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The hole states located on different oxygen sites have been investigated in Eu,, _ Pr,Ca,;BaSrCu;0, _; with
increasing Pr** substitution by high-resolution oxygen K-edge and copper L-edge X-ray absorption spectra. The
results reveal that the hole states are depleted systematically by the substitution and in turn lead to a reduction in
T.. However, the rate at which the depletion occurs is lower in Eu, 4 _ Pr,Ca,;BaSrCu;0, _ ; compared to that in

Y, _ Pr.Ba,Cu;0, _;and Dy, _ Pr ,Ba,Cu,0, _,. This is due to the partial substitution of Ba** by Sr** ions and R
(rare earth element) by Ca®" ions in the present case. The depletion of hole states gives evidence in support of the
hole-depletion models based on Pr 4f-O 2p, hybridization. The possible reasons for the anomalous behavior of Pr**

ions in RBa,Cu;0, _; are also discussed.

Introduction

The materials RBa,Cu;0,_; (R123) where R =rare earth
element, are known to show a superconducting transition tem-
perature (7,) above 90 K except where R = Ce, Pr or Tb.!?
Though isomorphic structure is not formed where R = Ce or Tb
unlike the other rare earth based R123 compounds,? ideal
orthorhombic structure similar to that of other superconduct-
ing R123 compounds is formed but no superconductivity
is exhibited by PrBa,Cu;O,_; (Pr123).>° This anomalous
behavior of PrBa,Cu;0,_; is not fully understood although
much has been published about the aspects related to non-
superconducting nature of this compound.*® Recently, there
have been some reports suggesting superconductivity in Pr123
but these have met with considerable skepticism owing to the
lack of reproducibility of data and the existence of an anomal-
ously long ¢ axis reported for the structure of Pr123 .61
Several models have been proposed during the past few years
to explain the anomalous behavior of PrBa,Cu;O,_;3 The
most widely discussed deal with the hole filling'*™® or pair
breaking mediated by the hybridization of praseodymium 4f
and oxygen 2p states of the CuO, planes.” The hole filling
model assumes that Pr has a valence of more than +3 whereby
the extra electrons from Pr neutralize the mobile holes which in
turn brings the compound to a near insulating regime. How-
ever, this model has not met with great success since a valence
exceeding +3 for Pr is not supported by many experimental
findings.?*?* On the other hand, pair breaking appeared to be
a more promising model as it can explain the suppression of
superconductivity in R, _ Pr,Ba,Cu;0, _; through the hybrid-
ization of praseodymium 4f and oxygen 2p states of the CuO,
planes leading to the localization of the holes, although pair
breaking by itself cannot account for the insulating behavior of
PrBa,Cu,0, _ ;." Recently, two models have been proposed by
Fehrenbacher and Rice (FR)? and Liechtenstein and Mazin
(LM),?® both of which involve the transfer of holes from the pd,
state to the pd, state. In the FR model the 4f . orbital of
Pr’* ion is hybridized with p, orbitals of neighboring planar
oxide ions. The p, holes are treated as planar (p,,) in the FR
model, whereas they have comparable amounts of p, , and p,

character in the LM model. These models are well supported by
a polarization dependent X-ray absorption study on detwinned
Y, _ .Pr,Ba,Cu;0, _; single crystals.” Although both FR and
LM models can explain the insulating behavior of PrBa,-
Cu;0, _,, they do not account for a high value of nearly 17 K
for the antiferromagnetic ordering of praseodymium moments
(Neel temperature Ty) for this compound.*’

Earlier experimental reports have demonstrated that the hole
states play a vital role in superconductivity in the p-type cuprate
superconductors. Therefore, knowledge of the electronic struc-
ture near the Fermi level of these compounds is important to
understand the mechanism of superconductivity. The X-ray
absorption spectra are determined by electronic transitions
from a selected atomic core level to the unoccupied electronic
states near the Fermi level. X-Ray absorption near edge struc-
ture (XANES) is therefore a direct probe of the character and
local density of the hole states responsible for the high temper-
ature superconductivity. It has been generally accepted that the
hole states in p-type cuprate superconductors are located on
oxygen sites. Moreover, there are several non-equivalent oxygen
sites in these materials. Therefore it becomes necessary to
understand the distribution of hole states among different
oxygen sites and their role in superconductivity as well.

The recent works on bulk and thin films of PrBa,_ Sr,-
Cu;0,_; show that strontium doping at the barium site
increases the distance between Pr’* and O?” ions in the CuO,
plane and consequently leads to a dramatic decrease of resistiv-
ity in doped samples.” Very recently, Liu et al.® also suggested
in support of the above observations that chemical substitution
of Sr for Ba in YBa,_ Sr,Cu;0,_; gives rise to higher hole
concentrations, leading to an overdoped state. As a result, a
decrease in T, was found from 92 K when x = 0.0 to 84 K when
x =0.8, which was the maximum solubility of Sr without modi-
fying the phase. Similarly, the holes induced by the Ca*" ions in
Pr, sCa, sBa,Cu;0, _; thin films lead to the recovery of the high
temperature superconductivity for the Pr123 phase.’ Recently,
this was also well brought out by Merz et al.® based on their
polarization dependent X-ray absorption spectral studies on
Y, _.CaBa,Cu;0,_; single crystals. They found that the
maximum hole counts correspond to the composition
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Y,.0Cay1Ba,Cu;O44,. All these reports clearly indicate that the
substitution of Ba?* partially by Sr** ions and R by Ca®* ions
induces and creates the holes, in contrast to the substitution of
Pr’" ions at the R site which always depletes the hole content.
In addition, it has been reported that Eu, _ Pr,Ba,Cu;O, _;
becomes an insulator when x >0.5. However, Eu, _ ,Pr ,BaSr-
Cu;0,_; and Euy,_ ,Pr,Ca,,;BaSrCu;O,_; do show super-
conductivity unlike Eu, _ Pr.Ba,Cu;O;_; even when x=0.5
(Table 1). X-Ray absorption studies on Y, _ Pr,Ba,Cu;O, _;
and Dy, _ Pr,Ba,Cu;0, _; indicate that the depression of T is
due to the depletion of the hole states by Pr** substitution and
the rate at which the depletion occurs is comparable for both
systems.*” However, there has been no report of X-ray absorp-
tion spectroscopy on R123 by substituting Ba>" partially by
Sr** ions and R by Ca*" and Pr** ions. Therefore, we have
chosen a series of compounds corresponding to the com-
position Eu,,_ Pr,Ca,,BaSrCu;0, _;, where x =0.1-0.5, for
the present study. Preliminary data for the present and the
related systems, viz. Eu, _ Pr,Ba,Cu;0,_; and Eu, _ ,Pr BaSr-
Cu,;0, _; where x =0.0-0.5, have been reported elsewhere.?”?
The corresponding T, values are reproduced in Table 1. It has
been shown in the present study that the hole states are depleted
systematically which in turn leads to reduction in 7, by the
substitution of Pr*" ions in Euy,_ Pr.Ca,,BaSrCu,0,_;.
However, the rate at which the depletion occurs is lower when

compared to those of the Y, _ ,Pr,Ba,Cu;0,_; and Dy, ,Pr_
Ba,Cu;0, _; systems.

1-x

Experimental

The samples Eu,,_,Pr,Ca,;BaSrCu;0,_; (x=0.1, 0.2, 0.3,
0.4 or 0.5) were prepared by solid state reactions of the respect-
ive oxides or nitrates at 1250 K. Stoichiometric amounts of
Eu,0;, Pr,O,;, Ba(NO;),, Sr(NO;),, CaCO; and CuO obtained
from Aldrich Chem. Co. (99.9%) were weighed and mixed
thoroughly in an agate pestle and mortar. The mixtures were
then transferred to a platinum crucible and placed in a furnace.
Initially the mixture was calcined at 1225 K for 24 h. The mix-
ture was then pressed into pellets and sintered at 1250 K for 78
h. The heat treatment was interrupted every 24 h for grinding
and pelletizations. The sintered samples were then annealed in
flowing argon gas for 12 h at 1100 K, the furnace was cooled to
725 K and reannealed in oxygen for 72 h. The samples were
then cooled to room temperature at the rate of 1 °C min~*. The
powder X-ray diffractograms were recorded on a Philips X-ray
diffractometer (Model PW 1071) with nickel filtered Cu-Ka
radiation. The analyses of powder X-ray diffractograms
showed that all the samples were single phase. lodometric
titration was used to determine the oxygen contents for the
samples.”® The T, values were obtained for the above com-
pounds by using an APD cryocooler with a Meissner coil
attachment in conjunction with an E.G. and G.P.A.R. two-
phase lock-in amplifier (Model 5280).

The X-ray absorption measurements for the polycrystalline
samples were carried out at the 6 m high energy spherical
grating monochromator (HSGM) beam line of the Synchro-
tron Radiation Research Center (SRRC), Taiwan, ROC with an
electron beam energy of 1.5 GeV and a maximum stored cur-
rent of 240 mA. The X-ray fluorescence yield (XFY) technique
was adopted for recording the spectra by using a micro channel
plate (MCP) as a detector. The MCP detector is composed of a
dual set of micro channel plates with an electrically isolated
grid mounted in front of them. The X-ray fluorescence yield
technique is strictly bulk sensitive with a probing depth of
thousands of angstroms in contrast to the electron yield tech-
nique. During the X-ray fluorescence yield measurements the
grid was set to a voltage of 100 V, while the front of the MCP
was set at —2000 V and the rear at —200 V. The grid bias
insured that positive ions would not be detected while the MCP
bias insured that no electrons were detected. The MCP detector

2066 J. Chem. Soc., Dalton Trans., 1999, 2065-2069

Table 1 The 7, values for Eu, ,Pr,Ba,Cu,0,_;, Eu,_.Pr,BaSrCu;0,_;
and Euy, Pr,Ca,;BaSrCu;0, ;, and the oxygen contents (7 — J) for
Eu,, _ Pr.Ca,,BaSrCu;0, _;

TJK + 1

Composition x00 01 02 03 0.4 05

Eu, _,Pr.Ba,Cu;0, _;
Eu, _.Pr.BaSrCu;0, _;
Eu,, - [Pr.Cay,BaSrCu;0, _;

948 79.5 579 388 150 0.0
84.0 68.0 62.0 53.0 37.5 26.7
77.0 69.0 65.0 60.0 33.7 214

Oxygen content (7 — ) + 0.02

Eu,,_ Pr.Ca,,BaSrCu,0,_, — 695 697 698 697 6.99

was located at ~2 cm from the sample and oriented parallel to
the sample surface. The photons were incident at an angle of
45° with respect to the sample normal. The incident photon
intensity (/;) was monitored simultaneously by a nickel mesh
located after the exit slit of the monochromator. All the
measurements were normalized to /. The photon energies were
calibrated using the known oxygen K-edge and copper L;-edge
absorption peaks of CuO. The energy resolution of the mono-
chromator was set to ~0.22 and =0.45 eV for the oxygen K-edge
and copper L;-edge X-ray absorption spectral measurements,
respectively. All the measurements were performed at room
temperature.

Results and discussion

The oxygen contents of Eu,,_ ,Pr,Ca,,;BaSrCu,O,_; where
x=0.1, 0.2, 0.3, 0.4 or 0.5 as determined by the iodometric
titrations are given in Table 1. These values remain unaltered at
~6.97 + 0.02 with increasing praseodymium substitution, indi-
cating that Pr is in trivalent state and is substituting at the
europium site. The ionic size of Ca®* is closer to that of Eu**
ion, rather than that of Ba2*/Sr?*,%° but its valence would favor
its going to the Ba/Sr site. However, an earlier study on Eu, _ -
Ca BaSrCu;0,_; by Waje et al® found that the lattice
parameter ‘@’ increased with increasing calcium concentration
‘x’ indicating that Ca substitutes at the europium site.

The oxygen K-edge X-ray absorption spectra of Euy,_ Pr,-
Ca,,BaSrCu;0, _; where x=0.1, 0.2, 0.3, 0.4 or 0.5 obtained
by the X-ray fluorescence yield technique are shown in Fig. 1.
All these spectra were normalized to their respective absorption
cross-sections of the actual oxygen contents given in Table 1.
The salient features of these spectra are as follows. There are
two prepeaks at ~528.3 and ~529.4 eV with a shoulder at 527.5
eV, and a broad peak at =537 eV. The low-energy transitions
with energy below 532 eV are ascribed to transitions from the
oxygen ls core electrons to holes with predominant 2p char-
acter on the oxygen sites. The transitions with energy above 532
eV are attributed to the transitions to oxygen 2p states, which
are hybridized with barium-4d, strontium-3d, praseodymium-
5d or 4f states.*

The system Eu,,_,Pr,Ca,;BaSrCu;O,_; is isomorphic
with YBa,Cu;0; _; (orthorhombic structure with space group
pmmm) at lower Pr** concentrations. However, with increasing
Pr** concentration, i.e. when x=0.3 and above, the phase
changes from orthorhombic structure to tetragonal struc-
ture.”® The tetragonal structure is again isomorphic with
YBa,Cu,0.%* We therefore adopted the same scheme of
assignments for the present oxygen 1s absorption spectra as the
samples belong to both orthorhombic as well as tetragonal
phases. A study on R(Ba,_,R,),Cu;0,_; (R=Nd or Pr) by
soft X-ray absorption spectroscopy also supports the present
assignments.*® The orthorhombic crystal structure of Eugy _ .-
Pr,Ca,,;BaSrCu;0,_; has four non-equivalent oxygen sites,
viz. O(2) and O(3) within the Cu(2)0O, layers, O(4) in the BaO
and SrO planes, and O(1) in the Cu(1)O chains along the b axis.
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Fig. 1 Oxygen K-edge X-ray absorption spectra for Eug,_ Pr,-
Ca,BaSrCu;0; _;. All these spectra were normalized to their respect-
ive absorption cross-sections of the actual oxygen contents given in
Table 1.

The observed multiple transitions at energy below 532 eV are
related to the chemical shifts of oxygen 1s binding energies for
different oxygen sites. The differences in the chemical shifts of
oxygen 1s core levels can be obtained by using local density
approximation (LDA) band-structure calculations. Based on
LDA calculations for YBa,Cu,0, _; by Krakauer et al** the
oxygen ls energy levels of the sites O(2) and O(3) in the
Cu(2)0, planes were very close to each other and found to
be 0.29 eV higher than that of the O(1) site in the Cu(1)O
chains which in turn was 0.4 eV higher than the energy level
of the O(4) site in the BaO planes. Based on these LDA calcu-
lations and earlier reports on isomorphic systems, viz. YBa,-
Cu;0, _,, PrBa,Cu;0,_; and DyBa,Cu;0,_; the following
assignment scheme for the oxygen 1s absorption spectra of
Eu,,_ Pr,.Ca, ,BaSrCu;0, _; is made.*”#*3*3" The shoulder
at 527.5 eV is assigned to the transition from the oxygen 1s core
level to the superposition of oxygen 2p hole states originating
from the apical oxygen sites, viz. O(4) sites in the BaO and SrO
planes, and oxygen sites in Cu(1)O chains, viz. O(1). The high
energy prepeak at 528.3 eV is due to the transition into oxygen
2p holes on O(2) and O(3) sites situated in the Cu(2)O, planes.
The peak at 529.4 eV is ascribed to the transition into the con-
duction band, in other words the upper Hubbard band (UHB)
which is predominantly formed by copper 3d states with some
admixture of oxygen 2p states.**** As a consequence of the
strong on-site correlation effects on the copper sites in cuprate
superconductors, the upper Hubbard band is always assumed
to be present.* The spectral weight of the component corre-
sponding to the transition to the hole states on O(2) and O(3)
sites situated in Cu(2)O, planes decreases, while the component
corresponding to the transition to the upper Hubbard band
increases, with increasing Pr** substitution for Eu*" in Eugy _ .-
Pr,Ca,;BaSrCu;0,_; (Fig. 1). These observations clearly
demonstrate that the chemical substitution of Pr** for Eu®*
in Euy,_ ,Pr,Ca,,BaSrCu;0,_; reduces the hole states in
Cu(2)0, planes.

To estimate the hole states on different oxygen sites and to
understand the variation of hole states for different praseo-
dymium substitution, the oxygen K-edge X-ray absorption
spectra as shown in Fig. 1 were resolved into different Gaussian
components by the following procedure. By fixing the band
positions obtained by plotting the second derivative form, the
bandwidths were evaluated over a series. It was found that the
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Fig.2 Pre-edge structure of the oxygen K-edge (a) and copper L;-edge
(b) X-ray absorption spectra for EuggPr,,Ca,,BaSrCu;O, ;. The
dashed lines represent the resolved Gaussian components of the
spectra. @, Experimental; ——, fit.
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Fig. 3 Plots of the relative intensities of hole states in Euy,_ Pr,-
Ca,BaSrCu;0; _; on oxygen sites originating from the (a) CuO; rib-
bons, (b) CuO, planes and (c) the upper Hubbard band (UHB) as a
function of Pr** substitution. The solid lines are guides to the eyes.

bandwidths obtained from the fits were almost constant for a
particular band over a series. These bandwidths were averaged
over a series for a particular band. Then the resultant band-
widths were fixed for the final fit and the band positions allowed
to vary. The goodness of fit was judged by the y* value. The
relative intensities of each Gaussian component were obtained
by integrating the area under the band. The errors in the relative
intensities of each Gaussian component were obtained as
standard errors (the square root of the mean square error) for
the best fits. As an illustrative example, the pre-edge structure
of oxygen 1s X-ray absorption spectrum of Eu,4Pr,,Ca,,BaSr-
Cu;0, _; including the Gaussian components along with their
assignments is shown in Fig. 2(a). The resultant spectral
weights for different Gaussian components are plotted as a
function of praseodymium substitution in Fig. 3. All these
spectral weights were normalized to that of the intense band at
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Fig.4 Praseodymium M,,-edge and copper L,;-edge X-ray absorption
spectra for Eu,, _ Pr,Ca,,BaSrCu,0, ;.

~537 eV. The spectral weight at 527.5 eV corresponding to
oxygen 2p hole states on the apical oxygen sites, viz. O(4), and
on the Cu(1)O chains, viz. O(1), is constant with increasing
praseodymium substitution (Fig. 3). On the other hand, the
spectral weight at 528.3 eV corresponding to oxygen 2p hole
states on the O(2) and O(3) sites situated in the Cu(2)O, planes
decreases systematically, while the spectral weight of the upper
Hubbard band at 529.4 eV is found to increase at the cost of
hole states on the O(2) and O(3) sites in the Cu(2)O, planes with
increasing praseodymium substitution (Fig. 3).

The praseodymium M,s-edge and copper L,;-edge X-ray
absorption spectra of Eu,,_,Pr,Ca,,;BaSrCu;O,_; where
x=0.1,0.2, 0.3, 0.4 or 0.5 obtained by the X-ray fluorescence
yield technique are shown in Fig. 4. The bands centered at 931
and ~951 eV are called copper L; and L, white lines, and are
assigned to the transitions from the ground states of Cu?®*,
Cu(2p;.12)3d°-0 2p®, into the excited states, Cu(2p;,,,,)'3d"-
O 2p°, respectively, where (2p;;,,1,) " denotes a hole containing
2Py O 2py;, states.**? The shoulders situated to high energy
of each main band are assigned to the transitions from the
ground states of Cu**, Cu(2p;p,,1,)3d°L ™" into the excited states,
Cu(2psp.12) '3d™ LY, respectively, where L' denotes a ligand
hole on the oxygen 2p orbital. These high-energy shoulders are
therefore identified as the holes in the CuQ, layers and CuO,
ribbons.***? The shoulders to low energy of both copper L-
edges are due to praseodymium My and M, white lines respec-
tively and are assigned to the transitions from 3ds, electrons to
4f states of Pr’*. Attempts were made to resolve the copper
L;-edge and prasecodymium M;-edge X-ray absorption spectra
and as a representative example the results of the spectrum
corresponding to the composition Eu,4Pr,,Ca,;BaSrCu;0, _;
including the resolved Gaussian components and their assign-
ments are shown in Fig. 2(b). The resultant spectral weights for
Gaussian components corresponding to the transitions, viz. the
hole contents in the CuO, layers and CuO; ribbons, and
praseodymium M; white line, are plotted as a function of
praseodymium substitution in Fig. 5. All these spectral weights
are normalized to that corresponding to the transition due to
Cu®* at #931 eV. The spectral weight corresponding to the total
hole contents decreases while that corresponding to the praseo-
dymium M, white line increases with increasing praseodymium
concentration. The increase in the spectral weight correspond-
ing to the M white line confirms that Eu®" ions in the Euyg _ -
Pr,Ca,,;BaSrCu;0, _; system are partially substituted by Pr**
ions. The decrease in hole content with increasing Pr** is also
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Fig. 5 Plots of the relative intensities of (a) the band at 2930 eV
originating from 3ds, to 4f of Pr** and (b) the defect state at ~932 eV
on the copper sites, for Eu,,_ Pr,.Ca,,BaSrCu;0, _; as a function of
Pr** substitution. The solid lines are guides to the eyes.

evidenced by the oxygen K-edge X-ray absorption spectra as
discussed earlier.

The present experimental results based on oxygen K-edge
and copper L-edge X-ray absorption spectra for Euy,_ Pr,-
Ca,BaSrCu;0, _; clearly demonstrate that the hole states
responsible for superconductivity get depleted progressively by
the praseodymium substitution.*® These should in principle
reduce the 7, which is indeed found to be the case. Thus these
results give evidence in support of the hole-depletion models
based on Pr 4f-O 2p, hybridization.”?*¢ By comparing the
depletion of hole states upon praseodymium substitution in
Euy, _ Pr,Ca,;BaSrCu;0,_; with those in Y,_ Pr.Ba,Cu;-
O, _, and Dy, _ ,Pr,Ba,Cu;0,_; it is found that the rate at
which the depletion of hole states occurs in the present case
is lower than in Y,_ PrBa,Cu;O,_; and Dy,_ Pr,Ba,-
Cu;0, _,.*" This is due to the partial substitution of Ba** by
Sr** and Eu by Ca”" ions which keeps inducing and creating
the holes which in turn leads to a decrease in the rate of hole
depletion in the present case.

It is well known that the phenomenological Judd-Ofelt
model can account for the observed intensities for 4f-4f transi-
tions of all the rare earth ions except Pr**.*¢ In the case of
Pr** ions, the 5d level is relatively low lying which results in a
strong mixing with the 4f orbital. This is reflected by the
abnormal intensity reported for the transition *H,— °P, in
the absorption spectra measured in the uv-visible region for
Pr** ion in different host materials.**® The models proposed
by FR and LM consider that the 4f._, orbital of Pr** is
strongly localized and hybridized with p, orbitals of neighbor-
ing planar oxide ions.”*?® These models do not consider 4f-5d
mixing for Pr** ion. The abnormal intensity reported for the
transition *H, — P, and the non-applicability of Judd—Ofelt
theory for the Pr** ions suggest that the 4f orbital is strongly
perturbed by the 5d orbital. One should take this effect into
account when the 4f orbital of Pr** ion is considered for hybrid-
ization. This may be one of the reasons that both FR and LM
models could not account for a high value of nearly 17 K for
the antiferromagnetic ordering of praseodymium moments
(Neel temperature, Ty) for PrBa,Cu,0, _ ;.%°

Conclusion

High resolution oxygen K-edge and copper L,-edge X-ray
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absorption spectra for Eu,, _ Pr,Ca,;BaSrCu;0, _; as a func-
tion of Pr** substitution have been obtained by using a bulk
sensitive X-ray fluorescence yield technique. The spectral
weight of the pre-edge structure in the oxygen 1s X-ray absorp-
tion at 527.5 eV corresponding to oxygen 2p hole states on
apical oxygen sites and on Cu(1)O chains is constant with
increasing praseodymium substitution. On the other hand, the
spectral weight at 528.3 eV corresponding to oxygen 2p hole
states situated in the Cu(2)O, planes decreases systematically,
while the spectral weight of the upper Hubbard band at 529.4
eV is found to increase at the cost of hole states in the Cu(2)O,
planes with increasing praseodymium substitution. The ana-
lyses of the copper L;-edge also show that the spectral weight of
the high energy shoulder at 932.3 eV corresponding to the hole
contents in the CuO, layers and CuO, ribbons decreases with
increasing praseodymium concentration. Both the oxygen K-
edge and copper L-edge X-ray absorption spectra for Euyg _ .-
Pr,Ca,BaSrCu;0; _; clearly demonstrate that the hole states
are depleted by the praseodymium substitution, which explains
the reduction in the 7,. However, the rate at which the depletion
occurs is lower in Eu,,_ Pr,Ca,;BaSrCu;0, _; compared to
that in Y, _ Pr,Ba,Cu;0, _; and Dy, _,Pr.Ba,Cu;0, ;. This
is due to the partial substitution of Ba®* by Sr** ions and Eu by
Ca”" ions, which induces and creates the holes. Our results give
evidence in support of the hole-depletion models based on Pr
4f-O 2p, hybridization. Further the anomalous behavior of
Pr** can be well explained if one takes into account the 4f-5d
mixing in which the 5d level is low lying and which strongly
mixes with the 4f orbital of Pr** ions unlike those of other rare
earth metal ions.
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