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Prediction of superconductivity in Am22zCezCuO4
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In the charge-reservoir oxygen model, Am22zCezCuO4 is predicted to be ap-type high-temperature super-
conductor, withTc around 24 K, provided the sample geometry is selected to minimize the effects of Am
radioactive decay. The cuprate-plane model of high-temperature superconductivity cannot be sustained if
Am22zCezCuO4 superconducts and Cm22zThzCuO4 continues to not superconduct.@S0163-1829~99!15021-5#
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I. INTRODUCTION

The true test of a theory of superconductivity is its abil
to predict new superconductors. To our knowledge, this
has been passed successfully only a very few times:
Cohen’s prediction of superconductivity in SrTiO3 at 1 K
and in otherlow-temperaturesuperconductors1, and by the
predictions for the high-temperature superconduct
PrBa2Cu3O7 (Tc'90 K),2,3 Gd1.6Ce0.4Sr2Cu2TiO10,

4,5 and
Pr1.5Ce0.5Sr2Cu2NbO10 (Tc'25– 28 K).6,7 In the last three
cases, the predictions were made for compounds isos
tural to materials that do superconduct, using the s
consistent bond-charge method,8 and were based on th
charge-reservoir oxygen model.9 This model employs struc
tural considerations primarily and admits to an incompl
knowledge of the dynamics of electrons in the supercond
ing state. The main difference between the charge-reser
oxygen model and the cuprate-plane models10 of high-
temperature superconductivity is that the primary superc
ducting condensate is in the charge reservoirs~vicinity of the
chain layers of PrBa2Cu3O7, La-O layers of La22zSrzCu4, or
Sr-O layers of Pr22zCezSr2Cu2NbO10!, while this condensate
is in the CuO2 planes for the cuprate-plane models.

However, the charge-reservoir oxygen model stands
opposition to the popular cuprate-plane picture of hig
temperature superconductivity, and so its successes in ha
predicted three high-temperature superconductors are
garded by some proponents of cuprate-plane supercondu
ity as accidents. Nevertheless, three successful prediction
new superconductors cannot be ignored when the m
popular cuprate-plane models taken collectively have non
especially since cuprate-plane models have been unab
explain why the high-temperature superconduct
Ba12aKaPb12bBibO3 (Tc'32 K) ~Ref. 11! and Cu-doped
YSr2RuO6 (Tc'82 K) ~Ref. 12! can superconduct with no
cuprate planes, and why rare-earth-site Pr in PrBa2Cu3O7
does not adversely affectTc , while Ba-site Pr~which is sym-
metrically placed with respect to the cuprate plane in
tween the Ba and rare-earth sites! destroys
superconductivity.2 Accordingly, we suggest another expe
mental test, one that discriminates between the cha
reservoir oxygen and cuprate-plane models: the cha
reservoir oxygen model proposes that carefully fabrica
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Am2CuO4 doped with Ce~or possibly with Th! will super-
conduct withTc'24 K, provided the sample geometry pe
mits one to overlook the sample heating by the radioactiv
of Am. ~Use of freshly synthesized Am22zCezCuO4 with
243Am instead of 241Am will limit radiation damage and
make the cooling problems of radioactive Am about a fac
of 18 less severe: 6.3 mW/g.13!

II. CHARGE-RESERVOIR OXYGEN MODEL

The essential elements of the charge-reservoir model a9

~i! The primary superconducting condensate lies in
charge-reservoir layers of the various crystal structures~i.e.,
in the Am-O layers of Am22zCezCuO4!, not in the cuprate
planes.~ii ! In the T8-structureR22zCezCuO4 homologues,
interstitial oxygen is a prerequisite of superconductivity a
dopes the host materialp type.8 ~iii ! The physics of super-
conductivity is nearly Bardeen-Cooper-Schrieffer-lik
~BCS-like!,14 but with polarization pairing by bosons that a
nonmagnetic: phonons, polarons, excitons, or plasmons~as
opposed to spin-fluctuation pairing, for example15!. ~iv! The
Cooper pairs are broken by Abrikosov-Gor’kov magne
scattering.16 Hence the model contrasts with all cuprat
plane models in that~i! it locates the main superconductin
condensate in the charge-reservoir layers and~ii ! it also re-
quires the presence of interstitial oxygen in th
R22zCezCuO4 materials, which causes these materials
conductp type.8 It also disagrees with those many cupra
plane models that hypothesize either magnetic pairing or
jor deviations from Abrikosov-Gor’kov pair breaking.

A. Crystal-field splitting in Th- or Ce-doped R2CuO4

In the charge-reservoir picture, the failure
Cm22zThzCuO4 to superconduct is attributed to theL50
nature of Cm31 in Cm22zThzCuO4, and the resulting occur
rence of pair breaking that is uninhibited by crystal-fie
splitting ~the crystal-field splitting inhibits pair breaking b
LÞ0 rare-earth and actinide ions, but there is no splitting
L50, JÞ0 magnetic ions such as Cm31—whereL andJ are
total orbital and overall angular momentum quantu
numbers17–19!. Experiments supporting this viewpoint in
clude the fact that ~i! the isoelectronic compound
14 593 ©1999 The American Physical Society
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Gd22zCezCuO4 does not superconduct either, because Gd31,
like Cm31, hasL50 andJÞ0; ~ii ! the alloysR22zCezCuO4
do not superconduct for R5La12xGdx ,20–22 R
5Nd12xGdx ,21,23,24or R5Eu12xGdx ~Refs. 24 and 25! ~be-
cause theL50 Gd pair breaker is present in significa
amounts!, but ~iii ! the alloysR22zCezCuO4 do superconduct
for R5La12xNdx or for R5La12xEux ~Refs. 20, 21 and 26–
28! because pair-breakingL50 rare-earth ions such as Gd31

are absent.24,29,30@These factscannotbe organized in terms
of the average radius of the trivalent ionR,24 because some
nonsuperconducting compounds withR5La12xGdx ~Refs.
20–22! have even larger average rare-earth radii than Nd
superconducting Nd22zCezCuO4.#

The charge-reservoir picture postulates that the super
ducting condensates of theT8-structureR22zCezCuO4 ho-
mologues involve interstitial oxygen sandwiched betwe
the O2 layer in a unit cell and a cuprate plane. This oxyg
dopes the hostp type.8

B. Pair breaking by CmBa in CmBa2Cu3O7

The charge-reservoir model has CmBa2Cu3O7 supercon-
ducting when pure, but not when normally prepared, beca
it contains too many CmBa defects which are rather mor
soluble on Ba sites than GdBa defects in GdBa2Cu3O7, for
example.6,31 As with Pr in PrBa2Cu3O7,

2 the large magnetic
ions of Cm are highly soluble on the Ba sites, where th
break Cooper pairs and destroy the superconductivity: o
if the number of Ba-site rare-earth defects PrBa or CmBa is
minimized will PrBa2Cu3O7 or CmBa2Cu3O7 superconduct.
Pure PrBa2Cu3O7 superconducts,2,3,32–43while the same ma-
terial with ;10% or more PrBa defects does not. Signature
of the PrBa defects include~i! a Néel temperature of 17 K@no
Néel transition has been detected in the superconducting
terial down to 4 K~Refs. 44 and 45!#, ~ii ! significant occu-
pancy of the O~5! antichain oxygen site, and~iii ! excess
BaCuO2 during sample fabrication. CmBa2Cu3O7 also has a
high Néel temperatureTN'22 K,46 indicative of significant
numbers of the pair-breaking CmBa defects.47

The situation is similar in Pr22zCezSr2Cu2NbO10,
13,48–54

which has a similar crystal structure and has significant c
centrations of pair-breaking PrSr defects—but has recentl
exhibited ~granular! superconductivity:6,55 this material’s
former lack of superconductivity is now attributable to t
large size of the rare-earth ion Pr31, its high solubility on the
Sr site~recently measured55!, and pair breaking.

C. Superconductivity in Am22zCezCuO4

Am22zCezCuO4 should superconduct, barring unforese
difficulties associated with the radioactivity of Am.

Moreover, Am22zCezCuO4 homologues obtained by re
placing Am31 with a trivalent rare-earth ion will supercon
duct, unless~i! a size effect associated with the rare-earth~or
Am! ion prevents the host from forming a cage large enou
to enclose interstitial O2 between the O2 layer and the cu-
prate plane56 or unless~ii ! crystal-field splitting is impossible
for the magneticrare-earth ion replacing Am31, because it
hasL50 ~such as for Gd31 or Cm31!, and so pair breaking
is effective.18,19

The L50 pair-breaking effect due to the absence
crystal-field splitting must occur forboth the Gd and Cm
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homologue; it cannot explain why the Gd homologue sup
conducts ~e.g., GdBa2Cu3O7!, while the Cm homologue
(CmBa2Cu3O7) does not. In those classes of materials who
Gd homologue does superconduct, e.g., GdBa2Cu3O7 or
Gd22zCezSr2Cu2NbO10, the superconducting condensa
must lie more than one nearest-neighbor distance from
Gd ions in order to provide superconductivity unbroken
the Gd magnetic moment~in the vicinity of the Cu-O chains
and the Ba-O layers of GdBa2Cu3O7 or near the Sr-O layers
of Gd22zCezSr2Cu2NbO10!. With the crystal-field splitting
effect ruled out for CmBa2Cu3O7 by the superconductivity of
GdBa2Cu3O7, we proposed CmBa pair breaking as the
mechanism for the failure of CmBa2Cu3O7 to
superconduct.18,19

D. Charge states of Am and Ce

The next question is, does Am in Am22zCezCuO4 assume
the Am31 valence state? This question is important, beca
some compounds, such as Pb2Sr2AmCu3O8,

57 do not super-
conduct on account of Am being Am41 rather than Am31

~‘‘hole filling’’ !.
The ionization potential of Am from the Am31 to the

Am41 state is known58 to lie between those of Ce~36.76 V!
and Pr~38.98 V!,59 and the magnitude of the Madelung p
tential at the rare-earth site is approximately 29.85 V.6 Con-
sequently, Am will be in the Am31 charge state in
Am2CuO4.

The nature of Ce doping is different in the charg
reservoir and cuprate-plane models. In the charge-reser
model, Ce bonds with an adjacentinterstitial oxygen and
forms Ce41 paired with the interstitial: a (Ce, Ointerstitial)
pair that is a netp-type dopant.8,56,60Without the interstitial
oxygen, the magnitude of the Madelung potential at the
site is too weak by;7.7 V to ionize Ce31→Ce41. With the
interstitial oxygen, the Madelung potential is just bare
strong enough to ionize Ce to Ce41. ~In the cuprate-plane
models, Ce isassumedto be in the Ce41 charge state, but no
reason for this ionization is given, and so these models
not self-consistent.!

Since the magnitude of the ionization potential of Am
larger than that of Ce and since Ce is just barely ionized
Ce41 by interstitial oxygen, we believe that Am cannot se
dope Am2CuO4 by attracting interstitial oxygen and formin
(Am41, Ointerstitial) pairs. But a prudent investigator shou
perform measurements of the magnetism of Nd22zAmzCuO4
to guarantee that Am itself does not become a dopant.61

E. Hybridization

Many authors appealed to hybridization of the Pr 4f and
O 2p orbitals as a way of explaining why PrBa2Cu3O7 did
not superconduct,62 and so it would be remarkable if hybrid
ization were the reason that Am22zCezCuO4 supercon-
ducts. Zouet al.39 and Yeet al.39 have convincingly shown
that hybridization does not quench the PrBa2Cu3O7 super-
conductivity: Both by fabricating single crystals that supe
conducted and by measuring the pressure dependenceTc
~which increasedwith pressure, contrary to the expectatio
of hybridization theory34,39,61!, they demonstrated that hy
bridization is neither operative nor important. To our know
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edge, no convincing evidence exists of any degradation oTc
by hybridization in 4f or 5f high-temperature
superconductors.62 Furthermore, Soderholmet al.30 have ar-
gued that the 5f electrons of Cm are more localized than t
4 f electrons of Pr, which means that the failure
CmBa2Cu3O7 to superconduct cannot be ascribed to hybr
ization, since the failure of PrBa2Cu3O7 to superconduct was
not due to hybridization.

If hybridization of the actinide 5f wave function were to
be important~and it could conceivably be important, becau
the actinide 5f radii are larger than their 4f counterparts!,
one would expect hybridization toquenchsuperconductivity
in Cm22zThzCuO4, for the same reasons that hybridizatio
purportedly quenched superconductivity in PrBa2Cu3O7 ~be-
fore clean material was fabricated!. One way to examine this
issue is to prepare (Cm12xAmx)22zThzCuO4, which should
superconduct with increasingx. However, this experimen
would only discriminate between cuprate-plane and cha
reservoir mechanisms by the functional form ofTc(x), be-
cause less pair breaking in a charge-reservoir model and
hybridization in a cuprate-plane model should both incre
Tc with x. The more discriminating test is with measur
ments of interstitial oxygen.

F. Interstitial oxygen

Distinguishing features of the charge-reservoir model
superconductivity are that~i! the carriers of superconductiv
ity are holes~which contribute topositive Hall and ther-
mopower coefficients,63 although only the most perfect crys
tals exhibit these properties! and~ii ! the crystal must contain
at least several percent interstitial oxygen per unit cell.

Most cuprate-plane theories of Nd22zCezCuO4
homologues regard these homologues as dopedn type
~without explaining how this can be!, but in the charge-
reservoir model, the doping is necessarilyp type and requires
interstitial oxygen as a condition of superconductivi
It should be possible to discriminate between these
models by removing interstitial oxygen. Superconduct
Am22zCezCuO4 should continue to superconduct in
cuprate-plane picture, but will lose its superconductivity in
charge-reservoir model.

III. CUPRATE-PLANE MODEL PREDICTIONS

We are unaware of any explicit predictions based on
cuprate-plane model of superconductivity for the expec
behavior of Am22zCezCuO4. But we do note that any suc
predictions mustsimultaneouslyexplain or predict, ~i!
whether Am22zCezCuO4 will superconduct; ~ii ! why
Cm22zThzCuO4 does not superconduct;30 ~iii ! why
Gd22zCezCuO4 does not superconduct;8 ~iv! why
CmBa2Cu3O7 does not superconduct;46 ~v! why
GdBa2Cu3O7,

64 Gd22zCezSr2Cu2NbO10,
55 and

Pb2Sr2Gd12xCaxCu3O8 ~Ref. 65! do superconduct; and~vi!
how Ce can dope anyR2CuO4 compound eitherp or n type.

The Ce-doping issue is especially interesting: Ce dop
is assumedto produce bothn-type doping and Ce41 in iso-
lation @although ~i! no demonstration has been presen
showing that the Madelung potential at a Ce site can
consistent with a Ce41 charge state and~ii ! no explanation
f
-
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has been given of why YBa2Cu3O7/Nd22zCezCuO4 junc-
tions do not rectify, despite being purportedlyp-n
junctions66#.

All cuprate-plane theories place the primary superc
ducting condensate in the cuprate planes. Many, but not
assume spin-fluctuation pairing~already ruled out
experimentally15! or that either Abrikosov-Gor’kov pair
breaking or crystal-field splitting are inoperative or unimpo
tant.

In our opinion, most cuprate-plane theories attempting
describe the facts about superconductivity for Cm-, Am-, a
Gd-based compounds will conclude that Am22zCezCuO4

will not superconduct. There is a clear difference between
predictions of such cuprate-plane theories and the cha
reservoir oxygen model.~This should be the case for most o
those cuprate-plane theories that accept the nonsupercon
tivity of Cm22zThzCuO4 or of CmBa2Cu3O7.!

In the less likely alternative that a specific cuprate-pla
theory claims Am22zCezCuO4 must superconduct~or, once it
does superconduct, if some cuprate-plane theory claim
explain why!, then attention should be drawn to whether th
theory is also capable of explaining why Cm22zThzCuO4,

30

Gd22zCezCuO4,
67 and CmBa2Cu3O7 ~Ref. 46! do not super-

conduct, while GdBa2Cu3O7,
64 Gd22zCezSr2Cu2NbO10,

55

and Pb2Sr2Gd12xCaxCu3O8 ~Ref. 65! do superconduct. Any
attempt to explain the nonsuperconductivity
Cm22zThzCuO4 ~or Gd22zCezCuO4! in terms of crystal-field
splitting would also have to explain the superconductivity
the other Gd compounds: GdBa2Cu3O7,
Gd22zCezSr2Cu2NbO10, and Pb2Sr2Gd12xCaxCu3O8. Why
do the almost identical cuprate planes, which experience
tually the same bonding to Gd in all of these compoun
produce some materials which superconduct and oth
which do not?

The explanation that CmBa destroys the superconductivit
in CmBa2Cu3O7, while CmCm does not, is not available to
cuprate-plane model for the same reason that it is unavail
for PrBa2Cu3O7:

2 the primary superconducting condensa
cannot occupy the cuprate planes that are essentially mid
between the Cm and Ba-O layers and yet have CmBa and
CmCm scatter Cooper pairs differently.

Hence, even if Am22zCezCuO4 superconducts, cuprate
plane models will still be faced with answering the questio
why do Cm22zCezCuO4 and CmBa2Cu3O7 not supercon-
duct?

IV. CONCLUSION

Regardless of which set of~consistent! predictions are
made for the cuprate-plane picture, in the charge-reser
oxygen model of high-temperature superconductivi
Am22zCezCuO4 is predicted to superconduct if it is dope
such that we havez'0.15—barring unforeseen problem
with radioactivity. A demonstration of such superconduct
ity would lend further support to this model and would pla
an added burden on advocates of cuprate-plane theorie
explain the lack of superconductivity in Cm22zThzCuO4,

30

Gd22zCezCuO4,
67 and CmBa2Cu3O7,

46 as well as the super
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conductivity of GdBa2Cu3O7, Gd12zCezSr2Cu2NbO10, and
Pb2Sr2Gd12xCaxCu3O8.
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Honkimäki, and P. Suortti, cond-mat/9805225, Phys. Rev. B~to
be published!.

42H. A. Blackstead, J. C. Cooley, J. D. Dow, W. L. Hults, S.
Malik, D. B. Pulling, J. L. Smith, and W. B. Yelon, J. Phy
Chem. Solids59, 1798~1998!.

43W. L. Hults, J. C. Cooley, E. J. Peterson, H. A. Blackstead, J.
Dow, and J. L. Smith, Int. J. Mod. Phys. B12, 3278~1998!.

44M. Bennahmias, J. C. O’Brien, H. B. Radousky, T. J. Goodw
P. Klavins, J. M. Link, C. A. Smith, and R. N. Shelton, Phy
Rev. B46, 11 986~1992!.

45Z. Zou ~private communication! did not observe a Ne´el transition
down to 4 K.

46L. Soderholm, G. L. Goodman, U. Welp, C. W. Williams, and
Bolender, Physica C161, 252 ~1989!.

47We do not expect the CmBa to drive the crystal structure globall
tetragonal.

48An attempt to observe superconductivity in AmBa2Cu3O7 also
failed @D. E. Peterson~private communication!#, although it is
not clear why.

49The nominal ground-state configuration of Am31 is (5f )6, with a
Rn-like core. In anL•S coupling scheme, this would produce
7F0 term, similar to that expected for Eu31. Even more than
with Eu31, trivalent Am31 does not closely follow theL•S cou-
pling scheme, but unlike Eu31, the excitation energy of the firs
excited state of Am31 is rather large~;2700 cm21! and Am31 is
virtually nonmagnetic (x565031026 emu/mol), according to
Ref. 51.

50Am41 is magnetic and exhibits the temperature-independent m
netic susceptibility of a Van Vleck paramagnet. See Refs. 13
52–54.

51L. Soderholm, N. Edelstein, L. R. Morss, and G. V. Shalimoff,
Magn. Magn. Mater.54-57, 597 ~1986!.
.

,

g-
d

.

52H. H. Hill, J. D. G. Lindsay, R. W. White, L. B. Asprey, V. O
Struebing, and B. T. Matthias, Physica~Amsterdam! 55, 615
~1971!; H. H. Hill and F. H. Ellinger, J. Less-Common Met.23,
92 ~1971!.

53W. J. Nellis and M. B. Brodsky, inThe Actinides: Electronic
Structure and Related Properties, edited by A. J. Freeman and J
B. Darby ~Academic, New York, 1974!, Vol. 2, p. 265.

54J. W. Ward and H. H. Hill, inHeavy Element Properties, edited
by W. Müller and H. Blank~North-Holland, Amsterdam, 1976!,
p. 65.

55H. A. Blackstead, J. D. Dow, I. Felner, H.-h. Luo, and W. B
Yelon, Int. J. Mod. Phys. B12, 3074~1998!.

56H. A. Blackstead and J. D. Dow, Phys. Lett. A226, 97 ~1997!.
57L. Soderholm, C. Williams, S. Skanthakumar, M. R. Antonio, a

S. Conradson, Z. Phys. B101, 539 ~1996!.
58L. Soderholm, S. Skanthakumar, U. Staub, M. R. Antonio, and

W. Williams, J. Alloys Compd.250, 623 ~1997!.
59Chemical Rubber Company Handbook, 74th edition, edited by D.

R. Lide ~Chemical Rubber, Bombay, 1994!, pp. 10–205.
60H. A. Blackstead, J. D. Dow, and M. Lehmann, Solid State Co

mun.107, 323 ~1998!.
61H. A. Blackstead and J. D. Dow, Phys. Rev. B57, 5048~1998!.
62For a review of the old ideas which assumed that the failure

PrBa2Cu3O7 to superconduct is intrinsic, see H. B. Radousky,
Mater. Res.7, 1917~1992!.

63M. Brinkmann, T. Rex, M. Stief, H. Bach, and K. Westerha
Physica C269, 76 ~1996!.

64H. Shimizu, T. Kiyama, and F. Nakamura, Physica C207, 225
~1993!. GdBa2Cu3O7 superconducts at'90 K.

65H. B. Liu and D. E. Morris, Phys. Rev. B44, 5369~1991!.
66S. N. Mao, X. X. Xi, Q. Li, L Takeuchi, S. Bhattacharya, C

Kwon, C. Doughty, A. Walkenhorst, T. Venktesan, C. B. Wha
J. L. Peng, and R. L. Greene, Appl. Phys. Lett.62, 2425~1993!.

67H. Ishii, T. Koshizawa, T. Hanyu, and S. Yamaguchi, Jpn.
Appl. Phys., Part 132, 1070~1993!.


