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Crossover in the nature of the metallic phases in the perovskite-typeRNiO3
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We have measured the photoemission spectra of Nd12xSmxNiO3, where the metal-insulator transition and
the Néel ordering occur at the same temperature forx&0.4 and the metal-insulator transition temperature
(TMI) is higher than the Ne´el temperature forx*0.4. Forx<0.4, the spectral intensity at the Fermi level is
high in the metallic phase aboveTMI and gradually decreases with cooling in the insulating phase belowTMI

while for x.0.4 it shows a pseudogaplike behavior aboveTMI and further diminishes belowTMI . The results
clearly establish that there is a change in the nature of the electronic correlations in the middle (x;0.4) of the
metallic phase of theRNiO3 system.
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Many 3d transition-metal compounds undergo a met
insulator transition as a function of temperature, carrier c
centration, bandwidth, and so on.1,2 In these systems, elec
tron correlation generally plays an important role. V2O3,
NiS22xSex , NiS, andRNiO3 (R: rare earth! are well-known
bandwidth-controlled metal-insulator transition system
They undergo a transition from an antiferromagnetic insu
tor to a paramagnetic metal under high pressure or un
‘‘chemical pressure.’’ To understand their phase diagra
from a microscopic point of view is one of the major goals
the studies of strongly correlated systems and much theo
ical effort has been made so far along this direction.3,4 In
V2O3 ~Ref. 5! and NiS22xSex ,6 the metallic phase exists o
the lower temperature side of the paramagnetic insula
phase as predicted theoretically3 and as expected from th
large magnetic entropy in the paramagnetic insulating ph
On the other hand, the phase diagram ofRNiO3 has a pecu-
liar feature that the metallic phase exists on the higher t
perature side of the paramagnetic insulating phase as sh
in Fig. 1.7

The perovskite-type oxideRNiO3 belongs to the charge
transfer regime of the Zaanen-Sawatzky-Allen~ZSA!
diagram,8 and its ligand-to-metal charge-transfer energyD is
smaller than the 3d-3d Coulomb repulsion energyU(D
,U). Hence its band gap is given by;D2W, whereW is
the one electron bandwidth. Here,W is the width of the hy-
bridized Ni 3deg–O 2p s band.W depends on the Ni-O-N
bond angleu throughW}cos2u, and hence on the toleranc
factor t@[dR2O/A2dNi2O#.9 When the rare-earth ionic ra
dius becomes smaller and the crystal structure is more
torted,u and t become smaller than the ideal value of 18
and 1, respectively. Hence whether the band gap is o
(D*W) or closed (D&W) is determined by the degree o
deviation ofu from 180°. As illustrated in Fig. 1, the leas
distorted LaNiO3, which has the perovskite structure with
weak rhombohedral distortion, is a paramagnetic metal a
temperatures. The otherRNiO3 members, which have th
orthorhombic GdFeO3-type structure, undergo
temperature-induced metal-insulator transition. The me
insulator transition and the antiferromagnetic ordering oc
at the same temperature forR5Pr and Nd, while the metal
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insulator transition temperature (TMI) is higher than the Ne´el
temperature (TN) for the compounds withR5Sm and other
small rare earths. As a result, the metallic phase exists on
higher temperature side of the paramagnetic insula
phase. The boundary between these two types of phase
sitions is located between NdNiO3 and SmNiO3. In the
Nd12xSmxNiO3 system, TMI.TN for x*0.4, while TMI
5TN for x&0.4 ~Fig. 1!.

Recently, Voborniket al.10 reported that the temperatur
dependence of photoemission spectra nearEF in the insulat-
ing phase is different between NdNiO3 and SmNiO3, which
is probably related with the different magnetoresistance
haviors reported by Malliket al.11 In this paper, we report on
a systematic photoemission study of Nd12xSmxNiO3 as a
function ofx and temperature and indeed reveal quite diff
ent behaviors betweenx<0.4 andx.0.4. Based on this re
sult, we propose that there is a phase boundary or a cross
line within this series, which separates the two differe
kinds of metallic phases in theRNiO3 system.

Preparation and characterization of polycrystalli

FIG. 1. Phase diagram ofRNiO3 taken from Ref. 7. The hatche
area indicates the composition range for which we have meas
the photoemission spectra and the dashed lines indicates a
crossover or phase boundary line in the metallic phase propose
this study.
©2003 The American Physical Society01-1
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Nd12xSmxNiO3 (x50.0, 0.2, 0.4, 0.6, 0.8, 1.0! are described
elsewhere.11 TheTMI was measured by the differential sca
ning calorimetric method, and was 199.5 K for NdNiO3 and
400.2 K for SmNiO3. For theTMI of the intermediate com
positions, we have linearly interpolated between NdNi3
and SmNiO3 according to Frandet al.12 We have checked the
accuracy of this estimate by measuring theTMI of x50.6 to
be 324.4 K, which is higher than the interpolated value o

FIG. 2. ~Color! Temperature dependence of photoemission sp
tra in Nd12xSmxNiO3 for various x’s. The inset for each pane
shows spectra divided by the Fermi-Dirac function.

FIG. 3. ~Color! Normalized photoemission intensity atEF as a
function of normalized temperatureT/TMI .
07310
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by 4.4 K. A similar amount of deviation was also observ
by Frandet al.12 This small uncertainty inTMI , however,
does not affect our following discussions, as our data po
correspond to temperatures which are far above or far be
this uncertainty range. Oxygen stoichiometry was de
mined by the thermogravimetric analysis for Nd and S
samples and the compositions were found to be NdNiO3.01
and SmNiO2.99, respectively. Since intermediate compo
tions were synthesized under the same conditions as the
members, the oxygen stoichiometry in these compositi
also should be similar. Photoemission measurements w
carried out using a VSW hemispherical analyzer and a
He discharge lamp. The HeI~21.2 eV! resonance line was

c-

FIG. 4. ~Color! Composition dependence of the photoemiss
spectra Nd12xSmxNiO3. ~a! Spectra taken at the lowest temper
tures.~b! Spectra taken just aboveTMI . The inset shows the nor
malized intensity atEF just aboveTMI as a function ofx.
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used for excitation. The total-energy resolution was se
about 30 meV. Clean surfaces were obtained by repeatein
situ scraping at each measurement temperature. The
pressure of the spectrometer was better than
310210 Torr.

Figure 2 shows the photoemission spectra
Nd12xSmxNiO3 at various temperatures. All the spectra ha
been normalized to the integrated intensity in the indica
energy range, that is, from20.8 to 0.2 eV. The results fo
NdNiO3 and SmNiO3 are consistent with Voborniket al.
results,10 i.e., the spectra of NdNiO3 show a high intensity a
EF aboveTMI and decreasing intensity belowTMI . The in-
tensity decreases continuously with decreasing tempera
even well below TMI . The intensity in the range
2(0.3–0.7) eV, on the other hand, increases with decre
ing temperature indicating spectral weight transfer fro
2(0 –0.3) to2(0.3–0.7) eV. The spectra of SmNiO3 show
a weaker temperature dependence belowTMI . As for the
intermediate compositions, the spectra show a finite spe
weight transfer from the region 2(0 –0.3) to
2(0.3–0.7) eV, although its strength is intermediate b
tweenx50.0 andx51.0. In order to remove the effect of th
Fermi-Dirac distribution function and deduce the experim
tal ‘‘density of states’’~DOS!, we have divided the spectra b
the Fermi-Dirac distribution function broadened with
Gaussian corresponding to the experimental resolution
shown in the inset of each panel of Fig. 2. Forx<0.4, the
experimental DOS aboveTMI is almost flat or weakly in-
creases with energy. BelowTMI , the DOS atEF gradually
decreases with decreasing temperature. On the other h
the spectra forx.0.4 is pseudogaplike already aboveTMI .
Figure 3 shows the temperature dependence of the aver
intensity within 0.05 eV ofEF normalized in the same wa
as in Fig. 2. This figure brings out different behavior of t
regionsx<0.4 andx.0.4. Because of the pseudogap, t
averaged intensity forx.0.4 is nearly half compared to tha
for x<0.4 just aboveTMI . On the other hand, intensity jum
at TMI is almost the same betweenx<0.4 andx.0.4.

Figure 4 shows the Fermi-Dirac function-divided spec
taken at the lowest temperatures and just aboveTMI . The
spectra taken at the lowest temperatures are nearly iden
for all x’s. This suggests that the ground state is essenti
the same for allx’s, i.e., in the same antiferromagnetic ins
lating state.13 On the other hand, the spectra aboveTMI are
quite different betweenx<0.4 andx.0.4. The spectra for
x<0.4 are nearly flat aroundEF whereas the ones forx
50.6 and 0.8 show a weak pseudogaplike behavior. T
indicates that the paramagnetic metallic phase is diffe
betweenx<0.4 andx.0.4. As shown in the inset of Fig
4~b!, the averaged intensity within 0.05 eV ofEF just above
TMI changes atx;0.4. Here, the intensity has been norm
ized in the same way as Figs. 2 and 3. From these results
consider that a phase boundary or a crossover line e
within the high-temperature metallic phase atx;0.4.

There have been some reports which indicate that the
tallic phase may be different between NdNiO3 and SmNiO3.
According to the magnetic susceptibility measurement
NdNiO3 ~Ref. 18! and SmNiO3,19 the metallic phase o
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NdNiO3 is Pauli paramagnetic after the subtraction of t
rare-earth local-moment contribution, while that of SmNiO3

is Curie-Weiss like. This result would indicate that the m
tallic phase of NdNiO3 is essentially the same as that
Pauli-paramagnetic LaNiO3, while conduction electrons in
the metallic phase of SmNiO3 show local moment behavior
Due to the existence of the fluctuating local moment,
metallic phase of SmNiO3 would have a large magnetic en
tropy. If the entropy of the local moments plus that of t
conduction electrons in the metallic phase exceed the
tropy of the local moments in the paramagnetic insulat
phase, the metallic phase can exist on the higher tempera
side of the paramagnetic insulating phase across the fi
order metal-insulator phase boundary. In the Nd12xSmxNiO3
system, the bandwidth becomes narrower with Sm cont
makingD/W larger. We propose that with Sm content, the
3d electrons become more strongly correlated and the lo
magnetic moment is formed.

Finally, we comment on the origin of the strong tempe
ture dependence of the spectra in the insulating phase.
nadoset al.20,21 and Blasco and Garcia22 have reported tha
hysteresis belowTMI extends to a wide temperature range
to 70 K from the transport and calorimetric measureme
and proposed that the metallic and insulating phases coe
over this temperature range. The temperature dependen
the photoemission spectra in the insulating phase may
related to this unusually strong hysteresis. We may attrib
these strong hysteretic features to the coexistence of the
phases caused by disorder such as oxygen nonstoichiom
and/or rare-earth atom vacancies, which cannot be avoide
this kind of materials.23 In a system where both disorder an
electron correlation effect are important, the spectra m
show an unusual temperature dependence as reporte
Sarmaet al.24 on disorder-induced metal-insulator transitio
in LaNi12xMxO3 (M5Mn, Fe, and Co!. According to them,
while an insulating compound has a finite gap atEF at very
low temperatures, the gap closes at elevated tempera
Competing or cooperative behaviors between electron co
lation and disorder have not been investigated so far
have to be clarified in the future.

In conclusion, we have studied the temperature-depen
electronic structure of Nd12xSmxNiO3 by photoemission
measurements. While the spectra at the lowest tempera
are identical for allx’s, the spectra aboveTMI show a
pseudogap behavior forx.0.4, different from the spectra o
a typical metal forx<0.4. It appears that the appearance
the pseudogap is related with the appearance of local m
netic moment in the metallic phase ofx.0.4. We propose
that the nature of the metallic state is different between th
two composition ranges caused by a change in the stre
of electron correlation between the two regions.
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