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Strong correlations between the Hall coefficient RH, the transition temperature T„and the critical
current density J, were established in a series of epitaxial YBa2Cu307 z thin films as a function of oxy-
gen deficiency 5. Steady increases in RH with 5 suggest that deoxygenation reduces the density of states
which, according to BCS theory, should lead to corresponding decreases in T, . In contrast, two well-

known plateaus occurring at 90 K and 60 K were observed in T, vs 6. Others have ascribed these pla-
teaus to either electronic phenomena or phase separations. We find that in the 90-K plateau, the critical
current density J,(6,H =0) decreases with 6 and extrapolates toward zero at the edge of the plateau,
while the relative-field dependence of J,(5,H) and the Aux-creep pinning energies are independent of 5.
These observations suggest that the phase-separation scenario occurs on the 90-K plateau. However,
electronic origins cannot be ruled out at present due to difficulties in determining the equilibrium super-
conducting properties of oxygen-deficient YBa~Cu307 z films.

I. INTRODUCTION

Early work on oxygen-deficient YBa2Cu3O7 & led to
the discovery of two plateaus in T, (5) that are now well
known. ' More recently, it was found that these plateaus
are absent in samples prepared by rapid quenching from
high temperatures. ' Although the origin of these
features has proved difficult to elucidate, several ela-
borate electronic models have been proposed that rely ei-
ther on a two-gap mechanism, or on charge transfer
from the Cu-0 chains to the Cu-02 planes. ' However,
magnetic hysteresis studies clearly show anomalous criti-
cal current density J, (H) enhancements in applied fields
H )0 which have been attributed to defect clustering in
oxygen-deficient bulk samples. ' Electron-diffraction

studies ' and one neutron-diffraction study" have indi-
cated that a discrete series of ordered superstructures,
having small differences in oxygen deficiency, are simul-
taneously present, but only on the T, plateaus. If the size
of such domains exceeds that of the coherence length g
( —20 A), then these domains should exist with distinct
T, values. A fundamental understanding of the plateaus
requires knowledge of the nature of these domains. If re-
gions of distinct T, s exist, experiments inducing finite
electric fields would tend to generate normal currents,
thereby averaging over the phase distribution. On the
other hand, transport studies at the limit of relatively
small electric fields (1 pV/cm) would greatly emphasize
only the highest critical current-density J, phases, pro-
viding insight into the validity of the phase-separation
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scenario. In this work, we examine correlations between
the Hall coefficient RH, T„and J, in a series of epitaxial
thin films that were rendered oxygen deficient by thermal
processing under controlled conditions. The results
presented here are based on two samples representative of
the highest quality thin films.

II. EXPERIMENTAL ASPECTS

The epitaxial thin films were grown either by the BaF2
process' or by pulsed laser ablation onto LaA103 sub-
strates. ' For transport measurements, the c-axis perpen-
dicular films were photolithographically patterned with a
3-mm long by 50-pm wide bridge containing two oppos-
ing 20-pm wide Hall terminals. Six gold dots were then
sputtered onto contact areas to allow simultaneous mea-
surements of the resistive and Hall signals using standard
dc techniques. Currents were systematically reversed to
eliminate thermal emf's. Contact resistances were less
than 0.1 mQ after the first full oxygenation anneal at
550 C in 1 atm 02. This allowed easy, solder-free mount-
ing and demounting with the use of Au-In-Au pressure
pads and spring loaded "pogo" contacts. To control the
oxygen deficiency 6, we conducted sequential isobaric an-
neals' at 550'C under reduced partial pressure of 02.
Thus, small changes in T„J„and RH as a function of 6
could be obtained in a given sample of fixed bridge
geometry, thereby eliminating the relative errors due to
cross-sectional differences. The effects of oxygen de-

pletion were reversible, as demonstrated by a final anneal
at 1 atm Oz that reestablished the starting properties of
the films even after 11 sequential anneals. To eliminate
offset voltages due to the physical Hall terminal
mismatches and to the transverse-even field' RTE, the
Hall coefficient in the limit of low fields was defined by
the difference of the Hall resistivities taken in opposing
fields,

p, (H) p—( H)—
2H

Magnetic fields of 8 T were applied parallel to the c axis,
and were verified to be in the low-field regime, ' since
linear RH vs 8 behavior was observed up to 8 T while in
the normal state for all oxygen deficiencies.

From systematic x-ray-diffraction studies of four films,
we obtained the following correlation between the rela-
tive change in the c-axis lattice parameter c and the
normal-state electrical conductivity o., for oxygen con-
tents in the regime of the 90-K plateau:

= (4.8+0.5 ) X 10
Cp Op

where cp and o.
p represent the fully oxygenated state. '

In bulk YBa2Cu307 &, the c-lattice expansion has been
correlated with the oxygen deficiency 6 in the orthorhom-
bic state according to the average results of Cava et al.
and Jorgensen et al.

TABLE I. Experimental data used in the determination of 6's depicted in the figures for the two
representative samples. The calculations of 6 are described in the text and are rounded to the nearest
0.05. The letters q and a denote quenched from 200 C and aged at room temperature for 4 days, re-
spectively.
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0.903 a
0

0.110

0.210
0.355
0.460
0.645
0.719
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0.906 q
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=+10.7X10 '.
cp A5

Combining Eqs. (2) and (3) leads to the result

(3)
IV. DISCUSSION OF RESULTS

A. Effect of oxygen deficiency 5
on the resistivity and Hall coefBcient

5=0.45
(Jp

(4)

Values of 5 obtained from Eq. (4) must be regarded as
provisional, since extrinsic factors such as substrate-
induced strains may alter both the magnitude of the c-
lattice parameter, as well as its response to 5. The values
are quoted to provide a familiar and relative labeling of
composition, but none of the following analyses depend
quantitatively on the precision of the values. With this
proviso, we tabulate in Table I experimental information
associated with the determination of the 5 values for the
two representative samples used in the figures. Since Eq.
(4) generates a maximum value of only 5=0.45, e.g.,
~b, o. /o0~ ~1, this equation was utilized for the estimates
of 5 only in the range in which the x-ray data were ob-
tained, i.e., 5 ~0.3. For larger oxygen deficiencies, 5 was
based entirely on the comparisons of T, to those pub-
lished by Veal and Paulikas and Jorgensen et al. '

III. OVERVIEW OF EXPERIMENTAL RESULTS

Before discussing in detail each of the experimental re-
sults, we present here a brief overview of the principal
findings. The electrical transport properties of
YBa2Cu307 & vary systematically with increasing oxygen
deficiency 5. Both the resistivity p(5) and the Hall
coefficient RIt(5) increased with 5 at similar rates, and
consequently the Hall angle, given by tan(9It) =RItB/p,
changes only slightly (Fig. 1). In all films, the critical
current densities J,(5,H=0) measured in self-field extra-
polated towards zero for compositions near the edge of
the 90-K plateau (Fig. 2), while the temperature and field
dependencies of J, /J, (H =0) (Fig. 3) remained fixed for
5&0.15, both of which are suggestive of geometrical
effects. For larger oxygen deficiencies (5)0.3), the field
dependencies of J,(5,H) were similar to those observed
in polycrystalline YBa2Cu307 and the Aux-Row Hall tran-
sitions exhibited systematic "noise" (Fig. 4), indicative of
granularlike behavior. Pinning energies determined both
from the field dependence of J, /J, (H=O) and from in-
field resistive transitions (Figs. 5 and 6) show plateaulike
behavior near full oxygenation even though J, decreases
rapidly in this region. On the 90-K plateau, most films
showed no broadening in the resistive transitions; howev-
er, al/ films showed some broadening in the transitions
between the 90-K and 60-K plateaus. Films postan-
nealed at low PO2 usually showed "peaked" T, behaviors
with 5, unlike the high PO2 postannealed films which typ-
ically show "Aat" 90-K plateaus. ' However, the Hall
coefficients (Fig. 7) were found not to rely on the process-
ing conditions, suggesting that di6'erences in the measur-
able carrier densities are not responsible for these
different T, (5) patterns.

The removal of oxygen from YBa2Cu307 & leads to a
progressive increase in the resistivity [Fig. 1(a)] as well as
a decrease in Hall number [Fig. 1(b)]. These observations
suggest steady decreases in the density of states which,
according to simple BCS theory, should lead to steady de-
creases in T, . In actuality, two plateaus are observed in

T, vs 5 which could be reconciled either by phase separa-
tion '" or by some complex electronic mechanism. '

Interestingly, the insets of these figures show the e6'ects
of room-temperature annealing which may be ascribed to
the formation of oxygen-ordered "Ortho-II" phase at
fixed 5~0.4. These room-temperature ordering eAects
were studied at three estimated oxygen contents of 6.35,
6.40, and 6.45. For investigation at each of these fixed
oxygen contents, the sample was quenched from 200'C,
rapidly mounted, and cooled below 250 K in about 30
min. No ordering efI'ects were ever observed during mea-
surements at T & 250 K, and the final results are depicted
by the dashed curves in Figs. 1(a) and 1(b). After com-
pletion of each data acquisition sequence, the sample was
warmed to room temperature, and allowed to age until
the resistivity reached a minimum saturation—
approximately four days at each oxygen content. These
results are depicted by solid curves in the same figures.
In addition to an observed reduction in resistivity [time
dependence given by Eq. (5)], this ordering-related an-
nealing always led to an increase of the observed Hall
number and transition temperature (see Table I), which
could be interpreted as an indication of additional charge
carriers being transferred to the Cu-02 planes as suggest-
ed by the electronic model first proposed by Veal and
Paulikas. In a similar fashion to that of Veal et ah. our
aging data taken near 7 —5=6.45 were found to be well
described by

R (t)=R(t = ~ ) —[R(t = ~ ) R(t =0)]exp—( &t/r), —

where R(t) is the resistance at time t after the quench
and r is a relaxation time given by 7= A exp(AE/kii T).
From this analysis, the prefactor A and activation energy
AE were found to be 1.4X 10 ' s and 0.95+0.02 eV, re-
spectively, in good agreement with Veal's aging studies
on bulk YBa2Cu30 6 ~ crystals. This suggests that
substrate-induced strains in thin films have little or no
effect on the oxygen-ordering processes in the Ortho-II
phase. More important, these observations do not rule
out a phase-separation scenario, since a parallel
configuration of two dissimilar conductors (denoted by
indices 1 and 2) will yield an observed Hall coefficient RIt
given by

R 2RII )+R i R~2

R, +R

where R~; and R,. refer to the Hall coeKcient and the
resistance contributed by the ith conductor, respectively.
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It is clear from this equation that the phase contributing
the least electrical resistance would average more heavily
in the apparent Hall coefficient. Moreover, if phase sepa-
ration leads to a larger proportion of the "better" phase,
i.e., lesser resistivity and higher oxygen content, the ap-
parent value of R~ would decrease with room-
temperature annealing. This would occur because the ag-
ing process would create a larger proportion (i.e., less
resistance) of the phase having the smaller value of R~
[see Fig. 1(b)]. Therefore, the normal-state resistivity and
normal-state Hall coefficient results alone cannot deter-
mine whether or not phase separation occurs in oxygen-
deficient YBa2Cu307

Another feature of Fig. 1(a), which is observed in all
samples, is a slight broadening of the resistive transitions
off the 90-K plateau. It is unlikely that this broadening
results from the formation during cooldown of layers
with differing oxygen contents, since no 90-K onsets are
observed for compositions off' the 90-K plateau [see Fig.
1(a)]. Rather, this broadening off the 90-K plateau is
most likely due to a T, distribution, with a series connec-
tion of domains with different T, 's.

A potentially important finding is the relative constan-
cy of the Hall angle tan(8~) =E /E =R&B /p for oxy-
gen deficiencies 6 when 5 ~ 0.5 [Fig. 1(c)]. In a multiband
system, the Hall angle can be derived from simple expres-
sions for a multiband system '

E 8,
tan(0~)= = g R~;o.; .E„o.

I

100
T(K)

200 300 Assuming each (parabolic) band can be described by
the expressions R~, = —1/n, e and conductivity o.; =
n, e ~, /m;, this becomes

1000
7.oo (&)—

1
tan(8& ) = ——g co;r;o,

I

6

100

6.45

I

100

CD
6

O

T(K)

7-6'0 6.50
7-6( 6.50

300

Here co;=eB/m; and r; are the cyclotron frequencies
and relaxation times for the ith band, respectively. More-
over, the band-structure calculations predict four bands
crossing the Fermi level in YBa2Cu307, and each of these
bands is expected to have different effective masses.
Therefore, it is plausible that, upon oxygen depletion the
individual conductivities would change at different rates.
Under these circumstances, Eq. (8) suggests that
significant deviations should occur in the observed mag-
nitude and temperature dependence of the Hall angle
with changing oxygen deficiency. On the contrary, the
Hall angle changes only slightly over most of the oxygen
content range [Fig. 1(c)] and this suggests that one band
dominates the normal-state properties with fields H~~c.

FIG. 1. Resistivity (a), inverse Hall coefficient (b), and in-
verse Hall angle (c) for a laser-ablated film of YBa2Cu307 z as a
function of temperature and oxygen deficiency 6. Insets show
the apparent changes in the Ortho-II phase with room-
temperature annealing. The dashed curves in parts (a) and (b)
represent the behavior immediately after quenching from
200'C, whereas the corresponding solid curves represent the be-
havior after aging for 4 days. The inverse Hall angle is shown
on a log-log plot to depict the relative insensitivity of the T be-
havior to oxygen deficiency.

B. Temperature dependence of the Hall coefticient

To understand the temperature dependence of the Hall
coefficient, we use the proposal that YBa2Cu307 behaves
as a two-dimensional Luttinger liquid. Use of this
single-band theory is justified by and consistent with the
arguments just presented. In this formalism, the ob-
served Hall angle tan(0~) depends on a "transverse" re-
laxation rate ~ as
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where ~,, ' ~ T. In relatively clean materials, the impur-
ity scattering rate 1/~; may be neglected. Combining
these results, one has 1/(RHe) ~cot(OH)/p ~nT, where
n is the density of charge carriers and e is the electron
charge. Thus, within the Luttinger liquid approach, the
average slopes of the inverse Hall coe%cient curves,
which vary almost linearly with temperature [Fig. 1(b)],
serve as a relevant electronic parameter for displaying
our data. In Fig. 2 are plotted the transition tempera-
tures T, (R =0) and T, (mid) as well as the critical
current densities in self-field J, (5,H=0), as a function of
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3

cot(OH)=(co, r) '= AT +(co, r; „)
Here co, is the field-dependent cyclotron frequency and
1/~; is the scattering rate due to impurities. In a Lut-
tinger liquid, separation occurs between the charge and
spin quasiparticles. Furthermore, application of a mag-
netic field leads to the rotation of k space allowing the
transverse relaxation rate to include only the effects of
the spin-spin interactions. Being fermions, these interac-
tions should lead to the well-established T scattering
process in cot(OH ), whereas the impurity scattering term
only includes the effects of magnetic scattering centers.
Referring to the log-log plot [Fig. 1(c)], the inverse Hall
angle indeed varies as T over a wide range of oxygen
deficiencies (5 ~ 0.55 ) in YBa2Cu307 s. On the other
hand, a transport relaxation rate ~„ is measured in the
resistivity and is proportional to the decay rate of the ac-
celerated electrons into elementary excitations (holons
and spinons), such that

d(1/R~e)/dT. Note that a simpler plot of supercon-
ducting properties, e.g. , T, and J„as a function of
1/(RHe) would give qualitatively similar results [see Fig.
1(b)]; however, the function 1/(RHe) must be chosen at
an arbitrarily fixed temperature when displaying data in
this fashion. Overall, most superconducting properties
improve with increasing d (1/RHe ) /dT.

Although this behavior is consistent with the Luttinger
liquid model, alternate explanations for the temperature
dependence of 1/(RHe ) may be found in a sharp peak in
the electronic density of states (DOS) lying near the Fer-
mi surface. ' The existence of such a van Hove singu-
larity (vHs) is suggested in the band structure; ' howev-
er, band-structure calculations place the DOS peak -0.1

eV below the Fermi energy. According to Pickett, this
DOS peak is associated with the chain layer-derived
bands, which are more dificult to determine accurately
than the plane-related bands. Interestingly, these same
chain-related bands in the 60-K. phase, YBa2Cu306 ~, lie
farther below the Fermi surface, according to Yu. In
this picture, the systematic decrease in the temperature
dependence of RH with 6 merely rejects a steady dis-
placement of the peaked DOS (vHs) from the Fermi ener-

gy. To be plausible, however, this scenario requires that
the peak is actually nearer to the Fermi surface than cal-
culated.

Yet another possible explanation comes from Bloch-
Boltzmann theory. These calculations, however, are
complicated and the Fermi-Dirac distribution —af/ae
must often be approximated by 5(e—eF ). Moreover, the
standard approximation of isotropic scattering leads to
a temperature-independent RH. Interestingly, Ong has
shown that, in the framework of this conventional theory,
a temperature-dependent R& can result from a changing
anisotropy of the ab-plane "scattering path length" vec-
tor l(k)=vkrk with temperature T. Nevertheless, these
latter mechanisms may prove difficult in explaining the
universal quadratic temperature dependence of the in-
verse Hall angle, cot(HH)= AT +B [Fig. 1(c)]. Finally,
this quadratic temperature dependence is also reported
well above the Debye temperature ' which tends to sup-
port a nonphononic scattering mechanism.

C. EÃect of oxygen deficiency 5
on the critical current density

0
0 2 3 4 5

d(1/RHe)/dT (10' /cm K)

6.4 6.5 6.6 6.7 6.8 6.9
Approx. 7-5

7.0

FIG. 2. Transition temperature T„and critical current den-
sity J, evaluated at fixed reduced temperatures, as a function of
either the oxygen deficiency 5 or the "apparent carrier density"
from the Luttinger liquid theory described in the text. Notice
that J, extrapolates toward zero at the edge of the 90-K plateau,
suggestive of phase separation. The solid (dashed) curves were
obtained from a laser-ablated (BaF2 processed) film. Extrapola-
tions do not occur at exactly the same point due to uncertainties
in the film thickness.

We now consider the transport critical current density
J„measured in self-field. Examination of Table I and
Fig. 2 shows that J, extrapolates toward zero at an oxy-
gen deficiency near the edge of the 90-K plateau. This
feature was observed in all films, and somewhat similar
behavior was reported earlier by Ossandon et al. in
magnetic measurements of current density in bulk,
aligned YBa2Cu307 &. For 6~0. 15, J, varies linearly
with 5. In this regime, the functional dependencies of J,
on temperature and field [Fig. 3] are constant, which sug-
gests a geometrical decrease in the amount of 90-K
phase. In this view, J,(5) deviates from its linear de-
crease with 6 for compositions 5~0. 15 because other,
lower J, phases then conduct appreciable portions of the
supercurrent. This tapering occurs near the same oxygen
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content at which the field dependencies of J, begin to de-
grade. This degradation implies reductions in the pin-
ning energy, as discussed below.

D. Determination of the pinning energy

1.0

0.8

~& 0.6

ll

~ 0.4

0.2

0.0
0.0 0.2 0.4 0.6

t =T!T
C

0.8 1.0

Several methods provide means of determining the pin-
ning energy. These include analyses of I-V curves, resis-

tive transitions p( T,H), or dependencies of critical
currents J, ( T,H) on field. Recently, self-consistent
values for the pinning energies were obtained in fully oxy-
genated YBazCu307 epitaxial films determined from the
I-V curves and from in-field resistive transitions. How-
ever, if phase separation occurs in oxygen-deficient
YBa2Cu307 &, the I-V curves would clearly be dificult to
interpret, since the actual current path dimensions, which
are required to calculate the flux-creep resistivities, would
be unknown. Similarly, Arrhenius plots of the resistive
transitions would be expected to broaden (theoretically
shown by others ' ) as a result of inhomogeneities. For
example, the apparent T, distributions observed in the
Hall transitions in Fig. 4 would probably lead to errors in
the derived pinning energies. Note also that, on the 90-K
plateau, J, decreases by roughly an order of magnitude
while the conductivity decreases by a factor of only 1.8.
As a result, the derived pinning energies obtained under
relatively high electric fields, i.e., resistive transitions,
may be in error due to induced normal currents in the
lower T, phases which are forced normal by the applied
magnetic fields.

To develop this more rigorously, we consider the stan-
dard expression for the creep resistivity:

Eo Uo(T, B) Uo(T, B)
P J I T P (l0)

o.ob o 0.1 1

H (kOe)
10

i, „
100

which is valid in the limit of small current and thus is
applicable to the resistive transition measurements. Here
J,o is the critical current density in the absence of flux
creep, Eo is proportional to the elementary "attempt"
frequency, and Uo is the activation energy for flux creep.
Due to the weak, logarithmic sensitivity of the analysis,
the prefactor is generally approximated to be constant. It
follows that the slopes of the Arrhenius plots of lnp vs
1/T are equal to —Uo(T, B)lk. The situation becomes
more complex in the phase-separation scenario. Using
the resistor combination equations,

400

E 300

g200

c"100

0
20

0.01
10

H (kOe)

FIG. 3. Reduced critical current densities as a function of
temperature (a), applied field for FI~~c (b), and applied field for
&~~ah (c) for various oxygen contents. No apparent changes in
pinning energy occur while on the 90-K plateau even though
J,(0) decreases rapidly (see Table I). Interestingly, many of the
curves in (a) behave as SNS proximity tunneling (Ref. 49) (solid
curves) oft' the 90-K plateau. The dashed curve is a representa-
tive polycrystalline sample (Ref. 38) which indicates the granu-
larlike behavior when 5)0.2.

20 40

6.6 6.7

60
r(k)

80 100

FIG. 4. Flux-Aow Hall coefficients taken at 8 T for various
oxygen contents. All Hall transitions with 5~0.3 show repro-
ducible "onsets" indicative of a distribution of T, s. However,
these onsets were never observed on the 90-K plateau nor in any
resistive transition as shown in the inset.



g992 E. C. JONES et al.

where f, den. otes the volume fraction of the ith phase,
and + or —specifies series or parallel combinations, re-
spectively, the Arrhenius equation becomes

Eo Uo(T, B)
lnp = ln

cp

Uo, (T,B)
+ln g f, exp +-

kT

+g f„(aT)—' (12)

The s and n indices represent superconducting and
normal-metal phases, respectively, and a represents the
relative scaling between the Aux-creep and normal-state
resistivities, i.e.,

kJ,p
P onset (13)

100

80

60

40

0 )g

'

2

p1

p0

p-1

p'

20

20—

In a percolative model, with parallel conduction channels
dominating the resistive behavior, Eq. (13) shows the fac-
tor n approaches zero as J, extrapolates to zero near the
edge of the 90-K plateau. It follows that the normal-
metal term cannot be ignored in the determination of
Uo(T, B) from the Arrhenius plots. Otherwise, the pin-
ning energies obtained from the analysis would be in er-
ror. Equation (12) was used to fit the resistive transitions
of a film grown by the BaFz process' (Fig. 5 inset) at
various oxygen deficiencies 5, assuming a parallel com-
bination of one superconducting phase with one normal-
metal conduction channel. (Note that the normal-metal
term could be ascribed to the collection of lower T„
oxygen-deficient phases, which are forced normal in the
temperature range of the resistive transitions). The ratio
of the normal-state resistivity to the Aux-creep resistivity

at full oxygenation was assumed to be on the order of
a=10—100, and was allowed to decrease with increasing
oxygen deficiency according to Eq. (13). This analysis
yields a plateau in the pinning energy Uo (Fig. 5) as a
function of 6 near full oxygenation, even though J, de-
creases in this region. In addition, a curious peak in Up

was obtained on the 60-K plateau, possibly rejecting
enhanced superconducting properties in the long-range-
ordered Ortho-II phase near 6=0.5. This peak also coin-
cided with an increase in the critical current density J,
observed in this same film. Therefore, uncertainties still
remain regarding the behavior of J, and Up in the region
of the 60-K plateau. Interestingly, the width of the pla-
teau in Up vs 5 varies depending upon the method used
to determine Uo (Fig. 5). Hence, it is plausible that the
resistive transition model above is oversimplified in as-
suming the presence of only two distinct phases. Thus,
unlike the case of fully oxygenated YBazCu307, these
plots do not appear to be a reliable means of determining
the subtle behavior of Uo ( T,B ) in oxygen-deficient
YBazCu307

The most reliable method for determining the pinning
energy is an analysis of the magnetic-field dependencies
of the critical current densities. This technique is unique
in that knowledge of the bridge cross section is not re-
quired. Hettinger et al. showed that the field depen-
dence of J, /J, (H =0) [see Fig. 3(b)] could be described
by the single parameter specifying the field at which the
pinning force density extrapolates linearly to zero (Fig.
6),

UpB /kT
1n(Eo/2E, )

This analysis assumes that Up ~1/B as experimentally
observed ' and that the denominator is roughly con-
stant. The apparent degradation seen in J, (6,H~~c) for
6~0. 15, as well as in J,(6,H~~ab) for 6~0.20, is clearly
attributed to a decrease in Uo (Fig. 5). This probably
leads to the progressive suppression of the J,(6, T) curves
observed at higher temperatures [Fig. 3(a)]. The normal-
ized Aux-pinning force density at various oxygen contents
both on and off the 90-K plateau are depicted in Fig. 6.
Off the 90-K plateau, decreases in the relative strength of
the B dependence in Up, similar to that found in poly-
crystalline films, e.g. , Up ~ 1/BP. is may o~c~r 3s a re
suit of the films developing "granularlike" critical
currents for large oxygen deficiencies.

0
6.0 6.4 6.6

Est. 7-5
6.8

0
7.0

FIG. 5. Pinning energy Uoo(5) = Uo(6, T=O,B=1T) (open
symbols) and T, (6) (solid circles) as a function of oxygen con-
tent 7 —6 for a film prepared by the BaF2 process. The open cir-
cles represent Uoo(6) as determined from fitting Eq. (12} to the
Arrhenius curves at various oxygen deficiencies. The inset de-
picts an actual fit at 5=0. The open squares (triangles) are
Uoo ~8* for H~~~c(H~~ab) as defined by Eq. (14). The values of
Uoo(6) for H

~~
~ah are scaled by a factor of —,

' for clarity.

E. Constraints imposed on electronic models

If the phase-separation scenario does not apply, the ini-
tial decreases of J,(6~0.15) could only be due to de-
creases in J,p, since the Aux-creep pinning energy Up is
constant in this regime. Recall that J p is defined as the
critical current density in the absence of Aux creep and is
often assumed to be proportional to the depairing critical
current density. As a result, this assumption leads to the
proportionality J,o

~ H, g,b. Moreover, others general-
ly argue that Uo should scale as H, g /8ir in a
point-pinning model, where H, is the thermodynamic
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1.0 F. "Peaked" T, (5) behavior
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FIG. 6. Normalized pinning force density F~ taken at 77 K
as a function of (a) B and (b) B/B* as described in the text,
both on and off the 90-K plateau. The universal F~ curve ob-
served on the 90-K plateau suggests the field dependence of the
pinning energy given by Uo ~1/B is fixed across the plateau.
However, off' the plateau, the relative B dependence may
change, as in the polycrystalline films, (Ref. 38) leading to the
observed shift in F~

Until now, we have not addressed the "peaked" T, (5)
behavior (i.e., a maximum in T, at 5%0), which is most
apparent in epitaxial films initially grown under low-
oxygen partial pressures. ' ' This maximum in T, is
demonstrated midway on the 90-K plateaus in T, vs 5 de-
picted in Figs. 2 and 5. Feenstra has shown that these
T, peaks occur with systematic values of oxygen
deficiency 6 depending on the initial growth conditions.
This implies that the location of these peaks on the 90-K
plateau occur as a consequence of the level of cation
"doping" introduced by the growth process. However,
other mechanisms could be argued, including morpholo-

gy differences or simply strains between the different
phases, which are well established to have different c-
lattice parameters. The latter argument appears possible
since no significant splitting was observed in any of the
x-ray-diffraction peaks for the films studied. However,
keep in mind that one generally speaks in terms of large
doping levels for the high-T, superconductors, i.e., in-

volving tens of percent of the unit cells, which probably
alter the phonon properties as well as the electronic prop-
erties. McMillan previously showed that the coupling
constant is affected by the phonon frequency spectrum.
Thus, in the framework of an electron-phonon pairing
mechanism, a more intuitive argument for these T, (5)
peaks could simply be stated as the "optimization" of the
coupling constant A, = VN(E~). In the coupling constant,
V represents the matrix element of the electron-phonon
interaction, while N(EF ) is the electronic density of
states at the Fermi energy EF. Since knowledge of the
phonon properties and band structure are limited, no
definite conclusions on the behavior of I, as a function of
doping can be drawn at the present. However, Fig. 7 il-
lustrates the Hall coefficients for two sets of films, grown
from identical precursor batches, by the BaFz process, '

critical field and g is the superconducting coherence
length. In the highly anisotropic cuprates, one has
g =g,bg, so that the constraint imposed by a constant
Uo becomes

H2 cx
1

0'.bk,
(15)

From magnetization studies, Ossandon et al. concluded
that the thermodynamic critical field H, rapidly de-
creases with increasing oxygen deficiency. However, if
the phase-separation scenario applies, these apparent de-
creases in H, could be due to a decreasing volume frac-
tion of the 90-K phase with increasing 5. Equation (15)
implies a significant increase in the coherence length g
with increasing oxygen deficiency 6, which should be
reAected as a decrease in the upper critical field, since
H, 2

=Po/2m g . Unfortunately, conclusive systematics of
H, 2 vs 5 do not yet exist. A fluctuation analysis indi-
cates the existence of an H, 2 plateau while a Hao-Clem
analysis of magnetic measurements shows a steadily de-
creasing H, 2(5). Thus, further information of the depen-
dence of H, 2 with 5 would be very useful.

YBa2CU307 o
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2

0
0
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0 0+
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FIG. 7. Inverse Hall coefficients taken on two sets of films
with identical precursors but postannealed under different con-
ditions. The data suggest that growth conditions do not
infIuence the overall carrier density. The slight difterences be-
tween film batches may be attributed to small compositional
di6'erences in constituents or simply to errors in determining
film thicknesses.
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and postannealed under different conditions. The data
show that the apparent carrier densities do not depend
upon the initial growth conditions. The differences be-
tween films of different precursors could stem either from
slight compositional differences of simply from uncertain-
ties in the film thickness. Overall, this result implies that
the processing conditions have little or no effect on the
electronic structure in the fully oxygenated state. Final-
ly, recent evidence by others suggests that lattice instabil-
ities, and not electronic mechanisms, are indeed responsi-
ble for the limiting transition temperature of -90 K ob-
served in YBa2Cu307

V. SUMMARY

extrapolate to zero as the oxygen content nears the edge
of the 90-K plateau, suggestive of phase separation in
which only the fully oxygenated phase has the high criti-
cal current density. On the 90-K plateau, no changes are
seen in the pinning energies determined from the field
dependence of J„in general agreement with the magnetic
Aux-creep studies of Ossandon et al. However, elec-
tronic origins cannot be ruled out at present, since the
pinning energies also depend on the coherence length g.
Moreover, information regarding H, z as a function of 6 is
inconclusive. ' Overall, the phase-separation scenario
appears to be a viable candidate for explaining many ex-
perimental observations.

The effects of oxygen deficiency on the resistivity, Hall
coefficient, and critical current density were measured on
a series of twinned, epitaxial YBazCu307 & thin films.
The inverse Hall coefficients have linear temperature
dependencies, as predicted by the Luttinger liquid
theory, and the implied carrier densities steadily dimin-
ish with increasing oxygen deficiency 6. Moreover, the
relative insensitivity of the Hall angle to oxygen
deficiency suggests that only one of the four predicted
electronic bands at the Fermi surface dominates the
normal-state properties with fields H ~~c. Critical currents
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