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We report here structural and directional magnetic susceptibility measurements on single crystals of
Y 12xPrxBa2Cu3O72d (x51.0, d51, 0.11; x50.7, d50; and x50.42, d50.22). The space group of
PrBa2Cu3O6 ~Pr-O6! and Y0.58Pr0.42Ba2Cu3O6.78 ~Pr 0.42-O7! were found to beP4/mmm and that of
PrBa2Cu3O6.89 ~Pr-O7! was found to bePmmm. Also, Pr-O7 was found to be weakly orthorhombic. Direc-
tional, magnetic susceptibility measurements in the temperature range 2–300 K revealed a clear peaking in
the paramagnetic anisotropy of Pr-O7 around 17 K, andxc.xa,b at all temperatures. However for
Y 0.3Pr0.7Ba2Cu3O7 ~Pr0.7-O7! and Pr0.42-O7,xc.xa,b at room temperature andxc,xa,b for temperatures
below 110 and 60 K, respectively. The magnetic susceptibilities have been analyzed in the light of crystalline
electric-field effects consideringJ mixing of all the thirteen multiplets. Intermediate coupled wave functions
have also been used in the calculations. Crystal-field interaction is found to be stronger in the case of Pr-O7
compared to Pr-O6 which is also evident from a shorter Pr-O bond length in the case of Pr-O7 than in Pr-O6.
A best set of eigenvalues and eigenfunctions has been determined and these are discussed and compared with
inelastic neutron scattering data.

I. INTRODUCTION

The coexistence of superconductivity and magnetism in
RBa2Cu3O72d (R5 rare-earth ion! has been the subject of
intense research over the last few years. Although a number
of experimental results on the physical properties of this sys-
tem have been reported, to date no single theory has been
proposed explaining the superconducting behavior and its
connection to magnetic properties. Of particular interest is
the Y12xPrxBa2Cu3O72d ~YPBCO! system which exhibits
a drastic suppression of the superconducting transition tem-
perature (Tc) with Pr doping. Further, the antiferromagnetic
ordering temperature of PrBa2Cu3O72d ~PBCO! has been
found to be higher by two orders of magnitude compared to
that of the other rare-earth ions.1 Also, it has been reported
that substitution of Pr in YBa2Cu3O72d ~YBCO! leads to an
antiferromagnetic Ne´el temperature (TN) which approxi-
mately increases linearly with the addition of Pr.1 The satu-
ration magnetic moment of Pr31 ions as found from specific
heat, susceptibility, and neutron diffraction experiments is
(0.7460.08)mB for PrBa2Cu3O7 and (1.960.2)mB for
PrBa2Cu3O6. These values are small compared to the free-
ion value of 3.58mB for Pr31 and 2.54mB for Pr41. A cal-
culation based on perfect three-dimensional long-range mag-
netic order yields neutron diffraction intensities which are
nowhere near the measured values.2,3

With a belief that the unusual features exhibited by this
system are due to the electronic properties of the 4f elec-
trons, a number of experimental studies has been
performed.4–6 Of crucial importance are the low-lying elec-
tronic levels of the Pr31 ion in this system, and until now
there has been considerable controversy regarding their spac-

ing and composition. Inelastic neutron scattering~INS! ex-
periments on these compounds reveal that the ground state of
the Pr31 ion is composed of a quasitriplet of width less than
40 cm21, which is well separated from the remaining levels
by about 500 cm21. Crystal-field ~CF! analysis has been
undertaken by most of these groups, and crystal-field param-
eters ~CFP’s! have been determined.4–6 In addition, mean
~powder! susceptibility (xmn) and specific heat measure-
ments have also been carried out.5,6Most of the experimental
results on this system have been limited to polycrystalline
samples, and only a few measurements have been performed
on well-characterized single crystals.7–10

The temperature dependence of the paramagnetic suscep-
tibilities depends sensitively on the nature of the low-
lying levels. Hence a study of the temperature dependence
of the directional susceptibility and paramagnetic anisotropy
was undertaken in the present work on single crystals of
Y 12xPrxBa2Cu3O72d . In this context it may be mentioned
that there are already a few reports on x-ray diffraction stud-
ies on these compounds.7,8 The main objective of our present
study is to make a crystalline electric-field analysis of the
magnetic susceptibilities and/or paramagnetic anisotropies.
Crystalline electric fields act as a direct probe at the rare-
earth site and sensitively depend on the symmetry, bond dis-
tances, and bond angles of the anions forming the environ-
ment of the rare-earth ion. This necessitated us to carry out a
fresh x-ray diffraction study on the samples chosen for the
present study so as to accurately determine the structural
parameters and to compare them with the corresponding
crystal-field parameters. We have therefore restricted our
study to compositions whose Pr content is 0.4<x<1 so as to
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get maximum range of temperature of the susceptibility data
for CF analysis.

II. EXPERIMENT

Single crystals of Y12xPrxBa2Cu3O72d were grown by
the flux method using polycrystalline YPBCO with a flux of
BaO-CuO eutectic mixture. The crystals obtained were shiny
black opaque platelets.11,12

A. Crystal structure measurements

Single-crystal x-ray diffraction data of PBCO and
YPBCO were collected using an Enraf-Nonius CAD-4 dif-
fractometer. Intensity data were collected by av-2u scan
technique for 2°,u,24° with graphite-monochromated Mo
Ka (l50.710 69 Å!. 203 and 132 reflections with
I.3s(I ) were used for structure determination of the two
samples, respectively. The structure was solved using the
Patterson technique. An absorption correction was applied
using the programABSORB.13 During the final cycles of re-
finement, the occupancy factors of the oxygens were varied.
The final goodness of fit (S), shift/e.s.d., andR values were
1.103, 0.023, and 4.85 %, respectively, for PBCO, and those
of YBPCO were 1.201, 0.374, and 2.44 %, respectively. The
above analysis was carried out using the programSHELX-93.14

B. Magnetic susceptibility and paramagnetic-anisotropy
measurements

Magnetic susceptibility measurements were performed on
PrBa2Cu3O72d ~Pr-O7!, Y 0.3Pr0.7Ba2Cu3O72d ~Pr0.7-O7!,
and Y0.58Pr0.42Ba2Cu3O72d ~Pr0.42-O7! single crystals in
the temperature range 2–300 K with a field of 2000 G using
a Quantum Design Superconducting quantum interference
device ~SQUID! magnetometer with field parallel (xc) and
perpendicular (xa,b) to thec axis. Paramagnetic anisotropy
(Dx) was measured on PrBa2Cu3O6 ~Pr-O6! single crystals
in the temperature range 77–300 K using a homemade
torque magnetic anisotropy balance.15

III. THEORETICAL BACKGROUND

The structure of YPBCO consists of a Pr site with eight
nearest oxygen neighbors in a nearly cubic configuration.
The total Hamiltonian at the Pr31 site is of the form

H5H01HCEF, ~1!

whereH0 represents the free-ion Hamiltonian consisting of
the spherically symmetric one-electron part, the electrostatic
repulsion between the equivalentf electrons, and the spin-
orbit interaction.HCEF represents the crystal-field part of the
Hamiltonian, arising from the effect of the surrounding an-
ions on the Pr31 ion. EachuJ& state of the free ion is (2J
11)-fold degenerate, and depending on the site symmetry of
the Pr31 in the crystal lattice, this degeneracy is lifted. In the
case of Pr31, the intramultiplet splitting arising due to
H CEF has been found to be comparable to the intermultiplet
splitting.16–18On account of this, it was found necessary to
conduct the theoretical analysis taking into accountJ mixing
of all 13 multiplets. Intermediate coupled wave functions

were used during the calculations. The software developed
for the present calculations has been described elsewhere.19

The CF Hamiltonian at the Pr31 site of YPBCO is of the
form

HCEF5(
k,q

Bk
qVk

q , ~2!

whereB’s are the crystal-field parameters~CFP’s! andV’s
are then-particle unit irreducible spherical tensor operators.
Here, k52,4,6 andq50,2,4,6 for orthorhombic symmetry.
In the case of tetragonal site symmetry,k remains the same,
but the terms withq52 and 6 are absent. The matrix ob-
tained on application ofHCEFwas diagonalized to obtain the
energy eigenvalues and the corresponding eigenfunctions.
The magnetic perturbationgJHW •JW was next applied on the
CF levels to obtain expressions for the magnetic susceptibili-
ties parallel (xc) and perpendicular (xa,b) to thec axis using
the Van Vleck formula.9

IV. RESULTS AND DISCUSSION

A. Structural

From our x-ray analysis on PrBa2Cu3O72d ~Pr-O7!, the
oxygen content after refinement was found to be 6.89. Pr-O7
was orthorhombic with space groupPmmm, a53.9132(5)
Å, b53.9156(3) Å, andc511.7120(11) Å andZ51. It was
found that considering orthorhombicity with four inequiva-
lent oxygen sites produced the best results. It is to be noted
that O~4! is present only at the~0 1/2 0! site and not in the
~1/2 0 0! site. The thermal parameters were unusually high
when O~4! was considered to be only at the~1/2 0 0! site or
when oxygen atoms were considered to be at both these sites.

FIG. 1. Structural diagram of Y12xPrxBa2Cu3O72d showing
the various atomic coordinates.
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SHELX-93enables more than two atoms to be assigned to a
particular site, with the sum of site occupation factors re-
strained to be a constant. Also, the same isotropic or aniso-
tropic displacement parameters are used for these two atoms.
In the present case the sum of Y and Pr was restrained to be
equal to 1 and refinement was performed. The YPBCO
sample was found to be Y0.58Pr0.42Ba2Cu3O6.78. The crys-
tals were found to be tetragonal with space group
P4/mmm, a53.877(5) Å,b53.877(5) Å,c511.692(3) Å
andZ51.

Figure 1 shows atom coordinates for
Y 12xPrxBa2Cu3O72d . Tables I and II list atom coordinates
and equivalent thermal parameters for Pr-O7 and Pr0.42-O7,
respectively. O~4! was isotropically refined in both the cases.
The bond parameters of Pr-O6~Ref. 9!, Pr-O7, and
Pr0.42-O7 are compared in Table III. Inspection of Table III
shows significant differences in bond lengths with a shorten-
ing of Pr-O~2! and Cu~1!-O~1! in Pr-O7 compared to Pr-O6,
which decreases further with a decrease in Pr content. The
short Cu~1!-O~1! bond length indicates a higher oxidation
state of Cu~1!. A short Pr-O~2! bond length indicates an in-
creased overlap between Pr and oxygen since the coordina-
tion number of oxygen around Pr remains the same from
x-ray analysis. Further, there is no evidence of a Pr41 from
spectroscopic measurements, viz., photoemission,20 x-ray
absorption,21 Raman,22 and electron-energy-loss spectra.23

B. Magnetic susceptibilities and paramagnetic anisotropies

The room-temperature value ofDx for Pr-O6 was found
to be 5.631024 emu/mol. The temperature variation ofDx

for Pr-O6 is shown in the inset of Fig. 2. In the case of
Pr-O7, directional-susceptibility measurements were made
taking precautions to reduce the background contributions.
The paramagnetic anisotropy was determined from the dif-
ference of susceptibilitiesxc and xa,b . The paramagnetic-
anisotropy value of Pr-O7 at room temperature measured by
the torque balance was found to be 7.431024 emu/mol and
that obtained from the SQUID magnetometer was found to
be 7.131024 emu/mol. On account of this agreement, the
paramagnetic anisotropy in the case of Pr-O7 was obtained
from the difference in the susceptibilities down to 2 K~Fig.
3, inset!.

The paramagnetic anisotropy of YPBCO single crystals
shows thatxc.xa,b at room temperature for all the com-
pounds studied by us. Alsoxc.xa,b throughout the tempera-
ture range of 300–2 K for Pr-O6 and Pr-O7. For compounds
Pr0.7-O7 and Pr0.42-O7, it was found thatxa,b.xc below
temperatures 110 and 60 K, respectively~Figs. 5 and 6, in-
sets!. In this context it may be mentioned that from neutron
diffraction studies2 the Pr spins were found to be aligned
along thec axis around the ordering temperature for Pr-O7.

FIG. 2. Temperature variation of the mean magnetic susceptibil-
ity of PrBa2Cu3O6: ~* ! experimental,~solid line! calculated. Inset:
paramagnetic anisotropy (Dx) data of PrBa2Cu3O6 , (D) experi-
mental,~solid line! calculated.

TABLE I. Crystallographic data of PrBa2Cu3O6.89 cells. Num-
bers in parentheses are standard deviations.

Atom x y z ga Ueq(A
2)

Pr 0.5 0.5 0.5 0.1250 15~1!

Ba 0.5 0.5 0.1853~2! 0.2500 20~1!

Cu~1! 0.0 0.0 0.0 0.1250 38~5!

Cu~2! 0.0 0.0 0.3517~4! 0.2500 17~2!

O~1! 0.0 0.0 0.1523~27! 0.2500 48~28!
O~2! 0.5 0.0 0.3761~23! 0.2500 15~1!

O~3! 0.0 0.5 0.3733~24! 0.2500 13~10!
O~4! 0.0 0.5 0.0 0.1122 118~87!

aOccupancy factor.

TABLE II. Crystallographic data of Y0.58Pr0.42Ba2Cu3O6.78

cells. Numbers in parentheses are standard deviations.

Atom x y z ga Ueq(A
2)

Y 0.5 0.5 0.5 0.0625 2~1!

Pr 0.5 0.5 0.5 0.0625 2~1!

Ba 0.5 0.5 0.1856~1! 0.1250 5~1!

Cu~1! 0.0 0.0 0.0 0.0625 14~1!

Cu~2! 0.0 0.0 0.3544~2! 0.1250 3~1!

O~1! 0.0 0.0 0.1526~12! 0.1250 18~3!

O~2! 0.5 0.0 0.3751~7! 0.2500 5~2!

O~3! 0.0 0.5 0.3751~7! 0.2500 5~2!

O~4! 0.0 0.5 0.0 0.0495 14~11!

aOccupancy factor.

TABLE III. Bond lengths~Å! and bond angles~in degrees!.

Atomic pair Pr-O6 Pr-O7 Pr0.42-O7

Pr-O~2! 2.472~14! 2.437~6! 2.427~5!

Pr-O~3! 2.472~14! 2.456~6! 2.427~5!

Ba-O~1! 2.789~6! 2.795~4! 2.768~2!

Ba-O~2! 2.883~17! 2.971~20! 2.944~6!

Ba-O~3! 2.883~17! 2.946~21! 2.944~6!

Ba-O~4! 2.995~2! 2.922~2! 2.910~8!

Cu~1!-O~1! 1.848~38! 1.784~32! 1.785~14!
Cu~1!-O~4! 1.949~2! 1.958~0! 1.938~1!

Cu~2!-O~1! 2.341~39! 2.335~32! 2.359~14!
Cu~2!-O~2! 1.960~3! 1.977~4! 1.954~1!

Cu~2!-O~3! 1.960~3! 1.974~4! 1.954~1!

O~2!-Pr-O~3! 67.7~6! 68.9~3! 68.8~2!

O~2!-Pr-O~2! 76.1~6! 73.1~10! 74.0~3!
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A decrease in the Pr concentration is expected to bring about
a decrease in the number of Pr spins aligning along thec axis
on lowering the temperature. This observation, however, is in
contradiction to Jayaramet al.10 who observedxc.xa,b for
all the concentrations studied by them throughout the tem-
perature range of 5–300 K. It was also found by us that no
measurablexa;xb could be detected, and this is also evi-
dent from the crystal structure.

A superconducting transition was not observed for any of
the four samples studied by us. It may be remarked that there
is a gradual suppression ofTc with an increase in Pr content
in the YPBCO system. Pr~0.4! is expected to show a typical
Tc of 45 K as reported for the polycrystalline sample. Also, a
comparison of Tc of single-crystal and polycrystalline
samples would be valid only when the Pr and oxygen con-
tents are the same in both cases. From our x-ray study on
Pr0.42-O7, it has been found that the oxygen content is only
6.78. It is well known that oxygen content plays a vital role
in determination ofTc . In single crystals it is difficult to
incorporate oxygen to the desired value. Therefore this lower
content of oxygen could have been a possible reason for our
not having observedTc for the sample Pr0.42-O7 and also by
Jayaramet al.10

Magnetic ordering of praseodymium was observed by us
in susceptibility measurements of Pr-O6 single crystals

clearly showing a peak at 11.5 K reported in our earlier work
~Fig. 4, inset!, characteristic of antiferromagnetic ordering.9

In the case of Pr-O7, the susceptibilities did not reveal any
anomaly near 17 K. However, a peak was observed inDx at
17.5 K ~Fig. 3, inset!. This peak could be due to antiferro-
magnetic ordering of Pr. In this context it may be mentioned
that Pr-O6 was grown in a platinum crucible9 and Pr-O7 was
grown in an alumina crucible. It is expected that Al substi-
tutes for Cu in the chains and may cause suppression of
TN .

5 However, the present experimental findings show that
alumina contamination has not alteredTN as reflected in
Dx values of Pr-O7~Fig. 3, inset!.

The inverse mean susceptibility of Pr-O6 clearly shows an
anomaly around 230 K~Fig. 4!. This could be due to the
antiferromagnetic ordering of Cu21. Such an anomaly has
also been observed in Pr-O7 around 240 K~Fig. 3, inset!.
Magnetic ordering of copper in polycrystalline Pr-O7 has
been reported to be around 270 K from muon-spin-resonance
(mSR! measurements.24 Similar copper ordering in inverse-
susceptibility measurements has also been reported for other
compounds, viz., Bi2Sr2PrCu2O8.

25

The crystal structure of Pr-O6 was found to be tetragonal
even down to 4.2 K.5 We therefore attempted a close fitting
of the paramagnetic-anisotropy data by considering a CF of

FIG. 3. Temperature variation of the directional magnetic sus-
ceptibilities of PrBa2Cu3O6.89: (* ,h) experimental and~dashed
and solid lines! calculated values ofxa,b andxc , respectively. In-
set: paramagnetic anisotropy (Dx) of PrBa2Cu3O6.89.

FIG. 4. Inverse experimental mean magnetic susceptibility of
PrBa2Cu3O6 . Inset: antiferromagnetic ordering in PrBa2Cu3O6 .

FIG. 5. Temperature variation of the directional magnetic sus-
ceptibilities of Pr0.7-O7: (* ,h) experimental and~dashed and solid
lines! calculated values ofxa,b and xc , respectively. Inset: para-
magnetic anisotropy (Dx) of Pr0.7-O7.

FIG. 6. Temperature variation of the directional magnetic sus-
ceptibilities of Pr0.42-O7: (* ,h) experimental and~dashed and
solid lines! calculated values ofxa,b and xc , respectively. Inset:
paramagnetic anisotropy (Dx) of Pr0.42-O7.
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tetragonal symmetry. At the outset, we attempted to fit the
paramagnetic anisotropy (Dx) by substituting the values of
the CFP’s reported in earlier work on inelastic neutron
scattering.4–6 It was, however, observed that the correspond-
ing temperature dependence of the paramagnetic anisotropy
could not satisfactorily account for the room temperature as
well as the temperature variation of the experimental values
of Dx.

Therefore each of the crystal-field parameters was varied
so as to study the actual effect of a particular CFP in different
temperature intervals. In this manner the CFP’s were varied
so as to obtain agreement between the calculated
paramagnetic-anisotropy value and the experimental value. It
was noticed that in order to get a good fit ofDx at room
temperature the variation ofB2

0 was crucial. Likewise, it was
also seen thatB4

0 played a major role in adjusting the rate of
increase ofDx on lowering the temperature.

We next attempted a fit to our experimental results on
xmn and Dx by a variation of the crystal-field parameters
which would also maintain the INS energy levels nearly un-
changed. In this context it may be mentioned that the Pr31

contribution to the susceptibility was determined by the fol-
lowing method:

xmn~Pr
31!5xmn2xCu2x0 . ~3!

HerexCu is the copper contribution to the susceptibility and
is determined by measuring the susceptibility of
YBa2Cu3O6. x0 has been determined from an initial Curie-
Weiss law fit to the experimental data.

It was found that during the fitting procedure even small
changes (61 cm21) in the values of the crystal-field param-

eters brought about large variations (6531025 emu/mol!
even though the energy-level pattern was found not to show
any detectable changes. The temperature variation of the cal-
culated values of the paramagnetic anisotropy and mean sus-
ceptibility along with the actual experimental results of
Pr-O6 are shown in Fig. 2.

Results of the magnetic susceptibility of Pr-O7 were ini-
tially analyzed considering only tetragonal CF parameters
since the lattice parameters are nearly tetragonal. In spite of
our repeated trials, it was not possible to get a good fit to our
data. Small values of the CF parametersB2

2 , B4
2 , andB6

2 had
to be incorporated to fit the experimental results. It was
found thatB6

6 is a crucial parameter in accounting for the
low-lying energy-level scheme. In general,B2

0 and B2
2 are

parameters which have a strong influence on the energy lev-

TABLE IV. Crystal-field parameters in cm21 of Pr-O6, Pr-O7,
Pr0.42-O7, and Pr0.7-O7 inn-particle unit irreducible spherical ten-
sor notation.

Bk
q Pr-O6 Pr-O7 Pr0.42-O7 Pr0.7-O7

B2
0 215 2500 120 250

B2
2 2270

B4
0 23494 23355 23654 23654

B4
2 2600

B4
4 1375 1652 1322 1302

B6
0 21020 21310 21160 21160

B6
2 2125

B6
4 22050 22895 22806 22895

B6
6 210 180 80

TABLE V. CF energy levels and wave function compositions appropriate to the ground multiplet of
PrBa2Cu3O6 and PrBa2Cu3O6.89 in a 91-level CF calculation.

a Experimental values~after Refs. 5 and 6! are
shown in parentheses.

CF levels~meV! Wave functions

0 0.2753u4,61&10.9601u4,73&
0 b 0.6616u4,23&10.2451u4,21&10.2451u4,1&10.6616u4,3&
~1.5! b

1.5~1.7! 0.7064u4,22&10.7064u4,2&
3.9~3.3! b 20.1035u4,24&10.6835u4,22&10.2007u4,0&10.6835u4,2,&20.1035u4,4&
~3.4!
~4.8!
4.7~4.8! b 20.6910u4,23&10.1396u4,21&20.1396u4,1&10.6910u4,3&
61.0b 20.6665u4,24&10.1524u4,22&20.1524u4,2&10.6665u4,4&
62.6~61.5! 0.6883u4,22&20.6883u4,2&
62.0~63.0! b 0.6099u4,24&10.1567u4,22&20.4316u4,0&10.1567u4,2&10.6099u4,4&
65.5~65.2! 0.9428u4,71&20.2685u4,63&
67.4~67.8! b 20.2366u4,23&10.6369u4,21&10.6369u4,1&20.2366u4,3&
68.1 20.3608u4,24&10.8546u4,0&20.3608u4,4&
77.3~76.0! 20.6862u4,24&10.6862u4,4&
84.5~83.0! b 0.1562u4,24&10.6619u4,22&20.6619u4,2&20.1562u4,4&
84.5~84.7! 0.5877u4,24&10.4936u4,0&10.5877u4,4&
89.5b 0.1294u4,23&10.6721u4,21&20.6721u4,1&20.1294u4,3&
98.8~97.4! b 0.3083u4,24&20.0831u4,22&10.8544u4,0&20.0831u4,2&10.3083u4,4&

aDetailed wave function table available from authors.
bLevels due to PrBa2Cu3O72d .
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els as well as the susceptibilities. The calculated and experi-
mental directional susceptibilities are shown in Fig. 3. The
best set of CF parameters and the corresponding CF energy
level pattern along with the wave functions for Pr-O6 and
Pr-O7 are given in Tables IV and V, respectively.

A similar CF analysis was undertaken so as to theoreti-
cally account for the magnetic susceptibilities of Pr0.7-O7
and Pr0.42-O7. The best-fitted CF parameters are shown in
Table IV. Since the INS spectra are not available for both
these compositions, it has not been possible to compare the
entire spectrum of the3H4 multiplet. However, the low-lying
level patterns for both these compositions vary only slightly
from Pr-O7 as reported by Jostarndtet al.26 The calculated
values of the magnetic susceptibilities together with the ex-
perimental data for Pr0.7-O7 and Pr0.42-O7 are shown in
Figs. 5 and 6, respectively. The energy levels of the various
compositions studied by us together with the INS data are
shown in Fig. 7. It may be mentioned here that the magnetic
susceptibilities and/or paramagnetic anisotropy of all the
compounds studied by us could be explained satisfactorily
by considering a CF calculation based on Pr31 alone.

The present analysis of the experimental data through CF
theory considering Pr31 ions only is able to account for the
magnetic susceptibility and its anisotropy and INS data fairly

well. The larger values of the CFP’s of Pr-O7 compared to
Pr-O6 show that the CF interaction is stronger in Pr-O7. This
is also evident from our x-ray analysis where we find that the
bond length of Pr-O7 is shorter than in Pr-O6. A prominent
difference between the CFP’s of Pr-O6 and Pr-O7 is that
there is a sign change inB2

0 . Also, there are slight differ-
ences in the energy-level scheme.

During our fitting procedure, it was found thatJ mixing
was essential to fit the directional susceptibilities, paramag-
netic anisotropy, and the INS data well. For example, in the
case of Pr-O6, the width of the ground multiplet corresponds
to an overall splitting of 103.5, 91.7, 91.8, and 84.5 meV for
9-, 20-, 33-, and 91-level fits, respectively. The observed
overall splitting of the ground multiplet of Pr-O6 is 84.7
meV.5 Similarly the paramagnetic anisotropy at 100 K is
found to be 2.7931023, 3.0331023, 3.0431023, and
3.1431023 emu/mol for 9-, 20-, 33-, and 91-level fits, re-
spectively.

It is interesting to mention here that the INS spectra of
Pr-O6 ~Ref. 5! above 30 K clearly show a two-level low-
lying level pattern as obtained from the present calculations.
However, belowTN a quasitriplet is clearly noticed with CF
lines at 1.7 and 3.4 meV, although x-ray analysis of this
compound shows a tetragonal structure even down to 4.2 K.5

This could probably be an effect of magnetic ordering and/or
Jahn-Teller effect normally observed in praseodymium
systems.27

In conclusion, it may be remarked that the present set of
CFP’s is able to explain fairly well a number of physical
properties, viz., paramagnetic anisotropy, mean magnetic
susceptibility, and the CF levels as reported from inelastic
neutron scattering spectra.
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