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We present a detailed investigation of the bulk electronic properties of Y;_Pr,Ba,Cu3;0; (YPrBCO) using
x-ray absorption spectroscopy in the partial fluorescence yield mode (PFY-XAS) at PrL;, BaL;, and CuK
edges together with Pr2p;3,3ds,, and Cu 1s2p resonant inelastic x-ray scatterings. Pr L; PFY-XAS spectra
show that Pr is in the mixed-valence state (with the valence number slightly greater than 3) for the whole x
=0.2—1 range, while the Pr valence decreases with increasing x. The decrease of the Pr** component upon Pr
doping, hinting at a weakening Pr-O hybridization, is inconsistent with the scenario according to which the
increase in Pr-O hybridization quenches the superconductivity in YPrBCO for x=0.6. It rather suggests that
the superconductivity may be suppressed by the total increase of the Pr-related states in the electronic structure
due to the Pr ion concentration upon doping. No doping dependence is found in the electronic structure of the
Ba and Cu sites, consistent with their invariant environment. No temperature dependence in our data is

observed within the experimental accuracy.
DOI: 10.1103/PhysRevB.77.045135

I. INTRODUCTION

Most RBa,Cu;0, (RBCO, R: rare earth, y=7) com-
pounds exhibit high superconducting transition temperature
(T,) of about 90 K.'=> T, decreases® when increasing the ion
radius. The compounds with R=Pr (PrBCO) and Pr substitu-
tion of Y at the R site [Y,_Pr,Ba,Cu;0, (YPrBCO), x
=(.6] are unique in the series for their completely sup-
pressed superconductivity. Understanding this anomalous be-
havior is expected to shed light on the underlying mechanism
of superconductivity in high 7, cuprates. Although an abun-
dance of studies have been performed for the past 20 years in
connection with the quenched superconductivity in the Pr-
doped systems, the experimental results are sometimes in-
consistent and the exact mechanism has not been concluded
yet.)

A number of models have been proposed for the origin of
the anomalous properties of PrBCO and YPrBCO, such as
hole ﬁlling,7 hole localization,’ percolation,9 magnetic
pairbreaking,”!%!! magnetic impurity scattering,'> Pr-O hy-
bridization [Fehrenbacher-Rice (FR) theory],'>!* disorder of
Ba site,!> hole transfer from CuO, planes to CuO chains,'®
and mis-substitution effect of Pr atom in Ba site.!”-!® The
most commonly accepted one appears to be the Pr-O hybrid-
ization, according to which hybridization between Pr4f
and O2p binds holes primarily from the CuO, planes
to tetravalent Pr sites, which in turn destroys the
superconductivity.!3!% There is, however, no unified theory
that can describe all experimental results, including the non-
linear change in 7. with the Pr concentration. For example,
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theoretical analysis of Yu et al.'” suggested the presence of

three regimes in the T.(x) dependence, with a decrease in T,
associated with the transition from overdoping to underdop-
ing at small x, effects of hole depletion and pair breaking
dominating the middle x region, and mostly pair breaking
remaining at x>0.5. On the other hand, Tomkowicz?® sug-
gested that the T,(x) dependence can be explained solely by
trapping of the holes at Pr ion sites. Another anomaly in
PrBCO is the high magnetic ordering temperature of 17 K,*
similar to CmBCO."?

Unveiling the electronic structure, including the valence
state, of YPrBCO is a mandatory ingredient to understand its
unusual behavior. X-ray spectroscopy is a powerful tool to
derive such information. In previous works, particular atten-
tion has been paid to the Pr valence for its variation as a
function of the Pr concentration x. Thus, the ratio of the Pr**
component was reported to be inversely proportional to x by
means of x-ray absorption spectroscopy (XAS).?!?* Neu-
kirch et al. suggested an upper limit of 10% on the relative
Pr** content in YPrBCO by means of Pr M and Pr L edge
XASs.25 Yet, Hilscher et al.?° found an admixture of ~15%
of Pr** using XAS at the Pr L; and Pr L, edges.

Besides, drastic changes were found in the intensity of the
O K edge XAS spectrum as a function of x.2-3! These
changes have been understood on the basis of a decrease
(increase) of the Zhang-Rice [Fehrenbacher-Rice (FR)] state
with increasing Pr concentration, the Zhang-Rice (ZR) states
being related to the hole states in the superconducting CuO,
planes. Thus, the hole transfer from the ZR states to the
localized FR states, occurring through the hybridization be-
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FIG. 1. (Color online) Superconducting transition temperature
(T,) and Néel temperature (7)) as a function of Pr concentration (x)
for Y,_,Pr,Ba,Cu304. The closed circle, cross, open circle and open
square are the data from Tomkowicz (Ref. 20), this study, Felner er
al. (Ref. 34), and Kobede er al. (Ref. 35), respectively.

tween the O 2p7 and Pr4f,,2_2) orbitals, was suggested to
result in a significant decrease of the hole number in the
CuO, planes with increasing x.

In this paper, we report on a comprehensive spectroscopic
study of the bulk electronic properties of Y;_.Pr.Ba,Cu;0,
(x=0, 0.2, 0.4, 0.6, and 0.8) using recently developed tech-
niques, x-ray absorption spectroscopy in the partial fluores-
cence yield (PFY-XAS) and resonant inelastic x-ray scatter-
ing (RIXS). Owing to the site selectivity of the PFY-XAS
measurement, we could obtain high-resolution Pr L absorp-
tion spectra free of the Ba L; absorption signal which usually
overlaps with the high-energy part of the Pr L edge. This
allows us to accurately derive the x dependence of the Pr
valence and show that the Pr** component decreases with
increasing doping, especially in the 0.2-0.4 range. The RIXS
spectra were previously shown to provide detailed and reli-
able information about the electronic structure of f electron
systems, such as the degree of localization and electronic
occupancy.’>3 The Pr2p;,,3ds, RIXS spectra are sugges-
tive of delocalized, partially hybridized Pr 5d states. No Pr-
doping dependence was found in the Ba and Cu absorption
edges, consistent with their invariant structural environment.
Besides, no temperature dependence was observed in our
data.

II. EXPERIMENTS

A. Sample

Samples of Y,_,Pr,Ba,Cu;0; (x=0, 0.2, 0.4, 0.6, and 0.8)
are prepared from a mixture of pure oxides by the standard
solid state reaction method. Magnetic susceptibility measure-
ments on our samples as a function of temperature showed
the superconducting transition at temperature 7. Our depen-
dence of T, on Pr concentration (cross points) is reported in
Fig. 1 along with the data from Ref. 20 and the Néel tem-
perature (Ty) from Refs. 34 and 35. Our results are consis-
tent with those of Ref. 20. The superconducting character is
observed to disappear for x=0.6.
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FIG. 2. (Color online) PrL; PFY-XAS spectra obtained for
Y,_Pr,Ba,Cu;0; (a) x dependence at 300 K; x=0.2 (dotted line,
red), 0.4 (long-dashed-triple-dotted line, black), 0.6 (long-dashed-
dotted line, light green), 0.8 (broken line, green), and 1.0 (solid line,
blue). (b) Temperature dependence; x=0.2 at 15 K (long-dashed-
dotted line, red), 0.2 at 300 K (broken line, red), and 0.6 at 300 K
(solid line, green) along with the Pr,O5 spectrum (dotted line, blue).
(c) Estimated mean valence from PFY-XAS spectra as a function of
Pr concentration (x). Inserted figures are enlarged 4f' regions.

B. Measurement

X-ray spectroscopic measurements are performed at the
undulator beamline BL15XU (Ref. 36) in SPring-8. The un-
dulator beam is monochromatized by a water-cooled double
crystal monochromator. Energy calibration of the beamline
monochromator is performed at the Cu K edge. The incident
beam intensity is monitored by a thin Al foil located just
before the sample. X-ray emission is measured by Ge 111
double crystal spectrometer with (+,+) geometry.?” Ge 111
lattice constant has been estimated before® and energy cali-
bration of the spectrometer is performed between Pr Loy and
Cu Ka; emission lines. The resolution E/JE is estimated to
be about 3350 at 8050 eV, where E is the photon emission
energy. We used an Iwatani CRT-M310-OP cryostat to cool
down the samples from room temperature to about 15 K.

III. RESULTS AND DISCUSSION

A. X-ray absorption spectroscopy in the partial fluorescence
yield mode

Figure 2 shows the Pr L; PFY-XAS spectra obtained for
Y ,_,Pr,Ba,Cu;0; as a function of x and temperature together
with the Pr,O5 reference spectrum [Fig. 2(b)]. All the spectra
are normalized to their area. They were measured by tuning
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the spectrometer energy to the peak of the Pr La; emission
line while scanning the incident photon energy across the
Pr L; edge. The PFY-XAS technique yields spectra with
sharper features than conventional absorption, offering a
higher accuracy when deriving quantitative information such
as the valence. Moreover, in the present case, we measure the
intensity variation of a Pr emission line; our spectra are
therefore free from the Ba L; edge signal which would ap-
pear above 5989 eV in a conventional absorption spectrum.
We note that, although measuring at the Pr L, absorption
edge would allow us to circumvent the Ba signal as well,
Lytle et al. reported the absence of Pr 4+ peak at the L, XAS
spectrum for x=0.6.%!

We ascribe the two peaks at 5968 and 5980 eV in the
spectra of YPrBCO to the main edge (2p — 5d transition) of
the Pr’* (4/%) and Pr** (4f1) sites, respectively.> The inten-
sity of the 4/ peak decreases for YPrBCO between x=0.2
and 0.4, while, as expected, the Pr,O5; spectrum seems to
have no 4f! contribution.

We estimate the Pr valence v with the formula v=3
+I(4fN 141 +1(4f")], where I(4f") is the intensity of the
4f" component. In order to estimate I(4/"), we subtract from
the PFY-XAS spectra the arctanlike transitions into the con-
tinuum and fit the remaining spectral density with Voigt
functions. The results, plotted in Fig. 2(c), interestingly show
that Y,_,Pr,Ba,Cu;0; always remains in the mixed-valence
state, the valence decreasing between x=0.2 and 0.4 and then
showing little variations over the x=0.4—1.0 range.

Our value of the valence at x=0.2, 3.08 =0.01, is smaller
than the XAS derived values of 3.4*+0.2 for x=0.2 and
3.18 £ 0.05 for x=1 of Alleno et al.>} and 3.45 for x=0.2 and
3.25 for x=0.6 of Lytle et al.?! It is, however, in good agree-
ment with those of Staub et al.***! and Ku et al.* estimated
using XAS, too. At small Pr concentrations, the contribution
from the Ba L, edge in the Pr L3 spectrum becomes relatively
larger and, because it is located only a few eV above the
weak Pr** component in the normal XAS spectrum, may
affect the estimation of the Pr valence. Our site-selective and
high-resolution absorption spectra are therefore expected to
yield a more reliable value of the Pr valence. Besides, our
results are qualitatively consistent with most of the previous
XAS works on that increasing the Pr concentration results in
decreasing its valence. This phenomenon was accounted for
by the calculations of Tanaka and Motoi** using the ionic
crystal model.

Here, it is noted that Staub ef al.*® and Ku et al.>® showed
that the Pr valence increases with oxygen concentration.
Thus, Staub et al. reported a change in the valence from 3.09
for 6=0 to 3.05 for 6=1 in Y;_,Pr,Ba,Cus0,_s Although we
did not measure the oxygen content in our samples, we can
reasonably assume that the change in § from one sample to
another is much less than 1. Accordingly, the valence differ-
ence we derived between x=0.2 and 0.4, ~0.03, should be
very poorly affected by the possible difference in oxygen
content.

The mean Pr-O distance in YPrBCO has been previously
reported to increase as a function of x by means of x-ray
diffraction* and extended x-ray absorption fine structure
(EXAFS).?* In the latter study, the valence of Pr was esti-
mated to be 4+ for x=0 and 3+ for x=1. Our results some-
what support this trend qualitatively.
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FIG. 3. (Color online) PFY-XAS spectra obtained for
Y,_,Pr,Ba,Cu30; at the (a) BaL; with x=0.2, 15 K (dotted line,
green), x=0.2, 300 K (dashed-dotted line, red), and x=0.6, 300 K
(solid line, blue) and (b) Cu K edges for x=0.2 at 15 K (dotted line,
red) and 300 K (dashed-double-dotted line, red) and 0.6 at 15 K
(broken line, blue) and 300 K (solid line, blue). In (b), the CuO
PFY spectrum at 300 K (solid line, green) is also shown.

The Pr** state was found to split over two peaks in the L,
absorption spectrum of PrO,, 4f! and 4fL states, where L is
a hole in O 2p orbital.*> These two peaks are separated by
~9.4 eV. Through the curve fit assuming the energy separa-
tion of 9.4 eV also for YPrBCO, we derive the intensity of
the 4f2L component, which overlaps with the tail of the
strong 4f2 state of Pr’* in Fig. 2. Accounting for these two
distinct Prt peaks in the fit, the valence is estimated to be
about 3.25+0.05 at x=0.2 from the formula v=3+[I(4f")
+I(4£2L)1/[1(4f2) +1(4f") +1(4f°L)]. Nevertheless, the x de-
pendence of the valence remains qualitatively the same.

Figure 3(a) shows Ba Ly PFY-XAS spectra, collected by
monitoring the intensity variations of the La; (2p3,—3ds,)
emission line for the x=0.2 (15 and 300 K) and 0.6 (300 K)
samples. No x dependence is observed, which suggests that
the Ba sites are not affected by Pr substitution. A similar
observation was made from the Ba5p—Ba4d soft x-ray
emission spectrum.*’ This result is consistent with the EX-
AFS measurements of Gurman et al.,>* which reported no
change for the environment of the Ba sites over Pr doping.

Figure 3(b) shows the Cu K PFY-XAS spectra obtained
by measuring the incident energy variations of the Cu Ka;
emission line for the x=0.2 and 0.6 samples at 15 and 300 K,
along with the CuO spectrum. The resemblance with the
CuO spectrum shows that Cu is near the 2+ charge state. No
change seems to occur in the spectra as a function of x or
temperature. Tanaka and Motoi studied the Cu electronic
state in YPrBCO using the valency model*? and suggested
that, since the Pr valence is higher than that of Y by about
0.3, a slight reduction of the Cu valence in the CuO, planes
is likely to occur upon Pr doping. They predicted a decrease
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FIG. 4. (Color online) Pr 2ps,3ds,, RIXS spectra for YPrBCO
x=0.2 at 15 K as a function of the incident photon energies (right
panel) along with the Pr L; edge (left panel). The vertical scale of
the right panel corresponds to x-ray intensity. The position of the
base line of each spectrum in the right panel scales to the energy of
the left panel.

of about 0.05 in the valence of the Cu(2) site, while the
valence of the Cu(l) site remains unchanged as the Pr con-
centration is changed between x=0 and 1. Our measurement
yields information averaged over the two Cu sites, so one
can think that the weak changes remain within the error bar.
On the other hand, the environment of the Cu atoms was
found invariant over Pr doping by EXAFS, which is sugges-
tive of a constant Cu valence.?*

B. Resonant inelastic x-ray scattering for Pr

We collected the Pr2p;,3ds,, RIXS spectra for the x
=0.2 sample at 15 K, where superconductivity is observed.
Figure 4 shows the corresponding RIXS spectra along with
the Pr L3 PFY-XAS spectrum. The RIXS spectra are normal-
ized to their peak intensity and plotted as a function of the
transfer energy, defined as the difference between the inci-
dent and emitted photon energies. Going from low to high
incident photon energy, one can successively observe the Ra-
man regime where the signal remains at constant transfer
energy and the fluorescence regime where the peak drifts
toward the high transfer energy side.*® At 5978 eV, the La;,
emission line is observed to broaden, which we suppose is
due to the overlap of the Pr4f' and Pr4f> components. In
order to separate the Raman and fluorescence components,
we fit the whole series of spectra, as illustrated in Fig. 5.3
For the fluorescence signals, we need to assume a sum of two
symmetrical lines, main F, and small F, so as to account for
the multiplet effects under the existence of the core hole.*’
For the Raman regime, too, two components, R, and R;, are
necessary. The results of the curve fit are summarized in Fig.
5(c), where F=F,+F}, and R=R,+R,,

Our Pr2p;,3ds, RIXS spectra resemble the
Gd 2p;,3ds;, ones obtained for Gd;GasO;,.* In the
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FIG. 5. (Color online) Examples of the curve fit of the
Pr 2p3,53ds;, RIXS spectra obtained for YPrBCO (x=0.2) at 15 K
and incident photon energies of E;,= (a) 5979 eV and (b) 5963 eV.
The open circles are the experimental spectra. R, and R, are Raman
components and F, and F), are fluorescence components. (c) Inci-
dent photon energy dependence of the intensity of the fluorescence
(open circle, F=F,+F};) and Raman components (closed circle, R
=R,+R,;) with PFY (solid line). The intensity of the Raman com-
ponent is multiplied by a factor of 5.

Gd;Gas0,, case, the Raman component due to the quadru-
polar transition was detected. A similar weak feature of qua-
drupolar origin can be seen in our PFY-XAS spectrum, too,
at the incident energy of 5959 eV. The dipole transition as-
sociated with the Raman component in Gd;GasO,, was
found to be stronger than the fluorescence signal for incident
energies as high as the maximum of the main absorption
edge. Rueff et al. suggested that it is possible to characterize
the degree of covalence or localization of the states near the
Fermi level based on the incident energy dependence of the
so-called Raman and fluorescent features in the preedge
region.*” The transitions to the localized intermediate states
belong to the Raman regime and are expected to appear at
constant transfer energy. The transfer energy of the transi-
tions to the band states disperses linearly with the incident
energy. The degree of delocalization of the electronic states
depends on the incident energy range over which the transi-
tions to these respective states take place. For example, if the
Raman regime is extended up to the absorption edge, the
states are said to be relatively localized, whereas Raman
transitions confined to the preedge would point to a relative
delocalization. In comparison, the Raman component in our
case is restricted to a few eV below the edge, so we can
conclude to a relative delocalization (or hybridization) of the
Pr 5d states in YPrBCO because the Raman component of Pr
corresponds to the 2p-5d transition.

C. Resonant inelastic x-ray scattering for Cu

The Cu 1s2p RIXS spectra measured for the x=0.2 and
0.6 samples at 15 K are displayed in Fig. 6, where Figs. 6(b)
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FIG. 6. (Color online) (a) Cu 1s2p RIXS spectra obtained for
YPrBCO at x=0.2, 15 K as a function of the incident photon ener-
gies along with the CuK PFY-XAS edge. (b) Enlarged preedge
region of (a). (c) Enlarged preedge region for x=0.6 at 15 K. The
position of the base line of each spectrum in the right panel scales
to the energy of the left panel.

and 6(c) show the enlarged preedge region. The x=0.2 and
0.6 spectra strongly resemble each other. The Raman regimes
are restricted mainly to the pre-edge peak region. We observe
a broadening of the spectral features for an incident energy
of 8980 eV. A similar phenomenon was observed in
La,Cu0,,>° accounted for by coexisting on-site (quadrupole)
and off-site (dipole) Cu 1s-Cu 3d transitions by means of
many body cluster calculations.

The Cu K« emission spectra for CuO, YPrBCO, and Cu
metal obtained for incident energies E;,=9005—-9020 and the
corresponding Cu 1s2p RIXS spectra measured at E;,
=8976 eV are plotted in Fig. 7. The three fluorescence spec-
tra are found to be similar with each other. The CuO 1s2p
RIXS spectrum shows three distinguishable peaks, referred
to as C, A, and S in Ref. 51. The same peaks, even though
less clear, are still observed in the YPrBCO spectra. Peak C
was proposed to originate from the 1s7'3d'" intermediate
state (1s-3d transition).’! These three peaks show a constant
transfer energy with E;,; therefore, they are Raman compo-
nents.

Examples of the curve fit of the Cu 152p RIXS spectra are
shown in Fig. 8 for E;,=8982, 8977 eV. For the Cu K« fluo-
rescence, based on the results of Deutsch et al., we assumed
two lines, K, (main peak) and K«;, (weak satellite peak)
for Ka;.>? For the Raman components, three peaks (R1-R3)
were necessary in the preedge peak region, as shown in Fig.
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FIG. 7. (Color online) Cu Ka emission spectra obtained for
CuO, YPrBCO, and Cu metal at the incident energies of E;,
=9005-9020 and Cu 1s2p RIXS spectra obtained for 8976 eV. The
notations (C, A, S) for the RIXS spectra follow Ref. 51.

8(b). R1 and R3 seem to correspond, respectively, to C
(1s-3d) and A in Fig. 7 (see in Ref. 51). R3 seems to be
associated with broadening of the RIXS spectrum obtained
for an incident photon energy of 8980 eV (cf. Fig. 6).

Figure 9 shows the results of the curve fit. Whereas the
fluorescence signals extend to the whole edge, the quadrupo-
lar Raman components R1 and R3 are observed only in the
preedge region. The Raman component R2 corresponds to
the dipolar transition (1s-4p) and is mainly restricted below
the main absorption peak D. These results suggest relative
delocalization of the Cu 3d and Cu 4p states.
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FIG. 8. (Color online) Example of curve fit shown for the
Cu 152p RIXS spectra obtained for YPrBCO (x=0.2) at 15 K and
incident photon energies of (a) 8982 eV and (b) 8977 eV. The open
circles are the experimental data.
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and (b) the Raman components R1, R2, R3 of the Cu 1s2p RIXS
spectra obtained for YPrBCO (x=0.2) at 15 K.

D. Effect of the Pr doping on the electronic states

The Pr** ion radius is about 11% larger than that of Y**
(Ref. 5). Increasing the substitution degree of the Y sites by
Pr is therefore expected to result in an increased lattice pa-
rameter and Pr-O interatomic distance, as was previously
observed by EXAFS.?* Then, as the Pr-O distance increases,
the hole transfer from O to Pr becomes less likely, thus caus-
ing the Pr valence to decrease as we observed by PFY-XAS
at the Pr L5 edge. Our results of the Pr valence are therefore
consistent with the increase of the Pr-O distance upon Pr
doping.

One can think of another interpretation of the Pr valence
decrease based on the picture that, when the Pr ions are far
away from each other (low Pr content), each Pr ion strongly
interacts with the holes and attracts them to it. When the Pr
concentration is increased, the minima of the effective poten-
tial become more spread and there is no need for the holes to
be located too closely to the Pr ions, thus leading to the
observed valence decrease.

On the other hand, measurements of the O 1s absorption
spectra suggested that hole carriers in the CuO, planes and
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CuO chains decrease with Pr doping, which was ascribed to
the hole transfer from the ZR band to the FR states occurring
via the Pr4f-O 2p hybridization and which would result in
an enhanced stabilization of the Pr** state.?’-3! Although our
observation of the mixed valence of Pr at all doping levels
supports the idea that Pr doping always induces hole transfer
from O to Pr site through Pr-O hybridization, we show here
that this hybridization decreases over Pr doping. This invali-
dates the scenario according to which the increase in the
Pr-O hybridization at the unit cell scale suppresses the
superconductivity.”’-3! Instead, we suggest that with the in-
crease in Pr content, as a whole, the presence of Pr-related
electron states and corresponding modifications of the total
electron structure may affect the superconductivity.

IV. CONCLUSION

Site-selective Pr K PFY-XAS measurements indicate that
the Pr valence is slightly larger than 3 and decreases with Pr
doping, especially over the 0.2-0.4 range. This result is un-
derstood in terms of weakening of the Pr-O hybridization
caused by the increase of the Pr-O distance upon doping. No
change is observed in the electronic structure of Ba and Cu
upon doping, which is consistent with their invariant envi-
ronment. Cu K PFY-XAS spectra show that the Cu mean
valence is nearly 2+. RIXS spectra obtained at the Pr L; edge
suggest relatively delocalized 5d states. Our results show
that the suppression of the superconductivity for x=0.6 is
unlikely to stem from the increase in Pr-O hybridization.
Instead, one of the different possible mechanisms suggested
here is the increase in the Pr-related states due to the Pr ion
concentration upon doping which, as a whole, strongly modi-
fies the electron states in a way that the transition tempera-
ture is reduced or suppressed. No temperature dependence
was observed for our data within the experimental accuracy.
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