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Crystal-field splittings and magnetic properties of Pr + and Nd + in RBazCn307
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Neutron inelastic scattering spectra are reported for superconducting NdBa2Cu30, and insulating
PrBa&Cu307. These spectra are analyzed in terms of standard crystal-field theory for 3+ rare-earth
ions in a manner that is consistent with the level assignments made in a similar study of
HoBa2Cu307. Using the eigenfunctions and eigenvalues obtained from this analysis of the inelastic
neutron scattering spectra, the corresponding magnetic susceptibilities as a function of temperature
were calculated according to the van Vleck formalism. Cblood agreement with experimental suscep-
tibilities is achieved for all three compounds over the range of 100 to 300 K. The observed magnetic
scattering in NdBa2Cu307 agrees very well with the crystal-field calculations. In spite of the ob-
served large intrinsic widths of the experimental crystal-field peaks for PrBa2Cu307, the measured
intensity is consistent with the calculated crystal-field excitation spectrum for Pr'+ ions in this lat-
tice. The standard crystal-field treatment of Pr + ions is shown to explain the magnetic properties
of PrBa~Cu307 with no need to consider either the static or dynamic coexistence of Pr'+ and Pr +.

INTRODUCTION

Compounds of the type RBazCu307 (abbreviated
R-1:2:3-07)form an important family of superconducting
materials with critical temperatures (T, 's) near 92 I~. '

Here R can be Y, Cm, or any rare earth except Ce, Pr, or
Tb. Ce and Tb do not replace Y to form a single phase
material, Pr-1:2:3:-07,on the other hand, does form, and
is an isostructural member of the R-1:2:3-07series, but is
still not superconducting. Indeed, Pr-1:2:3:-07 is not
even metallic. ' Furthermore, the Pr moments order an-
tiferromagnetically with a Neel temperature (T~) of 17
K. ' This is in contrast to the other R-1:2:3:-07com-
pounds, in which the rare-earth moments order at much
lower ((2.5 K) temperatures. ' Recently, we have used
the actinide curium (Z =96), to prepare and characterize
Cm-1:2:3-07, showing it to be a second nonsuperconduct-
ing member of the orthorhombic Y-1:2:3-07series. ' The
temperature dependence of the magnetic susceptibility in-
dicates that the Cm moments order at 22 K.

The unique behavior of Pr-1:2:3:-07 and Cm-1:2:3-07
is not likely to arise from structure-related factors be-
cause both compounds are isostructural with the super-
conducting members of the R-1:2:3-07 series. Instead,
we believe that unusual features in the electronic proper-
ties of the f-electron elements, Pr and Cm, are responsi-
ble for suppressing superconductivity in these materials.
To investigate this hypothesis we have probed the low-
energy electronic states of Pr in Pr-1:2:3-07 by a com-
bination of inelastic neutron scattering and magnetic sus-
ceptibility measurements. Sample size requirements have
prohibited a similar experiment on our sample of the
analogous Cm compound. Instead, we compare and
contrast our results with those obtained from Nd in
Nd-1:2:3-07, a 92-K superconductor. "

Although several specific mechanisms have been sug-
gested to account for the special behavior of Pr-1:2:3:-07,
no comprehensive, generally accepted picture has yet
emerged. Two basically different points of view have
been proposed to account for the absence of a supercon-
ducting transition in Pr-1:2:3-07. From one point of
view, Pr is argued to be a "mixed valent" ion in this ma-
terial, with an average value of 3.5+ or higher. ' ' The
electrons that are regarded as oxidized away from a nor-
mal trivalent Pr + ion are thought to fill hole states in the
conduction band and thereby to inhibit any supercon-
ducting transition. From the second point of view, Pr is
argued to be a trivalent ion with a normal open-shell f
configuration. ' In this case the interactions be-
tween the f electrons of the Pr + ion and the conduction
electrons are thought to be strong enough to inhibit any
superconductivity. It can be argued that each of these
postulated mechanisms should be particularly favored for
Pr and Cm, as compared to the other lanthanides, and
that either mechanism would be sufficient to prevent the
onset of superconductivity.

The main argument used in favor of a "mixed-valent"
system comes from interpretation of magnetic suscepti-
bility data for Pr-1:2:3-07. The effective moment, deter-
mined from the temperature dependence of the suscepti-
bility, is about 2.8 Bohr magnetons (abbreviated
p~). ' ' This observed value is intermediate between
that expected for a Pr + free ion (3.58p~ ) and that for a
Pr fee ion (2.54p~). Thus, it is said that the observed
effective moment indicates a "mixed valence" for the Pr
ion. In this context "mixed valence" for the Pr ion
means that the average electronic occupancy of the f
shell is nonintegral and substantially smaller than two.
As an added complication, the ground-state ordered, sat-
uration moment, determined by neutron diffraction stud-
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ies on the magnetically ordered state, is found to be
(0.74+0.08)pz. This saturation moment can be com-
pared with the 0.43p~ moment that is expected for a
~+1/2 ) doublet, assuming this to be the crystal-field-split
ground state for the F5&2 term of a Pr + ion. A Pr + ion
is expected to have a nondegenerate ground state due to
the low symmetry of the Pr sites and therefore no ordered
moment. In other words, the ordered saturation moment
is larger than might be expected for either a Pr + or a
Pr + ion in this site symmetry. No crystal-field level
structure has yet been obtained directly from experiments
for Pr-1:2:3-07.

Examining only the magnetic data, mixed-valent be-
havior appears to offer a plausible explanation for the ab-
sence of superconductivity in the Pr (and Cm) com-
pounds, since Pr (and Cm) can be readily oxidized to the
tetravalent state. Moreover, an in situ oxidation of Pr +

should result in a corresponding reduction of Cu, and
seems therefore analogous to what occurs when oxygen is
removed from Y-1:2:3-07. ' On the other hand,
structural data, ' ' such as trends in bond lengths and
lattice constants, chemical stability ranges, ' absorption
spectroscopies, and band-structure calculations, all
are consistent with essentially Pr . Experimental evi-
dence for the postulated interaction between Pr + spins
and the conduction electrons comes from the broadened
magnetic excitations observed by inelastic neutron
scattering, the anomalously large electronic specific
heat, ' the large magnetic ordering temperatures of Pr-
1:2:3-07and Cm-1:2:3-07 (Refs. 7 and 10 ) and also from
the temperature dependence of the curvature of
H, 2 in the (Y& Pr )Ba2Cu307 series as a function of x.
However, the presence of essentially trivalent Pr requires
some less obvious interaction with the charge carriers of
the copper-oxygen system in order to explain the lack of
superconductivity.

To further the understanding of some of the less obvi-
ous features of the electronic structure of these materials,
we have performed a series of spin-polarized, local-
density, cluster calculations on R-1:2:3-07 (R =Ho, Nd,
Pr, and Cm). In order to improve the reliability of the
calculated charge and spin densities obtained in these cal-
culations, we used the recently developed concept of
chemically complete atoms embedded in an extended
crystal lattice. The Mulliken population analysis of
spin-polarized molecular orbitals shows a similar effective
charge on the four f elements. Since both Ho and Nd are
expected to be trivalent, Pr and Cm are concluded to be
trivalent as well. These molecular orbital studies show
that Ho + and Nd + have the well-localized, essentially
noninteracting f electrons, usually expected for lathanide
ions. However, for Pr + and Cm +, the calculated
molecular orbitals indicate some admixture of the f or-
bitals with Cu d orbitals. This admixture seems to indi-
cate a possible mechanism by which the magnetic states
of the f element can interact with the spin moments of
the conduction-electron system. It should be stressed
that, while there is some evidence of orbital admixture,
there is no evidence of significant charge transfer. Al-
though the molecular-orbital calculations reliably indi-
cate overall charge distributions, they are not configured

for the purpose of determining crystal-field splittings or
magnetic moments for the f"configuration.

The electronic behaviors of Pr + and Pr + are expect-
ed to be dissimilar, and established trends in well-
behaved, isolated trivalent lathanide-ions are well docu-
mented. Therefore we have set out to obtain further in-31

formation about the low-lying energy states of the rare
earths in these compounds by acquiring and analyzing in-
elastic neutron scattering and magnetic susceptibility
data. Neutron scattering is particularly effective in prob-
ing the properties of low-energy states that are coupled
by appreciable magnetic transitions. In this paper we in-
terpret our neutron scattering results for Pr-1:2:3-07 and
Nd-1:2:3-07 in terms of standard crystal-field analyses.
Based on a published analysis for the analogous Ho com-
pound, ' we obtained crystal-field parameter sets for32, 33

Pr + and Nd + which permit a consistent assignment of
neutron scattering data. The same crystal-field parame-
ters are used to calculate magnetic susceptibilities for
Ho +, Nd +, and Pr in R-1:2:3-07. These calculated
susceptibilities are compared to corresponding experi-
mental data. In this way we show quantitatively that
standard crystal-field-splitting effects can fully explain the
unusual bulk susceptibility observed for Pr-1:2:3-07.

EXPERIMENTS

Approximately 50 g of polycrystalline Nd-1:2:3-07 and
(Pr Y& „)1:2:3-07(x =1, 0.6, 0.4, 0.1, 0) and a 5-g sam-

ple of Ho-1:2:3-07 were prepared by standard solid-state
techniques. ' The samples were characterized by x-ray
and, for the Nd and Pr samples, by neutron diffraction.
The x-ray diffraction data were obtained using a Scintag
0-0 diffractometer, calibrated with a silicon standard.
Neutron diffraction data were obtained using the GPPD
powder diffractometer of the Intense Pulsed Neutron
Source (IPNS), Argonne National Laboratory, and ana-
lyzed by standard Rietveld techniques. All compounds
were found to be isostructural with orthorhombic
(Pmmm) Y-1:2:3-07. No impurity phases were ob-
served to within the experimental uncertainty for any of
the samples.

Neutron inelastic scattering experiments were per-
formed on about 40-g samples of polycrystalline
(Pr Y& )BazCu307 (x = 1, 0.4, 0.1, and 0) and

NbBa2Cu307 using both the HRMECS and LRMECS
chopper spectrometers, also at IPNS. These time-of-
Aight neutron spectrometers are equipped with wide-
angle multidetector banks and thus enable measurements
of inelastic scattering over a wide range of momentum
and energy transfers (AQ, E). In general, the energy reso-
lution (FWHM), varies with energy transfer but is ap-
proximately 5 —8 /o of the incident energy Eo for
LRMECS and 2 —4% for HRMECS. To fully explore
the crystal-field spectra up to 200 meV with good resolu-
tion, three incident energies, 40 and 250 me V on
HRMECS, and 120 meV on LRMECS, were chosen for
the studies. Measurements of the elastic incoherent
scattering from a vanadium standard at each energy pro-
vided detector calibration and intensity normalization.

Polycrystalline samples, contained in an aluminum cell
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shaped as a thin slab, were mounted either perpendicular
or at a 45 angle to the incident beam. Such geometry
limits the neutron path length traversing the material to
less than 0.5 cm for all detector angles (3'—120 ), thereby
reducing multiple scattering of neutrons in the sample.
The effective transmission for all samples was 90—95%.
A container run at each energy was used to correct for
background scattering. The experiments were performed
at selective temperatures ranging from 4 to 300 K, using
either a closed-cycle helium refrigerator or a convention-
al helium cryostat for sample cooling.

Since neutrons are scattered by (magnetic) electrons as
well as by nuclei in the sample, a reliable extraction of the
magnetic scattering from the observed intensity is very
important for the interpretation of the data. This is ac-
complished in two ways. First, since Y has no magnetic
electrons, the spectra of YBa2Cu307 measured under
identical experimental conditions were used to estimate
the contributions from nuclear elastic and phonon
scattering. While the phonon spectrum of Y-1:2:3-07 is
expected to resemble those of the other R-1:2:3-07spec-
tra, there is evidence of important diA'erences in the ener-

gy region between 25 and 40 meV, where contributions
from lattice vibrations involving the Y (or R) atoms is
significant. A second method useful in the identification
of the scattering as magnetic in origin stems from the Q
dependence of the scattering intensity. Neutron intensity
from magnetic scattering by electrons is modulated by
the square of the magnetic form factor,

~ f (Q) ~, where

f (Q) is the Fourier transform of the spatial distribution
of the electronic spin density. Magnetic scattering falls
off rapidly with increasing Q as a result of the finite spa-
tial extent of the f orbitals whereas intensity from one-
phonon scattering increases with Q . Consequently, for
each measured spectrum, nuclear (mainly phonon)
scattering can be assessed from the data obtained at large
Q (Q ~ 8 A '). These two methods provide a means for
the assignment of the crystal-field peak positions and in-
tensities, and a consistency check of the overall results.
Nevertheless, for data obtained from (Pr Y& )Ba&Cu307
samples, where the crystal-field peaks are broad and
weak, we estimate a relatively large uncertainty (up to
20%) in the extracted magnetic intensities.

Magnetic susceptibility data were collected on a
George Associates modified Faraday magnetometer over
the temperature range 77 & T (300 K.

RESULTS

The neutron inelastic spectra obtained on Nd-1:2:3-07
(at 15 K, well below the superconducting critical temper-
ature of 92 K) are shown in Fig. 1. Well-defined, sharp
crystal-field peaks are observed at 12, 20.8, 36, and 117
meV. The peak energies agree well with those previously
reported for Nd-1:2:3-07. ' There are no additional
peaks observed up to about 200 meV. The peaks seen at
temperatures below the superconducting critical temper-
ature (T, ) for Nd-1:2:3-07 are only slightly wider than
the instrument resolution. However, the temperature
dependence of the 20.8-meV peak width is unusually
strong above T„and suggests some coupling of crystal-
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FIG. 1. Measured scattering functions for NdBa2Cu307 at 15
K. (a) solid circles represent data obtained from HRMECS
with Eo=40 meV. Magnetic peaks are observed at 12 meV

(Q =1.18 A ) and 20 meV (Q =1.62 A ). The solid line is

the spectrum calculated from the energy levels in Table III,
which were obtained from the crystal-Geld parameters listed in
Table I. The model spectrum was calculated with an assumed
Lorentzian linewidth (at half length) of 1.3 meV. A constant
background (0.09) has been added to the calculated spectrum.
In panel (b), the solid circles represent data obtained from
LRMECS (E & 60 meV) with Eo = 120 meV and from
HRMECS (E ~ 60) with ED=250 meV. The solid line is the cal-
culated spectrum, which is composed of the magnetic scattering
and the background as shown individually in panel (c). A
Lorentzian linewidth of 6.15 meV was used in the model spec-
trum. The Q dependence of the Nd'+ form factor has not been
taken into account in the model spectra.
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field states with the states involved in superconductivi-
38

We have measured the magnetic excitation spectra of
Y-1:2:3-O7 at 15 K, Pr-1:2:3-07 at 4, 15, 25, and 100 K,
as well as Pro, Yo 9Ba2Cu307 (T, = 85 K) and
Pro 4Yo 6Ba2Cu307 (T, =40 K) at 15 and 100 K. The ex-
perimental data, after normalization according to Pr con-
centration, and correction for Bose temperature factors,
are all very similar to those of Pr-1:2:3-07 at 15 K, which
are shown in Fig. 2, together with the Y-1:2:3-O7data as
a nonmagnetic background. To within experimental pre-
cision we find no evidence of significant dift'erence be-
tween the 25- and 15-K spectra resulting from the anti-
ferromagnetic ordering of the Pr moments.

The most notable feature of the data is the lack of any
well-defined, sharp peaks in the Pr-1:2:3-O7 spectra. In-
stead we see an intense, broad component of magnetic ex-
citation from about 2 to about 15 meV and much weaker,

broadened features at about 35, 45, 50, 65, 80, and 105
meV. (The 105-meV peak is obtained from a run on
HRMECS with incident neutron energy of 250 meV,
which is not shown. ) According to a brief, preliminary
report, a neutron experiment on Pr-1:2:3-07performed at
ISIS (Ref. 39) revealed similar results. While the features
at energies above 40 meV are crystal-field excitations, we
find that the structure in the region around 35 meV is due
to phonon scattering, as indicated by its persistent inten-
sity at high momentum transfer Q.

The bulk magnetic susceptibility, g, measured for
Pr-1:2:3-07 is plotted as g versus 1/T over the tempera-
ture range 100 to 300 K, as shown in Fig. 3. The experi-
mental susceptibility data have been fitted to the Curie-
Law expression

C
X T+Xo ~

where yo is the temperature independent susceptibility.
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The Curie constant C is used to define an effective mo-
ment in terms of the Boltzm ann constant k and
Avogadro's number X as

P,s—= (3kC/NP )'

where P is the conversion factor to units of Bohr magne-
tons (pz). In this way observed values of p &=2.g4p&
and go=2. 18&&10 emu/mol have been obtained for
Pr-1:2:3-07. The effective moment obtained here is simi-
lar to those reported elsewhere for this compound. '

The temperature dependence of the magnetic suscepti-
bility of Ho-1:2:3-07 have also been measured. The Curie
Law fits the data well, yielding an effective moment of
10.3p~. This observed value is near the free-ion moment
of 10.61pz, and is also in agreement with other published
values.

CRYSTAL-FIELD ANALYSIS

The method used here for calculating the energy levels
and magnetic properties of the 4f" configuration in a
crystalline environment is based on the computer pro-
grams developed by Crosswhite and Crosswhite, ' and

applied by Carnall et al. The total Hamiltonian con-
sists of two parts

H =HFi+HcF .

Here HF~ is the free-ion part, which includes the spheri-
cally symmetric one-electron term of the Hamiltonian,
the electrostatic interaction between equivalent f elec-
trons, the spin-orbit interaction, and a term accounting
for higher-order corrections. HCF is the crystal-field
term, which takes into account the effect of the electro-
static interaction arising from the surrounding ions on
the f electrons. It is assumed that Hc„ for 4f electrons is
small compared with H„I so that it can be treated by per-
turbation theory. For a free ion, each state ~a,J ) (where
a represents the other relevant quantum numbers), is
(2J+1)fold degenerate. In the presence of a crystalline
electric field this degeneracy will be lifted according to
the site symmetry of the rare-earth ion in the crystal lat-
tice. In general, the crystal-field split states are linear
combinations of the ~a, J,MJ ) states and the degree of
mixing depends on the strength of the crystalline electric
field. In the weak-field approximation, which applies well
to the rare-earth elements, the total angular momentum J

~ Experiment
Calculated

lD
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)

t50 200

10 12
1 000/"

FIG. 3. The magnetic susceptibility of PrBa&Cu&07 plotted as g vs 1/T over the temperature range 100—300 K. The slopes of the
lines are proportional to the e6'ective moments. As discussed in the text a temperature independent paramagnetic of
Ego=0. 97 X 10 emu/mol has been added to the susceptibility calculated for Pr to represent the contribution to the overall sus-

ceptibility from the rest of the lattice. The inset shows the calculated susceptibility over a wider temperature range (5—600 K), to
demonstrate the nonlinearity expected at lower temperature. The arrow indicates the 17-K onset temperature for the long-range or-
dering of the Pr moments in pure Pr-1:2:3-07. Below this ordering temperature we expect a significant renormalization of our calcu-

lated, single-site wave functions, as discussed in Ref. 45. Thus the calculated crystal-field susceptibility is only useful at low tempera-
tures for dilute samples of Yl „Pr„Ba2Cu307, which do not exhibit long-range magnetic ordering of the Pr moments.
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Ilk ( k) gk
q q

(2)

are the crystal-field parameters ((r ) is a radial integral
involving 4f radial wave functions). The formal expres-
sion of Eq. (2) does not warrant a factorization of (r")
and 3, however it does set an initial stage for a sys-
tematic treatment of the crystal-field parameters over the
isostructural R-1:2:3-07compounds, as will be discussed
later.

The crystal-field site symmetry of the rare earth in the
Y-1:2:3-07-type orthorhombic structure is mmm (D2k ).
A crystal field with this symmetry is characterized by
nine real parameters. A site with this symmetry will, in
principle, fully split the Pr + ground term (4f, H4) into
nine singlets, the Pr + ground term (4f ', F5&2) into three
doublets, and the Nd ground term (4f, I9&2) into five
doublets. Since there are seven transitions observed for
Pr in Pr-1:2:3-07 above the Neel temperature we can im-
mediately rule out an interpretation of these data based
on Pr +, from which, in principle, only a maximum of
three transitions (two from the ground state and one from
the first excited state) would be expected.

The limited observations (eight levels for Pr and four
levels for Nd) prevent the independent determination of
all the crystal-field parameters. We have overcome this
problem by using the level assignments for Ho-1:2:3-07,
obtained from the detailed measurements of Furrer
et al. , as a starting point. These values were then re-

of the f" configuration remains a good quantum number.
If the multiplets of different J's are well separated in ener-

gy compared to the intramultiplet splittings, the interac-
tions between multiplets can be ignored. In such a case
the crystal-field states can be calculated based solely on
the ground-state splittings, using the Steven's operator
equivalents method. This computational simplification
is often used for the rare-earth compounds. However, for
the rare earths examined here, the crystal-Geld splittings
within the Hund's rule ground term are about 100 meV.
This splitting is comparable to the energy separation to
the next J multiplet (approximately 200—500 meV for Pr,
Nd, and Ho), and some intermultiplet interactions may
be expected. Therefore a diag onalization of the full
Hamiltonian using spherical tensor operator techniques
under the scheme of intermediate coupling is more ap-
propriate in these cases. This latter method takes into ac-
count possible interactions between states of different J
multiplets. Conversion of the crystal-field parameters be-
tween these two methods has been worked out by Kass-
man " and other workers.

Our approach to the data analysis is to diagonalize the
full Hamiltonian, including up to the 100 lowest-energy
states of an f" configuration. The free-ion states for the
rare-earth ions are obtained from energy-level parameters
for Ln +:LaF3 given by Carnall et al. The crystal-field
part of the Hamiltonian is written as

Ilk( k( ~

) (1)
k, q, i

where C"(i ) is the qth component of a spherical tensor of
rank k for the ith electron and

scaled to approximate the parameters expected for Nd +

and Pr, as outlined below, and discussed in detail else-
where. 4~

Ho + was chosen as a reference because its ground-
state term yields the largest number of crystal-field ener-

gy levels in the rare-earth series and because Ho-1:2:3-07
has previously been the subject of a careful, detailed
study. In a site with mmm symmetry, the ground term
of Ho + (4f ', Is) should be completely split into 17
singlets. From inelastic neutron scattering data. Furrer
et al. observed 10 crystal-field excitations. Using the en-
ergies of these excitations, together with their relative in-
tensities, they were able to assign these observed excita-
tion energies to specific transitions between calculated en-
ergy levels. Utilizing the Stevens formalism, they were
able to obtain a full set of nine crystal-field parameters
consistent with their data.

With slight adjustments of these parameters, under the
irreducible tensor formalism, we were able to obtain a
better fit to the Ho data, but only minor changes in the
relative values of the parameters. However, after exten-
sive analysis of both the Ho and Pr data, we did find that
a reassignment of the two energy levels, based on an
analysis of the splittings resulting from a descent from
cubic symmetry, improves the overall fit to all available
data. The differences between the parameter sets and the
assignments given by Furrer et al. and in this paper are
probably within the experimental uncertainties of the ob-
served transitions. The parameters are listed in Table I.
For completeness, Table I also includes the crystal-field
parameters obtained by Furrer et al. , translated into
the tensor convention. Listed in Table II are the corre-
sponding energy levels together with our crystal-field
symmetry assignments.

Having obtained good crystal-field parameters for
Ho + in the R-1:2:3-O7 lattice, we wish to scale these pa-
rameters to obtain corresponding values for Pr + and
Nd + in the same environment. When scaling crystal-
field parameters, there are two distinct factors which con-
tribute to a change of parameter values: (1) variations in
the external, electric field that arise from the crystal envi-
ronment around the f element and (2) effects of the
lanthanide contraction on spatial extent of the f-orbital
wave functions. This change in the f-orbital wave func-
tion infiuences how sensitive f-electron energy levels are
to their environment. There are only small changes in
the lattice constants in passing from Ho-1:2:3-O7 to
Pr-1:2:3-07 (Refs. 19 and 40) and, as discussed below,
molecular-orbital calculations indicate very little change
in charge distributions for the rare-earth 1:2:3-07 com-
pounds that we have studied. Therefore, it is assumed
that the external electric field is effectively constant for
the cases of interest here.

Focusing on changes arising from the radial extent of
the 4f wave functions, we attempted to use the classic
Hartree-Fock radial averages ( r" )'s for the appropriate
Ln + (Ref. 46) to scale the crystal-field parameters. This
procedure is known to overestimate the effects of the
lanthanide contraction, and therefore it was also neces-
sary to include an overall scaling correction. All the ex-
trapolated crystal-field parameters were multiplied by a



43 CRYSTAL-FIELD SPLITTINGS AND MAGNETIC PROPERTIES ~ . . 7929

TABLE I. Crystal-field parameters for Ho, Nd'+, and Pr + in R-1:2:3-0,. All parameters are given in tensor formalism. The
values of Furrer et al. (Ref. 32) (converted to the tensor notation) are included for completeness.

Crystal-
field

parameters

Bo
B4
B6
B
B4
B44

B6
B6

Ref.
32

333.7
—1763.2

448.8
59.27
18.38

972.7
—26.26
1199.6
—12.4

Ho'+

(cm ')

This
work

434.8
—1907.5

471.6
76.6

—297.4
1050.1

—252.6
1305.1
—14.78

Nd'+
this

work
(cm ')

414.8'
—2640.3

603.8'
179.0'

—20.2'
1698.1

—256.1'
1992.1
—3.76'

Scaled
(crn ')

440.3
—3015.9

1067.0
88.24
50.62

1406.1

—183.8
2792.8
—4.79

Pr'+
Best

fit
(cm ')

449.36
—2785.2

808.4
212.7

15.27
1498.0

—325.4
2638.6
—4.79'

'Fixed to the scaled value.

TABLE II. The observed energy levels for Ho'+ in Ho-
1:2:3-07,as reported by Furrer et al. (Ref. 32). These observed
values are compared to the energies calculated by Furrer et al.
and also to our calculated energies. The calculated energy lev-

els are all nondegenerate, with the indicated symmetry
classification (I ) for our best fit. These assignments are dis-
cussed in detail elsewhere (Ref. 45).

Observed
energies (Ref. 32)

(meV)

Calculated energies
Ref. 32 This work
(meV) (meV)

Our
assignments

r

single adjustable rescaling factor to make the overall span
of the calculated spectrum for Nd-1:2:3-07 agree with ex-
periments. Details of this procedure are discussed else-
where. "

Following a similar procedure, crystal-field parameters
for Pr-1:2:3:-07were extrapolated from combining the re-
sults of Ho + and the rescaling factor determined for
Nd-1:2:3-07. While the energy levels obtained from these
extrapolated parameters are somewhat di8'erent from
those observed experimentally, they were close enough to
allow assignments of the observed transitions. With eight
energy transitions for Fr + we were able to obtain a fit

for eight of the crystal field parameters. The data were
very insensitive to the magnitude of B6, which therefore
was constrained to the value obtained from scaling of the
Ho + value. These fitted Pr + parameters were then
scaled to provide new Nd + parameters. Finally the
three largest Nd + crystal field parameters, Bo, B4, and
B4, were adjusted to fit the four observed transition ener-
gies, as reported in Tables I and III. The fitted assign-
ments were checked by comparing calculated and experi-
mental peak intensities, which agree well.

The observed and calculated scattering function for
Nd-1:2:3-O~ are shown in Figs. 1(a)—1(c). For unpolar-
ized neutrons and polycrystalline samples, one measures
a transition intensity proportional to (2p~+p, ~~)/3. The
calculated crystal-field transitions for Nd + at 15 K, as
shown by the solid curves in Figs. 1(a) and 1(c), were ob-
tained by folding the calculated intensity with the ap-
propriate instrumental resolution [Lorentzian functions
with FWHM of 1.3 meV for Fig. 1(a) and 6.15 meV for
Fig. 1(c)]. The crystal-field parameters obtained for
Nd + are given in Table I and the corresponding ob-
served and calculated energy levels are listed in Table III.
The observed and calculated scattering function for
Pr-1:2:3-07 at 15 K are shown in Fig. 2. The linewidth
for the crystal-field peaks in the calculation is 9 meV for
Fig. 2(c), significantly larger than the instrumental resolu-

0
0.5
1.8
3.8
4.3
8.1

10.8
11.6

59
59

70

73

0
0.13
1.28
3.60
3.81
7.61

10.28
10.75
50.99
51.44
53.42
53.54
53.71
57.00
62.81
63.35
65.88

0
0.81
2.11
3.74
4.31
8.34

11.31
12.01
53.90
56.62
58.83
59.32
61 ~ 55
62.82
69.05
69.91
73.22

Ref.
36

(meV)

Observed Energies
Ref.
37

(mev)

This
work
(meV)

Calculated
energies
(mev)

0
12
20
36

0
12.6
21.5

0
12
20.8
36

117

0
12.2
20.4
36.2

117.0

TABLE III. Observed energy levels for Nd-1:2:3-07. The
calculated energies have been obtained from the crystal-field pa-
rameters listed in Table I. The energy levels are all doublets of
I & symmetry.



7930 SODERHOLM, LOONG, GOODMAN, AND DABROWSKI 43

TABLE IV. The observed energy levels for Pr-1:2:3-07. They are compared to the energies obtained by scaling the Ho' crystal-
field parameters, and also to the results of fitting, based on the scaled assignments. The calculated energy levels are all nondegenerate
with the the indicated symmetry classifications I „. Also included are the parallel and perpendicular transition strengths originating
from the three lowest energy levels: 3—the ground state, B—the first excited state, and C—the second excited state. These transi-
tion strengths are related to the expected intensity of the inelastic scattering lines, as discussed in the text.

Obs.
(meV)

Energies
Scaled
(meV)

Fitted
(meV)

I pii I

Magnetic Transition strengths (p& )

I pal I p+I I pixel' I
pal'

4
45
50
65
80
85

105

0
0.2
3.7

44.4
53.2
66.8
76.4
85.3

110

0
1.5
4. 1

45.1

50.3
65.1

80.0
85.1

104.9

1

2

1

3

2
4
3
1

0
0
0
0
0.18
0
0
1.80
0

0
2.19
1.57
0
0
0.54
0.38
0
0

0
0
4.42
0
0
0
0.47
0
0

2.19
0
0
0.09
0.32
0
0
0.36
0.51

0
4.42
0
0
0
0.71
0
0
0

1.57
0
0
0.15
0.64
0
0
0.25
0.70

tion. Transition energies for Pr +, together with their
moments, are listed in Table IV. The Pr + crystal-field
parameters obtained directly from scaling, together with
those obtained from fitting are listed in Table I.

MAGNETIC SUSCEPTIBII.ITY

The determination of a consistent set of eigenfunctions
and eigenvalues permits the calculation of the magnetic
susceptibility of Ho +, Nd +, or Pr + in this crystal field.
This is done here using the van Vleck formalism:

where Z =g„d„exp( E„ikT). —Here P„; and P„are the
d„degenerate eigenfunctions with energy E, in the ab-
sence of a magnetic field. p is the magnetic moment
operator p=(L+2S). The first summation in the first set
of large parentheses is over matrix elements diagonal in
energy that normally produce Zeeman splitting in first-
order perturbation theory. Usually these terms produce
the dominant temperature-dependent contribution to the
magnetic susceptibility, but in a low-syrnrnetry site, for
an ion with an even number of open-shell electrons like
Ho + and Pr +, these first-order terms are all zero. The
second summation inside the first set of large parentheses
involves terms that arise in the second-order perturbation
theory. In principle, these second-order terms would
contribute only to the temperature-independent suscepti-
bility, go. But in cases like Ho-1:2:3:-07 or Pr-1:2:3-07,
with nearly degenerate low-lying energy levels, these
second-order terms can give rise to a temperature-
dependent susceptibility for the intermediate temperature
ranges under consideration here. When this type of com-
plicated situation arises, the calculated susceptibility can
be best treated the way an experimental susceptibility is
normally treated, that is by fitting it to an empirical law.

TABLE V. A comparison of our calculated efFective magnet-
ic moments, p, tt(calc), for Ho, Nd, and Pr + in R-I:2:3-O~
with the expected free-ion values, p,s(FI), and with those ob-
tained experimentally, p,s(expt). All values are in units of ps.

Compound p,s(calc) p,s(FI) p,gexpt) Ref.

Ho-1:2:3-07

Nd-1:2:3-07

Pr-1:2:3-07

3.69

2.83

10.61

3.62

3.58

10.2(3)

3.57

2.84(2)

40,
This work
50,
This work
19,
This work

In this case the Curie Law is used to obtain an eftective

magnetic moment, p,~, and the corresponding go from
the calculated susceptibility, for comparison with experi-
ment.

This calculated magnetic susceptibility has been fit us-
ing the procedures outlined in the Results section. Fitted
values of p,&=2.83pz and go=1.21X10 emu/mol are
obtained for the calculated susceptibility of the Pr-'+ ion
in Pr-1:2:3-07 over the temperature range 100~ T~ 300
K.

The susceptibilities of Ho + and Nd + in R-1:2:3-07
have been calculated and fit in a similar manner. Analyz-
ing these calculated values using the Curie Law we obtain
p,s(Ho )=10.5pz and p,@Nd +)=3.69p~. These re-
sults, together with the expected free-ion moments and
experimentally determined values, are listed in Table V.

It can be seen, from the recent work on the relation of
crystal-field parameters for tetragonal and for ortho-
rhombic Ho-1:2:3-07, that the symmetry axis to which
our crystal-field calculation refers is the c axis of the crys-
tal. Thus, the para11el contribution to the magnetic mo-
ment, p~~

in our paper, can be related to the saturation
moment along this c axis observed for the antiferromag-
netically ordered phase.

We calculate a ground-state saturation moment

pz = 1.11pz for Nd . This moment compares with the
experimentally determined value of 1.07pz, ' which
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orders along the crystallographic c direction. Li et al.
studied the Pr analog by neutron diffraction. They ob-
served two new diffraction peaks below 17 K which they
attributed to magnetic diffraction peaks resulting from a
long-range magnetic ordering of the Pr sublattice. From
the intensities of these peaks, they determined a ground-
state saturation moment for Pr + of 0.74pz. The
crystal-field calculations presented here yield a vanishing
ground-state moment on Pr because they completely ig-
nore interactions between f electrons on difFerent atoms.
These intersite interactions produce the magnetic order-
ing, which is expected to result in a renormalization
below T& of the three lowest-lying, single-site, crystal-
field energy states. This type of interaction is discussed in
some detail elsewhere.

DISCUSSION

The inelastic neutron scattering spectrum of the super-
conductor Nd-1:2:3-07 (T, =92 K), obtained at 15 K, ex-
hibits four sharp, well-defined peaks which are attributed
to crystal-field transitions. Spectra obtained under simi-
lar conditions for Pr-1:2:3-07, the nonsuperconducting
analog of the Nd compound, show no evidence of any
sharp, well-defined features. Furthermore, the neutron
inelastic spectrum of the crystal-field states of Pr + in
this compound is significantly different from that ob-
tained for Pr + in a similar oxide environment, i.e.,
PrSc03, where sharp, well-defined lines are observed.
PrSc03 is a good comparison to Pr-1:2:3-07 because the
perovskite environments of these two compounds are
similar. However, unlike Pr-1:2:3-07, there are no free
electrons (Sc + is a d ion) with which the Pr f states can
interact. Therefore, the large damping of crystal-field
transitions in Pr-1:2:3-07 relative to the superconducting
Nd-1:2:3-07 and the insulating PrSc03 suggests an in-
teraction between the Pr f electrons and the CuO elec-
trons in Pr-1:2:3-07. This type of damping of magnetic
scattering intensities in the R-1:2:3-07series is unique to
R =Pr—the only rare-earth member of this series which
is not superconducting. The presence of this type of in-
teraction is supported by the relatively high magnetic or-
dering temperature ( Tz ) observed for the Pr moments, '

and suggests that this interaction is peculiar to Pr-1:2:3-
O7, and possibly also to Cm-1:2:3-07.

Despite the presence of an apparent electronic interac-
tion of the Pr f moments with their environment, we
have analyzed our results in terms of a single, isolated-ion
crystal-field model. We have used cyrstal-field parame-
ters obtained from the assignment of the magnetic transi-
tions of Ho + in Ho-1:2:3-O7 (Ref. 32) as the basis of our
analysis. The method of analysis utilized here can be ex-
pected to result in crystal-field parameters that vary con-
tinuously from one rare-earth element to the next. '
By applying a simple scaling procedure to the Ho +

crystal-field parameters, we have obtained good assign-
ments of our data for Nd + and for Pr + in R-1:2:3-07.
A comparison of these predicted energy levels with the
experimental spectra allows the assignment of the ob-
served peaks. This comparison is particularly helpful for
Pr-1:2:3-07 at lower energy (E (40 meV), where the

scaling predicts three energy levels. A fit based on these
assignments results in a slight adjustment of the scaled
parameters for Nd + and Pr + and a good representation
of the positions and intensities of the observed peaks, as
shown in Figs. 1 and 2.

NdBa2Cu307

The calculated inelastic neutron scattering spectra of
Nd-1:2:3-07 agree very well with experiment, as demon-
strated in Fig. 1. Both the calculated line positions, and
their intensities, reproduce well the experimental spectra.
The linewidths used for the calculated crystal-field peaks
represent essentially the instrumental resolution. The
magnitude of the overall Nd + ground-state splitting re-
sulting from our crystal field is much larger than that
which would result from the previously determined ener-
gy level scheme. ' In fact, we see no evidence for
several of the low-lying transitions previously assigned,
and we report the transition at 117 meV for the first time.
These findings clearly show the importance of applying
the method of scaling in situations of this type. The
effective moment for Nd +, as well as for Ho + in R-
1:2:3-O7, calculated from our crystal-field scheme, are
very close to the corresponding experimental values.
These results compare well with the free-ion values for
these ions, as indicated in Table V. The saturation mo-
ment of 1.1p& obtained for Nd agrees very well with
the 1.0pz determined experimentally. ' This result
provides strong corroborating evidence that we have
correctly analyzed the effect of the crystal field, since rel-
atively small changes in the wave-function mixing can
have large effects on the magnetic properties of the calcu-
lated ground state.

PrBa pCu3O7

A comparison of the calculated and experimental
crystal-field spectra is more difficult for Pr +. As can be
seen from Fig. 2, the lines are significantly broader than
the instrumental resolution, and are of relatively weak in-
tensity. Small phonon features, which do not
significantly affect the Nd + spectra, become dominant
features in the Pr case. Therefore, in order to compare
experiment with calculation, it is necessary to estimate
the nonmagnetic background which arises from this nu-
clear (phonon) scattering. Y-1:2:3-07data can serve only
as a rough estimate of the background, because of the
differences in both the scattering lengths between Pr and
Y, and in the phonon modes around 35 meV. Based on
the Q-dependence studies of the intensity in the low-
energy region [see Fig. 2(a)j, we conclude that the excess
intensity below about 10 meV is of magnetic origin. This
conclusion is supported by other workers. ' Our
crystal-field analysis at 15 K, in the 0—10-meV region,
shows that there are three crystal-field transitions corre-
sponding to two excitations from the ground state to the
first two excited states, and one from the first excited
state to the second excited state (see Table IV). By choos-
ing an intrinsic width of about 3.8 meV for the crystal-
field peaks, folded into the instrumental resolution, we
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obtain a calculated spectrum in good agreement with the
data. A more detailed analysis of the low-energy magnet-
ic spectra of Pr-1:2:3-07, including the data published by
other workers, has been given elsewhere. In the
analysis of the high-energy region tsee Fig. 2(c)] we use a
background [see Fig. 2(b)j which underestimates the pho-
non contributions in the 10«E «40-meV region. Com-
paring a variety of spectra, taken at different energies and
scattering angles, including those obtained from Y-1:2:3-
07 under similar conditions, has convinced us that the
scattering intensity in the 15 «E «40-meV range is not of
magnetic origin. In spite of the large uncertainty in the
background, the overall calculated magnetic spectrum of
Pr + is seen to agree well with experiment as shown in
Fig. 2(c).

The parameters derived from the fits, in Table I, reveal
that the crystal field at the R site is predominantly cubic.
The three lowest crystal-field levels for Pr + are degen-
erate in cubic symmetry. The largest B's, (BD, BD, B4,
and B„)are the cubic terms, and are well behaved during
the fitting procedure. The splitting of these three levels,
and their relative energies, is determined by the five
small, noncubic terms. These noncubic crystal-field pa-
rameters, which account for the small deviation from cu-
bic symmetry are highly correlated, and not well deter-
mined by the fitting procedure. In fact, the order of the
lowest-lying energy levels is sensitive to the small noncu-
bic term and therefore the transition strengths, listed in
Table IV, may change markedly with slight changes in
the noncubic part of the crystal field. In order to more
accurately determine both the splittings of these low-
lying states, and to further refine the calculated transition
strengths, more experimental data, particularly from
single-crystal measurements, are necessary to improve
our model. We further refine this aspect of the work else-
where. "

The energy levels and eigenvectors determined for the
f element in this crystal field are used in turn to calculate
the corresponding magnetic susceptibilities as a function
of temperature for comparison with the experimental
data. The comparison, shown in Fig. 3, is particularly il-
luminating for Pr-1:2:3-07 because the effective moment
deduced from observations has been regarded as anoma-
lously low for a Pr + ion. This low value has been used
to argue for "mixed-valent" behavior of Pr in Pr-1:2:3-
07. Our calculated effective moment, based on a normal
trivalent Pr ion, has a value of 2.83p~, close to our exper-
imental effective moment of 2. 84pz. These values are, in
turn, quite similar to other published experimental re-

Fitting the calculated magnetic susceptibility over the
temperature range of 100—300 K to the Curie Law yields
a value of the temperature-independent paramagnetic
(TIP) susceptibility of yii' = 1.21 X 10 emu/mol for
Pr +. We find an experimental value of
yD"~' =2. 18 X 10 emu/mol (or 2.33 X 10 emu/mol
after the standard diamagnetic correction) for Pr-I:2:3-Oz
determined over the same energy range. Our calculated
value of the TIP includes only the contribution from
Pr, therefore it is tempting to attribute the constant
difference between the calculated and observed TIP to

contributions from the rest of the lattice, which are ig-
nored in our calculation. This difference Ago =0.97
X 10 emu/mol, has been added to pic' to give the "cal-
culated" points in Fig. 3, which then include contribu-
tions from the entire lattice. An independent estimate of
these contributions could, in principal, be obtained from
the available literature values of yo' ' for Y-1:2:3-07.
These values are generally in the range of 0.33 X 10
emu/mol. " However, it has been found that the y~ for
Y-1:2:3-0 is significantly dependent on the exact oxygen
stoichometry. Furthermore, the dependence of g~ on
lattice constants, which change with rare-earth substitu-
tion, has not been analyzed. Therefore, it is not possible
at present to make a reliable, independent estimate of the
contribution to Ago from the rest of the lattice.

The reduced value for the effective moment of Pr + in
Pr-1:2:3-07, the unexpected linearity of the Curie plot,
and the small go contribution to the susceptibility, can all
be understood in terms of a rather unusual splitting pat-
tern for the lowest electronic energy levels. Normally in
this low-symmetry site, the J =4 states of the H multi-
plet for Pr + should be split into nine distinct, nondeg-
nerate energy levels. This complete lifting of degenera-
cies occurs here, but the pattern of the splittings is rather
unusual. According to the crystal-field calculation, the
first two excited states (E (5 meV) are energetically very
close to the ground state, with the other excited states at
much higher energies (E )40 meV). This pattern of
splittings means that over the energy range in which most
of the susceptibility data were collected (about 50—300
K), the system behaves as though it has three isolated,
low-lying energy levels, that contribute to the dominant
temperature-dependent magnetic susceptibility. The
remaining energy levels are high enough in energy, and
have small enough magnetic matrix elements, that they
do not contribute significantly to the calculated suscepti-
bility over the temperature range of interest. Although
the true, nondegenerate ground state has no magnetic
moment, the first two excited states are well populated in
the temperature range of interest. Since there are
nonzero magnetic matrix elements connecting these
states Pr + behaves as though it has a nonzero ground-
state magnetic moment. (This situation can be treated in
the van Vleck formula for y by expanding the Boltzmann
exponential factors, through the linear term, for the three
lowest energy levels and then completing the sum over
these three energy levels. ) The result is that the suscepti-
bility appears to obey the simple Curie Law, with a re-
duced effective moment.

As previously discussed, a renormalization of our cal-
culated low-energy states is expected below the long-
range magnetic ordering temperature of 17 K for Pr
This interaction is not included in our calculations, and
therefore we cannot determine a saturation magnetic mo-
ment for Pr + to compare with experiment.

We find entirely satisfactory agreement of the calculat-
ed and experimentally determined parameters associated
with the magnetic behavior of Pr ions in the paramagnet-
ic phase of Pr-1:2:3-07. We want to stress that the inter-
pretation of the data outlined above is based strictly on a
standard crystal-field treatment of the f2 configuration
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for Pr in mmm site symmetry. The susceptibility has
been calculated directly from these crystal-field eigen-
functions and eigenvalues using a standard van Vleck for-
malism. We have not had to include any "orbital reduc-
tion factor k" that is sometimes invoked to improve the
agreement between the calculated and experimental
values. The good agreement of standard crystal-field
calculations with the observed magnetic properties for
Pr-1:2:3-O7 proves that it is not necessary to invoke
"mixed valent" behavior to account for the low effective
moment on the Pr ions, nor is it necessary to have Pr +

to account for the nonzero ground-state moment found
from elastic neutron scattering on the ordered state.

The foregoing analysis of magnetic properties is fully
consistent with our cluster calculations, but provides
much more detailed information about the 1owest energy
states than do the cluster calculations. Mulliken analyses
on Pr, Nd, Ho, and Cm, confirm that the f-element ion is
trivalent in each case. The agreement of the calculated
and experimental magnetic features seems to indicate
that the static magnetic properties of Pr are not notice-
ably inAuenced by the unusual admixing of wave func-
tions, seen in the Mulliken analyses, between the Pr or
Cm f states and the Cu d states. Nevertheless, the
absence of superconductivity for Pr-1:2:3-07 and
Cm-1:2:3-07 appears to be caused by interactions associ-
ated with these unusual mixings of wave functions, rather
than any "mixed-valent behavior. "

The observed magnetic properties of Pr-1:2:3-07 have
been deduced from a knowledge of the observed locations
and expected behaviors of the low-lying electronic states
for the f configuration of an essentially trivalent Pr ion.
A simple model involving the presence of only Pr + is
clearly ruled out by the neutron inelastic data alone, since
Pr + has an f ' configuration, with a F5&2 ground term,
and therefore only three expected magnetic transitions
over the energy range probed by the experiment. Instead,
seven transitions can be assigned to the observed spectra,
compared to the eight possible transitions expected for a
Pr +, H4 ground term. Furthermore, the reconcilliation
of magnetic and trivalent electronic properties eliminates
the major reason for giving serious considerations to any
"mixed-valence" description of Pr in this compound. In-
terpretation of the magnetic data is now in agreement
with the generally accepted interpretation of a wide
variety of other microscopic and macroscopic properties
of Pr-1:2:3-07.

While a simple crystal-field analysis can explain
the spectroscopic and magnetic features of Pr + in
Pr-1:2:3-07, it does not explain the absence of supercon-
ductivity in this, or the Cm analog. In fact, both the ap-
pearance of the inelastic spectrum, which shows
broadened peaks, as well as our calculations, are con-
sistent with an interaction of the f electrons with the
conduction electrons. It should be noted that this in-
teraction involves the peripheral f-electron density, pri-
marily in the spatially extended region (tail of the radial
distribution function) of the wave functions. The mag-
netic measurements and crystal-field analysis, on the oth-
er hand, reAect the behavior of the bulk of the electron
density, which is spatially closer to the Pr nucleus. Since

the latter represents the greater part of the electron den-
sity, it is not surprising that the localized calculations can
well represent the magnetic behavior. Other experi-
ments, which would be much more sensitive to details of
the Pr-electron density farther from the nucleus are
necessary to probe details of this interaction. We do con-
clude from our analysis that the interaction of the f elec-
trons with their environment is subtle, and not a substan-
tial removal of charge from the Pr atom of the type de-
scribed as "mixed valency. "

The bulk of the evidence points toward trivalent Pr.
We believe that the results of our study essentially elimi-
nate from further consideration any mechanism for the
suppression of superconductivity in Pr-1:2:3-07 that re-
quires a significant charge transfer from the rare-earth
ion to the CuO planes. Instead, a likely mechanism for
this suppression of superconductivity involves a more
subtle magnetic interaction. Evidence of this subtle in-
teraction has been previously seen in inelastic neutron
scattering data, specific heat measurements, trends in
rare-earth magnetic ordering, and critical-field experi-
ments. The specifics of this interaction have yet to be
explained in detail, although a full understanding of the
nonsuperconducting members of the R-1:2:3-07 series
may well lead to important insights into the mechanisms
responsible for superconductivity itself.

CE)NCLUSIC) NS

Inelastic neutron scattering data have been obtained in
Nd-1:2:3-07 and Pr-1:2:3-07. With only minor
modifications to the published crystal-field parameters of
Ho-1:2:3-07, a simple scaling procedure has been used
to assign the transitions observed for Nd + and Pr +.
These transitions have been fitted to obtain a set of eigen-
functions and eigenvalues for Nd and Pr in this crystal
environment. The peak energies and their relative inten-
sities calculated from the fitted parameters agree well
with the experimental data. The calculated paramagnetic
susceptibilities also agree well with experiment. This is
particularly significant for Pr-1:2:3-07, since its reduced
experimental susceptibility has been used to argue mixed
valence for Pr in this system.

Unlike the spectrum obtained from the Nd compound,
the inelastic spectrum obtained from Pr-1:2:3-07 shows
only broad, low-intensity peaks. However, using a simple
crystal-field model, based on Pr +, and initial parameters
sealed from Ho + and Nd +, we were able to fit both the
energies and relative intensities of the observed peaks.
The eigenfunctions and eigenvalues obtained from this
procedure were then used to calculate an effective mag-
netic moment of 2.83pz for Pr +, very close to the ob-
served value.

We have demonstrated that the reduced magnetic sus-
ceptibility can be explained entirely in terms of a crystal-
field splitting of the H4 Pr ground term. There is no
need to invoke "mixed valence" behavior of the Pr ion in
order to account for the reduced magnetic moment.
However, this simple explanation of the magnetic proper-
ties does not explain the broadness of the peaks observed
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for the inelastic magnetic transitions. Further experi-
ments are necessary to determine if this broadening is the
result of dynamic, f-electron —Cu-spin interactions, or
whether there is a static effect, such as a slight Pr f
orbital hybridization, which results in the significant line
broadening, even at low temperatures. Either of these in-
teractions could be suScient to inhibit superconductivity
in Pr-1:2:3-07.
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