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Abstract. We have probed the distribution of hole carriers in Eu(Ba;_,Eu,),
Cu307,s5 (x = 0-0.2) and Eu(Ba;_,Pr,),Cu307;s (x = 0-0.25) by O K-edge and
Cu L-edge x-ray absorption spectra. Upon Eu and Pr substitution at the Ba site
in Eu(Ba,_,R,),Cu;07,s, the concentration of holes in the CuO, planes becomes
greatly diminished. The depletion rate of hole carriers within the CuO, planes in
Eu(Ba,_,Pr,),Cu307,;s is greater than that in Eu(Ba,_,Eu,),Cu307,s. The rate of
T, suppression with Pr doping in Eu(Ba,_,Pr,),Cu3;07,5 is accordingly greater
than that in Eu(Ba;_,Eu,),Cu;07,;.
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1. Introduction

Replacing yttrium in YBa,Cu3;0O; with other rare-earth elements, apart from Pr [1, 2], neither
affects its superconducting properties nor significantly alters the corresponding superconducting
transition temperature (7). In Y,_,Pr,Ba,Cu;0;, T, decreases monotonically with increasing
Pr doping, and superconductivity becomes completely quenched for a proportion of Pr greater
than 0.55 [1]. This suppression of superconductivity of R, _,Pr,Ba,;Cu;0; due to Pr doping has
been a controversial topic in the field of high-7; cuprates.

InR;_,Ba,_,Cu307,;, the light rare-earth elements R (La, Pr, Nd, Sm, Eu and Gd) are known
to occupy both the Ba site and the rare-earth site. If R** has an ionic radius approaching that of
Ba®*, it is amenable to a high degree of substitution of R for Ba without phase separation [3]-[5].
In Nd,,,Ba,_,Cu307,4, the existence of a solid solution has been found in a range from x = 0 to
0.8 [3]. The substitution of R** ion at the Ba** site is accompanied with a change in the crystal
structure from orthorhombic to tetragonal. For example, in Eu(Ba;_,R,),Cu3;07,5 (R = Eu,
Pr, and La), the space group is Pymm, thus orthorhombic, for x < 0.15, whereas the structure
collapses to a tetragonal space group, Ps/mmm, for x = 0.15. When R* occupies the Ba®" site
in Eu(Ba;_,R,),Cu307,s, neutron-diffraction data show that the extra oxygen is incorporated
in fully oxygenated orthorhombic structure and occupies the anti-chain Cu—O(5) sites [5].
As the Cu—O chain acts as a charge reservoir, the extra oxygen alters the distribution of holes in
the structure.

The chemical substitution of a R** ion for a Ba>* ion in Eu(Ba,_,R,),Cu;0,s leads to a
monotonically decreasing superconducting temperature. The suppression of superconductivity
has, however, no simple relation to the ionic size of R** substitutes [35, 6]. Moreover, the change
in superconductivity is indirectly related to structural distortion. Especially noteworthy is that Pr
doping in Eu(Ba;_,R,),Cu307,5 and Nd(Ba,_,R,),Cu;07,s suppresses superconductivity more
effectively than other light rare-earth substitutions [5, 6]. Several mechanisms have been proposed
to explain this more rapid depression of superconductivity by Pr in Eu(Ba;_,R,),Cu307,s,
and Nd(Ba;_,R,),Cu3;07,s, including ionic size, magnetic pair breaking, Pr 4f hybridization
or crystal-field effects [5]. With regard to this suppression of superconductivity, it is therefore
of interest to elucidate whether Pr has a unique electronic characteristic among the light rare-
earth elements. This question has become increasingly crucial because superconductivity of
PrBa,Cu30; is reported in some crystals, thin films, and polycrystalline materials [7]-[9]. The
absence or occurrence of superconductivity in PrBa,Cu3;0O; has re-opened the field for discussion.

The aim of this study was to investigate the effect of substitution by various rare-earth
elements at the Ba sites, and in particular to clarify the distinction between the behaviour of
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Pr and other light rare-earth elements. We measured systematically the variation of unoccupied
electronic structure near the Fermi level for compounds in the series Eu(Ba;_,R,),Cu307,;
(R = Eu, Pr). Although Xu et al [ 5] reported the physical properties of Eu(Ba;_,R,),Cu3;07,s, the
relationship between the hole distribution and superconductivity properties is not established in
detail. Hole states are known to play a pivotal role for superconductivity in p-type cuprate
superconductors [10]. In this study, we measured O K-edge and Cu L-edge x-ray absorption
near-edge structure (XANES) spectra of Eu(Ba;_,R;),Cu3;07;s (R = Eu, Pr) to discover how
the variation of the hole distribution near the Fermi level is related to the superconducting
properties.

2. Experiments

Detailed procedures for the preparation of Eu(Ba;_,R,),Cu;07,5 (R = Eu, Pr) were reported
elsewhere [5]. In brief, polycrystalline Eu(Ba;_,R,),Cu3;07,5 (R = Eu, Pr) samples were
synthesized by the standard solid-state reaction method using dried rare-earth oxides, BaCOs,
and CuO. The copper oxide was heated in oxygen at 800°C to achieve complete oxidation. The
initial grinding of the oxides and carbonate was performed in a micromill in order to reduce
the particle size and speed the diffusion process. The powder was then calcined several times
in CO,-free air for 24-48 h, with intermediate grinding. The calcination steps were repeated
until x-ray diffraction (XRD) and differential thermal analysis (DTA) confirmed the formation
of a single-phase solid solution. The calcined samples were then annealed in 100% oxygen
atmosphere at a temperature near the melting temperature of the solid solution. Oxygenation of
the samples was performed on powders at 450°C for 24 h with a slow cool to room temperature.
X-ray absorption measurements were performed at the 6 m high-energy spherical grating
monochromator beamline of the National Synchrotron Radiation Research Center in Taiwan.
X-ray absorption spectra were recorded in the x-ray fluorescence yield mode with a microchannel
plate detector. In contrast to the electron-yield measurement, the measurement of x-ray
fluorescence yield is sensitive to the bulk of a sample with a probing depth of thousands of
angstroms. The photon energies were calibrated using the known O K-edge and Cu L-edge
absorption peaks of CuO. The energy resolution of the monochromator was set to approx.
0.15eV f for the O K-edge energy region and approx. 0.3 eV for the Cu L-edge energy region.

3. Results and discussion

Figure 1 shows O K-edge x-ray absorption spectra of Eu(Ba;_,Eu,),Cu3;07,5 for x = 0-0.2. The
principal features of the O K-edge x-ray absorption spectrum for samples with x = 0 are two
distinct pre-edge lines at approx. 528.3 and 529.3 eV with a shoulder at approx. 527.6 eV, and a
broad line at approx. 537 eV. The low-energy pre-edge peaks with energies less than 532 eV are
ascribed to excitations of O 1s-core electrons to hole states with predominantly 2p character on
the oxygen sites. The features at energies above 532 eV are attributed to continuum absorption
to empty d states or f states of Eu, Ba 4d, Cu 4s or Cu 4p states hybridized with O 2p states [11].
We found that the O K-edge x-ray absorption spectra above 550eV of Eu(Ba;_,Eu,),Cu307,;,
which are likely dominated by the contribution from multiple scattering effects, are quite similar
and nearly independent of Eu substitution. Accordingly, the O K-edge absorption spectra in
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Figure 1. O K-edge x-ray absorption spectra of Eu(Ba;_,Eu,),Cu;07,;s for
x =0-0.2.

figure 1 for various compounds with varied x were normalized to have the same integrated area
in the range 550-560 V.

The Eu(Ba;_,Eu,),Cu307,5 compounds for x < 0.15 are isomorphic with orthorhombic
YBa,Cu;0;_;. With increased Eu content in Eu(Ba;_,Eu,),Cu3;O7, for x > 0.15, the
compounds become tetragonal for fully oxygenated samples. This tetragonal structure is
isomorphic with YBa,;Cu30¢ 4. As shown in figure 1, the O K-edge x-ray absorption spectrum
of Eu(Ba;_,Eu,),Cu307,5 for x = 0 exhibits features similar to that observed for YBa,Cu;07_s
with§ = 0[12]. We therefore adopt the same scheme as for YBa,Cu3;O;_s in assigning the present
O Is absorption spectra of Eu(Ba;_,Eu,),Cu3;07,s. The pre-edge feature at approx. 528.3 eV is
attributed to excitations of O 1s electrons to O 2p holes in the CuO, planes, i.e., Zhang—Rice (ZR)
states [11, 13]. The pre-edge peaks at approx. 527.6 eV in figure 1 are due to superposition of
O 2p hole states in the apical oxygen sites and CuO chains [14]. The absorption peak at approx.
529.3 eV is assigned to a transition 3d'°L —O1s7!3d!%, i.e., into O 2p states hybridized with the
upper Hubbard band (UHB) with predominantly Cu 3d character. This pre-edge structure results
from the hybridization in the ground state of the Cu 3d® and Cu 3d'°L configurations, in which
L denotes ligand holes in the O 2p orbitals. Due to the strong on-site correlation effects on the
copper sites in the cuprate superconductors, the UHB state has always been assumed to exist.

As is discernible in the inset of figure 1, the spectral weight of the pre-edge feature at
approx. 528.3 eV originating from O 2p hole states in the CuO, planes is greatly diminished
with increasing concentration of Eu, whereas the UHB intensity becomes significantly enhanced
concurrently. This change is consistent with the known transfer of spectral weight from the hole
states in the CuQ, planes to the UHB due to strong correlation effects in the CuO, planes, as
observed in O 1s absorption spectra of other hole-doped cuprate superconductors [15, 16]. This
behaviour provides clear evidence in support of the filling of O 2p holes in the CuO, planes by
chemical substitution of Eu** for Ba** in Eu(Ba,_,Eu,),Cu;07,s. In contrast, hole carriers in
the CuOj; ribbons show a minor change with Eu substitution.
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Figure 2. Cu L-edge x-ray absorption spectra of Eu(Ba;_,Eu,),Cu;0O7,s for
x = 0-0.2. For comparison, the Cu L-edge x-ray absorption spectrum of the
x = 0.2 sample is plotted as a dashed curve.

Figure 2 reproduces the Cu L,3-edge x-ray absorption spectra of Eu(Ba;_,Eu,),Cu3;0O7,s for
x = 0-0.2 in the energy range 925-960 eV. For samples with x = 0, the Cu L;-edge absorption
spectrum is asymmetric with a tail extending to greater energies, and can be decomposed into
two features at approx. 931.2 and 932.6 €V, respectively. The spectral shape of the Cu Lj
absorption edge for samples with x = 0 resembles that of single-crystalline YBa,Cu;0O;_; for
E || ab plane [17]. For a sample with x = 0.2, apart from an absorption feature at approx.
931.2eV, a more pronounced shoulder at approx. 932.9eV is discernible, as indicated by
arrowheads in figure 2. The samples with x = 0.2 show spectral features of the Cu L3 absorption
edge similar to single-crystalline YBa,Cu3;O;_; for E || ¢ axis. The shoulders shift to greater
energy approx. 0.3 eV for samples with Eu doping increasing from x = 0 to 0.2.

The absorption features at approx. 931.2 and 951.2eV shown in figure 2 are ascribed
to transitions from Cu(2p3/2.1/2)3d°~02p® ground states to Cu(2ps,2.12)~'3d'°-02p° excited
states, in which (2p3» /2)*1 represents a 2p3,, or 2p;,; hole, i.e., being due to Cu'[17]. The
high-energy shoulders are assigned to transitions from the Cu(2p3/2.1/2)3d°L ground state to
the Cu(2ps3/2,1 /2)‘13d10L excited state, in which L denotes the O 2p ligand holes, i.e., being
due to Cu™. The spectral weight of the high-energy shoulder therefore corresponds to the total
concentration of holes in the CuO, planes and the CuO; chains. We ascribe the shoulder at
approx. 932.6 and 932.9 eV to transitions predominantly into hole states in the CuO, planes and
the CuOj; chains, respectively [18]. The energy shift in figure 2 for samples from x = 0 to 0.2
might reflect the fact that holes located in the squares of the CuO; chains produce an energy
shift larger than for the more delocalized holes in the CuO, planes. It is clear from figure 2 that
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Figure 3. O K-edge x-ray absorption spectra of Eu(Ba,_,Pr,),Cu;07,s for
x = 0-0.25.

the spectral weight of high-energy shoulder at approx. 932.6 eV is diminished as a result of the
Eu doping, corresponding to less holes in the CuO, planes. In contrast, the intensity of shoulder
at approx. 932.9eV is slightly increased with Eu doping, indicating slight more holes in the
CuOs; ribbons. Based on the neutron diffraction studies in Eu(Ba;_,Eu,),Cus;0,s, the total O
content increases as a result of the Eu doping [5]. In a fully oxygenated orthorhombic structure,
the extra oxygen occupies the anti-chain Cu—O(5) sites. The extra oxygen thus leads to a slight
increase of hole concentration in the CuO; ribbons [18]. The results derived from the Cu L-edge
absorption spectra are consistent with those from the O K-edge spectra of Eu(Ba;_,Eu,),Cu307,;
in figure 1.

Figure 3 shows O K-edge x-ray absorption spectra of the Eu(Ba,_,Pr,),Cu3;07,5 compounds
for x = 0-0.25. As noted, the O K-edge x-ray absorption spectra of Eu(Ba;_,Pr,),Cu3;07,s
exhibit features similar to those observed for Eu(Ba;_,Eu,),Cu3;07,s. Based on the accumulated
knowledge on various high-temperature copper-oxide phases [11, 13], [19]-[22], we therefore
adopt the same assignment scheme discussed above for the O 1s x-ray absorption spectra of
Eu(Ba;_,Pr,),Cu;07,5. Near the O 1s edge, pre-edge peaks at approx. 527.6 and 528.3 eV in
figure 3 are assigned to transitions into O 2p holes located in the CuOj3 ribbons and the CuO,
planes, respectively. The absorption feature at approx. 529.3 eV originates from the UHB. As
shown in the inset of figure 3, the concentration of holes in the CuO, planes becomes decreased,
whereas the UHB intensity is concurrently increased, with increasing concentration of dopant
Prin Eu(Ba;_,Pr,),CuzO07,s.

We compare the depletion rate of hole carriers due to Eu and Pr doping in
Eu(Ba;_,Eu,),Cu;07,s and Eu(Ba;_,Pr,),Cu3;07,s, respectively. In figure 4, the pre-edge
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Figure 4. O K-edge x-ray absorption pre-edge spectra of Eu(Ba;_,Eu,),Cu3;O7,s
for x = 0.1 (dash line) and Eu(Ba,_,Pr,),Cu3;07,s for x = 0.1 (solid line).

region of O 1s x-ray absorption spectra of Eu(Ba;_.Eu,),Cu3;O7,5 for x =0.1 and of
Eu(Ba,_,Pr,),Cu;07,5 for x = 0.1 are displayed as a representative example. The O K-edge
absorption spectra in figure 4 are normalized to the integrated area between 550 and 560 eV with
respect to the number of O atoms per unit cell, providing absolute intensities of the pre-edge
features for the Eu(Ba,_,Eu,),Cu3;07,s and Eu(Ba,_,Pr,),Cu3;07,5 compounds. The reason is
that the spectra above 550 eV for Eu(Ba,_,Eu,),Cu;07,5 and Eu(Ba,_,Pr,),Cu3;07,s are similar
nearly independent of the varied oxygen environments (not shown).

As shown in figure 4, the spectral weights of the pre-edge features at approx. 527.6 eV are
nearly identical for both compounds. Therefore, the average number of hole carriers in the CuOj3
chains is approximately the same for both compounds. In contrast, the hole carriers within the
CuO; planes in Eu(Ba,_,Pr,),Cu307,s for x = 0.1 are fewer than in Eu(Ba;_,Eu,),Cu307,;
for x = 0.1. Moreover, the spectral weight of the UHB in Eu(Ba;_,Pr,),Cu;07,s for x = 0.1
is greater than that in Eu(Ba;_,Eu,),Cu;O7s for x =0.1. The UHB is known to be
strongly correlated with the hole states in the CuO, planes. This result thus confirms that
the hole concentration in the CuO, planes in Eu(Ba;_,Pr,),Cu;O7,s is less than that in
Eu(Ba;_,Eu,),Cu3;07,5. As well established, the concentration of holes in the CuO, planes
is strongly correlated with 7, [23]. The rate of T, suppression in Eu(Ba;_,Pr,),Cu3;07,s with
Pr doping is thus expected in principle to be faster than that in Eu(Ba,_,Eu,),Cu3;07,s with Eu
substitution, which is indeed the case.

When Pr is incorporated into the (Eu,Pr)(Ba,Pr),Cu;07,; structure, it can occupy either the
rare-earth site or the barium site [24]. Because Eu* has an ionic radius 0.950 A significantly
smaller than that of Pr’* 1.013 A, Pr is expected to have a greater tendency to substitute for Ba
rather than for Eu. However, substitution of Pr at the rare-earth site in Eu(Ba;_,Pr,),Cu;07,;5
is proposed to be not negligible. Moreover, the rate of 7, suppression for Pr occupying
the rare-earth site in (Eu;_,Pr,)Ba,Cu;07,5 is greater than that for Pr occupying the Ba
site in Eu(Ba,_,Pr,),Cu;07,5 with the same proportion of Pr [24]. The 7. suppression of
(Ry_,Pr,;)Ba,Cu;0; with Pr doping has been demonstrated to be due to the hole depletion effect
arising from the existence of Pr 4f,(,>_,2—O 2p,, hybridized states proposed by Fehrenbacher and
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Rice (FR) [14, 19]. The rapid depression of 7. upon Pr doping in Eu(Ba;_,Pr,),Cu;07,5 might
accordingly be due to partial substitution of Pr at the rare-earth site, whereas Pr at the Ba site
might behave similarly to other light rare-earth elements [6].

4. Conclusion

From analysis of O K-edge and Cu L-edge x-ray absorption spectra, we have derived the
distribution of hole states at the various oxygen sites in Eu(Ba;_,Eu,),Cu;O7,5 (x = 0-0.2)
and Eu(Ba;_,Pr,),Cu3;07s (x = 0-0.25). Upon substitution of Eu and Pr at the Ba site in
Eu(Ba;_,R,),Cu307,, the hole concentration in the CuO, planes is greatly diminished. The
high-energy shoulders in the Cu Ly3;-edge absorption spectra of Eu(Ba;_,Eu,),Cu;07,; arise
from Cu3d’L defected states to Cu2p~'3d!°L excited states, here L denotes the ligand holes in
the CuOj; chains and the CuO, planes. With increasing Eu doping in Eu(Ba,_,Eu,),Cu;07,s, the
shoulders shift to greater energy approx. 0.3 eV from x = 0 to 0.2. The spectral weight of high-
energy shoulder at approx. 932.6eV is diminished as a result of the Eu doping, corresponding
to less holes in the CuO, planes. In contrast, the intensity of shoulder at approx. 932.9eV
is slightly increased with Eu doping, indicating slight more holes in the CuOj; ribbons. The
depletion rate of hole carriers within the CuO,; planes in Eu(Ba;_,Pr,),Cu;0,s is greater than
thatin Eu(Ba;_,Eu,),Cu;07,s. Thus, the rate of T; suppression in Eu(Ba;_,Pr,),Cu3;07,s with Pr
doping is greater than that in Eu(Ba,_,Eu,),Cu307,5 with Eu substitution. This rapid suppression
of T; is explained by partial substitution of Pr for Eu at the rare-earth site.
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