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The charge-reservoir oxygen model of superconductivity predicts a critical temperatiige=80 K for
R, L& sSKLCLM O,y (R222M-10) (with R=Eu, Sm, and Nd, antl=Ta and NB, in agreement with the
measured values28 K. The model also successfully predi&@Ba,Cu,MOg (R122M-8) to be an insulator.
Other predictions foR222M-10 in need of testing ar@) it is a p-type superconductofji) the superconduc-
tivity originates primarily in the Sr-O layers, not in the cuprate-plariég;on cuprate-plane Cu sites, of order
~1% Ni should depres$. to zero, while about six times as much Zn will be required to destroy supercon-
ductivity; (iv) magnetic impurities on Cu sites and Sr sites, but not rare-earth sites, will break Coopetvpairs;
Pr on Sr sites will suppres$.; (vi) the failure of Py:Ce SLCu,MO,, to superconduct is due to the
antistructure defect (Bf3,Stk,"2); (vii) T, is small because the primary superconducting condensate in the
charge-reservoir Sr-O layers is ondy2 A from the cuprate-planes; arfdiii) the superconductivity should
disappear with heavy Ce dopingz-¢1) in R,_,Ce,Sr,Cu,MO,, The relationships ofR222M-10 to
R122M -8, RBa,Cu;0;, andR,_,Ce,CuQ, are discussedS0163-18208)10517-9

I. INTRODUCTION These materials offer an especially appropriate proving
ground for theories which purport to offer explanations of
The class of superconductoR,_,Ce,Sr,Cu,M O, with high-temperature superconductivity, because they provide
z~0.5 (R222M-10) for M =Ta and Nb, are materials which clear chemical trends in their crystal structures, because
superconduct for the rare-earth idRs- Eu, Sm, Nd, and Gd R222M-10 has been studied sufficiently little that many of
(with T;~28K), but not for R=Pr’** Here we take its properties are unmeasur&atoviding an opportunity for
Nd; 5Cey sSLCWLNDOy, to be the prototype of these com- the theorists to make genuipeedictions, and because they
pounds. behave very differently(i) R123-7 is a~90 K supercon-
These materials fit into a sequence that is particularly ingyctor for most rare-earth iof4,including R=Pr°-2 put
terestmg,lzwhlch_ includes the material$) RBa,Cu:07  \ith the notable(curren) exceptionsR=Ce and Cm being
(R123-7), (i) ~ RBaCLMOg (R122M-8),  (iil)  |5rger-radius magnetic ions that are likely to occupy Ba sites
R222M-10, and(iv) Ry-,CeCuQ, with z~0.15 R21-4). i ignificant quantities, where they would break Cooper
They all have similar crystal structurd?123-7 has the well- pairs and destroy superconductivity if the primary supercur-

known NdBaCu;0; crystal structure of Fig. (&) with a rare- - . : N
: . . . t the ch - Cu-O chain |
earth ionR at the center of the unit cell, slightly crinkled rent were in the charge-reservoir Cu-O chain lagier@) in

Cu : . ? é:ontrast, R122M-8 is an insulator for the rare-earth ions
O, cuprate-planes on either side, sandwiched by Ba- tudied to daté (i) R222M-10 | ductor 8128
layers, which in turn are sandwiched between Cu-O chair}, Ja1€d fo aate, il IS @ superconductor at=
layers(each of which is only half within the unit callThe < for R=Nd, Sm, Eu, and Gd, but not f&=Pr, which is
crystal structure oR122M-8 is given in Fig. 1b), and is the " insulatof, and (iv) R21-4 is typically aT.~21-24K
same as foR123-7 except that the Cu in the Cu-O chains SuP€rconductor with Ce doping, f&=Pr, Nd, Sm, and Eu,
has been replaced bW =Nb or Ta, and the previously With Tc ranging from ~9 4K for R=Eu, to 24.3 K for
empty antichain sites between theions in that layer have R=Pr (carefully preparerf* to 32 K for R=Nd (pressure
been Occupied by oxygen ionR222M1-10 [F|g l(C)] is ob- fabricated;25 but R21-4 does not Superconduct fB=Gd
tained by replacing Ba by isoelectronic jgslicing the crys- and trivalent rare-earth ions smaller than G& 30 There

tal structure oR122M -8 perpendicular to the-axis at theR are indication® thatY,_,Ce,CuQ,, if it could be fabricated,
layer, moving the two halves of the unit cell apart, replacingwould not superconduct. Moreover, since growth under pres-
each halfR by an entireR ion (now Ce-doped, as in sure causes Nd,CeCuQ, to superconduct at 32 ® we
Nd, 7sCe&y 29, inserting an Q layer in between, and displac- think that such pressure-growth  might produce
ing the upper part in tha andb directions so that Sr in the Eu,_,Ce,CuQ, with a critical temperatur& higher than the
upper portion is directly above a cuprate-plane Cu in thecurrent~9 K.

lower portion. FinallyR21-4 [Fig. 1(d)] results when the Ca-doped Trp,Ca,CuQ, superconducts witi .~ 30 K,
SrOMO,/SrO/CuQ layers are removed fronR222M-10  but neither Ce doping nor superconductivity has been dem-
and the Ce content péR ion reduced to 0.075 so that we onstrated forR,CuQ, compounds with trivalent rare-earths
havez~0.15: Nd) 9,£Ce 075 whose radii are smaller than GdsYet T, ranges from 19
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FIG. 1. Crystal structures showin@) a unit cell of Nd123-7,(b) a unit cell of Nd12&1-8, (c) a formula unit (half-cell) of
Nd; :Cey sSLCWLM-04,, and(d) a unit cell of Nd gCe&) 1£CUO,.

K to 21 K for La;_Nd,Cey 16Cu0, with 0<x<0.852° put  tions’*'such as those in Table I, the first of the cations to be

LaGd, ¢Ce, ,CuO, does not supercondutt. further ionized would be Cir—Cu*3, but nuclear magnetic
resonance(NMR) data show that there is no C¥ in
Il. CHARGE-RESERVOIR OXYGEN MODEL YBa,CwO; (and presumably there is none in Nd123-7

) ~ eithep,*? and point-ion-model calculations show that none of
First we attempt to understand the observed chemicahe Cy sites has a Madelung potential as large as the

trends using the  charge-reservoir oxygen model ofcy+2_,cy*3 jonization potential. Indeed, the Madelung po-
superconductivity’~**in cuprate superconductors. tential is too small in magnitude by at leastl0 V. (See
Table 1) Therefore a maximum of 13 electrons can charge at
most 6.5 oxygen anions te — 2|e|, leaving(in some sensge

In the charge-reservoir oxygen model, the superconduc=0.5 or ~1.0 O* in each unit cell: hypocharged oxy-
tivity occurs atT,~90 K for all R123-7 homologues, and is gen, O %, with Z<2. In this model, the onset of supercon-
primarily associated with the charge-reservoir layers of theuctivity in YBa,CusO, and its homologues is associated
crystal structure, where oxygen supplies holes fletype  with the initial formation of hypocharged or “neutral” oxy-
conduction and superconduction: namely, in the viciigf ~ gen: x~6.5233443 Hypocharged oxygen also accounts for
the Cu-O chain layers iR123-7. The cations Ba and Cu can the threshold of superconductivity in(Ba, _,Lay),CuOy,
assume, at most, tentegra) charge-states B& and Cu2. where the Tokura-Torrance R@féfor the phase boundary
The rare-earths ae™ 3 (Tables | and {849, leaving a total  between insulating and superconducting materials 6.5
of 13 electrons to charge the 7 oxygen anions: Based or-2y, is an almost trivial consequence of the oxygen
ionization potential daff and Madelung potential calcula- model*® Therefore, in this model, hypocharged oxygen is

A. Prediction of which materials superconduct

TABLE |. Sites in Nd123-7 and the charges on those sitesinits of |e|), as extracted from neutron
diffraction data®® using the bond-valence-sum methiSdalso displayed are the corresponding Madelung
potentials(in V), calculated in a point-ion model, and some ionization poterftfalie parentheses enclose
the final charge state of the ionization. The resultsZer0 correspond to the ideal crystal=1 corresponds
to two Nd ions of charg&|e| greater than the charge of Ba, on Ba sites in the central unit cell, together with
an antisite oxygen of charge 2Z|e|. This table indicates that the ions should have the following charge
states on their normal sites: N Ba*2, and Cu®. Ba-site Nd should be N for Z=0, but Nd'® if oxygen
simultaneously occupies the antichain sife<1). The charge of the hypocharged oxygen is emboldened.

Madelung potentials

Site Charge Z=0 Z=1 lonization potentials
Nd 3.05 —28.59 —27.58 22.1+3) 40.4+4)
Ba 2.13 —-17.15 —-23.77 10.0+2)

Cu(1) Cu-O chain layer 2.21 -23.82 -30.27 20.83+2) 36.3+3)
Cu(2) CuG, plane layer 2.06 —25.95 —25.91 20.3+2) 36.3+3)
O(1) (Cu-O chain layer -1.72 21.53 31.50

0O(2) (CuG, layer, a axis) —-2.02 22.58 23.98

0O(3) (CuG, layer, b axis) —-2.01 22.38 22.80

O(4) (BaO layey —1.93 22.26 19.73

O(5) (antichain site -1.75
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TABLE IlI. lonization potentialgiin V) to charge-states-3 and TABLE V. Bond-valence-sum chargeén units of |e|) and
+4, after Ref. 40, of Y and the rare-earth ions. Also presented ar&ladelung potentialgin V) for EuSpCu,TaG; (Eul22Ta-8, ex-
the radii(in A) of the +3 charge-state ion of the element, after Ref. tracted from the data of Ref. 52, and computed using the self-
31, and the weak-coupling orbital- and total-angular momenturnrconsistent bond/charge method. Compare these charges with those
quantum numbers andJ of the +3 rare-earth ion. Eif has a  in Table Ill for Nd122Nb-8.
low-lying excited state which gives it a nonzero magnetic moment

despite the Hund’s Rule value 0. Site Charge Potential
Element To+3 To +4 Radius L J Eu 3.08 —32.50

Sr 1.78 —21.80
Y 20.5 60.6 0.92 0 0 Cu in cuprate-plane 2.20 -32.70
La 19.2 50.0 1.14 0 0 Ta 5.02 —53.48
Ce 20.2 36.8 1.07 3 3 O in Sr layer ~1.89 18.63
Pr 21.6 39.0 1.06 5 4 OinTalayer -1.98 23.40
Nd 221 40.4 1.04 6 3 0 in CuG, layer ~2.08 18.46
Pm 22.3 41.1 1.06 6 4
Sm 23.4 41.4 1.00 5 32
Eu 24.9 42.7 0.98 3 0 R122M-8 should not superconduct because it has no hypo-
Gd 20.6 44.0 0.97 0o I charged oxygen—and, in fact, it does not supercontftict.
Th 21.9 39.8 0.93 3 6 In R222M-10 the maximum total cation charge is
Dy 22.8 41.4 0.92 5 B +19.9¢]| (leaving only closed-shell ions &%, Cu*?, Ce™,
Ho 22.8 41.4 0.91 6 8 andM *®), compared with— 20/e| for 10 fully charged oxy-
Er 227 42.7 0.89 6 L gen ions.(See Table V for charges and Madelung potentials
™™ 23.7 42.7 0.87 5 6 of Nd222Nb-10° Table VI gives the trends in the charges for
Yb 251 43.6 0.86 3 3 PI’222Nb-10, Sm222Nb-10, and Eu222Nb-10. Structural data
Lu 20.9 453 0.85 0 0 for Gd222M-10 are not presently availableHence the

R222M -10 material, likeR123-7, is required to form substi-
tutional hypocharged oxygen in order to balance its charge in

th ired tor of ductivit dit the neutral condition, and so it should be a superconductor. It
e required generator of superconductivity, and its presence ¢ R=Nd, Sm. and Eu, but not f&R=Pr.1-3

at substitutional sités is signaled by the apparent failure of related stoichiometric compound,

the compound to exhibit the charge-neutrality condition,Nd Ce .S icatéd. Thi
X 5 L sCeysSh Ndy :Cu,GaQy,, has been fabricated. This

evaluated assuming the s_tandard2 valieg., Ba®) for the  yatarial meets the charge-neutrality conditiowithin ex-

charge-states of each cation and“Qor the charge-state of erimental uncertainty of its compositipwith classical

each oxygen. . ionic charges if Ce is C& (Table 1l), and so has no hypo-
The layers containing the hypocharged or dopant 0xygeparged oxygen at substitutional ionic sites. But, in any case,
are termed the “charge-reservoir layers. the material contains approximately 0.3 Nd ions per formula
In R122V-8, analyses of the Ta-O and Nb-O bond- it that are magnetic and that almost certainly occupy Sr
lengths indicate that both Nb and Ta are in the charge-  gjtes where they are Cooper pair-breakers and destroy any
state, as expected on chemlcaelzlbonc_hng grounds for Ta ig,perconductivity in Sr-O layers. The charge-reservoir oxy-
pzirztlcular._(See Tables lll and IV>*) With all oxygen being gen model therefore predicts that the compound does not
074, we find a net standard charge per cell of zero. Henc‘%uperconduct for two reasofiso hypocharged oxygen, and
pair-breaking by Nd-on-Sr-site defects: §le—and it does

TABLE Ill. Bond-valence-sum chargeén units of |e|) for not47:53
Nd122Nb-8, and Ng:Ce, sSr; Ndy -C,GaQy, extracted from the Finally Ce-doped Nd21-4 does superconduct although
data of Refs. 46 and 47, respectively. Nd,CuQ, itself is charge-balance(lable VII), contains no
hypocharged oxygen, and does not supercondast the
Material Nd122Nb-8 Nd:CesSn NdyCGal  charge-reservoir oxygen model would preflicThe Ce-
Site Charge Charge doping leads to the formation of hypocharged interstitial

oxygen(as we shall s@ewith the interstitial sites lying at the

(N:Z 2.89 :g; face-centers of the Nd plarfés*5®and thus Ce-doping pro-

X duces superconductivity.
Ba or Sr 2.19 2.15
Nd on Sr site 2.07 ) ) o
Cu in cuprate-plane 1.96 211 B. Where is the primary superconductivity?
Nb or Ga 4.88 2.81 In the charge-reservoir oxygen model, the primary super-
O in Ba or Sr layer -1.92 —-1.80 conductivity is in the charge-reservoir layers, namely where
O in Nb or Ga layer -2.17 —2.04 the holes and hypocharged oxygen reside. The location of
O in CuG -1.97 —1.96 the holes is most easily determined from x-ray or neutron
Other O in CuQ layer —-2.05 diffraction data for the bond lengths, which can then be pro-
O in O, layer ~-2.30 cessed using the bond-valence-sum metheal determine

the charges on each ion and in each layer.
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TABLE V. Sites in Nd222Nb-10 and the charges on those $itesnits of|e|), as extracted from neutron
diffraction data using the bond-valence-sum methSdAlso displayed are the corresponding Madelung
potentials(in V), calculated in a point-ion model, and some ionization poterftfaifie parentheses enclose
the final charge state of the ionization. Since the' NdNd*3 and Nd">—Nd** ionization potentials are 22.1
V and 40.4 V*° Nd on the Nd site is expected to be in thé charge-state. This table indicates ttixtNd
is Nd™® on its normal site, but could only be the chemically unstablé Nahen isolated on a Sr sit@nd
that no Sr-site rare-earth ion "3, except La®); (i) Ce is C€® on a Nd site, but a stronger potential by
0.5 V would ionize Ce to C#; (iii) no other rare-earth iR™* on the Nd sitefiv) Ce is C&2 on a Sr site,
but a stronger potential by 0.4 V could make*@ge(v) Cu is in the Cu? state, Sris S¥, and Nb is NG >,
The charge of the hypocharged oxygen is emboldened.

Site Charge Madelung potential lonization potentials

Nd 3.31 -36.3 22.1+3) 40.4+4)

Ce 3.34 —36.3 20.2+3) 36.9+4) 65.6+5)
Sr 1.84 -19.8 11.0+2) 42.9+3)

Cu 2.32 -31.9 20.3+2) 36.3+3)

Nb 4.96 -52.3 50.6+5) 102.1+6)

O(1) (NbO;, layen —2.18 27.8

O(2) (SrO layey —-1.72 18.1

0O(3) (CuG, layen —1.94 18.8

O(4) (O, layen —2.20 19.3

In the bond-valence-sum method, which follows the em- In the R123-7 compounds, the demonstration that there
pirical chemical binding ideas of Paulif§the charge on the are holes in the vicinity of the Cu-O chain layers is afforded
o th ion is related both to the bond-lengthrs. ,| to those by the fact that the Cu-O chain layers and, to a lesser extent,
neighboring ions(o’) directly bonded to it and to the site the adjacent Ba-O layers, are positively charéed+ 0.5€|

occupanciesv, , by the expression and +0.2e|)—when the simple valence rules would have
them be neutral(See Table ). Hence the charge-reservoirs
Q. =elS W, exp([R,— |ty .18}, in R123-7 are in the vicinity of the Cu-O chains, where the

hypocharged O'"?is found®’

where one hag=0.37 A, and the paramete®, are ex- In R122M-8 we find that forM =Nb andR=Nd (Table
tracted from known bond-lengths of many chemical com-!l! Shows charges foR=Nd), the Nb ionic charge is ap-
pounds and are tabulated in Ref. 57. Therefore, from a tablBroximately +5[e|, confirming our argument that led to a
of bond-lengths, it is straightforward to determine ionic predlc_tlon of insulating character. Note in particular t_hat this
charges—with a typical absolute accuracy-of- 0.1]e|. Re- material has no hypocharged oxygen: all oxygen ions are

sults obtained for NgkCe, sS,CUNbO,, are presented in essentlally_ O , with an approximate _uncertalnty of
Table V. To an adequate approximation, +0.1le|. Similar results hold for other choices of rare-earth

52
Nd, :Ce, sSLCWLNbDO,, contains Nd3, Ce™4 Srt2, cut?, R, such as EuTable IV).

and Nb™®. All of the oxygen ions are virtually O? except . In R222M—;O, the layers that deviate from the expecta-
those in the Sr-O layers, which are electron-deficient, beinglons Of classical valence the most are the Sr-O layers, and
hypocharged: O'72 are charged positivéSee Table \). Therefore that is where

the charge-reservoir is and where the holes are—on the api-
cal oxygen atoms in these layéfs.

TABLE VI. Bond-valence-sum charge@n units of |e|) for .
gess lel) In R21-4, the charge reservoir is where the hypocharged

R222Nb-10, forR=Pr, Sm, and Eu, from the neutron diffraction

data of Ref. 3. oxygen resides, namely at the interstitial site, approximately
at the face-center of the Nd plane. The charges of Table VII

Material Pr222Nb-10  Sm222Nb-10 Eu222Nb-10 0o not reflect this fact, because the interstitial oxygen, being

Site Charge Charge Charge a defect, is not ordinarily included in the refinements of neu-
tron diffraction data. However, the interstitial must be hypo-

R 3.65 3.24 3.07 charged, because ® has too large an ionic radius to fit at

Ce 3.81 3.87 3.78 the interstitial site’1*°®° The radiusA of O~ Z is approxi-

Sr 1.80 1.84 1.91 mately A(O™%)~(0.37%Z+0.65)A, so that only oxygen

Cu 2.36 2.30 2.32 considerably less-negatively charged thar? ©@an fit at the

Nb 4.75 5.22 5.19 interstitial site, which (in a hard-sphere model for

O(1) (NbG, layen —2.18 —2.20 -2.21 Nd,_,Ce,CuQ,) cannot accommodate ionic oxygen with

0(2) (SrO layej ~1.68 ~1.78 ~1.76 >1.23%

0O(3) (CuG, layen —-2.00 -1.97 —-1.98 The interstitial dopant oxygen of Ce-dop&®1-4 ap-

0(4) (0, layen —237 —2.924 —2.14 pears to have produced a strong Raman-scattering feature

indicative of an oxygen vibration parallel to tleeaxis, with
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TABLE VII. Sites in Nd,_,Ce,CuQ, and the charges on those sit@s units of|e|), as extracted from
neutron diffraction datd® using the bond-valence-sum methdThe cation is a virtual-crystal average of
Nd and Ce. Also displayed are the corresponding Madelung potefitial3, calculated in a point-ion model,
and some ionization potentigl8 The parentheses enclose the final charge state of the ionization. The results
for Z=0 correspond to the ideal cryst@l=—1.16 corresponds to an interstitial oxygen of chazge], at
an apical site near the face-center of the Nd plane, but adjacent to a Ce which is displaced 0.158 & in the
direction from the face-center of the rare-earth plane, away from the closest cuprate-plane, and toward the O
plane. This table indicates that the ions should have the following charge states on their normal &ites for
=0: Nd"3, Ce™3 and Cu? (but sufficiently close to the borderline to be Cuin reality). For interstitial
oxygen withZ= —1.16 we expect: Ntf, Ce™, Cu*! (for the Cu ion nearest to the eand Cu 2 for the Cu
adjacent to the interstitial oxygen, which Cu experiences a Madelung potentié8275 V. Note that there
must be an oxygen defect immediately adjacent to the Ce to ionize the Ce'fo Tee charge of the
hypocharged interstitial oxygen is emboldened.

Charge Charge Madelung potential

Site Z=0 Z=-1.16 Z=0 Z=-1.16 lonization potentials
Nd 3.09 3.10 —29.85 —35.82 22.1+3) 40.4+4)
Ce 3.22 4.26 —29.85 —36.90 20.3+3) 36.8+4)
Cu 1.83 1.83 —19.32 —17.30 20.3+2) 36.3+3)
O (1) (cuprate-plang -1.80 -1.80 23.56 24.84

O (2) (O, layen -2.21 -2.21 24.26 23.24

Interstitial O 0.00 -1.16 8.31

the oxygen being at the apical site, a site that becomes oervoirs for holes. In these compounds, interstitial oxygen ap-
cupied with unit probability when the crystal makes a tran-pears to be ruled out as@type dopant, because of steric
sition from theT’ crystal structure to th& structure as the constraints: The partitioning of high-temperature supercon-
rare-earth radius lengthens from that of trivalent (fr  ductors into charge-reservoirs and cuprate-plarigse
Pr21-4 to La (in La,_zSr,Cu0,). Occupancy of this inter- charge-transfer hypothei€>%j implies that the charge-
stitial site is energetically favorable if a Ce-dopant is adja-reservoirs are separate from the cuprate-planes, eliminating
cent to it, or if the size of the rare-earth ion approaches thathe cuprate-planes and leaving only the Sr-O layers as pos-
of La™3.% Although there are other data suggestive of thissible charge-reservoirs iR222M-10. The charge reservoirs
defect®® and our doping picture required®t,we were un- are those layers that contain the hypocharged oxygen ions:
aware of these Raman data until they were called to ouprecisely those layers that show up in the bond-valence-sum
attention by Cardorfda—and they are fully consistent with analyses as containing extra holes. Therefore the charge-
our (Ce,O model of p-type doping by interstitial oxygen reservoir layers in Nd222Nb-10 and its sister compounds are
ions which form pairs with Ce. the Sr-O layers.

The chemical trends in the locations of the charge- The fact that the charge-reservoirs move from the Cu-O
reservoirs are especially interesting, since many researchethain layers inrR123-7 to the Sr-O layers iR222M-10, to
would be astonished by our claim that the Sr-O layers ar¢he interstitial regions of Nd21-4, and are insulating in
charge reservoirs. In convertirRl23-7 intoR122M-8, the  R122M-8, suggests that in this model the superconductivity
Cu-O charge-reservoir chains are replaced by insulatingnust change its location in the crystal structure. Only hypo-
NbG, or TaG, layers, annihilating théR123-7 chain-layer charged oxygen in the charge-reservoirs can supply the holes
charge-reservoirs and makingl122M-8 insulating. Since necessary foip-type superconductivity, and if the charge-
BaO and SrO are electronically virtually identidaind only ~ reservoirs move, the locus of superconductivity must move
slightly different structurally in a first approximatith, the  too. Further evidence for different superconducting regions
Sr-O layers and the niobate and tantalate layers are expectadthese different materials includes the fact that the neces-
to be insulating irR222M-10, as inR122M-8. However, in  sary Ce content for maximurni, changes from zero in
R222M-10 the Sr-O bond lengths are stretched from theilNd123-7 to z=0.15 in Ng_,CeCuQ, to z=0.5 in
natural lengths, which implies that there are more holes oMNd222Nb-10, and the effect on superconductivity of Pr-
the oxygen of the Sr-O layer than in the Ba-O layer whichdoping changes frorpoisonousin Pr123-7° (or, more pre-
has compressed bontfe®®®*this facilitates the formation of cisely, in PrBa_,Pr,Cus0,°"23 and in Pr222Nb-10 tad-
hypocharged oxygen, which leads to superconductivity. Acvantageousn Pr,_,Ce,Cu0,.2%7:%80ther assignments of the
cordingly, we speculate that Sr replacement of Ba incharge-reservoirs lead to logical inconsistencies. For ex-
R122M-8 in the formation ofR222M-10 is partly respon- ample, since the Cu-O chains are in the charge-reservoirs in
sible for T, being substantial in the latter material. The nextR123-7, the natural expectation would be that &, lay-
candidates for charge-reservoirsR222M-10 might be the ers are the charge-reservoirs R122M-8. Yet this assign-

O, layers between the rare-earth ions, but the oxygen ions iment would leave unanswered wiR122M-8 does not su-
these layerghaving captured electrons from the adjacentperconduct, whileR123-7 andR222M-10 do. It also is
rare-earth ions are fully charged to ©? according to the inconsistent with the bond-valence-sum charggsbles |,
bond-valence-sum analyses of Table V, and do not form redil, IV, V, VI, and VIl ), which place the holes in different
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layers ir_n the superconductors and reveal no hypochargedcmgo K, predicted by ué® and recently shown to super-
oxygen inR122\I-8. These data all seem to indicate thatconduct at approximately that temperatii&> Moreover,
both the charge-reservoirs and the primary superconductingith the identification of the charge-reservoirs in the

regions are different in the different materials. R222M-10 compounds as the Sr-O layers, the empirical rule
prescribes and “post-dicts” the critical temperatures of
C. Successful prediction ofT R222Nb-10 andrR222Ta-10 to beT,~30 K, in agreement

H —~ H 3
In the charge-reservoir oxygen model, a prescription forWlth the Tc~28 K observationé:

predictingT, is to use the result
D. Why Nd222M-10 is different from Nd,_,Ce,CuQO,

Te=(15 KiA)d, The astute reader will recognize that the crystal structure
whered is the distance between a charge-reservoir oxygeof Nd222V-10, [Fig. 1(c)] is almost identical to that of
ion and the nearest cuprate-plane Cu9d8ince this empiri-  Nd,_,Ce,CuQ, [Fig. 1d)], except that
cal rule was based in part on data for ¥Ba;O; homo-  Nd,_,Ce,Sr,Cu,NbO;, has (i) two additional Sr-O planes,
logues and for Ngl,Ce,CuQ,, it is guaranteed to describe (ii) one additional Nb@plane, andiii) one additional Cu®
the critical temperature foR123-7 andR21-4 homologues cuprate plane. That is, Nd,CeSLCWLNbO, is
rather well. Nd,_,Ce,Cu0, sandwiched between these extra planes. One

In the case of theR123-7 homologues, the charge- might speculate that the extra planes are insulating, and that
reservoir oxygen model predicts that all of the homologueshe material is actually a superconducting superlattice con-
will have essentially the same superconducting critical temtaining slabs of “superlattice” Ngl_,Ce,CuQ, layered with
peratureT., which for these materials iss90 K. Until re-  additional SrO/Nb@/SrO/CuQ layers. As a result, except
cently, it was widely assumed that Pr123-7 was an exceptiofor a few superlattice and confinement effects, the “superlat-
to the T.,~90 K rule for all R123-7 compounds, but as a tice” Nd,_,Ce,CuQ, superconductor would be a slightly
result of a prediction that magnetic Pr on Ba sites breakperturbed version of “free” Ng_,Ce,CuQ;,. Since the criti-
Cooper pairs and destroys superconductifitg, number of cal temperature for “free” Ng_,Ce,CuQ, is T,~24 K,?®
experiments first detected granular superconductiVity! close to the 28 K for Nd222Nb-10, this argument appears on
followed by experiments reporting superconductivity inthe surface to be rather appealing.
single-crystals and in bulk Pr123-7 sampfeé? that were However, several facts indicate that this cannot be the
grown using conditions known to minimize Pr-on-Ba-site casei(i) The optimal Ce content in “free” Ngl_,Ce,CuQ, is
(Prg,) defects. The otheR123-7 compounds that do not z=0.15, whereas in Nd ,Ce,SL,Cu,NbO,, the correspond-
superconduct all involve large ionR*3: Ce*3 in ing Ce concentration for “superlattice” Nd,Ce,CuQy is
Y,Ce _,123-7 or N¢Ce _,123-7, and C®in Cm123-7, z~0.5; and “free” Nd, £Ce, <CuQ, neither exists nor would
and so it is reasonable, following the data for Nd insuperconduct if it did? since the maximum Ce solubility is
NdBa,_,Nd,Cu;0,° and for Pr in PrBa_ Pr,Cu,0;,"  to  z~0.277 These differences indicate that the detailed role of
conclude that the largest ions are highly soluble on Ba site€Ce in the two superconductors is somehow not quite the
where they destroy Cooper pairs and superconductivity, ifame. Indeed it proves that Ce does not simply act as a
the impurities are magneti@odest amounts of large-radius dopant, but has a more complex role in the superconductivity
non-magnetic L&® ions on Ba sites are known tmtdestroy  of these materialdii) A comparison of the charge distribu-
superconductivity in YBga_,La,Cu0," and tions shows that Nd,CeCuQ, (Table VII®) and
Y;_,\CaBa,_,La,Cu;0,, " demonstrating that the destruc- Nd222Nb-10(Table V) are indeed different(Note, for ex-
tion of superconductivity is due to thmagneticmoments, ample, the hypocharged oxygen ©2in the Sr-O layer, and
not the size, of the large ions—which happen to be highlythe charges on the Cu sitgét the same time, in a standard
soluble on Ba sites by virtue of their large size. classical point-charge analysis, the Sr-O plane has a net

In the case oR222M-10, where the charge-reservoirs are charge of zero, the NbQayer has a charge ¢g|, and the
the Sr-O layers and so we hade-2.0 A,’* the value of the  CuG, layer is charged-2|e|, giving a net of—|e| for the
critical temperature T, has been predicted to bd&, additional layers SrO/NbgSrO/CuQ and hence a compen-
~ (15 K/A)d~30 K—essentially equal to the observed valuesating charge of- |e| for the “superlattice” Ng_,Ce,CuQ,
T.~28 K,*>~° which is the same foM=Ta andM=Nb. layers in the Nd222Nb-10 superlattice. Either this net charge
This fact also hints that thiel O, layers are not the loci of the is fictitious and the additional layers are actually uncharged,
primary superconductivity, which might be expected to sens@r not. If it is fictitious, then the additional layers must con-
a difference between Ta and Nb if those layers were stronglyain some hypocharged oxygen to achieve the uncharged
superconducting. state—and so the charge-reservoir is in a different location in

Thus, by following the established procedures of the oxy-the superlattice from in “free” N¢g_,Ce,CuQ,. If the charge
gen model, we obtained a successful prediction of the criticals real, then the additional planes have a net charge in
temperatured ; for R222Nb-10 andR222Ta-10. The model Nd222Nb-10 and “superlattice” Nd ,Ce,CuQ, in the su-
also succeeded in predicting thag for properly prepared perlattice must carry a compensating charge, rather than be
Pr123-7 must be=90 K, at a time when Pr123-7 had not neutral as in “free” Ng_,Ce,CuQ,. It is difficult to see how
been properly prepared and had not superconducted at all. Taharged additional layers might be insulating. And in any
our knowledge, there have been only two superconductorsase, “superlattice” Ng_,Ce,CuQ, in this Nd222Nb-10 su-
for which T, has beemredictedsuccessfully(i) SrTiO; with  perlattice must be different from “free” Nd ,Ce,CuQ,.
T.=1K, predicted by Coheft, and (ii) PrBaCuO, with (iii ) A bond-valence-sum analysis of Nd,Ce,CuQ, puts the
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A ' vided the magnetic impurity does not have zero orbital an-
aNd; g5_,6d,Ceq5CUO,_,

gular momentuni. =0, as do Gd® and Cni 3, in which case
there is no crystal-field splitting. With pair-breaking opera-
tive for theL=0 ions, Gd21-4 and Cgn ,Th,CuQ, should
not superconduct—and do 8t Indeed, Soderholrat al.
present evidence that the failure of @mTh,CuC, to super-
conduct is a magnetic effe€t8 consistent with our proposal
here.

However, while crystal-field splitting is necessary to ex-
plain why R21-4 with magnetic rare-earth iofscan super-
conduct at all, it is clearly not the only effect dR21-4
superconductivity; there is clearly a size-effect also. Indeed,
we shall argue that there ateo size effects, one related to
oxygendoping and the other associated with the ability of
the rare-earth ions tform stable bonds.

Perhaps the best evidence of a size effect comes from
(YyR1.)2—,Ce,CuQ, alloys, which cannot be fabricated for

FIG. 2. Critical temperatur&, of Nd, g5 ,Gd,Cey1:CUO,, after  Y— 1.7 but Y (which is nonmagnetic, witd=0, hasL=0,

Ref. 29, vs Gd dopant content demonstrating that =0 Gd*®  and so does not break Cooper pairs by spin-flip scattering
destroys the superconductivity of Nd,Ce,CuQ,. The solid lineis  nevertheless exhibits a more rapid suppressiomn_.ofvith y
the pair-breaking theory of Abrikosov and Gork®The explana-  than J#0 magnetic Gd in (GfR1.y)2-,Ce,Cu0, does®°
tions of this degradation of; that have been proposed digpair ~ This more-rapid suppression is clearly not a crystal-field ef-
breaking by Gd® that is not forbidden by crystal-field splitting and fect, but a size effec®®®%88 However, based on recent
(i) a mechanical effect similar to that caused by Y dopfh@nly  work,52628%ye conclude that there ateo size effects in the
the former provides a fully consistent explanation of the data. R21-4 compounds(i) Ce doping appears to actually be
p-type doping by(Ce, interstitial-oxygen pairs, and each
holes in the Nd_,Ce,0O, layers, different from the case for cage surrounding an interstitial oxygen ion near the face-
Nd,_,Ce,SrL,CwNbO;, where the holes are in the charge- center of arR plane consists of eight oxygen ions from the
reservoir Sr-O layers. The chargel.7Ze|, which is the O, and CuQ layers; this cage becomes too small as the
same for hypocharged oxygen in the Cu-O chains ofare-earth size decreases froni to smaller than G or
Nd123-7 and in the Sr-O layers of Nd222Nb-10, is the signalTb*3. For smalleiR" s the cage no longer provides enough
that the Sr-O layers are the charge-reservoirs. We concludgace for thep-type doping required for superconductivity
that the charge-reservoirs are in different locations in the twgbecause the cage must hold ©with Z> 1 if the interstitial
materials.(iv) Replacement of all the Nd in Nd,Ce,CuQ, has both captured a Ce electron and donatedl holes to
by Gd destroys the superconductivity® (Fig. 2988} the valence band When this happens, one can no longer
while a corresponding replacement in dope RCuO, p-type with Ce%%62 (i) Simultaneously the
Nd,_,Ce,SLCWLNDO,, does not®!! BecauseR222M-10  cage surrounding the rare-earth i6mhich in the simplest
superconducts for the rare-eaRls Gd (with orbital angular models is the same size as the interstitial oxygen ;dme
momentum quantum numbér=0, despite having total an- comes too large for the rare-earth to bond to its neighboring
gular momentuml = 7/2), we deduce that crystal-field split- oxygen ions, because the rare-earth size decreases faster than
ting plays no role in the superconductivity of Nd222Nb-10. the cage size, until the rare-earth’s bonds to the neighboring
Hence the insensitivity of thR222M-10 superconductivity oxygen ions are stretched by more than several percent
to the pair-breaking rare-earth’s magnetic moment, even fof<10%°) and break. When this condition is met, one can no
R=Gd, must be attributed to the fact that the exchangelonger fabricate RCuO, without high pressuré®
scattering range of the magnetic rare-earth does not extend (R, ), ,Ce,CuQ, is an example of the second size ef-
the superconducting condensate. This implies that the corfect. Since crystal-field splitting must affect the supercon-
densate is most likely in the Sr-O lay®r. ductivity in Nd,_,Ce,CuQ, for it to superconduct, and

The situation in théR21-4 compounds is somewhat more clearly does not have a role in the superconductivity of
complex. The proximity of the magnetic rare-earth iéhto ~ Nd222Nb-10 (which we know, because its homologue
the superconducting condensate is virtually guaranteed i6d222Nb-10 supercondugtsthe superconducting conden-
this system, because the rare-earth is directly bonded to egates in the two materials are necessarily different in an im-
ery other ion except Cu. Again, the first question to be askegortant geometrical way: the data indicate that Gd on a Nd
is why these magnetic rare-earth ions, including® but  site in Nd,_ ,Ce,CuQ, is very likely a nearest-neighbor to the
exceptingL =0 Gd*® which destroys superconductivifffig.  superconducting condensate and breaks Cooper pairs, while
2), do not disrupt the superconductivity when they appear td&sd in Gd,_,Ce,SrL,CwLNbO, 4 definitely is remote from the
be adjacent to whatever condensate might be present. Hergjperconducting condensate, which must lie beyond the
crystal-field-splitting affords perhaps the only potential an-range of exchange scattering by Gd.
swer and indicates that the superconducting condensate is Recall that the charge-reservoir model places the primary
near the rare-earth site, within the range of the exchangesuperconductivity in the region of dopant oxygen, nanigly
scattering: Crystal-field splitting can render the pair-breakingat interstitial oxygen occupying a face-centered site in the Nd
capabilities of a rare-earth magnetic moment impotéptp-  plane and directly bonded to the adjacent Cu in
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Nd,_,Ce,CuQ,, but(ii) at the very different oxygen sites in (i) Although a cuprate-plane-model explanation of the
the Sr-O layers of Nd_,Ce,SL,Cu,NbO;,. As a result, in the destruction of superconductivity by Ba-site Nd has been
charge-reservoir modehnd in the datacrystal-field split- ~ given in terms of hole-filling?™® hole-filing would occur
ting affects the superconductivity in bld,Ce,CuQ,, but not  only if the Ba-site Madelung potential were sufficient to ion-
in NdzfzcezerCUZNbolO- A trivial consequence of this pic- ize the rare-earth on that site &2 without additional OXYy-

ture is that Ggl<Cey SLCUWLNbDO,;, must superconduct, as it 9en being present—which is never the case. Moreover, no
does® explanation of the absence of comparable effects by trivalent

La’® has been presentedThe charge-reservoir oxygen
Ill. CUPRATE-PLANE MODELS modeigt.tnbutes this dlfference. to thg nonmagnetic character
of La*® in contrast to magnetic pair-breaking by Ndor

Most current models of high-temperature su erconductiv—Pr+3 on Ba sites.
9 P P Clearly explanations of these and other major facts, in

ity are based on superconducting cuprate-planes doped
carriers (normally hole which are transferred to those l?grms of a cuprate-plane model, are needed before that model
can be accepted.

planes from the charge-reservoir layers. Without regard fo
the short-comings of either the cuprate-plane picture of su-
perconductivity or the hypothesis of charge-transfer from the B. R122V-8

charge-reservoirs to the cuprate-plafie¥;59:66.69.91-93,0 _ .
shall discuss its predictions for the behavior R123-7, The initial attempts to grovR122M-8 were probably in-
R122M-8, R222M-10, andR21-4. tended to alter the doping of the cuprate-planefRdP3-7

by replacing the Cu ions of the Cu-O chain layers with Nb.
(They obtained Nb@layers) The expectation, based on a
A. R123-7 cuprate-plane picture of superconductivity, was that
Three major experimental facts R1.23-7 compounds are R122M-8 would superconduct, but it did ndfor either
(i) PrBa_,Pr,Cus0; does not supercondu,while most M =Nb or M =Ta) 5101102
other R123-7 compounds d&, (i) GdBa,Cu;0; supercon- It appears to us that the reason RE22Nb-8 compounds
ducts but isoelectronic CmB@w,0; does not>* and (i) ~ were expected to superconduct with higher critical tempera-
Nd on the rare-earth site of NdBaw,O, has no adverse tures thanR123-7 was that Nb was perhaps expected to
effect onT,, but Nd on the Ba site of NdBa,Nd,Cu,0, display a charge-state ef3, rather thant-5. Our analyses of
destroys superconductivif, while the same appears to be the bond-lengths in these compounds in terms of bond-
untrue for La on the Ba site in YBE&U;O,.”>"3(Sm, Eu, and  valence-sum charges, indicate that the Nb charge-state is in-
Gd exhibit similar behavior to N&) variably +5. So perhaps the failure of the cuprate-plane
(i) Attempts to explain the nonsuperconductivity of model to predict the insulating character of tR&22v-8
Pr123-7 based on models with all of the Pr on rare-earth sitegompounds was simply due to a valence that was incorrectly
and invoking hybridization have been contradicted by theestimated—and the material, with-85 charge-state, might
experimental fact that using pressure to increase the hybridrossibly have been expected to be an insulator even in the
ization in Nd123-7, &R123-7 homologue, until the hybrid- cuprate-plane framework. Nevertheless the cuprate-plane
ization reached the Pr123-7 level, not only failed to destroymodel has not seemed capable of predicting which com-
the superconductivityas expected for cuprate-plane super-pounds will superconduct and which will not.
conductivity, but enhanced # (The charge-reservoir oxy-
gen model ascribes the nonsuperconductivity of Pr123-7 to
pair-breaking by Pr ions on Ba sité$not to hybridization.
These pressure experiments can be reconciled with WhenR122M-8 compounds turned out to be insulators,
cuprate-plane superconductivity and hybridization only if thethe efforts to synthesizZ@222M - 10 were obviously based on
application of pressure eliminates teecondary or induced the notion thatR222Vi-10 might superconduct—although
superconductivity? in the cuprate-planes dR123-7 com- Wwe are unaware of any suggestion based on cuprate-plane
pounds, while enhancing therimary superconductivity in theories to that effect. Nevertheless, looking at the
the Cu-O chains or charge-reservoirs. However, if this werdR222M-10 crystal structures, which are identical to those of
true, superconductivity in Pr123722 would reside exclu- R123-7 in the cuprate-planes and adjacent planes, one might
sively in the reservoirs, in agreement with the fundamentagasily suggest the®222M-10 would have the sam@ocal)
premise of the charge-reservoir oxygen model, which locategensity of states aR123-7, and therefore should supercon-
the primary superconductivity there. duct at about=90 K (the same critical temperature as
(i) No explanation of the differences between superconR123-7), if the additional rare-earth ion and,@yer were to
ducting Gd123-7 and non-superconducting isoelectronigrovide the necessary holes.
Cm123-7 has been offered within the context of cuprate- This suggestion is inconsistent with the facts in two ways:
plane models of superconductivity. Except for a slight differ- (i) the bond-valence-sum analysis indicates that the oxygen
ence in the radii of G&® and Cm' 3, and the fact that the Cm ions in the new layer between the two rare-earth ions are all
5f electrons play the role of the Gdf 4lectrons, these two essentially charged to B—and so do not reflect the antici-
compounds are virtually identical(The charge-reservoir pated high density of holes in that region, afid the ob-
oxygen model ascribes the difference to pair-breaking byserved value ofl; is much lower than the expected 90 K,
larger-radius Cm ions which are more soluble on Ba sites].~28 K. Therefore the cuprate-plane picture seems to pre-
where they break Cooper pairs. dict that R222M-10 compounds should superconduct, but

C. R222M-10
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with T.~90 K. Thus this explanation based on cuprate-planghat the observation of Cé in Nd,_,Ce,CuQ, implies the
superconductivity does not seem to be valid. existence of interstitial oxygen adjacent to the Ce. Extended
A different viewpoint that might result from the cuprate- x-ray absorption fine-structure d&tasupport this viewpoint:
plane picture of superconductivity is that Nd222Nb-10 isthey show that Ce in Nd21-4 bonds to an oxygen, and moves
merely a superlattice of repeated slabs of “superlattice”away from the cuprate-plane in tleadirection by a distance
Nd,_,Ce,CuQ, and SrO/Nb@/SrO/CuQ, so that the mate- of order~0.1 to 0.2 A. By introducing an apical oxygen at
rial should have nearly the superconducting properties of hythe face center of the Nd plane, and moving it a distance
pothetical Ng_,Ce,CuQ,. But Nd,_,Ce,CuQ, has not been 0.158 A toward the @layer, we were able to obtain a situ-
fabricated with Ce conterztin excess oz~ 0.2, the solubil-  ation in which the Madelung potential at a rare-earth or Ce
ity limit, and hence does not supercond@iét:!®®In any site exceeded the ionization potential of Ce to'€e(See
case, explanations are needed of why Gd21-4 does not siirable VII.) In this case the bond-valence-sum charge on the
perconduct while Gd222-10 does, and why Pr2R2-10 interstitial oxygen became-1.16e|, clearly hypocharged.
does not superconduct while Pr21-4 does. After all, if bothThus the effect of Ce in NLuQ, is not direct doping of the
Nd21-4 and Nd222Nb-10 contain the same basic supercorGu in the cuprate-planes wittielocalizedelectrons(as as-
ducting entity, changing the Nd in both materials to & sumed; instead each Ce bonds with an oxygen-interstitial at
Pr) should produce new materials with the same supercorthe apical site, and the initially neutral interstitial-oxygen
ducting behavior—but does not: one material superconductspnizes by capturing a Ce electron, leaving the interstitial
the other does not. These facts remain unexplained bgxygen with a still unfilled » shell. Thus Ce-doping pro-
cuprate-plane models. ducesp-type (hole) carriers, with the holes coming from the
A major question unanswered by cuprate-plane models ahterstitial oxygen.
superconductivity is: Why do not all compounds with  The local charge redistributes in response to tf@e,
cuprate-planes have nearly equal critical temperatligder  interstitial-O defect pair, and, as a result, the Cu ion that is
optimal doping, especially if the superconductivity is sup-closest to the Ce assumes the *€ucharge state(as
posedly two-dimensional? After all, the superconducting enebserved®), while more distant Cu ions retain the €u
tity is ideally the cuprate-plane. Of course, from a practicalcharge-state(See Table VI
viewpoint, the superconducting entity is purportedly the This picture is consistent with the4 nominal valence of
cuprate-plane and all atoms within a coherence length. BuCe in molecular Ce§ which has an effective charge deter-
even this definition has the observed critical temperatures imined from x-ray spectra of 3.5¢|. CeQ’s bond-valence-
dramatic conflict with dat&’ sum charge is 4.38|.1% (The oxygen charge is-2.19e|.)
With these revised charges, we have computsghin, in a
point-ion model the Madelung potentials of the molecule,
finding —45.6 V and+4.2 V at the Ce and O sites. Note that
In a cuprate-plane picture of superconductivity, Nd21-4the Ce-site Madelung potential, being greater than 36.8 V in
and itsT'-structureR21-4 superconducting homologues are magnitude, is adequate to ionize Ceo Ce™ in the mol-
n-type, with their charge-reservoirs having been doped b¥cule CeQ@. Thus the(Ce, interstitial-Q doping picture and
the electron liberated during the Ce-Ce*™ transition.  the CeQ molecular data are consistent with one another.
However, our Madelung potential calculations_for  Using only simple ideas, we conclude on the basis of
Nd; g<Cey 16CUQ, yield a potential at the Nd site 0f30 V'®  glectrostatics that isolated Ce igeal Nd,_ ,Ce,CuO, must
(Table VII), too small in magnitude to ionize Ce to the Ce actually be in the C& charge-state, but that Ce inreal
charge-state, which requires37 V.*° (See Table VIl We  material will invariably bind to nearby oxygen, and form
conclude that Ce indeal Nd,_,Ce,CuQ, on a Nd site is  Ce** plus an interstitial hypocharged oxygen which gener-
necessarily C&. However, Cé% is so large(1.07 A com-  atesp-type superconductivity. In addition to the electrostat-
pared with Nd®s 1.04 A or Eu's 0.98 A that its size may jcs arguments, C& must satisfy steric constraints: its radius
preclude it from having significant solubility in NGuQ, s larger than Nd®s and much larger than Ed's and so
and very likely will severely limit its solubility in E3CuQ,.  (unlike Ce"*) there is some question concerning whether the
Measurements suggest that the actual charge state of @&*3 will dissolve adequately and fit on its proposed site.
in Nd,_,Ce,CuQ, is Ce"* Tranquadaet al’® and Liang  when one adds to these facts the evidence that the supercon-
et al,"® have presented evidence to support their positioijuctivity in Nd, ,Ce,Cu0, is indeedp-type>*55108-114he
that Ce is tetravalent Cé& (i) the addition of one Ce to cuprate-plane model’s explanation of superconductivity in
Nd,CuQ, changes roughly one Céinto a Cu™; (i) Ce in  Nd21-4 and its homologues appears inadequate.
Nd,CuQ, has approximately a charge ef3.5¢|, by com-
parison with Ce@, which exhibits a similar C& ; near-edge
structure and similar bond-valence-sum chal‘ééﬁji) Sea-
manet al1%” studied E4CuQ, doped with Ce, and were un-  The test of any model lies in its genuipeadictions of the
able to detect the magnetic signature expected 6fCBhus  outcome of future experiments is much more difficult to
the data appear to indicate that Ce is'&ewhile the theory  predict the outcome of a future experiment than to reconcile
of electrostatics claims Cé for Nd,_,Ce,CuQ, with an  that experiment, after the fact, with a particular model. For-
ideal crystal structure. tunately, theR222M -10 compounds are not thoroughly stud-
Our own interpretation of these experimental facts is thated, and so there are a number of simple experiments that can
the local environment of Ce must include an adjacent interbe conducted on them whose outcomes can be predicted on
stitial oxygen ion for it to assume the Ckcharge-state and the basis of either the charge-reservoir oxygen model or

D. R21-4

IV. PREDICTIONS FOR Nd222M-10
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cuprate-plane models of superconductivity. The outcome ofent with the Bardeen-Cooper-Schrieffer or B&3heory of

these experiments should help determine which thddry superconductivity: the extra scattering associated with the
eithep is valid. (magneti¢ exchange of Ni breaks Cooper pairs in addition to
any pair-breaking by the nonmagnetic long-ranged potential,
which is about the same for Ni and Zn, and chemical in
origin. Furthermore, in the charge-reservoir model, the im-
purity site, namely a cuprate-plane Cu site, is adjacent to

In the charge-reservoir oxygen mod&222M-10 has (and bonded tpan oxygen in the charge-reservoir, and so the
p-type doping character. In the charge-reservoir model ofooper pair§whose holes reside on charge-reservoir oxygen
Nd,_,Ce,CuQ,, which is very specific, the Ce replaces a Ndions) definitely lie within the range of the exchange scatter-
and bonds to adjacent interstitial oxyg¥m-he superconduc- ing.
tivity is then generated by an interstitial apical oxygen ion. To make the corresponding prediction for a cuprate-plane
Hence we speculate that a role of the Ce is to stabilize thenodel of Nd22®1-10, we note that the cuprate-plane and its
lattice, to form(Ce, interstitial Q defects, and to displace two adjacent layersR and Sr-O are essentially the same as
oxygen to an adjacent interstitial site where the oxygen iobserved inR123-7. The main difference is that Ba of
hypocharged and the Ce ionizes to'¢&%12Probably simi- R123-7 has been replaced by isoelectronic Sr in
lar physics holds to some slight extent for Nd&2210, al-  R222M-1038 Therefore, both Zn and Ni should behave as in
though the Ce doping, in a classical approximation, is stillR123-7: as very weak pair-breakers, with the critical dopant
insufficient to make Nd22@-10 n-type, because it leaves a contentu, required to driveT . to zero being about 0.165 for
net charge per formula unit of 0.5e|. Furthermore, our Zn and about 0.425 for Nt This reversal of roles ofmag-
analyses of the differences between ,NdCe,CuQ, and netic Ni and (nonmagnetitZn from the normal expectation
Nd222M-10 lead us to conclude that the interstitial oxygenof Abrikosov-Gor’kov pair-breaking theof®! is believed
does not form as easily iR222M-10:*3 the primary hypo-  (by advocates of superconductivity that is primarily in the
charged oxygen is in the Sr-O layersR222M-10. cuprate-planesto be a consequence of spin-fluctuation pair-

In cuprate-plane models, the issuepefype versusi-type  ing of carriers—although it is probably due in reality to the
superconductivity is not completely clear. The presence oformation of microphases and the different solubilities of Ni
Ce in the average cation NeCe, ,5 of Nd222V-10 sug-  and Zn on the two inequivalent Cu sit€s;*°there are very
gests that the Nd222-10 may ben-type, as many workers Strong arguments to exclude spin-fluctuation pairing as a
assume that Nd ,Ce,CuQy, is, despite recent evidence that general mechanism of high-temperature  supercon-
Nd,_,Ce,Cu0Q, is indeedp- type54 109-111p6wever, charge-  ductivity.®*
balancing arguments suggest tiR222M -10 is p-type, be-
cause some of its oxygen needs to be hypocharged and hence
capable of donating holes to compensate for a nominal clas-
sical charge of-0.5¢| per formula unit.

Thus we have the charge-reservoir-oxygen model's clear Why is it that Pr22&1-10 does not superconduct when its
prediction thatR222M-10 andR21-4 are bothp-type, in  homologues dd?Hole filling by Pr™*s electrons has been
contrast with the cuprate-plane-model’s possible predictionsuled out experimentally:’ Similar behavior occurs for Pr in
that either both aren-type, or R21-4 is n-type and R123-7 compounds, where Pr substitution for Y in
R222M-10 is p-type. YBa,Cu,0O; causesT to drop to zero unless special care is
used in preparing the material—care to keep Pr ions off Ba
sites. In contrast, Pr21-4 supercondifétShe trends in the
Meissner fractions foR222M-10, show that these fractions
are qualitatively consistent with the large-radius Sr-site triva-

In the charge-reservoir oxygen model, of the cation sitedent rare-earths participating in pair-breakift§!'® The
in Nd222V-10, only the cuprate-plane Cu sites, the Sr-OexplanatioR® of the failure of Pr123-7 to supercondt®
layer Sr sites, and th&/ sites of the niobate or tantalate (until recently>=23, now confirmed by several experiments,
layers are near-neighbors to the Sr-O layer oxygen ions ois that Pr occupies Ba sites in addition to Pr sites in Pr123-7,
which the Cooper-pair holes must reside. Since the exchangehere it causes suppression of the critical temperature, pre-
interaction is short-ranged, only magnetic impurities onsumably by breaking Cooper pairs in the adjacent charge-
those sites are expected to exchange-scatter holes initialhgservoir. In Y, _,Pr,Ba,Cu;0, isolated Ba-site Pr, because
bound into Cooper pairs, flipping spins and suppres3ing of the size of the Madelung potential, can only adopt a
Rare-earth-site impurities, in particular, should notchemically unstable P? charge-state in thédeal crystal
exchange-pair-break in the superconducting condensate, bgtructure. But when accompanied by oxygen on an adjacent
cause they are out of range. antichain site in a Cu-O chain layer, the magnitude of its

Magnetic impurities on cuprate-plane Cu sites have beeMadelung potential exceeds the 21.6 V needed to produce
extensively studied in other materials, and so we predict theiPr'. (See Table)lIn either case Pr has a nonzero magnetic
behavior inR222M-10, based on that experienteNi or Zn  moment that breaks Cooper pairs in adjacent layers. The Pr
should have predictable effects dq: (i) of order~1% Ni  doping of R123-7 compounds destroys the superconductiv-
should depresS . to zero(as in Ng_,Ce,CuQy), and (ii) ity by pair breaking due to Pr's magnetic moment. Note that
about six times as much Zn should be required to destrofr on the Ba site, plus antichain oxygéocally converts a
superconductivity. If this result is obtained, it will be consis- Cu-O chain into another cuprate-plane, but simultaneously

A. Doping character

C. Role of Pr

B. Pair breaking
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decreasesboth T, and the Meissner fraction—evidence ing any other Pr-site Pr to Pt. Clearly, observation of this
againstcuprate planes as the primary loci of superconductiv-anti-structure defect would provide extremely strong confir-
ity. mation of our model.

Similarly, in Pr222M-10 we propose that Pr occupies Sr
sites naturallyl’ Therefore Pr on a rare-earth site, in particu- D. Primary limitation on T,
lar, will not break Cooper pairs because it is too distant from
the superconducting condensate in the charge reservaoir; bgﬁ
Pr on a Sr site will. Such occupation of Sr sites by Mdhich

In a cuprate-plane model, the primary limitation dgis
pplied by limits to the doping of the cuprate-planes by
) ) ; charge-reservoir holes. This suggests that doping experi-
e oo eams o shos ! TMenS orR22241-10 omologues shaud b abe o nrease
. - : T. significantly, or at least altef.. Such experiments, es-

magnetic moment of any rare-earth ion necessarily break ecially with doping byn-type dopants such as Th, should
Cooper pairs in the charge-reservoir Sr-O layers. The pai also causR122M-8 to superconduct, if the cupraté-planes
breaking by Pr on the Sr sites of Pr222Nb-10 is so similar tg '

the effect of Ba-site Pr in Pr123-7 that it must be the expla—are indeed the primary elements of superconductiyis

. advocates of the charge-reservoir oxygen model, we doubt
nation of why Pr222Nb-10 does not superconduct. . ;
We expect the larger-radius rare-earth ions, which havd'at Th doping ofR;_,Th;Sr,CLM Og will produce n-type

the smallest size mismatches with*&rto occupy the Sr Superconductivity.
sites iNR222Nb-10 with higher solubilities than the smaller
radius rare-earths. Trivalent La, Ce, Pr, and Nd should be
most soluble on Sr sites, with the hgayiest rare-earths being For completeness, in this section we briefly review how
insoluble on Sr sites. When on a Sr sitddéal Pr222Nb-10,  our viewpoint affects the interpretation of data for other
Pr is expected to express the chemically unstable charggrigh-temperature superconductors.
state Pf2 and produce no long-ranged scattering of carriers,
because a Madelung potential of roughh20 V at the Sr
site (Table V) will ionize only La of the rare-earths to the
R*3 charge-state; all of the other rare-earths will ordinarily A- Lag-5Sr,Cu0,
be the less-stablR™ 2 in ideal R222Nb-10. La,_zSr,CuQ, has theT crystal structure, which differs
There are several important differences between the sitffom theT” structure of Nd_,Ce,CuQ, (Nd21-4 in that the
ations with Pr123-7 and Pr222Nb-10i) In Pr222Nb-10 (empty interstitial sites of thel” structure are occupied by
there are no vacant sites nearby, analogous to the anticha®Xygen ions in theT structure, while theT’ oxygen sites
sites of Pr123-7, for extra oxygen ions, and hence it is moré@ecome(empty interstitial sites ofT.
difficult for oxygen to ionize the Pr to Pf and to acceptthe ~ La; gSrzCuQ, conduction is indisputablyp-type, both
extra electron associated with hypothetical Preplacement ~ from thermopower and Hall measuremetftsalthough its
of Sr*2. This raises concerns aboical) charge-neutrality. ~ cuprate-planes are-type®*'9>'?Thus, it appears that the
(i) Pr on a Sr site on Pr222Nb-10 has a Madelung potentiatuprate-planes are not the loci of primary superconductivity
of —19.54 V, too weak in comparison with the 21.62 V in La,_gSrzCuG,.
ionization potentiéf’ for causing Pr? to become PF. (iii) The widely accepted positive sign of the charge carriers in
Since St2 has a radius that is onk#0.08 A larger than that La,—pSrzCuQ, is to be contrasted with the situation in
of Nd™3, we expect that the rare-earths will be somewhafNd21-4 and its homologues, where the sign of the carriers is
better size-matched and hence more soluble on Sr sites fPntroversial** with a majority of authors following the
R222Nb-10 than on Ba-sites R123-7. These last two dif- original suggestion of Tokuret al?’ that electrons carry the
ferences favor substitution by rare-earth antisite defects igharge in the Nd21-4 homologues. However, the Nd21-4 ho-
Nb222M-10 over Nb123-7. The first difference is amelio- mologue fabricated with the most careful oxygen control is
rated by the formation of anti-structure defects, instead oPf-,C&CuQ,** and the evidence is strong that this robust
isolated Pg and nearby antichain oxygen. superconductor ip-type. Thus, in our opinion, the best evi-
dence is that both La z;Sr,CuQ, and Py _,Ce,CuQ, and its
homologues are p-type superconductors, and that
La, zSr,CuQy is certainly not a cuprate-plane supercon-
ductor. For Ps_,Ce,CuQ, to bep-type, the material must be
Since an examination of the crystal-structure ofdoped by an additional ion other than Ce—in this case, by
Pr222Nb-10 reveals a lack of space for interstitial“@Qvith interstitial oxygen, which supplies the hof&s.
Z>1, and a lack of vacant antichain sites, another way to Other evidence supporting this viewpoint is provided by
achieve local charge-balance is needed. We propose that tpair-breaking by Ni replacing Cu in the cuprate-planes of
pair-breaking defect of Pr222Nb-10 is not isolated,Pbut  both La_zSrsCuQ, and Nd21-£* Using Zn doping of the
the pairecantistructure defectPrs,,SKp,), which is a neutral, same sites as a control, the data show clearly that Ni and Zn
pair-breaking defect in which Pr and Sr exchange sites. Thecatter the same in LasSr;CuQ,, where the interstitial oxy-
self-consistent bond/charge metHSdyhen applied to this gen is more than a nearest-neighbor distance from the impu-
defect, predicts charges ofr> and Sp, "2 and potentials at rity site. In contrast, Ni substituting for Cu in Nd21-4 is a
the (original) Sr and Pr sites of~19.5 V and—37.0 V>  stronger scatterer than Z(BCS-like), and the interstitial
Exchange of Sr and Pr alters the Sr-site Madelung potentiadxygen is directly bonded to the impurity. Our interpretation
sufficiently to ionize the defect’s Pr to PY, while not rais-  of these facts is that in both materials the supercurrent passes

V. OTHER SUPERCONDUCTORS

Antistructure defect
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through the interstitial sites, but only in Nd21-4 is the inter- order parameters: one thatddike and associated with 90 K
stitial site sufficiently close to the magnetic Ni for the superconductivity in the charge reservoir regions, and an-
Cooper-pair holes to be spin-flip scattered by the impurity’sother that may bed-like, attributable to pairing in the
short-range exchange interaction. Thus both L8r,CuO,  cuprate-planes, and associated with a lower critical tempera-
(T) and the Nd21-4T") homologues fit into the picture of ture(~60 K). If this is correct, then many claims fprimary
charge-reservoir superc_onducthlty. _ _ cuprate-plane superconductivity need to be re-evaluated.
The T* structure, which has half of the unit-cell beifig For example, photoemission experimetftsywhich mea-
and the other half being’, has the properties of both struc- ;re energy-band-dispersion and Fermi surfaces, have not
tures, and so offe_rs_ little unique information for understandyeen aple tdocatethe superconducting layers directly with-
ing superconductivity. out supplementary information; and photoemission measure-
ments would find it difficult to determine which of two lay-
ers provides theprimary superconductivity. Furthermore,
such experiments have only been performed on a limited
The microwave radiation spectfd of BSCCO number of high-temperature superconductors: most notably
(Bi,Sr,CaCyOg) show features consistent with the charge-0n Y123-7?° and BSCCJ;*!*! and to a lesser extent on
reservoir model, but not with a cuprate-plane picture, wherl-8,—sSr;CuQ, and the Nd21-4 homologu&$These experi-
analyzed carefully?* ments are also remarkably surface-sensitive, with typical
The dopant oxygen in JBa,CaCuyOg is confined to a €lectron escape depths being about 17 A. Often the materials
volume so small that the oxygen must be nearly neitrai  Studied(which are inhomogeneous, especially at the sujface
O~? and must have almost two holes attached to it. If thecleave at the charge-reservoirs, implying that the cuprate-
holes are attached to the interstitial dopant oxygen, theplanes are buried. What is worse, especially in the case of
clearly have not migrated to the cuprate-planes. This sugBSCCO, it has been argued that the local density of states
gests that the primary superconducting condensate is in théaries by several orders of magnitude, even within the small
charge-reservoirs of this material as wéfi. 17 A escape depth’? compounding any analysis and invali-
The application of physical hydrostatic pressure to thedating assumptions concerning the constancy of the matrix
n=1 Hg compound HgB&a,_ 1Cu,0,,. 2, 2" causesT, to  elements within the escape depth. Therefore it is perhaps
increase, and the charge-transfer from the Hg-layer chargd&etter to examine the data for scanning tunneling
reservoirs to the cuprate-planes to become more negativBlicroscopy/spectroscop§STM/S), which provides spectra
not more positive, as required in a cuprate-plane méfdel. that are akin to Fourier transforms of what photoemission
The charge transfer varies virtually the same with the nummeasures®*~**’ The STM/S measurements are extremely
ber of cuprate-planes in the crystal structure, as with pressugensitive to the layer of atoms at the very surface, and detect
p.1?° These results suggest that the data may be better d@vidence of superconductivity accompanying images of the
scribed with the charge-reservoir oxygen picture than withoPmost Bi-O layers. The record to date for STM/S detection
the cuprate-plane picture. below the surface is provided by images of subsurface InSb
(110,**® and so claims to have demonstrated that the
cuprate-planes supercondtiétassume two heroic achieve-
ments:(i) imaging of yet a third subsurface layer at a record
ForM=Nb, Ta, or Ti, there have been no experiments todepth below the surface, aril) evidence that the cuprate-
date that even claim to provide independent evidefite plane layer is characterized by a local density of states that is
cuprate-plane superconductivity in Nd22210 and its ho-  several orders of magnitude larger than those at the surface
mologues. Therefore the disputes and controversies sugnd first sub-surface layers.
rounding the nature of superconductivity in other materials Finally, nuclear magnetic resonan@®MR) measures pri-
have little direct bearing on the Nd222-10 class of mate- marily Knight shifts and spin-relaxation rates, but the Hebel-
rials. Nevertheless, we address here a few of the measursiichter peaks normally detected in low-temperature super-
ments often cited as evidence pfimary cuprate-plane su- conductors are absent in high-temperature superconductors
perconductivity, recognizing that some materials such aseaving unanswered many questions about how to interpret
Y123-7 exhibit superconductivity inboth the charge- data? However, it has been known for some time that NMR
reservoirs and the cuprate-planes, with phenary supercon-  studies of YBaCuO, find that the charge-reservoir layers
ducting layers best determined by impurities which producgnamely, atoms in the neighborhood of the Cu of the Cu-O

Cooper-pair-breaking** chaing  exhibit conventional, BCS-like s-wave
Optical conductivity experiments offer insight into the lo- superconductivity>®

cation of the primary superconducting condensate, from a
combination of anisotropy of the spectra and oscillator-
strength sum rules. Using such methods, Bastoal 12 have
shown that over half of the superconducting condensate in
Y123-7 is in the charge reservoirs. In YE,05, over 75% We look forward to experimental confirmation of the
of the condensate is in the reservoirs. Thus it appears that theany predictions in this article. The fact that the charge-
primary superconductivity of these two compounds is in thereservoir oxygen model successfully indicates that the criti-
charge-reservoirs, not in the cuprate-planes. cal temperature will beT.~30K, at a time when the
Recently Srikanthet al*?” have cautiously interpreted cuprate-plane picture is under assault from a number of ex-
their surface impedance data to suggest that Y123-fvias periments, suggests that further studiesR@22vi-10 may

B. BSCCO, ThBa,CaCu,0g, and HgB&Ca,_;Cu,05, .2
compounds

C. Selected experiments

VI. SUMMARY
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