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Abstract. We report a systematic study of the electronic transport properties of the metallic
perovskite oxide LaNiO3−δ as a function of the oxygen stoichiometryδ (δ 6 0.14). The
electrical resistivity, magnetoresistance, susceptibility, Hall effect and thermopower have been
studied. All of the transport coefficients are dependent on the value ofδ. The resistivity increases
almost exponentially asδ increases. We relate this increase inρ to the creation of Ni2+ with
square-planar coordination. We find that there is a distinctT 1.5-contribution to the resistivity
over the whole temperature range. The thermopower is negative, as expected for systems with
electrons as the carrier, but the Hall coefficient is positive. We have given a qualitative and
quantitative explanation for the different quantities observed and their systematic variation with
the stoichiometryδ.

1. Introduction

Electrical conduction in transition metal perovskite oxides at low temperatures is a topic of
intense current interest [1]. Most of these oxides belong to the class of ABO3 or its closely
linked derivatives. The interest in these materials has arisen because a number of different
phenomena (such as ferroelectricity, superconductivity, metal–insulator transitions and giant
magnetoresistance) can be seen in these materials. Many oxides of ABO3 structure with the
B ion belonging to the 3d transition metal group and a divalent ion like Sr or Ca at the A site
are metallic [2]. In this case the B ions have a formal valency of 4+. One notable exception
is the well known ferroelectric SrTiO3 (a band insulator with an empty 3d band). On the
other hand, when A is a trivalent cation like La or Pr, B cations have a formal valency of 3+.
It turns out that almost all such oxides with the B cation in a trivalent state are insulating
except LaNiO3 [3–9] and LaCuO3 [10]. LaNiO3 is a fairly good metal with low resistivity
although Ni has a formal valency of 3+. Technologically, LaNiO3 is an interesting material
because of its potential application in metallic interconnects (or electrodes) in thin-film
oxide electronic devices, particularly those needing epitaxial multilayer perovskite oxide
films [11]. LaNiO3 has a pseudo-cubic structure with a small rhombohedral distortion. Its
unit cell (containing two formula units) can be mapped onto a primitive rhombohedral cell
with the pseudo-cubic lattice constantsa (cell edge) = 3.838 Å and α (angle) = 90◦40′

(for a perfect cubeα = 90◦; the rhombohedral distortion,α−90◦ ≈ 40′, is thus small). For
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details of the structural data, see reference [4] and reference [12]. Like many perovskite
oxides belonging to this class, the material has a tendency to lose oxygen, leading to the
creation of Ni2+ ions. This is particularly critical at higher temperatures where, by loss
of oxygen, it tends to become La2NiO4 which has K2NiF4 structure. In LaNiO3−δ, Ni is
octahedrally bonded to six oxygen atoms whenδ is low. In La2NiO4 the bonding of Ni2+

has a square-planar form. The change of bonding on formation of Ni2+ (asδ is increased)
has important implications as regards the physical properties of this material. In this paper
we focus on this particular aspect of oxygen stoichiometry and show that fixing oxygen in
LaNiO3−δ is crucial for the determination of such important quantities as the resistivity (ρ),
magnetoresistance (MR) and thermopower (S). For instance,ρ can change by an order of
magnitude or more whenδ deviates from zero by as little as 0.1. We discuss the likely
origin of this behaviour in this paper.

Table 1. Different physical quantities obtained from low-temperature experiments as reported
by various groups.

ρ300 K 1ρ† A‡ S(300 K) (dS/dT )(300 K) γsp§ χ0¶
(µ� cm) (µ� cm) (µ� cm K−2) (µV K−1) (µV K−2) (mJ mol−1 K−2) (emu mol−1)

Rajeev 1700 1133 0.003 −18 −0.052 23 15 —
et al [4]
Sreedhar 2150 1702 0.034 — 14 5.1× 10−4

et al [5]
Xu 380 345 0.006 −22 −0.0490 — 4.9× 10−4

et al [6]

† 1ρ = ρ300 K− ρ4.2 K.
‡ The coefficient of theT 2-term at low temperature.
§ The linear term in the low-temperature specific heat.
¶ The temperature-independent magnetic susceptibility.

In the past, there have been quite a few studies [3–6] on the electronic transport and
thermodynamic properties of LaNiO3−δ. In table 1 we summarize the main results of some
of the past investigations which reported the temperature dependence of the resistivity [4–7].
This table also includes the temperature-independent Pauli-like paramagnetic susceptibility
measured by different groups [5, 6]. It can be seen that the absolute value ofρ as well as
its temperature dependence (quantified by1ρ(300 K) = ρ(300 K)− ρ(4.2 K)) vary widely
from one investigation to another. While it was believed that the oxygen stoichiometry
(i.e., δ 6= 0) may be the origin of these differences, no systematic investigation has been
made to establish this quantitatively. From our investigation, presented below, we establish
that most of the differences seen in table 1 do indeed arise from the differences in the
oxygen stoichiometry.

We also perform a systematic investigation of the temperature dependence ofρ in
order to find the different terms which contribute toρ(T ). We find that there exists an
unambiguousT 1.5-contribution toρ(T ). In contrast to previously published results [4–6]
our findings are that there may or may not exist aT 2-term in the resistivity which can be
connected to electron correlation effects. In particular we show that the coefficient of the
T 2-term (even if it exists) is strongly dependent onδ. As a result one has to exercise caution
if any intrinsic origin is to be assigned to it. In table 1, we also show the thermopower
(S). The thermopower reported by all of the groups is negative and linear over an extensive
temperature range. The negative thermopower of LaNiO3 implies an electron-like nature
for the charge carriers. To further investigate the nature of the charge carrier in LaNiO3
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we made a Hall measurement on thin films of this material. Interestingly, we find that
the Hall coefficient is positive over the whole temperature range, confounding the naive
expectations from the negative Seebeck effect. We discuss the implications of this rather
intriguing observation.

2. Experimental details

The samples of LaNiO3−δ were prepared by decomposition of co-precipitated nitrates of
La and Ni as described in detail in reference [13] and reference [6]. Weighed quantities
of the parent compounds, La2O3 and nickel oxalate, were dissolved in concentrated nitric
acid and the solution was evaporated until the nitrate mixture precipitated. This nitrate
mixture was decomposed at 450◦C in air. The mixture was repeatedly ground, pelletized
and heat treated at 950◦C in an oxygen atmosphere. The final heat treatment was given
at 1000◦C for varying durations in an oxygen atmosphere. The best oxygen stoichiometry
(δ ≈ 0) was obtained by high-pressure (195 bar) oxygen annealing at 1000◦C for 70 h.
The samples produced by the above method were x-rayed to check for phase purity and
also to measure the lattice constants. The grain sizes of the samples were measured using
a scanning electron microscope. The grain sizes were typically of the order of 1–2µm.
The oxygen stoichiometryδ was determined by iodometric titration. The Hall coefficient
and thermopower measurements were made on a film of LaNiO3 deposited by pulsed laser
ablation on a LaAlO3 substrate. The substrate temperature was maintained between 700◦C
and 800◦C and the oxygen partial pressure was around 700 mbar during the film growth.
The thickness of the film obtained was around 2000Å.

Figure 1. The resistivities (ρ) of the three samples of LaNiO3−δ . The samples A, B and C
have δ = 0.14, 0.08 and 0.02 respectively. The resistivity of the LaNiO3 film used for the
measurement of the Hall constant and thermopower is also shown.

The electrical resistivityρ(T ) was measured by a high-precision low-frequency (20 Hz)
ac bridge technique in the range 0.4–300 K. The temperature range was covered by a
combination of two cryostats. The Hall effect was measured down to 1.5 K in a field of
6 T. The thermopower was measured by a standard dc technique. We also obtained the
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magnetic characterization by measuring the susceptibility (χ ) using a SQUID magnetometer.

3. Results and discussion

3.1. The magnitude of the resistivity

In figure 1 we present the resistivity measurements for the three samples with the general
formula LaNiO3−δ. In the same graph we show the data on the epitaxial film for which we
have measured the Hall voltage and the thermopower.

Table 2. A summary of the results obtained from our experiment.

ρ300 K ρ4.2 K `el† MR‡ S (at 300 K) (dS/dT )(300 K)
Sample δ (µ� cm) (µ� cm) (Å) (%) (µV K−1) (µV K−2)

A 0.14 5350 3340 0.8−0.28 −30 −0.040 39
B 0.08 1450 414 5 −0.04 −18 −0.048 17
C 0.02 790 130 15 0.9 — —

† The elastic mean free path estimated from equation (1).
‡ The magnetoresistance atT = 4.2 K and 6 T.

Figure 2. The zero-temperature resistivity (ρ0) as a function of the oxygen defectδ. The arrow
marks theρ0-value reported in reference [6]

The relevant numbers, includingδ as measured by titration, have been collected together
in table 2. (Note: we identify the samples in decreasing order ofδ and have called them
A, B and C forδ = 0.14, 0.08 and 0.02 respectively.) All of the sampleρ(T ) curves show
a metallic behaviour although the residual resistivityρ0 increases by a factor of 30 asδ
changes from 0.02 to 0.14. (This change inδ translates into a Ni2+ content≈2δ.) For the
samples in reference [6]ρ0 ≈ 34 µ� cm which is about a factor of 3.9 lower than the
lowest value ofρ0 found for our samples. The dependence ofρ0 on the oxygen content
(δ) is shown in figure 2 where we plotρ0 as a function ofδ. It can be seen thatρ0 has
an almost exponential dependence onδ. As δ increases, leading to an increase of Ni2+

concentration, we have a rapid increase inρ0 (see table 2).
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The increase inρ0 does not scale with the reduction of carriers (we assume that Ni3+

only contributes itinerant carriers) but implies a strong reduction in the elastic mean free
path with increase of the Ni2+ concentration. To quantify this with an approximate estimate
we use the simple free-electron expression [14]

`el = h̄

e2

1

ρ0

(
3π2

ne2

)1/3

(1)

where `el is the elastic mean free path andne is the carrier concentration. The results
obtained are shown in table 2. In LaNiO3−δ (δ ≈ 0) the carrier densityne ≈ 1.7×1022 cm−3

assuming one carrier from each Ni3+. (We will see later that this is very close to the estimate
from our Hall measurement,≈2×1022 cm−3). For δ > 0, we assume that the Ni2+ created
does not contribute carriers and this proportionately reduces the carrier density. For the
sample withδ = 0.14 which has the highest value ofρ0, the mean free path (`el) is
somewhat smaller than the Ni–O bond length (≈2 Å) and we are at the limit of the metallic
state. Interestingly, it can be seen that for this sample there is a resistivity minimum at
around 20 K. We find that this arises from a weak-localization effect which is expected in
this sample due to its short mean free path [14]. (Note: the above discussion on the mean
free path is only approximate, since we used a simple free-electron expression.) In figure 2,
we have indicated by a dotted lineρ0 ≈ 34 µ� cm which is the lowest resistance reported
for LaNiO3−δ so far [6]. If the dependence ofρ0 on δ persists down to the lowestδ, we can
conclude that for this particular sampleδ ≈ −0.03. However, for the ABO3 structure one
cannot admit oxygen in excess of 3. Thus a smallδ ≈ −0.03 will imply a small number
of cation vacancies leading to a relatively higher oxygen-to-cation ratio.

The important observation that emerges from our results is the strong dependence of
ρ0 on δ. For conventional metals and alloys the dependences ofρ0 on the small number
of impurities etc are rarely that strong. We think that this strong dependence depends on
two factors: (i) the difference between the energies of the d levels of Ni2+ and Ni3+ and,
more importantly, (ii) the change of Ni coordination from octahedral to square planar. The
change of Ni from octahedral (as in LaNiO3) to square-planar coordination (as in La2NiO4)
occurs as more Ni2+ ions are created asδ is increased. For the square-planar coordination
the transfer integral for electrons going from one site to another is severely decreased
because Ni2+ takes a two-dimensional configuration. The square-planar configuration also
introduces a large lattice strain. This strain distorts the existing NiO6 octahedra, changing
the Ni–O–Ni bond angle from 180◦ which in turn also reduces the hopping integral. We
can think of this reduction in the hopping integral as a reduction of the effective bandwidth,
thereby localizing the carriers within a length scale of one unit cell. Asδ and hence the Ni2+

concentration increases further, the lattice becomes too unstable for octahedral coordination
of Ni and stabilizes only via disordered intergrowths of octahedral and square-planar layers
[12]. The material with intergrowths will then behave as a ‘composite’ of two materials
having different resistivities. In short, the increase ofρ0 on increase ofδ therefore seems
to be more influenced by the changes in the coordination of the Ni ion.

In polycrystalline oxide materials the grain boundary often has a different oxygen
stoichiometry to the bulk. If the grain boundary contributes to the overall resistivity, then
the stoichiometry of the grain boundary will be of importance. For this material we have
reason to believe that whatever the mechanism is that is limiting the mean free path of
the electron, it occurs in the bulk of the grain. The largest mean free path seen in these
materials is≈20 Å in the sample with lowestδ. Electron micrograph studies show that the
typical grain size≈1–2 µm. Thus, as the mean free path is much smaller than the grain
size, we feel that the grain boundary contribution toρ will not be of much significance.
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Also, the grain sizes in all of the materials studied are similar since these materials have all
been prepared with the same type of heat treatment. They differ only in the final oxygen
annealing. The resistivities of the samples with lowδ are very similar to the resistivity of
the epitaxial film (see figure 1), providing further evidence of the insignificant role of grain
boundaries.

3.2. The temperature dependence ofρ

The exact temperature dependence ofρ(T ) for metallic oxides like LaNiO3 has not been
critically looked into for samples with varying oxygen content. In particular, the temperature
dependence ofρ has contributions arising from different sources. As we discuss below,
the relative contributions of the different terms are strongly dependent on the oxygen
stoichiometry. In the following we have taken a fresh look at this issue of temperature
dependence with a view to obtaining a quantitative evaluation of the different contributions.

Figure 3. (a) dρ/dT as a function ofT for samples A, B and C as a function ofT
for 0.4 6 T 6 300 K. (b) A log–log plot of dρ/dT versusT for the temperature range
1.5 < T < 100 K constructed to find out the leading power-law dependence ofρ on T at low
temperature. The lines show the fits to the data up toT = 50 K.

A study of dρ/dT as a function ofT often provides a rough guide to the leading
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temperature-dependent terms ofρ. For samples B and C (which are less resistive),
dρ/dT → 0 as T → 0 implying that ρ reaches a residual resistivity (see figure 3(a)).
At higher temperaturesT > 150 K, dρ/dT is almost constant, showing the dominance of
the linear temperature dependence ofρ. For sample A (which has the highest resistivity)
dρ/dT = 0 at a finite temperature (Tmin) whereρ shows a minimum. For this sample
dρ/dT is negative and finite asT → 0. Due to the existence of the resistivity minima it
is difficult to determine the limiting temperature dependence ofρ. However, this can be
clearly established for samples B and C. In figure 3(b) we have plotted dρ/dT versusT
on a log–log scale for 1.5 < T < 100 K. dρ/dT follows a temperature dependence∼T p,
wherep ≈ 0.75± 0.02 for both samples. This implies that asT → 0, (ρ − ρ0) ∼ T 1.75.
As we will see below, this particular type of temperature dependence arises from a combin-
ation of aT 1.5-term and an additionalT n-term with n > 2. This particular form of dρ/dT
clearly establishes that a single term (like aT 2-term) cannot explain the data and one needs
at least two contributions with different temperature dependences.

Table 3. Results of the fit of the resistivity data to equations (2), (4) and (6).

ρ = ρ0 + αT 1.5 + βfn[T ] − γ T 0.75

Maximum ρ0 α β γ θR
Sample error Comments (µ� cm) (µ� cm K−1.5) (µ� cm) (µ� cm K−0.75) (K)

A n = 2 ±0.7% No systematic 3406 0.146 2234 10.97 340
deviation†

n = 5 ±0.5% No systematic 511.45 0.156 500 — 250
deviation

B n = 3 ±1% Systematic 511 0.162 250 — 300
deviation
at highT

n = 2 ±1% Systematic 510 0.160 153 — 340
deviation
at highT

n = 5 ±0.5% No systematic 129 0.099 774 — 325
deviation

C n = 3 ±1% Systematic 128 0.099 416 — 349.4
deviation
at low T

n = 2 ±2.5% Systematic 126 0.115 109 — 340
deviation
at highT

† For n = 3 andn = 5 the error was in excess of±1% and systematic deviation was observed. The error has
been defined through equation (3).

We have used different strategies to obtain the best fit to the observed data. The various
relations that we have used are shown in tables 3 and 4. In the following we present the
main results only. For samples B and C which do not show any resistivity minima at low
temperatures we use the following expression:

ρ(T ) = ρ0+ αT 1.5+ βf (T ) (2)

whereρ0, α and β are fitting parameters. We find that aT 1.5-term is always necessary
to fit the data over the whole temperature range. However, theT 1.5-term alone is not
sufficient and we need an additional temperature-dependent termf (T ) which atT < 50 K
has a temperature dependence∼T n with n > 2 and forT > 150 K has a almost linear
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Table 4. Results of the fit of the resistivity data to equations (2), (5) and (6).Note: no systematic
deviation was observed in any of the fits. The error is defined through equation (3).

ρ = ρc + α′T 1.5 + β ′T m − γ ′T 0.75

Maximum ρc α′ β ′ γ ′
Sample error (µ� cm) (µ� cm K−1.5) (µ� cm K−m) (µ� cm K−0.75)

A m = 2 (T < 50 K) ±0.2% 3409 0.403 0.045 12.95
m = 1 (T > 100 K) ±0.3% 2828 −0.044† 8.8 —

B m = 2 (T < 50 K) ±0.2% 511 0.148 0.0053 —
m = 1 (T > 100 K) ±0.6% 426.6 0.105 1.64 —

C m = 2 (T < 50 K) ±0.3% 129 0.0543 0.0087 —
m = 1 (T > 100 K) ±0.6% 86 0.0879 0.891 —

† The negativeα′ is an artifact of the fitting procedure and has no physical significance. This arises because of
the largeβ ′T m-term which makes the contribution from theα′T 1.5-term negligible.

Figure 4. The data and fit for sample C as a function of temperature using equation (2) with
fn(T ) given by equation (4) (n = 5). Inset: the relative contributions of the different terms for
the resistivity.

temperature dependence. The different forms off (T ) as well as the results of the non-linear
least-squares fits are summarized in tables 3 and 4. The fitting error is defined as

1ρ

ρ
%=

(
ρobs(T )− ρcal(T )

ρobs(T )

)
× 100. (3)

We have used two approaches tof (T ). In one approach we used a singlef (T ) over
the whole temperature range. For this we have used different types of Debye integral
[15] assuming that the temperature-dependent termf (T ) arises from electron–phonon
interaction. In the other approach we used differentf (T ) for high-temperature (T > 100 K)
and low-temperature (T < 50 K) regions. The Debye integrals for obtaining the different
forms of f (T ) have the general form

fn(T ) =
(
T

θR

)n ∫ θR/T

0

xn

(ex − 1)(1− e−x)
. (4)
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Figure 5. The fitting errors (defined by equation (3)) as a function of temperature for sample C.
The fitting errors are for different values ofn in equation (4). The error is much less forn = 5
compared to that forn = 3 or 2.

The advantage of equation (4) is that the single function gives aT n-dependence at lowT
(T � θR) and a linear dependence atT > θR/2 irrespective of the value ofn. HereθR is
the characteristic temperature. Iffn(T ) does indeed arise from electron–phonon interaction,
then θR will be comparable to the Debye temperatureθD obtained from the specific heat.
The results are given in table 3 along with the value ofn used in the fitting. As shown
in figures 4 and 5, for the least resistive sample C, the best fit was obtained withn = 5,
which is the Bloch–Gr̈uneisen law. Figure 5 is a representative example of the typical
temperature dependence of the fitting error. It can be seen that whenf (T ) is described
by the Bloch–Gr̈uneisen law (n = 5) the fitting error is less than±0.5% over the whole
temperature range and there is no systematic deviation. For sample B,n = 3 andn = 5
give comparable fits. The coefficientα which measures the strength of theT 1.5-term does
not seem to show a strong dependence onδ. However, the temperature-independent term
ρ0 and the coefficientβ show profound changes asδ changes.

In the second approach we have analysed the resistivity in two separate temperature
regions using the form

f (T ) = β ′T m (5)

with m = 1 for T > 100 K andm = 2 for T < 50 K. We find that this approach gives a
better fit. This is mainly because the fitting has been carried out with fewer constraints. The
results are given in table 4. A representative example for the relative contribution of the
temperature-dependent term obtained using this approach is shown in figure 6 for sample C.
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Figure 6. The relative contributions of the temperature-dependent terms (T 1.5 and T 2) for
sample C forT 6 50 K. The fitting results are given in table 4.

For sample A at low temperatures (T < 50 K), we have the existence of the resistivity
minima, andρ(T ) for T < Tmin shows a shallow rise. We find that the rise ofρ below
Tmin can be best accounted for by using expressions for weak localization (WL). That weak
localization is the origin of the rise ofρ below Tmin is supported by magnetoresistance
(MR) measurements (the MR measurements were done on all of the samples and the results
will be published elsewhere [16]). The WL contribution toρ(T ) is absent for the less
resistive samples. A lack of oxygen stoichiometry (δ 6= 0) introduces localization as has
been discussed before. We quantify the weak-localization [14] contribution by means of an
additional term−γ T 0.75 which is incorporated into equation (2). Thus, we fit the resistivity
below 50 K for sample A using the expression

ρ = ρ0− γ T 0.75+ αT 1.5+ βf (T ). (6)

For samples B and C,γ = 0. For the highly resistive sample A we did not get any meaningful
parameters from the fit using the abovef (T ) given in equation (4) withn = 3 and 5. The
fit was best withn = 2 as shown in figure 7.

The important results of the fits are summarized as follows.

(i) The presence of aT 1.5-term is necessary but not sufficient for obtaining a good fit.
Another extra term,f (T ), with a temperature variation faster thanT 1.5 at low temperature
is needed. The main difference in the magnitudes of the temperature dependence of the
resistivities as seen for different samples comes from the contribution of the termf (T ).
This is because the contribution of theT 1.5-term is more or less the same for all of the
samples.

(ii) Within the uncertainty of the fit (±0.5%) it is difficult to reach a conclusion on
whether there is aT 2-term present inρ(T ). Even if it is present, the coefficient is a
sensitive function ofδ and increases rapidly asδ increases (see table 3 and sample A).
One should not therefore attribute any intrinsic meaning to it and its existence may well be
related to oxygen defects (i.e.δ 6= 0).

(iii) The coefficient of theT 1.5-term does not show much variation when differentf (T )

are used. Also the value ofα does not vary much from one sample to another and is typically
100–150 n� cm K−1.5. We thus think that the estimate ofT 1.5 is essentially correct. The
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Figure 7. A fit to the resistivity data for sample A. The line is the fit obtained using equations
(4) and (6) withn = 2. Inset: the fitting error as a function of temperature.

T 1.5-dependence of the resistivity has been observed for quite a number of transition metal
oxides over a wide range of temperatures [17]. It should be noted that the LaNiO3 film
(see figure 1) shows aT 1.5-dependence over the entire temperature region. Although the
exact origin of this temperature dependence is not known, we would like to suggest that
the origin of this term may be localized spin fluctuations [18, 19], similar to those seen
in dilute magnetic alloys such as Cu:Mn and Au:Fe. In LaNiO3−δ these spin fluctuations
arise due to the formation of localized moments, as the oxygen deficiency creates divalent
Ni2+. It has been stated before that the formation of a sufficient amount of Ni2+ leads
to an insulating state [20]. Close to the composition for which the insulating state occurs
(δ ≈ 0.3), one finds the onset of spin clusters [21]. We suspect that at lower values ofδ one
may not have the formation of large spin clusters, but there may exist localized (incoherent)
spin fluctuations of the size of a few electronic mean free paths which can give rise to this
T 1.5-term. In metallic alloys the magnitude of theα-term is typically in the range 8–16
n� cm K−1.5, about one order of magnitude less than that seen for LaNiO3. The strength
of theα-term depends on various parameters and is given by [19]

α ∝ 0

ne
D2

(
JS

0

)2

ã6

(
kB

3

)3/2

(7)

where: ne is the carrier concentration;0 is the conduction bandwidth;D is the ratio of
virtual bound states± the displacement from the Fermi level to the width parameter;J is
the spin–spin coupling constant;S is the spin;ã is the lattice parameter; and3 is the spin-
diffusion constant. A combination of low bandwidth0 and low spin-diffusion constant3
thus can explain the order of magnitude of theα-term. In view of the various uncertainties
involved in estimatingα, we think that the magnitude ofα observed by us seems to be
physically meaningful if we assign it as arising from spin fluctuations. For metallic alloys,
α being small, theT 1.5-term is perceptible only at lowT . Unlike for metallic alloys, for
oxides theT 1.5-term is observed over the whole range. However, we stress that at present
it is difficult to rule out any other physically plausible mechanism which may give rise to
a T 1.5-term in the resistivity.
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3.3. The Ni2+ concentration and the magnetic susceptibility

The magnetic susceptibilityχ for sample A is shown in figure 8. The susceptibility is
higher by nearly a factor of 4 than the previous reported values [5, 6] which were obtained
for samples of oxygen stoichiometry comparable to that of samples B and C.

Figure 8. The susceptibility of sample A as a function of temperature.

The higher value of the susceptibility indicates the formation of magnetic moments in the
system. We estimate the concentration of the magnetic ions in the system using theχ -data.
For T < 100 K we have fitted the susceptibility data to the expressionχ = χ0+C/(T +θ ),
whereχ0 is the temperature-independent contribution,θ is the Curie–Weiss temperature
andC is the Curie constant. A least-squares fit of the data with the above expression gives
χ0 = 5.95×10−6 emu g−1, θ = −51.12 K andC = 3.83×10−4 emu K g−1. The large value
of C can arise from the Ni2+ formation asδ increases. For sample A, for whichδ = 0.14,
about 30% of the Ni in the system is in the Ni2+ state. We have estimated the amount
of Ni2+ contributing to the susceptibility from the value ofC obtained from the fit in the
following way. In the octahedral coordination, of the eight electrons of Ni2+, six are spin
paired in the crystal-field-split t2g levels and two are in the eg levels and are unpaired. This
gives a moment ofS = 1 for the octahedral coordination. In contrast, in the square-planar
coordination there are no unpaired electrons. The eight electrons of the Ni2+ pair up to fill
four orbitals of the five available 3d levels [22]. This leads to a net momentS = 0. Hence
for octahedral coordination, considering that the orbital angular momentum is quenched,
we getpeff = g

√
J (J + 1) = 2.83. This is close to but somewhat lower thanpeff = 3.2

found for Ni2+ in octahedral coordination. Using this value, we estimate the concentration
of Ni2+ to be about 7× 1020 cm−3 which is only about 4.5% of the total Ni in the system.
This is much less than the concentration of Ni2+ calculated usingδ. Considering the fact
that the Ni2+ in square-planar coordination makes only a diamagnetic contribution to the
susceptibility (due to all of the electrons being paired up), only those Ni2+ atoms which
are still in octahedral coordination contribute to the susceptibility. Thus the susceptibility
gives a clear indication of the formation of square-planar-coordinated Ni2+ asδ increases,
supporting the argument given in section 3.2.

Earlier reports [5, 6] on the susceptibility of this system have attributed the increase of
χ at low temperatures to correlation effects. The value of the Curie constantC obtained
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by these prior studies is nearly an order of magnitude less than ours. From reference [6]
we getN = 2× 1019 cm−3 assumingpeff to be 3.2. This is less than 0.1% of the total
number of Ni atoms in the system. Caution thus needs to be exercised in interpreting the
increase inχ asT is lowered below 100 K as arising from correlation effects alone. The
values ofχ0 reported in references [5, 6] are also much less (by a factor of 3) than what
we find. The Ni2+ ions which are in square-planar coordination haveJ = 0 since all of the
electrons are paired up. This may give rise to an enhanced temperature-independent Van
Vleck paramagnetic contribution leading to a largeχ0.

Figure 9. The thermopower of the LaNiO3 film as a function of temperature. Data from
reference [4] are plotted for comparison. The solid line is the fit to the data using equation (10).

3.4. The thermopower and the Hall coefficient

In figure 9 we show the thermopower (the Seebeck coefficientS) for a ceramic sample as
well as for a film. S is negative over the complete temperature range of 300 K to 10 K.
(The resistivity data for the film are shown in figure 1.)

For well oxygenated samples (i.e., for low values ofδ) the magnitude of the thermopower
at 300 K typically lies in the range−15 to−20 µV K−1, with a linear slope (|dS/dT | ≈
0.04–0.05µV K−2) which seems to be somewhat insensitive to the value ofδ. (There is a
large negative peak inS for the film atT ≈ 20 K. We will discuss this issue later on.) The
thermopower of LaNiO3 is therefore like that of a metal with electron-like carriers. In the
limit of a single dominant carrier we have

S = −π
2

3

k2
BT

e

[
∂ lnN(E)

∂E

]
E=EF

(8)

whereN(E) is the density of states. For electrons,e being negative, negativeS would
imply a negative∂ lnN(E)/∂E.

From equation (8),∣∣∣∣ dS

dT

∣∣∣∣ = π2

3

k2
B

e

[
∂ lnN(E)

∂E

]
E=EF

. (9)

We can obtain an estimate of the magnitude of the thermopower from recent band-
structure calculations [23]. We find that∂ lnN/∂E is indeed negative, which is in
agreement with the observed negative sign ofS. From the band structure we estimate
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∂ lnN/∂E ≈ −4.6 eV−1. From equation (9) we find|dS/dT | ≈ 0.1 µV K−2. This is
slightly larger than the value obtained experimentally (by a factor of 2).

The peak at low temperatures seen for the film deserves comment. This type of peak in
S has also been observed recently for closely related materials such as La–Ca–Mn–O and
La–Sr–Mn–O [24]. Such peaks can arise if there exists a scattering mechanism from very
low-lying excitations. We model these low-lying excitations as a two-level system (TLS)
with an energy gap (1). For this system, the total thermopower is given as [25]

S = −M|e|
1

2kBT
tanh

[
1

2kBT
[1+ Imψ(1/2kBT )]

]
+ ηT (10)

where the termηT is the linear thermopower contribution from equation (8).M is the
square of the scattering matrix and thus is a measure of the scattering process,1 is the
splitting of the TLS andψ is the derivative of the digamma function. A reasonable fit
can be obtained for the data with1 ≈ 90 K and η = −0.053 (shown as a solid line
in figure 9). There may be other contributions to the thermopower at low temperature,
such as the phonon drag, but essentially the fit shows that the existence of such low-lying
excitations can explain phenomenologically the features at low temperatures. However,
we cannot offer a firm explanation for the origin of this low-lying excitation at this stage,
nor can we explain why it is seen more prominently in films and not in the bulk samples
which show comparable values ofρ. It is likely that such low-lying excitations can arise
from local rhombohedral distortions of the cubic structure which affect the electron hopping
integral by changing the Ni–O–Ni bond angle. This can cause small perturbations in the
energy levels varying from site to site. This distortion depends on the local strain which
may be different in the film (grown by laser ablation on a substrate) and in well annealed
bulk materials. Often a hump in the thermopower is taken as a sign of a phonon drag
contribution. We are somewhat reluctant to make this identification for the observed data,
for the following reason. A phonon drag requires that the thermal equilibrium is restored
within the electronic system mainly by collisions with phonons, and the electron–phonon
scattering rate dominates over other scattering rates. In a material like ours with such a
small mean free path, the electron–phonon scattering is not the dominant scattering. As a
result the phonon drag contribution, if there is one, will be very small.

The Hall coefficient (RH ) has not been measured before. In figure 10 we show the Hall
coefficient measured in a field of 6 T as afunction of temperature.

This measurement was carried out on the same film for which the thermopower was
measured. The sign of the Hall coefficient is positive. It is fairly temperature independent
with RH ≈ 3×10−10 m3 C−1 implying a carrier concentration≈2×1028 m−3 which is very
close to the estimate of the carrier concentration based on the assumption that each formula
unit contributes one free carrier. The observed Hall coefficient, however, has a positive sign
which is opposite to what one would expect naively from the sign of the thermopower. In
addition, at low temperatures (T < 75 K) RH is no longer independent of temperature and
it rises asT is decreased. The increase inRH at low T is very similar to that observed for
some metals at low temperatures. As suggested by the free-electron picture, the increase
can arise due to the anisotropy in the scattering time on the Fermi surface [26]. In addition,
the increase at low temperatures may also mean that some of the carriers are becoming
localized due to the disorder arising from oxygen defects. A temperature dependence may
also arise from more complex effects as in the cuprate superconductors.

We explain the positive sign of the Hall coefficient as arising from the charge transfer
which takes place from the oxygen p band to the metal d band. It has been shown recently
that in materials like LaNiO3, the non-bonding oxygen orbitals overlap substantially with
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Figure 10. The Hall coefficient as a function of temperature for LaNiO3 film prepared by laser
ablation.

anti-bonding metal d orbitals. This gives rise to charge transfer from the ligands to the
cations [2]. This will create hole-like pockets in the bands with predominantly oxygen p
character leading to a positive contribution toRH . The charge transfer creates mixed types
of carrier in these oxides. It is not clear, however, why the positive contribution toRH will
dominate and will be nearly equal to the free-carrier estimate.

4. Concluding remarks

In this paper we have reported a detailed systematic investigation of the electronic transport
in the system LaNiO3−δ. We have attempted to be quantitative in our approach and have
established the critical role played by the oxygen stoichiometry. We have also presented
results on the Hall coefficient which have not been reported before. In addition, we have
also made an interesting observation that while the thermopower is like that of a metallic
solid, with negative sign, the Hall coefficient has a positive sign.
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