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Inhomogeneous superconductivity in PeBai;O, at ~92 K is observed in surface resistance measure-
ments(at microwave frequencig¢sind in diamagnetisrtMeissner effegtdetected by ESR of trace amounts of
Cu impurity spins. These observations are interpreted in terms of the oxygen f&i#3-182006)03433-9

The purported lack of superconductivity in  We assume that the two keys to observing superconduc-
PrBa,Cuz0-, in contrast with almost all othgrare-earth tivity in PrBa,Cu;O- are(i) samples prepared under growth
Ba,Cu;0, compounds, is a perplexing anomaly with a va-conditions that minimize the amount of Ba-site @r is
riety of explanations, none of which is generally acceptedknown to be rather soluble on Ba sites, where the magnetic
direct pair breaking by Abrikosov-Gorkov exchange Pr ions break pairs and destroy superconductivity in the ad-
scattering-2 magnetic hybridization leading to pair jacent layers®~#'in general, rare-earth ions with radii larger
breaking® subtle magnetic interactiofsind charge compen- than the radius of Gd® are commonly found on Ba
sation (hole-filling).5® Most of these theories of nonsuper- Sites*>%?*~%, and (ii) detection schemes sensitive to the
conductivity in PrBaCus0- (i) arehomogeneoydeaturing ~ Smallregionsof superconducting PrB&u30; that contain
the same physics in every unit ceflj) have rare-earth Pr N0 Ba-site Pr To superconduct, these defect-frestg regions
ions occupying only rare-earth sites, diit) assume that the Must be larger than a coherence voludie- £,y .

superconductivity originates in the cuprate planes adjacent to OUr samples were of two types) thin films prepared by
the rare-earth sitegFig. 1 (Refs. 7 and 8. These three sig- Pulsed-laser depositictand(ii) powders prepared in a low

natures are susceplbi o expermentlinvestigaon.  OSETBIESSU ervionmert n both cases, the sample
In this paper we report observationiohomogeneousu- prep

perconductivity with a critical temperatur®,~92 K in able to the formation of large quantities of Ba-site Pr.
. ¢ The films were deposited onto MgO substrates as part of a
PrBa,Cu;0-, superconductivity that wapredictedon the P 9 P

basis of th d6i which | h iain of study to determine optimized growth conditions faxis
asis of the oxygen modet™ which locates the origin o PrBa,Cu;0-, with substrate temperatures ranging from 923

superconductivityn the vicinity of the chain layeref (rare- to 1023 K. The films deposited at 1023 K were single-phase,
earthBa,Cuz0O7 (Fig. 1) and assigns the nonsuperconduc-,nq exclusivelyc-axis oriented, but the 923 K films were a
tivity of PrBa,Cu305 to pair breaking byBa-site magnetic  complex mixture of phases. The laser deposition permitted
Pr (Refs. 8 and 12—an inhomogeneous phenomenon. Inys to fabricate material at relatively low temperatufesm-
this model, Pr often occupies Ba sites, where it breaks pairﬁared with other materia|s-gr0wth schemeand so led to
and destroys superconductivity that originates in the adjacerjonditions conducive to superconductivity: growth tempera-
charge-reservoir oxygen, e.g., in the vicinity of the Cu-Otures as high as necessary to obtain films primarily of the
chains. Statistically, some regions of the material that ar¢°rBa,Cu;O; phase, but low enough to minimize Pr diffu-
larger than a coherence volume have no Ba-site Pr, and thgion to Ba sites.

model predicts that these regions superconduct. To our The powders were prepared in low-oxygen environments,
knowledge, there have been few, if any, previous successfililecause of our belief that oxygen on an antichain @it
theoretical predictions of superconductivity in a newtween two Cu ions along the axis in Fig. 3 causes higher
material’®> most new superconductors have been discovereBa-site occupancy byrare-earth”2 ions in general, and by
using empirical rules. This particular prediction is especiallyPr*2 ions in particular. The powders were also prepared
satisfying because so many theotfe's have predicted that with trace amounts of an impurity phase that exhibits a Cu
PrBa,Cu;0- cannot superconduct electron-spin resonand&SR—most likely Pr,BaCuQ; or
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FIG. 2. Observed change in surface resistafiitehms with a

b ® scale that is arbitrary to within a factor of about) f
@ PrBa,Cu;05 film versustemperaturdin K). The dashed line is the
Anti-Chain Site-0(5) extrapolated curve for nonsuperconducting material. Note the lower
surface resistance fadr<92 K associated with superconductivity of

FIG. 1. Crystal structure of PrB&usO-. Note that a magnetic ~ 7% of the sample, which was fabricated at 923 K.
impurity on a Ba site should break Cooper pairs in an adjacent
chain layer, in a BaO layer, or in an adjacent cuprate plaaghe  +3 ionic state’*3® and could be magnetic pair breakers if
exchange interaction, which has a range of about the nearesthey are nearest neighbors to the oxygen ions whose Cooper-
neighbor distance. However, a magnetic ion at the rare-éBsh  paired holes superconduct.
site is adjacent to two cuprate planes, but remote from the charge- The possiblemagnetic nature of the pair breaking in
reservoir chains. The observation that Ba-site magnétieQ) rare- PrBa,Cu3;0- can be inferred by comparison with data for
earth ions such as Pr destroy superconductivity, while the sameaBa,Cu;0-, a material which can be prepared with up to
_rna_gnetic rare-earth ions on rar_e-_earth s_,ites d(_)(IRefs. .7.a|_1d B ~50% of the nonmagnetic L'2® on the Ba site by growth in
mdu_:ates th:_:\t the superconductivity originates in the vicinity of the, oxygen-rich environmenRt. While both (Lagy) "3 and
chains, not in the planes. (Prga) *° replacing Ba 2 produce defect levels, and the ac-

companying antichain (B) does also, the experimental evi-

barium cuprate. The purpose of introducing these trace imdence(for Y ;_,Pr,Ba,CuzO+, for exampl@) indicates that
purity phases(which are difficult to avoid, anywayis to  considerably smaller concentratiofesfew percentof mag-
measure with sufficient sensitivity the diamagnetic screeningetic Piz, are required to quench superconductivity by pair
(Meissner effegt associated with the regions of supercon-breaking than the concentrations of nonmagnetigLar
ductivity: the intensity of the ESR signal is proportional to (magneti¢ Prg, required to generate enough carrier traps to
the number of resonating or unscreened Cu sfiifus, as make the material insulating by charge trappingdeed, for
the sample temperature is reduced through the supercondu@®a-site concentrations of La less than 0.5, the critical tem-
ing transition temperature, the ESR signal intensity shoulgerature is scarcely degraded by the carrier trapping of Ba-
drop dramatically, reflecting the sudden onset of diamagnesite nonmagnetic La%.82°
tism in the superconducting regions. It does. Figure 2 shows the observed temperature-dependent

The proposed mechanism of pair breaking by Ba-site Pchanges in the surface resistance of a single film. These data,
has not been previously taken seriously because Rietveld revhich are typical of five films examined, feature a transition
finements of ordinary neutron-scattering spectra have not devith an onset temperature ®f~92 K, and a 90—10 % tran-
tected significant amounts of Pr on Ba sites. The neutronsition width of approximately 20 K. The data have three
scattering lengths of Ba and Pr are almost equal, howevefeaturesii) a background, linear in temperature with a small
making it very difficult to discriminate Pr from BE.How-  positive slope, that is associated with an empty microwave
ever, other spectroscopies, most notably spin-polarized newavity; this signal has been measut@dmediately following
tron scattering’ magic-angle spinning nuclear magnetic sample removal from the cavityand subtracted from the
resonancé? x-ray measurements,and chemical analys¥s data, with the difference displayed in Fig. @) a back-
have all provided evidence of Ba-site Pr in PpBai;O;. ground, linear in temperature, which is characteristic of the
Furthermore, oxygen occupying antichain sites is a good inmaterial in its normal state, and is extrapolated as a dashed
dicator of Ba-site occupancy byare-earth™ 2 ions®2 Pr  line in Fig. 2; and(iii) a drop in surface resistance as the
occupies Ba sites approximately in proportion to its totalsample is cooled througl 92 K, characteristic of supercon-
concentration. Thus the data taken together suggest thductivity in about~7% of the sample. We have observed
PrBa,Cu;0, commonly contains of order several percentsimilar drops in surface resistance in superconducting
Ba-site Pr®171%-21gych Pr ions are expected to be in the YBa,Cu;0-, with the main difference being that 100% of
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the YBa,Cu3;0; sample superconducts larger deviation oo T T T T
from the dashed line In YBa,Cuz;O,; we have observed :
transition widths of 1 to 30 K, depending on sample pre-
paration. Since the substrate is insulating MgO, the
PrBa,Cu;0, observations must come from superconductiv-
ity in the film, not in the substrate.

We consider unlikely the possibility that 7% of the
sample contained regions of contaminant that supercon-
ducted at=92 K for the following reasons: First we showed
that the 92 K superconductor is an oxide that loses its super-
conductivity when deoxygenated. To accomplish this, we
took one of our samples with a large response, cut it approxi-
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mately in half(to an area of~9.7 mn?), and deoxygenated g I

one half in a vacuum oven at600 K for 2 h. The deoxy- o -

genated half no longer superconducted, and the unaltered o
half did—implying that the only possible-92 K supercon- 0 50 100 150 200
ducting contaminants are of tliere-earthBa,Cu;0- type. T (K)

Then we checked the purity of one sample with x-ray pho-

toemission spectroscopy, a|_’1d found no contaminants with an £ 3 opserved change in the number of resonating or un-
accuracy better than 1%'F'na”y we tried to dem.Ct Y or screened spinéin arbitrary unitg versustemperaturgin K). The
rare earths other than Pr in two of our samples, using sputtefymber of unscreened spins in this powder is the product of tem-
secondary-ion-mass-spectroscof$IMS) measurement¥, perature and the observed intensity of the ESR signal of trace
The SIMS did find very small traces of Y in one sample. amounts of Cu spins having tlefactor of PpLBaCuGs or barium
Taking the sum of the mass spectra signals of 'Pand  cuprate. The sudden drop in the number of unscreened spins upon
PrO™! as unity, and assuming that the ion yields of Y andcooling through~92 K reflects the onset of diamagnetic shielding
the lanthanides are close to the ion yield of Pr, we found n@f the Cu paramagnetic spins by the regions of superconducting
evidence of La or any other rare earth at levels of everPrBa,Cu;0, (Meissner effeqt

10743° In the sample studied by Charles Evans and

Assocjate§’f3 we found the .only observablg contaminant, scheme based on electron-spin resondESR) of Cu spins
4X.1O ’ Y+.1' Then we estimated the maximum surfgce-i trace amounts of afunknowr) impurity phase, deliber-
regstance signal to be _expected from such a concentration gl ely incorporated into bulk 99.9% pure powders of
T e e e e 0 PrBa,CUO). The ESR Signal of i phase, wiih i ost
superconductor—although the miscibility of Y and Pr iS);kBejaigﬁ:gngiiﬁg%agirsb;r#rena(;t%ﬁ:nz%?S;g;é?ofsure

strong evidence against such segregation. Even in this e . . )
treme segregated limit, the YB&U;O- volume would be and ESR linewidths of RBaCuQ; and barium cuprate, we

about half our noise levehnd therefore undetectable by our Pelieve that the impurity phase is BaCuG; (which has a
apparatus more than an order of magnitude below our de-much narrower linewidth than barium cuprat€he Cu ESR
tected PrBaCu;05 signal level. To reach these conclusions, Signal intensity is proportional to the number relsonating
we measured the drops in surface resistarzsustempera-  Or unscreened spins; therefore, with decreasing temperature,
ture for similarly fabricated YBaCu3O- films of different ~ the ESR signal intensity should drop suddenly<82 K, as
areas, found the surface resistance to be a linear function dfie Meissner effect of the suddenly superconducting and dia-
the area, and determined by extrapolation the amounts ahagnetic regions shifts the nearby paramagnetic Cu spins
YBa,Cu;0- required to produce superconducting signals ofout of resonanc&*! Figure 3 shows such behavior, sugges-
the sized(i) observed in our PrBa&Cu;O, samples, namely tive of inhomogeneous superconductivity.
~7% of the PrBaCu;0- film volume (compared with an These results, although novel, in retrospect should not be
upper bound of 0.4% detected in SIM@&nd(ii) at our noise  very surprising. Nortoret al. reported superconductivity in
level, namely~ 1% of the volume. Our PrBaCu30- super- thin films of Pry sCa, sBa,Cu;0+, but not in bulk material,
conductivity signal is more than 9 times our noise level. Wewhich was insulating? Furthermore, their superconductivity
concluded that the observed superconductijithich has depended rather critically on theubstrate temperaturesf
T.~92 K, disappears when the samples are deoxygenatetheir films. Such data are clear indications of a kinetic effect,
and is not attributable to any othérare-earthBa,Cus;O,;  and suggest that the Pr solubility on Ba sites is controlled
compound is associated with PrB&uz;0,—as predicted®  sensitively by the substrate temperature and the sample
While the drop in surface resistance was strong evidencpreparation scherfid—which may be why Nortoret al. ob-
of superconductivity, observation of diamagnetighfieiss-  served superconductivity at all. Their film samples probably
ner effecj at ~92 K constituted stronger proof. In the thin contained modest amounts of pair-breaking Ba-site Pr—
films (thickness~3000 A), a conventional Meissner-effect which is why their superconducting transition temperature
measurement is difficult because of the strong paramagnetigas considerably lower thass92 K, namely 43 K, but was
background of Pr, the small thin-film volume, and the granu-not zero(as in their bulk samples
lar character of the~7% superconducting fraction of this Therefore, our experiments provide evidence thafully
volume®® Accordingly we employed a more sensitive oxygenated PrBgCu;O; (presumably when mostly in its
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ideal crystal structutesuperconducts at92 K, and that the notions fit the general picture of the oxygen mod#l.

superconductivity is inhomogeneous and disappears With \ye 4o grateful to the U.S. Office of Naval Research and
deoxygenation. In addition, they suggest that schemes whicfye | s, Department of Energy for their financial support of
minimize the amount of Pr on Ba sites favor the formation ofihis work (Contract Nos. N00014-94-10147, and DE-FG02-
superconductivity, and that different substrate temperature30ER45427, and to D. Pulling for technical support. We

affect the superconductivity, possibly by controlling the oc-thank Drew Evans and A. V. Li Fatou and also S. M. Hues

-cupancy of Ba sites by magnetic rare-earth ions. All of thesdor providing the SIMS analyses.
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