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In this paper we propose to study the evolution of the quantum corrections to the conductivity in an
oxide system as we approach the metal-insulator (M-I) transition from the metallic side. We report here
the measurement of the low-temperature (0.1 K < 7T <100 K) electrical conductivity of the perovskite-
structure oxide system LaNi,_, Co,0; (0=x <0.75). LaNiO; is a metal and LaCoQO; is an insulator.
The system is metallic for x <0.65. For all x, at low temperatures, the conductivity (o) rises with tem-
perature (7). Below 2 K, o follows a power-law behavior, o(T)=0(0)+aT™. For samples in the metal-
lic regime, away from the metal-insulator transition (x <0.4), m =0.3-0.4. As the transition is ap-
proached [i.e., 0(0)—0], m increases rapidly; and at the transition [¢(0)=0, x,=~0.65], m =1. On the
insulating side (x > 0.65), m takes on large values and 0(0)=0. We explain the temperature dependence
of o(T), for T <2 K, on the metallic side (x <0.4), as arising predominantly from electron-electron in-
teractions, taking into account the diffusion-channel contribution (which gives m =0.5) as well as the
Cooper-channel contribution. In this regime, the correction to conductivity, 8o(7), is a small fraction
of o(T). However, as the M-I transition is approached (x —x_), 8 (T) starts to dominate o(7T) and the

above theories fail to explain the observed o (7).

I. INTRODUCTION

The metal-insulator transition in oxides has been stud-
ied extensively.1 In oxides, the metal-insulator (M-I)
transition is often composition driven so that it occurs at
a certain critical value of the composition. One of the
most studied types of oxides is the cubic perovskite-
structure compounds, 4BO;, with A4 standing for a
rare-earth, alkali, or alkaline-earth metal and B, a transi-
tion metal. In the past, extensive investigations of the
chemistry, structure, and structure property correlations
were carried out on a number of oxides belonging to this
class.! The occurrence of high-temperature superconduc-
tivity in perovskite-type oxides has given a special
significance to the study of these oxides. One of the in-
teresting features of the normal metallic state in these ox-
ides is that they have a rather high electron density
(~102/cm®) but a low electrical conductivity
(ogr~10°-10* S/cm) (where RT denotes room tempera-
ture). Also, the M-I transition occurs at a very high elec-
tron density (n ~10*'-10*2/cm?). The low conductivity
and high electron density implies a low electron
diffusivity D (~107'-1072 cm?/s). One would then ex-
pect that the systems of this type should show significant
quantum corrections to conductivity at low temperatures
arising from weak localization and electron-electron in-
teractions. Recently it was shown that, far from the criti-
cal composition for M-I transition and well into the me-
tallic state, the diffusivity in these oxides can be low
enough so that the electrical conductivity at low tempera-
tures (T <4 K) contains a T'/? term?>~*—the hallmark
of an interacting electron system.> It is our principal ob-
jective to investigate the extent of applicability of the
theories of disordered electronic systems® to these oxides.
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In particular, in these systems one can go from weakly lo-
calized to strongly localized regimes. The oxides with
their electron densities comparable to those of elemental
metals and very low electron diffusivities form a rather
unique class of disordered, interacting, electronic sys-
tems.

Although the M-I transition in oxides has been studied
in the past, very few measurements were carried out at
low enough temperatures to study the above-mentioned
effects. Only in a very few reports have these questions
been even addressed.>*®-% In the case of perovskite ox-
ides of the type ABO;, containing transition metals, mea-
surements down to low enough temperatures have only
recently begun.>*® The principal motivation and
relevance of the current investigation should be seen in
this perspective.

At the outset, it must be said that these oxides, even
the simpler ones, can be rather complex if one considers
the various interactions present concurrently. In this in-
vestigation we make an attempt to analyze the data using
the known theories.

In almost all the past studies' on the metal-insulator
transition in oxides, the transition was determined by the
criterion that at the transition, the ‘metallic”
(do /dT <0) behavior changes to ‘“‘semiconductorlike”
(do /dT >0), and this generally happens when o reaches
the  “minimum”  metallic  conductivity oy
[~(%1r2)(e2/ﬁ)kF]. This criterion has been widely used
in the past to find the critical electron density (n.) at
which the M-I transition occurs. With the advent of the
scaling theory of localization,’ it is now clear that the
transition can be a continuous one and do /dT >0 does
not necessarily indicate the absence of metallicity [i.e.,
one can have a do/dT >0 but o(T =0)70]. It seems
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that, in these transition-metal oxides, one has metallic
states [o(T =0)70] for a large range of composition
where do /dT >0 and 0 < 0, (see Fig. 3). This implies
that the identification of the critical electron density for
M-I transition with the criteron o =~o0y,, or with the
change of sign of do /dT, overestimates n.. The proper
criterion for the M-I transition should be the composition
where o(T=0)—0. As an example, in the Ta-
substituted sodium tungsten bronze (Na,Ta,W,_,0;), if
we use the criterion of the change of sign of do /dT, the
critical composition is (x —y),~0.33. But the true
(x —y). estimated from the low-temperature conductivi-
ty”® using the proper criterion of metallicity
[0(T =0)%0] is much lower [(x —y),=~0.19]. We thus
find that even for the determination of proper critical
concentration n, for M-I transition, measurement of
o(T) in the oxide metals should be done at low enough
temperatures so that one can get a proper estimate of
o(T =0).

The above discussion identifies the motivation for the
present investigation. The objectives of this work are to
investigate the following issues.

(i) How to do the interaction and localization effects
manifest themselves, in the low-temperature electrical
conduction, in these oxide metals?

(ii) To what extent are the theories of disordered metal-
lic electronic systems (weak localization and electron-
electron interactions theories, collectively known as
quantum correction theories) applicable to metallic ox-
ides?

(iii) To investigate the compositions close to the M-I
transition where the existing quantum correction theories
may not apply.

With these objectives we carried out precise measure-
ments of o(T) in the oxide system LaNi,_,Co,O; in the
temperature range 0.1 to 100 K for 0=<x <0.75. We
chose this system for the following reasons: (i) this par-
ticular system has been investigated before at higher tem-
peratures (7 >20 K),'!! (ii) it does not undergo any
crystallographic transformation as the composition is
varied,'” and (iii) it has a simple electronic structure (as
will be explained later). In the next section, we present a
brief description of certain relevant facts about the sys-
tem under study.

II. THE SYSTEM LaNi,_,Co,0;

In this section we present a simple picture of the elec-
tronic structure of the system investigated. Pure LaNiO,
is a metallic oxide. The Ni*" in this oxide is in a low spin
state (tgge; ). The conduction band is formed by the hy-
bridization of low-spin nickel e, orbitals and oxygen p or-
bitals. Since the 7,, band is filled and e, electrons take
part in forming the delocalized o* band, the material has
no local moments at the Ni*" sites and shows a Pauli-like
temperature-independent susceptibility for 7> 50 K (at
lower temperatures the susceptibility shows a slight
rise!?). Recently we carried out a detailed investigation
of the low-temperature properties of this material.* In
Table I we give the relevant numbers pertaining to
LaNiO;. Along with these numbers, we also give the
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numbers for copper and YBa,Cu;0,. It is seen that the
properties of LaNiO; are rather similar to the normal-
state properties of YBa,Cu;0,. We see that LaNiO; may
serve as a model for the normal-state properties of many
of the oxide metals, normal as well as superconducting
(even though some of the high-T, superconducting oxides
have a layered structure and have hole conduction).
While LaNiO, is metallic, LaCoO; is an insulator.
Co®" is in the low-spin state (¢5,e?) at low enough tem-
peratures (T <<200 K); the conduction band o* (formed
by the e, states and oxygen p orbitals) is empty and the
t,; band is full. At higher temperatures (T >200 K) the
Co ion undergoes a transition to a high-spin state ¢3,e2;
this populates the o* band and the conductivity of the
material increases.'? As the Ni ion in LaNiO; is substitut-
ed by the Co ion, the electron density (and hence Ef) de-
creases. The substitution of Co also introduces disorder
because of the difference in the 3d levels
[E3¥Co)—E3%Ni)~1 eV]. Most probably, the M-I
transition in this material occurs in the o* band. (The
energy-band scheme presented here is based on the one
given by Goodenough'® for ReO;. It must be admitted
that the simple, one-electron-band picture presented here
is rather naive. We hope, in light of the recent spate of
activities on correlated oxide systems, that a better pic-
ture of the electronic conduction in these oxides will soon
emerge.) Previous studies'® on LaNi,_,Co,O; have
shown that as x is increased, do /dT (at room tempera-
ture) changes sign for x =~0.4, which corresponds to
n=~10%2/cm3. (This electron concentration is estimated
from the assumption that each Ni3* ion contributes one
electron to the conduction band. In the case of pure
LaNiO;, this was found to be the case.*) For reasons
mentioned earlier, we do not identify this as the critical
composition for the M-I transition. We show below that
the M-I transition occurs at x ~0.65 and the correspond-

TABLE 1. A comparison of the basic electronic properties of
LaNiO; to those of copper and YBa,CU;0,. Please note that
for D and kgl, the values for 273 K are quoted. Data on
YBa,Cu;0, are from Ref. 33. [TCR =(1/p)(dp/dT),l is the
electron mean free path, kr is the Fermi wave vector, and
my=9.1X1073"kg.]

Property LaNiO, YBa,Cu;0, Cu
Electron density 1.7 X 10% 0.6 10?2 8.5 10%
n{cm™?)
Debye temperature 420 370 315
0, (K)
Fermi energy 0.21 0.12 7
E]: eV)
Density of states 1.1x10% 0.7X 103 0.18Xx 103
g(Eg) (V™! ecm™3)
Effective mass 11 9.6 1.3
meg/mg
At 273 K
Diffusivity 3X 1072 4.4x107! 2.2X10?
D (cm?/s)
TCR (K1) 3.4%X1073 3.7X1073 44x1073
krl (approximate) 1 11 570
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FIG. 1. Crystal structure of LaNiO;. The structure is rhom-
bohedral (trigonal). The unit cell is shown and it has eight for-
mula units, each contained in a small pseudocubic cell. The
thick lines indicate the primitive cell, which contains two for-
mula units. Also shown in the figure is the octahedron formed
by the O ions surrounding a Ni ion. (Only the ions belonging to
the primitive cell are shown in the figure.)

ing n,~0.6X10?2/cm>. There are certain details about
the M-I transition which may be specific to this system.
These details can be found elsewhere.!%-12

The crystal structure of LaNiOj;, is shown in Fig. 1.
The relevant lattice parameters'! are given in Table II.
For all x, the structure remains essentially the same. The
structure is very nearly cubic, with a slight rhombohedral
(trigonal) distortion, with the pseudocubic angle 90.7°.
The primitive rhombohedral cell, shown by thick lines in
Fig. 1, contains two formula units.

III. EXPERIMENT

The material was made by the decomposition of copre-
cipitated carbonates. The details can be found else-
where.!! The decomposition product was given sufficient
oxygen treatment to ensure proper stoichiometry and was
characterized by x-ray diffraction and iodometry. The
pressed and heat-treated pellets had a packing fraction
better than 90%. The theoretical density, calculated us-
ing lattice parameters is =7 g/cm>. The x-ray character-
ization ensured that the materials are of single phase and
of the proper crystal structure. Iodometry fixed the oxy-
gen stoichiometry to within 0.05 of 3. The pressed and
sintered pellets were tested for composition by electron

TABLE II. Lattice parameters of LaNiO; and LaCoO;. See
Fig. 1.

Pseudocubic lattice constants

Material Symmetry Edge (A) Angle
LaNiO; Rhombohedral 3.838 90°41'
LaCoO; Rhombohedral 3.826 90°40’
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LaNi,_, Co, 0,
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FIG. 2. Estimates of Co concentration, for various nominal
values of x, using electron microphobe analysis (in the text, x al-
ways refers to the nominal value). These values were obtained
by comparing the electron microprobe spectrum for a particular
x, with those of LaNiO; and LaCoO;.

microprobe analysis. A comparison of the nominal com-
position and that obtained from the microphobe analysis
is shown in Fig. 2. The estimated uncertainty in the Co
(or Ni composition is ~1-2%. From scanning-
electron-microscope studies of the microstructure, typical
grain sizes were found to be ~1-2 um and the chemical
composition was found to be homogeneous on this scale.
The absolute resistivities were measured by the Van der
Pauw method.!* For low-temperature measurement, the
sample was mounted on the cold finger of the cryostat us-
ing Apiezon N grease. The resistance was measured by a
computer-automated low-frequency (20 Hz) ac method.
The measurement currents used were in the range 1 uA
to 1 mA, depending on the resistance and the tempera-
ture. The current was varied to check for any self-
heating at lower temperatures. The precision in resis-
tance measured is in the range 0.01-0.05 %. The abso-
lute value of the resistivity is accurate to within 20%.
Two commercially calibrated germanium resistance ther-
mometers were used for temperature measurement below
40 K and a platinum thermometer for temperatures
above 40 K. The temperature determination had a pre-
cision better than 0.1%. A combination of a pumped He
cryostat, a *He cryostat and dilution refrigerator were
used for scanning the complete temperature range.

IV. RESULTS

The o(T) data for all the samples are shown in Fig. 3.
The data clearly show the gradual yet distinct develop-
ment of the insulating behavior as x is increased, starting
from the metallic side at x =0. The change in sign of
do /dT at room temperature occurs at x =~0.4. However,
for samples with x <0.4, although do /dT <O at higher
temperatures, there is a conductivity maximum occurring
at T7<100 K and do/dT >0 at lower temperatures.
Even the pure metallic sample LaNiO;, which at room
temperature has a temperature coefficient of resistance
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FIG. 3. o(T) for various x, as a function of temperature. 6.0
The Mott minimum metallic conductivity o, is also shown in 0 01:
the figure. ’
0.005
(TCR) [(1/p)Ndp/dT)] comparable to that of copper,
shows a broad conductivity maximum at 7~10 K and

below this temperature do /dT >0. (In Fig. 4 we have
shown the low-temperature conductivity of the samples
studied.) The fact that a particular sample can have a
positive do /dT at lower temperatures and a negative
do /dT at room temperature, even if the sample is dis-
tinctly metallic, points to the ambiguity of determination
of metallicity from the sign of do /dT. Our analysis of
o(T) (presented later on) for T <2 K has allowed us to
estimate o (7T =0) and from this we find that the critical
composition x,=0.65 corresponding to o(T =0)=0. It
has recently been pointed out!’ that a better check of me-
tallic or insulating behavior can be made through the
evaluation of the derivative d (Ino)/d(InT). If o goes to
a finite nonzero value as T—0 (i.e., if the system is metal-
lic), d(Ino)/d(InT)—0 as T—0. On the other hand, if
o follows an exponential relation (for instance, due to
variable-range hopping), d(lno)/d(InT) diverges as
T—0. It is not necessarily true, however, that
d(lno)/d(InT) should always diverge on the insulating
side. For example, for cascade processes'® on the insulat-
ing side it has been predicted that o(7T) = T* with s >>1.
In this case, d(Ino)/d(InT)—>const(s) for T—0. In Fig.
5 we have plotted d (Ino ) /d(InT') for a few samples close
to the M-I transition on both the insulating side and the
metallic side. For samples with x <0.57,d(Ino)/d(InT)
goes to zero as T goes to zero, showing o (7T =0)70 for
these samples. For the sample with x=0.65,
d(Ino)/d(InT) at the lowest temperatures tends to zero.
But it should be pointed out that d(lno)/d(InT) is al-
most constant for <1 K. This is a problem one faces
with samples very close to the M-I transition; that it is
difficult to distinguish a metal from an insulator. For the
sample with x=0.75, which is an insulator,
d(lno)/d(InT) diverges at lower temperatures. Figure 5

0.2 0.6 1.0 1.4 1.8
T (K)

FIG. 4. Low-temperature conductivity (7 <2 K) for various
x. The lines show the power-law fit [Eq. (1)]. The absolute rel-
ative error for all the fits is less than 0.1%.

shows that the temperature dependence of o(T) below 10
K can be qualitatively different from the dependence
above 10 K. It also shows that the limiting activation en-
ergy for an insulator of this type cannot be estimated
from measurements done above 10 K. The o(T) for the

6~ T , T
LaNi,_, Co, 0,

I
sl 1 x=0.75 _'

ding/dInT

T(K)

FIG. 5. d(Ino)/d(InT) for samples on both sides of the M-I
transition. For the clearly metallic samples (x =0.4 and 0.57),
d(Ino)/d(InT)—0 as T—O0, while for the insulating sample
(x=0.75) it blows up at low temperatures.
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sample with x =0.75 between 4 and 20 K seems to follow
a power-law behavior with s =~3.5. But if we confine our
attention to T <4 K, the best fit is obtained with the rela-
tion, o(T)ce #27 with E,=11.8 K. The x =0.65
sample shows a behavior similar to that of the insulating
sample above 10 K [for instance, the hump in
d(Ino)/d(InT) at T~30 K]. But for T <10 K it shows a
behavior which is qualitatively different. For all the sam-
ples oy lies in the range 10'-10° S/cm, although the o
of even the metallic samples, at low temperatures
(T=0.4 K), spans nearly six orders of magnitude. The
Mott minimum metallic conductivity (o) for this sys-
tem is =2X10?> S/cm. Thus, for all the samples we have
ORT™ O Mow> implying kpl ~1 ([ is the electron mean free
path; o, defines the limit of Boltzmann transport).
Since o <oy at lower temperatures for all the samples
with x = 0.25, we have to conclude that most of the tem-
perature dependence of o in these materials for T < 100
K comes from quantum corrections, be it localization or
interaction effects.

The o(T) data (T <2 K) for the metallic samples
(x =0.65) were fitted to the relation

o(T)=0(0)+8c(T)=0(0)+aT™, (1)

where 0(0) is the extrapolated zero-temperature conduc-
tivity and 80 (T) is the temperature-dependent part. The
power-law fits for all the metallic samples are shown in
Fig. 4. The fits are generally excellent with maximum de-
viation ~0.05% which is about the same order as the ex-
perimental uncertainty in the data. The fit parameters
are given in Table III. In Fig. 6 we have plotted o(0) and
the exponent m as a function of the composition x. On
the metallic side and away from the transition (x <0.4),
m gradually decreases from 0.42 for x =0 to m =0.31 for
x=0.4. As one approaches the transition, signaled by
the rapid fall of o(0), m rises rapidly and at
x =x,.~0.65, m=1.

The sample with x =0.65 sits very close to the M-I

4
10T T 1
0 LaNi,_,Co 0,
107 Tt 4075
€ L
3 m
=10k o5
S
b L
102 —0.25
104 ! ! L 0

FIG. 6. The extrapolated conductivity o(0) obtained from
fits to Eq. (1) (Fig. 4) as a function of Co concentration x, for the
samples on the noninsulating side. oy is also indicated in the
figure. Also shown is the power-law exponent m which be-
comes ~1 at the transition (x ~0.65).
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TABLE III. Fit parameters for the conductivity data (below
2 K) to Eq. (1) for the samples on the metallic side
(x $x.=0.65).

x o(0) (S/cm) a (Sem™'K™™) m
0.00 1710 19.7 0.43
0.25 127 1.00 0.36
0.35 64.1 2.58 0.34
0.40 43.8 3.48 0.31
0.57 3.51 3.52 0.53
0.65 3.12x1074 55.4X107* 0.93

transition and for T <2K,0(T) is almost proportional to
T. The o(0) for this sample (~3X10~* S/cm) is orders
of magnitude smaller than the o(0) of other samples.
The material has a very low, but nonzero, o(0) and
d(Ino)/d (InT)—0 as T—0 (see Fig. 5), indicating that
it may be metallic.

V. DISCUSSION

We first try to explore the applicability of the theories
of disordered electronic systems™!” to these materials in
Secs. VA-V G. Following this, some other important
issues are also discussed.

A. The temperature dependence of o (T)
at low temperatures

We saw that at low temperatures, for x <0.57, the
power-law behavior of o(T) [Eq. (1)] is sublinear, and m,
the power-law exponent, lies in the range 0.3-0.5. Such
an exponent (m =0.5) is expected to arise from electron-
electron interactions.>!” In many materials,'® m has been
found to be 0.5, including the most studied Si:P (where
the a can be positive or negative, depending on the elec-
tron concentration'®). It has also been observed that for
some materials m <0.5 and often m =~0.3.%%20.2! If we
are very close to the M-I transition an exponent m ~1
can be expected.®!"?%22 However, the composition
range where we find m <0.5 is away from the transition
and one must look for a different explanation for this be-
havior. In what follows we show that a power-law behav-
ior with m <0.5, for samples that are well within the me-
tallic side (x <0.4), can be accounted for, if we treat the
interaction effects completely. To be specific, we take
into account the Cooper-channel contribution!’ to the
correction to conductivity in addition to the usual
diffusion-channel contribution. The presence of the
Cooper-channel contribution in conductivity has not
been seen before, although it was predicted earlier.!” We
find such a contribution in our system. The quantum
correction to o due to interaction effects (80 ;) contains
two contributions:

S8o;=80p+b0; . (2a)

The first term, 8o p, is due to the diffusion channel (also
called particle-hole channel), where one considers the
effect of interaction of two particles with nearly equal
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momenta, and the other term, 8o, is from the Cooper
channel (also called particle-particle channel), which con-
tains the effect of interaction of two particles with a small
total momentum. The diffusion-channel contribution is
given as!’

172

k, T
2 , (2b)

#D

o2
2w 4

80, =0.915

(2—3F,)

where F, is an effective interaction constant (F, >0, typ-
ically F,~1) and D is the diffusion coefficient. The
Cooper-channel contribution is
172

e? 1
21T2ﬁ ln( TC /T)

kT
#D

80 c=—0.915 (2¢)

Here T is a parameter which depends on the dimension-
less electron-phonon coupling constant A, which mea-
sures the strength of the phonon-mediated electron-
electron interaction.!” For normal metals A is positive,
indicating an effective electron-electron repulsion. In this
case To~Tre'’*. In the weak-coupling limit, i.e.,
A<<1,Te>Tp>>T. As a result, it can be seen from
Egs. (2) that the Cooper-channel contribution 6o ¢ can be
much smaller than the diffusion-channel contribution
8o p. If 80y is the dominant contribution to o(T), it
gives rise to a T'/? dependence (i.e., m =1) for the con-
ductivity at the low-temperature limit. However, it may
happen that T is not too large, because of either a small
Ty or strong electron-phonon coupling (A~1) resulting
in 80 becoming comparable to 8o in magnitude. If
80p >0 (e, F,<%) and (80| >[80c[(80 is always
negative for a normal metal), the total interaction correc-
tion 8o, is positive. In such a case, the conductivity
80 (T) can be easily mistaken to follow a power-law be-
havior [Eq. (1)] with m <0.5 and a>0 at low-enough
temperatures. This is because of the negative contribu-
tion from 8o, which, incidentally, does not follow a
power law [Eq. (2c)]. We stress again that m =0.5 only
when 80 is negligible. We show below that in oxides,
both 8o and 8o p are needed to account for the interac-
tion corrections. For a normal disordered metal, if the
low-temperature conductivity is found to follow a
power-law behavior [Eq. (1)] with exponent (m) less than
0.5 (with a>0), the Cooper-channel contribution should
be considered seriously, along with the diffusion-channel
contribution.

The interaction effects which give a sublinear tempera-
ture dependence to o dominate at lower temperatures,
particularly below 1 K. We show below that the o(T) for
T <10 K, for samples that are deep in metallic side
(x £0.4), can be accounted for, to a high degree of accu-
racy, as arising from the interaction corrections 6o ; [Egs.
(2)], and the weak-localization correction 8oywy. The
weak-localization correction depends on the phase-

coherence length L, as follows:!723:24
e? 1
dwr= —. 3
WL o4 L, @

The phase-coherence length L, is the distance an elec-
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tron diffuses in the phase-relaxation time 7, so that
L,=(D,)'% In three dimensions 7, is nearly the same
as the inelastic lifetime!” 7,, and thus it is expected that
Tg '« TP with 1<p<4. But this is not correct if a
temperature-independent scattering mechanism (see note
below) is present. In this case we may write 7, !as a sum
of terms arising from various scattering mechanisms as
follows:??

T;IZT;'le+T:lph+Ts_l 4)

where e-e stands for electron-electron scattering. e-ph
represents electron-phonon scattering, and s denotes a
temperature-independent  scattering. For electron-
electron scattering,!”?>%¢ 7. ! TP, where p~1.5-2.
For electron-phonon scattering,* 7,4 < T? where
p~2-4. In the absence of 7, ' term, 7., and 7, can
give rise to a ¢, which may resemble T? with 1.5
<p <4, depending on the temperature and the relative
strengths of the two terms. However, in the presence of
temperature-independent  scattering, the situation
changes. [Note: The need for a temperature-independent
scattering term (7, ') has also been found in metallic
glasses.?”?® Spin-flip scattering can be suggested as a
mechanism responsible for the temperature-independent
7. ! term. However, we cannot say definitely if this spin-
flip scattering is arising from local moments formed at
Ni’" sites or Co** sites. But identifying the finite 7, '
with spin-flip scattering has its problems, because weak-
localization theory is applicable only when the scattering
associated with spin flip is less than that due to inelastic
scattering. Another mechanism that has been suggested
for a temperature-independent dephasing term is the
zero-point motion of the ions, from which the electrons
scatter elastically.?”-28]
Since 7, ! is a constant, T ! can be written as

T, =1 (1+7,4T7), (5)

where A4 is a constant determining the temperature-
dependent inelastic scattering rate. Equation (5) implies
that the phase-coherence length L, saturates at low tem-
peratures. This can show up as a saturation of magneto-
conductance at low temperatures.”’29 Also, the low-
temperature conductivity will have a constant term add-
ed to it corresponding to the limiting phase-coherence
length [see Eq. (3)].

We have done magnetoconductance studies on our sys-
tem in a field up to 7 T and down to 1.5 K. The analysis
of magnetoconductance is involved and is discussed in a
separate publication.’® Here we use the relevant informa-
tion that we need for this work. We found that (i) the
magnetoconductance is positive and can be explained
mainly as arising from the destruction of weak localiza-
tion by the magnetic field, at least for samples well within
the metallic region (x <0.4), (i) the magnetoconductance
shows no temperature dependence below 4 K (i.e., satura-
tion), and (iii) there is no evidence of a low-field negative
magnetoconductance (i.e., spin-orbit scattering can be
ruled out). If we interpret the low-temperature satura-
tion of magnetoconductance as arising from the satura-
tion of the temperature dependence of 7, ! caused by the
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TABLE IV. The limiting phase-coherence lengths (as T—0)
as determined from magnetoconductance measurements.

Limiting phase-coherence

x length v/ D7, (A)
0.25 163
0.40 142

temperature-independent 7, ! term, we can estimate the
limiting phase-coherence length. (D7,)'/? in terms of
which the §oyw; can be written as [see Eq. (5)]

1

2
#gw(l"‘fsATp)l/z . (6)

SowL=

The (D7,)!/? values obtained from the magnetoconduc-
tance data® are given in Table IV.

The complete expression for conductivity can now be
written as

o(T)=o0y+80(T)+80w (T), (7
with 80 ;(T) and 80w (T) given by Egs. (2) and (6), re-
spectively.

The data for T <10 K, for samples well inside the me-
tallic region (x <0.4), were fitted to Eq. (7). A sample is
well inside the metallic regime when 60(7T)<<o, We
used the criterion [0(10 K)—0(0.4 K)]/0(0.4 K)<0.1,
i.e., the quantum correction is ~10% of o(T). For T <1
K, the dominant temperature-dependent contribution to
the correction to conductivity comes from 8o ;(T) (see
the parenthetical remarks at the end of the paragraph).
We first fitted the data below 1 K to Eq. (2) using a non-
linear least-squares-fit program, to get rough estimates of
D, 0(0), F,, and T.. These were then used as starting
values for the full fit to the complete data below 10 K. In
this fit we allowed full freedom to all six parameters, the
additional parameters being 4 and p. One typical fit is
shown in Fig. 7 and the fit parameters are presented in
Table V. The inset to Fig. 7 shows the different contribu-
tions. If the fit is done without the 7, ! term in the
weak-localization contribution, p turns out to be between
two and three, while the interaction correction remains
essentially unaffected; but the y? is 30-80 % higher. As
already noted, the evidence for the 7, ! term comes from
the magnetoconductance data.’® We point out that the
analysis of o(T) data without the magnetoconductance
data can lead to erroneous conclusions about the weak-
localization correction. In the presence of strong 8o, it
is difficult to find 80 unambiguously unless some prior
information about L, (or 7,) that determines 8o, are
known. [However, if one takes the data below 2 K, it is
possible to fix 8o, to a good extent if one ignores 8o vy .
(In fact, this is the way we got good starting values for
the parameters for the full nonlinear fit.) This is possible
in two cases: (i) 80 ; >>80w and (ii) 8oy, is constant.]

As the M-I transition is approached and the correc-
tions become of the same order as or larger than o, we
see deviations from the above trend. For the sample with
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FIG. 7. o(T) for the x =0.4 sample. The curve passing
through the data points shows the fit to Eq. (7). For clarity, not
all the data points are shown. The percentage error of the fit is
shown at the bottom of the graph (here all points are shown).
The average percentage error of the fit is 0.02%. The various
contributions to the fit (see text) are indicated in the inset.

TABLE V. Fit parameters for the conductivity data (below
10 K) to Eq. (7). For the sample with x =0.35, v/ D7, is also a
fit parameter since the magnetoconductance was not measured
on this sample. The temperatures and conductivities of the data
set lie in the ranges (Tin, Tmax) and (0 pmin, O max), TESPectively.
N is the total number of data points for each sample. x? is
defined as Y>=(1/N) (0 measurea — Tsic)*-

Composition

Parameter x =0.25 x =0.35 x =0.40
Characteristics of the data set

Thin (K) 0.12 0.4 0.13
Thax (K) 9.4 9.2 9.43
Omin (S/cm) 127.2 65.9 45.7
O max (S/cm) 130.8 70.2 51.2

N 98 197 80
Characteristics of the fit
x? 1.7x1073 1.1x107* 4.1x107°
Avg. error 0.04% 0.02% 0.02%
Fit parameters

o, (S/cm) 119.1 56.0 35.7
D (cm%/s) 1.31Xx1072 1.23Xx 1072 0.857X 1072
F, 0.73 0.66 0.64
Tc (K) 34275 6047 4130

75 (s) 2.02Xx 10710 1.65x 10710 2.36X1071°
A 3.11Xx 102 3.17x 108 1.85X 108
P 1.40 1.38 1.48
Derived parameters

m, 25 27 39
N 20 43 68
A 0.35 0.90 1.38
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x =0.57, we find that the exponent m is on the verge of a
rapid rise, signaling a change of behavior. For this sam-
ple, the correction 80 (T) is of the order of o(T) for
T~10 K. To be specific [c(10 K)—0c(0.4 K)]/0(0.4 K)
=0.8). As a result, the quantum correction theories,
which were developed for small corrections, are not ex-
pected to be valid here. This sample is not in the weak-
localization regime. But o(T) still follows a power law
(for T <2 K) with m =0.5. (On a naive application of
the interaction theory, one would conclude that for this
sample the diffusion channel is dominating the conduc-
tivity.) What is more intriguing, the power-law behavior
is seen in samples even nearer to the transition
(x =0.65=x,) with m=1, and on the insulating side
with m > 1.

As one approaches the strong-localization regime, the
correlation length (£) begins to diverge.’ Generally, in
this limit, one expects that the relevant time scale is the
thermal smearing time 7, (~#/kpzT) and this leads to a
o « T3 behavior.!"” This has been observed in a few
cases.>® However, in our case the exponent —1 as the
M-I transition is approached. At present, we have no ex-
planation for this behavior.

The important conclusions we draw from the above
analysis are as follows.

(i) Away from the M-I transition the theories of disor-
dered electronic systems can describe the low-
temperature conduction provided proper attention is paid
to all the correction terms and the various dephasing
mechanisms. In particular, the unambiguous observation
of the Cooper-channel contribution is an important
point.

(ii) Nearer the transition the theories do not seem to
work.

B. The physical justification of parameters

The various parameters obtained from the conductivity
data (given in Table V) represent physical quantities
whose magnitudes can be estimated or can be used to es-
timate other quantities of physical significance. We now
take a look at the parameters in the order of their appear-
ance in Eq. (7). In particular, we would like to see if the
parameters obtained fall within physically justifiable lim-
1ts.

(i) o,. This quantity is related to the o(0) of Eq. (1) as
follows:

(8)

In Fig. 6 we have plotted o(0) as a function of composi-
tion x. o, is related to the correlation length (&),
0,~0.1e?/#iE. We find £~1.4 A for LaNiO; (assuming
no spin-flip scattering) and §=69 A for the x =0.4 sam-
ple. If, for the x =0.57 and x =0.65 samples, we take
o(0) as the upper limit for o,, we find §~700 A for
x =0.57 and £~0.8 mm for x =0.65. A £~0.8 mm for
a sample of grain size ~1-2 pum is definitely unphysical
and we thus doubt that the ¢(0) observed for this sample
(x=0.65) has any meaning. When £ becomes larger
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than a few micrometers [i.e., for 0(0)~0o,<1 S/cm],
crystal grain effects, sample inhomogeneities, and other
such extraneous factors may influence the results. For
samples so close to the critical region, we think, special
attention must be given to all these factors. (An example
of the effect of small compositional inhomogeneities near
the M-I transition is given in Ref. 8.) Our current sample
preparation and characterization techniques are definitely
unsuitable for studying samples so close to the transition
region. We therefore cannot ascribe any physical mean-
ing to the o(0) of the sample with x =0.65. For other
samples, with x <0.57 we feel that the o, represents the
conductivity prescribed by the correlation length £, the
estimates of which seem reasonable.

(ii) D. The values of D obtained from the fit for the
three samples with x =0.25, 0.35, and 0.40 are 0.013,
0.012, and 0.009 cm?/s, respectively. We now show that
these numbers are indicators of an enhanced effective
mass for the electrons in the system. The diffusion
coefficient D is related to the disorder parameter k! in
the following way:

#i

D:
3m g

kgl . )

If one expresses D in cm?/s, Eq. (9) can be conveniently
written as

D~kpl/(3m,) , (10)

where m, is the ratio of effective mass to the bare-
electron mass. kgl for LaNiO; is ~2.5, and for the other
samples, with x <0.4, we believe that kz/~1. m, for
LaNiO; is =11 (see Table I) and, with the addition of Co
into the system, it is very likely that the conduction band
becomes narrower and m, increases. If we estimate m,
from Eq. (10) (assuming kg/~1), we find that the
effective mass m, for the x =0.25 sample is ~25 and that
for the x =0.4 sample is =39 (see Table V). These esti-
mates show that as the M-I transition is approached
(kgl~1), the fall in D can come from a rising effective
mass of the electron. The heavy effective mass could,
presumably, be attributed to an enhanced electron-
phonon interaction or to the band becoming narrow due
to a reduced overlap of neighboring orbitals.

(iii) F,. The effective interaction constant is more or
less constant around 0.7. F, depends on the interaction
constant F, which, in turn, depends on the screening
length and other details of the static screened Coulomb
potential between electrons.>!” Within the Thomas-
Fermi approximation’! one has

F=(1/y)n(1+y) , (11)

where y =(2ky /) k being the inverse screening length;
k=[e’g(Er)/€,]'"?, where g(E) is the density of states
at the Fermi level and ¢ is the permittivity of free space.
F, and F are related by the following relation:

T

ag

=—%[1+3F/4—(1+F/2)3/2] . (12)

For LaNiO;, the density of states at the Fermi level,?
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g(Ep)=~1.1X10%® V™! cm™* (Table I) and we find
k=4.5X108 cm™'. ky for LaNiO; is 0.8X10® cm™'.
From Egs. (12) and (11) we obtain F,=0.88, which is
reasonably close to the fit parameter obtained for the me-
tallic samples. However, a word of caution is called for.
It must be mentioned that a good estimate does not
necessarily mean that these numbers are physically mean-
ingful as these are estimates based on the simple
Thomas-Fermi approximation which, itself, can be
doubted in these materials with d-electron conduction.

(iv) Tc. The T that determines the Cooper-channel
contribution arises from phonon-mediated electron-
electron interaction.!” In our case we used it as a fit pa-
rameter. For cases where the interaction is attractive
(i.e., the dimensionless electron-phonon coupling con-
stant A <0), leading to a superconducting state, T is
identified with the superconducting transition tempera-
ture and is given by T ~®pe!’*, where @, is the Debye
temperature. [We have seen that in a disordered-oxide
superconductor of low T (~2 K) the shape of the con-
ductivity curve near T can be described very well by a
Cooper-channel contribution®? using the observed T¢.]
For cases where the interaction is repulsive (A >0, the
system does not go superconducting and T is just a for-
mal parameter given by Tc~Tre!’*, where Ty is the
Fermi temperature. As A increases, T decreases. Typi-
cally for metals, A~0.1. We find, from the T (see Table
V) obtained from the fit to the experimental data (assum-
ing an average T»=2000 K), that A increases from 0.3 to
1.4 as x is increased. The rapid drop in T on doping
thus comes mainly from an increase in A, with some help
from a decreasing Tr. The increase in A points to the
strengthening of the electron-phonon interaction in these
materials. This may lead to an enhanced electron
effective mass, as has been seen before. (We feel that the
electron-phonon interaction may not be the only cause of
a strong Cooper-channel contribution. We are of the
opinion that the Cooper-channel contribution in
oxides—including the high-T- oxides—are strong, in
general.)

(v) A and p. The temperature-dependent part of the
phase-relaxation rate for our system (= AT?) can be es-
timated from the fit parameters. For the samples with x
ranging between 0.25 and 0.4, the exponent p lies in the
range of 1.4-1.5. This value of p suggests electron-
electron scattering as the dominant scattering mecha-
nism. The predicted exponent for this process lies be-
tween 1.5 and 2. The expression we use for estimating
the scattering rate is>

T_1=L(kBT)2 V3 1 (kTP 13
“¢ 8% Ep 2% (kpl? \/Eg

Evidently, for a small kz/, the second term dominates at
lower temperatures. The values for 7,.! [obtained from
Eq. (13)] are compared to the temperature-dependent
part of the phase-relaxation rate [see Eq. (5)] in Fig. 8.
The agreement with the observed behavior is excellent if
we take kp/=5 in (13). Also shown in the figure, for
comparison, is the electron-electron scattering rate for
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FIG. 8. The temperature-dependent part of the phase relaxa-
tion rate 7, ! for the three samples that are well inside the me-
tallic region. The solid lines are the calculated inelastic life-
times for electron-electron scattering (e-e) and electron-phonon
scattering (e-ph).

kpl=1.

If electron-phonon scattering is the dominant inelastic
process, it is expected that p lies between 2 and 4. We
have also plotted in Fig. 8 the scattering rate calculated
for this case using the expression®*

T~ const X (kg T)* /(#m gMc®) (14)

where M is the ion mass and ¢ is the speed of sound;
const=4. This expression is valid in the low-temperature
limit kz T <<#c /l. We find that the estimated electron-
phonon scattering rate is far too small. Only for T >>20

K does it become comparable to, or larger than, 7__ el

C. Length scales

From the weak-localization term 8o, we find the
phase-coherence length L, [Egs. (3) and (6)]. In Fig. 9
we plot L, as a function of temperature for the doped
metallic samples (x <0.4) and in the same graph we
show the correlation length £. For all the samples at
T>10 K, L,—¢&, but at lower temperatures L, >¢.
This provides the justification for our use of the weak-
localization theory which is applicable for the regime
where L, >>¢§ (ie., far from the critical region). Please
note also the saturation of L, at lower temperatures
which leads to the saturation of magnetoconductance
below 4 K.* Figure 9 shows that it is not justifiable to
use concepts and theories contained in Egs. (2) and (3) for
analyzing data above ~ 10 K. Also, for the material with
x=0.57,§ (~700 A)> L, implying that we are in the
critical regime where the weak-localization theories
should break down. We can see that for x =0.57, there is
a marked change in the temperature dependence (Table
III, Fig. 6) with a rapid increase of the power-law ex-
ponent, signaling the onset of a change of regime. As
pointed out earlier, in the regime £> L, one observes a
conductivity which varies as T!/3 at low temperatures in
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LaNi;_,Co, 05

T(K)

FIG. 9. The phase-coherence length L, as a function of tem-
perature for the three samples well inside the metallic regime.
Note the saturation at lower temperatures. The correlation
length £ is also shown. The thermal diffusion length L., for the
x =0.35 sample is indicated. L, for the other two samples are
nearly the same.

certain cases.>?!'?2 However, in our system we find a
different behavior in the critical regime.

Another length scale of importance in a disordered
metal is the thermal-diffusion length, L,,. It is defined as
Ly =V'#D /kyT. The theory of weak localization is
strictly applicable only in the range, L,, 2 £.!7 As an ex-
ample, in Fig. 9, we show the thermal-diffusion length for
the sample with x =0.35. The other two samples also
have almost the same L. We see that our samples are
really borderline cases as far as weak localization is con-
cerned. The analysis presented above shows the extent to
which the current theories of disordered electronic sys-
tems are applicable to (and can explain) the low-
temperature conductivity of rather complex systems. (It
also shows the caution we must exercise in applying these
theories.)

D. The effect of polycrystallinity

At this point, it would be of interest to consider the
effect of polycrystallinity on the data. Our samples are
very nearly cubic and the packing fraction is better than
90%. Therefore, it is more probable that the measured
conductivity will not be off by more than a factor of 2
from the true value. This becomes clear when one con-
siders well-made samples of the high-T. superconduc-
tors. Even in such highly anistropic systems, the ob-
served o in the well-made polycrystalline samples differs
only by a factor of 2—3 from the in-plane conductivity.*?
Also, in our case, the relevant length scales, as we found
earlier for the samples far away from the transition, are
much less than the grain size (1-2 pm). For this reason,
we believe, the temperature dependence of the conduc-
tivity will be the same as that of a single crystal, if one
could be made; thus, most of our analysis and conclusions
will remain unaffected. (Attempts to grow single crystals
of LaNiO; by the flux method generally leads to

La,NiO,.*)

The uncertainty in the conductivity will affect the ab-
solute values of 0(0) and D. An underestimated conduc-
tivity leads to an overestimated diffusion coefficient. If
the measured conductivity is less by a factor of 2, the
diffusion coefficient (D) estimated from the data will be
greater by a factor of 4 (this is because, in the expressions
for the correction to conductivity, D enters as 1/V'D ).
This shows the extent of uncertainty one would expect
from the use of polycrystalline samples. However, for
samples near the critical region (very large £), we think,
the grain size and other related effects will be important
and investigations using polycrystalline samples will be of
little quantitative (or even qualitative) significance.

E. The case of LaNiO;

For LaNiO;, the total change in conductivity* between
0.4 and 10 K is only 1.5%. But, since the conductivity it-
self is large (0,=1710 S/cm), the total change has a
magnitude =25 S/cm, which is larger than those for the
other samples. The best fit was obtained using the rela-
tion o(T)=0,+aV'T —bTP; the last term (bT?) could
be considered as a correction due to normal scattering.*
The fit parameters are 0,=1712 S/cm, a =18, b =0.27,
and p =1.8. The V'T term can be identified with 80
[see Eq. (2b)]. In that case, using the fit value of a, we
find, D =0.0024 cm?/s (with F, taken to be 0.6). This is
much lower than the D (0.087 cm?/s) estimated from the
Einstein relation for conductivity o =e?D3N /du [here
we take ON /9u=g(E) because the conductivity correc-
tions are small!’]. This is a rather puzzling observation.
We are not sure whether or not any other process is con-
tributing to the conductivity of LaNiO; or if even in this
case, due to interaction effects, it is wrong to use
ON /3u=g(Eg).

What could be responsible for the large disorder in
LaNiO;? In other words, what is the nature of this disor-
der. We suggest that oxygen deficiency is responsible for
the disorder in LaNiO;. As pointed out in the experi-
mental section of the present paper, oxygen
stoichiometry can be off by as much as 0.05 from 3,
which is approximately 2%. We believe that this intro-
duces sufficient disorder to give a large residual resistivity
as well as a T'!/? term in the low-temperature conductivi-
ty and a square-root dip in the tunneling conductance
(Ref. 4). Anyway, our investigations warrant a detailed
study of the exact nature of the disorder in this type of
oxide metals.

F. The sample with x =0. 65

This particular sample has a rather curious behavior.
For 0.05 K< T <10 K, o(T) follows an almost linear re-
lation. Also for this sample the zero-temperature conduc-
tivity o, is unusually low, giving unphysical values for
the correlation length §. This sample lies at the critical
region, and so & is expected to be large. The
d(Ilno)/d(InT) (see Fig. 5) suggests metallicity for this
sample, since it tends to decrease towards zero as T—0.
It is certain that for this material the quantum correction
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theories, as they stand now, will not be applicable. So
far, we have not found a report of linear behavior at such
low temperatures (there are reports of o < T at higher
temperatures in some oxides, but our past investigation
has shown that these samples show a different behavior at
lower temperatures”®). We cannot provide any explana-
tion for this behavior. But we believe that in the critical
region, sample inhomogeneity and other such effects have
to be considered.

G. The high-temperature behavior

The resistivity of LaNiO; is found to be proportional
to T, for T> 100 K, like many other good metals. Any
sample with x <0.4 has a positive TCR at room tempera-
ture; it also has a minimum in the resistivity, which shifts
to higher temperature for increasing values of x. The
higher-temperature positive TCR in these materials could
be attributed to the usual scattering of electrons (which
gives a positive TCR in good metals). For samples with
x>0.4, TCR at room temperature is negative
(do /dT >0). We could not find any simple relation to
describe the high-temperature (T > 20 K) conductivity of
these materials. The crossover from the high-
temperature to low-temperature behavior for the metallic
samples occurs at T~20 K, where §~L,. It has been
suggested®? that since at higher temperatures &> L,, one
would expect a situation similar to the critical region
(where & diverges and becomes the largest length scale).
In that case o «(7,')!”?, as has been pointed out be-
fore.2 At high temperatures 7,! is dominated by
electron-phonon scattering (tg e TP 2<p<4); as a re-
sult o < (7, ")!”} & T" with n=0.67-1.34. This has been
observed in certain oxides.®® We tried to explain the ob-
served high-temperature behavior within the above
framework, but were unable to do so. In fact, the tem-
perature dependence of o(T) at higher temperatures
remains an unsolved question.

The exact nature of the M-I transition in most of the
oxides appears to be rather involved and unexplained.
The interplay of interaction and localization effects is
bound to make a disorder-driven transition quite com-
plex. Other complications are a narrow band width, a
large effective mass (because the band is formed from hy-
bridized transition-metal orbitals), and a high electron
density. Nevertheless, it is intriguing that away from the
transition (in our case, samples with x <0.4), the low-
temperature behavior (7 <10 K) seems to be explicable,
considering only the weak-localization and interaction
effects arising from disorder, treating them as additive.
By hindsight, this could probably be expected, because
the interaction theory is applicable even when the disor-
der is large (kpl<1),!" although weak-localization
theory works well only for kI >>1. But in our case the
interaction corrections have turned out to be dominant,
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thus justifying our analysis. Perhaps all these point to-
wards the very general nature of the underlying Fermi-
liquid theory.

With the approach of the transition (in our case, sam-
ples with x >0.57) or at high temperatures where the
corrections are not small, we do find that the theories are
not applicable in the present form. Here, probably, the
interaction and localization effects are not simply addi-
tive, and so are inseparable. We point out again that,
even well within the metallic state (i.e., away from the
transition), the high-temperature behavior cannot be ex-
plained. Perhaps a few more studies on such systems
over a large temperature range will be required to see if
any general trend emerges. However that may turn out,
one point is fairly clear from the present study: at low
temperatures the conductivity of these oxides will show
considerable contributions coming from interaction
effects. In our case the contribution is so great that even
in pure LaNiO; one sees the interaction effects.

VI. CONCLUSION

We tried to analyze our data in some detail to obtain as
much quantitative information as possible without intro-
ducing too many assumptions. Although the perovskite-
structure oxide system we studied is supposed to be rath-
er simple, it turned out to have its own complexity. Our
present investigation clearly showed the following.

(i) In spite of the complexity of the system, in the re-
gime of small corrections, the present theories of quan-
tum corrections seem to explain the data, provided that
proper attention is paid to the details.

(ii) We identified a Cooper-channel contribution in a
nonsuperconducting metallic oxide. We have also point-
ed out the importance of this term in determining the
power-law behavior of o(T) at lower temperatures.

(iii) We have also shown that, as we leave the regime of
small corrections and the metal-insulator transition is ap-
proached, there is really no theory that can explain the
data. This is also the case at higher temperatures. The
results of our investigation of the low-temperature elec-
trical conduction in the perovskite type of oxides on the
metallic side of the M-I transition should be useful to fur-
ther work on this subject.
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