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Probing the metal-insulator transition in Ni „III …-oxide perovskites
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Systematic measurements of the resistivityr(T) and thermoelectric powera(T) under hydrostatic pressure
have been made on single-valent perovskites of the family LnNiO3 (Ln5La, Pr, Nd, Sm0.5Nd0.5); they distin-
guish the influences of chemical and hydrostatic pressure on the insulator-metal transition occurring at a
temperatureTt . The data suggest the coexistence aboveTt of fluctuations of more localized electrons in a
Fermi-liquid background with an ordering of the two phases into a static charge-density/spin-density wave
below Tt .
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The LnNiO3 perovskites contain low-spin Ni(III ):t6e1

configurations, and one electron per Ni~III ! occupies an or-
bitally twofold-degenerates* band ofe-orbital parentage of
the NiO3 array. The tight-binding width of the narrows*
band is controlled by the (180°2f) Ni-O-Ni interactions
and is given by1

Wb'«sls
2 cosf, ~1!

where «s is a one-electron energy andls is the Ni:e
2O:2ps covalent-mixing parameter for thes-bonding d
electrons ofe symmetry. Substitution of a smaller Ln31 ion
for La31 increasesf by increasing the mismatch of the equ
librium Ln-O and Ni-O bond lengths. The critical energyU
is, in this case, the on-site coulomb energy to add an elec
to a low-spin Ni(III )t6e1 configuration to make it
Ni( II )t6e2. Metallic LaNiO3 exhibits an enhanced Pau
paramagnetism,2 which indicates that the bandwidth ap
proaches the Mott-Hubbard transition from the itinera
electron side. Therefore substitution of a smaller Ln31 ion
for La31, which increasesf in Eq. ~1!, allows one to study
experimentally the Mott-Hubbard transition. Although th
metallic character of rhombohedral LaNiO3 was established
in 1965,3 it was not until 1991 that Lacorreet al.4 used high
oxygen pressure to obtain the orthorhombic samples f
La12xPrxNiO3 to EuNiO3. This family exhibits an insulator-
metal transition at a temperatureTt ~Ref. 5! and a transition
to an unusual long-range antiferromagnetic order below
TN<Tt ~Ref. 6! that has been interpreted7 to be a charge-
density wave/spin-density wave~CDW/SDW! phase. The
metal-insulator transition atTt was suggested5,8 to be the
opening of a charge-transfer gap between the O-2p and up-
per Mott-Hubbard band in a globally homogeneous el
tronic phase and the decrease inTN with decreasing toler-
ance factor to indicate that the spins are associated
localized electrons in the antiferromagnetic phase. With
interpretation, the observation9,10 that Tt decreases sharpl
with hydrostatic pressure was attributed to an increasint
factor, and adt/dP50.0004/kbar was calculated. On th
other hand, the observation11 that substitution of18O for 16O
in NdNiO3 increasesTt5TN by 10.3 K without introducing
PRB 610163-1829/2000/61~7!/4401~4!/$15.00
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any change int or Wb demonstrated that some oxygen vibr
tional frequencyvO plays an important role in the determ
nation of Tt . Retaining the assumption thatTt occurs at a
critical bandwidth, it was suggested that the bandwidth ha
form analogous to the Holstein12 polaron bandwidth

W5Wb exp~2l«p /\vO!, ~2!

wherevO
21 is the period of the cooperative oxygen displac

ments that define a polaron and stabilize it by an energy«p ;
l5«p /Wb is a measure of the strength of the electron co
pling to the atomic displacements. However, the LnNi3
family is single valent, a condition that is incompatible wi
polaron formation; and this problem was not addressed.

In this paper we report resistivityr(T) and thermoelectric
power a(T) under different hydrostatic pressuresP for
LaNiO3, PrNiO3, NdNiO3, and Sm0.5Nd0.5NiO3 in order ~1!
to clarify the character of the narrow-band electrons b
above and belowTt , ~2! to show that the dramatic effect o
pressure is not due to an increase int that broadensWb , but
is primarily due to a stiffening of the frequencyvO , and~3!
to provide a signature that allows monitoring with transp
measurements the variation withP of TN as well asTt .

Our experiments used ceramic samples of LaNiO3,
PrNiO3, NdNiO3, and Sm0.5Nd0.5NiO3 that provide the
chemical variation needed to cover the important evolut
with t of Tt andTN . All samples were synthesized under 60
bar oxygen pressure at 1080 °C, they were shown by x-
diffraction to be single phase. The oxygen content of ea
was determined to be 3.0060.01 by thermogravimetric
analysis in 50-50 H2-Ar atmosphere. The transport measur
ments were made under pressure in a Be-Cu self clamp

1. LaNiO3. Figure 1~a! shows ther(T) anda(T) data for
rhombohedral LaNiO3 under pressuresP,14 kbar. Three
features are noteworthy:~a! The r(T) curves, which are
similar to those reported by others,13,14 have a temperature
dependence typical for a Fermi liquid, but they are too h
and pressure sensitive for a conventional metal.~b! The low-
temperature phonon-drag enhancement, which has a m
mum atTmax'70 K in the oxide perovskites, is largely sup
pressed; but it is partially restored by pressure.~c! A
4401 ©2000 The American Physical Society



-

4402 PRB 61BRIEF REPORTS
FIG. 1. The resistivityr(T)
and thermoelectric powera(T)
under different hydrostatic pres
sures for~a! LaNiO3, ~b! PrNiO3,
~c! NdNiO3, and ~d!
Sm0.5Nd0.5NiO3.
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the
du(a(300 K)u/dP.0, wherea is enhanced by 15% in 14
kbar pressure, indicates an anomalous increase inm* with
pressure. Features~b! and ~c! have also been found fo
CaVO3 and LaCuO3.

15,16 Independently photoemission spe
troscopy~PES! has provided direct evidence for coexisten
of two electronic phases in the system Sr12xCaxVO3 with a
maximum inm* at an intermediate value ofx and a continu-
ous transfer of spectral weight from Fermi-liquid to stron
correlation states with increasingx.17 On the other hand, the
unusual relation between bandwidth and effective ma
which is contrary to the prediction from a homogeneo
model, could be used as evidence for heterogeneity. Pres
transfers spectral weight from strong correlation to Fer
liquid states. The unusual pressure dependence of the
electric power, shown in Fig. 1~a!, therefore indicates tha
two electronic phases coexist in this ‘‘metallic’’ phase
LaNiO3. The features~a! and~c! found for LaNiO3 were also
observed in the orthorhombic LnNiO3 samples, Figs. 1~b!
and 1~c!; feature~b! could not be observed in the orthorhom
bic samples as the maximum pressure available to us
insufficient to suppressTt completely. Therefore, we ma
conclude that the ‘‘metallic’’ phase aboveTt in the ortho-
rhombic perovskites also contains two electronic phases
result of the lattice instability associated with a first-ord
Mott-Hubbard transition. Phase fluctuations in a sing
valent system would narrow the bandwidth of itinerant el
tron to give rise to the bandwidth

W5Wb exp~2l«sc /\vO!, ~3!

where«sc is the stabilization energy for a cluster defined
cooperative oxygen displacements of periodvO

21 and l
;«sc /Wb .

2. Pressure dependence ofWb . Figure 1~b! shows the
r(T) and a(T) data for orthorhombic PrNiO3 under pres-
suresP,15 kbar. At atmospheric pressure, the first-ord
insulator-metal transition atTN5Tt'130 K seen in ther(T)
curve is matched by a sharp increase atTt in the magnitude
ua(T)u of the thermoelectric power. Between 2.7 and 4
kbar, the low-temperature (T<50 K) r(T) curve changes
-

s,
s
ure
i-
o-

as

a
r
-
-

r

from a semiconductive to a metallic temperature dep
dence; and with increasing pressureP>4.7 kbar, the jump in
r(T) andua(T)u at Tt decreases withTt , disappearing above
13 kbar even though a weakly first-order transition is
tained atTt'80 K, Fig. 2. The remarkable change inr~15 K!
by six orders of magnitude is an intrinsic phenomenon
cannot be attributed to a change in grain-boundary cond
tion under pressure as ther(T) curve shows little change
with pressure at temperaturesT.Tt . These unusual data in
dicate that pressure increases dramatically the number an
mobility of the charge carriers in the CDW/SDW phase ov
a limited pressure rangeDP'10 kbar.

Comparison of Figs. 1~a! and 3~a! shows that
O-orthorhombic PrNiO3 at 14.9 kbar has a lower resistivit
than R-rhombohedral LaNiO3 at a similar pressure. More
over, r(T) retains a significant residual value in LaNiO3

whereasr(T) for PrNiO3 under 14.9 kbar extrapolates to
much lower residual value atT50 K. In addition, a larger
ua~300 K!u in PrNiO3 than in LaNiO3 increases with pressure
There is no indication of an approach under pressure to

FIG. 2. Variations with pressure ofTt and the resistivity at 15 K
for PrNiO3.
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FIG. 3. Comparisons of the re
sistivity r(T) and thermoelectric
power a(T) for two compounds
with approximately the sameTt ,
one at atmospheric pressure an
the other under hydrostatic pres
sure.
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O-R phase boundary as would be expected from Fig. 2
Ref. 5 if hydrostatic pressure simply increasedt.

Figure 1~d! shows thata(T) increases on cooling throug
the intervalTN,T,Tt in Sm0.5Nd0.5NiO3 ; the magnitude of
this interval changes little asTN and Tt are lowered with
increasing pressure, which again is contrary to what wo
be expected from Fig. 2 of Ref. 5 if hydrostatic pressu
simply increasedt.

We conclude, therefore, that pressures below 15 k
have a relatively small influence onWb , which means that, if
Tt occurs at a critical bandwidthWc , the principal contribu-
tion to the largedTt /dP,0 is associated with a pressu
dependence ofvO in Eq. ~3!. It follows that the remarkable
change with pressure in the number and/or mobility of
charge carriers in the CDW/SDW phase is also associ
with a pressure dependence ofvO .

3. Comparisons for sameTt with/without pressure. Wha
determinesTt at atmospheric pressure appears to be
bandwidthW. The large isotope shift inTt with no change in
f can, in principle, be accounted for with aW described by
Eq. ~3!. Under pressure, the oxygen vibration frequencyvO
would increase with a reduction of the~Ni-O! equilibrium
bond length. AlthoughWb appears to change little with pres
sure, it is narrowed by reducing the size of the Ln31 ion. On
the other hand,vO increases sensitively with pressure a
may be relatively insensitive to the anglef. Therefore, the
application of pressure to a sample of narrowerWb to make
Tt equal to that of a sample with largerWb would give rise to
quite different transport properties andTN where these prop
erties depend strongly onvO . Figure 3 compares the phys
cal properties of two samples with roughly the sameTt ; the
one with the smaller Ln31 ion is under pressure. The figur
clearly demonstrates three features:~1! a remarkable differ-
ence inr(T) belowTt , ~2! a sharp difference ina(T) below
Tt between the samples withTN5Tt and the one withTN
,Tt , and ~3! a change from a first-order transition atTN
5Tt to a second-order transition atTN andTt whereTN and
Tt are separated from one another.

Discussion. Neutron-diffraction data18 for PrNiO3 and
NdNiO3 have shown that the~Ni-O! bond length in the me-
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tallic phase is identical and temperature-independent in
two compositions; but on cooling throughTt , the ~Ni-O!
bond length increases discontinuously by 0.0035 Å, wh
decreases the Ni:e2O:2ps overlap integral and therefor
the covalent-mixing parameterls entering the bandwidth
Wb'«sls

2 cosf of Eq. ~1!. The data also show a decrease
the (180°2f) Ni-O-Ni bond angle with decreasing temper
ture, a discontinuous change of 0.5° occurring atTt . Al-
thoughWb is clearly narrower in the CDW/SDW phase, th
changes in cosf and ~Ni-O! bond length are not large
enough to signal a global change from itinerant to localiz
electronic behavior. In support of this conclusion, low
temperature neutron-diffraction data6 have shown an unusua
alternation of ferromagnetic and antiferromagnetic Ni-O-
interactions belowTN ; such a long-range ordering woul
stabilize only a modest increase in the volume of stron
correlated electrons and would therefore require a relativ
small discontinuous increase in the mean lattice volume
Tt . In fact, the first-order character of the transition d
creases asTt increases as is made even more evident in F
1~d!. The change from a weakly first-order to a second-or
transition at Tt.TN gives strong support that an orde
disorder transition occurs atTt . We need finally to conside
why TN decreases with increasing anglef and how the trans-
port properties become so sensitive to pressure belowTt .

A localized spin configuration on the Ni~III ! would give a
ferromagnetic Ni-O-Ni interaction via coupling to dynami
cooperative Jahn-Teller deformations of the NiO6/2
octahedra.19 The decrease ofTN with decreasing bandwidth
would therefore appear to reflect itinerant-electron behav
with a transition from a SDW toward ferromagnetic ord
with band narrowing as occurs in the system La12xYxTiO3.

20

Stabilization of the CDW introduces an energy discon
nuity at the Fermi surface in the@111# direction, but two-
dimensional conduction is still possible in the~111! planes.
Therefore, we conclude that a change of six orders of m
nitude in the low-temperature resistivity of PrNiO3 with the
application of 15 kbar pressure, Fig. 2, reflects primarily
change in the electron mobility. Formation of a CDW r
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quires a periodvO
21,th for the oxygen displacements th

define it; and the time for an electron to tunnel to a neig
boring Ni atom is, according to the uncertainty princip
th;\/W. Therefore, stabilization of the CDW occurs at
critical ratio W/\vO below which the electron mobility be
comes activated. The electron mobility in theT.Tt phase is
not activated, sor(T) has a metallic temperature depe
dence. In the CDW phase, pressure increasesvO and broad-
ens W according to Eq.~3!, which decreases bothTt and
more dramatically the activation energy in the mobilit
From Figs. 1~b! and 2, the activation energy vanishes belo
Tt under a pressureP.10 kbar. The CDW appears to stab
lize the ratio of the volumes of the strong-correlation a
Fermi-liquid phases, preventing further transfer of spec
weight and ‘‘melting’’ under pressure in the pressure ran
studied. Nevertheless, pressure would decrease the en
gap at the Brillouin-zone boundary introduced by the tra
lational symmetry of the CDW, so the changeDn in the
density of charge carriers on cooling throughTt also de-
creases with pressure. The activation energy in the mob
vanishes beforeDn as well asTt , so a metallic temperatur
an
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dependence ofr(T) is found belowTt whereDn remains
finite.

In conclusion, a systematic measurement of the trans
properties under pressure provides important insights ab
nickelates; ~1! hydrostatic pressure changes the met
insulator transition temperatureTt by strengthening the oxy
gen vibration frequencyvO instead of changing the toleranc
factor t as previously thought,~2! the metal-insulator transi
tion at Tt has been proven to be incompatible with a Mo
Hubbard transition but consistent with ordering of tw
phases,~3! the pressure dependence of the thermoelec
power in the normal state is similar to that of CaVO3 in
which the coexistence of metallic and Mott-insulator pha
has been detected by PES,~4! the paramagnetic insulato
phase shows a large positive thermoelectric power.
magnetic-susceptibility study21 has provided further proo
for conclusion~2!.
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