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Probing the metal-insulator transition in Ni(lll )-oxide perovskites
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Systematic measurements of the resistiwifff) and thermoelectric powet(T) under hydrostatic pressure
have been made on single-valent perovskites of the family Lgi@=La, Pr, Nd, SrgsNd, 5); they distin-
guish the influences of chemical and hydrostatic pressure on the insulator-metal transition occurring at a
temperaturel,. The data suggest the coexistence abdyef 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 T, .

The LnNiO, perovskites contain low-spin Ni(l ):t®e'  any change i or W, demonstrated that some oxygen vibra-
configurations, and one electron per(INi) occupies an or- tional frequencywg plays an important role in the determi-
bitally twofold-degenerate™ band ofe-orbital parentage of nation of T,. Retaining the assumption th@t occurs at a
the NiQ; array. The tight-binding width of the narrow* critical bandwidth, it was suggested that the bandwidth has a
band is controlled by the (186°¢) Ni-O-Ni interactions form analogous to the Holstémpolaron bandwidth
and is given by

W=W,exp(—\e,/wo), 2
Wyp~e,\2 cosg, 1)

wherewgl is the period of the cooperative oxygen displace-
where ¢, is a one-electron energy and, is the Nie ments that define a polaron and stabilize it by an eneggy
—0:2p,, covalent-mixing parameter for the-bondingd A =¢,/W, is a measure of the strength of the electron cou-
electrons ofe symmetry. Substitution of a smaller £hion  pling to the atomic displacements. However, the LnNiO
for La®" increasesp by increasing the mismatch of the equi- family is single valent, a condition that is incompatible with
librium Ln-O and Ni-O bond lengths. The critical enery  polaron formation; and this problem was not addressed.
is, in this case, the on-site coulomb energy to add an electron In this paper we report resistivig(T) and thermoelectric
to a low-spin Ni(ll)t%?! configuration to make it power a(T) under different hydrostatic pressurds for
Ni(11)t%2. Metallic LaNiO; exhibits an enhanced Pauli LaNiOz; PrNiO;, NdNiO;, and SrggNd, NiO; in order (1)
paramagnetisr, which indicates that the bandwidth ap- to clarify the character of the narrow-band electrons both
proaches the Mott-Hubbard transition from the itinerant-above and below,, (2) to show that the dramatic effect of
electron side. Therefore substitution of a smallefLion  pressure is not due to an increase that broaden®V,,, but
for La®>", which increases in Eq. (1), allows one to study is primarily due to a stiffening of the frequenay, , and(3)
experimentally the Mott-Hubbard transition. Although theto provide a signature that allows monitoring with transport
metallic character of rhombohedral LaNj@as established measurements the variation wikhof Ty as well asT;.
in 19652 it was not until 1991 that Lacorret al* used high Our experiments used ceramic samples of La\iO
oxygen pressure to obtain the orthorhombic samples fronPrNiO;, NdNiO;, and SngsNd,sNiO5; that provide the
La; - Pr,NiO5 to EuNiO;. This family exhibits an insulator- chemical variation needed to cover the important evolution
metal transition at a temperatufe (Ref. 5 and a transition  with t of T, andTy . All samples were synthesized under 600
to an unusual long-range antiferromagnetic order below &ar oxygen pressure at 1080 °C, they were shown by x-ray
Ty<T, (Ref. 6 that has been interpretetb be a charge- diffraction to be single phase. The oxygen content of each
density wave/spin-density wave€CDW/SDW) phase. The was determined to be 3.8M.01 by thermogravimetric
metal-insulator transition aT, was suggestéd to be the analysis in 50-50 kAr atmosphere. The transport measure-
opening of a charge-transfer gap between thepOa@d up- ments were made under pressure in a Be-Cu self clamp.
per Mott-Hubbard band in a globally homogeneous elec- 1.LaNiO;. Figure 1a) shows thep(T) and«(T) data for
tronic phase and the decreaseTig with decreasing toler- rhombohedral LaNi@ under pressure®<14kbar. Three
ance factor to indicate that the spins are associated witfeatures are noteworthy@ The p(T) curves, which are
localized electrons in the antiferromagnetic phase. With thisimilar to those reported by others!* have a temperature
interpretation, the observatiol that T, decreases sharply dependence typical for a Fermi liquid, but they are too high
with hydrostatic pressure was attributed to an increasing and pressure sensitive for a conventional métalThe low-
factor, and adt/dP=0.0004/kbar was calculated. On the temperature phonon-drag enhancement, which has a maxi-
other hand, the observatibrthat substitution of%0 for 20 mum atT,,,~70K in the oxide perovskites, is largely sup-
in NdNiOj; increasesl;=Ty by 10.3 K without introducing pressed; but it is partially restored by pressute. A
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d|(«(300K)|/dP>0, where« is enhanced by 15% in 14 from a semiconductive to a metallic temperature depen-
kbar pressure, indicates an anomalous increase*invith ~ dence; and with increasing pressé#e 4.7 kbar, the jump in
pressure. Featuregh) and (c) have also been found for p(T) and|«(T)| atT, decreases witfi,, disappearing above
CaV0; and LaCuQ.*®*Independently photoemission spec- 13 kbar even though a weakly first-order transition is re-
troscopy(PES has provided direct evidence for coexistencetained afT,~ 80 K, Fig. 2. The remarkable changed(i5 K)

of two electronic phases in the system SiICa VO3 with a by six orders of magnitude is an intrinsic phenomenon; it
maximum inm* at an intermediate value afand a continu-  cannot be attributed to a change in grain-boundary conduc-
ous transfer of spectral weight from Fermi-liquid to strong-tion under pressure as th&T) curve shows little change
correlation states with increasirxgl? On the other hand, the W|th pressure at temperatur@? Tt i These unusua' data in-
unusual relation between bandwidth and effective massjjcate that pressure increases dramatically the number and/or

which is contrary to the prediction from a homogeneousygpjjity of the charge carriers in the CDW/SDW phase over
model, could be used as evidence for heterogeneity. Pressutgiited pressure rang&P~ 10 kbar.

transfers spectral weight from strong correlation to Fermi- Comparison of Figs. (8 and 3a shows that

quuid.states. The unus_ual pressure dependence of th(:“rm%'-orthorhombic PrNi@ at 14.9 kbar has a lower resistivity

electric power, shown in Fig. (&), therefore indicates that than R-rhombohedral LaNi .at a similar pressure. More-

two electronic phases coexist in this “metallic” phase of : : @ . P L .
over, p(T) retains a significant residual value in LaNiO

LaNiO;. The featurega) and(c) found for LaNiO; were also .
observed in the orthorhombic LnNiGsamples, Figs. (b) whereasp(T) for PrNiO; under 14.9 kbar extrapolates to a
much lower residual value &=0 K. In addition, a larger

and Xc); feature(b) could not be observed in the orthorhom- - ) X b s
bic samples as the maximum pressure available to us wag(300 K| in PrNiO; than in LaNiQ increases with pressure.

insufficient to suppres3, completely. Therefore, we may 1here is no indication of an approach under pressure to the
conclude that the “metallic” phase abovk in the ortho-

rhombic perovskites also contains two electronic phases asa 150+
result of the lattice instability associated with a first-order o T - 10*
Mott-Hubbard transition. Phase fluctuations in a single- - P (5K) L 10?
valent system would narrow the bandwidth of itinerant elec- & - -
tron to give rise to the bandwidth E 1004 - 10% %
g =
W=W, exg —\ecc/h o), 3) = fot g
b
wheree. is the stabilization energy for a cluster defined by ~ § - 10° %
cooperative oxygen displacements of peria@l and A g 509 00 8
-~ SSC/Wb . P: 5 =
2. Pressure dependence \0f,. Figure 1b) shows the - 107
p(T) and a(T) data for orthorhombic PrNiQunder pres- 0 L 107
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suresP<15kbar. At atmospheric pressure, the first-order
insulator-metal transition &ty=T;~ 130K seen in the(T)
curve is matched by a sharp increas@ ain the magnitude
|a(T)| of the thermoelectric power. Between 2.7 and 4.7 FIG. 2. Variations with pressure @ and the resistivity at 15 K
kbar, the low-temperatureT50K) p(T) curve changes for PrNiO;.
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O-R phase boundary as would be expected from Fig. 2 ofallic phase is identical and temperature-independent in the
Ref. 5 if hydrostatic pressure simply increaded two compositions; but on cooling through, the (Ni-O)
Figure 1d) shows thaw(T) increases on cooling through bond length increases discontinuously by 0.0035 A, which
the intervalTy<T<T, in Smy sNdy NiO3; the magnitude of  decreases the Ni=-0:2p, overlap integral and therefore
this interval changes little a$y and T, are lowered with  the covalent-mixing parametex, entering the bandwidth
increasing pressure, which again is contrary to what Woquwago)\Z cos¢ of Eq. (1). The data also show a decrease in
b_e exp_ected from Fig. 2 of Ref. 5 if hydrostatic pressurey,q (180° ¢) Ni-O-Ni bond angle with decreasing tempera-
S|mv|\3/Iy mcre?sded. theref that bel 15 kb ture, a discontinuous change of 0.5° occurringTat Al-
€ conclude, therelore, that pressures below . atrhoughWb is clearly narrower in the CDW/SDW phase, the
have a relatively small influence &M, , which means that, if : X
changes in cog and (Ni-O) bond length are not large

T, occurs at a critical bandwidt\/., the principal contribu- : ” .
tion to the largedT,/dP<0 is associated with a pressure enough to signal a global change from itinerant to localized
! electronic behavior. In support of this conclusion, low-

dependence obg in Eg. (3). It follows that the remarkable . .
P ° a3 demperature neutron-diffraction d&tsave shown an unusual

change with pressure in the number and/or mobility of th i ) . N .
charge carriers in the CDW/SDW phase is also associate@fternation of ferromagnetic and antiferromagnetic Ni-O-Ni

with a pressure dependence @, . inter.a.ctions belowTy; sgch a Iong—range ordering would
3. Comparisons for sanig, with/without pressure. What stabilize only a modest increase in the volume of strongly
determinesT, at atmospheric pressure appears to be th&orrelated electrons and would therefore require a relatively
bandw|dthw The |arge isotope Sh|ft ||7||'t W|th no Change in Sma” diSCOI’ltinuous increase in the mean Iattice VOIUme at
¢ can, in principle, be accounted for withVel described by T In fact, the first-order character of the transition de-
Eq. (3). Under pressure, the oxygen vibration frequengy  creases as; increases as is made even more evident in Fig.
would increase with a reduction of tH&i-O) equilibrium  1(d). The change from a weakly first-order to a second-order
bond length. AlthougW, appears to change little with pres- transition atT,>Ty gives strong support that an order-
sure, it is narrowed by reducing the size of thé'Lion. On  disorder transition occurs & . We need finally to consider
the other handwg increases sensitively with pressure andwhy Ty decreases with increasing anglend how the trans-
may be relatively insensitive to the angje Therefore, the port properties become so sensitive to pressure b&law
application of pressure to a sample of narrowmgy to make A localized spin configuration on the (il ) would give a
T, equal to that of a sample with larger, would give riseto  ferromagnetic Ni-O-Ni interaction via coupling to dynamic,
quite different transport properties amg where these prop- cooperative Jahn-Teller deformations of the NiO
erties depend strongly aag . Figure 3 compares the physi- octahedrd® The decrease of with decreasing bandwidth
cal properties of two samples with roughly the samethe  would therefore appear to reflect itinerant-electron behavior
one with the smaller L¥ ion is under pressure. The figure with a transition from a SDW toward ferromagnetic order
clearly demonstrates three featuréb: a remarkable differ- with band narrowing as occurs in the system L/, TiO3.%°
ence inp(T) belowT,, (2) a sharp difference ia(T) below Stabilization of the CDW introduces an energy disconti-
T; between the samples wiffiy=T; and the one withT nuity at the Fermi surface in thgl11] direction, but two-
<T,;, and(3) a change from a first-order transition & dimensional conduction is still possible in tk&l1) planes.
=T, to a second-order transition &t andT, whereTy and  Therefore, we conclude that a change of six orders of mag-
T, are separated from one another. nitude in the low-temperature resistivity of PrNj@ith the
Discussion. Neutron-diffraction dafafor PrNiO; and  application of 15 kbar pressure, Fig. 2, reflects primarily a
NdNiO3; have shown that théNi-O) bond length in the me- change in the electron mobility. Formation of a CDW re-
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quires a periodw'< 7, for the oxygen displacements that dependence op(T) is found belowT, where An remains
define it; and the time for an electron to tunnel to a neigh-inite.

boring Ni atom is, according to the uncertainty principle, In conclusion, a systematic measurement of the transport
mh~hIW. Therefore, stabilization of the CDW occurs at a properties under pressure provides important insights about
critical ratio W/% oo below which the electron mobility be- nickelates; (1) hydrostatic pressure changes the metal-
comes activated. The electron mobility in thie- T, phase is  insulator transition temperatufig by strengthening the oxy-
not activated, sg(T) has a metallic temperature depen- gen vibration frequencyg instead of changing the tolerance
dence. In the CDW phase, pressure increasgsnd broad- factort as previously thought2) the metal-insulator transi-
ens W according to Eq.(3), which decreases botli, and tion atT; has been proven to be incompatible with a Mott-
more dramatically the activation energy in the mobility. Hubbard transition but consistent with ordering of two
From Figs. 1b) and 2, the activation energy vanishes belowphases,(3) the pressure dependence of the thermoelectric
T, under a pressurB>10kbar. The CDW appears to stabi- power in the normal state is similar to that of Cay®

lize the ratio of the volumes of the strong-correlation andwhich the coexistence of metallic and Mott-insulator phases
Fermi-liquid phases, preventing further transfer of spectrahas been detected by PE®) the paramagnetic insulator
weight and “melting” under pressure in the pressure rangePhase shows a large positive thermoelectric power. A
studied. Nevertheless, pressure would decrease the energyagnetic-susceptibility stud§* has provided further proof
gap at the Brillouin-zone boundary introduced by the transfor conclusion(2).

lational symmetry of the CDW, so the changa in the

density of charge carriers on cooling throu@h also de- J. B. Goodenough and J.-S. Zhou thank the NSF and TC-
creases with pressure. The activation energy in the mobilitsUH. B. Dabrowski thanks ONR/DARPA for financial sup-
vanishes befordan as well asT;, so a metallic temperature port.
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