperatures. In the paramagnetic regime
the EPR signal is slightly asymmetric, with a factor
gef = 2.14 at 300 K, and very broad. The signal nar-
rows with decreasing temperature while just above the
Néel temperature Ty it becomes again very broad and
asymmetric (Fig. 7a), while the resonance field drastically
decreases (see Fig. 7b). The inverse of the intensity shown
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Fig. 8. ESR spectra of NaNiO, taken at 285 GHz for different
temperatures.

in Figure 7c is qualitatively similar to the H/M wvs. T
curve for NaNiOg reported in reference [8]. It is interest-
ing to note that the EPR spectrum of NaNiOg shown here
is similar to the spectra observed for Li;_,Nij;,O2 with
very low = (x < 0.01) [10]. The linear temperature de-
crease of the linewidth in NaNiOs can be attributed to a
phonon modulation of the exchange and dipole-dipole in-
teractions rather than to a temperature dependence of the
exchange integral [11]. The close packing of the Ni3* ions
in the Ni layers will favour this effect. The same linewidth
linear temperature dependence has been observed in both,
Li;—»(Ni,C0)14,02 and Li;_;Nij4,02 [11-13]. Azzoni
et al. [13] proposed a signal-narrowing mechanism associ-
ated with the lowering of the hopping frequency of the hole
shared by the Ni ions, when the temperature decreases.
However, the absence of additional holes in stoichiometric
NaNiOs suggests that this mechanism is not relevant for
this family of compounds.

Figures 8 and 9 show our ESR study between 25 and
290 K at 285 GHz. The ESR spectra look anisotropic
and the two lines (the higher field one is indicated by
an arrow in Fig. 8) can be analysed using two g factors.
The temperature dependence of the resonance fields at
285 GHz is plotted in Figure 9.

Figure 10 presents the ESR spectra at 200 K for
three selected frequencies. It clearly shows the interest of
high frequency measurements: at 115 GHz the two lines
mix while at 285 GHz they are well separated. Taking
this data into account we plot the frequency-field dia-
gram of Figure 11, from which we derive: g; = 2.030 and
g1 = 2.283.

One finds g < g1 as expected for a Ni3* ion in an
elongated octahedral environment [15]. The mean g value



620
115 ; 1 T T T T T r T
110 b L -
L 285 GHz
105 F i
—~ 9 .\ . -
£ o} - 4
o
K 9st i
8 L 1
1=
g 9%0F o -1
Q
@ 3 o—_—-“—_’ L
& 85k o/ o/ J
80| / 4
0
75 A 1 1 A 1 A 1L A L . L
0 50 100 150 200 250 300

Temperature (T)

Fig. 9. Temperature dependence of the resonance fields for
the same frequency of Figure 8.

T=200K
_
=5
&
g 230 GHz
& | 115GHz
m

1 A 1 i L 2 1 A 1 'y | A 1 A 1 i L A 1

2 3 4 5 6 7 8 9 10 11
Magnetic Field (T)

Fig. 10. Selected ESR spectra of NaNiOy below the JT tran-

sition at various frequencies.

does not change significantly above 50 K as observed in
X-band ESR but the splitting of the resonance starts at
100 K. Deviation from the paramagnetic linear regime of
the susceptibility has been already observed well above
the Néel temperature Ty = 20 K [8]. These effects are sig-
natures of short range ferromagnetic interactions in the
Ni layers: NaNiOs is in fact a quasi-2D system since the
magnetic Ni layers are well isolated by the diamagnetic
Na layers. The splitting and the new line observed be-
low 100 K have certainly a magnetic origin since they are
frequency dependent.

4 Discussion

The strong crystal field stabilises the low configuration

2T state (15,¢e}) as the ground state of the Ni** ions. The
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Fig. 11. Frequency-field diagram of NaNiOs derived from

Figure 10.

Hund’s rule ground state I’y state (¢3,€2) is the first ex-
cited state. The only degeneracy permitted in the ground
state of a quantum system is the Kramers degeneracy con-
nected with the invariance with respect to time inversion.
Indeed the orbital degeneracy is lifted by a deformation
which reduces the symmetry: this is the Jahn-Teller ef-
fect [15]. NaNiOg experiences a CJTE or orbital ordering
around 480 K. We have seen that neutron diffraction data
refinements at room temperature indicate that there are 4
short and 2 long Ni-O distances. The elongation of the O
octahedron decreases the Coulomb energy of the | 322—72)
orbital compared to the | % — y?) state, hence the former
is the ground state for every Ni** ion. The axial field also
splits the 2 state into two Kramers doublets of config-

uration t$ el = %. The spin-orbit coupling connects the
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ground state to the levels with ¢3 63 = egté , configuration,
and gives rise to a residual orbital momentum.

A g value calculation can be made using strong field
and single electron wave functions [14]. Equations (1) give
the g-values expected for the wave functions U ~| 322 —7?)
and V ~| 22 — y?) of the ground state doublet:

g(V)=ge+2+A

gl(V) =ge + % +A (1)
g(U) =g+ A

g U)=g.+3%+A

where g. = 2.0023 is the Landé factor, ¢ is the spin-orbit
constant, € is a function of the energy of the excited lev-
els (t5,¢2) configuration reported in the d” Tanabe and
Sugano diagram [16], and A = 2[¢/E(*I})]?, in which
E(*I) is the crystal-field splitting between the ground
state 213 and the excited state *Iy. We do not know this
last quantity but since the A term adds in all equations in
(1) it does not change the hierarchy. The eigenvalues of the
g tensor of the ESR signal shown in Figure 10 (g1 > g)|)
indicate that U ~| 322 —7?) is the occupied state, in agree-
ment with the neutron diffraction data.
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The effective moment is lower below the CJTE tran-
sition and gets closer to the value expected for g = 2
and S = 1/2 (peg = 1.73pup). The orbital momentum is
quenched at all temperatures but the spin-orbit coupling
tends to create a residual momentum by connecting the
ground state with the 4I; excited levels. Since the JT
effect changes the splitting between these levels it can in-
duce the observed lowering of the effective momentum (see
Sect. 3.2).

The positive 8 values derived above from the magnetic
susceptibility indicate that the intraplane ferromagnetic
interactions are dominant. The increase of 6 below the JT
transition can be understood by the distortion of the NiOg
octahedra, since superexchange Ni**-O-Ni®* interactions
are very sensitive to the bond angle and distances, that
become smaller (see Tab. 3), favouring ferromagnetism.

We have proposed that NaNiOz could be a model for
pure LiNiOs [3], the presence of additional Ni ions in the
Li layers giving rise to the formation of ferromagnetic
clusters that inhibits the antiferromagnetic empilement
of the ferromagnetic Ni layers in the non-stoichiometric
compounds. However, the non observation of a CJTE at
lower temperature for Li;_,;Nij;,O2 has been a mystery
since its first synthesis by Goodenough et al. in 1958 [18].
And in order to explain this as well as the absence of
magnetic order, an orbital-liquid spin picture has been
recently suggested for Lij_,Nijy,Os9, invoking that the
more 3D nature of this compound will favour fluctuations
between different classical ordered configurations [1]. An-
other proposal is that simply the triangular Ni lattice
prevents a staggered orbital ordering for the degenerate
ey states, inducing different sign interactions [2]. These
two proposals argue that the orbital degeneracy is lifted
by the Hund’s rule exchange and not by the JT effect.
It is quite surprising that authors do not compare this
system with isomorphic NaNiOs in which the triangu-
lar lattice does not induce any orbital or spin frustra-
tions (since both have ferromagnetic character). Further-
more, an EXAFS study [19] done for quasi-stoichiometric
Li;—;Ni; 4,09 showed the existence of two different Ni-O
bond lengths: 4 bonds of 1.91 A and 2 bonds of 2.09 A.
This elongation of the NiOg octahedra occurs even at
room temperature and results from the JT effect of the
Ni3+ jons as in NaNiOs. This seems to indicate that the JT
effect is the relevant process for the breakdown of orbital
degeneracy. However, for Lij_;Nij 4,02 the JT effect re-
mains local. Armstrong et al. noticed that the replacement
of Mn3* by Co®* in LiMnOs results in a shortening of the
(Mn/Co)-O bond, approaching the Ni-O bond length in
Li;_;Ni;4;O4. They propose that the absence of CJTE in
LizMn;_,Co,0O3 and in Li; _;Ni;4,O2 may have a similar
origin, keeping in mind that very small transition metal
vacancies are able to destroy the orbital ordering [20].

5 Conclusions

In a recent paper we have shown that at low temper-
atures NaNiO; is an A-type antiferromagnet, with a
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ferromagnetic coupling Jr = +13 K between the Ni3*
ions in the same layer and an antiferromagnetic interac-
tion Jor = —1 K between Ni** ions in adjacent Ni lay-
ers [8]. The Néel temperature is 20 K.

Here we have performed a detailed analysis of the
CJTE for NaNiOs and completed the study of this system
at high temperatures. We summarise now the results.

This system undergoes a structural transition from a
high temperature rhombohedral phase to a low tempera-
ture monoclinic phase. We have shown that the transition
has a width of approximately 20 K in which the two phases
coexist, and its mean value is shifted by cooling or heat-
ing the samples. The orbital degeneracy of the e, levels is
lifted by the cooperative Jahn-Teller effect, the elongation
of the octahedral environment of the Ni®* ions favouring
the occupation of the | 322 — r2) orbital state. Therefore,
the triangular Ni lattice has ferrodistorsive orbital order-
ing in NaNiQOa.

From the magnetic susceptibility above the JT tran-
sition, we can derive, using a molecular field approach, a
ferromagnetic coupling Jp = 0/3—Jar =~ +6 K within the
Ni layers. Considering a small increase of Jap due to de-
crease of the interplane distance, this Jg value will become
even closer to Jg = +8 K found in quasi-stoichiometric
Li;j—zNij45;02 (z < 0.01) [3,10,17]. This is not really
surprising since Lij_;Nij 4,02 and the high temperature
phase of NaNiOy have the same symmetry (R3m).

Our proposal of NaNiOy as a model for stoichiometric
LiNiOg [3] seems to be also supported by the striking re-
semblance of the EPR spectra shown here with those of
reference [10].

The absence of a CJTE in Li;_;Nij;,04 is still dis-
turbing, however the same type of distortion but with local
character has been observed [19]. Experiments on NaNiOg
under pressure will be another test for the different theo-
ries quoted in the discussion.

We are indebted to R. Buder from the Laboratoire d’Etudes des
Propriétés Electroniques des Solides (CNRS, Grenoble, France)
for the X-band EPR measurements, and to Ph. Lethuiller and
E. Eyraud from the Laboratoire Louis Néel (CNRS, Greno-
ble, France) for the magnetic susceptibility measurements at
high temperature. The French CRG-CNRS group at ILL is ac-
knowledged for making available the beam time. This work is
a partial fulfillment of the Ph.D. thesis of E. Chappel.
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