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I. I. Mazin
Code 6691, Naval Research Laboratory, Washington, DC 20375
and CSI, George Mason University, Virginia 22030

A. |. Liechtenstein
Forschungszentrum lloh, Juich, Germany

(Received 25 June 1997

Recent experiments by Megt al. [Phys. Rev. B65, 9160(1997] demonstrated that the loss of supercon-
ductivity upon Pr doping is associated with the change of the character of the oxygen holgs,ftorp.. .
This experiment sheds light onto the long-standing problef csuppression by Pr, and helps to rule out a
number of theoretical models, leaving only those which predict such a transfer of the O holes. To distinguish
between the two models that do predict such an effect, one has to access the ratio of the planar and axial
character of the holes. We do so in this paper.
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One of the most exciting cases of superconductivity supabsence of Pr. For instance, Anderstral.” found substan-
pression in highF. cuprates is that oR;_,Pr,Ba,Cu;0;,  tial ppo hopping perpendicular to the planéhat is, be-
whereR stands for a rare earth. A number of explanationstween p, orbital9, of the order of 0.35 eV. O-O hopping
including magnetic pair breakint;, disorder on Ba sitéand  inside the planes is even larger, because it is assisted by the
hole transfer from planes to chaifiiave been suggested. giffuse Cus orbital (see Ref. 7 for the detajlsThus, it isa
All these models have problems of various degrees explainsyiori unclear whether the,, orbitals should form a local-
ing the available experimental data. Most notably, recer:Eed state or rather a band comparable in width with the
polarization-dependent O sl near-edge x-ray-absorption g, erconductingpe band. To answer this question, Liecht-
measurements on single-domain Pr-doped single Cr§S'ta|%nstein and Mazfhidentified among the manifold o,f occu-

succeeded in measuring not only the total amount of O holes. .
. . : X ied O-derived bands the oxygen band that has zhé
in CuO, planes, but also the relative weight of their pIanarB_yz) symmetry, and found it tB(/)gbe rather dispersizand-

(Px, py) and axial p,) components. It is hard to overesti- . I N

mate the importance of this experiment, which essentialI)y\”d(t;.]f.Nl.'5 e\?. E asec_j _onlth|shf|ndé)ng,hthey. suggezteld a

rules out the models that assume the total hole concentratigiedification of the original Fehrenbacher-Rice model, in
which holes are transferred from tipelo band not to a lo-

in planes to be dependent on the Pr doping. : s

To the contrary, this result strongly favors models thatca_lllzed state, k_)ut to the ba_nd derived from the Fehrenbacher-
assume that hole depletion of the supercondugtikg states Rice states with substantial overlap between them. Par_am-
occurs because of the hole transfer into fiuer states. The eters of the model were found from local density
first model of this sort is that of Fehrenbacher and Rice.approximation(LDA)+Up, calculations, which should be
They assumed that,. orbitals of the planar oxygens neigh- valid at small and moderate Pr dopifaf large doping, that
boring a Pr ion form a hybride state with the Bfe_y2) is, close to the metal-insulator transition, one has to take into
orbital. They noticed that oxygens around a rare-earth siteaccount Hubbard U at the Cu site, which was not done in
form a nearly perfectbetter that 10%cube, and so the lobes Ref. 8. This modified Fehrenbacher-Rice model was very
of the f,2_,2) at a rare-earth site point nearly exactly to- successful in describing T, suppression rates in
wards the oxygens. They assumed further that such a hybrid®, _,Pr,Ba,Cu;0;, including the dependence of the sup-
orbital is strongly localized. This assumption followed from pression rate on the rare earth. The latter constitutes a serious
the implicitly implied statement in Ref. 6 that the corre- problem in the original modél,because the only effect of
sponding combination of the oxygen orbitals forraely  substituting orR by another in that model is “chemical pres-
when the rare-earth site is occupied by Pr, but not by Ysure,” that is, contraction of the Cu-O afdO bonds. The
(where thef 22 state is unoccupied and lies much highertwo contractions shift the energy balance in favor of pider
the Op stateg, in other words, that direct hopping between band and theppm—f,2_,2) state, respectively.However,
involved O orbitals, without assistance of the By2_y2 the latter effect is strongécf. canonical scaling of Harrison,
orbital, is negligible. This seemed to be a plausible ideawhich implies thed * andd > scaling forpd and pf hop-
because in the considered; @ube the O-O distance is rela- ping amplitudes, respectively Correspondingly, external
tively large,dg.o~ a/\2~3 A. Besides, the hopping matrix pressure enhancds suppression, the most striking manifes-
elements between two orbitals pointing to the center of théation being the recently observed suppression of supercon-
cube isto o= 5tpps+ 5tpps, Morepprm thanppo. ductivity by external pressure in pure NdRas0g;.*° To

On the other hand, a closer look at the band structuréhe contrary, bond contractions due to h&ssubstitutions
shows that the O-O hopping may be not small even in thelecreasehe T, suppression rate, opposite to what one would

0163-1829/98/5()/150(3)/$15.00 57 150 © 1998 The American Physical Society



57 BRIEF REPORTS 151

expect in the localized model of Ref. 6. On the other hand, irmmental results with the Fehrenbacher-Rice model. Further-
the modified model of Ref. 8 this effect appears naturally asnore, as was mentioned in Ref. 8, in the band modepthe
a result of hopping between the héstand the Pif orbitals.  hole states are strictly planar only in the limit when the num-
However, closer to the metal-insulator transition theber of ppm holes tends to zero, i.e., when tippsr band
model of Ref. 8 becomes less and less realistic and it watouches the Fermi level. The experimental results of Merz
pointed out that uncritical extention of this model to pure et al® correspond to substantial Pr doping=(0.8) and a
PrBa,CuzO-, leads to serious problems with explaining considerable number of theom holes(0.25 holes/cell In an
away possible metallic conductivity in thgor band. Thus, elegant analysis of their experimental data, Metal. de-
it is highly desirable to address the differences between modiuce that the angle that unoccupieg orbitals form with the
els of Refs. 8 and 6, by an independent experiment. This wasy plane is 20°-25°, and conclude that this is equally far
one of the goals of Meret al® Essentially, they noticed that from the Fehrenbacher-Rice prediction of 45° and of the
the p,. holes have different character in the two models:Liechtenstein-Mazin prediction of 0°. However, as we men-
According to Ref. 8, they are predominantly planax (), tioned above, the former model predicts 35°-37° instead,
while according to Ref. 6, the,. orbitals in question point and the latter predicts an angle which has yet to be calcu-
towards neighboring Pr, and correspondingly have compdated. Below we present such a calculation.
rable amount of the, , and ofp, character. The original papérwas aimed at calculating tHE, sup-
As mentioned above, around each Pr eight nearespression rate at small Pr concentrations, and utilized a tight-
neighbor O ions form nearly perfect cube; correspondinglybinding model wherg, orbitals were not included. In order
p orbitals pointing to the Pr according to the model of Ref. 6to analyze the hole character at finite dopings, we have to
form an angleazarctan(ll/f)w35° with thexy plane[in include bothp, , and p, states. We will, however, neglect
reality, the interplanar O-O distance is slightly larger thanthe pf# hopping and leave only thefo one. The hopping
intraplanar one, and so the angle<i8€6° for O(2) and~37°  amplitude between thé,,2 2 and thep,, orbitals is
for O(3)]. Incidentally, in the original pap@this angle was ﬁ/&/ﬁtpfc: J2/3t, and between thé,x2_2) and thep,
mistakenly identified as 45°, which did not influence theit is \/5/3y1/3t,¢,=\1/3t (Ref. 11. Correspondingly, in-
calculations of Fehrenbacher and Rickyt misled the au- stead of the tight-binding Hamiltonian given in Ref. 8, Eq.
thors of Ref. 5 and affected their comparison of the experi{1), we have

€ 0 0 0 t1/1/3C,
0 € 0 0 —14/1/3C,

H=[ O 0 &  —7SS V23S, |, D
0 0 -15S, € —14/2/35,

ty1/3C, —t\1/3C, t\2/35, —14/2/3S, €

where the first two orbitals ang, and the remaining part is thg-p,-f Hamiltonian used in Ref. 8. The same notations as
there are used, namel§, , = 2sinf@k,,/2), C, ,=2cos@k,,/2).

In Ref. 8 we were interested in calculating the doping dependence of the number of unoccupied states; that is why we had
to keep thef orbitals explicitly in the tight-binding Hamiltonian. Now we want to estimate the average weight pf trbital
compared to that of thp, , orbitals for a given number of holes. Thus, we fold down thstate in Eq.(1), using Lavdin
perturbation theory. This gives

c2t —C,CyT J2¢,S, 1 —2C,8,T
ool C,C,t cit -\2¢,5t 2sit ,
| Ve sT -v2e,s T 2827 ~5,5,-28S,T | @

-\2¢,51 V2C,5,t -7S5,-2SS,T 280

where we pute, to zero and denotd =t2/3(Ex—€;). We eigenvectork For the hole count 0.25, corresponding to the
diagonalized this Hamiltonian numerically and calculated theexperiment of Ref. 5, we find=18°. Figure 1 was calcu-
average ang|e for unoccupiéume) states in the uppep lated with 7=0; for a fixed hole count, the angke depends
band as a function of filing(Fig. 1) [a=arctan(n, on 7 very little. For instance, forr=t we find « to be
+ny)ny), wheren,+n, andn, are calculated by adding reduced by about 20%, that is, to 15°. The latter number can
squares of the first two and the last two components of thbe taken as the lower bound for the band model prediction.
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40 - - - ' l - . the square root of the Pr concentration, a fact that was not
appreciated in Ref. 8.
To conclude, we have calculated the relative character of
30 1 the planarp, ,, and of the axialp,, hole states in thepm
band in Y, _,Pr,Ba,Cu;0; as a function of hole count in this
band, using the localized model of Fehrenbacher and®Rice
and the band model of Liechtenstein and MazBomparing
our results with the x-ray-absorption experiment of Merz
et al,> we observe that, in agreement with the conclusion of
the authors of Ref. 5, their result falletweernthe two the-
oretical predictions. However, the two predictions are closer
to each other than what was supposed in Ref. 5, and corre-
o o005 ol o o2 05 03 o35 o4 spond_lngly closer to the expenm_ent. Especially close to the
V O py hole count experiment(10—30 % are predictions of the band model of
FIG. 1. Average rotation angle of the deplete@®@) p,. orbit- Ref. 8. ) .
als as a function of the number of holes, in the ppm The Ia_st (emqu we would like to make is that, although
(“Fehrenbacher-RiceJ’ band, from the band model of Liechten- thequantitativedifference between the two model appears to
stein and MazinLM). Experimental estimate ai=0.25 is shown ~0€ not that large in this case, there iqualitativedifference,

by the double-headed arrow, as well as tinelependent of the hole Which can be used in the future experimental studies to dis-
coun rotation angle in the localized Fehrenbacher-Rice modefinguish between them. Namely, the band model predicts that

(FR). The LM curve corresponds te=0 in Eq. (2). the rotation angle increases with Pr doping, especially at low
doping levels, while according to the localized model it
F_hould stay essentially constant.

35t + FR

O p,, angle to plane (deg.)

In fact, the reason that the band model yields an unexpec
ingly large rotation angle is that although this angle tends to We wish to thank M.S. Golden for useful discussions and
zero for infinitesimally small doping, it increases very rap-D.J. Singh for a critical reading of the manuscript. Work at
idly, as the square root of hole number and, consequently, d$RL is supported by the Office of Naval Research.
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