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Hall effect and resistivity of oxygen-deficient YHazCu307 z thin films
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We report measurements of the ab-plane resistivity (p) and Hall coefficient (RH) of crystalline thin
films of YBa2Cu3O7 z (0.05 «5 «0.53) from below T, up to 400 K. In contrast to measurements on sin-
tered samples, and some other recent work on thin films, the residual resistivity of these films (as extra-
polated from high temperature) remains low for all 5. As oxygen is removed from the films, p increases
and p(T) develops downward curvature below 300 K. The Hall angle (OH) however, continues to obey
the relation, cot8H = AT +B. As 5 increases, the coefficient A decreases while B remains constant.
Data for an oxygen-deficient single crystal of YBa2Cu30& z agree well with our film data. Measure-
ments of p in the region of the superconducting transition in fields of up to 7 T, applied parallel to the
crystallographic a, b, or c axes, are also reported. The well-known "field-induced broadening" of the
p(T) curves becomes larger as 6 is increased. There is evidence for a transition line in the field-
temperature plane that has the 4/3-power-law behavior associated with critical fluctuations in the three-
dimensional XYmodel.

I. INTRODUCTION

The normal-state and superconducting properties of
the high-temperature superconductor YBazCu307 & are
known to be highly dependent upon the oxygen
stoichiometry. The primary effect of removing oxygen is
to reduce the hole concentration on the CuOz planes.
The material is optimally doped (i.e., has the highest
transition temperature) with 5=0.1.'

In some ways YBazCu30~ & is one of the simpler ma-
terials in which to investigate the properties of the under-
doped side of the phase diagram because the impurity po-
tentials introduced by oxygen vacancies in the CuO
chains (separated from the CuOz planes by a BaO layer)
can be expected to have less of an effect than, for exam-
ple, Sr + ions substituting for La in the layer adjacent to
the CuOz planes in Laz Sr Cu04. One of the reasons
for starting the present work was that in a study of poly-
crystalline material, Cooper et aI. observed a steady
change in the Hall coefficient (RH) and resistivity (p) as
the oxygen content was changed, but there was a substan-
tial increase in the residual resistivity as oxygen was re-
moved. It was not clear whether this was an intrinsic
property of the material or due to grain boundary effects.
Furthermore, in polycrystalline samples there is always a
possibility of there being a contribution from the c-axis
resistivity, which is known to increase strongly with 5.

The slow diffusion rate of oxygen in YBazCu307
(Ref. 4) means that a similar study using single crystals
would be time consuming. For this reason we decided to
use laser ablated thin films, which x-ray studies had
shown to be almost perfectly oriented with the c axis per-
pendicular to the substrate surface. Another advantage
of films is that they can be patterned into a standard
geometry suitable for transport measurements, removing
the uncertainties arising from contact size and position
which can be significant in single-crystal measurements.

Preliminary experiments showed that the oxygen content
of these films can be changed reproducibly using anneal-
ing times of only a few hours (1—4 h).

In this paper we report measurements of the Hall effect
and resistivity from below T, to 400 K on a series of
YBa2Cu307 & films (0.53~5~0.05). We find that the
residual resistivity in these samples stays low even for 5
values of 0.53, but many of the other qualitative features
of p( T) are the same as those observed in sintered sam-
ples. Although p and 1/RH show pronounced nonlinear-
ity in temperature as the oxygen content is decreased, the
cotangent of the Hall angle continues to obey the Ander-
son relation

cotOH= AT +B
fairly well. The parameter A in (1) decreases monotoni-
cally with increasing 6 whereas B remains roughly con-
stant. This variation of parameters A and B is in qualita-
tive agreement with recent results on Co-doped
YBazCu307 & single crystals, demonstrating the similar-
ity of doping the CuO chains with either Co atoms or ox-
ygen vacancies. We recently became aware of some other
recent studies of oxygen-depletion effects on
YBazCu307 g thin films.

II. EXPERIMENTAL DETAILS

The thin films of YBazCu307 & were prepared by laser
ablation using a 308-nm XeC1 excimer laser with a pulse
energy density of 380 mJ in a partial pressure of 0.3 mbar
of oxygen. The target used was high-density melt-
textured stoichiometric YBazCu307 &.

" During deposi-
tion the (100) SrTi03 substrates were heated to a nominal
temperature of 760' C, as measured using a thermocou-
ple mounted in the heater block just behind the substrate.
Measurements using an infrared pyrometer showed that
the substrate surface was approximately 25 C lower than
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this. After deposition the chamber pressure was raised to
1 atm of oxygen, the films were cooled to 470'C, held
there for 20 min to aid oxygenation, and then cooled to
room temperature in approximately 20 min.

As-grown films prepared by this technique have T,
values ranging from 89 to 91 K and (10—90 % ) transition
widths typically of less than 1 K. The film thicknesses
are typically 250 nm, within an estimated measurement
error of +10%. For a film with T, of 89 K, p(300
K) =240+20 pQ cm in good agreement with values quot-
ed in the literature for twinned single crystals. The resid-
ual resistivities (defined by extrapolating the high-
temperature linear resistivity to zero temperature) vary
from essentially 0 to 20 pQ cm. We attribute the
differences to slight changes in the morphology of the
films and possibly the incorporation of low levels of Si
impurities out-gassed by the heaters, and use the extrapo-
lated residual resistivity as a guide to quality. The films
chosen for this study had residual resistivities of less than
10 pQ cm in their fully oxygenated state.

Our method for controlling the oxygen content was as
follows. For a given value of 5, the samples were an-
nealed in pure oxygen at a predetermined temperature,
and then quenched, either on to a cooper block or into
liquid nitrogen. ' The annealing temperature was known
approximately from earlier work on sintered
YBa2Cu 307 Q

in which 6 was measured from the
weight loss and the value of 6 for a given film was in-
ferred from the measured T, using the known relation
between T, and 6. We found that, in general, our values
of 6 were higher than those of sintered material for iden-
tical annealing temperatures. For the bulk of this work
(5~0.39) only two films, which were deposited simul-
taneously, were used. At the end of the study one of
these films was reoxygenated and the resistivity and tran-
sition temperature were found to be essentially un-
changed from the "as-grown" sample.

In order to check the oxygen content of the films, we
used electron probe microanaiysis (EPMA) at the low ac-
celerating voltage of 6.1 kV. At this voltage, the electron
penetration into the sample is low (of the order of the film
thickness), and by monitoring the emission from the Sr
L x-ray line, it is possible to confirm that there is no
significant electron penetration into the substrate. The
thin film is then a bulk specimen from the point of view
of EPMA, and the Y L, Ba L, Cu L, and 0 K x-ray
emission from the film can be compared directly to those
from a single-crystal standard. If the calculated oxygen
content is to be expressed as a number of oxygen atoms
per unit cell, uncertainties in the measured cation con-
centrations also contribute to the error, which can be es-
timated to correspond to an error in 6 of +0.05. Al-
though this accuracy is not as good as that obtainable
from weight loss measurements on sintered samples, we
are not aware of any other technique that would allow
such accurate oxygen analyses to be made nondestruc-
tively on thin films. Measured 6 values are plotted as a
function of the measured transition temperatures in Fig.
1, and are seen to be in agreement with the results from
the sintered samples, within experimental error.

The films selected for transport measurements were
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FIG. 1. Transition temperature (T, ) vs oxygen content (5)
for thin-film samples of YBa2Cu307 q and polycrystalline
YBa2Cu307 q (Ref. 2). For the thin-film samples the values of 6
were measured using electron probe microanaiysis (EPMA), and
for the sintered samples from weight loss.

patterned' into bars 7 mm long by 0.5 mm wide.
Current and voltage contacts were made to large contact
pads, connected to the bar by tracks 30 pm wide. The
separation between the voltage contact points at the bar
was 1.7S mm. The advantage of this kind of patterned
geometry is that the separation of the voltage contacts is
well controlled, and the ratio of the effective contact size
to the contact separation is much better than can be
achieved using conducting epoxy contacts to single crys-
tals. The principal remaining uncertainty is the film
thickness, and variations in thickness across the sample.
EPMA measurements showed thickness differences of a
few percent between two pairs of voltage contacts, which
could also be monitored by observing the magnitude of
the Hall voltage from the two contact pairs. The error in
the absolute Hall coefficient and resistivity is dominated
by the error (approximately 10—15 % ) in the absolute
thickness measurements of the films, but since this quan-
tity cancels in the calculation of the Hall angle the error
in this quantity is only 3%. Furthermore, since the two
films used for the bulk of this work (0.05 ~ 5 ~ 0.39) were
deposited simultaneously we expect their thicknesses and
stoichiometry to be almost identical.

The resistivity was measured by a standard four-point,
low-frequency ac (72 Hz) method, at a current density of
100 A cm . The same frequency was used for Hall mea-
surements and for each measurement point the sample
was rotated by 180 in a fixed field (7 T) so that the small
unbalanced resistive signal could be subtracted.

Data for two single crystals of YBa2Cu307 s (5=0.0
and 0.4) grown in Sn02 crucibles are also reported here.
The annealing conditions for the crystals with T, =90
and 60 K were 1 week at 420 C in Rowing 02 and 1 week
at SOO C in l%%uo 02/N2, respectively. Small electrical
contacts were then applied with silver epoxy (Dupont
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6838), which after a short anneal ((15 min) under the
same conditions as the original treatment, had a resis-
tance of a few ohms.

08

0.7

III. RESULTS AND DISCUSSIGN 0.6

A. T, 0.5

When deoxygenating samples it is essential that a uni-
form oxygen content is obtained throughout the sample.
Our criterion for this was that the resistive transition
remained sharp and Fig. 2 shows all samples up to and
including 6 =0.39 had a FWHM in dp/d T vs
T/T, (0.02. We believe that the increase in transition
width of the 6=0.53 sample is a consequence of some in-
homogeneity, together with the large increase in the slope
of the T, vs 6 curve in this region of the phase diagram.
In addition to the sharpness of the superconducting tran-
sition, EPMA analysis showed that the oxygen content,
averaged over the e-beam spot size of 1 pm, was homo-
geneous to within the detection limits (which correspond
to +0.02 in 6).

B. Resistivity
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FIG. 3. ab-plane resistivity (p) vs temperature for thin-film
samples of YBa2Cu307 z with 0.53~6~0.05. Note the scale
change for 6=0.53. The dashed lines show p(T) data for single
crystals of YBa2Cu307 z with 5=0.0 and 0.4.

The resistivity data are shown in Fig. 3. A striking
difference between these data and those reported previ-
ously for sintered samples (Fig. 4) is that the residual
resistivity (p„,), as extrapolated from high temperatures,
does not increase appreciably as 6 increases. We ascribe
this to a temperature-independent component in the
resistivity of the sintered material that is probably caused
b rain boundaries. It increases with 5 either becausey grain
the oxygen content is lower at the grain boundaries than
in the bulk or because the resistivity of these interfaces
strongly depends on the oxygen content, as does the c-
axis resistivity. The observation that p„,remains low in

the thin-film samples indicates that this is the intrinsic
behavior of p,b(T) in oxygen-depleted YBa7Cu307 s It
suggests that the main effect of introducing oxygen va-
cancies in the chain layer is to reduce the carrier concen-
tration on the planes with no appreciable increase in
scattering from the random defect potentials, except pos-
sibly for 5=0.53. Figure 3 also shows p(T) data for the
two single crystals of YBa2Cu307 &, which are very simi-
lar to the film data. This confirms that the film data
rellect the intrinsic behavior of p, b ( T ).

0.12

0.1

2.5

6=0.4

0.08

2
V+ oo6E

~ 0.04

0.02

52

E

1

0.5

0.3

0.18

0.1

0.05

0.0

0
0.95 1

T~Tc-peak

1.05
0 50 100 150 200 250 300 350 400

T (K)

FIG. 2. dp/dT vs T/Tc peak for the thin-film samples. Tc peak

is the temperature of the maximum in dp/dT. The figure shows
that the transition width remains sharp for 5 ~ 0.39.

FIG. 4. Resistivity vs temperature for sintered samples of
YBa2Cu307 q (Ref. 2). p(T) is similar to that of the thin-film
samples in Fig. 3, apart from a substantial increase in the resid-
ual resistivity of the sintered samples with 6.
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Here r is the reduced temperature [In( T/T, ) ], d is the
unit-cell parameter (11.7 A) (assuming that the CuO2 bi-
layers fluctuate as one unit), and 5 b is a pair-breaking pa-
rameter. Figure 5 shows that for some values of 6 the
above formulas give reasonable fits to the data in the re-

As 5 is increased (Fig. 3) there are considerable devia-
tions from the linear behavior in p(T) that is characteris-
tic of the optimally doped material. Near room tempera-
ture, and below 320 K, p(T) is roughly linear for all the
samples, with a slope which increases by a factor 4.S
from 6=0 to 0.53. As the temperature is lowered howev-
er, p(T) develops considerable downward curvature. The
reason for this behavior is not clear. In a previous
analysis of oxygen-deficient YBa2Cu 307 & with
0. 18~6~0.0, the curvature near T, was analyzed in
terms of superconducting fluctuations. Near T, the reg-
ular Aslamazov-Larkin (AL) term' should dominate the
fluctuation conductivity (cr„„„),and the data of Ref. 2 for
6=0 could be understood using the AL formula applica-
ble to three-dimensional fluctuations. Then as oxygen is
removed the CuO layers become more decoupled and
the material becomes more two dimensional —thus caus-
ing an increase in the magnitude of o.z„,. Further away
from T, the anomalous Maki-Thompson (MT) term'
may dominate. This term arises from the fact that super-
conducting fluctuations may cause a reduction in the nor-
mal electron-scattering rate. In principle it can be sub-
stantially larger than the AL term, especially in the pres-
ence of weak pair breaking and could possibly account
for the downward curvature in Fig. 3. An alternative ex-
planation may be found if one supposes that the resistivi-
ty in these compounds is primarily due to spin Auctua-
tions. ' In this case and especially for larger values of 6,
it may be possible to correlate the downward curvature in
p( T ) with the properties of the spin excitation spectrum'7
observed in neutron-scattering experiments. '

Fluctuation eA'ects in YBa2Cu307 & thin films and
crystals have been studied by a number of workers, for
example, those of Refs. 19—24. The difficulty with fitting
the observed resistivity to the fluctuation formulas is that
the normal-state resistivity is not known precisely, and so
any fits will depend on the choice of background. Bear-
ing this in mind we tried two separate procedures to ex-
tract the Auctuation conductivity. First, it may be noted
that p(T) of the sample with 5=0.05 is essentially linear
from 150 to 320 K and that all the samples have a linear
region around 300 K, the gradient of which increases
monotonically with increasing 6. If this is assumed to be
the intrinsic normal-state behavior the fluctuation con-
ductivity may be deduced. For the more oxygen-deficient
samples this procedure leads to very large values of o.z„,
near T, . Fits to these data in the Ginzburg region
(1.01T,—l. 1T, ) were attempted with formulas including
the two-dimensional AL and MT terms as given below:
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FIG. 5. The fluctuation resistivity extracted from the data in
Fig. 3, after subtracting a linear normal-state resistivity fitted at
high temperatures, plotted against reduced temperature
[w=ln(T/T, )]. The fits shown are made using the Aslamazov-
Larkin and Maki-Thompson formulas, Eqs. (2) and (3). The
values of 5» used were 5, 0.22, and 0.025 for the films with 6
(oxygen content) equal to 0.05, 0.19, and 0.28, respectively.

gion where pflUc ptot and the perturbation treatment
leading to Eqs. (2) and (3) can be expected to be valid. In
order to account for the observed increase in fluctuation
conductivity, however, 6 b would have to decrease rapid-
ly with increasing 6. While this may seem unlikely, it
cannot be entirely ruled out at present because, for exam-
ple, pair breaking could be the factor which limits T, at
high hole concentrations. It may be possible to check
these values of 6pb by precise measurements of the mag-
netoresistance above T, in the Auctuation regime, ' but
due to experimental constraints we have not attempted
this here.

The second procedure is to assume that the nonlineari-
ty of p(T) at high temperatures is not due to supercon-
ducting fluctuations. The problem of determining the
normal-state conductivity is then more difficult. A trans-
parent way of seeing the e6'ect of superconducting Auc-
tuations on the resistivity is to subtract this extra conduc-
tivity from the measured values. The results of this pro-
cedure, which makes use of the fact that the 2D AL for-
mula [Eq. (2)] has no adjustable parameters (except T, ),
are shown in Fig. 6. Equation (2) was used for all sam-
ples except 6=0.05 where the Lawrence-Doniach Auc-
tuation formula, which is applicable to layered super-
conductors, was used to fit the apparent 3D to 2D cross-
over observed at 1.008T, . This crossover temperature

0
corresponds to a value for g, (0) of 1.1 A which is in
reasonable agreement with other work on fully oxygenat-
ed YBa2Cu307 & films and crystals, ' but lower than
that found for ceramics. Figure 6 shows that Eq. (2) pro-
vides a good description of the downward curvature im-
mediately above T, because the subtraction of the Auc-
tuation conductivity given by Eq. (2) has linearized p(T)
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FIG. 6. The effect of the AL fluctuation conductivity on the
resistivity data of Fig. 3. Equation (2) was used for all samples
with 6~0. 19 whereas for the 6=0.05 sample the Lawrence-
Doniach formula (Ref. 25) for layered superconductors was
used (with a c-axis coherence length $0=1.1 A. The original
data are shown by thin lines and the corrected data by symbols.
The T, values used in the AL formulas correspond approxi-
mately to the 50% transition points.

in this region. The sample for which the fit is worst
(6=0.39) has a small resistive anomaly at 68 K which
may be indicative of some inhomogeneity.

C. Hall e6'ect

The behavior of the Hall coefficient as a function of
temperature remains one of the most intriguing and con-
troversial normal-state properties of oxide superconduc-
tors For the optimally doped material the inverse Hall
coefficient (1/RH) decreases linearly with temperature.
At other doping levels there are significant deviations
from this simple behavior. ' It has been suggested that
a more appropriate quantity for the analysis of Hall data
is the inverse Hall angle (cotOH =p/p ~ ), where

Pxy H=(R B) is the Hall resistivity and B is the magnetic
field. Experimental data presented here and else-
where ' ' show that cotOH retains its predominantly
T temperature dependence while the temperature depen-
dences of p(T) and RH(T) change systematically across
the full doping range.

Hall coefficient data corresponding to the resistivities
in Fig. 3 are shown in Fig. 7. The strong increase in R~
with increasing 6 is often ascribed to a decrease in the
carrier concentration (n ), although in one picture pro-
posed recently ' it arises from changes in the anisotropy
of the mean free path over the Fermi surface, rather than
changes in n itself. One feature of all the data in Fig. 7 is
the maximum in RH in the normal state that broadens
and shifts to higher temperature as 5 is increased. This
anomaly has been ascribed either to superconducting

FIG. 7. ab-plane Hall coefficient (R~) corresponding to the
resistivities in Fig. 3. The measurement field was 7 T. For con-
venience the data for the 6=0.53 sample have been divided by
2.7. The dashed lines show data for two single crystals of
YBa&Cu307 q with 6=0.0 and 0.4.

fluctuations as in YBa2Cu307 (Ref. 24) or to a property of
the normal state as in 2201 BiSCO. For the present
case we tend to favor the former viewpoint because R~
falls continuously as T, is approached, but we have not
been able to obtain good fits to standard fluctuation for-
mulas. Above these maxima 1/RH increases approxi-
mately linearly with T and then above 300 K either Aat-
tens off or shows an abrupt change in slope (Fig. 8).

In Fig. 9, the R~ data in Fig. 7 are replotted as cotOH
vs T for comparison with Eq. (1). Despite the large
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FIG. 8. Inverse Hall coefficient (1/RH ), corresponding to the
data in Fig. 7. The data for the 6=0.53 sample have been mul-
tiplied by 2.7.
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duced by underdoping), is consistent with that found pre-
viously for single crystals of &Baz(Cut, Co, )307
and recent work on low resistivity films but not with
some other single-crystal measurements ' and films with
higher residual resistivities. ' Within the Anderson pic-
ture ' a decrease in A corresponds to an increase in spi-
non bandwidth, as discussed previously, whereas in a
more traditional approach ' it reAects changes in the
anisotropy of the mean free path over the Fermi surface.
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FICx. 9. Inverse Hall angle (cotOH ) calculated from the data
in Figs. 3 and 7. The gradient of the T plot decreases as 5 is in-

creased. As in Fig. 7 the solid lines show data for two single
crystals of YBa2Cu307

changes in p( T) and RH( T ) with 5 (Figs. 3 and 7), there
are only minor changes in cotOH. The gradient of the T
plot ( A ) decreases monotonically with 5 (Fig. 10)
whereas the zero-temperature intercept (8 ) remains ap-
proximately constant (in all cases the gradient was ob-
tained from the region where the data were best de-
scribed by the T law as discussed in Sec. IIID). We
note that the behavior displayed here for both our
single-crystal and thin-film samples ( 2 falling as T, is re-

D. Deviations from simple power-law behavior

Although the cotOH data of Fig. 9 are in broad agree-
ment with Eq. (1), there are deviations from this law at
both high and low temperatures. For 6=0.05 the slope
of the T plot falls smoothly between 200 and 300 K,
while for the other samples it changes more abruptly.
Related features can be seen in the high-temperature
resistivity data and have been observed by other work-
ers. ' The origin of these anomalies is not clear, but it
is possible that they are connected with oxygen ordering
phenomena in the CuO chains because the size of the
resistivity anomaly increases with 5 but disappears com-
pletely upon addition of impurity atoms such as Al or Co
in the CuO chains. The overall behavior of the data is
that for low 5 there is a decrease in the slope of
cotOH ( T ) at the temperature where dp ld T increases.
However, the anomaly in p(T) becomes larger as 5 is in-
creased, while that in cotOH becomes smaller. In fact,
the sample with the largest anomaly in p(T) (5=0.53)
shows almost no corresponding feature in cot8Ir ( T ).

The nonlinearities in cot8H( T ) that occur at low tem-
perature ( ( 150 K) for the samples with high 5
(0.39,0.53) may be caused by localization effects but alter-
natively within the approach of Ref. 17, they also could
reAect changes in the relative strength of the spin fluctua-
tion and electron-electron scattering.

E. Magnetoresistanee

0

Films

Co Crystals (Al 0 Batch),

Co Crystals (SnO Batch)
2

20 40 60
T (K)

80 100

FIG. 10. The gradient of cotSH ( T ) for thin films of
YBa2Cu307 q and single-crystal YBa2(Cu& Co„)307 z grown
in Sn02 and A1203 crucibles (Ref. 7). In all cases the fits were
made in the linear region of the cotO~(T ) plot (see Sec. III D,
i.e., at lower temperatures for smaller values of 6, etc.).

The resistive transitions of the films were studied in
fields of up to 7 T, applied parallel to the crystallographic
a-b or c axes. Temperatures were measured using a car-
bon glass thermometer which has little magnetoresistance
in the field range considered. For B parallel to a-b, the
film was aligned with the field to within +1 by searching
for the minimum in resistance at a temperature approxi-
mately halfway down the transition. For the sample with
5=0.05, the resistivity was independent of current [at the
current densities ( —100 Acm ) used in this study] for
at least 3 orders of magnitude below the normal state.
The raw data in Fig. 11 clearly show that for 8 ~~c oxygen
depletion leads to a strong monotonic increase in the field
broadening with 5. This increase is less marked for Blc
but as mentioned below it is still appreciable on a suitably
normalized temperature scale. Arrhenius plots of lnp vs
1000/T are shown in Fig. 12. It can be seen that, except
possibly at the lowest temperatures, the data in Fig. 12
cannot be described by a single activation energy. It
might be possible to understand these data in terms of



48 HALL EFFECT AND RESISTIVITY OF OXYGEN-DEFICIENT. . . 13 057

0.1

0.08-

E
0.06--

0.02--

0

0.08--

2
( 0.06--
E

0.04--

0.02--

0
0.5

2
7

BJ c

OT
0.5T

2T
7T

B*(T)=B*(0) 1—
4/3T*(B)

T*(0)

This scaling was also obtained for Blc (not shown) but
here an exponent of —,

' was a better fit to the data. The
above particular power law is expected for critical Auc-
tuations which are described by the 3D XY model,
analogous to those observed at the A, point of superAuid
He, e.g. , Ref. 38. As shown in Fig. 14, Eq. (4) seems to
hold over most of the field and temperature range studied
here. It is not clear to us whether this power law actually
represents the upper critical field B,z( T ) itself, in the lim-
it where the critical region is broad, as in the treatment of
Ref. 38, or whether it represents the vortex lattice rnelt-
ing line expected at -0.1B,z. ' In either event, applica-

I Ji
50 60 70 80 90 0 10 20 30 40 50 60 70 80

T(K) T(K)

FIG. 11. Magnetoresistance data for thin films of
YBa2Cu307 z near T, . The top two panels show resistance vs
temperature for B parallel to c and the bottom two for B per-
pendicular to c. The fields and 5 values are indicated in the
figure. The current was in the ab plane in all cases. For
6=0.39 there are no data for B=0.5T, applied parallel to c.

10'

10'2

E~ 1O'

B tlc
OT

0.5T
2T —:

7T

thermally activated Aux motion as in the work of Zhu
et al. This will be attempted later when I-V measure-
ments are available to fix some of the parameters. In all
cases the resistivity falls continuously to zero with no ob-
vious discontinuity that could define a "transition tem-
perature" or B,2(T) line. However, if the logarithm of
the resistance is plotted against temperature (not shown)
the resistance is seen to fall sharply when it has reached
approximately O. l%%uo of its normal-state value. We define
this temperature as T*(B), and in Fig. 13 we plot the ra-
tio T*(B)/T*(0)vs applied field (B). This is a transpar-
ent way of showing that the transition broadens consider-
ably as 5 is increased. Figures 13(a) and 13(b) seem to
show that both field orientations (Blc and B~~c) give
similar results, albeit on a different temperature scale.
For conventional low-T, type-II superconductors, Fig. 13
would show how the upper critical field B,2 varies with
temperature, and since ~, the Ginzburg-Landau parame-
ter, only varies by -20%, it should approximately fol-
low the quadratic behavior of the thermodynamic critical
field (B, ). It can be seen that, for our data, the curvature
of B(T) is of the wrong sign to allow this simple interpre-
tation. Interpretations of the transition in terms of stan-
dard Aux-Aow models may be incomplete because they do
not explain the weak dependence of the resistance on the
relative orientation of the field and current directions
(i.e., the virtual absence of a Lorentz force dependence of
the resistivity). ' However, if all the curves in Fig.35, 36

13(a) (B ~~c ) are normalized by a suitably chosen scaling
field B*(0) (Fig. 14) they fall on to a single universal
curve, the form of which is approximated well by the re-
lation
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FICx. 12. Arrhenius plots [In(p) vs 1000/T], showing the
broadening of the resistive transition for thin films of
YBa2Cu307 z. The top two panels show data for 5=0.05 and
0.23, in fields of 0, 0.5, 2, and 7 T, applied parallel to c (first
panel) and perpendicular to c (second panel). The bottom two
panels show data for 6=0.28 and 0.53 in fields of 0, 0.5, 2, 4,
and 7 T, applied parallel to c (third panel) and perpendicular to
c (fourth panel). The current is in the ab plane in all cases.



13 058 CARRINGTON, WALKER, MACKENZIE, AND COOPER 48

v

.
,0.39

~=0.s3%
.0.28

X

%0.23
y0. 19

10

Bll c

0.3 0.4

5=0.53

I

0.5 0.6

0.39 0.28

X

0.7 0.8

O. 23

0.9

10

10

2
(b)

BJc
0
0.85 0.9 0.95

T (B)/T (0)

10
0.01

0 o.4 o.s

0.1

1-(T (B)/T (0))

FIG. 13. Field (B) vs T*(B)/T*(0) (defined in text) with (a)
B perpendicular to the ab plane, (b) B parallel to the ab plane.

tion of a magnetic field along the c axis of YBazCu307
seems to broaden the critical region substantially. Since
the B'(0) values fall sharply with 5, it is also broadened
by oxygen depletion. A somewhat different picture has
been proposed recently to account for the field-induced
broadening of Bi2Sr2CaCu208+& films and
Bi, 7Pbo 3Sr, 9CaCu, 90~+& crystals. ' In this case the gi-
ant fluctuations are attributed to decoupling of the super-
conducting CuO& layers by a magnetic field, rather than
30 XY behavior. More detailed studies of the present
films to higher magnetic fields may help to clarify the re-
lationship between these two approaches.

IV. CONCLUSIONS

In summary we have made a systematic study of the
effect of oxygen depletion on the ab-plane resistivity.
Hall effect, and magnetoresistance of laser ablated
YBa2Cu307 & films. We have obtained some unexpected

FIG. 14. Reduced field B*/B*(0)vs T (H)/T*(0) (defined
in text) for 0~B ~7 T applied perpendicular to the ab plane.
The scaling fields B*(0)are laO, 7a, 40, 16.S, 11, and 9 T for 6
values of 0.05, 0.19, 0.23, 0.28, 0.39, and 0.53, respectively. The
solid curve is Eq. (4) showing the power-law dependence. The
inset shows the same data plotted on linear axes.

results especially with regard to the low residual resistivi-
ties, the strong curvature in p( T ), the relatively small
variation in inverse Hall angle with 5, and the —,-power-
law behavior of the scaled magnetic fields.
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