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Abstract

Whereas neither delafossite-type Cu'V™0, nor Cu'Ni™0, exist, the authors have succeeded in preparing the delafossite
oxide Cu'Ni", ; V™", V'V, .0,, using classical solid-state reaction. The most probable formal oxidation state for nickel is II,
while for vanadium it is a mixed state +I1I/+IV. The predominant magnetic interactions are antiferromagnetic, but no evidence
could be found for long-range ordering. Charge transport results from a hopping process involving V* and V** cations. As XRD
did not reveal any cation ordering, the observed 7~'"*-dependence of the electrical conductivity (Mott’s law) is ascribed to a
random distribution of the relevant sites. To cite this article: K. El Ataoui et al., C. R. Chimie 7 (2004).

© 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.
Résumé

Alors que, ni Cu'V™0,, ni Cu'Ni"™O, de type delafossite n’existent, les auteurs ont pu préparer I’oxyde delafossite
Cu'Ni", ;v VY, .0, par réaction classique dans 1’état solide. Le degré d’oxydation formel le plus probable pour le nickel
est I, alors que pour le vanadium il est intermédiaire entre Il et IV. Les interactions magnétiques prépondérantes dans cet oxyde
sont antiferromagnétiques, mais aucune preuve de 1’existence d’un ordre a longue distance n’a été obtenue. Le transport de
charges résulte d’un processus de saut impliquant des cations V3* et V**. Comme la diffraction X ne révéle aucun ordre
cationique, la variation en 7-"* de la conductivité électrique (loi de Mott) est attribuée a une répartition aléatoire des sites
concernés. Pour citer cet article : K. El Ataoui et al., C. R. Chimie 7 (2004).

© 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

A renewed interest for CuFeO, delafossite-type ox-
ides has been observed in the last few years. The reason
is that, in addition to previously mentioned applica-
tions of these materials such as catalysis [1], new areas
seem to be concerned such as transparent p-type con-
ductors [2] and thermoelectric conversion [3]. The
delafossite structure also provides triangular lattices
appropriate for investigating frustrated magnetic sys-
tems [4]. From the point of view of crystal chemistry,
we have recently shown that, although CuVO, does not
exist, V™ can be stabilized in the delafossite networks
of CuFe,_.V,O, solid solutions [5]. This shows that a
delafossite solid solution can be prepared even when
one of the end members does not exist. The case of the
CuNi,_,V O, compositions is interesting, since Cu-
NiO, does not have a delafossite-type structure, but
exhibits a rocksalt-related structure in which copper is
divalent instead of being monovalent, which is actually
required for stabilizing the delafossite structure.

2. Sample preparation

Polycrystalline samples of nominal compositions
CuNi,_, V. O, with x = 1/3, 1/2 and 2/3 were prepared
by heating stoichiometric mixtures of Cu, CuO
(Merck, 99.9%), NiO (Strem Chemicals, 99.99%) and
V,05 (Schiichardt Miinchen, 99.8%) in an evacuated
silica tube. Experimental conditions and reaction prod-
uct compositions, determined by XRD analysis, are
summarized in Table 1.

Only for x = 2/3 a single phase was obtained. Its
stability in air was studied by TGA. Fig. 1 shows that,
at a heating rate of 110 K per hour, weight uptake starts

Table 1
Conditions for sample preparation
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Fig. 1. TGA of CuNi,;;V,,;0, under oxygen. Heating rate: 110 °C
h'.

at 450 K and that the oxidation process is complete at
650 K. Assuming that the oxidized material contains
divalent copper, divalent nickel and pentavalent vana-
dium, the theoretical weight gain should be of 10.72%.
The experimental value (9.5%) is slightly smaller. At
least three effects can account for this discrepancy.
First the oxidized products can be oxygen-deficient, as
it is well known for V*V oxides. Second oxygen can be
intercalated into the starting delafossite network. How-
ever, this latter effect should be limited as, first, the
synthesis is carried out in an evacuated sealed ampoule
and, secondly, the lattice constant a is not large enough
to allow large amounts of intercalated oxygen, like, for
instance, in rare-earth delafossites [6]. The third effect
could be an unexpected very weak deviation of the
Cu/Ni/V ratios from 3/1/2, such as, for example, a
Ni/V ratio slightly larger than 1/2.

x-Value in Starting mixture Reaction Reaction Colour of Reaction products
CuNi,_, V.0, temperature time reaction
(K) (h) product
173 3 Cu+3CuO+4NiO +V,04 870,970 24 dark green Ni;V,04 + Cu,O + NiO
172 CuO +3 Cu+2NiO +V,04 870, 920, 970, 12,24 orange—yellow  delafossite phase +
1070 Ni;V,04 + Cu,O + NiO
2/3 3 Cu+NiO +V,04 920, 970 24 black single delafossite phase
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Table 2
Conditions for powder XRD data collection and Rietveld refinement
of CuNi,;;V,,;0, in R3m space group (No. 166)

Philips X'Pert MPD

Diffractometer

Radiation Cu Ka
Temperature RT

26 range (°) ; step (°) ; counting time (s) 5-120; 0.02; 19
Rietveld program Fullprof [7]
Profile function pseudo-Voigt
Number of reflections 41

Number of fitted parameters 16

R 0.030

R,," 0.046
Conventional pr 0.18
Conventional R,,,” 0.14
R-Bragg 0.057

Va 5.6

# R-factors not corrected for background.
® Conventional Rietveld R-factors corrected for background.

3. Structural characterization

Powder XRD data of CuNi,,;V,,;0, were collected
using the experimental conditions given in Table 2.

Cell and structural parameters were refined using
the Rietveld method. Program reference [7] and refine-
ment conditions are also mentioned in Table 2. Crystal
system, space group, lattice constants and other crys-
tallographic and structural data are given in Table 3.

The refinement procedure finally provided the
atomic positions and the isotropic thermal parameters
reported in Table 4. Experimental and calculated dif-
fractograms are displayed in Fig. 2.

Interatomic distances are given in Table 5.

The Cu—O distance (1.82 A) is in good agreement
with the sum of ionic radii (1.84 A) assuming
CN =2 for Cu* (0.46 A) and CN =4 for 0> (1.38 A)
[8]. As no superstructure peak was observed, we shall
assume, in this preliminary report, that the Ni and V

Table 3
Crystallographic data of CuNi,,;V,,;0,

Crystal system rhombohedral

Space group R3m (N° 166)
Z 3

a (A) (hexagonal cell) 2.9865(2)

c (A) (hexagonal cell) 17.191(1)
Unit cell volume (A%) (h.c.) 132.79

Molar mass (g mol™") 149.08
Calculated density (g cm™) 5.59
Measured density (g cm™) 5.57

Table 4
Atomic position parameters for CuNi, 5V,,30,

Atom Multiplicity

and Fractional
Wyckoff yoz B (A% occupancy
site

Cu 3a 0 0 O 1.1(2) 1

Ni 3b 0 0 12 0.7(2) 173

\Y 3b 0 0 112 0.7(2) 2/3

O 6¢ 0 0 0.106(1) 1.54) 1

atoms are randomly distributed (neutron diffraction
experiments are planned to verify this assumption). In
these conditions, the M—O distance (2.02 A) leads to an
average ionic radius of 0.64 A for M-atoms (taking
rglz, =1.38A from the Shannon table as oxygen is
fourfold coordinated [8]). This value can be compared
to two formal hypotheses concerning the oxidation
states of Ni and V either Ni** + V** + V3* or Ni**(LS)
+2V**, The possibility of Ni**(HS) is discarded as the
HS state was never found in such a D5, site [9]. In the
first case, the average ionic radius would be 0.637 A
and in the second case 0.613 A. The comparison with
the experimental value of 0.64 A is in favour of the first
hypothesis, which is the one expected if we consider
that the redox equilibrium:

(1) NiZ*+VH4v3 o NiHLS)+2VH

is strongly shifted towards the left-hand side. As we
shall see below, magnetic measurements including
EPR did not provide any evidence about this point.
Heavier techniques such as XAS could possibly help
solving this problem.

4. Magnetic and electrical properties

Magnetic measurements were performed between
4 and 300 K with a SQUID equipment.

The sample was first cooled in a zero magnetic field
(ZFC); the magnetization was measured upon increas-
ing temperature, under 1 T, and then decreasing it (FC).
No difference was observed between the two curves.
The temperature dependence of the reciprocal molar
susceptibility is given in Fig. 3. A linear variation is
observed between 200 and 300 K. Fitting with a Curie—
Weiss law leads to a molar Curie constant Cy; = 0.86
(emu) and a Weiss parameter Hp =-80 K. The theoreti-
cal spin-only value expected is 0.792 for the two hy-
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Fig. 2. Measured (discrete points) and calculated (solid line) XRD intensities and their difference for CuNi, 5V,,;0,, at room temperature. Peak

positions are indicated by vertical lines.

potheses illustrated by each side of equilibrium (1). We
note that the hypothesis in which trivalent nickel would
be in a high-spin state would lead to a spin only Cy
value of 1.292 and hence can be ruled out in agreement
with previous studies [9]. The negative 0, value reveals
that dominant magnetic interactions are antiferromag-
netic (AF). However, the behaviour of the reciprocal
susceptibility appears rather unusual with respect to
that of the previously investigated delafossite oxides
containing a single trivalent transition element [10].
The 2D character of the structure generally leads to a
minimum in the temperature dependence of the recip-
rocal susceptibility. This more or less broad minimum
is due to short-range spin ordering or spin fluctuations.
Instead, in CuNi, s V,,30,, the reciprocal susceptibility
decreases more rapidly than what is predicted by the

Curie-Weiss law. Accounting accurately for such a
behaviour would require an appropriate modelling of
the system in which at least three types of nearest
neighbour interactions should be taken into account,
provided that trivalent nickel and vanadium would
coexist: V=V, Ni-Ni, and V-Ni interactions. In the
other hypothesis, six different types of interactions are
theoretically possible and the mixed valence V**/**
could also give rise to a mechanism of double ex-
change. Anyway, no long-range ferro- or ferrimagnetic
ordering takes place, as the susceptibility does not
diverge at a finite temperature. Whether an AF long-
range order occurs at low temperature cannot simply
be deduced from the present results. We made an at-
tempt to clarify this point using X-band EPR. Unfortu-
nately, the material is EPR silent at room temperature

Table 5
Main interatomic distances (A) and bond angles (°) in CuNi, ;;V,,;0,
Cu-O x2 1.82(2)
(Ni,V)’-0 X6 2.02(1)
0-0' X6 2.9865(2)
0-O" x3 2.71(2)
Symmetry code none X

i X

ii x+1/3

iii x+1/3

iv x+2/3

O—(Ni,V)i-0O' 95.6(4)
O—(Ni,V)-O™ 84.4(8)
Cu-O—(Ni,V)/ 121.2(6)
(Ni,V)—O—~(Ni,V)"  95.6(4)

Z

y—1 z

y+2/3 z—-1/3
y-1/3 z—-1/3
y+2/3 13—z
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Fig. 3. Temperature-dependence of the reciprocal magnetic suscep-
tibility of CuNi,;;V,,50,.

and only an extremely weak signal is detected at 4 K.
The absence of signal at room temperature, at first
sight, could rule out the presence of LS Ni** (and
hence V**), which gives a large broad signal in
AgNiO, [9]. However, we have observed that in
CuM,_ V.0, (M =Cr, Fe), the presence of V>* kills the
signal expected from the other transition element. At
the present time, we do not understand well this effect
and its explanation will require further studies. One
possible reason would originate from either dynamic
charge fluctuations or dynamic spin fluctuations.

The electrical conductivity is thermally activated,
but does not follow an Arrhenius law. It can be fitted
according to o = g, exp(-B/T") with n = 0.26. This n
value is very close to 1/4, a value that was predicted by
Mott for the case where the prevailing conduction
mechanism is variable-range hopping (VRH) and elec-
tron—electron correlations are not taken into account
[11]. The logarithm of the electrical conductivity is
plotted as a function of 7-* in Fig. 4, showing the
expected linear dependence over the whole tempera-
ture range in which the measurements were carried out.

5. Discussion

The only pure sample that could be synthesized in
the system CuNi;_,V,O, is CuNi;;V,;30,. On the
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Fig. 4. Logarithm of the electrical conductivity of CuNi,,;V,,;0, vs.
T4

basis of the bond-length arguments given above, we
suggest that nickel is divalent and that vanadium is in a
+III/+IV mixed valence state. This assumption is sup-
ported by the consideration that Ni** is strongly oxi-
dizing with respect to V>*.

The nickel and vanadium atoms occupy a flattened
octahedron undergoing a D5, distortion that splits the
degenerate t,, orbitals into a more stable orbital sin-
glet, a,, and two degenerate e orbitals at a higher
energy. Assuming 1.5 electrons per vanadium atom,
the a, band is half occupied and the e band is one eights
occupied. As the electron density of the a, orbital is
rather located out of the M layer, the a, band should be
rather narrow and the corresponding electrons are lo-
calized. The opposite holds for the e band. However,
two effects should limit its bandwidth W,. The first one
is the 2D character of the structure and the second one
is the dilution effect, as one third of the vanadium
atoms is replaced by nickel. As no metallic behaviour
is experimentally observed, we may conclude that the
bandwidth is not large enough to overcome the corre-
lation effects. The resulting state, especially when one
deals with cations of d' and d* configurations, is gen-
erally unstable with respect to the formation of metal—
metal bonds. XRD did not reveal any superstructure
that could have accounted for an ordered arrangement
of such pairs. However, pairs can be randomly distrib-
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uted and move via an activated electron hopping pro-
cess. The picture is strongly supported by the observa-
tion of the Mott T-"*-behaviour for the electrical
conductivity as the VRH mechanism is observed when
disorder creates a modulation of the potential energy at
the available sites [11].

6. Conclusion

Whereas neither delafossite-type CuVO, nor Cu-
NiO, exist, we succeeded in preparing CuNi,;sV,,;0,
using classical solid-state reaction. The most probable
formal oxidation state for nickel is II, while for vana-
dium it is a mixed state +III/+IV, as can simply be
anticipated from the strong oxidizing character of Ni**
and the strong reducing character of V**. Nevertheless,
this should be confirmed, and more sophisticated
methods than those used up to now are needed. Al-
though it can be clearly stated that the predominant
magnetic interactions are antiferromagnetic, an accu-
rate modelling of the magnetic behaviour still requires
further investigations. Actually, the edge sharing
(MOg) octahedron triangular network leads to weak
superexchange interactions as the M—O-M angle is
close to 95.6° and favours frustration effects. In addi-
tion, a double exchange mechanism associated with
electron hopping from V3* to V** cations — more or
less randomly distributed — could also play a part in the
magnetic behaviour. At this stage of the study, this
hopping process is considered to be the main cause of
the charge transport observed in the oxide and accounts
for the 7~""*-dependence of the electrical conductivity.
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