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Delafossite-type AgCo, Ni,_ 040 = r = 0.5) solid solutions have been prepared by an exchange
reaction of the corresponding Na compounds with molten AgNO,. Magnetic and electrical properties
have been investigaled. The metal-insuiator transition observed as x increases has been ascribed to
a vanishing of the 4d (Ag)-o*(Ni-0} band overlapping previously invoked for describing AgNiO, as

a semimetal,  © 1993 Academic Press, Inc.

1. Intreduction

The clectrical transport prepertics of
delafossitc  compounds  A'M'O, mainly
depend on the nature of the A* cation.
For A* cations with a d'° configuration
such as Cu* and Ag* delafossite-type ox-
ides are insulators whereas PdCrQ,,
PdCo0,, and PtCoO, are metallic. This
behavior was simply explained by the Rog-
ers band diagram (/). However, we have
recently reported that despite the fact that
A* is a silver (I) cation AgNiQ, exhibits
a metallic type conduction which we have
attributed to a small overlapping between
the 44 (Ag) and the o*(Ni~(O) bands (2,
3). Such a band overlap does not occur
in AgCoO, since it is an insulator like all
other delafossite-type Cu*- or Ag*-com-
pounds.

This strong difference in the clectrical
transport properties between AgNiO, and
AgCo0, led us to investigate the solid solu-
tion AgCo,Ni,_0,.
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2, Experimental Conditions

Defafossile Ag-compounds are usually
prepared by cation exchange reactions in
oxidizing (AgNQ; + KNO,) fluxcs using al-
kali metalates with a-NaFeQO, structure
such as LiMO, or NaMO,, as intermediate
compounds (4, 5). As such exchange reac-
tions are performed at moderate tempera-
tures (T << 300°C), the structural disorder or
defects present in the intermediate com-
pounds influence those observed in the re-
sulting delafossite phases as we have shown
recently (3}, As LiNiQ, exhibits a slight non-
stoichiometry and a small disorder between
Li and Ni atoms (6, 7), we have chosen Na
oxides as intermediate compounds. They
are prepared by solid state reaction in an
oxygen atmosphere at 650°C, following the
reactional scheme:

&Nazoz + XI’3C0304
+ (1 — x)NiO — NaCo Ni, 0O,

The reaction product contains a single phase
only for 0 = x = 0.5, Forx > 0.5, it contains
two phases: NaCoO, and NaCo, Nij 0,
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as observed earlier (8). Therefore, the ex-
change reactions

KNO,

AgNO3(,r) + NaCOXNiI _102(.5‘)_)

AgCo,Ni,_ Oy, + NaNO;,

were performed for0 <= x = 05andx = 1.,
KNQ; was added to prevent the decomposi-
tion of AgNO; and an excess of AgNQO,
(—~50%) was used to promote the reaction.
Reactions were carried out in evacuated and
sealed pyrex tubes at 300°C for 5 days. Grey
black powders were recovered by leaching
out the remaining nitrates with water.

Powder X-ray diffractograms were ob-
tained with a Philips 1050 diffractometer us-
ing a copper anticathode. Lattice constants
were determined by a least squares method
from the d-values and corrected using sili-
con as an internal standard (@ = 5.4305 A
at 25°C).

Magnetic susceptibility was measured
with a Manics DSM 8 type susceptometer,

Electrical conductivity measurements
were performed on pellets (¢ = 5 mm den-
sity =70%) using a usual four-probe tech-
nique (9). Thermoelectric power was mea-
sured by means of a piece of equipment
described elsewhere (10).

3. Results and Discussion
3.1. X-Ray Diffraction

AgCoNi,_,0, compounds (0 = x = 0.5;
x = 1) crystallize with the 3R-delafossite
structure (space group R3m). In this struc-
ture monovalent cations are linearly coordi-
nated to two oxygen atoms forming AQ3~
groups parallel to the hexagonal c-axis.
These groups form a close packing where
octahedral sites are occupied by the M+
cations (Fig. 1).

Whatever the x value, X-ray diffracto-
grams do not reveal any extra line that could
have resulted from the existence of an order-
ing between Co and Ni atoms. The unit ¢ell
volume increases as x decreases (Fig. 2);
this simply can be attributed to a smaller
ionic radius (1) for Co** (reg+ = 0.545 A)
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FiG. 1. Delafossite-type structure of AMO, oxides.
Circles represent A* ions located between layers of
MO, octahedra,

than for Ni3* (ry3+ = 0.56 A). However, this
volume increase does not result from an iso-
tropic expansion of the unit cell since, as
shown in Fig. 3, the a-parameter decreases
significantly with the Co-content whereas
the c-parameter remains nearly independent
of x. Such a behavior is usual for delafossite
compounds as pointed out previously (4):
it results from an increase of the trigonal
distortion of the MO, octahedra as the ionic
radius of the M-element increases. We may
think that the linear coordination of the A
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FiG. 2. Evolution with x of the hexagonal unit cell
volume of the AgCo,Ni,_,0, solid solutions.
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18.40 r—— : . : ; . Ni3+ + C03+-—> Ni2+ +C04+ (])
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q Ch

(&) M charge transfer occurs. For a Ni** + Co**
— Ni’* + Co?* charge transfer to agree
with our magnetic data would require that
18.30 L | Ni** and even Co** had a low-spin configu-
2.895 - ration, which is quite unlikely in our com-
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Fi. 3. Evolution with x of the hexagonal lattice
constants ay and ey of the AgCo,Ni,_,0, solid solu-

tions.

ions in delafossite compounds allows large
changes in the ionic radii of M** cations
(from r¥h+ = 0.535 Ator/L+ = 1.032 A) as
far this trigonal distortion does not modify
the A-site. On the contrary, the a-NaFeQ,
structure, in which the A-cation occupies an
octahedral site, does not seem to be stable
for an r,/r), ratio smaller than 1.1 or larger
than 2.0 (12).

3.2. Magnetic Properties

The thermal variation of reciprocal mag-
netic susceptibility of AgCo, Ni,_. 0, (x =
g, 0.1, 0.2, 0.5, 1) is given in Fig. 4. The
experimental data corrected for the diamag-
netism of the ions (/3) were fitted above a
temperature T, (given in Table I) with the
usual Curie-Weiss formula, x,, = ¢,/ (T —
8,} + TIP. The molar Curic constant Cy,,
the Weiss constant ,, and the temperature-
independent paramagnetic contribution TIP
are reported in Table I. For 0 = x = 0.5,
the Curie constant for one Ni atom is in the
range of (.40-0.46, which suggests that both
Ni** and Co’* ions exhibit mainly a low-
spin configuration, i.e., atomic ground
terms 2E (%", § = §) and 'A (5% § = 0)
respectively. It also implies that no sig-
nificant

pounds for the latter cation. On the other
hand, we may assume that such a charge
transfer does not occur because Ni*t ions
are more oxidizing than Co** ions as re-
cently shown, for instances, for a-NaFeO,
type compounds (/4).

The negative values of 8, reveal the exis-
tence of antiferromagnetic interactions be-
tween Ni-ions giving rise to a minimum in
the x5' vs T plots for x = 0.1, As x increases
| 7| should increase since the Ni-Ni distance
whichis equal to the a-parameter decreases.
Therefore, the observed decrease of |6,/ is
mainly due to the decrease of the number
of magnetic nearest neighbors as the Ni-
concentration is more and more diluted. For
x = 0.2, the minimum of x;,' disappears and
at low temperature y,, increases with x de-
spite smaller and smaller Ni**-concentra-
tion (Fig. 4).

The weak paramagnetism of AgCoQ, con-
firms the low-spin state of Co**('A term).
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F1G. 4. Thermal variation of the reciprocal molar
magnetic susceptibility of AgCo,Ni;_,0,.
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TABLE ]
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EXPERIMENTAL MAGNETIC PARAMETERS OF Ag-DELAFOSSITE CoMPOUNDS AgCo,Ni, .. 0,.

Cy Cy/Ni-mole
TIP
Samples T,.(K) (ernu K mole™}) 6,(K) (10~°% emu mole™ 1)
AgNiO, 24.5 0.46 0.46 - 105 200
AgCODZNlng(); — 0.33 0.41 —-69 150
AgCoy sNigs0; — 0.20 0.40 -13 200
AgCo0, — 0.02 — 0 150

The temperature-dependent contribution
might be attributed either to a small amount
of HS Co’* associated with structural de-
fects or surface states. We may also con-
sider Co?* or Co** impurities duc to vacan-
cies of either oxygen or metallic atoms
respectively. The congentration of such im-
purities is difficult to determine, but in the
case of HS Co?*, for instance, it may be
roughly estimated as being of the order of
1 mole% using a spin-only Curie constant
C3? = 1.875. The temperature independent
contribution is also of the order of magni-
tude normally expected for an A term (/5).

3.3. Elecrrical Properties

Figure 5 gives the variation of the thermo-
electric power a of some AgCo,Ni _ 0O,
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Fig. 5. Thermal variation of the thermoelectric
power of AgCo,Ni,_,0,.

solid solutions (0 = x = 0.4) as a function
of temperature. For0 = x = 0.3, ais positive
at low temperature, increases with tempera-
ture, exhibits a maximum a,,, at a tempera-
ture T, and finally changes its sign at a
temperature T§. At rising X, g
T2, and T¢ decrease. Forx = 0.4 « is nega-
tive in the whole temperature range and its
absolute value increases with T. For pure
AgCo0, (x = 1) a large positive value (a =
+150 wV K™Y is observed revealing that
the charge carriers are mainly holes.!

The logarithm of the electrical resistivity
p is plotted vs T in Fig. 6a for 0 = x =
0.5 and for x = 1. As x increases the low
temperature behavior changes from a metal-
lic one for x = 0.2 as p{T — 0 K) tends to
a finite value to an insulating one for x =
0.3 as p{T — 0 K) — =. As expected a
metal-insulator transition is observed for
x = 0.3 and above this value the electrical
conductivity is thermally activated in the
whole temperature range (Fig. 6).

The behavior of AgNiO, (x = 0) has been
already discussed on the basis of a semi-
metal model (2, 3). As mentioned above,
charge carriers are created by a small over-
lap of the 4d (Ag) band with the o*(Ni~Q)
band, which can be illustrated by the chemi-
cal equilibrium:

Agt + Nt = “Ag?t” + Nif*,

! This supports the opinion that the magnetic behav-
ior is rather due to LS Co*" species resulting likely
from a slight silver or cobalt deficiency.
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F1G. 6. Thermal variation of the electrical resistivity of AgCo,Ni,_,(; plotted for 0 = x = 0.5 and
x = | using either semilogarithmic coordinates (a) or natural ones for 0.1 < x < 0.3 (b).

Assuming that, as argued above, most
nickel and cobalt ions are in the 3+ oxida-
tion state, three main effects are expected to
occur as the Ni** concentration decreases:

(a) as shown in Fig. 2 the a-parameter
decreases, which is mainly due to adecrease
of the M>*-0 distances. This should lead
to an increase of the Ni-O bond covalency
and hence to a shift of the antibonding
g*(Ni-0) level toward higher energies.

(b) A narrowing of the o*(Ni-(Q) band if
we assume that the dilution effect over-
comes the covalency increase.

(c) Some structural disorder due to a ran-
dom distribution of Ni** and Co’* cations.
It can lead to the formation of band tails
where energy levels can be localized de-
pending on their energy with respect to a
mobility edge E_ (16).

The (a) and (b) effects lead to a decrease
of the 4d (Ag)—o*(Ni—Q) band overlapping
responsible for the semimetallic character
of AgNiQ, and therefore simply account for
the evolution of the electrical resistivity
with x and finally for the metal-insulator
transition observed for x = 0.3.

However, the thermal variation of the
thermoelectric power does not reveal, even
for x = 0.4, the existence of an energy gap
as it should be expected from the above

model, but it suggests a finite density of
states at the Fermi level.

As x increases the temperature at which
a changes its sign, i.e., T%, decreases. If
both electrons and holes can carry current,
the wsual formula

a. . + a0y
o, + oy

applies, where the subscripts e and h refer to
electrons and holes respectively. Therefore,
as x increases, the temperature above which
the contribution of electrons to the electrical
conductivity becomes predominant de-
creases. We may think that although the
shrinking of the Ni-Ni distance (equal to
the a-parameter) as x increases should make
the electron hopping casier, the competing
dilution effect prevails, and finally dimin-
ishes the hopping probability. Therefore,
the tendency of a to become negative in a
wider temperature range suggests that the
clectron density, rather than the mobility,
increases due to either extrinsic or intrinsic
effect. In the first hypothesis, an extrinsic
creation of electrons would simply result
from a slight oxygen nonstoichiometry or a
deficiency of AgO3~ groups and the Co**/
Ni** substitution would favor these vacan-
cies for unknown reasons. In the second
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hypothesis, the present results and particu-
larly the e vs Tbehavior suggest that a small
number of electrons are transferred from the
t, orbitals of Co®* into the e, orbitals of
Ni** according to equilibrium (1). Magnetic
measurements have excluded the formation
of large amounts of Ni** and Co®* but have
not excluded a tiny electronic transfer. Such
a small amount of Co** and Ni** could be
stabilized by structural disorder which can
give rise to some local potential fluctuations
appropriate to trap holes on cobalt sites
whereas a few electrons would be located
on nickel sites where they can hop from
one position to another. In conclusion, as
x increases the electron-density/Ni-density
ratio increases, explaining the evolution of
the a vs T curves, but the electron mobility
decreases as the hopping probability de-
creases with reduced nickel concentration,
which accounts for the evolution of the p
vs T curves.

In the above approach the metal-insula-
tor transition roughly occurs when the hole
concentration tends to zero; i.e., when the
band overlap disappears, or just before,
when the Fermi level crosses the mobility
edge near the top of the 4d (Ag) band, which
could explain that even for x = 0.3, a re-
mains slightly positive at low temperature
while this composition is probably on the
insulating side of the transition, as suggested
by the p vs T curves of Fig. 6b.

3.4. Energy Correlation Diagram

In the framework of a purely ionic model,
we may use our calculations of site potential
in AgNiQ, (3) in order to estimate the ¢lec-
tron potential energy at the various ion sites
in the AgCo Ni,_,O, lattice, according to
the simple equation

(2)

where IEY is the Nth ionization energy, Viy
the Madelung electrostatic potential, and
—¢ the electron charge.

The data of Table II lead to the schematic
diagram of the left hand side of Fig. 7. The

E= —IEY — eV,
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TABLE II

PoreENTIAL ENERGY OF ELECTRONS AT VARIOUS

Ion-S1TES  IN AgCo Nij_, 0, ESTIMATED FROM
Eo. (2)

Ion-site IE¥ (eV)® Vy (VPP E (eV)
Agttt 215 -9.5 -12
Co’ T+ 51.3 =371 -14.2
Nit#h+ 54.9 -37.1 -17.8
o= -8.1 24.2 - 16.1

“ From Ref. (I7).
* From Ref. (3).

evolution with x of the band diagram shown
in the right hand side of Fig. 7 can be de-
duced from the results reported and dis-
cussed in the above sections and from previ-
ous investigations on AgCoO, and AgNiQ,
(3). For 0 = x < 0.3, the 4d (Ag) levels
overlap the UHB(Ni). As equilibrium (1) is
strongly shifted to the left hand side the
i,,(Co) levels are below the UHB of nickel
although a small overlapping well accounts
for the behavior of thermoelectric power as
suggested above.

Madelung Polorization
[:03*1'2*'

e

M-I Transition

U (Co)

F1G. 7. Tentative correlation diagram between (from
left to right) energy levels of ions in the Madelung
potential (without and with polanzation effects) and
energy bands for AgCo Ni; 0, (0 = x = 0.5) and
AgCo0, {sce text).
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The correlation between the ionic energy
levels in the Madelung potential and the
band diagram involves polarization effects
which raise occupied levels (/8). To sim-
plify, we have taken the oxygen levels as
reference levels and assumed a shift of the
Ag* levels under polarization effects close
to that of the O*~'~ levels. A polarization
shift smaller for Ag*”* levels than for
N34+ gr Co®t/** levels could result from
the twofold coordination of Ag* with re-
spect to the octahedral environment of Ni**
or Co** ions.

In conclusion, this picture shows that
assuming a recasonable value of U’ for
Ni?*/#+_Ni2*?* ., ~4 eV, makes quite
possible the suggested overlapping between
the Co** : 1, levels and the UHB of nickel.
It alse accounts for the already proposed
4d(Ag)-o*(Ni-O) band overlap as well as
for the insulating character of AgCoO,.
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