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Origin of superconductivity suppression in (Dy;_,Pr,)Ba,Cu;0; studied
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O K-edge and CulL,zyedge x-ray-absorption near-edge structQ®ANES) spectra for the series of
(Dy;_«Pr)Ba,Cu;0;_ s compoundsX=0-0.7) were measured to investigate how the variation of hole states
related to the superconductivity. Near the ® ddge, prepeaks at527.6 and~528.4 eV are assigned to
transitions into O  holes located in the CuCribbons and Cu@planes, respectively. Both the phole
concentration in the CuOplanes and Cu@ribbons decrease monotonically with increasing Pr doping, giving
evidence in support of the hole depletion model proposed by Liechtenstein and Mazin. It clearly demonstrates
that the suppression of superconductivity with Pr-doping results predominantly from the hole depletion effect.
In the Cu 2 absorption edge, the high-energy shoulders originating fromdL 2lefected states show a
linear decrease in spectral weight as the Pr doping increases, Wiagnotes the ligand OR2hole on the
CuQ; ribbons and the Cufplanes[S0163-182807)07721-1

[. INTRODUCTION filing model which is based on Pr being in the4 valence
state. However, several experimental results have suggested
It is well known that PrBaCu;O; exhibits the same that the valence of Pr i$3 and therefore that a Pr ion could
orthorhombic structure as YB&u;O; (Pmmn) and other not provide an electron to deplete the hole in the €uO
similar  rare-earth  compounds, however, it is plane*®1*192°Recently, it has been proposed by Fehren-
nonsuperconductin Great research efforts have been car-bacher and RicéFR) that, in the PrBsCu;O; compound,
ried out on the (Y_,Pr,)Ba,Cu;0; system in an attempt to the holes are localized in a hybridized state at the Pr sites
understand the origin of the depression of superconductivityith a mixture of 42L (+3) and 4f* (+4) configuratior?*
in PrBaCu0,.27 It has been experimentally shown that HereL is a ligand hole in the O 2 orbital around the Pr site
substitution of Pr for Y in (Y_,Pr)BaCu;O,; depresses and distributes over the eight nearest oxygen sites. They also
T, with superconductivity disappearing fer-0.558 Xu and  proposed that the extra valence in addition+8 for the Pr
Guan have systematically studied the suppression. afith ion may not be detectable by some optical measurements.
Pr doping for several RPr)Ba,Cu;0; compounds, where Hybridization of the Pr 4 electrons with those of copper and
R=Y, Eu, Gd, and Dy. It has been found that the depressiowxygen has also been proposed by Torrance and Metzger.
of T, by Pr substitution in R, _,Pr)Ba,Cu;O; strongly de- In their model, the presence of hybridization between the
pends on the rare-earth components. The smaller the atomiwles in the Cu@ plane and the Pr#wave function could
number of rare-earth elements in host compounds is, thkead to a larger hopping barrier and consequently localize the
greater the decrease .20 In spite of an enormous num- hole, resulting in a loss of superconducting properties. The
ber of experimental and theoretical investigatibhthe dra-  strong hybridization between Prf4states and conduction
matic suppression of superconductivity upon substituting Ybands was supported on the basis of critical magnetic
by Pr in YBaCusO, is still not well understood. field® x-ray-absorption measuremént, photoemission
The models for explaining the quenching of superconducspectroscopy, and spin-polarized  electronic-structure
tivity in the PrBaCu;0; compound include hole filling?  calculations® The FR model resolves the controversy on the
magnetic pair breakintf**hole localizationt* percolationt> different valence values of the Pr ion obtained from different
and hybridizatiornt® 18 However, no model allows for a con- measurements. However, it still cannot explain Ehdepen-
sistent interpretation of all experimental data. As an ex-dence on the suppression @t in (R;_4Pr)BaCu0;.
ample, the measurements of the Hall effect inLiechtenstein and MaziiiLM) have recently modified the
(Y1_4Pr,)Ba,Cu;0; showed a reduction of mobile carriers work of FR and proposed that, in Prau;0;, there forms
with increasing the Pr-doping level, supporting the hole-an additional hole-depleting band which crosses the Fermi
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level and consequently snatches holes from the {hadd?*  cooled again to 400 °C in 2 h, annealed for 8 h, and finally
On doping different rare-earth elements in cooled to room temperature in 3 h. The oxygen content was
(R;_«Pr)Ba,Cu30,, the position of this hole-depleting determined by the idometric method. X-ray powder diffrac-
band shifts with the atomic number of the rare earth, througfion patterns show that samples are single phase correspond-
the energy level of # orbitals, resulting in th&® dependence ing to the orthorhombic structure. The homogeneity of each
of destruction ofT,. sample was also checked by the Messiner effect.

Based on band-structure calculatiohd’ and x-ray- The x-ray-absorption measurements were recorded using
absorption measuremerite?® it has been shown that the O the 6-m high-energy spherical grating monochromator
2p holes near the Fermi level in YB&u,0; are distributed (HSGM) beamline of the Synchrotron Radiation Research
between the Cu@planes and Cu@ribbons. If the LM  Center(SRRQ in Taiwan. X-ray-fluorescence-yiel(KFY)
model is valid, it is expected that, in the SPectrawere recorded using a microchannel glsieP) de-
(Y;1_,Pr)Ba,Cu;0; system, both the hole concentration tector. This MCP dgtecto_r is composed of a dual set of
originating from CuQ planes and Cugribbons should de- MCP’s with an electrically isolated grid mounted in front of
crease as the Pr doping increases. However, there is still thém. XFY measurement is strictly bulk sensitive with a
lack of direct experimental evidence in support of this hy-Probing depth of thousands of A. During the XFY measure-
pothesis. Several methods have been used to obtain the hdlent, the grid was set to a voltage of 100 V while the front
concentration for high-temperature superconductors, includ®f the MCP’s was set te-2000 V and the rear t6-200 V.
ing the Hall coefficient measurement, bond-valence-sund e negative MCP bias was applied to expel negatively
calculation®® idometric titration techniqud:  x-ray- ch_arg(_ad particles before they entered the detector, while the
absorption spectroscop§, thermoelectric power ) grid bias ensured that no positive ions were detected. The
measurement etc. In measuring the hole states in cuprateMCP detector was located at2 cm from the sample and
compounds, x-ray-absorption spectroscopy has some advapuented parallel to the sa_lmple surface. Photons were inci-
tages over other measurements. X-ray-absorption near-ed§€nt at an angle of 45° with respect to the normal direction
structure(XANES) using synchrotron radiation is a powerful Of the sample. The incident photon fldlo) was measured
tool for the investigation of the unoccupied electronic statesimultaneously by the photocurrent from an 80% transmis-
in complex materials. XANES spectra can give the informa-Sion Ni mesh located after the exit slit of the monochro-
tion on the local density and the distribution of hole states afhator. All the absorption measurements were normalized to
both oxygen and copper sites in the cuprate superconductor‘&’.- The energy calibration was carried out by a measurement

While the enormous majority of research has been perof the known OK-edge ahd CuLz-edge absorption peaks of
formed on the (Y_,Pr)BaCuO, system, there are few CuO. The energy resolution of the monochromator was set to
studies on the (Dy_,Pr,)Ba,Cu;0, system. The supercon- approximately 0.22 a_nd 0.45 eV for the IO-edge and Cu
ducting properties for both systems are very similar. The--€dge x-ray-absorption measurements, respectively. All the
chemical substitution of Pr for Dy in (Qy [Pr)BaCu,0, Measurements were performed at room temperature.
leads to a monotonical decrease of the superconducting tem-

perature fromT;=92 K for x=0 to T;=10 K for x=0.6* Ill. RESULTS AND DISCUSSION
The compound becomes semiconductingcat0.7. To im- _ _ _
prove the understanding on the mechanisniT pfsuppres- In Fig. 1 are displayed &-edge x-ray-absorption spectra

sion, a detailed study orR§ _,Pr,) Ba,Cu;O,would be help-  for a series of (Dy_Pr)Ba,Cus0;_; samples withx=0,

ful. The studies of the effect of the Pr ion on 0.2, 0.4, 0.6, and 0.7 obtained using the XFY technique. The
superconductivity may help our comprehensive understand=onspicuous features in the & X-ray-absorption spectrum
ing on the origin of the higiF, superconductivity. We, for samples withx=0, as shown in Fig. (&), are two pre-
therefore, measure systematically the variations of hole statg¢aks at~528.4 eV and~529.6 eV with a shoulder at
related to the superconductivity for a series of~527.6 eV, and a broad peak at537 V. The low-energy
(Dy; _Pr,)Ba,Cu;0, compounds. In this study, we report prepeaks with energy below 532 eV are ascribed to transi-
the results on O d-edge and Cu p-edge x-ray-absorption tions from the O % core electrons to holes with predominant
measurements in the (BRy,Pr)Ba,Cu;O, system with 2p character on the oxygen sites. The strong rise in spectral
x=0, 0.2, 0.4, 0.6, and 0.7 using a bulk-sensitive x-ray fluo-weight above 532 eV is related to Cpstates hybridized
rescence yield technique. with a Ba 4d, Pr 5d, or Pr 4f state'® The OK-edge x-ray-
absorption spectra for various compounds with diffenent
values in Fig. 1 were normalized to have the same height at
the main peak of-537 eV.

The detailed procedures for the preparation of samples In the crystal structure of (Dy 4Pr)BaCusO;_5,there
were reported elsewhere, so only pertinent details will beexists four nonequivalent oxygen sites42D and Q3)
given here®* Samples of (Dy;_,Pr)Ba,Cus0,_s with  within the Cu2) O, layers, @4) in the BaO planes, and(®)
x=0, 0.2, 0.4, 0.6, and 0.7 were prepared by a solid-statén the Cu1) O chains along thé axis. The observed mul-
reaction method. Appreciate amounts of high-puritytiple prepeaks in Fig. 1 may be related to chemical shifts of
Dy,03, P;0;;, BaCQ;, and CuQ were mixed and calci- O 1s binding energies for different oxygen sites. The differ-
nated in air at 900 °C for 12 h. The product was then palletences in chemical shifts of OCslcore levels can be estimated
ized for two successive sintering processes at 940 °C for 12 hsing local-density-approximatigitDA) band-structure cal-
each. Following the second sintering, the sample was slowlgulations. According to the calculations in YR2u;0;_ 5 by
cooled to 600 °C in 3 h, annealed in flowing oxygen for 4 h,Krakaueret al,*® the O 1s energy levels of the @) and

Il. EXPERIMENT
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FIG. 1. O K-edge x-ray-absorption spectra for the series of
(Dy;-xPr)Ba;Cu;07 . 5 samples wittx=0, 0.2, 0.4, 0.6, and 0.7. FIG. 2. X dependence of the relative intensity of hole states in
The absorption spectra for various compounds with differevel- (Dy;_«Pr,)Ba,Cu;0,_ 5 on oxygen sites originating from the@)
ues were normalized to have the same height at the main peak @fy0, planes, () CuO; ribbons, and(c) upper Hubbard band
~537 eV. (UHB). The solid curves are drawn as a guide for the eyes.

O(3) atoms in the Cu@planes are expected to be very closeconduction bandupper Hubbard bandwhich is predomi-

to each other and predicted to be about 0.29 eV higher thanantly formed by Cu @ states with some admixture of O
that of the @1) atoms. The O & binding energy of the @)  2p states’’*® As a consequence of the strong on-site corre-
atom in the CuO chains is 0.4 eV higher than that of thelation effects on the copper sites in the cuprate superconduct-
O(4). In addition, the lowest O 4 binding energy is also ors, the upper Hubbard band has always been assumed to
assigned to the @) atom in the apical sites by Zaanen exist® As noted from Fig. 1, the prepeak at528.4 eV
etal® In O K-edge x-ray-absorption spectra of originating from the O P hole states in the CuOlayers
YBa,CusO;_ 5, the prepeaks at-527.8 eV are attributed to decreases in spectral weight with increasing the dopant con-
transitions into O P holes in the apical oxygen sites and centration of Pr. This clearly demonstrates that the chemical
CuO chains. The high-energy prepeak-~a28.5 eV is as- substitution of the Pr ion for the Dy ion in the
cribed to transitions into O |2 hole states within the CuO  (Dy; _,Pr,)BaCu;O,_ 5 system results in a decrease in hole
planes?®3? The orthorhombic (Dy_.Pr)BaCu0;_ 5  concentration in Cu@planes. The present x-ray-absorption
(Pmmn)compound is isomorphic with YBEu;0;_ 5.%* In data are consistent with the heat-capacity measurement
addition, the O % x-ray-absorption spectrum of which indicates continuous hole reduction with increasing
(Dy;_«Pr,) Ba,Cus05 _ 5 with x=0 shows similar features as x in the (Dy;_,Pr)Ba,CusO,_ 5 system*

seen in YBaCyO,_; with 6=0.2832 When oxygen is re- In order to quantify the amount of reduction in the hole
moved from PrBagCu;0;_ s compounds, a strong reduction concentration on different oxygen sites as a function of the
of the prepeak structure due to charge transfer is realfzed,Pr doping, Gaussian functions were used to estimate the
as observed for the YB&u;O,_s compound?® Further-  spectral weight of each feature in the spectrum. In Fig. 2 the
more, the low-energy loss function of Pr&as0,_s  integrated intensity of each prepeak, normalized against the
(6~0.3) is very similar to that measured for the intensity of main peak at537 eV, is plotted as a function of
YBa,Cu;0,_ 5 (6~0.2) compound. We therefore adopt the compositional parametex in (Dy;_,Pr)BaCu0;_s. It
same assignment scheme for the ©absorption spectrum can be seen from Figs(&@ and 2b) that both the hole con-

of (Dy;_,Pr)BaCu;0,_5. The low-energy prepeaks at centration from the CuPplanes and CuQribbons decrease
~527.6 eV, as shown in Fig. 1, are due to the superpositiomonotonically with increasing Pr doping. According to the
of O 2p hole states originating from the apical oxygen sitesLM model, the hole depletion upon substitutifgby Pr in

and CuO chains. The high-energy prepeak-828.4 eV is (R;_4Pr)BaCw0;_s is due to the charge transfer
ascribed to transition into O holes in the Cu@ planes. from holes in the Cu® planes and Cu® ribbons
According to recent studies on £a3Sr,CuQ,, the absorp- into the LM band. The hole reduction observed in
tion peak at~529.6 eV can be ascribed to transitions into the(Dy; _,Pr,)BaCusO;_ s gives evidence in support of the
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FIG. 3. PrM s-edge and CuU ,3;edge x-ray-absorption spectra

FIG. 5. Relative intensity at peak929.4 eV originating from
of (Dy; _,Pr,)Ba,Cu;0;_ 5 with x=0, 0.2, 0.4, 0.6, and 0.7. yap g g

the excitations of Pr 8, electrons as a function ok in
(Dy;_«Pr)Ba,Cu;0;_ 5. The solid line is drawn as a guide for the
hole-depletion model proposed by LM. It has been demoneyes.

strated that the concentration of o 2holes in the Cu®
planes is strongly correlated witfi,.*! As a result, the

- - ) (Dy; _4Pr)Ba,CusO,_ s system should decrease with in-
superconducting  transition  temperature  in  the

creasing the Pr doping. Our experimental results demonstrate
that the suppression of superconductivity with Pr doping is
caused predominantly by the hole depletion.

Furthermore, as shown in Fig(Q, the peak at-529.6
eV originating from the upper Hubbard band shows a linear
increase in intensity as the Pr doping increases. The change
in the intensity of the structure at529.6 eV is related to the
transfer of spectral weight from the upper Hubbard band to
the doping-induced low-energy prepedk3he same behav-
ior has also been observed in & absorption spectra of
other p-type cuprates’3843

The peak at-532.4 eV may be due to surface contami-
nation since this peak changes its intensity from sample to
sample and exhibits a greater intensity in surface-sensitive
total-electron yield spectra. Existence of surface contamina-
tion has been reported by many researchers. Based on the
photoemission studies by Igbet al, it is suggested that this
peak arises from the absorption of hydrides, water, and
CO, on surfacé?

The PrM  sedge and CuL,5-edge x-ray-absorption near-
edge-structure x-ray-fluorescence-yield spectra for a series of
(Dy4_4Pr)Ba,Cu;0;_s compounds in the energy range
925-960 eV are shown in Fig. 3. For samples withO
shown in Fig. 8a), the CuL ,;edge absorption spectrum is
asymmetric and two shoulders exhibit at the high-energy

X side of the main peak. Based on the curve-fitting analyses,

FIG. 4. Relative intensity of defect state a932.6 eV on the the high-energy features are found to center-882.6 and
Cu sites as a function of the compositional parametein  ~952.4 eV, respectively. The spectral shape in theLGu
(Dy;_Pr)Ba,Cw,0,_ 5. The solid curve is drawn as a guide for absorption edge of (Dy .Pr)BaCuO;_5 with x=0 is
the eyes. analogous to that of single-crystal YBagQy_ 5 for §=0.%°

04+
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The excitonic peaks at 930.9 and 950.7 eV shown in Fig. 3 IV. CONCLUSION

are ascribed to transitions from the C%ZZ,1/2)3_d9'O 2p° X-ray-absorption spectra at the G &nd Cu 2 edges of
ground states (formal Cu'? stat¢ into the (Dy;_Pr)Ba,Cus0,_ 5 with x=0—0.7 were carried out to
Cu(2pzp1) 13d%-0 2p° excited states, respectively, understand the variation of hole states related to the super-
where (2)3,2,1,2)*1 denotes a f3, Or 2p4» hole. The high-  conductivity. Near the O 4 edge, the low-energy prepeaks
energy shoulders, first reported by Biancoeial. for at ~527.6 eV are attributed to Op2holes in the apical
YBa,Cu;0;_5, are assigned as transitions from theoxygen sites and CuO chains. The high-energy prepeak at
Cu(2p3,2,1,2)3d9L ground stateformal Cu'*? state into the ~_52_8.4 eV is ascribed to transitions into @ dole states
Cu(2p31.11) ~*3d™L excited state, wherk denotes a ligand within the CuQ planes. The distribution of holes on the

: : ; : different oxygen sites has been derived for
hole in the O 2 orbital *® Because there exists two different . S
Cu sites in the unit cell for the series of (DY1-xP%B&CUO; ;. The chemical substitution of Pr

. ion for Dy ion in the (Dy _,Pr)Ba,Cu;O;_ s system results
(Dy1-«P5)Ba,Cus0;_ s compounds, these high-energy i, 5 gecrease in hole concentration in the Guanes and
shoulders can be identified as the holes in the £la&Qers  he cuq ribbons. This result is consistent with the predic-
and the Cu@ribbons. In Fig. 4 the integrated intensity under tjon by the LM model. The high-energy shoulders in the Cu
the high-energy shoulder at932.6 eV, normalized against [ ,.-edge x-ray-absorption spectra are attributable to the elec-
that under the Cu; peak at 930.9 eV, is plotted as a tronic transitions from CuB°L defected states into
function of the compositional parameterx in  Cu2p 3d!0L excited states, where denotes the ligand O
(Dy; - Pr)BaCus0;_ 5. The integrated intensity was esti- 2p hole on the Cu@ ribbons and the CuPplanes. The
mated by fitting the CilL; peak and the shoulders centered atsPectral weight of the high-energy shoulder shows a linear
~929.4 eV and-932.6 eV with Gaussian functions. As seen decrease with increasing the 'Pr doping, indicating that the
from Fig. 4, the normalized intensity of the high-energytOtal hole conchentraélond n (Q¥XPrX)BaZCU3BO7*5d
shoulder shows a linear decrease with increasing the Pr Co&ecreases as the Pr doping Increases. Based on

. L - e present XANES studies, it is concluded that the
centration. This indicates that the total hole contentongmat-suppression of superconductivity with Pr doping in

ing from the CuQ planes and Cu@ ribbons in  (py.  Pr)Ba,Cu0, 5 results predominantly from the
(Dy1-«Pr,)Ba;Cls0;_ 5 decreases as the Pr doping in- hole-depletion effect.
creases.
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