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Critical-current measurements on epitaxial YBaqCu307 —,films with 0&x ~0.2 demonstrate that
chain-site oxygen vacancies are not strong Aux-pinning centers in high-J, films. J,. decreased steadily

with increasing x, consistent with the predicted, monotonic dependence of pinning energy on mobile-

charge-carrier density in strongly pinned systems. A correlation between the oxygen pressure po, dur-

ing high-temperature growth and subsequent response to low-temperature variation of x was observed

for T, Specifically, films grown at low po, =0.00026 atm appeared overdoped with holes after oxida-

tion at p&, =1.0 atm, indicative of hole-doping defect formation at low initial oxygen contents.

A distinctive feature of YBa2Cu307 —,- among other su-
perconducting oxides is the large variable oxygen defi-
ciency 0 & x & 1 tolerated by its lattice structure. The ox-
ygen nonstoichiometry resides primarily on the Cu(l )
basal plane, which ranges from being nearly half-filled
with chains along the b axis, to nearly free of oxygen
atoms.

Oxygen vacancies play a vital role in the synthesis of su-
perconducting YBa2Cu307 —,-. Primarily, the oxygen de-
fects provide a variable and readily adjustable charge
reservoir ' for the superconducting [Cu(2)02) sheets,
giving rise to the characteristic, two-plateau-like depen-
dence of transition temperature T,. on chain-site oxygen
occupancy and Cu(1)-0 coordination, with T, =92 K
after low-temperature ( & 600'C) oxidation in 1.0 atm of
oxygen (x 0). On the other hand, large numbers of ox-
ygen vacancies are present at high temperatures where
they enhance the synthesis, apparently, by increasing cat-
ion diffusion rates. ' Low-oxygen-pressure growth condi-
tions for films (in situ" or ex situ ) may involveinitial ox-
ygen contents z —=7 —x less than 6.1.

The role of residual chain-site oxygen defects as effec-
tive pinning centers in YBa2Cu307 —,- recently was dis-
cussed by Daeumling et al. ,

" following observations of
enhanced flux-pinning and higher critical-current densi-
ties J,. in oxygen deficient single crystals with T,. 90 K.
Evaluation of the pinning mechanism in high-J, . films
also indicates a high density of small pinning defects with
average spacings estimated on the order of 50 A. These
spacings are significantly less than those observed for pla-
nar defects in high-resolution electron microscopy, or the
screw dislocations recently revealed by scanning tunneling
microscopy, ' suggesting that, if oxygen vacancies indeed
represent strong pinning centers, further enhancement
and optimization of critical currents should be possible by
variation of the oxygen content.

In this paper, we report an integrated study of the role
of oxygen vacancies in epitaxial YBa2Cu307 —,films that
correlates the initial processing conditions (giving rise to
different initial oxygen contents during growth) and the
effects of small variations in residual oxygen deficiency x

on superconducting properties (T, and J, ).. It can be con-
cluded that chain-site oxygen defects do not provide
strong pinning sites in high-current-density films. Furth-
ermore, it is found that even after full low-temperature
oxygenation, effects of the initial oxygen composition
remain, presumably, because of processing dependent cat-
ion disorder.

The YBa2Cu307 —
„

films were formed by e-beam coeva-
poration of Y, BaF2, and Cu, followed by post-deposition
annealing in controlled (wet) Ar+02 ambients. Al-
though many combinations of annealing temperature and
oxygen pressure were investigated, here we report on films
annealed at 835'C/1. 0 atm (duration 0.5 h) and a second
set annealed at 800'C/0. 00026 atm (duration 2 h; I h in

wet and I h in dry ambients). For brevity we shall refer to
these films as "high po,

" and "low po,
"

films, respective-
ly. Corresponding equilibrium'' oxygen stoichiometries
under these annealing conditions are YBa2Cu30645 and
YBa2Cu306.os. Film thicknesses ranged from 230 to 260
nm, and (IOO) SrTiOi was used as a substrate. The sam-
ples were cooled in dry pp, ambients to 550'C for a 0.5-h
soak in 1.0 atm of oxygen prior to further slow cooling.
Epitaxial films with the c axis perpendicular to the sub-
strate were obtained with either anneal, as confirmed by
x-ray diffraction on selected samples. Volume fractions of
domains having the c axis parallel to the substrate were
estimated to be &2%. The fully oxygenated c axis
lengths were 11.67 A, both for high po, and low po, films,
i.e., slightly smaller than for single crystals with z =6.93.
For transport J,. measurements, constrictions 40 pm wide
and 3 mm long, were patterned by standard photolithog-
raphy. Silver or gold contact pads were sputter deposited
and annealed for 1 h at 550 C in 1.0 atm of oxygen. The
condition of the samples after this anneal was henceforth
considered as the fully oxygenated starting condition. A 1

pV/cm criterion was used for the J,. measurements.
Controlled variation of the residual oxygen deficiency

resulted from successive, I h anneals at 550'C (followed
by furnace cooling) in oxygen partial pressures 0.01
~ pz, ~ 1.0 atm. Representative resistivity versus tem-
perature curves are depicted in Fig. 1, showing a mono-
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FIG. 1. Temperature dependence of normal-state resistivity

for YBaiCui07-, films grown at (a) 835'C, po, =l.0 atm, or

(b) 800'C, po, =0.00026 atm after successive anneals at

550'C and po, ~ 1.0 atm. The oxygen pressure is indicated as

log~o(po, /atm) for each curve.

suggests that z =6.8 for these curves. '

The change in electrical conductivity at 100 K is plotted
in Fig. 2 as /), rr/rro = [o(po, ) —t7ol/oo, i.e., relative to and
normalized by the fully oxygenated starting condition.
Good agreement was obtained for films having undergone
the same initial heat treatment. As expected for chain-
site oxygen exchange, the induced changes in normal state
conductivity were essentially reversible.

The variations of T,. and J,. in zero applied magnetic
field with residual oxygen deficiency are shown in Figs.
3(a) and 3(b), using Ao/r7o to parametrize the changing
oxygen content. Remarkably, nonmonotonic T,. variations
resulted for the low pp, films [Fig. 3(b)] with T, rising.

from -90 K after oxidation at po, =1.0 atm to a max-
imum of -92 K after oxidation at p0, =0.06 atm.
Simultaneously, J, essentially decreased with increasing
x, reaching its optimal value at low temperatures only
after full oxygenation at p~, =1.0 atm. ' Thus, the max-
imum values of T,. and J,. could not be reached with one
and the same oxidation anneal for films initially reacted at

p~, =0.00026 atm. Aging effects due to oxygen ordering
were not observed at these compositions.

By contrast, for the high po, films both T, and J,. m. ax-
imized after oxidation in 1.0 atm of oxygen [Fig. 3(a)].
The plateaulike T,. variation resembles that observed for

tonic increase of the resistivity with decreasing po„both
for high po, and low p~, films. T, , on the other hand, ini-

tially remained nearly unchanged at values close to 90 K,
as expected for small x. The uppermost curve in either
family marks the end of the 90 K plateau, giving rise to a
sudden increase in transition width h, T,, from values & 1

K to hT, & 3 K. A comparison with bulk YBa~Cu307 —,-
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FIG. 2. Variation of the normalized change in conductivity

A&x/o&& at 100 K in Y BaiCui07 —, films grown at 835 'C,
po, =1.0 atm ("high po,") or at 8QO C, po, =0.00026 atm

("low po,") with oxygen pressure during successive oxidation

anneals at 550 C. Filled and open symbols refer to data taken

after decreasing or increasing oxygen pressure, respectively.

The different symbols refer to different samples. By definition,

Air/oui=0 for the fully oxygenated starting condition after an-

nealing in 1.0 atm oxygen.

FIG. 3. Variation of midpoint transition temperature T, and

critical-current density J, at 65, 77, and 85 K in self-field with

normalized change in conductivity Aa/oii f'or (a) two films

grown at 835 C, po, =1.0 atm, and (b) two films grown at

800 C, po, =0.00026 atm. Different symbols were used for

different samples. The solid lines (T, ) are to guide the eye. The

dashed lines (J, ) represents a fit based on the near-optimal pin-

ning model given by Eq. (2) for the samples indicated by

squares.
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bulk YBa2Cu307 —,. ' Nearly linear scaling of J,. and
Acr/crp is observed at each indicated temperature; the
curved J,. (x) dependences for the low po, films evidently
correlate with the initial rise in T,. occurring in the entire
film. These results were systematic and reproducible and
suggest the existence of electronically active, micro-
structural differences between films grown at different ox-
ygen pressures, (meta)stable up to at least the oxidation
temperature of 550 C.

The variation of J,. at 77 K with applied magnetic field
H is shown in Figs. 4(a) and 4(b) for a high po, and low

pQ, film, respectively, at oxygen stoichiometries obtained
after oxygenation in either 1.0 atm of oxygen or at
pQ, =0.05 atm. For the high pQ, film, nearly equal transi-
tion temperatures T,. =92 K resulted after either oxida-
tion anneal. For the low pQ2 film, T,. increased from 90.6
(1.0 atm) to 92.3 K (0.05 atm).

The usual anisotropy' with respect to field orientation
was observed for both films, with nearly field-independent,
oxygen-induced J,. reductions for Hll(a, b). With Hllc, J,.

decreased more rapidly with H for the more oxygen
deficient composition. In both orientations, the field was
perpendicular to the current direction. Unlike YBa2-
Cu307 —„crystals, no "fishtail" effect due to field-induced
suppression of superconductivity near oxygen vacancies"
was observed, nor was a crossing of the J,. curves for
different x. The pinning barrier energies Uo for Hllc at 77
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FIG. 4. Magnetic-field dependence of critical-current density
J, at 77 K for (a) a high po, film grown at 835 C, po, =l.O

atm, and (b) a low po, film grown at 800 C, po, =0.00026 atm.
Open symbols: fully oxygenated compositions after oxidation at
po, =l.O atm. Filled symbols: oxygen deficient compositions
after oxidation at po, =0.05 atm. The field orientations are in-

dicated in the figure.

K decreased upon oxygen removal. These barriers were
derived in the limit of zero current density from the ex-
ponential variation of the thermally activated resistivity
with 1/B at fields above the "irreversibility" line. ' For
the sample of Fig. 4(a), UpB decreased from 14500 to
9400 (in units Kelvin Tesla). For the low po, film of Fig.
4(b), UpB decreased from 13300 to 8500, implying weak-
er pinning for both films with increasing oxygen
deficiency.

A direct dependence of J,. on mobile-charge-carrier
density can be derived in the limit of very strong flux pin-
ning. For extended defects that pin well-separated vor-
tices over their entire lengths (near-optimal pinning), one
obtains for a maximum critical current density, '

cu p clgp (I)
Appal 64m'A, ,s(,I,

where up-lH, . /8rrlrr(, p is the pinning energy per unit
length of an optimal linear defect, H, . is the thermo-
dynamic critical field, pp the magnetic flux quantum, and

g,s and A,,h are the basal-plane superconducting coherence
length and magnetic penetration depth, respectively. Esti-
mates of J,.

"'" exceed the measured values by only a factor
of 2-3, indicative of the strong pinning in high-J„ films.
From Eq. (1), the clean-limit results X ~ n, and
g(T=0) cL T, 'yield .J,.

"'"
cnc,, (T=O)T,. (I —T/T„) ~ .

If one further assumes that the pair carrier density n, is
linearly related to the mobile hole density nI„ then a
Drude normal-state conductivity leads to the expected,
implicit dependent on oxygen content x,

J, (x) ho'(x)/ep T, (x) I T/T;(x)1—
J, (o) ~~, p/~p T, (o) I T/7; (o)—

maxJ. '
C'

ln Eq. (2), we have allowed for a normalization that ac-
counts for the observed disappearance of J,. at a finite con-
ductivity, i.e., J,.(T=O) 0 near hcrj .p/op= —0.78.
The results of Eq. (2) are plotted as dashed lines in Fig. 3,
using the T, data for one of each film type (c3). The
overall agreement is acceptable; deviations may be as-
cribed to carrier density effects on the Fermi velocity
(occurring in g„q),inequivalence of n, and nl„changes in

carrier lifetime, or effects of thermally activated flux
motion.

The following picture emerges from this analysis. In
strongly pinned systems such as YBa2Cu307, thin films,
reduction of the mobile-charge-carrier density by oxygen
removal decreases J,. by diminishing the pinning strengths
of all pre-existing pinning centers. In crystals, because of
fewer or weaker pre-existing pinning defects, apparently
the positive effect of added pinning centers at oxygen va-
cancies overcompensates the electronic reduction of pin-
ning energies, giving rise to higher J,. values at small oxy-
gen deficiencies. " The overall J,. level, however, is much
lower than in films, suggesting only weak pinning by the
additional oxygen defects. The different effects in films
and crystals, therefore, are not contradictory, but reflect
different numbers of naturally occurring, strong-pinning
defects (other than chain-site oxygen vacancies) in either
material. In related work, this view recently was corro-
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borated by magnetic studies on aligned polycrystalline
YBa2Cu307 —,."

Regarding the T,. response to residual oxygen
deficiency, the observed additional dependence on
preparation history indicates the presence of growth relat-
ed, charged lattice defects, probed by the variation of car-
rier density upon chain-site oxygen exchange. Taken at
face value, the nonmonotonic T, (x) .dependences of the
low po, films resemble those observed' for the extrinsi-
cally doped system (Yi,, Ca, . )Ba2Cui07 —„and, indeed,
universally for oxide superconductors with changing
charge-carrier density. In the Ca-doped system, divalent
Ca substitutes for trivalent Y, adding one hole per Ca
atom to the electronic system compared to undoped
YBa~Cu~07 —,-. The optimum T,. value then requires
fewer holes from the oxygen atoms, i.e., a lo~er oxygen
content.

Based on this analogy and the acknowledged influence
of oxygen pressure on growth properties, the peaked
T, (x) depe. ndences of Fig. 3(b) should be attributed, most
likely, to hole-doping cation disorder on the charge reser-
voir layers. As one possible candidate we mention Ba dis-
order on the Y site, recently proposed (on different
grounds) by Matijasevic et al. ' for YBa2Cu307

„
films

grown in situ at very low po, ( & 10 mTorr). Similar to
these in siiu films, the low pg, postannealed films of our
study were crystallized under conditions close to the
YBa2- Cu307 —„stability limit at low oxygen contents. '"
Ba(Y) disorder could be thermodynamically driven under
those conditions. Possible other causes for the processing
dependent T,. (x) variations are systematic differences in

oxidation-induced strain in the films, oxygen vacancy or-
dering, or other types of cation disorder.

In summary, a systematic, correlative study of super-
conducting properties, oxygen deficiency, and initial pro-
cessing conditions was carried out for YBaqCu307 —

„

thin
films. Films were grown at different initial oxygen pres-
sures (1.0 or 0.00026 atm) and subsequently annealed at
low temperatures and oxygen pressures between 1.0 and
0.01 atm to produce reversible changes in residual oxygen
deficiency and carrier density on the superconducting
[Cu02] planes. The two principle conclusions are the
following:

(i) Reduction of the mobile-charge-carrier density by
oxygen removal diminishes the pinning energies of strong
flux-pinning centers, giving rise to significant J,. reduc-
tions in oxygen deficient films, even for oxygen composi-
tions where T,. ~ 90 K. Thus, chain-site oxygen vacancies
are not strong pinning centers in high-J, . films.

(ii) The variation of carrier density upon low-tem-
perature oxygen exchange, apparently, is capable of
detecting subtle microstructural differences that give rise
to additional charge transfer. Here, different defect struc-
tures presumably originated from initial-oxygen-con-
tent-dependent growth properties. The resulting peaked
T, (x) variations for films grown at low po, signal the
presence of hole doping lattice disorder that is absent in
films grown at pg, =1.0 atm.
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