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Abstract. PrBgCuzO7_, (PrBCO) is unigue in the RB&uO7_, (R = rare earth) series
because it is not superconducting. In fact, fof_YPr,BaCusO7_,, T, drops monotonically

with Pr concentration, withl, going to zero at 55% Pr. There have been many studies of
this material with the hope that an explanation for the lack of superconductivity in PrBCO
might help explain why YBgCusOy_, is superconducting. Unfortunately, to date, none of the
proposed explanations has been totally satisfactory and without objection due to the considerable
controversy of the results obtained by different experiments. In this paper, a series of samples of
Y1-xPr,BaCusO7_, (YPrBCO) (0< x < 0.55) have been studied by x-ray diffraction, Raman
spectroscopy and XPS. The results reveal that the Pr dopant does not change the orthorhombic
symmetry of the samples. The peak positions at 502 and 334" @hthe Raman spectra
become shifted for different Pr concentration, which suggests a change in oxygen content upon
substitution of Pr ion for Y ion. There are two valences of Pr ions in YPrBCO. The valence
of Pr is changed with change in Pr contentThe relative content of Pt and P# is closely
related to the total Pr contert The valence of Pr is close to+3for smallx, and is increased

asx increases. The valence change of the Pr ion would directly result in the increase of oxygen
content. A ligand hole localized on the Pr—-0(2)/O(3) band would remove a hole from the
conduction band and yield a formal*rsite. The strong hybridization between Pr 4f electrons
and conduction holes in the Cyg(lanes induces a localization of mobile holes causing the
suppression of superconductivity in the YPrBCO system. In addition, the existence of some
extra oxygen atoms around Pr will also affect the distortion of the £pl@nes and possibly
assist in the suppression of the superconductivity.

1. Introduction

It is well known that different rare-earth ions (except Pr, Ce and Tb) can be substituted
in place of yttrium ions in YBgCwO7_, (YBCO), giving superconductivity with nearly

the same critical temperaturé. = 90 K. Ce and Tb yield the stable perovskites
BaCeQ and BaTbQ rather than the YB#LCuzO;-type structure. The Pr element is the
only one which is isostructural with YBCO but is not a high-superconductor. As

the Pr concentration is increased in_YPr,BaCuO7_, (YPrBCO) T, is monotonically
decreasing, with superconductivity vanishing at a concentration sf 0.55 [1-3]. The
normal-state electrical behaviour also undergoes a transition from metallic €d0.55) to
semiconducting (for > 0.55) at roughly the same concentration. There have been many
studies of this material with the hope that an explanation for the lack of superconductivity
in YPrBCO might help explain why YBCO is superconducting. The mechanisms proposed
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to explain both the suppression of superconductivity and the occurrence of semiconductivity
can be distinguished according to the valence of Pr ions assumed. The idea of hole filling in
the CuQ planes requires tetravalence or mixed valence [4,5]. The alternative mechanisms
are mediated by the hybridization of the 4f electrons 6f Rwith O 2p—Cu 3d electrons in

the CuQ planes [5-8]. Hybridization is supposed to lead to either Abrikosov—Gorov-type
pair breaking and/or localization of holes in the Gu@anes. Unfortunately, none of these
proposed explanations alone has been totally satisfactory and without objections due to the
considerable controversy of Pr valence obtained by different experiments. Evidence from
electron-energy-loss spectroscopy (EELS) [9] and x-ray absorption spectroscopy [10-12]
indicates that the valence of Pr is close to. 3However, the measured results of magnetic
susceptibility [5, 6, 15], specific heat [6,7,13,14] and Hall effect [15] suggest that the
valence of Pr is 4.

X-ray diffraction (XRD) and Raman spectrum analyses are useful tools for the
determination of crystal structure and the checking of impurities. XRD results show that
YPrBCO is isostructural with YBCO. The first Raman measurements on the YPrBCO system
were made by Bhadrat al [16] who studied the system for up to 0.5 and for pure
PrBCO. They noted that the 500 cinmode hardened as Pr was added. On the other
hand, photoemission techniques obviously have the potential to provide direct insight into
the involvement of Pr 4f states in the band structures of the Pr-doped YBCO system. In
fact, there have been previous studies of the systemPf,Ba,CusO, by several groups
using the x-ray photoemission spectrum [17—20]. The most significant feature of the latter
experiments was a shift to high binding energy in the leading edge of Ba core level peaks
with increasing Pr doping. A similar shift was observed upon increasingYBa,CuzO7_,.
However, the other core levels (O 1s, Y 3d, Cu 2p) showed no systematic change in lineshape
or binding energy with Pr doping. In any case, the problem of the Pr valence in Pr-doped
YBCO ceramics is still unresolved due to the overlap of the Pr 3d core line with the
Cu 2p core line. In this paper, the XRD, Raman spectrum, x-ray photoemission spectrum
(XPS) and a spectrum-extraction technique are applied to check the crystal structure and
the electronic structure in Pr-doped YBCO ceramics.

2. Experiment

Samples of Y_,Pr,Ba&CusO;_, with x = 0, 0.05, 0.1, 0.2, 0.4 and 0.55 were prepared
by the conventional solid-state reaction technique. Appropriate amounts of high purity
Y503, PisO11, BaCG; and CuO were mixed and calcined at 880in air for 24 h. After
intermediate grinding, they were reheated to 89dor another 24 h. The same process was
repeated at least twice in order to make the samples homogeneous. Then they were pressed
into pellets and sintered at 920G for 24 h in flowing oxygen. Subsequently, the pellets were
slowly cooled to room temperature at@ min~! in flowing oxygen. A.C. susceptibility
measurements give the same results as those reported by Neumeier [21] which reveal that
the superconducting transition temperat@redecreases monotonically with increasing Pr
contentx and forx ~ 0.55 no transition to a superconducting phase is observed.

XRD analysis was carried out using a Rigaku D/max-rA diffractometer with graphite
monochromatized Cu & radiation. Raman spectrum experiments were conducted using
a Spex-1403 spectrometer with a back-reflection geometric layout. The excitation source
was argon laser operating at 51A5 The XPS study was carried out on a VG ESCALAB
MK-II electron spectrometer. The clean surfaces of the samples were obtained by scraping
themin situ with a diamond file in ultrahigh vacuum. The base pressure in the vacuum
system was about ¥ 10° mbar. A magnesium anode provided the x-ray radiation
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(Mg Ka = 12536 eV) for excitation. All the measurements were carried out at room
temperature.

3. Results and discussion

3.1. XRD analyses for the samples ¥Pr,Ba,CuzO7_, (0 < x < 0.55)

Figure 1(a) shows the XRD patterns of the_YPr,Ba,CuO;_, (x = 0.0, 0.05, 0.1, 0.2,
0.4, 0.55). From these XRD patterns, first, it can be noted that Pr dopant does not change
the orthorhombic symmetry of the samples. The samples do no contain any impurity
and belong to the ideal pure Y-123 single phase. Secondly, figure 1(a) reflects the fact
that the position of typical diffraction peaks of Y-123 phase changes successively with the
increase of Pr content and suggests that the unit-cell parameters of the Pr-doped Y-123 phase
vary correspondingly, as shown in figure 1(b) (obtained from a least-squares refinement).
figure 1(b) shows that, b andc axes monotonically increase with the increase of Pr content,

as reported by Neumeier [21]. Since the ionic radius of Pr (A]fﬁr P+ and 1.00A
for PA) is larger than that of Y= 0.95 A) the increase of lattice parameters means that
most of the Pr substitutes onto the Y site and is well ordered with respect to the unit cell.
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Figure 1. (a) XRD patterns of the samples, Y, Pr,Ba,CuO7_,; (b) the change of the lattice
parameters, b andc dependent on the Pr contentobtained by a least-squares refinement.
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3.2. Analyses of Raman spectra for the samplesRf,Ba,CuzO7—_, (0 < x < 0.55)

Usually, Raman spectra in the range from 100 to 708 show the vibrations of Ba, Cu and
oxygen and are highly sensitive to the existence of an impurity phase in thgCtBa;_,
system. Figure 2(a) shows the Raman spectra for the sampleB1YBa,CuzO7_, (x = 0.0,

0.2, 0.4, 0.55). It can be seen that the peaks of the Raman spectra appear at 154, 334 and
502 cnT?, besides the sharp lines below 150 ¢mvhich may be due to laser plasma lines

and the Raman spectrum of air [22]. The characteristic lines at 154, 334 and 562 cm
have been identified as modes havingskmmetry lattice vibrations for the superconducting
phase YBaCuwO-_, [22—-24] suggesting that the samples are the ideal pure Y-123 phase,
which agrees with the XRD results. The curves of the line positions of 334 and 502 cm
peaks dependent on Pr content are shown in figure 2(b). As seen in figure 2(b), the peak
position at 502 cm! is a little shifted to a higher frequency while the peak position at
334 cnt! is shifted to lower frequency with the increase of Pr content. Radoaska)
suggested that the dominant effect on these modes is caused by the increased ionic size of
Pr ion from that of the Y ion (0 A — 0.98 A) [25]. On the other hand, we know that the
Raman peak associated with Cu—O stretching vibration (502 cdecreases in frequency
when oxygen is removed, while the bending-stretching modes of the Cu—O framework
(334 cn1?) harden under the same condition [24, 26]. This implies that the oxygen contents
are monotonically increased with the substitution of Pr for Y. Pr addition can increase
the oxygen content in the YB&usO;_, system. We suggest that because of the valence
change of the Pr ion (as discussed in 3.3) and the different ionic size of Pr versus Y,
substitution of Pr for Y directly affects the oxygen content, the shape and distortion of
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Figure 2. (a) Raman spectra for the samples_YPr,BaCusO7_,; (b) the change of line
positions of 334 and 502 cm peaks as a function of.
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CuG, planes in the Y_,Pr.BaCuO;_, system, and so causes the change of vibration
mode frequency.

Usually, Raman spectra in the range from 100 to 700" @how the vibrations
of Ba, Cu and oxygen and are highly sensitive to the existence of an impurity phase
in the YBgCusO;_, system. Figure 2(a) shows the Raman spectra for the samples
Y1-+Pr.BaCusO7_, (x = 0.0, 0.2, 0.4, 0.55). It can be seen that the peaks of the Raman
spectra appear at 154, 334 and 502 &nbesides the sharp lines below 150 @nwhich
may be due to laser plasma lines and the Raman spectrum of air [22]. The characteristic
lines at 154, 334 and 502 crhhave been identified as modes having gymmetry lattice
vibrations for the superconducting phase ¥8e307_, [22—-24] suggesting that the samples
are the ideal pure Y-123 phase, which agrees with the XRD results. The curves of the line
positions of 334 and 502 cm peaks dependent on Pr content are shown in figure 2(b). As
seen in figure 2(b), the peak position at 502-¢nis a little shifted to a higher frequency
while the peak position at 334 crhis shifted to lower frequency with the increase of Pr
content. Radouskgt al suggested that the dominant effect on these modes is caused by
the increased ionic size of Pr ion from that of the Y ion9@A — 0.98 A) [25]. On
the other hand, we know that the Raman peak associated with Cu—O stretching vibration
(502 cntl) decreases in frequency when oxygen is removed, while the bending—stretching
modes of the Cu—-O framework (334 ch) harden under the same condition [24, 26]. This
implies that the oxygen contents are monotonically increased with the substitution of Pr for
Y. Pr addition can increase the oxygen content in the XBgO;_, system. We suggest
that because of the valence change of the Prion (as discussed in 3.3) and the different ionic
size of Pr versus Y, substitution of Pr for Y directly affects the oxygen content, the shape
and distortion of Cu@planes in the Y_,Pr,Ba,CuO7_, system, and so causes the change
of vibration mode frequency.

3.3. XPS analyses for the samples Pr,BaCusO7_, (0 < x < 0.55)

The XPS spectra of the Ba 3d, O 1s and Y 3d core levels are shown in figure 3. It can be
found that the Ba 3d core level peaks at about 778.8 eV, as shown in figure 3(a), and is a
little shifted to higher binding energies with increasing Pr content. The O 1s core level in

figure 3(b) exhibits its major peak at about 528.6 eV with a clear shoulder at about 2-3 eV
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Figure 3. XPS spectra of Y_,Pr,BaCuO7_, as a function ofx for (a) Ba 3d, (b) O 1s and
(c) Y 3d core levels.
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higher binding energy. It is well known that the shoulder is caused by some sort of oxygen
contamination [27]. The doublet peaks of the Y 3d core level XPS appeared at 156.0 and
157.8 eV and showed no shift in peak position with increasing Pr doping, as shown in
figure 3(c), but there was a progressive decrease in the intensity of the Y 3d peak with Pr
doping. These facts show that the valences of Ba, O and Y ions are basically the same
with the change of Pr contentin Y1_,Pr.BaCuO-_,, which coincides with the results
reported by other groups [20].

The Pr 3d and Cu 2p XPS spectra in the binding energy range from 925.00 to 955.00 eV
for Y1_.Pr.BaCusO;_, with x = 0.0, 0.2, 0.4 and 0.55 are shown in figure 4. It is known
that in this energy range the Cu 2p spectrum consists of the main peaks located at the
binding energies of about 933 and 953 eV, and the satellite peak located at 942 eV. On
the other hand, the Pr 3d core line also appears in the same energy range. It is difficult to
distinguish directly the valence of Pr from the XPS spectra due to the overlap of the Pr 3d
core line with the Cu 2p core line. In figure 4, it can be found that the peak position at
932.4 eV is first shifted to a higher binding energy and then to a lower binding energy with
the increase of Pr content Because the peak position of Cu 2p is fixed, it is suggested
that the position change in figure 4 is caused by a profile change of the Pr 3d core line
or a change of Pr valence (as shown below). To extract the contribution of the Pr 3d core
line to the spectrum of YPrBCO, the Cu 2p spectrum of YBCO was subtracted from the
spectrum of YPrBCO. In this subtraction procedure, the intensities of all the spectra of
YPrBCO and YBCO were first normalized (based on the heights of the Ba 3d core level
peaks at the binding energies of about 778.8 eV) so that the Cu 2p core line and satellite
structures did not remain in the spectrum obtained by the subtraction. Then, the complex
Pr 3d and Cu 2p XPS spectra of YPrBCO was subtracted by the Cu 2p XPS spectrum of
YBCO. In this way, the Pr 3d XPS spectrum can be obtained. Because in this experiment
the contents of Ba and Cu for each sample are unchanged (which is confirmed by the WDS
of scanning electron microscopy), and the core levels (O 1s, Y 3d, Cu 2p) showed no
systematic change in lineshape or binding energy with Pr doping [17-20], the systematic
change obtained by the procedure is reliable. The Pr 3d spectra obtained by the above
spectrum-subtraction procedures are shown in figure 5. It can be found that there are two
peaks located at about 931.8 and 934.4 eV in figure 5. The relative intensities of the two
peaks are changed with the change of Pr concentration. Specifically, the intensity of the

932.4 Cu2p+Prid

INTENSITY——>

925.00 937.00 949.00

BINDING ENERGY (¢V)

Figure 4. XPS spectra of Pr 3d and Cu 2p of Y,Pr.Ba,CuO7_, as a function ofr.
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Pr3d
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Figure 5. Pr 3d XPS spectra of ¥ . Pr,BaCuO7_, as a function ofc, which were extracted
after subtraction of the Cu 2p spectra of YBagO7_,.

peak at 931.8 eV increases while the one at 934.4 eV decreases with the increasing of Pr
contentx.

To characterize the XPS of ¥r, Ogasawarat al [28] have determined the XPS of
Pr,O3. The experimental results reveal that there are two peaks (denotet] andff,
respectively) appearing at the binding energies~@B35 and~930 eV, respectively. For
Pr,Oz with P+, the two peak structures are due to thé38 and 3d4fL (L denotes a
ligand hole) final state configurations [29]. On the other hand, according to the analysis of
the Pr 3d XPS of Prowith Pr** ions [29], there are also two peaks appearing in the same
region, which correspond to the 3#?L and 3d43L2 final states. For both situations, it can
be found that the related intensities of the pedkanid £ are similar, with a small difference
in their positions. Ishiiet al [30] have checked the Pr 3d XPS spectra ofgBig2Ba0C;,

Prs011 and PsOs (as shown in figure 6) with differing relative content ofPrand Pf+

ions. Comparing their results, we can see that besides partial repetition of the results of
Pr,O3 observed by Ogasawagi al [28] the related intensities of thé find £ peaks are
changed with the change in relative content of th& Rmd Pf* ions. Specifically, the*f

peak intensity increases with the content ot'Pion increasing while the3fpeak intensity
decreases under the same condition. Thus, the change in relative intensityared £

peaks can be used to determine the change of the Pr valence. The change of the relative
intensities of the two peaks in figure 5 reflects the change of Pr valence. From figure 6,
we can obtain that the height ratios of the peakarfd £ are 1:0.45 and 1:0.98 for s

with the P#+ ion alone and RfgBig2Ba0; with both P+ and Pf* ions, respectively. For
YPrBCO, in figure 5 the height ratio of the two peaks at 931.8 and 934.4 eV is changed
from about 1:0.26 to 1:1.18 with increasing of Pr contentwhich indicates that the Pr
valence in YPrBCO is changed with the change of Pr conterfthere are two valences of
Prions in YPrBCO. The Pr valence is a mixed valence-8fand+4. The relative contents



7022 Shi Lei et al
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Figure 6. Pr 3d XPS spectra of RgBio2Ba0s, Pr011 and PpO3 (after Ishiiet al [30]).

of PPt ion and P#* ion are determined by the total Pr contentWhenx is small, the Pr
valence in YPrBCO is close to3 Whenx is increased, however, the Pr valence becomes
higher. For PrBgCu0;, the valence of Pr is mixed with almost equal numbers &f Pr

and Pf+ [32]. This fact is also confirmed by the increase of oxygen content indicated by
Raman spectrum analyses (see 3.2). The valence increase of the Pr ion with increase of Pr
concentration appears to promote some extra oxygen ion content. It was reported by Booth
et al from x-ray-absorption fine structure [12] that some extra oxygen atoms around the Pr
become disordered and/or distorted and give also an effect on the Gae.

In explanation of the suppression of superconductivity in the YPrBCO system, a model
of hole filling in the CuQ planes is supposed in terms of the mixed valence behaviour of Pr
involving a valence close te-4 as witnessed to by specific-heat [5, 6, 13, 14], susceptibility
[5, 6], Hall-effect [15] and chemical substitution studies [31]. This appears to be in
contradiction with the model of Abrikosov—Gorov-type pair breaking and/or localization
of holes in the Cu@ planes in terms of the hybridization of the 4f electrons ofRwith
O 2p-Cu 3d electrons in the CuQlanes suggested from the high-energy spectrum [9]
and x-ray absorption spectroscopy [10-12]. Unfortunately, none of the above-mentioned
models allows for a fully consistent interpretation of all experimental data. Moreover, Fink
et al [9] have determined by EELS that the dopant Pr does not significantly change the
total hole density of the YPrBCO system. Our results clearly reveal that in the YPrBCO
system the Pr valence is a mixed valence ofRand Pf*. The relative content of Br
to PP* increases with increasing Pr concentration. These results support the view that
the 4+/hybridization model put forth by Fehrenbacher and Rice [32] is a suitable one for
understanding the suppression of superconductivity in the YPrBCO system. According to
the 4+/hybridization model, a ligand hole localized on the Pr—0(2)/O(3) band would remove
a hole from the conduction band and yield a format™Psite. The strong hybridization
between Pr 4f electrons and conduction holes in the Cpl@nes induces a localization
of mobile holes causing the suppression of superconductivity in the YPrBCO system. In
addition to this, we suggest that the existence of some extra oxygen atoms around the Pr
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(revealed by the Raman spectra in this work and x-ray-absorption fine structure [12]) also
produces an effect on the superconductivity by affecting the distortion of the Qla@es.
The suppression of the superconductivity in YPrBCO system can then be attributed to the
combination of the 4-/hybridization model plus some local distortion of the Gu@anes.

4. Conclusion

From analyses of the Y .Pr,BaCuz;07_, (0 < x < 0.55) system by XRD, Raman spectra
and XPS, it is found that the Pr dopant does not change the orthorhombic symmetry of the
system. The samples are of ideal pure Y-123 single phase form. The peak positions at 502
and 334 cm? of the Raman spectra become shifted for different Pr concentration, which
suggests the increase of oxygen content with the substitution of Pr for Y. The changes of
oxygen content and the Pr 3d XPS spectra of Yr,BaCuz;0;_, reveal that there are two
kinds of valence of Pr ions in YPrBCO. The valence of Pr is changed with the change of Pr
contentx. The relative content of the #rion and the P¥" ion are determined by the total

Pr contentx. The valence of Pr is close to+3for small x, and increases as increases.

For PrBaCuzO;, the valence of Pr is strongly mixed with almost equal numbers &f Pr

and Pf*. The substitution of Pr for Y and the presence of extra oxygen would affect the
distortion of the Cu@ planes. The suppression of superconductivity and the occurrence of
semiconductivity can be related to both the valence change of the Pr ions and the distortion
of the CuQ planes.
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