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Abstract

In order to investigate the correlation between electrical transport properties and the transferred exchange interaction
between Ni2` and La3` in La

2
NiO

4`d, bulk conductivities and dielectric properties of La
2
NiO

4.02
and La

2
NiO

4.125
have been measured as a function of temperature up to 300 K. The complex-plane impedance analyses determined bulk
conductivities. Temperature dependencies of bulk conductivities, the self-consistent agreement of the energies obtained in
the bulk conduction and dielectric relaxation processes, and the electron transferred integrals determined in dielectric
measurements are indicative of the nonadiabatic hopping conduction, although the conductivity in La

2
NiO

4.125
is very

high with a very low hopping energy in comparison with La
2
NiO

4.02
. These results have been discussed in terms of the

transferred exchange interaction between Ni2`3d
z
2 orbital and La3`6s orbital through 2p

z
orbital of apical O2~. With

increasing the content of excess oxygen, the decrease in the number of Ni2`3d
z
2 orbitals, which play an important role in

the transferred exchange interaction, changes remarkably the conduction behaviour in La
2
NiO

4.125
from

La
2
NiO

4.02
. ( 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

K
2
NiF

4
-type La

2
NiO

4`d is the end member of
La

2~x
Sr

x
NiO

4
system which was investigated ex-

tensively on the analogy of the high-¹
C

super con-
ductor La

2~x
Sr

x
CuO

4
[1}5]. The natures and

properties of La
2
NiO

4
and La

2
CuO

4
are highly

sensitive to the content of excess oxygen. In fact,
La

2
CuO

4`d exhibits the metal}insulator transition
at d+ 0.08 [6] and bulk high-¹

#
superconductivity

appears below ¹
#
[7]. Though La

2
NiO

4`d remains
semiconducting up to d"0.25 [7], hole doping due
to excess oxygen induces increasing structural dis-
tortion and changes electronic structures which
modify the band gap width [8]. The main interest
in La

2
NiO

4
has been hole doping since the formal

valence of Ni3` created by hole doping could take
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a low-spin con"guration with S"1
2

which is equiv-
alent to the spin state of Cu2` in the high-¹

C
superconductor La

2~x
Sr

x
CuO

4
[9}12]. The pres-

ent study is, however, interested in electronic trans-
port properties of electron-doped La

2
NiO

4`d.
In La

1.67
Sr

0.33
NiO

4
which undergoes a charge-

ordering transition at ¹
CO

+240K, the spectral
changes with temperature above ¹

CO
suggest #uc-

tuating charged stripes or formation of small po-
larons [5]. La

2
NiO

4`d exhibits semiconducting
behaviour at low temperatures with thermally
activated or variable range hopping type of con-
ductivity [3]. The transport properties in
La

2~x
NiO

4~d at low temperatures are character-
istic of adiabatic hopping conduction of localized
carriers in the valence band tail above a mobility
edge [8]. Though these previous experiments sug-
gest a high possibility that the majority carrier at
low temperatures in La

2
NiO

4`d is a polaron, the
details of the transport kinetics are still unknown.
Since the hopping process has a high probability of
involving a dielectric relaxation as the carriers are
excited from the potential wells associated with
their self-trapping [13}21], the dielectric measure-
ments could provide important knowledge on elec-
trical conduction in La

2
NiO

4`d. In order to
correlate the charge dynamics (and/or polaron dy-
namics) with the electrical transport mechanism,
a high-quality crystal is required because the cer-
amics specimens su!er from the carrier scattering in
grain boundaries. The usage of single La

2
NiO

4`d
crystals like Wada et al. [4], Freltoft et al. [22] and
Yamada et al. [7,23] relives most problems. Their
single crystal results should be then referred to very
carefully. Even if a polycrystalline ceramics speci-
men is employed, however, the complex-plane im-
pedance analysis distinguishes the bulk conduction
from the conduction across the grain boundary and
the transport across the electrode-specimen inter-
face, if they exist [24}26]. Then, the combination of
the complex-plane impedance analysis and the di-
electric measurement could be a very reliable
means for the investigation of electrical transports
in polycrystalline La

2
NiO

4`d.
There is another aspect to consider in physics of

La
2
NiO

4`d, i.e., the transferred exchange interac-
tion [27]. In La

2
NiO

4
, Ni2` (3d8) is in the low-spin

state [28] and both the e
g
orbitals, i.e., 3d

x
2~y

2 and

3d
z
2, are occupied by one hole with parallel spins

(S"1) [27]. The large internal "eld H
*/5

at La sites
in La

2
NiO

4
observed in 139La zero-"eld NMR

experiments [4,27,29] requires the strong transfer-
red exchange interaction between Ni2` 3d

z
2 orbital

and La3` 6s orbital through 2p
z

orbital of apical
O2~ [30] and consequently the strong covalency
between Ni2` and La3` via O2~ must be involved
in the bonding. Then the hall-"lled 3d

z
2 orbital

plays an important role in the transferred exchange
interaction [27]. Hole doping creates Ni3` (3d7)
with only the half "lled 3d

x
2~y

2 orbital and, conse-
quently, the transferred exchange interaction be-
tween Ni3` and La3` is almost quenched [27].
Accordingly, the covalent component in the bond-
ing must decay in the hole-doped specimens. Such
a change in the bonding nature must modify cell
parameters, particularly the lattice constant along
the c-axis, and also must vary the electrical conduc-
tion considerably. Therefore, it is of great import-
ance to investigate the correlation between the
amount of Ni3` and the natures such as electrical
transport properties, lattice constants and so on in
La

2
NiO

4`d. Such a correlation is a very interesting
issue to debate and the main subject in the present
study.

The strength of the transferred exchange interac-
tion between Ni2` and La3` in La

2
NiO

4`d de-
pends upon the amount of Ni3` ions. In order to
investigate the correlation between the electronic
conduction and the transferred exchange interac-
tion, therefore, electrical transport properties have
to be measured as a parametric function of the
content of Ni3` ions. To this end, several specimens
with di!erent components of excess oxygen are re-
quired. La

2
NiO

4`d prepared by the standard solid-
state reaction method in air and annealed in
oxygen is in the oxygen excess state, i.e., d+0.12
[3,7,27]. The reduction of the amount of Ni3` ions
in La

2
NiO

4.12
requires electron doping which is

generally di$cult in strongly correlated electron
systems like La

2
NiO

4
because of the strong elec-

tron}electron interaction. Despite this, several at-
tempts of electron doping have been tried in this
system [8,22]. Bassat et al. prepared La

2~x
NiO

4`d
for electron-doped specimens [8]. Though their re-
sults are very important, the de"ciency of La3` ions
interferes with the elucidation of the relationship
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Fig. 1. s versus ¹ for La
2
NiO

4.125
.

between the electrical transport properties and the
transferred exchange interaction. In order to dope
electrons, it looks the most plausible and most
conventional means to anneal La

2
NiO

4.12
in a re-

ducing atmosphere such as #owing hydrogen gas.
From this point of view, the present study will

prepare two specimens, i.e., La
2
NiO

4.02
and

La
2
NiO

4.125
, describe the experimental results of

these specimens, discuss the kinetics of the conduc-
tion and the correlation between the electrical
transport and the amount of Ni3` referring to the
di!erence in the experimental results of these speci-
mens, and then speculate over the electronic struc-
tures and the transferred exchange interaction in
La

2
NiO

4`d.

2. Experimental

La
2
NiO

4`d polycrystalline ceramics specimen
was prepared by the conventional solid state syn-
thesis technique. La

2
O

3
and NiO powders were

used (4N). First, the mixed powder was calcined in
air at 9503C for 1 day. After being ground and
mixed well, the powder was heated again in air at
10003C for 1 day. Then the powder was pressed
into pellets and sintered "nally in pure #owing
oxygen at 10003C for 12 h. CuK

a
X-ray di!raction

of this specimen showed a tetragonal single phase
with the lattice constants, a"3.8615As and c"
12.6484As , which were in good agreement with the
data in JCPDS (Code; A34-0314).

The ICP (induction-coupled plasma) analysis de-
termines the atomic ratio of [La]/[Ni]"2/0.99
which corresponds with the stoichiometric ratio,
[La]/[Ni]"2/1, within the experimental errors.
The chemical analysis using the iodometric titra-
tion yields d in La

2
NiO

4`d"0.12$0.01. Fig. 1
shows the temperature dependence of the magnet-
ization for this specimen, which exhibits the sharp
peak around 110K. The magnetic susceptibilities,
s, were measured by a SQUID (Quantum Design,
MPMS). According to the experiments by Yamada
et al. [7], the best ordered incommensurate phase
at d"1/8"0.125 shows the sharp peak of the
magnetization at ¹

N
"110K, where the NeH el tem-

perature, ¹
N
, is determined by neutron di!raction

measurements. Even if d deviates very slightly from

0.125, the magnetization peak due to the anti-
ferromagnetic transition decays remarkably and
nearly disappears. The result of Yamada et al. [7]
indicates the well-de"ned phase of d"0.125 in the
present specimen, i.e., La

2
NiO

4.125
with the atomic

ratio of [Ni3`]/[Ni2`]"1
3
. This estimate for

d agrees with the iodometric titration result within
the experimental errors. The density of the speci-
men was about 88% of the theoretical value.

In order to dope electrons, the specimen pre-
pared in this way was moreover annealed in pure
#owing hydrogen at 4503C for 7 h. The X-ray dif-
fraction showed that this reduced specimen had an
orthorhombic structure with the lattice constants,
a"3.8644As , b"3.9156As and c"12.5351As . The
remarkable reduction in the lattice constant along
the c-axis is noteworthy. The iodometric titration
analysis yields d+0.02$0.01. Then, La

2
NiO

4.02
is

produced by the hydrogen reduction, which con-
tains a negligibly small amount of Ni3` ions.

Capacitance and impedance were obtained as
a function of temperature by the four-terminal pair
AC impedance measurement method, using an HP
4284A precision LCR meter with a frequency range
of 100Hz to 1MHz. The measured values of
capacitance and impedance were corrected by cali-
brating capacitance and resistance of leads to zero.
Flat surfaces of the specimens were coated with an
In}Ga alloy in 7 : 3 ratio by a rubbing technique for
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Fig. 2. The complex-plane impedance plots for (a) La
2
NiO

4.02
at 200 K and (b) La

2
NiO

4.125
at 55 K.

an electrode. Evaporated gold was also used for the
electrode but no signi"cant di!erence was found in
experimental results. A Maxwell}Wagner-type po-
larization due to heterogeneity in a specimen is
excluded because there is no signi"cant di!erence
in the frequency dependency of dielectric constant
at 200 K even if the thickness of the specimen is
reduced to half.

A Keithley 619 resistance bridge, an Advantest
TR 6871 digital multimeter and an Advantest
R 6161 power supply were used for DC conductiv-
ity-measurements by the four-probe method. The
copper}constantan pre-calibrated at 4.2, 77 and
273 K was used for the temperature measurements.

3. Results

Following the detailed account of the theoretical
treatment [24}26], the complex-plane impedance
analyses were carried out. Usually, in polycrystal-
line ceramics, three independent semicircular arcs
show up in the impedance plots where the real part
(Z@) of the total impedance is plotted against the
imaginary part (ZA) as a parametric function of
frequency f, i.e., the highest frequency arc corre-
sponding to the bulk conduction, the intermediate
one due to the conduction across the grain bound-
ary and the lowest frequency arc coming from the
transport across the electrode}specimen interface.
The resistance values of the circuit elements are
obtained from the real axis intercepts. Fig. 2 depicts
complex-plane impedance plots at 200 K for
La

2
NiO

4.02
and 55 K for La

2
NiO

4.125
. The solid

line curves were determined by the least-mean-
square analyses. The high conductivities in
La

2
NiO

4.125
enable the impedance analyses at re-

markably low temperatures in comparison with
La

2
NiO

4.02
. Since the lowest frequency arc was not

observed in each specimen, there must be no elec-
trode polarization in the electrode}specimen inter-
face within the frequency range employed in the
present work. The highest resistance value of the
highest frequency arc is the resistance within grains.
As for La

2
NiO

4.125
, the impedance analysis at

¹'160K requires frequencies higher than 1 MHz,
the maximum frequency in the present study, while
the impedance analysis at ¹(40K requires fre-

quencies lower than 100 Hz. Because of the similar
reason, there is also the temperature region in
which the impedance analysis is possible to carry
out for La

2
NiO

4.02
.

Fig. 3 plots Arrhenius relations of p¹3@2 and 1/¹
for both the specimens, where p is the bulk con-
ductivity obtained from the highest resistance value
of the highest frequency arc. First of all, one should
notice the big deference in conductivities between
these specimens despite the small di!erence in d of
La

2
NiO

4`d, i.e., *d"4.125!4.02+0.1. As well as
other various oxides [19,21,31}34], the four-probe
DC conductivities in these specimens overlapped
conductivities estimated from the highest resistance
values of intermediate frequency arcs, which were
theoretically the total resistances in grains and
boundaries [24}26]. At ¹'160 K, there is a linear
portion in La

2
NiO

4.02
with an activation energy of

0.24 eV whereas La
2
NiO

4.125
also involves the lin-

ear portion at ¹'60 K with an activation energy
of 0.083 eV. In both the specimens, conductivities
deviate from the Arrhenius relations at lower tem-
peratures.

In each specimen, a relaxation process shows up
in dielectric loss tangent (tan d) and electric mod-
ulus (imaginary part, MA), as shown in Fig. 4 which
plots realistic loss tangent and electric modulus as
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Fig. 3. Arrhenius relations of p¹3@2 versus 1/¹ for La
2
NiO

4.02
(solid circles) and La

2
NiO

4.125
(open circles), where p is the bulk

conductivity obtained from the real axis intercept of the highest
frequency arc in the impedance analysis.

Fig. 4. (a) Frequency dependencies of loss tangent, tan d, and (b)
electric modulus (imaginary part), MA, at several temperatures
for La

2
NiO

4.02
.

a function of applied frequency at several temper-
atures for La

2
NiO

4.02
. The realistic dielectric loss

tangent values are obtained by subtracting low-
frequency contributions in the similar way to
Lalevic et al. [35].

4. Discussion

4.1. Nonadiabatic hopping conduction

When small polarons are carriers predominantly
responsible for conduction, they have the charac-
teristic temperature dependencies of conductivities,
i.e., p¹cJexp(!E/k

B
¹), c"1 for the adiabatic

case and 3
2
for the nonadiabatic case [36], where the

dominant component of E is the hopping energy of
small polarons, =

H
[16}21,31}34]. The result in

Fig. 3 seems surely to favour the polaronic scenario
of the nonadiabatic case for both the specimens.
This is ensured by the dielectric experiments.

The dielectric behaviour in Fig. 4 is described
approximately by Debye's theory [37,38]. At a tem-
perature ¹, the loss tangent and the electric

modulus have maxima at the resonance frequen-
cies, f

5!/d and f
M
, respectively, i.e., (tand)

.!9
"

(e
0
!e

=
)/2Je

0
e
=

at f
5!/d"Je

0
/e

=
/2pq and

MA
.!9

"(e
0
!e

=
)/2(e

0
e
=
) at f

M
"(e

0
/e

=
)/2pq, where

e
0

and e
=

are the static and high-frequency dielec-
tric constants, and q is the relaxation time at
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Fig. 5. Arrhenius relations between (f
5!/ d)2¹1@2/f

M
and 1/¹

(open circles) and also between (tan d)2
.!9

¹/MA
.!9

and 1/¹ (solid
circles) for (a) La

2
NiO

4.02
and (b) La

2
NiO

4.125
.

¹ which has a form of q"q
0
exp(Q/k

B
¹), Q being

the activation energy required for the dielectric
relaxation. In the polaronic scenario, the activation
energy is the hopping energy, i.e., Q"=

H
[16}21].

In the nonadiabatic case, q
0
"2+(=

H
k
B
¹)1@2/

p1@2J2, where J is the electron transfer integral
between the neighbouring hopping sites and + is the
Planck's constant divided by 2p [16,21,34,39,40].

Using the frequencies at the maxima of loss
tangent and electric modulus, one has the relation
( f

5!/d)2¹1@2/f
M
"[J2/4p1@2+(=

H
k
B
)1@2]exp(!=

H
/k

B
¹) [16,21,34,39,40]. For La

2
NiO

4.02
, Fig. 5 plots

the Arrhenius relation of ( f
5!/d)2¹1@2/f

M
and 1/¹ at

¹'180K, which yields =
H
"0.19 eV, while

=
H

is 0.069 eV for La
2
NiO

4.125
which has the

straight line at ¹'60 K. The experimental values
for[J2/4p1@2+(=

H
k
B
)1@2] obtained by the extrapola-

tion at ¹PR yields J"8.85]10~5 and 3.99
]10~5 eV for La

2
NiO

4.02
and La

2
NiO

4.125
, re-

spectively. These experimental J-values are subject
to the nonadiabatic conditions [39,41], i.e., J(
4=

H
and J((=

H
k
B
¹)1@4(+u

OL
)1@2, if the frequency

of the longitudinal optical mode, u
OL

, is assumed to
lie in the range 1013}1014 s~1. This assumption is
employed because the experimental u

OL
-values for

the similar perovskite materials are in the range of
1013}1014 s~1 [42,43], although the frequency
values of these specimens are not yet available
experimentally.

The activation energy required for the conduc-
tion due to a hopping process of small polarons is
the sum of the hopping energy, =

H
, and half the

energy required to create a free polaron, =
O
, i.e.,

E"=
H
#=

O
/2 [16}21]. The disordered energy is

omitted here because this is, in general, negligibly
small in crystalline bulks compared with=

H
, even

less than the experimental errors in the determina-
tion of=

H
[44]. There is another dielectric relation

which estimates the magnitude for =
O
, i.e.,

(tan d)2
.!9

¹/MA
.!9

Jexp(!=
O
/2k

B
¹) [17}21]. As

shown also in Fig. 5, the straight lines in Arrhenius
relations of (tan d)2

.!9
¹/MA

.!9
and 1/¹ yield

=
O
/2"0.044 and 0.014 eV for La

2
NiO

4.02
and

La
2
NiO

4.125
. The sum of the energies obtained

independently in Fig. 5 is very close in values to the
activation energy in Fig. 3 for each specimen.

The assessment like this meets de"nitely the
requirements for the nonadiabatic hopping con-

duction. Consequently the nonadiabatic Ar-
rhenius plots in Fig. 3 are justi"ed. The onset
of non-Arrhenius bulk conduction at lower temper-
atures is found in each specimen. This is a general
feature of small-polaron hopping. It arises when
multiphonon jump processes are frozen out
[45,46]. The conduction at lower temperatures
is then described by an extension of the Arrhenius
small-polaron hopping into the non-Arrhenius
regime.
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4.2. Electronic structures

Ni2`(3d8) in La
2
NiO

4.02
is in the low-spin state

[28] and both the e
g

orbitals are occupied by one
hole with parallel spins (S"1) [27]. Hole-doping
by excess oxygen creates Ni3`(3d7) in a low-spin
con"guration of S"1

2
with the half "lled 3d

x
2~y

2

orbital. The strong transferred exchange interac-
tion between Ni2` 3d

z
2 orbital and La3`6s orbital

through O2~ 2p
z

along the c-axis in La
2
NiO

4.02
results in the tight covalent bonding nature which
comes from the heavy hybridization of the wave
functions of these ions. An increase in the amount
of Ni3` due to excess oxygen, however, weakens
the transferred exchange interaction and then the
covalent bonding component decays because the
transferred exchange interaction between Ni3` and
La3` is almost quenched as Furukawa et al. sug-
gest [27]. Such a variation of the transferred ex-
change interaction describes well the relative
magnitudes for the lattice constant along the c-axis
in La

2
NiO

4.02
and La

2
NiO

4.125
. The heavily hy-

bridized wave functions due to the strong transfer-
red exchange interaction in La

2
NiO

4.02
lead to

c"12.5351As , considerably smaller than 12.6484As
of La

2
NiO

4.125
which contains Ni3` ions. Though

excess oxygen at the tetrahedral site surrounded by
La3` between the double LaO

2
layers in

La
2
NiO

4.125
[47}49] contributes to such changes

in the cell parameters to some extents, the remark-
able reduction in the lattice constant along the
c-axis compared with the lattice constants perpen-
dicular to the c-axis is indicative of a strong rela-
tionship between the transferred exchange
interaction and the electronic structure of Ni ion.
Consequently, the change in the lattice constant
along the c-axis in La

2
NiO

4`d system is mainly
ascribed to the variation in the transferred ex-
change interaction caused by excess oxygen.

La
2
NiO

4.125
has the very high conductivity

with the low hopping energy compared with
La

2
NiO

4.02
. Since the amount of Ni3` ions is

the density of 3d-type hole carrier, the conducti-
vity in La

2
NiO

4.125
with the atomic ratio of

[Ni3`]/[Ni2`]"1
3

is very high compared with
La

2
NiO

4.02
which contains the negligibly small

amount of Ni3`. The 3d-hole type carriers, in gen-
eral, heavily couple with extended wave functions

of O 2p-electrons, i.e., ligand holes [50}53]. In-
stead of the hybridization between Ni2` 3d

z
2 and

O2~2p
z
orbitals in LaNiO

4.02
, then, another band

must be formed by the hybridization of Ni unoc-
cupied 3d orbital and O 2p orbital in La

2
NiO

4.125
.

The neutron di!raction measurement by Yamada
et al. detects the lattice modulation induced by the
two-dimensional long-range hole order which pre-
dominantly occurs on NiO

2
planes in La

2
NiO

4.125
[7]. The hybridization of the wave functions of the
unoccupied 3d-state and the O 2p-state enables the
charge-transfer on NiO

2
planes in the hole-ordered

lattice. Since Ni2` results in the strong transferred
exchange interaction and Ni3` nearly quenches
this interaction [27], the interaction between Ni2`
and La3` becomes progressively weak and instead
the wave functions of Ni unoccupied 3d-state and
O 2p-state are rapidly hybridized with increasing
the amount of Ni3` from La

2
NiO

4.02
. Such

hybridization broadens the band width, t. There is
the relationship between the hopping energy and
the band width, i.e., =

H
"=

P
/2!t/2, where =

P
is the polaron binding energy [36,39]. In this
context, the hopping energy in La

2
NiO

4.125
is low

as compared with La
2
NiO

4.02
. Then, in

La
2
NiO

4`d, there must be a correlation between
the electrical conduction and the transferred
exchange interaction.

Since the amount of Ni3` is very small in
La

2
NiO

4.02
, the electrical transport requires the

creation of holes by the thermal excitation of elec-
trons from the e

's
levels to e

't
in the low-spin states

of Ni2` ions. As shown in Fig. 4, the maximum of
the loss tangent increases as temperature rises. This
suggests the thermal excitation in the intensity of
the dielectric relaxation which is proportional to
the density of the carrier as well as other various
materials in which hopping processes of small
polarons dominate electrical transports
[16,18,19,31,34,52,53]. The energy gap between
e
's

and e
't

levels in La
2
NiO

4.02
corresponds to the

energy value obtained from the relation of
(tan d)2

.!9
¹/MA

.!9
Jexp(!=

O
/2k

B
¹), i.e., =

O
+

0.08 eV. As for La
2
NiO

4.125
, =

O
+0.03 eV which is

about half the magnitude in La
2
NiO

4.02
, but in the

same order. If the amount of mobile small polarons
in La

2
NiO

4.125
increases via the same excitation

process as La
2
NiO

4.02
, hole-doping due to excess
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oxygen modi"es the energy gap width between
e
's

and e
't

levels through the structural distortion
and the change in electronic structures, as Bassat et
al. suggest [8]. Besides this thermal excitation pro-
cess, however, another interpretation is possible for
La

2
NiO

4.125
. If small polarons of holes are trapped

at imperfections like excess oxygen at very low
temperatures, the energy required to release holes
from imperfections is=

O
. The similar process takes

place very often in various oxides [16,18,34,52,53].
At the moment, however, it is unknown which
process is more plausible in La

2
NiO

4.125
.

5. Conclusion

In order to investigate the correlation between
electrical transport properties and the transferred
exchange interaction between Ni2` and La3`
along the c-axis in La

2
NiO

4`d system, two spe-
cimens have been prepared, i.e., La

2
NiO

4.02
and

La
2
NiO

4.125
. The bulk conductivities have been

obtained by using complex-plane impedance ana-
lyses. These bulk conductivities follow the temper-
ature dependency of the conduction due to
a hopping process of nonadiabatic small polarons,
i.e., p¹3@2Jexp(!E/k

B
¹), where the main com-

ponent of E is the hopping energy of small polar-
ons. La

2
NiO

4.125
has the very high conductivity

with the very low activation energy in comparison
with La

2
NiO

4.02
. The nonadiabatic hopping con-

duction is ensured by the dielectric measurements
because the sum of the hopping energy and half the
energy to create a free nonadiabatic small polaron
obtained in dielectric measurements is nearly equal
to the energy required for the bulk conduction, and
the electron transferred integral between the neigh-
bouring hopping sites determined in the dielectric
relaxation process is subject to the nonadiabatic
conditions for each specimen.

The strong transferred exchange interaction
between Ni2` 3d

z
2 orbital and La3` 6s orbital

through 2p
z
orbital of O2~ in La

2
NiO

4.02
becomes

weak in La
2
NiO

4.125
because Ni3` ions induced

by excess oxygen almost quench this interaction.
The heavily hybridized wave functions of these ions
due to this interaction reduce considerably the lat-
tice constant along the c-axis in La

2
NiO

4.02
com-

pared with La
2
NiO

4.125
. Being subject to the

charge neutrality, Ni3` ions due to excess oxygen
in La

2
NiO

4`d system create 3d-hole type carriers.
The high carrier density in La

2
NiO

4.125
with

[Ni3`]/[Ni2`]"1
3

is predominantly responsible
for the high conductivity in this specimen com-
pared with La

2
NiO

4.02
which contains the neg-

ligibly small amount of Ni3`. The 3d-holes heavily
couple with extended wave functions of O 2p-elec-
trons and then the bands between Ni unoccupied
3d orbital and O 2p orbital are formed. The in-
crease in the amount of Ni3` ions leads to the
increase in the number of the bands, and then to the
broadening of the band width, which reduces the
hopping energy. These results are indicative of
a strong correlation between the hopping conduc-
tion and the transferred exchange interaction in
La

2
NiO

4`d system.
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