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ABSTRACT

We itemize our previous work on high Te. superconductors, and describe more fully the
results of an electon spectroscopy study and impurity Anderson Hamiltonian snalysis of the
Pr 4f specrum of Y,,Pr.BazCu3Or.4, a system in which superconductvity is quenched as
x increases. It has been speculated that Pr has valence 4+, resulting in exma charge in the
Cu-O planes, and causing T.-suppression. We find that the Pr valence is close to 3+ for all x
but that there is extensive Pr 4f hybridizarion with other valence band sates. The Cu valence
is esseatially unchanged with x. From these findings, we speculate that Pr 4f hybridizatgon
with other valence band states has enabled Pr spin fluctuatons to cause the T.-suppresmon.

KEYWORDS

Y- Pr:Ba;Cus Oy, photoemission; BIS: 4f spectrum;: quenched superconductivity; spin
fluctuadons; Andcrson Hamiltonian.

INTRODUCTION

Previous Work

Previously (Shen er al., 1987) we have studied the eiectronic structure of Lay ,SrCuQO4
for x=) and C.2. and YBa,Cuy()7 4 using resonant photoemission spectroscopy (RESPES)
and x-ray photoemussion specuoscopy (XP3). We analyzed these dawa in the impunty cluster
approx'madon to the Anderson Harultonian 10 denive approximate values of Hamitoman
parameters and to discuss superexchange interacnons. We poinred out that for these parameters
Cu** is largely excluded from the ground siate and thet the non-mets'lic matenals are charge



holes are created by doping. An overview of this and related work has recendy been given.
(Shen er al., 1988a) We have also studied the dispersion of hole excitanons in the archetype
material NiO and found that a rigid-shift correction to band structure calculauons 1s not valid-
(Shih er al.. 1988) Here we will concenmate on new results for Y _PryBa;Cu1O7.

Y 1 PreBas:CuyO74

The superconductvity of the isostructural ailoy system Y,_,PryBa;CuyQ1.5 1s quenched wath
increasing x. (Dalichaouch er al.. 1987: Soderholm er al., 1987: Liang er al., 1987) The other
RBa;Cu;0y5 compounds. where R is a rare earth or La, are superconductors with T near
90K except for Ce and Thb. for which the compounds do not form. (Yang er al.. 1988) For
Y 1xPriBa;Cu3Oys it is found that the normal state electrical resisuvity shows a transicon
from metallic to semiconducting behavior. with the tr0notonic suppression of T from ~90K
10 ~60K and ~35K for x=0. 0.2 and 0.4, respecuvely, with the samples for x>0.6 being
non-superconducting. The pressure dependence cf these elecmncal properties 1s compiex and
interesang. (Neumeier er al., 1988) From magneac susceptibility measurements an etfecuve
magnetic moment of 2.7 up/Pr-ion was exmracted, independent of x. (Dalichaouch er al..

1987) A possibic intepretation of the magnetc moment is that the Pr valence has a fixed
value of about 3.8, and that extra charge is then conmibuted to the Cu-O planes, filling the

holes that are widely believed to be the superconducting carriers. This picture is suppovted
by electron energy loss spectroscopy (EELS) measurements of the oxygen 1s— 2p transiton.
which showed that a small pre-threshhold peak thought to indiceze valence band holes is
reduced, although not eliminated, for x=1 reladve to x=0. (Nilcker es a/.. 1988) In contrast.
the lattice consmnts of the RBa;CuyOy series strongly suggest that Pr is mivalent (Yang
er al.. 1987) In fact. the Pr valence was concluded to be close to 3+ from X-ray absorption
spectroscopy (XAS) measurements of the Pr L-edge (Hom ez al.. 1987; Alp eral., 1987. Lytle
et al., 1988), although it was proposed that the T.-quenching 1s due 0 charge transfer anzing
from a modest deviaton of the valence from 3+ toward 4+ Other workers have subsequeady
come to the same conclusion from Pr M-edge studies. (Neukirch er al.. 1988)

We have made an electron spectroscopy study of this system for x=0, 0.2, 0.4, 0.8 and 1.0,
including XPS for vanious core leveis, bremssunhiung isochromat spectros.opy (BIS) for the
coduction band, and synchrotron-excited RESPES for the Pr 4f and Cu 3d states of the
valence band. Our Pr RESPES data were repored in a separate paper. (Kang er o/.. 1988)
In agreement with the XAS resuits we concluded that the Pr valence 1s near 3+ for all x.
However, the Pr 4f photoemission ipectrum, which was found to be largely unchanged with
x. shows soong hybndizanon with other valence hand states. In this paper we summanze
our BIS and XPS dawa and the results ot efforts .0 quanafy the hybnidizanon by fitang the Pr
4f RESPES and BIS specua using the impunty Anderson model.

EXPERIMENTAL DETAILS

The samples ot Y, ,PryBa)CurOv4 wath x=t), 02, 04, 0.6, (0.8, | () were prepared as

descnhed hv Dalichanuch #r Al (102TV Tha cdmmalae ek = A v 0 " “ra



were prepared In the same batch. while the sampie with x=1.0 was prepared at a different
tume with a slightly different oxygen treatment. An impunry phase of BaCuO, in amounts
less than 8 mol9% is observed in the x-ray diffracnon data, the amount of which decreases
with increasing x unal it is not observed for x > 0.4.

The synchrotron-excited photoemission spectroscopy (PES) was pertormed at the Stanford
Synchroon Radianon Laboratory (SSRL), using equipment and procedures described fully
by Shen eral. (1987) and Kang er al. (1988). For all synchromon-excited spectra presented
below. normalizadon has been performed by recording the photoelecaon yield from a beam
flux monitwr for each photoemission specrum. The Fermi level of the system was determined
from the valence-band spectrum of a gold sample evaporated onto a stainless-steel substrate in
siw. Room temperarure XPS and BIS spectra were obtained at the Xewox Palo Alto Research
Center (PARC) using a Vacuum Generators (VG) ESCALAB spectrometer. The equipment
and procedures are generally as descnibed by Allen er al. (1987). XPS satellites due to the
non-monocchromanzed Mg Ka source were subtracted numencally. The base pressure during
the BIS measurements rose to about 3 x 1079 Torr, mosuy due to tre outgassing of the
samples. The Cu 2p XPS spectrum was the same before and after BIS.

PHOTOEMISSION SPECTRA

Valence Band Cu RESPES and O 1s XPS

Panels (a) and (b) of Fie. | display the valence band spectra for x=0, 0.2, 0.4, 0.6. 0.8, and
1.0 at photon energies hy = 70 eV and 75 ¢V, respectively, which are below and 2t the Cu
3d cross-section resonance ai the Cu 3p edge. The two sets of spectra arc scaled to have
the same valence band maximum ntensity in each set. As explained by Shen er al. (1987),
interterence from the Ba 4d core leve! excited by.second order light has been removed. The
Cu RESPES results of Fig. 3 are like our previous resuits for x=(). The emssion of the
d'-like satellite located at -12.4 €V is clearly enhanced at hv = 75 e¢V. An anuresonance
of the suates between -7 eV and Eg, which involves hybndized Cu 3d and O 2p states, 1s
concealed by the scaling 1n the figure. We do not observe any correladon berween x and the
intensity of the d*-like satellite relative to the —4.7 eV peak. which implies that there 1s no
systemanc change in the Cu 3d stawe due to the subsutunon of Pr.

Panel () of Fig. | shows the O 1s core level XPS spectra for x=0, 0.2, 0.4, 0.6, 0.8 and 1.0.
For all x there are multiple peaks. with changing relative intensities. Multiple peaks are often
found in ceramic samples. and the developng concensus (Kohiki ef al.. 1987; Takahashi er
al., 1988; Shen er al.. 1988b) 1s that only the 528 eV line 1s intrinsic. The decrease wath
increasing x 1n the intensity of the 531 eV line relauve to the 528 eV line correlates wath
changes in the valence band spectra which show that with increasing x there is a decrease
in the <7 eV maximum relative to the -2.4 eV shoulder. Since this change 1s essenually
the same in both panels (a) and (b) ot the tigure. 1t does not involve pnmanly the Cu 3d
siates. We conclude that there 1s valence band emission 1n the —4 7 ¢V range from extnnsic
oxygen, possibly water or gases such as CO; adsorbed 1n the grain boundanes. or the BaCuQ,
impunty phase. The higher binding energy () s peak decreases duning BIS measurements.
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Fig. !|. The valence band spectra of Y« 2r:Ba;CurOy4 at (a) hvw70 eV, below the
resonznce. and at (b) hum7S eV, above the resonance. The interference from the
Ba 4d core level excited by the second order light 1s removed. as described by Shen
eral (1987).
(c) The O Is core level XPS specma of Y _,’r.Ba;Cu:094.

Pr 4f RESPES

The Pr 4f ermassion 1s spread throughout the first 7 eV of the valence band and is not enplicidy
visible in Figs | (a,b). It has been determined by RESPES studies described in demul by
Kang er #/ (1988). It 1s impornant that the shapes of the exwracted Pr 4f spectra for all x are
essentialuy like that shown 1n Fig. 3 for x=1. We infer that Pr does not occur in combinaoon
with the exmnsic oxyvgen descnbed above.

Pr 3d and Cu 2p XPS

The Pr 3d and Cu 2p core levels consist of spin-c-bit split peaks which overlap. The Pr 3ds,
states occur between 933 eV and 935 eV for several Pr mawnals. and the Cu lpyn peak
1y observed at 933.7 ¢V in YBa;CuvOy 5. Since the two core levels have nearly denucal



et al. (1987, each spin-orbit component ot the Cu spectrum has a main line and a satellite
assigned to 2p°d'°L and 2p3d® final state configuranons. respecovely, where L denotes a
hole of appropnate symmewry relanve w filled Ligand O 2p suates. Taking into account the
increase with x of the Pr 3d intensity under the Cu main line, we find that the rano of the
Cu satellite to main line intensity 1s essennally unchanged with x. This implies that the Cu
valence averaged over chain and plane sites does not change much with x.

BIS SPECTRA

Fig. 2 compares BIS spectra for x=0, 0.2. 0.4. 0.6. 0.8, and !.0. All the spectm are scaled
to have the same magnitudes at the narrow peak at 1S eVY. The specrum for x={) is very
similar to those in the literature (van der Marel er al.. 1987) in having a peak at ~ 2 eV,
which we assign to the Cu d'° final sate. a wide band starung at ~ 7 eV above Ef ansing
from a mixture of O 3s. Cu ds. Ba 5d and Y 4d states. and a narrow peak at 15 eV due to
the Ba 4f%—J4f! wransinons. From this figure. 1t is clear that the spectral weight near Eg is

essennally zero for all x. and that teawures near 2 ¢V and 7 ¢V increase as x increases. We
have extracted the Pr spectra by subtracung the spectrum tor x=() from that for each x. atvex

matching the magnitudes of the peaks corresponding to the Ba 4f°—Ji! mansidons. assuming
that highiy atomic-like stams are not affected by the Pr subsutunon. The areas under the Pr
4f specral weights are roughly proporuonal to the Pr concentranon x. with the excepaon of
x=1.0. The area rauos are A(x=0.2) : A(0.4): A(0.6) : A(0.8) : A(1.0) =0.19 . 0.38 : 0.6C :
0.80 : 0.82. As w.ch the uxygen 1s XPS spectra. we speculate that the different behavior for
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x=1.0 reflects the siight difference in us preparanon. The extracted Pr spectmral weight above
Ef is shown 1n Fig. 3 for x=1. There are two features centered at 2 ¢V and at 7 eV, with
complicated lineshapes and with essennally zero spectral weight at E¢. The specma for other
X are very similar, except that the wntensity of the 2 eV feature decreases slightly relanve 1o
that or the 7 eV featurs as x increases.

Pr 4f SPECTRUM

Qualitanve Assignments

-

The top panel of Fig. 3 shows the complete Pr 4f spectral weight dismbuuon for x=1.0,
obtained by combining the spectra extracted from RESPES and BIS. The RESPES spectrum
is scaled reladve to the BIS spectrum so that the weight dismbution has 2/14 of its area below
Er. corresponding to the Pr* stawe. For comparison. the bottom panel of the figure shows the
analogous Pr 4f spectrum for Pr metal. obtained by combining BIS (Lang er a/.. 1981) and
PES data for hv=30 eV. (Wieliczka er al.. 1984) The spectrum 1s essennaily that expecred for a
single-valen: P* ion. Thus the verucal bars show the weights and posiuons of the final state
multplets of 4f' and 4f configuranons ansing in a calculation of the 4f2—4f' and 462 —~4f
PES and BIS mransitons using the method of coefGcients of fractional parentage. (Lang er al..
1981) The large 4f Coulomb intericaon Uy is shown by the 5 ¢V separannn of the lowest
PES ionizanon and BIS affinity lines. The PES spectrum also shows a small peak nesr Ef,
vshich anses from hybridizanon berween the 4f siawe and the conduction band, and can be
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fit using the Anderson impunty maoael. (Gunnarsson and Schonhammer. [983. 1985, 1987)
More compiex PES linesnapes in essenually tnvalent Pr intermetailic compounds (Parks er
al.. 1984: Sampathkumaran ef a/.. |985) anse from hybndizaoon 10 a soucmured conduction
band and can aiso be fit with tns model. (Gunnarsson and S-honhammer. 1985. 1987)

Considering this previous work on nvbridizanon etfects in Pr and its compounds. we interpret
the PrBa;Cuy0Qy_4 4f spectrum as essenually tnvalent, but with the BIS/PES peaks near Er
signaling much larger hvbndizanon erfects than tor Pr mewal. We assign the 7eV BIS fearure
as the 4f2—~J4P tansidon. This interoreration implies a shift of the 4t siates by about 3 eV
to higher energies. reladve to the BIS specum of Pr mewl. and in additon. a <ecrease by
approximately 20% in the overall muiaplet splitting, to about 4 eV at FWHM. from the metal
value of about 5 eV. Such changes are known in compounds of the light lanthanides with
ransiunon metals (Laubschat er /.. 1987), and arc most likely due to hybnidizanon etfects and
to a larger 4f Coulomb interacuon. as found in cenum oxides. (Nakano er al., 1987)

.mpunrtv Anderson Hamiltomar. Anaivsis

We have aempted to quanufy cur interpretation by fitting the Pr 4f spectrum using the
impunty Anderson Hamiitonian. This Hamiltoniun models the Pr 4f staee as a 14-fold
degencrate local orbital, charactenzed by its binding energy ¢ relative to Ef, and iis Couviomb
interacoon Uy. The orbital is hybndized to a continuum density of st2ies, with strength
characterized by a parameter A,,. The Gunnarsson/Schénhammer (1985, 1987) calculation
far Ce has been adapted approximately 10 Pr as described by them. with the 4f spin-orti:

and muldplet splittings included only in sumulating the BIS final states. Our fitting =ffo t has
been only partially successful. If we assume hybridizanon to a metallic density o statrs, the

weights of the BIS and PES peaks near Er reladve to thcse far from Ef can be reproduced
rather well with only a modest departure from wivalence. However. the theoreucal spectra
pertorce show BIS and PES peaks meenng at Ef, whereas our expenimenial peaks lie away
from Ef somewhat On the other hand. if we assume hybridizavci to a continuum with &
smail gap at Eg, we can produce theorencal 4f spectra which aiso display a gap, but to obtan
a BIS fearure near Eg of adequate size, we must use such a large hybridizanon that the valencc
is driven nearly 50% away from f* (toward £, since f! is excluded wath a filled valznce band}
and the PES spectrum also develops extra features not seen expenmentally. A comrrcmise
scenano appears 1o be impossible wittin the framework of the impunry Andersii: model.

The solid lincs of panels (a) through (c) of Fig. 4 show, respecuvelv, ne 4t BIS, 4f PES. and
3d XPS spectra ot our metallic mixed valence model. The inszr of (b) shows the conbmuum
density of states, with the imponant part below Eg essennally the same as thz Pr 4f off-
resonance spectrum shown, where the Cu 3d ermussion domunates. but with an increased
intensity be.ween -2 ¢V and Ef 10 account for the conmmbuuon from oxygen p-states. We
note that intevatomic spacings trom Pr to both Cu and O permut swong hybndizanezs, and
Ao =0.16 ¢V, intermediate between smaller values for a-like Ce intermetallics (Ailen er al.,
1987) and larger values tor cenury oxides. (Nakano er a/.. !987) The other model parameters
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The solid line and the dzis in the inset of the panel (b) show. respecavely, the
condnuum density of swies and the Pr 4f off-resonance spectrum of PrBa;CuyOys.
The solid lines 1r the panels (a), (b), and (c) show, respecuvely, the calzulated
4f BIS. 4f PE5. and 3d XPS spectra of our memllic mwed valence model. The
theorencal PES and BIS spectra have been shifted away from Er by 0.6 eV and 2
¢V, respecuvely, and superposed on expenmemal spectra (in dots; of PrBa;Cuy G,
The dots 1n the panel (c) 1s the 3d XPS spectrum o! PryOa (Burroughs, er ai. 1976),
with its 1nelasoc background and non-monochromauc-source satellites incompletelv)
rerauved.

ranals (d) and (e) show the 3d XPS specaa of Pr-O+ (Burroughs er al., 1976) or.
a kineuc energy :cale. and PrO, (Biancom eral.. [988) on a binding cnergy scale.
respecavely  Panel (N shnwe the calculated 3d specoum tor our gappzd-conanuum
model.



are ¢ = E{f—f') = =3 eV. U = 8.45 eV, and the 4f-3d Coulomb interacnon U = 12.1
eV. The theoredcal PES and BIS spectra have been shified away from Ef by 0.6 ¢V and 2
¢V, respectively, and superposed on experimemal spectra. producing the appearance of fits
as good as rypically are obtained for Ce specoa. (Allen er al.. 1987) Although the Pr 3d
spectrum is obscured in PrBa;Cu307 by the Cu 2p specorum, as described above, we can
guess that it should resemble that of Pr;Os3, and be different from that of PrO;, from the
finding that the Pr L-edge XAS specoum is very much like that of PryOy and very much
different from that of PrO,. (Alp er al., 1988) Paneis (d) and (e) show the 3d XPS spectra
of Pr,03 (Burroughs er ai.. 1976) and PrO; (Bianconi er al.. 1988), respectively. The Pr;02
specqum. with its inelastic background and non-monochromaric-source satellites at 540 eV
and 561 ¢V (incompletely) removed numerically, is also shown in panel (c), and it is indeed
much like that of our theory curve. Panel (f) shows the calculated 3d specrum for our
gapped-continuum model and it is obvious that it looks much different from that of Pr;0s
due w0 the strong f2/f valence mixing. It is not merely coincidence that it resembles the PrO;
spectrum. which displays the effects of strong f!/f2 valence mixing, analogous to the nearly
equal f%/f' valence mixing in CeQ,. (Nakano er al., 1987)

The metallic continuum model reproduces the vanous 3d and 4f specmal signatures generally
thought to measure the Pr 4f valeace and hybridizaton sxengih. The calculated ground stawe
is 42% f', 89.9% (2 and 5.9% f3, giving 2.02 f-electrons. The seriousness or significance
of the problem that we cannot repmduce the experimental 4f gap around Ef is not clear. Of
great concern is the possibiiity that the gap is an experimenmwal arufact associated somehow
with the use of ceramic sampies, or of surface oxygen loss. or a charging effect induced in
some unknown way. For example, Arko er al.(1988) reported recendy that single crystls
of YBa;Cu3Oy_s cleaved at 20K, where oxygen diffusion is very slow, show much larger
photoemission intensity at Er than 'we find in our room temperarure measurements of cEramic
samples for x=0. Fujimon er al. (1988) suggested that oxygen-vacancy disorder in these low
carrier densiry materials can produce a Coulomb gap at Eg, which might be simulated by a
shift Our present inclinagon is o give credence to our characterizanon of the Pr valence and
hybridization 3wength, while working 10 resolve the experimental unceraintes Concermng
the gap arouad Ef.

DISCUSSION

A suiable model for Y,_,Pr,Ba;Cuy0,_s must account for the magnitude of the Pr magneac
moment and the change from a superconductor to a semiconductor with increasing x. Ve
have found that the Pr vaience is close to 3+ for all x, consistent with XAS resuits and with
latsice parameter measarements. In addition, the extracted Pr 4f spectral lineshape indicates
much hybndizanon (o other valence band states. We have previously discussed (Kang er al..
1988) vanous alternaaves for explaining the Pr moment and concluded that 1ts reduced value
below that expected for Pr** musi be artributed 1o the large hvbndizanon but that the exact
mechamsm is not clear. Our findings aiso cast doubt on the possibility that the mansformaaon
from a superconductor to a semiconductor occurs mercly by the charge-transter mechamsm. It



is narural to speculate instead that the extensive hybrnidizanon berween Pr 4f and other valence
band states may have disrupted some features of the elecronic or magnetc structure of the x=0
matenial which is essennal for superconductiviry. This mechanism would apply parocularly
to tne rare earths Ce. Pr and Tb for which the 4f stawes have small 3+ ionizanon energies
(Lang eral., 1981) degenerate with the other valence band states, a situanon favoring sorong
hybridizaton.

Expanding our previous discussion (Kang er al., 1988), we suggest here that it is the Pr
magnetic degrees of freedom that are most important. Much of the theoretical thinking
within correlated elecron models for the electronic smucture of the Cu-O planes leads to the
conclusion that the electrical behavior of holes in the Cu-O planes is determined in one way
(Anderson, P.W. 1987) or another(Birgeneau er al., 1988; Hirsch er al., 1988; Stechel and
Jennison, 1988) by Cu-O and/or Cu-Cu magnedc interacuons. From an insulator point of
view, it is expected that hybridizanon betwezn Pr 4f states and the 2p states of the O atoms
in the adjacent Cu-O planes leads to superexchange interacuons between Pr and Cu or O
moments which would have thic potental o profoundly aiter the behavior that would occur
1n their absence. Alternaavely, from the view of the me:allic model, there occur Kondo spin
fluctuanons with an associated energy scale of Tx. Although our model calculation is very
unrealisic for Tk in neglecting spin-orbit and muldplet splittings, it is suggesdve that the
value of Tk obwmined is about 125 K, the same order of magnitude as T,. T.~Tk is the
condition for maximum suppression of T, by a magnetac impurity in a BCS superconductor
with sin,let pairing (Miller-Hartmann and Zintanz, 1970) and may have generic significance
in the presen: case.
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