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Crystalline electric field of the rare-earth nickelatesRNiO5; (R=Pr, Nd, Sm, Eu, and Pr,_,La,,
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The rare-earth based nickelatebliO; (R=Pr, Nd, Sm, Eu, and Pr,La,, 0<x=<0.7) were studied by
inelastic neutron scattering. Energy splittings due to the crystalline-electricG&8) interaction at theR3"
site within the electronic ground-stafemultiplet (for R=Pr, Nd, and Pr_,La,) as well as within the two
lowest-lyingJ multiplets(for R=Sm and Euwere 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 wighsihiglattice 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 occurripng, iraNiO5 at
x=0.7, a change in the symmetry of the CEF ground state is observed, which has a profound influence on the
thermodynamic propertie§S0163-182009)01145-3

[. INTRODUCTION resistivity? muon spin relaxatioh,and neutron-scattering
experiment& 2 of all the rare-earth nickelates studied in the
After the discovery of high-temperature superconductivitypresent work is shown in Fig. 1.
in copper-oxide perovskites there has been increasing inter- The MI transition in the nickelates is believed to be ac-
est in metal-oxide systems exhibiting high electrical conduc€companied by a loss of covalency in the Ni-O bonds, i.e., a
tivity. The nickelatesRNiO; (R = rare earth belong to  transfer of electrons from the Ni to the O sifesThrough
these systems, and they have the outstanding property sfudying the crystalline-electric-fielEF interaction at the
displaying metallic conductivity even without dopihg. R site, such a charge transfer could possibly be observed as
Whereas LaNi@ remains metallic in the whole temperature was recently demonstrated for the cupra®2a,Cu;O, (6
range, a sharp metal-insulat@vll) transition has been ob- =x<7) with R=Er (Ref. 14 and Ho(Ref. 15. In order to
served for the nickelates witR=Pr, Nd, Sm, and Eu with be able to arrive at such a conclusion, however, a very de-
transition temperature3),, = 135, 200, 400, and 480 K, tailed knowledge of the CEF interaction is required. The
respectively. It was found thafl, depends strongly on both CEF interaction is also important to rationalize the observed
internal(chemica) and external pressure with extraordinarily magnetic moment of the rare-earth ions in Smiié&nd
high valuesdTy, /P~ —8 Klkbar®* Neutron-diffraction ~ NdNiO; induced by theR-Ni exchange coupling® Another
experiments revealed a linear relation between the metalmportant aspect is the behavior of the>PrCEF ground
insulator transition and the tilting angle of the NIO state across the transition from the orthorhombic to the
octahedra:® For R=Pr and Nd, the MI transition is accom- rhombohedral symmetry in Pr,La,NiO; (see Fig. 1 For
panied by a long-range antiferromagnetic ordering of the Nihis transition, a change of the ground-state symmetry from a
sublattice, whereas fd®=Sm and Eu, the Nad temperature  singlet to a non-Kramers doublet is possible, which would
is much lower than T,, (Ty=223 and 205 K, strongly affect the thermodynamic properties. With these
respectively.”® The phase diagram resulting from considerations in mind, we investigated the CEF interaction
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Eu Sm Nd  Pr La these peaks a unique identification of the observed transi-
T T " cubic )g tions is only possible by considering the relative intensities
1000 Pm3m of the various transitions. For a systemfoninteracting
i T ions the thermal neutron cross-section for the CEF transition
- orthorhombic rhombohedral - i i\ i i i i i i
S sl P Fon A liy—|j) is given in the dipole approximation by
@ 2 2\ 2
. d N[ ye“\k
z 600 T 2| “1£2(Q)e~ W EilkeT
g 7 (9007(1) Z mecz kO
g i
£ 400 metallic i X |(j|m,|i)|28(E;— E;+fiw), (3)
[ insulating 1 whereE; andE; are the energies of the CEF statgsand
200 ] - 7] lj), respectively,W is the Debye-Waller factorf(Q) the
antiferromagnetic } magnetic form factor, anch, the component of the magnetic
1 ' ' 1 1

moment operator perpendicular to the scattering ve@or

The remaining symbols have their usual meaning. Some of
the transition matrix elementg|m,|i) are zero by symme-

FIG. 1. Phase diagram of rare-earth nickel&®®8O; as a func-  try, thus leading to strict selection rules for INS transitions.

tion of the tolerance factot=dg.o/(12dyi0), Where dg.o and One problem remains, namely the question whether peaks
dni.o denote the average first neighti®O and Ni-O distance, re- gpserved in the energy spectra really arise from CEF transi-
spectively. The solid symbols denote the solid solutionstions or whether they result from other dynamic processes,
Pr—,LaNIOs. like phonon scattering. However, CEF transitions may be

) i ) , i distinguished from phonon processes by the way in which
of the rare-earth nickelates in detail by the inelastic neutroqy,« intensities vary with temperature and momentum trans-

scattering(INS) Fechnique, the expeﬁmental tool of choice o As can be seen from the cross-section form@la the

for studying optically opaque materials. _ CEF intensity decreases with increasing modulus of the scat-
The $ynthe5|s as well as the structhaI, magnetic, a”?ering vectorQ according tof2(Q), whereas the phonon

electronic properties of the rare-earth nickelates have resqoo. intensity usually increases with? (apart from the

cently been reviewed in a comprehensive article byn,qyiation due to the structure factorFurthermore,

6 . .
Medarde'® to which we .refer fqr fqrther details. Here we pon4ng obey Bose statistics, whereas the population of CEF
concentrate on the CEF interaction in these compounds. Sefs,[s is governed by Boltzmann statistics.

tion Il provides a brief introduction into the INS technique
applied to the measurements of CEF splittings. In Sec. 11 C
we summarize the symmetry aspects of the CEF interaction
in the rare-earth nickelates. The experimental procedure, the The determination of CEF excitations by neutron-
results, and the data analysis are presented in Sec. Ill. In Segcattering techniques requires a controlled access to the vari-
IV we discuss our results and give some final conclusions. ablesQ and w, which can be done in various ways. A very
effective experimental method is triple-axis crystal spec-
Il. INELASTIC NEUTRON SCATTERING  (INS) trometry in which an incident beam of neutrons with a well-
defined wave vectok, is selected from the white spectrum
of the neutron source by the monochromator crysfiast
The CEF interaction gives rise to discrete energy level€ixis. The monochromatic neutron beam is then scattered
that can be spectroscopically determined by the INS techfrom the samplésecond axis The intensity of the scattered
nique. In the experiment the sample is irradiated by a monobeam with wave vectdk; is measured by the analyzer crys-
chromatic neutron beam, and the scattered neutrons are artal (third axis and the neutron detector, thereby defining the
lyzed according to the energy transfer energy transfefi o as well. The outstanding advantage of the
triple-axis spectrometer is that data can be taken at predeter-
mined points in reciprocal spadsvhich is known as the
“constantQ” or ‘“constant-w” method), so that single-
crystal measurements of the dispersion relafies(Q) can
wherem denotes the neutron mass, angl k; are the wave o nertormed in a controlled manner. For the present experi-
vectors of incoming and scattered neutrons, respectively. The,onvs e have used the triple-axis spectrometer MARC at
corresponding momentum transfer is given by the reactor Saphir of the Paul Scherrer Institute at Villigen
Q=ko—k; 7)) (Switz_erland as well as the triple-axis spectrometer IN3 at
' the high-flux reactor of the Institut Laue-Langevin at
whereQ is the scattering vector. In these experiments bothGrenoble(France.
energy gain and energy loss processes can be measured, i.e.For experiments on polycrystalline materials various
the R®* ion is either excited from a lower to a higher state types of time-of-flight spectrometer are usually more appro-
(hw>0) and the neutron loses the corresponding energy, quriate. In direct time-of-flight spectrometers, the neutron
vice versa. Therefore, one expects the measured energy spédeam is monochromated by a series of choppers, which pro-
trum to exhibit resonance peaks that can be attributed tduce pulses of neutrons with the desired wavelength as well
transitions between different CEF levels. In the analysis ofs eliminate higher-order neutrons and prevent frame overlap

0.965 0.970 0.975 0.980 0.985
tolerance factor ¢

B. Instrumental aspects

A. Neutron-scattering cross-section

ﬁZ
hw=>5—(kg—k}), (1)
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of pulses from different repetition periods. The monochro-The adjustable free-ion parametd$ and ¢ correspond to
matic neutron pulses are scattered from the sample, and tt®ater electrostatic and spin-orbit integrals, respectively; they
scattered neutrons are detected by arrays of neutron countdrave been taken from Ref. 1855 and f, represent matrix
covering a large solid angle. The energy trandferand the  elements for the angular parts of the spin-orbit and electro-
modulus of the scattering vect@ are then determined by static interactions, respectively, which have been tabulated
the flight time of the neutroffrom the sample to the detec- by Nielson and Koste?” In order to avoid the diagonaliza-
tor) and the scattering angl@t which the detector is posi- tion of excessively large matricégank 2002 in the case of
tioned, respectively. For the present experiments we have&sn?™") in the least-squares refinements, we used a common
used the time-of-flight spectrometers HET and MARI at thetruncation schem&" First, the free-ion Hamiltoniag6) was
spallation source ISIS of the Rutherford Appleton Labora-diagonalized separately for eadhvalue for the giverF* and
tory at Didcot(UK) as well as the time-of-flight spectrometer £ The eigenvectors derived from this diagonalization were
LRMECS at the spallation source IPNS of the Argonne Na-+then used to project the full Hamiltoniafd) to this new

tional Laboratory at Argonn€USA,). intermediate-coupling basis. In the final diagonalization,
only levels inJ multiplets below a certain energy were in-
C. The crystalline electric field (CEF) cluded. This cutoff energy was chosen such that changes in

. ) the final energies and transition matrix elemegijtem,|i)
The degeneracy of the free idmmultiplets of a rare-earth  emajned well below the experimental accuracy.

ion embedd_ed in a crystal lattice is partly_ remov_ed by the  The number of observables resulting from neutron-
CEF potential produced by the charge distribution of thespectroscopic CEF investigations is usually not sufficient to
surrounding ligand ions. Using tensor operator techniquegyetermine all the CEF parameters defining the Hamiltonian

the CEF Hamiltonian takes the following fortf: (4), thus some approximations have to be adopted. We can
. factorize each CEF parametBrg into a structural and an
electronic part:
HCEFzzk q;_k B4Ca- (4)
Bi=yA(r*)AL. 7

where theBX denote the CEF parameters and mé are
tensor operators of rarik The point symmetry of the lattice
site in question and the orbital angular momentum of th
individual magnetic electrons limit the number of indides
andq. In particular, the presence of a center of inversion at yp= 1

the ion site cancels all the odd termsp-fold axis of rotation k_(_1\q vk &,

when chosen as polar axis reduces the Hamiltornto Yo~ (TIN5 1; R}“lY*q(@J i) ®
terms with g=np (n integey. In addition, for the(in ) o ]
general complex CEF parameter‘Bg the relationBk = 1S a geo;r)etrlca_ll coordination factor as defined by
(—19(B)* holds. Thus, for the rare-earth nickelates with Hutchings?” in which R; denotes the distance of thith co-

f electrons, orthorhombic symmetgoint groupC at ther ~ ordinating ligand ion to the rare-earth ion aviffis a spheri-

site) and the polar axis along theedirection, the CEF Hamil- €@l harmonic. The sum in Eq8) is rapidly converging for

tonian involves terms wittk=2, 4, 6, and even indices; k=4 andk=6, thus.the fourth- gnd s_lxth-order CEF param-

where all the off-diagonal CEF parametets40) are com- eters are _WeII o_Iefmed by ta_lklng mtq account only the

plex, giving rise to fifteen independent CEF parameters. nearest-nelghbonng C(_)ord_lnatlon shell in the calculation of
Usually the CEF potential is treated as a perturbation ofn@ geometrical coordination factorg;. Moreover, as re-

the ground-statd multiplet 25* 1L ; alone. For the presently Peatedly shown in the past for several perovskite-type

studied compounds, however, this approximation cannot b§ompounds;**® the reduced CEF parametek§ are essen-

applied, since the overall CEF splittings of the rare-eartHially independent ok. We can therefore make use of the

nickelates are comparable in magnitude to the intermultiple€orrelation

splittings. This leads to a mixing of the differehimultiplets

through the CEF interaction](mixing). Furthermore, due to K 7'3 K

the spin-orbit couplingSandL are no longer good quantum Bg="Bo- ©

numbers. Indeed, every multiplet is composed of terms Yo

with differentL, S but sameJ (intermediate coupling In Furthermore, assuming that the electronic properties do not

our calculations, we have addressed these effects in first oghange when replacing a rare-eaRfi with another rare-

der by including the electrostatic and spin-orbit interactionsearthR2, the CEF parameters fd&®2 can be extrapolated

Here,A‘éI is a reduced CEF parameter describing the charge
distribution surrounding th& ion, (r¥) is thek™ moment of
She radial distribution of the #electrons, and

in the Hamiltonian’® from the CEF parameters determined R according to
H=H¢+HsoT Hcer, 5 K(R2) (r%(R2
) Bi(R2)= yﬂ( < k( ) Bg(R1). (10)
where ¥4(R1) (r(R1))
The second-order terms of the CEF potential, on the other
Hot Hone EKf 4 EAcn. 6 hand, have a long-range nature, so that @yand Eq.(10)
elt S0 k=§z;4,e Kt Ehso ®) do not apply.
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TABLE I. Structural parameters of Pr,La,NiO3 determined from neutron powder diffractionTat 1.5 K, from Ref. 13. FoPbnmthe
Wyckoff positions areR: 4c (x,y,1/4); Ni: 4b(1/2,0,0; O1: 4c (,y,1/4); O2: 8d &,y,z). ForR3c: R: 6a(0,0,1/9; Ni: 6b (0,0,0; O: 18e
(x,0,1/4). For each compound, the nearest-neighboR@ distancesdr.o and their multiplicity are also given. The errors quoted are
statistical only.

Pr,_,La,NiO; x=0.05 x=0.1 x=0.15 x=0.2 x=0.25 x=0.5 x=0.7
Space group Pbnm Pbnm Pbnm Pbnm Pbnm Pbnm R3c
aA) 5.41711) 5.42021) 5.42561) 5.42731) 5.431Q1) 5.45131) 5.44862)
b (A) 5.38231) 5.381%1) 5.38281) 5.3800Q1) 5.37561) 5.376Q1)

c(A) 7.61682) 7.61811) 7.62282) 7.62071) 7.61281) 7.61511) 13.03632)
R

X 0.99455) 0.99514) 0.99544) 0.99573) 0.996(3) 0.997%3)

y 0.031%4) 0.02944) 0.028%4) 0.027%4) 0.02563) 0.01914)

B (A?) 0.21(3) 0.243) 0.233) 0.183) 0.122) 0.362) 0.46(6)
Ni

B (A? 0.092) 0.052) 0.062) 0.052) 0.11(2) 0.302) 0.232)
o1

X 0.07044) 0.069%3) 0.06863) 0.06743) 0.06542) 0.06273) 0.55034)
y 0.49214) 0.49214) 0.49424) 0.49344) 0.49413) 0.49655)

B (A? 0.204) 0.184) 0.244) 0.183) 0.183) 0.463) 0.585)
02

X 0.719G3) 0.71992) 0.72062) 0.72172) 0.72382) 0.73043)

y 0.28172) 0.28122) 0.28062) 0.27942) 0.277G2) 0.271%3)

z 0.03672) 0.03692) 0.03662) 0.03632) 0.03511) 0.03332)

B (A? 0.273) 0.193) 0.183) 0.202) 0.262) 0.432)

dro1 (A)

(x1) 2.3662) 2.3692) 2.3732) 2.3782) 2.3851) 2.4011) (X3) 2.45Q1)
(X1) 2.5132) 2.5232) 2.5382) 2.5372) 2.5472) 2.591(2) (X6) 2.6961)
(X1) 2.9322) 2.9192) 2.9022) 2.9041) 2.8821) 2.8322) (x3) 2.9983)
(X1) 3.0672) 3.0671) 3.0651) 3.0621) 3.0561) 3.0562)

dr-o02 (A)

(X2) 2.4052) 2.4042) 2.4082) 2.4142) 2.4271) 2.4572)

(X2) 2.5852) 2.5882) 2.5902) 2.5892) 2.5861) 2.5862)

(X2) 2.6942) 2.7022) 2.7062) 2.71Q1) 2.7141) 2.7441)

(X2) 3.16%1) 3.1561) 3.1491) 3.13711) 3.11Q1) 3.05Q1)

X2 0.68 0.60 0.51 0.56 0.59 1.96 13.04
Reragg 2.02 2.10 2.26 2.00 1.91 3.21 7.88

In the analysis of the present data, we have partially madparameters for the fitting procedure. The structural param-
use of Eq.(9) and Eq.(10) in order to keep the number of eters for the calculation of the geometrical coordination fac-
fitting parameters smaller than the number of observable®rs have been taken from Ref. 9 flee=Eu and Sm, Ref. 12
(CEF energies and intensitieand to obtain good starting for R=Nd and Pr, and Ref. 13 fdR=Pr,_,La,. The rel-

TABLE Il. Geometrical constraints used in the determination of the CEF paramet&i¥id;.

R R(B2)/B;  I(B/By  MW(BH/I(BY  R(BY/Bg  I(B/BS  I(BH/R(BY  R(BY/BG  I(BY/BS
Eu 0.165 1.072 0.167 —-0.272 0.536 —0.031 —0.238 —0.017
Sm 0.125 0.956 0.206 —0.248 0.534 —0.037 —0.266 —0.004
Nd 0.136 1.031 0.374 —-0.213 0.523 -0.017 —0.296 —0.036
Pr 0.104 0.891 0.396 —0.207 0.497 0.004 —0.308 —-0.011
Pry 9d-30 05 0.102 0.899 0.420 —0.205 0.491 0.014 —0.307 —-0.014
Pl 9d-30 10 0.104 0.896 0.434 —0.207 0.491 0.018 —0.316 —0.014
Prosdag 15 0.106 0.881 0.456 —0.214 0.493 0.015 —-0.327 —0.007
Pro.sd-80 20 0.097 0.860 0.462 —0.205 0.486 0.018 —-0.315 —0.004
Pro.7d-89 25 0.091 0.817 0.493 —0.200 0.471 0.020 —0.314 0.007

Plo.sd-30 50 0.089 0.720 0.607 ~0.212 0.433 0.030 ~0.343 0.036
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TABLE lll. CEF parametergin meV) for RNiO; determined in the present work.

R B3 %R(B) 3(B%) Bs 3(BY) BS R(B3)

Eu —23.4£0.5 —0.0Q@G(B%) —57.7£0.8 —81.2 97.2 —76.2 —186.1

Sm —8.7t5.4 7.3t3.9 —47.9+2.4 —-77.5£15 —1.11X Bg —-97.9+7.7 —142.8+7.6
Nd —19.1+34 18.8:1.2 —80.3+1.0 —100.4:1.6 —0.76X Bé —94.6+5.0 —164.5£1.0
Pr —8.3+1.6 28.7#41.0 —62.2£0.4 —98.8t2.4 46.9-3.0 —61.6£6.0 —183.7+1.4
Py od-80.05 —-8.2+2.0 29.0-2.0 —62.3+1.2 —100.1+1.4 46.6-5.6 -60.3-7.3 —186.0r2.7
Pl od-a0 10 —7.3+45 29.5-1.8 —60.5+1.5 —98.8+2.8 46.7-6.0 —65.8+8.3 —184.9+5.7
Prygd-ag 15 —6.6x5.0 30.12.0 —59.2+1.6 —98.2+2.6 47.9-6.5 —69.3-7.4 —185.3+6.2
Pry 8d-a0 20 —4.6+4.7 29.9-2.0 —58.1+1.6 —98.9+2.8 48.0-6.4 —72.2-83 —185.9+6.0
Pry 74-80 25 0.9+4.38 31.6:2.2 —53.2+2.3 —98.8+3.1 50.4-7.3 —80.4+7.9 —185.2+7.0
Pry sd-a0 50 27.2+3.4 38.9-2.0 —39.6+3.7 —104.1+2.5 48.2r5.4 —68.6+8.0 —192.3+8.1

evant structural parameters for the latter are listed in Table Iparing the observed and calculated intensities of the CEF
The geometrical constraints utilized in the data analysis arsplit multiplet transitions according to the cross-section for-

listed in Table II. mula (3). As shown in Ref. 23, the agreement is excellent.
Although the fourth- and sixth-order CEF parameters
IIl. RESULTS AND DATA ANALYSIS could not be derived from the spectroscopic data, they have

) some influence on the low-lying electronic states through the
A. EUNIO; admixture of highed multiplets. This was taken into account
The lowest-lyingd multiplets of the free E3i" ion are the in the calculations using the corresponding CEF parameters
singlet and triplet state&, and ’F,. Thus, there is no CEF of the isostructural compound NdGg®&"** extrapolating to
splitting in the ground-staté multiplet, and the CEF poten- EUNiO; according to Eq(10), thereby obtaining the values
tial of the first-excitedJ multiplet is restricted to second- listed in Table IIl.
order terms in the Hamiltoniafd). This gives the unique

opportunity to dete_rmi_ne experimentally t_he Iong-rangg part B. PrNiO
of the CEF potential in the rare-earth nickelates, which is ) o o ]
difficult to estimate by any model calculation. The CEF interaction in PrNiQgives rise to a complete

The experimental data and analysis for this compoundifting of the degeneracy of the ground-stakenultiplet °H,
have already been published elsewfA&end we only give a @s shown in Fig. 2. Energy spectra obtained for PENiith
brief summary of the results. In the experiments carried out'se of the triple-axis spectrometer MARC as well as the
on the time-of-flight spectrometer LRMECS, all three inter-time-of-flight spectrometer MARI are shown in Fig. 3. There
mul“pet transitions from the ground Stafgo to the CEF iS eVidence fOI’ ﬁVe inelastiC ||neA_E at 64, 150, 203,
split first-excited multiplet’F; were observed at energies
A=34.5,B=43.8, andC=60.9 meV, respectively. For the freelon  CEF
data analysis there are four adjustable parameters, the three states  states
CEF parameterB3, R(B3), andJ(B3), as well as the spin-
orbit parameteg. A fit to the three observed energies alone
requires a constraint in the number of adjustable parameters,
thus the smallest CEF paramem(Bg), was geometrically i
correlated toj(B%). The best fitted parameters are listed in E_ »

AI

801

704

Table 1ll. The spin-orbit paramete§, listed in Table 1V, 0T H i
turned out to be smaller by 1.5% than for the standard s sl
(R:LaF;, Ref. 19 used in the remainder of the present work. 2
The reliability of the CEF parameters was checked by com- E’n sl i
[ = D) ”
TABLE IV. Free-ion electrostatid=* and spin-orbit¢ param- § 3&:. a4
eters(in meV) from Ref. 19 used in the calculation of the CEF 30+ z
interaction inRNiO5;. ForR=Eu and Sm, the values gfderived in E‘- c
this work are givenN; denotes the number dfmultiplets included 20+ T—7 A’
in the calculation as described in Sec. Il C. " B ?g;
104 %
R = F4 F ¢ N, ff A"
Eu 10306 7348 5276 163:30.5 15 0+ A
Sm 9895 7089 4990 145890.4 12 FIG. 2. CEF states of Pt in PrNiO,. The arrows denote the
Nd 9053 6545 4433 109.8 4 observed CEF transitions. The symmetry of the CEF states is given
Pr,_,La, 8540 6242 4079 93.2 6 in the notation of J. L. Prather, Nat. Bur. Stand. Monograph 19,

1961.
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free Ton CEF

250 MARCE, =147 meV 1} states  states
= Q=25A" d
g D
£ 200 701 —3— 5153
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£ 150
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Z 100 Cl (5,85
=} 1993
5 ;
- = 50+ H
E 50 :“ E :.:.
4 - % ‘o f
: & 1
0 5 10 15 20 40 50 60 70 2
energy transfer (meV) ® 207 2 BLLE (555
, . 1y
FIG. 3. Energy spectra of PrNiQ The lines denote calculated 104 (81, 53)
spectra forT=10 K (solid line) andT=70 K (dashed lingusing H
the CEF parameters given in Table Ill, convoluted with the instru- 0- i (S, 83

mental resolution function. The inset shows the observed and cal-

culated intensity around transitidghat T=70 K. FIG. 5. CEF states of N in NdNiO;. Symbols are as in Fig.

2. The states$,;, S;) are Kramers-conjugate states.

38, and 60 meV, respectively. The origin of these excitations N o o .
momentum transfe (shown in Fig. 4 and temperature. the 15 CEF parameters, and some restrictions or correlations

According to the cross-section formul@), the Q depen- have to be introduced in order to arrive at a reliable set of
dence was modeled as starting parameters for the least-squares fitting procedure.

First, for the second-order CEF parameters we have taken the
|(Q):|mf|23r(Q)e72Wm+|pQ2e72Wp+ Imscas  (11)  Values obtained for EuNigXsee Sec. Ill A Second, for the
fourth- and sixth-order terms we extrapolated the CEF pa-
wherel,, |, andl,scdenote the magnetic, phononic, and rameters determined for NdGaQ@Refs. 24,25 to PrNiO;
the Q-independent contribution from multiple scattering, re-according to Eq(10) by including the eight nearest-neighbor
spectively. The Debye-Waller factoid, were described in oxygen ions for the calculation of the geometry factqvgs
terms of the isotropic temperature facto®, as W, Using these CEF parameters already gave a reasonable de-
=B,(Q/4m)?. For the least-squares fitting of EQ.1) to the  scription of the observed energy spectra displayed in Fig. 3.
data shown in Fig. 4, the isotropic temperature factor for thae then examined in detail the influence of each CEF pa-
magnetic contribution was held fixed at the vaBg=Bp,  rameter on the energy spectra and foldd J(B3), BS, and
obtained from Rietveld refinements to neutron powder dif—g)g(Bg) to be the leading CEF parameters for Prilidn the
fraction data The values foiB,, obtained from the best fits |east-squares fitting procedures consequently all the leading
to Eq. (11) are in agreement with the phononic contribution a5 well as all the second-order CEF parameters were allowed
to the transition®\—C (D,E) arising mainly from Prand Ni  to vary independently, whereas the remaining CEF param-
(O) modes. From this analysis, shown in Fig. 4, we concludesters were correlated according to E@). as listed in Table
that at small momentum transf all excitationsA—E are || The results as listed in Table Il reproduce the observed
of magnetic origin. The observed decrease in intensity Witf‘énergy spectra fairly wellsee Fig. 3 both forT=10 and 70
increasing temperaturesee Fig. 3 then unambiguously at- K. The discrepancy between the observed and calculated in-
tributes these excitations to ground-state CEF transitions, agnsity at 70 K for the transitiofr, corresponding to the
depicted in Fig. 2. excited transitions from the second to the third and fourth
For the data analysis we have therefore nine observablegye| as depicted in Fig. 2, is probably due to a Van Hove
namely five energies and four intensity ratios of differentsingularity in the phonon density of states. Although the pho-
non dispersions in thBRNiO5; compounds have not been de-

Z 6k termined because single crystals are not available, the isos-

5 al tructural NdGaQ indeed shows three almost dispersionless

g branches in this energy regiéh.

i

£3 C. NdNiO;

=} a

£ i N The CEF interaction in NdNi@splits the tenfold degen-

AR BRI I ool il il mlrarairais eracy of the ground-statemultiplet *l ¢, into five Kramers
24681012 24681012 doublets as illustrated in Fig. 5. Energy spectra observed for

L-1
momentum transfer @ (A") NdNiO5 with use of the triple-axis spectrometer MARC are

FIG. 4. Q dependence of the transitiods-E in PrNiO; mea- ~ Shown in Fig. 6. Four ground-state CEF transitiohsD
sured on MARI with an incident energf;=120 meV atT  Show up at energies of 11.2, 19.0, 66, and 72 meV, respec-
=10 K. The solid lines are the results from least squares fits to Ectively, thus the CEF splitting pattern is completely deter-
(12), consisting of a magneti¢dotted 1in@, a phononic(dashed Mined. In addition, at higher temperatures we have observed
line), and a constant contribution arising from multiple scatteringan additional line at around 8 meV, corresponding to a tran-
(dash-dotted ling sition between the first- and second-excited CEF state.
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[ HETE, = 50 meV

= 40 zr "
é r =6l 0=15
E30F = I _°r=1K
g f < o B ,
r sS4
£20f = it o A
2 ] 2 [ o %
2 g2 o ©
= 10 2 0
£uof EH e
0 5 10 15 20 50 60 70 80 20 0 20 40 120 140 160 180 200
energy transfer (meV) energy transfer (meV)

FIG. 6. Energy spectra of NdNiOmeasured on MARC with FIG. 8. Energy spectra of SmNiGt T=10 K. Lines are as in
fixed final energyEs=14.7 meV afT=10 K. Lines are as in Fig. Fig. 3.
3.

CEF parameters gave already a very good description of the
Again, the number of observabléfour energies and four opserved energy spectra. In the fitting procedure the CEF
intensity ratio was not sufficient to determine all the dis- parameters converged to the values listed in Table IIl. The
posable CEF parameters independently, thus we proceedegin-orbit parameteg was also allowed to vary, however, in
in the least-squares refinement as outlined in Sec. Il B. Furggntrast to EuNiQ, the fitted value listed in Table IV agrees
thermore, the variation CBZ1 had Only a negllglble influence very well with the standard value for SmL@'tg The agree-
on the energy spectra and was therefore correlateBjto ment between observed and calculated energies and intensi-
according to Eq(9). The resulting CEF parameters, listed in ties is excellent for the excited multiplet, whereas a de-
Table I, provide an excellent description of the observedtailed comparison for the intensities of the ground-state

energy spectra, as is seen in Fig. 6. multiplet is made difficult because of the weakness of the
CEF transitions compared to the phonon scattering in the
D. SmNiO, energy range of interest.

The lowest-lying) multiplets of the free Sfi ion are the _
states®Hs;, and ®H-,, which are split by the CEF interaction E. Pr;_,La,NiOg
in SmNIQ; into three and four Kramers doublets, respec-  The study of the CEF interaction in the mixed compounds
tively, as illustrated in Fig. 7. Figure 8 shows the energypr, _ 1 a,NiO; is of particular interest. Firstly, we can tune
spectra observed for SmNiQuith use of the time-of-flight the metal-insulator transition in the temperature range
spectrometers HET and MARI. Within the ground-stdte 130 K=T,,=0 K upon variation of the La content up to
multiplet there are two weak CEF excitatioAsandB at 19 x=0.25 and thereby investigate localization effects of the
and 35 meV, respectively, superimposed on a phonon baclglectrons. Secondly, while the compound has orthorhombic
ground. Four ground-state CEF transitio@s-F into the  symmetryPbnm for x<0.7, the system crystallizes in the
first-excitedJ multiplet show up at 132, 142, 160, and 179 nombohedral symmetriR3c for x=0.7. For rhombohedral
meV, respectively_. For_the least-squares fit we used the sam&mmetry, the degeneracy of the ground-sthtaultiplet is
procedure as outlined in Sec. Il C. The starting values of thg,, longer completely lifted, but splits up into three singlet

and three doublet CEF states. The CEF ground state may
freelIon CEF

states states
—TL (51,85 A__ B € A B C
50 L 50
1704 L
30 L 30
1601 i —EL s, i
B 6117/2 .,-",.' 1 3) 10 L - ﬁ: 10
i E S i
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1404 133 = 30 L 30
2 e ) P
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< 130 3
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T ;A 30
20 Hsn e S3) OHT 48 ‘ y; 10
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energy transfer (meV)
0L k (S1,53)

FIG. 9. Energy spectra of Pr,La,NiO; measured on IN3 with
FIG. 7. CEF states of Sti in SmNiO,. Symbols are as in Fig. E;=13.7 meV alQ=2.5 A 1 andT=10 K. Lines are as in Fig.
2. The states%,;, S;) are Kramers-conjugate states. 3.
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Il provide an excellent description of the observations, see
Fig. 9. It is important to note that the increased substitution
of Pr by La has little effect on the higher excited CEF tran-
sitions D and E (see Sec. Il B for which no experimental
data are available. However, the reliability of the CEF pa-
rameters can be checked by studying the temperature depen-
dence of the CEF spectra. This is shown in Fig. 10 Xor
=0.50. Again, the agreement between the observed and cal-
culated energy spectra is rather good. Furthermore, as Fig.
b 11 shows, the CEF parameters vary smoothly but systemati-
0 5 10 15 20 cally with x as expected.
energy transfer (meV) Figure 12 shows energy spectra observed for rhombohe-
, , dral Pgslag/NiOz with use of the triple-axis spectrometer
FIG. 10. Energy spectra_olf £4-80 NiO; measured on IN3with N3 The data are considerably different from the orthorhom-
Ei=13.7 meV aQ=25 A% Lines are as in Fig. 3. bic analogs displayed in Fig. 9, and they have to be analyzed

on the basis of the CEF Hamiltonian for rhombohedral sym-
therefore be a doublet with basically different propertiesmetry:

compared to a singlet ground state.

= )
[

w
=

intensity (n / min)

(]
<

p—
=]

Figure 9 shows the low-energy part of the spectra ob- Hcer=B2C2+BiCA+B4(Ci—C* ) +BECS
served for orthorhombic Pr,La,NiO; (0.05<x=<0.50)
with use of the triple-axis spectrometer IN3. The ground- +B5(CS—C®,)+Bg(C3+C%y), (12)

state CEF transition&, B, andC exhibit a different behavior
upon variation of the La contemt The energy of the lind  where now all the CEF parameters are real quantities. With-
moves continuously to higher energies with increaskyg out any further considerations, a reliable parametrization of
whereas its intensity is decreasing. The energies of the lingde data would be extremely difficult. We therefore pro-
B and C appear to be unaffected by but their intensities ceeded in the following way. First, we calculated the reduced
change oppositely to each other. For all three CEF transition€EF parameterﬁ\'a for the pure Pr-compound according to
we observe a broadening of the linewidths with increasing Eq. (7). Using these reduced CEF parameters and the struc-
which is most likely due to enhanced local structural inho-tural parameters given in Table | f&=Pr; _,La,NiO; and
mogeneities around the ¥rions. All the above-mentioned in Ref. 9 and 12 foR=Eu, Sm, Nd, and Pr, we then calcu-
changes are also continuous at the transition from the insuated, according to Eq10), the variation of the CEF param-
lating (x=0.20) to the metallicX=0.25) state, i.e., the CEF eters across the rare-earth series expected from structural
interaction does not show any abrupt response to the elechanges alon&otted lines in Fig. 1L For R=Nd, Sm, and
tronic delocalization. Eu, the structural effects explain the variation of the CEF
Since the changes of the observed energy spectra are cquarameters fairly well. However, this is not the case across
tinuous, we can perform the least-squares fitting procedurthe R=Pr; _,La, series. This means that for an extrapolation
also in a continuous manner along the series with increasingf the CEF parameters from the orthorhombic to the rhom-
La content. The resulting CEF parameters as listed in Tablbohedral structure, electronic effects have to be taken into

(@ (b) ©
40 — T T ™) e T T ™
I =100 |- -
" -100 | o g ] C 2 8 .
bg L !&? | ..-_ ............... ] \i& _80 |
0 ) Q...
80 Lo i [t T
I o] - B e ]
-20 i ] 60T 0
40 i J 100 -é T L} Ty L} ] -200 _I T L} ey L} |
- | ] F e E F et — L @}’
Qa0 e i 80} ., - i - N T4
Yt o ] 8T Tl o I S “ ]
g R & 6o} . & -160 ° -
ol ) I ﬁ 5
° ] 40 - T 140 | i
: : : :::::: : 1 1 1 Lisass b B 1 1 1 Lisasy 1
-80 |- o 8 Eu Sm Nd Pr Prys Eu Sm Nd Pr Pros
- 3 tolerance factor tolerance factor
g LU PR
e
.40 |
1 1 1
Eu Sm Nd Pr Pr,.

tolerance factor

FIG. 11. Variation of the CEF parameters as a function of the tolerance-facibie dotted lines denote the variation expected from
structural changes alone. The solid lines denote the empirical laws used to extrapolate the CEF parameters from the orthorhombic to the
rhombohedral structure as explained in Sec. Il E.
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N L L L L L N L A(a)
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momentum transfer @ (A™")
0 5 10 15 20 25 FIG. 13. Q dependence of the scattering intensity in
energy transfer (meV) Pryslag NiO; measured on MARI with an incident enerdy,

. =60 meV, integrated over the energy transfer raf@ei w=14
FIG. 12. Energy spectra of rhombohedrap By NiO3 mea-  +1 and (b) Aw=16.5+1 meV (transition A). Lines are as in
sured on IN3 withE;=13.7 meV. Lines are as in Fig. 3. Fig. 4.

account as well. However, because the electronic effectgres. However, th€ dependence of this additional scatter-
manifest themselves differently for different CEF parametersng, shown in Fig. 13 together with th® dependence of
(see Fig. 11, we used empirical quadrati&{ 2) and linear  transition A, clearly indicates that this intensity is due to
(k=4,6) laws for the variation of the reduced CEF param-phononic rather than magnetic scattering.

etersA'é(x), which, together with the structural variation, The CEF splitting patterns of the mixed compounds
leads to the CEF parametﬁ(x) shown as solid lines in  Pr;_,La,NiO5 are summarized in Fig. 14. The zero point in
Fig. 11. The CEF potential of rhombohedral symmetry withthe energy scale corresponds to the weighted average of all
the polar axis along thgl11] direction furthermore requires the CEF levels in the ground-statenultiplet *H,. The most

to be expressed by a rotati®t{ «, 3, y) of the orthorhombic crucial conclusion from our investigation concerns the nature
frame of reference with the polar axis alof@1], where the of the electronic ground state, which changes from a singlet
Euler angles arer=60°, cos8=+/3/3, andy=90°. The to a doublet state at the orthorhombic-to-rhombohedral phase
CEF parameter8{(r) of the rhombohedral state are then transition. Accordingly, the thermodynamic properties are

related to the CEF parameteﬁ"s(o) in the orthorhombic €xpected to be drastically different in the two crystallo-
state by’ graphic states as discussed below.

IV. DISCUSSION
B =2 B/ (0)D¢q (139
_ . Because of the low symmetry at the rare-earth site in
whereD'mm, is defined by: RNiO;, the CEF interaction contains many parameters,
which make an unambiguous determination difficult. In the
, present case, we made use of geometrical constraints to re-
R(a,8,7)|jmy=2>, D! (a,B,7)[jm’). (13D  duce the number of free parameters. A check of the reliabil-
m’ ity of the parameters can be obtained by examining the be-
Another problem is the number of oxygen ions that have tdavior as a function of the rare-earth, and by comparison of
be included in the nearest-neighboring coordination shell ofalculated thermodynamic properties with experiments. As is
rhombohedral Rr,La,NiOz, which may be either nine or S€en from Fig. 11, the CEF parameters determined in this
twelve. As the calculations yield only minor differences be-
tween the two cases, we used throughout a nearest-
neighboring coordination shell comprising twelve oxygen
ions. The extrapolation described above predicts the CEF
ground state to be a doublet, followed by excited CEF states
between 15 and 30 meV and a high lying CEF state at 60
meV, in reasonable agreement with the energy spectra shown
in Fig. 12. In the least-squares fitting procedure all the diag-
onal CEF parameters were allowed to vary independently,
whereas the remaining CEF parameters were correlated ac-
cording to Eq.(9). The best fit was obtained for

L]
s0l Pbnm I R3c

energy (meV)

B5=20+3 meV B§=34+3 meV BS5=-139+4 meV

B4:_1.O%4 8620,4%6 86:7,736_ ) L1 1 [P PR B T BN SR
s 0 * 0 6 0 0.4 0.6 0.8 1.0

Lanthanum concentration x

As Fig. 12 shows, these CEF parameters provide a reason-

ably good description of the observed energy spectra at Iow |G, 14. CEF energy level schemes of the®*Prions in

temperatures, but as in the case of the orthorhombic conpr, 1a,NiOs. The data points denote the observed energy levels.
pounds, there is again additional intensity at higher temperarhe symmetry notation is as in Fig. 2.
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work vary smoothly over all the compounds studied. There Eu  Sm Nd Pr  ProsLass
are discontinuities in th&? parameters foR=Sm and Nd, [ ' o o)
which mainly arise because for these compouﬁkﬂswas 0.1} § -
correlated toBg, whereas it was freely varied for the Pr o0l O T e ]
compounds. Furthermore, the calculated saturation moment el | ]
ung=1.75 and us,=0.3 up are in excellent agreement 0.1} % -
with the valuesuyng=2.0(2) andug,=0.3(1) ug oObtained - %
from neutron-diffraction studies of the magnetic ordefifig. 9 o970 09 o
We therefore conclude that we have determined reliable CEF tolerance factor #
parameters for alRNiO; compounds investigated.

Although first synthesized almost thirty years éédt FIG. 15. Average relative change of the effective oxygen point

wasn'’t until the renewed investigations following the discov-charge obtained fr.om.the fregly varied fourth- and sixth-order CEF

ery of high-temperature superconductivity that the metalParameters. The line is a guide to the eye.

insulator transition in the rare-earth nickelates was revéaled.

The driving mechanism of the transition is, however, notyet ) ) o

fully elucidated. Torrancet al” first suggested that the elec- tion, in contrast to an increase of thesNO,, hybridization

tronic localization is due to the closing of the Ni-O-Ni su- inferred from the variation of the Ni-O-Ni superexchange

perexchange angle by thermal contraction, which would re@ngle. This discrepancy is, however, most likely due to the

duce the Nig-O,, orbital overlap beyond a critical value, shortcoming of the point qharge mlodel in strongly covalent

and thereby produce the gap opening. Since the Ni-O-NfOmpounds such as the nickelates: _ _

angle at a given temperature decreases with decreasing rare-An important conclusion from our experiments is the ob-

earth ionic size, this picture would also explain the increaséervation of a change of the Pr ground-state symmetry

of Ty, and hence the semiconducting gap, along the rare8Cross the structural phase transition im Rta,NiOs,

earth series. More recently, the scenario has changed som@bich has a profound influence on the thermodynamic prop-

what after the observation of larg€0-1%0 isotope shifts in grnes._The latter are related to the partition func@orvhich

the MI transition temperatures of the first members of thdS €asily calculated from the known CEF level structife

series R=Pr, Nd, Sm, Ed® and a 2Ni"—Ni®*

+Ni®~® (@~0.35) charge disproportionation at the gap 7= e EilkeT

opening in the heavy rare-earth nickelate YNt Though T4 € :

these results clearly establish the importance of the electron-

lattice coupling as driving force for the MI transition, they In particular, we predict a change in the entropp~5

are not in contradiction with the decrease of theMD,,  J(mole K) between the rhombohedrak{0.7) and the

hybridization along the series inferred from previous struc-orthorhombic &=0.5) phase of Rr,LaNiO; at T

tural studies. =10 K. Since the structural transition occurs also as a func-
As already noted in Sec. Ill E and shown in Fig. 11, thetion of external pressure and temperatttéthe accompany-

CEF parameters show an increasing departure from thi#g change in entropy gives way for a cooling principle by

variation expected if changes were controlled by structurahdiabatic pressure application, as was recently demonstrated

effects only. This indicates an increasing change of the locdby Miiler et al3* Because of the strong dilution, long-range

charge distribution surrounding the rare-earth ion towardsnagnetic ordering induced by Pr-Pr exchange interactions is

the insulator-metal transition, possibly due to the increasingiot expected to occur in the rhombohedral structure and so

Nizg-O,, hybridization. In an attempt to quantify these far, no sign of magnetic ordering has been observed down to

changes, we make use of an effective point charge model, ih.5 K. Nevertheless, the ground-state doublet in the rhombo-

which the reduced CEF parameters in Ed). are directly  hedral structure will eventually be split at low temperatures

proportional to the charges at the nearest oxygen neighborsither because of Pt dimer or hyperfine interactions. The

(16)

Choosing an arbitrary fixpoint foA'a atR=Pr, i.e., strengths of these interactions are currently unknown and
subject of further investigations since they determine the
AK(R)ZAK(Pr)[l_ 5k(R)] (14) low-temperature limit for the cooling mechanism. At present,

q q q '

however, we expect an entropy difference between the ortho-
the change in the effective oxygen charges over the rarehombic and rhombohedral phase, and therefore the possibil-
earth series is obtained from the observed CEF parameteiigy of cooling, down to the order of 100 mK.
the knowledge of the structural parameters, and(By.Eq. In conclusion, we have investigated the crystal-field inter-
(10), and Eq.(14) as action in the RNiO3 compounds R=Eu, Sm, Nd, and
Pr,_,La,, x=0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.5, PRy in-

K k K elastic neutron scattering. Using geometrical constraints, we
By(R) vq(PT) (r (Pr)>_ (15)  Were able to determine the CEF parameters despite the low
Bs(Pr) v5(R) (r“(R)) symmetry. The CEF parameters vary smoothly over all the

compounds investigated and give a good agreement of the
Figure 15 shows the average change of the effective oxyealculated magnetic properties with neutron powder diffrac-
gen charge obtained from the freely varied fourth- and sixthtion investigations foR=Sm and Nd. The variation of the
order CEF parameters. This analysis yields an increase in tHeEF parameters towards and across the insulator-metal tran-
effective oxygen charge towards the insulator-metal transisition indicates an increasing change of the local charge dis-

SK(R)=1—
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