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We report detailed measurements of the electrical resistivity, Seebeck coefficient, and differential scan-

ning calorimetry across the metal-insulator (MI) transition (T~, =205 K) of NdNi03. As in the iso-
structural oxide PrNi03, the transition is extremely hysteretic, consistent with the first-order character
of the transition. Analysis of the data shows that metallic and nonmetallic phases coexist in a broad
temperature interval (=70 K). The electrical resistivity and Seebeck coefficients of the metallic state
display a clear linear temperature dependence. These properties can be rationalized in terms of a Fermi
gas picture of rather heavy electrons (effective mass of about 6mo). Some physical parameters of the gas
are predicted. The entropy change across the MI transition has been measured and it has been used to
predict a strong pressure dependence of the MI transition temperature: d T~& /dP = —4.8 K/kbar.

I. INTRODUCTION

The electronic structure and the transport properties
of the transition-metal oxides have become a major topic
of research. Interest in them was triggered by the
discovery of superconductivity in cuprate oxides and seri-
ous revisions of the currently accepted models to describe
the insulating nature of the nondoped materials have
been proposed. One of the most fundamental issues to be
solved is probably the origin of the band gap and the
mechanisms leading to a metallic conductivity when dop-
ing.

Zaanen, Sawatzky, and Allen' proposed a general
scheme to describe the nature of the insulating state in
transition-metal oxides. The band gap can arise either
from the 3d-3d Coulomb energy U (i.e., Hubbard-Mott
insulators) or from the charge-transfer energy b, between
O(2p) and metal (3d) bands (i.e., charge-transfer insula-
tors). Accordingly, two types of metal-insulator (MI)
transitions can be expected in pure materials: when the
Hubbard-Mott band gap or when the charge-transfer gap
closes. Layered cuprates are believed to be charge-
transfer insulators. However, in these systems metallic
conductivity is reached through a heavy doping which
should strongly disrupt the electronic band structure,
thus rendering the material intrinsically nonideal to study
the nature of the metal-insulator transition.

Recently, it has been shown that nickel oxides of the
RNi03 (R =Nd, Sm, Eu,Pr) family, which are metallic at
high temperature, display a metal insulator transition at
temperatures T~i. It has been claimed that in the insu-
lating regime the band gap is also of charge-transfer type,
the highest-energy occupied orbitals being of O(2p)

parentage are separated from the empty orbitals of Ni(3d)
parentage by the charge-transfer energy A. The MI
transition would result from the band gap closing and
eventually from the O(2p) and Ni(3d) bands overlapping
that occur because of the lattice contraction at low tem-
peratures.

It is well established that the MI transition is weakly
first order ' and the transition temperature T~, rises sys-
tematically as the size of the rare earth decreases. ' For
R =La the system remains metallic down to 1.5 K,
whereas for R =Pr, Nd, Sm, and Eu electron localization
occurs at 135, 200, 400, and 460 K, respectively. Recent
neutron-diffraction experiments on Pr and Nd have
shown that the MI transition is accompanied by small
structural changes that take place at T~, . The first-order
character of the electronic transition is shown by the sud-
den, although small ((0.25%%uo), volume expansion of the
lattice when electron localization occurs. It has also
been shown that across the MI transition, expansion of
Ni-0 bond length due to loss of metallic bonding leads to
a slight tilt of the Ni-0-Ni angles (b,8~&= —0.5').

Neutron-diffraction data have also revealed that in
PrNi03 and NdNi03 below T~, some extra, weak
rejections of magnetic origin appear. However, in the
highly distorted compounds such as SmNi03 and
EuNi03 there is a clear separation between the metal-
insulator transition and the Neel temperature. Therefore
the possibility of a band gap of antiferromagnetic (AF)
origin in this family of oxides seems to be unlikely, al-
though at the present stage it cannot be completely disre-
garded. On the other hand, in PrNi03 and NdNi03 the
saturated magnetic moments ' are consistent with Ni +

low-spin state for nickel rather than high-spin Ni and
holes on the oxygen sites.
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We have recently investigated the pressure depen-
dence of TM, by using electrical resistance measurements.
We have found that, in spite of the differences in TM,
(100—200 K), for all investigated materials
(R =Nd, Pr, Nd& „La„) the transition temperature de-
creases under pressure with a common rate
d TMt /dP = —4.2 K/kbar.

In order to understand the nature of the band gap and
to build up the appropriate ground state for the electron-
ic structure, it is important to know the character of the
majority charge carriers in both the metallic and the in-
sulating phases and the magnitude of the gap. Associated
with the first-order MI transition, a coexistence of the
high-temperature metallic phase and the low-temperature
semiconductor phase over a certain temperature range
close to the MI transition could be expected thus leading
to an hysteretic behavior of the transport properties.
Analysis of the transport coefficients in the hysteretic re-
gion can provide an estimate of the relative thermo-
dynamic stability of both phases. In PrNi03 we have
found that hysteresis as measured by the transport
coefficients extends over some 40 K. The coexistence of
the metallic and insulating phases may be relevant to the
iriterpretation of several experimental results and it is im-
portant to evaluate to which extent both phases coexist.

In this paper we report detailed measurements of the
electrical resistivity and Seebeck coefficient across the MI
transition in ceramic NdNi03 pellets. We will show that
charge carriers are electronlike and their character does
not change across the transition, which occurs at
TM&=205 K. Transport data reveal hysteresis effects.
We will show that there is a broad temperature range,
larger than 70 K, well below the onset of the MI transi-
tion, where metallic regions of the sample coexist with
semiconducting ones. Moreover, we will show that the
rate of the MI phase transformation can be extracted
from Seebeck, conductivity, and differential scanning
calorimetry (DSC) data. The transport properties in the
metallic state will be discussed and we will show that
they can be rationalized in terms of a Fermi-gas picture
of rather heavy electrons. Some physical parameters of
the gas (specific heat coefficient, effective mass, etc. ) have
been evaluated. The entropy change across the MI tran-
sition has been measured and it has been used to predict a
strong dependence of TM, on pressure. Furthermore,
this estimate of d TM, /dP is in excellent quantitative
agreement with the available experimental data.

II. EXPERIMENT

NdNi03 powder was prepared by synthesis under high
oxygen pressure. Details of the synthesis can be found
elsewhere. X-ray and neutron-difFraction experiments
show that the material is well crystallized, single-phase,
and has a perovskite structure. The ideal cubic symme-
try of the perovskite is slightly distorted leading to a
lower-symmetry structure. Extensive structure analysis
has been reported elsewhere. ' '

Resistance measurements were performed by the four-
probe technique, inverting current polarity in order to
correct the offset of the amplifiers and thermoelectric

contributions. Measuring currents in the 500 nA —5 mA
range were used with identical results. Measurements
were done in a He closed-cycle cryostat from room tem-
perature down to 10 K. The temperature stability during
the resistance measurements is better than +0.05 K. All
the data reported here have been taken in a measuring
protocol which involves temperature sweeps with a con-
stant cooling or heating rate of 0.3 K/min.

Seebeck measurements were performed using an exper-
imental system developed in our laboratory in the liquid
nitrogen to room-temperature range. The difference in
temperature along the sample during each Seebeck mea-
surement rises up to 2 K.

Differential scanning calorimetry measurements were
performed using a high-sensitivity differential micro-
calorimeter (about 400 mVW ' at room temperature)
described elsewhere. The temperature range of opera-
tion is limited from around 100 to 370 K. The heat ex-
changed and the entropy change associated with a phase
transition are obtained by numerical integration of the
recorded thermal curves, after correction for the
calorimetric base line.

III. RESULTS

A. Electrical resistance
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FIG. 1. Electrical resistance vs temperature for NdNi03,
measured in heating (solid circles) and cooling (solid squares)
cycles. The arrow indicates the onset temperature TM& of the
metal-insulator transition. Inset: detail of the transition. No-
tice the different y-axis scales in both plots.

The general behavior of the electrical resistance versus
temperature, R (T), is shown in Fig. 1. The solid circle
experimental points correspond to data recorded in a
heating process. This figure clearly shows that above
TM, =205 K, R (T) has a constant positive slope thus in-
dicating a metallic behavior. At high temperature (300 K)
the resistivity is p = 1.2 mQ cm and the normalized resis-
tance slope 1/R(dR/dT) is 3.5X10 K ', which is a
rather high value and comparable to that typically ob-
served in good metals (for instance, Cu: 6 X 10 K ').
At low temperature a semiconductinglike temperature
dependence is observed with a sudden enhancement of
the resistivity of about three orders of magnitude in a
temperature interval of 10 K. The onset of semiconduct-
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ing behavior is extremely abrupt (see inset of Fig. 1) and
the temperature TM& =205 K, where the transition from
metal to insulator takes place, is well defined. If the data
are plotted in a log, o(R) vs 1/T scale, as in Fig. 2, the
low-temperature part (T & 140 K) displays a smooth cur-
vature, which indicates that a simple activated behavior
is only a crude description of the low-temperature
behavior. From the slope of this curve in the 150—120-K
temperature range, we estimate that the activation energy
is about 25 —28 meV. Inspection of Fig. 2 reveals that
log&o(R) vs 1/T has an upwards curvature and thus the
slope, i.e., the activation energy, increases when lowering
the temperature. In terms of a semiconductorlike band-
gap model it means that the band gap increases rapidly at
lower temperature.

Figure 1 also shows the measured resistance in the
cooling process (recorded at the same temperature varia-
tion rate of 0.3 K/min). The hysteretic behavior of R ( T)
is clearly observed and it provides a beautiful manifesta-
tion of the first-order character of the MI transition. The
cooling curve always displays a lower resistivity. This
fact signals the persistence of nuclei of the high-
temperature metallic phase below the onset of the MI
transition. It can be appreciated in Fig. 2 that the tem-
perature at which the metallic behavior is established or
disappears is well defined but depends slightly on the
sense of the thermal cycle. Within the experimental reso-
lution, this difference can be estimated as about 1 K. We
have not found any measurable dependence of TM, on the
rate of cooling or heating of the sample. At temperatures
below 130 K no trace of hysteresis is observed.

In the lower-temperature part of the metallic region,
very small differences between the resistances in the cool-
ing and the warming processes can be observed. These
differences disappear at higher temperature and are prob-
ably due to very subtle changes in the ceramic structure
caused by the phase transition and its concomitant cell-
volume changes.

B. Seebeck coefBcient

Figure 3 shows the Seebeck coefficient S(T) measured
from 300 K down to 80 K, where the sample is kept for 4
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FIG. 3. Seebeck coefficient S vs temperature. Circles and
squares correspond to data recorded in the heating and cooling
processes.
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S(T)=— T + ln[r(s)]
3e n Bc c=EF

where g(s) is the density of states, n is the charge-carrier
density, and E~ is the Fermi energy. r(e) is the energy-
dependent relaxation time, which, in general, can be writ-
ten as r(e)-s, where the exponent a is related to the
scattering mechanism. Assuming a parabolic band and
for the particular case of a = —1, the simplest Drude ex-
pression

2 2

S(T)=-
6e EF

(2)

is recovered whereas for an energy-independent scatter-
ing time

h and heated again to 300 K. At high temperatures, S ( T)
has a linear temperature dependence; it is small in magni-
tude and negative ( = —22 pV/K at 205 K). This
behavior is typical of a metallic state with electronlike
particles as charge carriers. The observation of a linear
S ( T) behavior further indicates that the dominant
scattering mechanism and the charge-carrier density are
constant over the explored temperature range. Within
the relaxation-time approximation, the Seebeck
coefficient is given by'

2 2

S(T)=-
2e EF

(3)

~ ~~ ~
~ ~

~ ~

0.003

~ ~

~ ~

~s

0.006 0 Oot) 0.012
1./T (v. )

FIG. 2. Electrical resistance vs 1/T of NdNi03. Below 150
K, log&0(R} has an upward curvature. Circles and squares cor-
respond to data recorded in the heating and cooling cycles, re-
spectively.

is obtained. By using the Drude expression [Eq. (2)], the
observed slope of S ( T) in the metallic regime
[dS(T)/dT= —0.029 pV/K ] corresponds to a Fermi
energy EF=0.41 eV. This rather small value of EF is
similar to the previously reported data (E~ =0.40 eV) for
PrNi03 (Ref. 8) and (E~=0.21 eV) for LaNi03 (Ref. 11)
and contrasts with the higher values typically observed in
normal metals, for instance, E~ (Cu) =7 eV. If the relax-
ation time is energy independent the Seebeck coefficient
[Eq. (3)] is three times larger and the corresponding Fer-
mi energy is about EF= 1.2 eV.

In the cooling part of the cycle, the metallic regime is
observed down to T=195 K. At lower temperature
S(T) decreases abruptly, becoming very large in magni-
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tude (S= —470 pV/K at 110 K). Larger Seebeck
coefficients are typical of a semiconductorlike state be-
cause of the smaller charge-carrier density. Therefore
our Seebeck data clearly reAect the MI transition. It is
remarkable that in the insulating side of the transition
the majority charge carriers are also electronlike. At
temperatures lower than 110 K, the absolute value of the
Seebeck coefficient diminishes, signaling that the dom-
inant mechanism is not semiconductorlike or that a re-
gime of charge compensation is present. ' When warm-
ing up (see Fig. 3), S decreases again until a minimum is
reached at T= 110 K and then approaches the metallic
regime. However, the fully metallic state is only reached
at T=200 K, which is only a few degrees lower than the
temperature where the MI transition was observed in the
R (T) curves As. expected, the persistence of some me-
tallic nuclei close to, but below, T leads to smaller (in
magnitude) S(T) values when cooling than when heating.
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FIG. 5. Volume fraction of the nonmetallic phase deduced
from resistivity (solid symbols) and DSC (open symbols) data.
Squares and circles correspond to cooling and heating process-
es, respectively.

C. DifFerential scanning calorimetry
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FIG. 4. Heat released and absorbed in the cooling (solid cir-
cles) and heating (solid squares) processes, respectively.

Figure 4 shows the thermal energy released and ab-
sorbed during the cooling and heating runs, respectively.
As expected for a first-order phase transition, the cooling
process is exothermic whereas the heating process is en-
dothermic. The values obtained for the enthalpy and en-
tropy changes are AH= —237 Jmol ' and AS= —1.3
JK 'mol ' for the cooling run and EH=353 Jmol
and AS=1.8 J K 'mol ' for the reverse transition. The
apparent differences observed between the values ob-
tained in the cooling process and the ones obtained in the
heating process are mostly associated with the fact that
the enthalpy change AH is temperature dependent. This
difference stems from the difference in the specific heat
between the two phases, that is, BbH B/ T=b, C . There-
fore the term fbC dT must be included in the energy
balance. From Fig. 4 we have estimated hC to be 13
JK 'mol ', and jb,C dT is about 70 JK ' mol

Consequently, the measured enthalpy difference between
the cooling and heating cycles is only about 55 Jmol
The smaller residual difference ( = 15%) is within the ac-
curacy of the experimental setup.

The transformed fraction of the sample is proportional
to the normalized entropy change at this temperature:

m =b,S(T)/5$(total). The transformed fraction of
nonmetallic phase m is plotted in Fig. 5. This figure clear-
ly reveals the thermal hysteresis inherent to the first-
order character of the transition. The onset of the for-
ward (metallic to insulator) transformation in the cooling
run is situated at 200 K and the onset of the reverse (insu-
lator to metallic) transition occurs at 203 K. These
values are in perfect accordance with the ones obtained
through resistivity measurements.

It must be pointed out that the last stages of the for-
ward transition are very smooth, i.e., small regions of the
sample transform in a broad temperature range, resulting
in small energy release which extends over a broad tem-
perature interval. Some of this energy will be below the
limit of detectability of the calorimeter. This fact may
also account for the smaller enthalpy values obtained in
the cooling run.

IV. DISCUSSION

The experimental data reported above provide relevant
information on different aspects of the MI transition,
which we will discuss in turn. First, the hysteretic
behavior of the resistivity and Seebeck data across the MI
transition will be considered. We will show that trans-
port data can be used to deduce the rate of phase trans-
formation, which turns out to be in good agreement with
the calorimetric data, thus indicating that the transport
coefficients [R (T) and $(T)] indeed measure an intrinsic
property of the phase transformation and are not serious-
ly affected by the ceramic nature of the investigated sam-
ples. Second, we will address the question of the magni-
tude and sign of the Seebeck coefficient and we will show
that these data provide a new insight into the electronic
properties of the metallic phase. Finally, the magnitude
of the enthalpy and entropy changes across the transition
will be discussed and we will show that they provide a
quantitative description of the dependence of the metal-
insulator transition temperature with pressure.

The hysteretic behavior of the transport coefficients
across the MI transition is a clear signature of the first-
order character of this transition. The relative rate of
phase transformation and thus the concentration of both
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species (I and M) at each temperature determine the
overall shape of the R ( T) and S(T) curves and their hys-
teresis. As is observed in PrNi03, the evolution of the
transport properties across the transition can be inter-
preted by assuming that the material is a blend of two
components with different transport characteristics, a
metallic phase and an insulating phase. We can deduce
the proportion of both phases from resistivity data.

Basically, the overall conductivity ( o.* ) of such a
heterogeneous system depends on the conductivities of
the components (o &, crz), on their geometries, and on
their distribution. Several expressions have been pro-
posed in order to calculate o." in terms of cr; (i = 1,2) and
the relative volume V; (i = 1,2) of each phase. ' The
usual approximations assume that the particles are im-
mersed in a homogeneous medium of conductivity o'
which is interpreted as the overall conductivity 0.* and
constructed self-consistently. In the particular case of
spherical particles and in the framework of the symmetri-
cal effective medium theory of Bruggeman, ' 0'is given
by

V, [(o,—o.*)/(o, +2o.*)]
+(1—V, )[(o~—o')/(o. 2+2cr')]=0 . (4)

In order to use Eq. (4) to extract the volumes of each
phase, the values of o,(T) and cr2(T) are needed. For
that purpose we have fitted the high- and low-
temperature data, well above and below TM„ to some
analytical expressions which are used to extrapolate the
data in the region of interest, i.e., close to TM, . Extensive
details of the data analysis can be found in Ref. 8. Figure
5 shows the volume of nonmetallic phase as deduced
from Eq. (4), assuming that the behavior of both phases
in the transition interval of temperature may be
represented by the extrapolation of their behavior in the
regions where they exist alone. Comparison of data in
Fig. 5 shows an excellent agreement between the trans-
port and calorimetric determinations of V; when the rela-
tive volume of the nonmetallic phase is less than =65%,
that is, a metallic relative volume larger than 35%%uo. At
higher concentration the symmetrical effective medium
model is expected to break down. ' Applicability of Eq.
(4) should be limited by the loss of percolation of the me-
tallic nuclei, which is predicted to occur at about
VM =35.%%uo 'Belo w th epercolatio n threshol do f th eme-
tallic phase, the estimates from resistance measurements
lead to a slightly higher proportion of metallic phase than
from DSC data.

We come now to electron-transport coefficients. Above
TM, resistivity and Seebeck coefficients have a linear tem-
perature dependence. The normalized resistivity slope is
comparable to that commonly found in good metals.
Both behaviors are expected in a normal metal and can
be easily understood in terms of a Fermi-gas picture,
which is thus an appropriate starting point for our
analysis.

In the parabolic band approximation, the calculated
Fermi energy EF=0.41 eV can be combined with the
electron density n to obtain the density of states g (Ez) at
the Fermi level. Assuming an electron per Ni atom

can be evaluated by using Eq. (1) and the Sommerfeld ex-
pression' for y; it turns out that it provides an indepen-
dent estimate of n. In the particular case of a = —1,

dS(T)
dT 1

3ne
(5)

By using our measured value of the slope of S ( T) and
y=13.8 mJ/molK we obtain n=1.7X10 cm . It is
remarkable that this value is close to the density which
one can estimate by assuming one electron per Ni atom in
LaNi03.

It should be noticed that if an energy-independent
scattering rate were used, then the corresponding
[dS ( T) /dT] /y rate gives an electron density three times
larger, which will correspond to an explicit higher elec-
tron density (=3 electrons per unit cell). Therefore it is
reasonable to use the Drude expression [Eq. (2)] and the
consistency of the estimates of m * and g given above is

(Ni +, tages) (Ref. 6) and the cell volume V, =220 A,
then n =1.8X 1022 cm, which, together with EF=0.41
eV, leads to g(EF)=6.5X10" eV 'cm . This density
of states can be compared to the bare g (E~) correspond-
ing to free electrons and which can be calculated from n.
It turns out that g (E~)=1.08X10 eV 'cm . The
ratio g (E~)/g (EF ) is a measure of m*/mo, the ratio of
the effective electron mass (m *) to the free-electron mass
(mo). Therefore m *=6mo. At the same level of approx-
imation, the coefficient of the linear temperature term of
the specific heat y is predicted to be about 8.2
mJ/mol K . It can be significant that for LaNi03, which
is also a metallic perovskite, electron spectroscopy stud-
ies" have suggested an effective mass for electrons in the
region of 6mo, which is in good agreement with the
present estimates.

To further check these predictions other experimental
data are required, for instance, specific-heat measure-
ments, which at present are lacking. However, compar-
ison can be made with recently reported' calorimetric
measurements on LaNi03, where y = 13.8 m J/mol K
has been obtained. This result is in a reasonable agree-
ment with our rather crude estimate. The fact that our
estimate of y for NdNi03 is smaller than that observed
(for LaNi03) could be understood in terms of a semime-
tallic conduction of these oxides. In that case both elec-
tron and holes in the 3d-Ni and 2p-0 bands, respectively,
contribute to y, although S is dominated by the carriers
having higher mobility (the electrons).

The above estimates of the metallic parameters (m *,y )

are based upon the assumption that the electron density
is one electron per unit cell and the scattering rate is
r(E)-E '. We can check these predictions as follows.
We have measured' the Seebeck coefficient of a LaNi03
sample and its temperature dependence. It turns out that
dS(T)/dT= —5X10 V/K .

The ratio

dS(T)
dT
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reinforced. These similarities provide additional support
to the picture of the metallic properties in terms of a Fer-
mi gas.

The discussion presented above reveals that, in the rne-
tallic phase, NdNi03 behaves essentially as a normal met-
al with electrons as charge carriers but having a substan-
tial effective mass. However, our precise estimate of m *

is based upon the assumption that there is one electron
per Ni atom participating to the conduction. If the me-
tallic state in NdNi03 is reached by closing a charge-
transfer gap, there should be much less than one conduc-
tion electron per Ni atom (since under such an assump-
tion NdNi03 would be a semimetal). Thus the charge-
transfer-gap scenario would have less carriers and hence
a smaller g (EF). Consequently, m' will be correspond-
ingly reduced. At present, because a direct determina-
tion of the charge-carrier density is lacking, the estimate
of m remains rather speculative and thus we cannot be
conclusive in this regard. To what extent the coincidence
of pure crude evaluation of m* and the value inferred
from electron-energy-loss spectroscopy" is fortuitous is
still unknown.

Within the scope of the Brinkman-Rice model' for
correlated electrons, the enhancement of the effective
electron mass arises because the correlation energy U ap-
proaches a limiting value UD at which a correlation gap
opens at the Fermi level. Explicitly, '

m*/ma=1/[1 —(U/U0) ] . (6)

Equation (6) is based on perturbation theory and it
cannot be used for large m*/m0 ratios to make accurate
quantitative estimates of U/U0. ' However, m *6m 0
would indicate that the system is close to the metal-
insulator transition. If the band gap in the insulating
state is of charge-transfer type as suggested by Torrance
et al. and the metallic conductivity is reached via over-
lapping of the 2p and 3d-like bands, then the enhanced
effective mass would reAect only the narrow character of
the 3d-like bands.

However, our conclusion raises new questions, espe-
cially on the nature of the band gap that appears to be
opened at TM&. In terms of the model for metallic con-
duction at T & TM& suggested by Torrance et al. , the
overlapping of the oxygenlike p bands and the metallike d
bands increases with temperature. Therefore one could
expect that the density of charge carriers and/or their
mobility should increase with temperature. At present a
direct measure of the carriers s density is not available,
but the observed linear temperature dependence of the
resistivity and Seebeck coefficient as well as the reason-
able estimate of y suggest that the charge-carrier density
does not change appreciably with temperature. The most
obvious way to account for the available data in the me-
tallic state and to avoid these difficulties would be, of
course, electronic conduction in a single band. However,
in such a case the nature of the band structure in the me-
tallic state and thus the band gap remain open questions.

We turn now to the measured thermodynarnical prop-
erties. The entropy and cell volume changes in the
metal-insulator transition can be combined through the

Clausius-Clapeyron equation to obtain the slope of the
TM, (P) line separating the I and M phases in the P-T
plane. By using the hS= —1.3 JK 'mol ', reported
here, and b, V =0.2% of Ref. 5, we obtain
dTM, /dP= —5.4 K/kbar. Recently we have performed
a systematic study of the pressure dependence of the met-
al insulator transition in a series of nickel perovskites
RNi03 (R =Fr,Nd, La, Nd„) and we have found that
for all of them dTM, /dP = —4.2 K/kbar. This value is
in an excellent agreement with our estimates, which are
based on very general thermodynamical considerations.
Furthermore, because the volume contraction across the
MI transition and dTM&/dP are almost insensitive to the
rare earth, the entropic change across TM, should also be
similar. Indeed, recent experimental determinations' of
AS at TM, in SmNiO3 lead to AS = —1.3 J K ' mol
which is very similar to the result obtained for NdNiO3.

In NdNi03, magnetic, electronic, and phonon-related
contributions to the entropy changes set in at TM, be-
cause of the AF ordering that accompanies electron lo-
calization and lattice distortion. It is difficult at present
to discriminate between these factors. The precise micro-
scopic description of this state is far from being complete.
So far, it is only known that a band gap should be opened
in order to account for the existence of an insulating
phase and there are conclusive indications that a mag-
netic ordering of the Ni spins (S = —,') takes place at

TM, . The magnetic contribution (b,SM ) to the overall en-

tropy variation can be estimated by using
ASM =pRI-n (2S+ 1) where S is the spin of the Ni3+ions
and p is the fraction of them that contribute to the
enhancement of ASM. Assuming a fully saturated mag-
netic moment and taking p= 1 (all Ni spina order at
lower temperature), the maximum magnetic contribution
to the entropy change is b,SM = —5.7 J/mol K, which is
somewhat larger than our experimental value. This result
is rather surprising as one would expect the measured
value to be larger than the magnetic contribution alone if
it were relevant at all. In fact, the observation that AS in
SmNi03, where the AF ordering temperature is well
below TM„ is very similar to that observed in NdNi03
rules out an important magnetic contribution to 4S. At
present we do not have conclusive arguments to account
for the nonobservance of an appreciable magnetic contri-
bution to the measured AS in NdNi03, ' however, some
explanations can be suggested. First, if magnetic correla-
tions exist above TMI, where the antiferrornagnetic long-
range order sets in, then a reduced entropy change across
TM& should occur. Second, if the magnetic moment in the
temperature range where the integration of dg/T (=150
K) has been performed has not reached its fully saturated
value then a smaller entropy change should have been ob-
tained.

V. CONCLUSIONS

In summary, we have shown that the hysteretic
behavior observed in the transport and calorimetric data,
which extends over a wide temperature range (=70 K),
below the metal-insulator transition (TM& --205 K), is re-
lated to the coexistence of both phases. The analysis of
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the data has allowed us to extract the rate of phase trans-
formation. It is relevant that this rate is severely reduced
at low temperature, thus suggesting important effects of
pressure on TM, . The analysis of the calorimetric data
has also provided a measure of the entropy change across
the MI transition. It is remarkable that we have been
able to predict a pressure dependence of TM„which is in
excellent agreement with the recently reported data.

The nature of the electrical transport in the metallic
state has been discussed on the basis of the Seebeck and
resistivity data. We have shown that these nickel
perovskites can be well described in terms of a Fermi gas
of electrons of a rather high effective mass (=6mo). The

significance of these results in terms of the already pro-
posed models has been pointed out. New experiments
aimed to provide the deeper insight into the metallic and
insulating state of these fascinating materials are current-
ly being carried out.
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