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Deoxygenated nonsuperconducting YBazCu3Os.2 (YBCO) single crystals doped with Br are stud-
ied. The resulting crystals become superconducting with 7. ~ 92 K, AT, ~ 1.0 K as determined by
four-point-probe resistivity measurements. The resistivity in our best sample decreases linearly with
temperature. The large ratio in the resistivity at 300 K of the brominated to the pristine YBCO
single crystals (~35:1) suggests that bromination greatly increases the scattering rate. The upper
critical field H2(T') parallel and perpendicular to the ab plane is determined resistively. H.2(0) and
the corresponding coherence lengths £,5(0) and £.(0) are estimated. A comparison with the fully
oxygenated YBCO single crystals shows that £,,(0) remains approximately the same, whereas £:(0)
decreases by a factor of ~ 3, suggesting that Br never enters the CuO2 planes. The pinning energy
for vortex motion in the ab plane decreases after bromination and this decrease can be attributed to
the increased anisotropy. For vortex motion along the ¢ axis, however, the pinning energy decreases
or increases depending on temperature and field. Compared with the fully oxygenated YBCO single
crystals, the critical current density is suppressed by bromination and is strongly dependent on the
applied magnetic field. The reduced lower critical field Hc: in the brominated YBCO single crystals
indicates a reduction in the carrier density (by a factor of between 2 and 3), which is consistent with
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the observed reduction in the plasma frequency.

I. INTRODUCTION

Halogen doping at modest temperatures (260°C for
Br) has been shown to provide an interesting method
for restoring superconductivity in partially deoxygenated
nonsuperconducting YBazCuzOg.2 (YBCO) crystals.}™
Because of the relatively low processing temperature and
the stability of the brominated YBasCu3Og.2 compound
to high temperatures (~1000°C, though further loss of
oxygen can occur in the brominated samples at elevated
temperatures), these halogenated compounds have at-
tracted attention for possible use in connection with hy-
brid semiconductor-superconductor integrated circuit de-
vices.

The location of Br in the lattice has also been of great
interest because it would give clues to the mechanism for
the restoration of superconductivity. Previous attempts
to locate the bromine position in the lattice have proved
inconclusive, the main reason being that the x-ray diffrac-
tion pattern broadens significantly when the bromine is
present. Radousky et al.® conclude that this broadening
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results from the bromine occupying several nonequivalent
sites in the lattice. This point of view has recently been
strengthened by the results of Amitin et al.,> who con-
clude from detailed NMR work on the YBCO-CI material
that the Cl occupies three separate sites in the lattice.
In this paper we study the temperature and mag-
netic field dependence of the conductivity and mag-
netic susceptibility of brominated YBCO, and we re-
late these properties to the fully oxygenated supercon-
ducting YBCO both in the normal and superconduct-
ing states. Our goal is to gain further understanding
through these transport measurements on the role of Br
in restoring superconductivity to deoxygenated YBCO.
In Sec. IT we discuss sample preparation and characteri-
zation, and the experimental procedures. In Sec. III the
results of zero magnetic field transport measurements are
presented, while Sec. IV is devoted to the corresponding
resistivity measurements in a magnetic field parallel and
perpendicular to the ¢ axis for temperatures close to 7.
From the resistivity data, the upper critical field H., can
be deduced. Knowledge of H.; is important because H.o
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is related to the fundamental length scale of the super-
conductor and hence to the underlying mechanism for the
restoration of superconductivity in brominated YBCO.8
Section V estimates the pinning potentials for vortex mo-
tion parallel and perpendicular to the ab plane. Section
VI presents the results of the measurements of the criti-
cal current density J.(T, H) and the lower critical field.
Section VII summarizes the results of the paper.

II. EXPERIMENT

A. Sample preparation and characterization

The starting materials used for these experiments were
small nearly rectangular platelets (~ 1.2 x 0.9 mm?
x0.05 mm thick) of YBayCu3zOr_;s single crystal with
T.~ 92 K and AT, ~ 1.0 K as determined from resistiv-
ity measurements. These crystals were deoxygenated by
heating at 600 °C for ~12 h and subsequently brominated
for 24 h at 260°C.3

Though the lattice constants of the brominated YBCO
single crystals studied here were not measured, previ-
ous x-ray diffraction data taken on brominated powder
showed an orthorhombic structure which is consistent
with the result of others,37710 with the lattice constants
a = 0.38274 £ 0.0008 nm, b = 0.3880 &+ 0.001 nm, and
¢ = 1.1636+0.004 nm.3 These measured lattice constants
are similar to the results of a joint x-ray and neutron re-
finement by Williams et al.,? though slightly less than
those reported by Jorgensen et al.1° Although x-ray data
were not obtained on the crystals measured here, the
brominated crystals from similar runs were found in gen-
eral to be twinned as they had been prior to bromination.

Auger depth profiling and energy dispersive x-ray anal-
ysis confirmed the uniform incorporation of Br in the
deoxygenated YBa;Cu3Og 2 single crystals with a nom-
inal stoichiometry YBagoCuzQOg.2Brog.!! Previous work
on powders and crystals has shown that for crystals with
near 100% magnetic shielding fractions, both weight gain
and x-ray fluorescence microprobe measurements find the
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bromine content to be 0.9 (i.e., YBayCuzOg 2Brpg9). The
oxygen content is nominal and is based on similar deoxy-
genation procedures performed on powders. The oxygen
content is assumed not to change during the bromination
(since the bromination temperature is low compared with
the deoxygenation temperature).3

The magnetic susceptibility measurements were car-
ried out using a superconducting quantum interference
device (SQUID) to characterize the samples for their
shielding fractions. The zero-field-cooled (ZFC) data of
Fig. 1, taken with an applied field of 20 Oe parallel to
the ¢ axis (before demagnetization correction), showed
T. ~ 85 K and AT, ~ 4 K with a shielding fraction
~ 100% for the YBCO, and 7T, ~ 82 K and AT, ~ 20 K
with a shielding fraction ~ 97% for the brominated
YBCO single crystals. (We define T, by magnetization
measurements to be the temperature where the slope of
the susceptibility vs T curve is a maximum and calcu-
late AT, from the 10% and 90% points.) These values
are to be compared with the zero-field resistivity mea-
surements (described below) of T, ~ 92 K, AT, ~ 1 K
for both brominated and fully oxygenated YBCO single
crystals.

The field-cooled (FC) temperature-dependent suscep-
tibility data showed a small positive increase for both
the YBCO and brominated YBCO samples (see Fig. 1).
This type of effect has been observed previously!? and
is believed to come from the flux trapping capabilities
of the materials and the nonuniform distribution of the
magnetic field inside the SQUID.!3

It is appropriate at this time to mention the question
of sample quality, which we believe has caused some con-
fusion over the disparate results in the literature. Since
the magnetically determined T, for the Br-doped sample
is lower than that for the pristine one, even though their
transport 7. values are about the same, the Br-doped
sample is probably more inhomogeneous and impure. Re-
sults concluding that the bromine is incorporated in the
lattice,®%14 and results indicating that the bromine (or
chlorine) causes a decomposition of some parts of the

FIG. 1. Susceptibility vs 7" as determined
| from SQUID measurements for a fully oxy-
genated YBazCu3Og.9 single-crystal sample
(T. = 85 K) and for a 24-h brominated
] YBazCu3Os.2 single-crystal sample with
a nominal stoichiometry YBaxCuzOg.2Bro.o
(Ref. 11) and T = 82 K. The applied mag-
| netic field is along the ¢ axis and has a mag-
nitude of 20 Oe. Both field-cooled (FC) and
1 zero-field-cooled (ZFC) data are shown.
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sample, and a reoxygenation of other parts,!® can both
be found. It has been our experience that both types
of reactions can occur, without yet determining which
uncontrolled factors (e.g., bromine pressure, moisture,
initial oxygen content, and ordering, etc.) control the
quality of the sample. The samples used here and in
our previous studies®1! had shielding fractions near 100%
and uniform bromine distribution as measured by Auger
depth profiling, indicating that the bromine has been in-
corporated into the lattice. It appears that some of the
samples reported in the literature actually did show a de-
composition but this is clearly accompanied by shielding
fractions that are far below 100%. We believe that the
problem of understanding the kinetics of the bromination
process is a separate issue from determining the position
of the bromine (to be addressed in this paper) which has
been demonstrably incorporated into the lattice.

B. Measurements

To make the transport measurements the samples were
first mounted on mica with GE varnish. To make good
electrical contacts, we used an ion milling technique
whereby an aluminum mask was employed to expose only
those areas where the silver contact pads were evapo-
rated. Leads were attached using silver paint at the four
corners of the sample where contact pads (~0.1 x 0.1
mm?) were deposited. Whereas the contact resistance
per pad for the YBCO was only on the order of 0.5 2, the
contact resistance for the brominated YBCO was ~15 €.
The contact resistance for both YBCO and brominated
YBCO was found to decrease slightly as the temperature
decreased from 300 K to 4.2 K.

The resistivity measurements with and without mag-
netic fields were made using a van der Pauw four-point-
probe method. With the magnetic field in the ab plane or
along the ¢ axis, but always perpendicular to most of the
current, the magnetoresistance was measured for current
flowing in the ab plane by sweeping the magnetic field
from 0 to 14 T in 20 min. Heating effects were avoided
by operating at low current densities (J < J, where J,
is the critical current density). The resistivity measure-
ments were checked for heating effects by increasing the
current by a factor of 5-10 and observing no change in
the measured p,p. The reversibility of the p,p versus H
measurements was checked by sweeping the field both up
and down.

The inductive critical current density of brominated
YBCO was obtained by sweeping the applied field be-
tween —6 and 6 T at a fixed temperature and using the
Bean critical state model formula for H || ¢ axis!®17

Jo = 30[M, — M_]/D, (1)

where M (M_) is the measured magnetization for in-
creasing (decreasing) field and D is the diameter of the
in-plane surface of the sample. For H L c axis, a slightly
modified formula is used:”

Jo = 20[M+ - M‘“]/da (2)

where d is the sample thickness.
The lower critical field H.; is defined to be the field
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FIG. 2. Magnetization of a YBayCu3QOs.2Brg.g single crys-
tal as a function of field (before demagnetization corrections
are applied) at 4.5 K for field perpendicular to the CuO
plane. The magnetic field at which the magnetization starts
to deviate from the straight line is taken as the criterion for
calculating H.;. After demagnetization corrections are ap-
plied the field value H.; is about ten times that indicated by
the arrow in the figure.

(after applying the sample demagnetization correction)
where the magnetization versus field curve starts to de-
viate from linearity. Figure 2 illustrates the criterion for
determining H.;. Using this criterion, H.; versus T was
determined.

III. ZERO-FIELD TRANSPORT

Results for the zero-field temperature-dependent re-
sistivity p(T) for the starting YBaCuzOsg and
YBayCu3zOg. 2Brg.g single crystals are shown in Fig. 3.
There is good agreement between our YBCO data for p vs
T and the literature values for YBCO single crystals.'81?
With the seven or eight available contacts per sample, a
set of four good contacts is selected, using the T' depen-
dence of the resistivity in the normal state and the sharp-
ness of the superconducting transition as the criteria for
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FIG. 3. Measured p(T) vs T for a single crystal
YBazCusz0s.2Bro.g (T: ~ 92 K) shown by the solid curve.
For reference, p(T) for a fully oxygenated YBa2CuzOs.0 (Tc =~
92 K) single crystal is also shown (dashed curve) to illustrate
the approximately 35-fold increase in the normal-state resis-
tivity on bromination.
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evaluating the quality of the sample and of the contacts.
Our best YBCO-Br sample exhibited a zero-field p(T)
curve similar to that for the YBa;CuzOg.g single crystal
used for the starting material, showing a linear 7' depen-
dence for p(T'), except that the slope for p(T) for the
brominated sample (solid curve) is about 35 times larger
than that for the starting material (dashed curve). Of
the three other YBCO-Br samples, one also showed a
linear dependence of p(T") with a comparable slope. The
remaining two samples which had been subjected to a
prolonged acetone and ultrasonic cleaning process exhib-
ited much larger p and nonlinear p(T) curves.

Despite the large increase in the normal-state resistiv-
ity for the brominated samples, they nevertheless demon-
strated almost the same T, values and transition widths
(AT,) at the normal-superconducting transition. Note
that the two resistivity curves in Fig. 3 almost coalesce
if we scale the brominated YBCO curve down by a certain
factor (~ 35) so that the scaled resistivity equals that of
the pristine YBCO sample at ~100 K. The room tem-
perature resistivity value for our best brominated YBCO
single crystal is accurate only to within 20% due to sam-
ple inhomogeneity and slightly nonuniform thicknesses.
This value of resistivity for the brominated sample is
considerably less than that quoted in Ref. 11 probably
because the sample used there had been subjected to a
prolonged acetone and ultrasonic cleaning process.

As discussed in Sec. VI, the carrier density in
YBayCuzOg g single crystals is between two and three
times that in YBa;Cu3Og.2Brgg. If we assume a Drude
expression for the dc resistivity and assume that the ef-
fective mass remains the same upon bromination, we can
estimate the resistivity for the brominated sample by

&_ no7To ~ 2.579 (3)

Po NBrTBr - TBr ’

where pg, no, 70 and pg;, nBr, TBr are the resistivity, car-
rier density, and scattering time of the fully oxygenated
YBCO and the brominated YBCO single crystals, respec-
tively. Since in this paper we always consider the factor
[carrier density/effective mass], the assumption that the
effective mass is not changed by bromination can be re-
laxed by substituting the factor [carrier density/effective
mass] for the quantity [carrier density] throughout the
text. Experimentally, pp;/po is approximately 35 at
room temperature. This leads us to conclude that bromi-
nation greatly increases the scattering rate.

One might argue that the increase of the scattering
rate is caused by an increase in the number of impu-
rities and grain boundaries after bromination. Impu-
rities and grain boundaries, however, tend to give rise
to only weakly temperature-dependent carrier scattering
and hence should have little effect on the temperature de-
pendence (i.e., the slope) of the normal-state resistivity.
The 35-fold increase of the slope of the line p(T") indi-
cates that impurities and grain boundaries alone cannot
account for the remarkable increase of the scattering rate.

IV. UPPER CRITICAL FIELDS

The measured resistivity as a function of magnetic field
(both parallel and perpendicular to the ¢ axis) at various
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FIG. 4. Magnetic field dependence of the resistivity for
H || c axis for a YBazCusOs.2Bro.s single crystal as a function
of magnetic field for various temperatures from 69 K to 91 K.
The 50% points which are taken as the upper critical field are
marked with bullets.

temperatures T is shown in Figs. 4 and 5. For each of
the lowest temperatures (for either field orientation), the
resistivity as a function of field increases from zero with
an increasing slope up to some field value above which the
slope starts to decrease. The higher-temperature curves
seem to follow the same qualitative trend, except that
their low-field zero resistivity points are not shown due
to a finite remanent value of the applied magnetic field
in our superconducting magnet.

Although a sophisticated scaling procedure exists for
uniquely determining the upper critical field H., from the
fluctuation conductivity data,® the conventional method,
in which we define H., as the field where 50% of the
normal-state resistivity is restored, has been shown to
give about the same result for H.o(T").6 Moreover, we are
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FIG. 5. Magnetic field dependence of the resistivity for
H 1 c axis for a single-crystal YBaxCu3zOg.2Bro.9 sample as
a function of magnetic field for various temperatures from
86.8 K to 92.2 K. The 50% points which are taken as the
upper critical field are marked with bullets.
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mainly interested in the change, not the absolute value,
of the magnitude of H., upon bromination. This change,
we believe, can be obtained by consistently applying the
same criterion, whether the simple resistive method or
the elaborate fluctuation scaling procedure, to both the
pristine and the brominated samples. Employing the re-
sistive method, the calculated values for H.o(T") versus
T are plotted in Fig. 6 and these results are compared
with those from the same batch of YBasCu3Og g single
crystals before deoxygenation. The results of Fig. 6 show
that bromination increases Hj (with H L c axis), but
decreases Hll2 (with H || ¢ axis).

To obtain an estimate for the T = 0 values for H.5(0),
we use the Werthamer, Helfand, and Hohenberg (WHH)
expression?®

dH,
H(0) = 0.69 < dT°2> T). (4)
Referring to Fig. 6, the slope in Eq. (4) is taken to be
tangent to the H2(T') curve at the highest available field
(14 T) for our measurements and T, is the intersection
of this tangent with the temperature axis. The results
for H.(0) for the brominated and pristine samples are
given in Table I for the two magnetic field orientations.

The in-plane and c axis coherence lengths at T' = 0,
&av(0), and £.(0) (Refs. 21 and 22) are estimated from the
relations derived from the effective mass model based on
the anisotropic Ginzburg-Landau (GL) theory

HY0) = #Z(O) (5)
and
B0 = SO ©

where ¢g is the flux quantum. The results for £,,(0) and
&.(0) are likewise listed in Table I.
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FIG. 6. Upper critical fields H, llz (solid circles and squares)
and H2 (open circles and squares) vs T for YBayCu3Og.9
(circles) and YBa2Cu3Os.2Bro.9 (squares) single crystals.
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TABLE I. Parameters deduced from analysis of the criti-
cal field measurements.®
YBCO YBCO-Br
Parameter = This work Iye® Moodera®  This work
Hl'z(O) 78 T 118 T 61T 53 T
£a6(0) 21 A 17 A 23 A 25 A
H(0) 313 T 510 T 222 T 776 T
£:(0) 5.1 A 39 A <6.3 A 1.7A

2T, defined at 50% pn.
PReference 21.
°Reference 22.

Using the effective mass model, we relate the H,
anisotropy to the effective mass anisotropy by

L 1/2
Hy _ fw _<1n_> , R

H), & \ma

Our results from Table I yield a ratio 7 = £,5(0)/£.(0) ~
14.6 and ~ 4.0 for the brominated and pristine YBCO
single crystals, respectively. We thus see that bromina-
tion has increased the anisotropy of £(0) [and H.2(0)] by a
factor of ~ 3.6. From Eq. (7) we estimate the correspond-
ing changes in the anisotropy of the effective masses upon
bromination to be a factor of ~13, as compared with ~4
for the pristine sample.

More specifically, bromination reduces £.(0) by a factor
of 3, but leaves £,5(0) (or the CuO2 planes) relatively un-
affected. This suggests that Br does not enter the CuO,
planes. This conclusion is consistent with the findings of
Amitin et al.® that Cl occupies the three positions O(5),
O(4), and O(1), all away from the CuO; planes.

V. PINNING POTENTIALS

From the data of Figs. 4 and 5, the pinning energy
U(T, B) can be obtained using the thermally activated
flux motion relation?3:24

U(T, B) = kBTln<p€;)>, (8)

where po is estimated as po = p(Tp) and T is taken to be
the temperature below which the (zero-field) resistivity
starts to drop rapidly.?* The uncertainty in Tp introduces
a small systematic error, but this error does not signifi-
cantly affect our comparison of U (T, B) between the pris-
tine and brominated YBCO single crystals. Figures 7(a)
and 7(b) show such a comparison as a function of field
for H||cat T =892 Kand H L cat T = 76.0 K, re-
spectively. The horizontal lines correspond to U ~ kgT
and indicate the crossover between the thermally acti-
vated dissipation (upper) and the flux flow (lower) re-
gions. Note that no data points are given in the flux flow
region since Eq. (8), which describes thermally activated
flux motion, no longer applies here. Similarly, Figs. 8(a)
and 8(b) compare the pinning energies as a function of
temperature at 5 T for both field orientations. Again,
flux flow and thermally activated dissipation dominate
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the regions below and above the straight lines U ~ kgT,
respectively.

From Figs. 7(a) and 8(a), bromination appears to de-
crease the pinning energy for vortices aligned along the
c axis. A possible explanation for the pinning potential
reduction is the increase of anisotropy?® discussed above.
Since

U = J.BR2L.r,, (9)

where 7, is the range of the pinning potential, R, is the
correlation length of the vortices in the ab plane, and L, is
the correlation length along the vortex, higher anisotropy
or shorter correlation length means smaller pinning en-
ergy, assuming the other parameters r,, R;, and J, re-
main the same in the ab plane. (J; in the ab plane, as
shown in Sec. VI, is in fact smaller at high field for the
brominated YBCO samples, reducing the pinning poten-
tial even further.)

thermally activated
2YBa,Cu,0
200 72 2 3¥e6.9
100 | YP22CU062Br0s Ty }E‘&
D —
50 } Hlle, T=76.0K
flux flow
(a)
.0
2 2 5 10
H(T)
500 [oRP by
YBa,Cu,04,Br
200
z Hlic, T=-89.2K
~— 100 }__ —_
- YBa,Cu,0,,
50
(b) flux flow
20 1 2 5 10
H (T)
FIG. 7. (a) The field dependence at 76.0 K of the activa-

tion energy U for flux motion in the ab plane (H || ¢) derived
from the resistivity data for YBa;Cu3Oe.9 (open circles) and
YBazCu306.2Bro.g (open squares) single crystals. The hori-
zontal dashed line U(T') = kBT separates the flux flow from
the thermally activated flux motion regions. (b) The corre-
sponding field dependence at 89.2 K of the activation energy
for the flux motion perpendicular to the ab plane (H L c).

For magnetic fields parallel to the ab plane, the
anisotropy argument is inapplicable since the pinning
mechanism is different and is believed to arise from the
strong modulation of the order parameter in the direction
perpendicular to the layers.?6 As a result, the pinning en-
ergy for vortex motion perpendicular to the layers does
not always increase for the more anisotropic brominated
YBCO samples. In fact, as shown in Figs. 7(b) and 8(b),
the pinning potential is smaller than that of the fully oxy-
genated YBCO single crystals at low temperature and
field.

VI. MAGNETIZATION MEASUREMENTS

Figures 9 and 10 present the critical current density
J. calculated from the magnetization hysteresis data us-
ing the modified Bean critical-state model for magnetic
field parallel and perpendicular to the ¢ axis. Compared

300 T T T T T T
YBa,Cuz0g,Brog  YBayCuzOgg
Q
)‘ G\\ s thermally activated |
200 - &Y ]
\\ \“\
c | » .
o \‘Sk H"c = 5T
100 | (3) g I
____________ S
I flux flow |
o | 1 1 1 1
N4 8 .9 10
TIT,
400
‘\‘ thermally activated
N .
300 N
— %, % YBa,Cu,0
Z | () N
) YBa,Cu,y04,Br4 ‘\"u Hyo5T
100 t e
flux flow
0
.95 96 .97 .98 .99 100 1.01
TIT,
FIG. 8. (a) The temperature dependence at 5 T (H || ¢)

of the activation energy for the flux motion in the ab plane de-
rived from the resistivity data for YBa;Cu3Os.9 (open circles)
and YBa3Cu30e6.2Bro.g (open squares) single crystals. The
dashed line denoting U(T) = kpT separates the flux flow
from the thermally activated flux motion regions. (b) The
corresponding temperature dependence at 5 T (for H L c) of
the activation energy for flux motion perpendicular to the ab
plane.
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FIG. 9. The field dependence of the inductive critical cur-
rent density in a YBa;Cu3Og.2Bro.g single crystal at different
temperatures for fields parallel to the ¢ axis. The solid lines
are guides for the eye. The inset shows the corresponding
field dependence data for a YBa;CuzO~7_, single crystal by
Lan, Liu, and Shelton (Ref. 27). The temperatures listed in
the inset apply to each curve, consecutively.

with J; of a fully oxygenated YBCO single crystal shown
in the inset of Fig. 9,27 the J, values of our brominated
YBCO single crystals are noticeably suppressed, espe-
cially at higher fields and temperatures. Moreover, J,
for the brominated samples exhibits a much stronger de-
pendence on H than for the fully oxygenated samples.
Note that since the resistivity for the brominated YBCO
becomes too low to be measured conveniently for the tem-
perature and field range considered in Figs. 9 and 10, the
corresponding pinning energies in this range are unavail-
able for comparison with the J. values presented here.
Figure 11 plots the measured lower critical field Hc;
versus temperature of a brominated YBCO single crystal.
The inset shows the corresponding result by Lan, Liu,

103 YBa,;Cuj0g 2Brg g
102 75K
10! 1
0 2 6
H (Tesla)

FIG. 10. The field dependence of the inductive critical
current density in a YBaxCu3zOs.2Bro.g single crystal at dif-
ferent temperatures for fields perpendicular to the c axis. The
solid lines are guides for the eye.
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FIG. 11. The temperature dependence of the lower critical

field H. for H || c axis for a YBazCu3Os.2Bro.g single crystal.
The inset shows the corresponding data for a YBazCuzOr7_y
single crystal by Lan, Liu, and Shelton (Ref. 12).

and Shelton!? on a fully oxygenated YBCO single crystal
for H parallel to the ¢ axis. The anomalous upturn of
H., at low temperature (I' < 50 K) for both the fully
oxygenated and the brominated YBCO single crystals
can be attributed to the appearance of low-temperature
surface barriers.?® For the high-temperature regime (7" >
50 K), using the relation derived from the anisotropic GL
theory??

®g
Hoy ~ —-, 1
cl 4TAZ, (10)
where Agp is the penetration depth for H || ¢ axis and
@, the flux quantum, the value of (H B0 /HYBCO-Br)

between 2 and 3 implies that

)‘YIPCO_Br 2

a

QS(W> <3 (11)
a

From the relation A2, o< mgp/n, (Ref. 29) with mg; the
effective mass in the ab plane and n; the density of the su-
perconducting electrons which is taken to be equal to the
carrier densities ng and np, for the pristine and bromi-
nated YBCO samples, respectively, we get

1 NBr 1
assuming mgp is the same. The reduction of the car-
rier density in Eq. (12) by a factor of 2-3 by bromi-
nation is consistent with the observed equivalent de-
crease in the plasma frequency (from ~10000 cm~! to
~6000 cm™1).11 Tt is interesting to point out that even
though the superconducting carrier density is reduced
by more than a factor of 2, the corresponding T is un-
affected for the brominated single crystals relative to
the pristine YBCO samples. This lack of variation in
T, as the carrier density significantly decreases is con-
sistent with the well-known plateau observed in T, of
oxygen-deficient YBa;CuzO7_s (Refs. 30 and 31) for
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0 <6 <0.12, where § = 0.12 corresponds to a decrease
in the carrier density by a factor of ~2.32

VII. SUMMARY

Bromination of deoxygenated YBCO single crystals in-
creases the scattering rate as well as the anisotropy. The
relative lack of variation of £,,(0) and the reduction of
&.(0) by a factor of 3 upon bromination of YBCO sug-
gest that Br never enters the CuO; planes. The pinning
energy for vortex motion in the ab plane decreases after
bromination and this decrease can be attributed to the
increased anisotropy which is measured independently.
For vortex motion along the ¢ axis, however, the pin-
ning energy decreases or increases depending on temper-
ature and field. Bromination suppresses J. and makes
it strongly dependent on the applied magnetic field. At
high temperature, the reduced lower critical field H,; in
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the brominated YBCO single crystals indicates a reduc-
tion in carrier density (by a factor of between 2 and 3)
which is consistent with the observed reduction in the
plasma frequency.
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