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Mecasurements of the temperature dependence of the electrical
resistivity p(T), magnetic susceptibility x(T'), and Seebeck coeffi-
cient S(T') have been carried out on the n = 2, 3, and ® members
of the homologous lanthanum nickel oxide systems La,,, ;Ni,O,, ,,
that were anncated in air. With increasing n, a progressive decrease
in the electrical resistivity and a gradeal change from insulating
to metallic behavior are observed. La;Ni O, is nonmetailic, showing
a gradual increase in p when T decreases (dp/dT < 0) from 300
to 4.2 K, whereas La,Ni;0,, and LaNiQ, exhibit metallic resistivity
(dp/dT > 0). A minimum in p(T') near 140 K is observed for
La,Ni;O,,, while LaNiQ, exhibits a T2 dependence for p(T ) below
~50 K. The magnetic susceptibility of LaNiQ, is Pauli-like, but
the y(T') data for La,Ni;0; and LaNi,;0y, below 350 K show a
decrease with decreasing temperature. The Seebeck coefficient of
all these cotmpounds is negative at high temperatures; La;Ni;0,
and La NijO, exhibit a sign change in S at low temperatures,
These results suggest a crossover from a fluctuating-valence to a
Fermi-liguid-like behavior with increasing n2.  © 1994 Academic Press, Inc.

I. INTRODUCTION

The electronic propetties of mixed-valent oxides with
perovskite and related structures, which exhibit insula-
tor-metal (I-M) transitions as a function of composition
or doping, are of great current interest. This is partly due
to the occurrence of high T. superconductivity in some
of the copper oxide systems in this mixed-valent regime
(1). In most of these cases, the I-M transition is achieved
primarily by doping holes or electrons into the insulating
parent compounds, which are thought to be Mott charge
transfer type insulators.

The ternary nickel oxide system (La—Ni-0} is known to
form a series of homologous compounds with the general
formulaLa,, Ni,0,,,  (2-3), whose structures are similar
to those of the Ruddlesden—Popper series Sr, . Ti, Oy, 4,
(6}). While the n = 1 member of this series (La,NiQ,)
exhibits a quasi-two-dimensional K,NiF,-type structure,
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the compound LaNiQ,, which corresponds to the n =
o member of this series, assumes the three-dimensional
distorted perovskite structure. The n = 2 and 3 members,
corresponding to the formulas La;Ni,O; and La,Ni;Oyy,
have two and three perovskite-type (LaNiO,) layers sepa-
rated by a single rock-salt-type (LaO) layer, respectively,
Hence, an incrcase in n is expected to increase the
strength of the Ni~O—Ni interactions along the crystalio-
graphic ¢ direction. The formal valence state of Ni varies
from 2 for the n = 1 member to 3 for the n = © member.
For the intermediate members of this series Ni formally
acquires a nonintegral valence between 2 and 3. This
change in structure and valence state is expected to be
reflected in the electronic properties of this homologous
system.

Earlier electrical resistivity studies (7-10) have shown
that La,NiQ, is a semiconductor with a conductivity acti-
vation energy of ~0.05-0.1 eV. This compound exhibits
an I-M transition in the range 600-650 K when the current
flow is directed along the basal plane. Consistent with its
quasi-two-dimensional structure, the resistivity along the
¢ direction is larger by two orders of magnitude than
that in the basal plane. Electrical resistivity studies of
polycrystalline compounds of the other members (n = 2,
3, and =) have shown a decrease in the value of the room-
temperature resistivity (pig) and a change from semicon-
ducting to metallic characteristics with an increase in n
(11). The decrease in p with increase in n across this
serics was attributed by the authors to a decrease in the
percolation threshold with the increasing three-dimen-
sional character of these compounds.

We have carried out low-temperature (4.2-300 K) elec-
trical resistivity p(T)} magnetic susceptibility x(T), and
Seebeck coefficient §(T) measurements on the n = 2, 3
and « members of the La,, Ni,Os,,, series in order to
investigate the effect of changes in structure and valence
state of Ni on the ¢lectronic properties of the La,, Ni,
0,,,, system and to complement the available information
on the n = | member, La,NiO,.
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II. EXPERIMENTAL

The n = 2, 3, and = members of the La,  Ni O,
series were synthesized by dissolving appropriate molar
ratios of La, 0, (> 99.99% purity) and NiQ (99.9% purity)
in nitric acid and decomposing the nitrate mixture. The
resulting product was pressed into pellets and heated in
air for several days to 1150°C in the case of La;Ni,0,,
and to 1075°C in the case of La,NiyO,,, with intermittent
grinding and repelletization. The material was then cooled
to room temperature at a rate of ~2°/min. LaNiO, was
synthesized as described previously (12).

X-ray powder diffraction patterns were recorded using
a Siemens D-500 diffractometer with CuK, radiation; they
showed that the samples were single phase at this level
of detection. Electron microscopic investigations were
carried out using a Jeol 2000 EX electron microscope.
Electrical resistivity measurements were made in the
range 4.2-300 K on sintered bars using a standard four-
probe technique. Magnetization measurements were per-
formed on a Quantum Design SQUID magnetometer in
the range T = 4.2-350 K. Seebeck coefficient measure-
ments were carried out in the range T = 77-300 K via a
standard temperature relaxation method.

III. RESULTS AND DISCUSSION

The schematic crystal structures of the n = 1, 2, and
 members of the La,, Ni,Oy,,,; series are shown in
Fig. 1, which emphasizes the interleaving of the rock-
salt-type (LaO) layers between n consecutive octahedral
perovskite-type (LaNiO,) layers. The n = 2 and 3 mem-
bers can be thought of as having structures intermediate
between the quasi-two-dimensional La,NiQ, (n = 1) and
the three-dimensional perovskite LaNiQ, (n = =) struc-
tures. Since the intermediate members of the series are
very similar in crystal structure and thermodynamic sta-
bility, these compounds generally exhibit intergrowth of
other members under ordinary preparative conditions (4,
11). However, such intergrowth can be minimized by an-
necaling the samples at an optimized temperature (1150°C
in the case of La;Ni;0O; and 1075°C in the case of
La,NiyO,,} for several days. During the synthesis of the
n = 2 and 3 members, La,NiQ, formation is generally
observed prior to any appreciable formation of LayNi, O,
or La,Ni;O,,. This suggests that intergrowth of perov-
skite-type layers in the K,NiF,-type structure is the likely
mechanism for the formation of the higher members of
this series, in conformity with a mechanism proposed
earlier (5).

The X-ray powder diffraction patterns at room tempera-
ture of compounds La;Ni,0,, La,Ni;(y,, and LaNiO; are
shown in Fig. 2. These patterns indicate that at this level
of detection the samples are single phase and crystallize in
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FIG. 1. Schematic representation of corner-linking of NiQg octahe-
dra formulated for (a) n = 1, (b) # = 2, and {c} n = = members of the
La,,Ni,0;,,, series.

the orthorhombically distorted Ruddlesden—Popper-type
structure for the La;Ni,O, and La,Ni;0,, compounds, and
in a rhombohedrally distorted perovskite structure for
LaNiQ,. The X-ray diffraction patterns of the n = 2 and
3 members can be indexed as an orthorhombic unit cell,
with lattice parameters a = 5.41 A b=546A,c=20.54
Aanda=5414A,b=546A, c=27.98 A, respectively.
The X-ray powder diffraction pattern of LaNiO; can be
indexed as a rhombohedral or, alternatively, as a hexago-
nal unit cell, with lattice parameters ¢ = 5.49 A and
¢ = 13.14 A. These unit cell parameters agree within the
experimental errors with those reported earlier (5, 11).
To monitor the extent of intergrowth of the intermediate
members of the series, we have carried out high-resolution
electron microscopic {HREM) studies on the n = 2 and
3 members (Fig. 3). As far as can be ascertained, we have
been able to suppress intergrowth to a greater extent than
was achieved in an earlier attempt {11), but this effect
could not be completely eliminated. The HREM studies,
which were carried out on only a tiny fraction of the
sample, indicate that intergrowth occurs in these com-
pounds only as isolated line defects in an otherwise nearly
perfect lattice. Figure 3a for the n = 3 compound shows
a reasonably perfect pattern; Fig. 3b for the n = 2 shows
intergrowth of one additional perovskite layer, which sug-
gests that any intergrowths will not significantly affect
the electronic properties. These intergrowth defects are
typical of this class of compounds and are similar to those
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FIG. 2. X-ray powder diffraction patterns of (a) La;NiyO,, (b) La,Ni;0y, and (¢} LaNiQO, obtained using CukX, radiation.

observed in the high-T, cuprate superconductors, for in-
stance, in the T1,Ba,Ca,_,Cu,0,, 4 system (13), which
shows a T, as high as 125 K for the n = 3 member.

The temperature dependence of the magnetic suscepti-
bility, ¥(T), of the n = 2, 3, and = members of the series is
shown in Fig. 4. Earlier neutron diffraction and magnetic
susceptibility studies on single crystals of the n = [ mem-
ber (La,NiQ,, ;) have shown that it orders antiferromag-
netically, with Ty strongly dependent on & (14-17). For
the stoichiometric (8 = 0) material the Ty is reported
to be above room temperature. However, no magnetic
ordering has been observed for the other members of this
series. The susceptibility data of the n = 2 and 3 members
below 350 K show a decrease with decreasing temperature
and a minor increase in the susceptibility at the lowest
temperatures. These results are somewhat at variance
with earlier measurements (11); our values are a factor
of roughly 2 lower than the y values previously reported
for the n = 2, 3 members, and the data of Mohan Ram
et al. show a very sharp rise in x with decreasing tempera-
ture for T < 50 K. In our measurements we have not
encountered any large upturn in y down to 4.2 K. This

latter magnetic behavior is qualitatively similar to that
observed in rare-earth valence-fluctuating systems, for
instance, in CeSn, (18), in the mixed valent vanadium
oxide system V,0,,_, (19-21), and in CuO (22), as well
as in the quasi-two-dimensional La,_,Sr,NiO, system (23,
24) close to the composition range in which the compound
changes from insulating to metallic characteristics. In the
V.0,, | system, an antiferromagnetic interaction with
short-range spin order and/or mixed-valent behavior of
the vanadium ions has been invoked (20, 21) to ¢xplain
the observed x(T') behavior. In the case of La,_ S5r NiO,,
the x(7) data have been interpreted in terms of a large
value of the antiferromagnetic exchange interaction and
a high-spin to low-spin transition involving Ni 34 elec-
trons (23, 24).

One possible interpretation of the x(T) behavior of the
n = 2 and 3 members of the La,, ;Ni, 0O, , series is based
on the two different valence states (Ni**/Ni**) of the
transition metal with spin § = 1 and § = 3, respectively,
separated by an energy difference AE. A decrease in the
population of the § = 1 excited state with a decrease in
temperature would lead to a positive value of dy/dT. The
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opposite situation would prevail if Ni*™ were in the high-
spin configuration. One should bear in mind, however,
that this valence assignment is a formal one since it is by
now generally accepted (25-30) that nickelates tend to be
charge transfer insulators of the type first discussed by
Zaanen et al. (31). In this picture the charge carriers would
be primarily of O 2p character. The ultimate resolution
of this problem for the present set of materials must await
further careful studies of the band structure, Alterna-
tively, the observed x(T) behavior could be related to a
large value of the antiferromagnetic exchange interaction
energy (J) between the Ni ions, which has been invoked
to explain rather similar x(T) behavior observed in the
La,_,Sr.NiO, system, for which J between Ni ions has
been estimated to be of the order of 500-1000 K (23). In
contrast to the » = 2 and 3 members, LaNiO; shows a
nearly T-independent Pauli-like susceptibility in the range
50-350 K and a large increase in susceptibility at low
temperatures (12), suggesting the presence of strong elec-
tron—electron interactions in this metallic narrow d-
band system.

The temperature dependence of the electrical resistivity
p(T) of the n = 2, 3, and « members of this series is
shown in Fig. 5. The room-temperature resistivity (o)
decreases from p ~ 250 m Q-cm for the n = 2 member
to p ~ 1.8 m {}-cm for the n = = member. Our results
for L.aNiO, are in good agreement with those reported in
earlier investigations (11, 32-36), which indicates that
resistivity studies on ceramic LaNiQ, are fairly reproduc-
ible. Torrance et al. (29, 37) quote only resistances; when
superposed on the other data their variation of p with T
matches all others for T < 150 K, but their p values
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rise far more rapidly with T > 150 K than do all other
experimental curves.

The T-dependence of the resistivity of the r = 2, 3, and
= members is qualitatively different. La;Ni,O;, with a
formal Ni valence of 2.5, exhibits nonmetallic electronic
transport, with a gradual monotonic increase of p(T) as
the temperature is reduced from 7 = 300 to 7 = 4.2 K.
These findings are at variance with an earlier investigation
involving La,Ni,O, with recurrent intergrowths of neigh-
boring La,,,Ni,O,,; homologs (11): in these studies
La;Ni,0; was reported to be metallic with a nearly tem-
perature-independent resistivity that was lower by a fac-
tor of 10 to 40 relative to the values shown in Fig. 5a.
However, in the present study the T dependence of the
resistivity at low temperatures does not follow an ex-
ponentially activated behavior, in contrast to La,NiQ, (n
= 1), which does show an exponentially activated conduc-
tion (7, 10). La,Ni,O,,, which has a formal Ni valence of
2.67, exhibits metallic resistivity behavior but has a very
shallow minimum in p(T) close to 140 K. The data set
displayed in Figure 5b is in quite good agreement with
that reported by Mohan Ram et al. (11). For the n = 2
sample no minimum in resistivity has been cbserved in
the range T = 4.2-300 K. LaNiO;, with a Ni valence of
+3, is metallic down to 4.2 K; the resistivity varies as
T? below T ~ 50 K.

The decrease in py with an increase in n across this
series is consistent with an increase in the density of
charge carriers. Since the number of adjacent perovskite-
type layers rises with increasing #, an increase in Ni d-
band width (W) is also expected, arising from an increase
in Ni—O-Ni averlap along the crystaliographic ¢ direc-
tion. This decrease in pyy and the concomitant change-
over from semiconducting to metallic-like behavior in this
series are qualitatively similar to the [-M transition as a
function of Sr doping observed in the quasi-two-dimen-
sional La,_ Sr.NiO, system (23, 24, 38—40). In the latter
case, a progressive changeover from insulating to metal-
lic-like behavior is encountered when the Srconcentration
exceeds x = 0.90. The nonmetallic electronic transport
behavior of La;Ni, O, as well as the observed resistivity
minimum close to 140 K for La,Ni;0,,, suggests the pres-
ence of strong electron—electron and conduction-electron
localized magnetic moment scattering, However, the
presence of a small degree of lattice disorder and/or non-
stoichiometry, or a possible structural distortion, may
also affect the low-temperature transport properties of
these compounds.

The Seebeck coefficient data, 5(T), of the n = 2, 3, and
« members of the La,, |Ni,O,,,, series are shown in Fig.
6. The Seebeck coefficients reported here for LaNiQ,
agree well with those reported by Rajeev et al. (34, 36).
As faras could be ascertained, there are no prior measure-
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ments of Seebeck coefficients for the n = 2, 3 members.
Despite the rather significant variations in resistivity
among the various members of the homologous series,
the S(T) variations of these compounds are almost the
same. This feature is currently not properly understood.
One explanation involves a complicated Fermi surface in
the central Brillouin zone with several types of electron
and hole pockets, the contributions of which to § nearly
cancel out. The Fermi surface topology would then not
be very sensitive to n. Such a situation could arise from
the complexities of the crystal structure and/or from the
overlap of the O 2p and Ni 34 bands. All the samples
exhibit a negative § value at higher temperatures (T >
100 K), suggesting that electrons are the majority charge
carriers. However, the Seebeck coefficients of the n = 2
and 3 members show a crossover to a positive value
around 110 K. These data suggest that charge transport
in the n = 2 and 3 members of the series involves both
electrons and holes, while for the n = «© member it in-
volves primarily electrons. In the case of the n = 3 mem-
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ber, a change of slope in the S versus T plot is observed
at T ~ 130 K, where a change of slope in the p versus T
plot is also noted. The change in the slope of the n = 2
member is less pronounced. Furthermore, the Seebeck
coefficients at room temperature tend to become more
negative with increasing n and decreasing resistivity. This
suggests that, with increasing n, an increasing fraction of
electrons become itinerant and contribute to the charge
transport process. The thermopower of La,Ni0,, which
exhibits semiconducting resistivity behavior, is known to
be positive at low temperatures (10).

The electronic properties of different members of the
La,  Ni,O,,,, series can be rationalized in terms of a
schematic band model shown in Fig. 7. We have not
indicated the position of the O 2p band separately but have
indicated schematically the position of the hybridized Ni
3d2_, 2 and O 2p band, since both the Ni 3d and O 2p
derived states may partially overlap. In La,NiQO,, the anti-
bonding Ni e, band, which is half filled, is split into a
lower (full) and an upper (empty) subband, due to the
large intra-atomic Coulomb interaction between the
charge carriers. This splitting takes place regardless of
whether 1the material is a Mott—-Hubbard or a charge trans-
fer compound. For strictly stoichiometric material the
Fermi level lies in the middle of the band gap. In this
case the charge transport is thermally activated at low
temperatures, a feature which has been verified in recent
infrared reflectivity measurcments (41). However, at
higher temperatures, where k3T approaches the band gap
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energy, gap closure occurs, which leads to an I-M transi-
tion. This could equally occur if the gap were of the charge
transfer type. It is assumed to zero order that this particu-
lar band structure is not appreciably altered as n is in-
creased. Then, with sufficiently large carrier density and
n, the Fermi level is expected to shift into the lower
subband. However, when the carrier density is low, nar-
row midgap states develop, which would result in an in-
crease in the density of states at the Fermi level, as well
as in an increase in the Ni d-band width (W), The observed
trend in the temperature dependence of the resistivity and
Seebeck coefficient with an increase in » is consisient
with this picture. Furthermore, the p{T) and the x{T)
results for the n = 2 and 3 members, which have a noninte-
gral valence, suggest that in this regime charge transport is
dominated by strong electron—electron (e—e} interactions
and by valence fluctuations. Fluctuating-valence behavior
is observed when the levels corresponding to two different
charge configurations (such as d” and d"*') are close in
energy and coexist close to the Fermi level. [n the present
case such a situation could arise from the energetically
proximate levels of 3d” and 34® electronic configurations
associated with the Ni**/N¥* valence states or from
charge transfer effects. This corresponds to the coexis-
tence of a relatively broad 3d,;2_,» and a relatively narrow
3d; band at the Fermi level, as shown in Fig. 7. Here,
the possible interaction between the essentially ‘‘itiner-
ant” electrons of 34,2,z parentage and the nearly *“‘local-
ized’’ electrons of 3d,: parentage would lead to conduc-
tion-electron localized moment scattering. This results in
large values of the resistivity, as well as in weak localiza-
tion effects such as are observed for the intermediate
members. However, low-temperature heat capacity and
structural data will be needed to draw more definitive
conclusions on the low-temperature transport properties
of these compounds. For the n = « member the resistivity
data at low temperatures show a T? dependence (12) char-
acteristic of strong e-e interaction in the three-dimen-
sional Fermi liquid.

In conclusion, ¢lectrical resistivity, magnetic suscepti-
bility, and thermopower measurements on the n = 2, 3,
and « members of the La, Ni O,,,, series have been
carried out on air-annealed samples. Together with the
known propertics of the » = 1 member La,NiO,, a pro-
gressive decrease in the electrical resistivity and a change-
over from semiconducting to metallic-like behavior are
observed with an increase in n across this series. The
p(T) behavior of the 7 = 2 and 3 members is interpreted
in terms of weak localization, which we attribute to the
presence of conduction-electron {hole) localized moment
scattering. By contrast, LaNiO; is metallic, with a T¢
dependence at low temperatures which is characteristic
of electron scattering effects in a three-dimensional Fermi
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liquid. The Seebeck data suggest that charge transport
takes place via both electrons and holes in the case of the
n = 2 and 3 members, but through electrons in the n =
oo member. The x(T') behavior of the n = 2 and 3 members
is similar to that of the valence-fluctuation systems, and
the n = « member behaves like a Pauli paramagnet with
strong electron—-electron interactions. These results sug-
gest that while the n = [ member is in the small polaron
limit, the n = 2 and 3 members, which are close to the
transition boundary between insulating and metallic re-
gimes, show evidence of fluctuating-valence behavior that
might be linked to charge transfer effects. With a further
increase in n, a crossover to a metallic phase occurs,
which has properties characteristic of a strongly corre-
lated Fermi liquid.
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