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Crystalline electric field of the rare-earth nickelatesRNiO3 „R5Pr, Nd, Sm, Eu, and Pr12xLax ,
0<x<0.7… determined by inelastic neutron scattering

S. Rosenkranz,* M. Medarde, F. Fauth, J. Mesot, M. Zolliker, and A. Furrer
Laboratory for Neutron Scattering, ETH Zu¨rich & Paul Scherrer Institute, 5232 Villigen PSI, Switzerland

U. Staub
Swiss Light Source Project, Paul Scherrer Institute, 5232 Villigen PSI, Switzerland

P. Lacorre
Laboratoire des Fluorures, UPRES-A CNRS 6010, Universite´ du Maine, 72085 Le Mans Cedex, France

R. Osborn
Materials Science Divison, Argonne National Laboratory, Argonne, Illinois 60439

R. S. Eccleston
ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot OX11 0QX, United Kingdom

V. Trounov
Petersburg Nuclear Physics Institute, 188358 Gatchina, Russia

~Received 29 July 1999!

The rare-earth based nickelatesRNiO3 (R5Pr, Nd, Sm, Eu, and Pr12xLax , 0<x<0.7) were studied by
inelastic neutron scattering. Energy splittings due to the crystalline-electric-field~CEF! interaction at theR31

site within the electronic ground-stateJ multiplet ~for R5Pr, Nd, and Pr12xLax) as well as within the two
lowest-lyingJ multiplets~for R5Sm and Eu! were directly observed, and the corresponding CEF energy-level
schemes were reconstructed. The latter were rationalized in terms of CEF parameters, which vary smoothly
over the rare-earth series and give magnetic properties associated with theR sublattice in agreement with
results from neutron powder diffraction experiments. Across the metal-insulator transition, a continuous
change in the electronic part of the CEF parameters is observed. However, an attempt to quantify a charge
transfer from the observed variation of the CEF parameters in an effective point charge model failed, probably
due to the strong covalency in these compounds. Across the structural transition occurring in Pr12xLaxNiO3 at
x50.7, a change in the symmetry of the CEF ground state is observed, which has a profound influence on the
thermodynamic properties.@S0163-1829~99!01145-5#
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I. INTRODUCTION

After the discovery of high-temperature superconductiv
in copper-oxide perovskites there has been increasing in
est in metal-oxide systems exhibiting high electrical cond
tivity. The nickelatesRNiO3 (R 5 rare earth! belong to
these systems, and they have the outstanding propert
displaying metallic conductivity even without doping1

Whereas LaNiO3 remains metallic in the whole temperatu
range, a sharp metal-insulator~MI ! transition has been ob
served for the nickelates withR5Pr, Nd, Sm, and Eu with
transition temperaturesTMI5 135, 200, 400, and 480 K
respectively.2 It was found thatTMI depends strongly on bot
internal~chemical! and external pressure with extraordinar
high values]TMI/]Pext'28 K/kbar.3,4 Neutron-diffraction
experiments revealed a linear relation between the me
insulator transition and the tilting angle of the NiO6
octahedra.5,6 For R5Pr and Nd, the MI transition is accom
panied by a long-range antiferromagnetic ordering of the
sublattice, whereas forR5Sm and Eu, the Ne´el temperature
is much lower than TMI (TN5223 and 205 K,
respectively!.7–9 The phase diagram resulting from
PRB 600163-1829/99/60~21!/14857~11!/$15.00
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resistivity,2 muon spin relaxation,7 and neutron-scattering
experiments8–13 of all the rare-earth nickelates studied in th
present work is shown in Fig. 1.

The MI transition in the nickelates is believed to be a
companied by a loss of covalency in the Ni-O bonds, i.e
transfer of electrons from the Ni to the O sites.5,7 Through
studying the crystalline-electric-field~CEF! interaction at the
R site, such a charge transfer could possibly be observe
was recently demonstrated for the cupratesRBa2Cu3Ox (6
<x<7) with R5Er ~Ref. 14! and Ho~Ref. 15!. In order to
be able to arrive at such a conclusion, however, a very
tailed knowledge of the CEF interaction is required. T
CEF interaction is also important to rationalize the observ
magnetic moment of the rare-earth ions in SmNiO3 and
NdNiO3 induced by theR-Ni exchange coupling.16 Another
important aspect is the behavior of the Pr31 CEF ground
state across the transition from the orthorhombic to
rhombohedral symmetry in Pr12xLaxNiO3 ~see Fig. 1!. For
this transition, a change of the ground-state symmetry fro
singlet to a non-Kramers doublet is possible, which wou
strongly affect the thermodynamic properties. With the
considerations in mind, we investigated the CEF interact
14 857 ©1999 The American Physical Society
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of the rare-earth nickelates in detail by the inelastic neut
scattering~INS! technique, the experimental tool of choic
for studying optically opaque materials.

The synthesis as well as the structural, magnetic,
electronic properties of the rare-earth nickelates have
cently been reviewed in a comprehensive article
Medarde,16 to which we refer for further details. Here w
concentrate on the CEF interaction in these compounds.
tion II provides a brief introduction into the INS techniqu
applied to the measurements of CEF splittings. In Sec.
we summarize the symmetry aspects of the CEF interac
in the rare-earth nickelates. The experimental procedure
results, and the data analysis are presented in Sec. III. In
IV we discuss our results and give some final conclusion

II. INELASTIC NEUTRON SCATTERING „INS…

A. Neutron-scattering cross-section

The CEF interaction gives rise to discrete energy lev
that can be spectroscopically determined by the INS te
nique. In the experiment the sample is irradiated by a mo
chromatic neutron beam, and the scattered neutrons are
lyzed according to the energy transfer

\v5
\2

2m
~k0

22k1
2!, ~1!

wherem denotes the neutron mass, andk0 , k1 are the wave
vectors of incoming and scattered neutrons, respectively.
corresponding momentum transfer is given by

Q5k02k1 , ~2!

whereQ is the scattering vector. In these experiments b
energy gain and energy loss processes can be measured
the R31 ion is either excited from a lower to a higher sta
(\v.0) and the neutron loses the corresponding energy
vice versa. Therefore, one expects the measured energy
trum to exhibit resonance peaks that can be attributed
transitions between different CEF levels. In the analysis

FIG. 1. Phase diagram of rare-earth nickelatesRNiO3 as a func-
tion of the tolerance factort5dR-O/(A2dNi-O), where dR-O and
dNi-O denote the average first neighborR-O and Ni-O distance, re-
spectively. The solid symbols denote the solid solutio
Pr12xLaxNiO3.
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these peaks a unique identification of the observed tra
tions is only possible by considering the relative intensit
of the various transitions. For a system ofN noninteracting
ions the thermal neutron cross-section for the CEF transi
u i &→u j & is given in the dipole approximation by17

]2s

]V]v
5

N

Z S ge2

mec
2D 2

k1

k0
f 2~Q!e22We2Ei /kBT

3u^ j umpu i &u2d~Ei2Ej1\v!, ~3!

whereEi and Ej are the energies of the CEF statesu i & and
u j &, respectively,W is the Debye-Waller factor,f (Q) the
magnetic form factor, andmp the component of the magneti
moment operator perpendicular to the scattering vectorQ.
The remaining symbols have their usual meaning. Some
the transition matrix elementŝj umpu i & are zero by symme-
try, thus leading to strict selection rules for INS transition

One problem remains, namely the question whether pe
observed in the energy spectra really arise from CEF tra
tions or whether they result from other dynamic process
like phonon scattering. However, CEF transitions may
distinguished from phonon processes by the way in wh
the intensities vary with temperature and momentum tra
fer. As can be seen from the cross-section formula~3!, the
CEF intensity decreases with increasing modulus of the s
tering vectorQ according to f 2(Q), whereas the phonon
peak intensity usually increases withQ2 ~apart from the
modulation due to the structure factor!. Furthermore,
phonons obey Bose statistics, whereas the population of C
levels is governed by Boltzmann statistics.

B. Instrumental aspects

The determination of CEF excitations by neutro
scattering techniques requires a controlled access to the
ablesQ andv, which can be done in various ways. A ve
effective experimental method is triple-axis crystal spe
trometry in which an incident beam of neutrons with a we
defined wave vectork0 is selected from the white spectrum
of the neutron source by the monochromator crystal~first
axis!. The monochromatic neutron beam is then scatte
from the sample~second axis!. The intensity of the scattere
beam with wave vectork1 is measured by the analyzer cry
tal ~third axis! and the neutron detector, thereby defining t
energy transfer\v as well. The outstanding advantage of t
triple-axis spectrometer is that data can be taken at pred
mined points in reciprocal space~which is known as the
‘‘constant-Q’’ or ‘‘constant-v ’’ method!, so that single-
crystal measurements of the dispersion relation\v~Q! can
be performed in a controlled manner. For the present exp
ments we have used the triple-axis spectrometer MARC
the reactor Saphir of the Paul Scherrer Institute at Villig
~Switzerland! as well as the triple-axis spectrometer IN3
the high-flux reactor of the Institut Laue-Langevin
Grenoble~France!.

For experiments on polycrystalline materials vario
types of time-of-flight spectrometer are usually more app
priate. In direct time-of-flight spectrometers, the neutr
beam is monochromated by a series of choppers, which
duce pulses of neutrons with the desired wavelength as
as eliminate higher-order neutrons and prevent frame ove

s
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of pulses from different repetition periods. The monoch
matic neutron pulses are scattered from the sample, and
scattered neutrons are detected by arrays of neutron cou
covering a large solid angle. The energy transfer\v and the
modulus of the scattering vectorQ are then determined b
the flight time of the neutron~from the sample to the detec
tor! and the scattering angle~at which the detector is posi
tioned!, respectively. For the present experiments we h
used the time-of-flight spectrometers HET and MARI at t
spallation source ISIS of the Rutherford Appleton Labo
tory at Didcot~UK! as well as the time-of-flight spectromet
LRMECS at the spallation source IPNS of the Argonne N
tional Laboratory at Argonne~USA!.

C. The crystalline electric field „CEF…

The degeneracy of the free ionJ multiplets of a rare-earth
ion embedded in a crystal lattice is partly removed by
CEF potential produced by the charge distribution of
surrounding ligand ions. Using tensor operator techniqu
the CEF Hamiltonian takes the following form:18

HCEF5(
k

(
q52k

k

Bq
kCq

k , ~4!

where theBq
k denote the CEF parameters and theCq

k are
tensor operators of rankk. The point symmetry of the lattice
site in question and the orbital angular momentum of
individual magnetic electrons limit the number of indicesk
andq. In particular, the presence of a center of inversion
the ion site cancels all the odd terms; ap-fold axis of rotation
when chosen as polar axis reduces the Hamiltonian~4! to
terms with q5np ~n integer!. In addition, for the ~in
general! complex CEF parametersBq

k the relationB2q
k 5

(21q)(Bq
k)* holds. Thus, for the rare-earth nickelates w

f electrons, orthorhombic symmetry~point groupCs at theR
site! and the polar axis along thec direction, the CEF Hamil-
tonian involves terms withk52, 4, 6, and even indicesq,
where all the off-diagonal CEF parameters (qÞ0) are com-
plex, giving rise to fifteen independent CEF parameters.

Usually the CEF potential is treated as a perturbation
the ground-stateJ multiplet 2S11LJ alone. For the presently
studied compounds, however, this approximation canno
applied, since the overall CEF splittings of the rare-ea
nickelates are comparable in magnitude to the intermulti
splittings. This leads to a mixing of the differentJ multiplets
through the CEF interaction (J mixing!. Furthermore, due to
the spin-orbit coupling,SandL are no longer good quantum
numbers. Indeed, everyJ multiplet is composed of term
with different L, S, but sameJ ~intermediate coupling!. In
our calculations, we have addressed these effects in firs
der by including the electrostatic and spin-orbit interactio
in the Hamiltonian:18

H5Hel1HSO1HCEF, ~5!

where

Hel1HSO5 (
k52,4,6

Fkf k1jASO. ~6!
-
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The adjustable free-ion parametersFk and j correspond to
Slater electrostatic and spin-orbit integrals, respectively; t
have been taken from Ref. 19.ASO and f k represent matrix
elements for the angular parts of the spin-orbit and elec
static interactions, respectively, which have been tabula
by Nielson and Koster.20 In order to avoid the diagonaliza
tion of excessively large matrices~rank 2002 in the case o
Sm31) in the least-squares refinements, we used a comm
truncation scheme:21 First, the free-ion Hamiltonian~6! was
diagonalized separately for eachJ value for the givenFk and
j. The eigenvectors derived from this diagonalization we
then used to project the full Hamiltonian~5! to this new
intermediate-coupling basis. In the final diagonalizatio
only levels inJ multiplets below a certain energy were in
cluded. This cutoff energy was chosen such that change
the final energies and transition matrix elements^ j umpu i &
remained well below the experimental accuracy.

The number of observables resulting from neutro
spectroscopic CEF investigations is usually not sufficient
determine all the CEF parameters defining the Hamilton
~4!, thus some approximations have to be adopted. We
factorize each CEF parameterBq

k into a structural and an
electronic part:

Bq
k5gq

k^r k&Aq
k . ~7!

Here,Aq
k is a reduced CEF parameter describing the cha

distribution surrounding theR ion, ^r k& is thekth moment of
the radial distribution of the 4f electrons, and

gq
k5~21!qA 4p

2k11(j

1

Rj
k11

Y2q
k ~Q j ,F j ! ~8!

is a geometrical coordination factor as defined
Hutchings,22 in which Rj denotes the distance of thej th co-
ordinating ligand ion to the rare-earth ion andYq

k is a spheri-
cal harmonic. The sum in Eq.~8! is rapidly converging for
k54 andk56, thus the fourth- and sixth-order CEF param
eters are well defined by taking into account only t
nearest-neighboring coordination shell in the calculation
the geometrical coordination factorsgq

k . Moreover, as re-
peatedly shown in the past for several perovskite-ty
compounds,14,15 the reduced CEF parametersAq

k are essen-
tially independent ofk. We can therefore make use of th
correlation

Bq
k5

gq
k

g0
k

B0
k . ~9!

Furthermore, assuming that the electronic properties do
change when replacing a rare-earthR1 with another rare-
earth R2, the CEF parameters forR2 can be extrapolated
from the CEF parameters determined forR1 according to

Bq
k~R2!5

gq
k~R2!

gq
k~R1!

^r k~R2!&

^r k~R1!&
Bq

k~R1!. ~10!

The second-order terms of the CEF potential, on the ot
hand, have a long-range nature, so that Eq.~9! and Eq.~10!
do not apply.
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TABLE I. Structural parameters of Pr12xLaxNiO3 determined from neutron powder diffraction atT51.5 K, from Ref. 13. ForPbnmthe
Wyckoff positions are:R: 4c (x,y,1/4); Ni: 4b~1/2,0,0!; O1: 4c (x,y,1/4); O2: 8d (x,y,z). For R3̄c: R: 6a ~0,0,1/4!; Ni: 6b ~0,0,0!; O: 18e
(x,0,1/4). For each compound, the nearest-neighboringR-O distancesdR-O and their multiplicity are also given. The errors quoted a
statistical only.

Pr12xLaxNiO3 x50.05 x50.1 x50.15 x50.2 x50.25 x50.5 x50.7

Space group Pbnm Pbnm Pbnm Pbnm Pbnm Pbnm R3̄c
a ~Å! 5.4171~1! 5.4202~1! 5.4256~1! 5.4273~1! 5.4310~1! 5.4513~1! 5.4486~2!

b ~Å! 5.3823~1! 5.3815~1! 5.3828~1! 5.3800~1! 5.3756~1! 5.3760~1!

c ~Å! 7.6168~2! 7.6181~1! 7.6228~2! 7.6207~1! 7.6128~1! 7.6151~1! 13.0363~2!

R
x 0.9945~5! 0.9951~4! 0.9954~4! 0.9957~3! 0.9960~3! 0.9975~3!

y 0.0315~4! 0.0294~4! 0.0285~4! 0.0275~4! 0.0256~3! 0.0191~4!

B (Å2) 0.21~3! 0.24~3! 0.23~3! 0.18~3! 0.12~2! 0.36~2! 0.46~6!

Ni
B (Å2) 0.09~2! 0.05~2! 0.06~2! 0.05~2! 0.11~2! 0.30~2! 0.23~2!

O1
x 0.0704~4! 0.0695~3! 0.0686~3! 0.0674~3! 0.0659~2! 0.0627~3! 0.5503~4!

y 0.4921~4! 0.4921~4! 0.4942~4! 0.4934~4! 0.4941~3! 0.4965~5!

B (Å2) 0.20~4! 0.18~4! 0.24~4! 0.18~3! 0.18~3! 0.46~3! 0.58~5!

O2
x 0.7190~3! 0.7199~2! 0.7206~2! 0.7217~2! 0.7238~2! 0.7300~3!

y 0.2817~2! 0.2812~2! 0.2806~2! 0.2794~2! 0.2770~2! 0.2715~3!

z 0.0367~2! 0.0369~2! 0.0366~2! 0.0363~2! 0.0351~1! 0.0333~2!

B (Å2) 0.27~3! 0.19~3! 0.18~3! 0.20~2! 0.26~2! 0.43~2!

dR2O1 ~Å!

(31) 2.366~2! 2.369~2! 2.373~2! 2.378~2! 2.385~1! 2.401~1! (33) 2.450~1!

(31) 2.513~2! 2.523~2! 2.538~2! 2.537~2! 2.547~2! 2.591~2! (36) 2.696~1!

(31) 2.932~2! 2.919~2! 2.902~2! 2.900~1! 2.882~1! 2.832~2! (33) 2.998~3!

(31) 3.067~2! 3.067~1! 3.065~1! 3.062~1! 3.056~1! 3.056~2!

dR2O2 ~Å!

(32) 2.405~2! 2.404~2! 2.408~2! 2.414~2! 2.427~1! 2.457~2!

(32) 2.585~2! 2.588~2! 2.590~2! 2.589~2! 2.586~1! 2.586~2!

(32) 2.694~2! 2.702~2! 2.706~2! 2.710~1! 2.714~1! 2.744~1!

(32) 3.165~1! 3.156~1! 3.149~1! 3.137~1! 3.110~1! 3.050~1!

x2 0.68 0.60 0.51 0.56 0.59 1.96 13.04
RBragg 2.02 2.10 2.26 2.00 1.91 3.21 7.88
ad
f
ble

m-
ac-
In the analysis of the present data, we have partially m
use of Eq.~9! and Eq.~10! in order to keep the number o
fitting parameters smaller than the number of observa
~CEF energies and intensities! and to obtain good starting
e

s

parameters for the fitting procedure. The structural para
eters for the calculation of the geometrical coordination f
tors have been taken from Ref. 9 forR5Eu and Sm, Ref. 12
for R5Nd and Pr, and Ref. 13 forR5Pr12xLax . The rel-
TABLE II. Geometrical constraints used in the determination of the CEF parameters inRNiO3.

R R(B2
4)/B0

4 I(B2
4)/B0

4 R(B4
4)/I(B4

4) R(B2
6)/B0

6 I(B2
6)/B0

6 I(B4
6)/R(B4

6) R(B6
6)/B0

6 I(B6
6)/B0

6

Eu 0.165 1.072 0.167 20.272 0.536 20.031 20.238 20.017
Sm 0.125 0.956 0.206 20.248 0.534 20.037 20.266 20.004
Nd 0.136 1.031 0.374 20.213 0.523 20.017 20.296 20.036
Pr 0.104 0.891 0.396 20.207 0.497 0.004 20.308 20.011
Pr0.95La0.05 0.102 0.899 0.420 20.205 0.491 0.014 20.307 20.014
Pr0.90La0.10 0.104 0.896 0.434 20.207 0.491 0.018 20.316 20.014
Pr0.85La0.15 0.106 0.881 0.456 20.214 0.493 0.015 20.327 20.007
Pr0.80La0.20 0.097 0.860 0.462 20.205 0.486 0.018 20.315 20.004
Pr0.75La0.25 0.091 0.817 0.493 20.200 0.471 0.020 20.314 0.007
Pr0.50La0.50 0.089 0.720 0.607 20.212 0.433 0.030 20.343 0.036
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TABLE III. CEF parameters~in meV! for RNiO3 determined in the present work.

R B0
2 R(B2

2) I(B2
2) B0

4 I(B4
4) B0

6 R(B4
6)

Eu 223.460.5 20.0953I(B2
2) 257.760.8 281.2 97.2 276.2 2186.1

Sm 28.765.4 7.363.9 247.962.4 277.561.5 21.113B0
4 297.967.7 2142.867.6

Nd 219.163.4 18.861.2 280.361.0 2100.461.6 20.763B0
4 294.665.0 2164.561.0

Pr 28.361.6 28.761.0 262.260.4 298.862.4 46.963.0 261.666.0 2183.761.4
Pr0.95La0.05 28.262.0 29.062.0 262.361.2 2100.161.4 46.665.6 260.367.3 2186.062.7
Pr0.90La0.10 27.364.5 29.561.8 260.561.5 298.862.8 46.766.0 265.868.3 2184.965.7
Pr0.85La0.15 26.665.0 30.162.0 259.261.6 298.262.6 47.966.5 269.367.4 2185.366.2
Pr0.80La0.20 24.664.7 29.962.0 258.161.6 298.962.8 48.066.4 272.268.3 2185.966.0
Pr0.75La0.25 0.964.8 31.662.2 253.262.3 298.863.1 50.467.3 280.467.9 2185.267.0
Pr0.50La0.50 27.263.4 38.962.0 239.663.7 2104.162.5 48.265.4 268.668.0 2192.368.1
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evant structural parameters for the latter are listed in Tab
The geometrical constraints utilized in the data analysis
listed in Table II.

III. RESULTS AND DATA ANALYSIS

A. EuNiO3

The lowest-lyingJ multiplets of the free Eu31 ion are the
singlet and triplet states7F0 and 7F1. Thus, there is no CEF
splitting in the ground-stateJ multiplet, and the CEF poten
tial of the first-excitedJ multiplet is restricted to second
order terms in the Hamiltonian~4!. This gives the unique
opportunity to determine experimentally the long-range p
of the CEF potential in the rare-earth nickelates, which
difficult to estimate by any model calculation.

The experimental data and analysis for this compou
have already been published elsewhere23 and we only give a
brief summary of the results. In the experiments carried
on the time-of-flight spectrometer LRMECS, all three inte
multipet transitions from the ground state7F0 to the CEF
split first-excited multiplet7F1 were observed at energie
A534.5, B543.8, andC560.9 meV, respectively. For th
data analysis there are four adjustable parameters, the
CEF parametersB0

2, R(B2
2), andI(B2

2), as well as the spin-
orbit parameterj. A fit to the three observed energies alo
requires a constraint in the number of adjustable parame
thus the smallest CEF parameter,R(B2

2), was geometrically
correlated toI(B2

2). The best fitted parameters are listed
Table III. The spin-orbit parameterj, listed in Table IV,
turned out to be smaller by 1.5% than for the stand
(R:LaF3, Ref. 19! used in the remainder of the present wo
The reliability of the CEF parameters was checked by co

TABLE IV. Free-ion electrostaticFk and spin-orbitj param-
eters ~in meV! from Ref. 19 used in the calculation of the CE
interaction inRNiO3. ForR5Eu and Sm, the values ofj derived in
this work are given.NJ denotes the number ofJ multiplets included
in the calculation as described in Sec. II C.

R F2 F4 F6 j NJ

Eu 10306 7348 5276 163.360.5 15
Sm 9895 7089 4990 145.560.4 12
Nd 9053 6545 4433 109.8 4
Pr12xLax 8540 6242 4079 93.2 6
I.
re

rt
s

d

t
-

ree

rs,

d
.
-

paring the observed and calculated intensities of the C
split multiplet transitions according to the cross-section f
mula ~3!. As shown in Ref. 23, the agreement is excellen

Although the fourth- and sixth-order CEF paramete
could not be derived from the spectroscopic data, they h
some influence on the low-lying electronic states through
admixture of higherJ multiplets. This was taken into accoun
in the calculations using the corresponding CEF parame
of the isostructural compound NdGaO3,24,25 extrapolating to
EuNiO3 according to Eq.~10!, thereby obtaining the value
listed in Table III.

B. PrNiO3

The CEF interaction in PrNiO3 gives rise to a complete
lifting of the degeneracy of the ground-stateJ-multiplet 3H4
as shown in Fig. 2. Energy spectra obtained for PrNiO3 with
use of the triple-axis spectrometer MARC as well as
time-of-flight spectrometer MARI are shown in Fig. 3. The
is evidence for five inelastic linesA2E at 6.4, 15.0, 20.3,

FIG. 2. CEF states of Pr31 in PrNiO3. The arrows denote the
observed CEF transitions. The symmetry of the CEF states is g
in the notation of J. L. Prather, Nat. Bur. Stand. Monograph
1961.
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38, and 60 meV, respectively. The origin of these excitatio
can be derived from the dependence of their intensity
momentum transferQ ~shown in Fig. 4! and temperature
According to the cross-section formula~3!, the Q depen-
dence was modeled as

I ~Q!5I mf Pr
2 ~Q!e22Wm1I pQ2e22Wp1I mScat, ~11!

whereI m , I p , andI mScatdenote the magnetic, phononic, an
the Q-independent contribution from multiple scattering, r
spectively. The Debye-Waller factorsWx were described in
terms of the isotropic temperature factorsBx as Wx
5Bx(Q/4p)2. For the least-squares fitting of Eq.~11! to the
data shown in Fig. 4, the isotropic temperature factor for
magnetic contribution was held fixed at the valueBm5BPr
obtained from Rietveld refinements to neutron powder d
fraction data.12 The values forBp obtained from the best fits
to Eq. ~11! are in agreement with the phononic contributi
to the transitionsA–C (D,E) arising mainly from Pr and Ni
~O! modes. From this analysis, shown in Fig. 4, we conclu
that at small momentum transferQ all excitationsA–E are
of magnetic origin. The observed decrease in intensity w
increasing temperature~see Fig. 3! then unambiguously at
tributes these excitations to ground-state CEF transitions
depicted in Fig. 2.

For the data analysis we have therefore nine observab
namely five energies and four intensity ratios of differe

FIG. 3. Energy spectra of PrNiO3. The lines denote calculate
spectra forT510 K ~solid line! andT570 K ~dashed line! using
the CEF parameters given in Table III, convoluted with the inst
mental resolution function. The inset shows the observed and
culated intensity around transitionF at T570 K.

FIG. 4. Q dependence of the transitionsA–E in PrNiO3 mea-
sured on MARI with an incident energyEi5120 meV at T
510 K. The solid lines are the results from least squares fits to
~11!, consisting of a magnetic~dotted line!, a phononic~dashed
line!, and a constant contribution arising from multiple scatter
~dash-dotted line!.
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CEF transitions. This is clearly not sufficient to determi
the 15 CEF parameters, and some restrictions or correlat
have to be introduced in order to arrive at a reliable set
starting parameters for the least-squares fitting proced
First, for the second-order CEF parameters we have taken
values obtained for EuNiO3 ~see Sec. III A!. Second, for the
fourth- and sixth-order terms we extrapolated the CEF
rameters determined for NdGaO3 ~Refs. 24,25! to PrNiO3
according to Eq.~10! by including the eight nearest-neighbo
oxygen ions for the calculation of the geometry factorsgq

k .
Using these CEF parameters already gave a reasonabl
scription of the observed energy spectra displayed in Fig
We then examined in detail the influence of each CEF
rameter on the energy spectra and foundB0

4, I(B4
4), B0

6, and
R(B4

6) to be the leading CEF parameters for PrNiO3. In the
least-squares fitting procedures consequently all the lea
as well as all the second-order CEF parameters were allo
to vary independently, whereas the remaining CEF para
eters were correlated according to Eq.~9! as listed in Table
II. The results as listed in Table III reproduce the observ
energy spectra fairly well~see Fig. 3! both forT510 and 70
K. The discrepancy between the observed and calculated
tensity at 70 K for the transitionF, corresponding to the
excited transitions from the second to the third and fou
level as depicted in Fig. 2, is probably due to a Van Ho
singularity in the phonon density of states. Although the ph
non dispersions in theRNiO3 compounds have not been d
termined because single crystals are not available, the i
tructural NdGaO3 indeed shows three almost dispersionle
branches in this energy region.26

C. NdNiO3

The CEF interaction in NdNiO3 splits the tenfold degen
eracy of the ground-stateJ-multiplet 4I 9/2 into five Kramers
doublets as illustrated in Fig. 5. Energy spectra observed
NdNiO3 with use of the triple-axis spectrometer MARC a
shown in Fig. 6. Four ground-state CEF transitionsA–D
show up at energies of 11.2, 19.0, 66, and 72 meV, resp
tively, thus the CEF splitting pattern is completely dete
mined. In addition, at higher temperatures we have obser
an additional line at around 8 meV, corresponding to a tr
sition between the first- and second-excited CEF st

-
l-

q.

FIG. 5. CEF states of Nd31 in NdNiO3. Symbols are as in Fig.
2. The states (S1 , S3) are Kramers-conjugate states.
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Again, the number of observables~four energies and fou
intensity ratios! was not sufficient to determine all the di
posable CEF parameters independently, thus we proce
in the least-squares refinement as outlined in Sec. III B. F
thermore, the variation ofB4

4 had only a negligible influence
on the energy spectra and was therefore correlated toB0

4

according to Eq.~9!. The resulting CEF parameters, listed
Table III, provide an excellent description of the observ
energy spectra, as is seen in Fig. 6.

D. SmNiO3

The lowest-lyingJ multiplets of the free Sm31 ion are the
states6H5/2 and 6H7/2 which are split by the CEF interactio
in SmNiO3 into three and four Kramers doublets, respe
tively, as illustrated in Fig. 7. Figure 8 shows the ener
spectra observed for SmNiO3 with use of the time-of-flight
spectrometers HET and MARI. Within the ground-stateJ
multiplet there are two weak CEF excitationsA andB at 19
and 35 meV, respectively, superimposed on a phonon b
ground. Four ground-state CEF transitionsC–F into the
first-excitedJ multiplet show up at 132, 142, 160, and 17
meV, respectively. For the least-squares fit we used the s
procedure as outlined in Sec. III C. The starting values of

FIG. 6. Energy spectra of NdNiO3 measured on MARC with
fixed final energyEf514.7 meV atT510 K. Lines are as in Fig.
3.

FIG. 7. CEF states of Sm31 in SmNiO3. Symbols are as in Fig
2. The states (S1 , S3) are Kramers-conjugate states.
ed
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-
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e
e

CEF parameters gave already a very good description of
observed energy spectra. In the fitting procedure the C
parameters converged to the values listed in Table III. T
spin-orbit parameterj was also allowed to vary, however, i
contrast to EuNiO3, the fitted value listed in Table IV agree
very well with the standard value for Sm:LaF3.19 The agree-
ment between observed and calculated energies and int
ties is excellent for the excitedJ multiplet, whereas a de
tailed comparison for the intensities of the ground-stateJ
multiplet is made difficult because of the weakness of
CEF transitions compared to the phonon scattering in
energy range of interest.

E. Pr12xLaxNiO3

The study of the CEF interaction in the mixed compoun
Pr12xLaxNiO3 is of particular interest. Firstly, we can tun
the metal-insulator transition in the temperature ran
130 K>TMI>0 K upon variation of the La content up t
x50.25 and thereby investigate localization effects of t
electrons. Secondly, while the compound has orthorhom
symmetryPbnm for x,0.7, the system crystallizes in th
rhombohedral symmetryR3̄c for x>0.7. For rhombohedra
symmetry, the degeneracy of the ground-stateJ multiplet is
no longer completely lifted, but splits up into three sing
and three doublet CEF states. The CEF ground state

FIG. 8. Energy spectra of SmNiO3 at T510 K. Lines are as in
Fig. 3.

FIG. 9. Energy spectra of Pr12xLaxNiO3 measured on IN3 with
Ef513.7 meV atQ52.5 Å21 andT510 K. Lines are as in Fig.
3.
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14 864 PRB 60S. ROSENKRANZet al.
therefore be a doublet with basically different propert
compared to a singlet ground state.

Figure 9 shows the low-energy part of the spectra
served for orthorhombic Pr12xLaxNiO3 (0.05<x<0.50)
with use of the triple-axis spectrometer IN3. The groun
state CEF transitionsA, B, andC exhibit a different behavior
upon variation of the La contentx. The energy of the lineA
moves continuously to higher energies with increasingx,
whereas its intensity is decreasing. The energies of the l
B and C appear to be unaffected byx, but their intensities
change oppositely to each other. For all three CEF transit
we observe a broadening of the linewidths with increasingx,
which is most likely due to enhanced local structural inh
mogeneities around the Pr31 ions. All the above-mentioned
changes are also continuous at the transition from the in
lating (x<0.20) to the metallic (x>0.25) state, i.e., the CEF
interaction does not show any abrupt response to the e
tronic delocalization.

Since the changes of the observed energy spectra are
tinuous, we can perform the least-squares fitting proced
also in a continuous manner along the series with increa
La content. The resulting CEF parameters as listed in Ta

FIG. 10. Energy spectra of Pr0.5La0.5NiO3 measured on IN3 with
Ef513.7 meV atQ52.5 Å21. Lines are as in Fig. 3.
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III provide an excellent description of the observations, s
Fig. 9. It is important to note that the increased substitut
of Pr by La has little effect on the higher excited CEF tra
sitions D and E ~see Sec. III B! for which no experimental
data are available. However, the reliability of the CEF p
rameters can be checked by studying the temperature de
dence of the CEF spectra. This is shown in Fig. 10 fox
50.50. Again, the agreement between the observed and
culated energy spectra is rather good. Furthermore, as
11 shows, the CEF parameters vary smoothly but system
cally with x as expected.

Figure 12 shows energy spectra observed for rhombo
dral Pr0.3La0.7NiO3 with use of the triple-axis spectromete
IN3. The data are considerably different from the orthorho
bic analogs displayed in Fig. 9, and they have to be analy
on the basis of the CEF Hamiltonian for rhombohedral sy
metry:

HCEF5B0
2C0

21B0
4C0

41B3
4~C3

42C23
4 !1B0

6C0
6

1B3
6~C3

62C23
6 !1B6

6~C6
61C26

6 !, ~12!

where now all the CEF parameters are real quantities. W
out any further considerations, a reliable parametrization
the data would be extremely difficult. We therefore pr
ceeded in the following way. First, we calculated the reduc
CEF parametersAq

k for the pure Pr-compound according
Eq. ~7!. Using these reduced CEF parameters and the st
tural parameters given in Table I forR5Pr12xLaxNiO3 and
in Ref. 9 and 12 forR5Eu, Sm, Nd, and Pr, we then calcu
lated, according to Eq.~10!, the variation of the CEF param
eters across the rare-earth series expected from struc
changes alone~dotted lines in Fig. 11!. For R5Nd, Sm, and
Eu, the structural effects explain the variation of the C
parameters fairly well. However, this is not the case acr
theR5Pr12xLax series. This means that for an extrapolati
of the CEF parameters from the orthorhombic to the rho
bohedral structure, electronic effects have to be taken
m
bic to the
FIG. 11. Variation of the CEF parameters as a function of the tolerance-factort. The dotted lines denote the variation expected fro
structural changes alone. The solid lines denote the empirical laws used to extrapolate the CEF parameters from the orthorhom
rhombohedral structure as explained in Sec. III E.
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account as well. However, because the electronic eff
manifest themselves differently for different CEF paramet
~see Fig. 11!, we used empirical quadratic (k52) and linear
(k54,6) laws for the variation of the reduced CEF para
eters Aq

k(x), which, together with the structural variation
leads to the CEF parametersBq

k(x) shown as solid lines in
Fig. 11. The CEF potential of rhombohedral symmetry w
the polar axis along the@111# direction furthermore require
to be expressed by a rotationR(a,b,g) of the orthorhombic
frame of reference with the polar axis along@001#, where the
Euler angles area560°, cosb5A3/3, andg590°. The
CEF parametersBq

k(r ) of the rhombohedral state are the
related to the CEF parametersBq

k(o) in the orthorhombic
state by27

Bq
k~r !5(

q8
Bq8

k
~o!Dqq8

k , ~13a!

whereDmm8
j is defined by:

R~a,b,g!u jm&5(
m8

Dm8m
j

~a,b,g!u jm8&. ~13b!

Another problem is the number of oxygen ions that have
be included in the nearest-neighboring coordination shel
rhombohedral Pr12xLaxNiO3, which may be either nine o
twelve. As the calculations yield only minor differences b
tween the two cases, we used throughout a near
neighboring coordination shell comprising twelve oxyg
ions. The extrapolation described above predicts the C
ground state to be a doublet, followed by excited CEF sta
between 15 and 30 meV and a high lying CEF state at
meV, in reasonable agreement with the energy spectra sh
in Fig. 12. In the least-squares fitting procedure all the di
onal CEF parameters were allowed to vary independen
whereas the remaining CEF parameters were correlated
cording to Eq.~9!. The best fit was obtained for

B0
252063 meV B0

453463 meV B0
65213964 meV

B3
4521.09B0

4 B3
650.49B0

6 B6
657.73B0

6.

As Fig. 12 shows, these CEF parameters provide a rea
ably good description of the observed energy spectra at
temperatures, but as in the case of the orthorhombic c
pounds, there is again additional intensity at higher temp

FIG. 12. Energy spectra of rhombohedral Pr0.3La0.7NiO3 mea-
sured on IN3 withEf513.7 meV. Lines are as in Fig. 3.
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tures. However, theQ dependence of this additional scatte
ing, shown in Fig. 13 together with theQ dependence of
transition A, clearly indicates that this intensity is due
phononic rather than magnetic scattering.

The CEF splitting patterns of the mixed compoun
Pr12xLaxNiO3 are summarized in Fig. 14. The zero point
the energy scale corresponds to the weighted average o
the CEF levels in the ground-stateJ-multiplet 3H4. The most
crucial conclusion from our investigation concerns the nat
of the electronic ground state, which changes from a sin
to a doublet state at the orthorhombic-to-rhombohedral ph
transition. Accordingly, the thermodynamic properties a
expected to be drastically different in the two crystall
graphic states as discussed below.

IV. DISCUSSION

Because of the low symmetry at the rare-earth site
RNiO3, the CEF interaction contains many paramete
which make an unambiguous determination difficult. In t
present case, we made use of geometrical constraints t
duce the number of free parameters. A check of the relia
ity of the parameters can be obtained by examining the
havior as a function of the rare-earth, and by comparison
calculated thermodynamic properties with experiments. A
seen from Fig. 11, the CEF parameters determined in

FIG. 13. Q dependence of the scattering intensity
Pr0.3La0.7NiO3 measured on MARI with an incident energyEi

560 meV, integrated over the energy transfer range~a! \v514
61 and ~b! \v516.561 meV ~transition A). Lines are as in
Fig. 4.

FIG. 14. CEF energy level schemes of the Pr31 ions in
Pr12xLaxNiO3. The data points denote the observed energy lev
The symmetry notation is as in Fig. 2.



er

r
e
t

.
E

v
ta
ed
ye
-

u-
re
,
-N
ra
as
ar
om

th

ap

ro
y

uc

he
th
ra
c
rd
in
e
l,

o

ar
te

x
th
t

ns

ge
the
nt

b-

op-

nc-

by
ated
e
s is
so

n to
bo-
es
e
and
the
nt,
tho-
ibil-

er-

we
low

the
the

ac-

tran-
dis-

int
EF

14 866 PRB 60S. ROSENKRANZet al.
work vary smoothly over all the compounds studied. Th
are discontinuities in theBq

6 parameters forR5Sm and Nd,
which mainly arise because for these compoundsB4

4 was
correlated toB0

4, whereas it was freely varied for the P
compounds. Furthermore, the calculated saturation mom
mNd51.75 and mSm50.3 mB are in excellent agreemen
with the valuesmNd52.0(2) andmSm50.3(1) mB obtained
from neutron-diffraction studies of the magnetic ordering8,9

We therefore conclude that we have determined reliable C
parameters for allRNiO3 compounds investigated.

Although first synthesized almost thirty years ago,28 it
wasn’t until the renewed investigations following the disco
ery of high-temperature superconductivity that the me
insulator transition in the rare-earth nickelates was reveal2

The driving mechanism of the transition is, however, not
fully elucidated. Torranceet al.7 first suggested that the elec
tronic localization is due to the closing of the Ni-O-Ni s
perexchange angle by thermal contraction, which would
duce the Ni3d-O2p orbital overlap beyond a critical value
and thereby produce the gap opening. Since the Ni-O
angle at a given temperature decreases with decreasing
earth ionic size, this picture would also explain the incre
of TMI , and hence the semiconducting gap, along the r
earth series. More recently, the scenario has changed s
what after the observation of large18O-16O isotope shifts in
the MI transition temperatures of the first members of
series (R5Pr, Nd, Sm, Eu!,6 and a 2Ni31→Ni31a

1Ni32a (a'0.35) charge disproportionation at the g
opening in the heavy rare-earth nickelate YNiO3.29 Though
these results clearly establish the importance of the elect
lattice coupling as driving force for the MI transition, the
are not in contradiction with the decrease of the Ni3d-O2p
hybridization along the series inferred from previous str
tural studies.

As already noted in Sec. III E and shown in Fig. 11, t
CEF parameters show an increasing departure from
variation expected if changes were controlled by structu
effects only. This indicates an increasing change of the lo
charge distribution surrounding the rare-earth ion towa
the insulator-metal transition, possibly due to the increas
Ni3d-O2p hybridization. In an attempt to quantify thes
changes, we make use of an effective point charge mode
which the reduced CEF parameters in Eq.~7! are directly
proportional to the charges at the nearest oxygen neighb
Choosing an arbitrary fixpoint forAq

k at R5Pr, i.e.,

Aq
k~R!5Aq

k~Pr !@12dq
k~R!#, ~14!

the change in the effective oxygen charges over the r
earth series is obtained from the observed CEF parame
the knowledge of the structural parameters, and Eq.~7!, Eq.
~10!, and Eq.~14! as

dq
k~R!512

Bq
k~R!

Bq
k~Pr !

gq
k~Pr !

gq
k~R!

^r k~Pr !&

^r k~R!&
. ~15!

Figure 15 shows the average change of the effective o
gen charge obtained from the freely varied fourth- and six
order CEF parameters. This analysis yields an increase in
effective oxygen charge towards the insulator-metal tra
e
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tion, in contrast to an increase of the Ni3d-O2p hybridization
inferred from the variation of the Ni-O-Ni superexchan
angle. This discrepancy is, however, most likely due to
shortcoming of the point charge model in strongly covale
compounds such as the nickelates.30,31

An important conclusion from our experiments is the o
servation of a change of the Pr31 ground-state symmetry
across the structural phase transition in Pr12xLaxNiO3,
which has a profound influence on the thermodynamic pr
erties. The latter are related to the partition functionZ, which
is easily calculated from the known CEF level structureEi :

Z5(
i

e2Ei /kBT. ~16!

In particular, we predict a change in the entropyDS'5
J/~mole K! between the rhombohedral (x50.7) and the
orthorhombic (x50.5) phase of Pr12xLaxNiO3 at T
510 K. Since the structural transition occurs also as a fu
tion of external pressure and temperature,5,32 the accompany-
ing change in entropy gives way for a cooling principle
adiabatic pressure application, as was recently demonstr
by Müller et al.33 Because of the strong dilution, long-rang
magnetic ordering induced by Pr-Pr exchange interaction
not expected to occur in the rhombohedral structure and
far, no sign of magnetic ordering has been observed dow
1.5 K. Nevertheless, the ground-state doublet in the rhom
hedral structure will eventually be split at low temperatur
either because of Pr31 dimer or hyperfine interactions. Th
strengths of these interactions are currently unknown
subject of further investigations since they determine
low-temperature limit for the cooling mechanism. At prese
however, we expect an entropy difference between the or
rhombic and rhombohedral phase, and therefore the poss
ity of cooling, down to the order of 100 mK.

In conclusion, we have investigated the crystal-field int
action in the RNiO3 compounds (R5Eu, Sm, Nd, and
Pr12xLax , x50, 0.05, 0.1, 0.15, 0.2, 0.25, 0.5, 0.7! by in-
elastic neutron scattering. Using geometrical constraints,
were able to determine the CEF parameters despite the
symmetry. The CEF parameters vary smoothly over all
compounds investigated and give a good agreement of
calculated magnetic properties with neutron powder diffr
tion investigations forR5Sm and Nd. The variation of the
CEF parameters towards and across the insulator-metal
sition indicates an increasing change of the local charge

FIG. 15. Average relative change of the effective oxygen po
charge obtained from the freely varied fourth- and sixth-order C
parameters. The line is a guide to the eye.
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tribution surrounding the rare-earth ion. However, an attem
to quantify a possible charge transfer failed because of
strong covalancy in these compounds. Across the struct
phase transition atx50.7, we found a change in the ground
state symmetry, which has pronounced effects on the t
modynamic properties, and opens the way for a new coo
technique by adiabatic pressure application.
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