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Structural inhomogeneities observed in YBa2Cu3O72d crystals with optimal transport properties
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The high-Tc cuprates have exhibited a variety of unusual features in both their normal-state and supercon-
ducting properties. One of the challenges that has faced experimentalists in the field has been to determine
whether the observed properties can be attributed to intrinsic behavior or whether they are a result of extrinsic
factors such as sample inhomogeneity. In this paper, we present transport measurements on two
YBa2Cu3O72d crystals which exhibit many of the features generally attributed to fully oxygenated, homoge-
neous samples. Nevertheless, x-ray-diffraction studies also presented in this paper reveal surface and bulk
structural inhomogeneities in both crystals. Results of these studies show variations in thec-axis lattice
parameters on the surface and throughout the interiors of both crystals. These are interpreted as variations in
the oxygen content. The transport studies together with the structural measurements represent a more thorough
and complete characterization of sample quality than is generally reported. Our results lead one to question the
validity of using transport measurements alone to determine sample quality and whether any of the properties
measured in crystals can be attributed to ‘‘optimally doped’’ or ‘‘fully oxygenated’’ samples.
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I. INTRODUCTION

Despite enormous efforts spent characterizing the tra
port properties of the high-temperature superconduc
~HTS’s!, the mechanism of superconductivity remains un
solved. Various experimental results including NMR,1–3 pen-
etration depth,4 photoemission,5 and tunneling6–8 measure-
ments suggest that the charge carriers form supercondu
pairs whose wave function exhibitsd-wave symmetry as op
posed to thes-wave symmetry observed in the convention
low-temperature superconductors. For this reason, nume
new theories which rely on novel pairing mechanisms h
been proposed to explain the anomalously high superc
ducting transition temperatures (Tc) observed in the HTS’s
Other theories, such as that of Phillips9 or Kresin and Wolf,10

maintain that the HTS’s can be understood in terms of c
ventional phonon-mediated BCS superconductivity, if o
takes into account the complexity of the materials’ laye
structure.

Although the controversy over the origin of supercondu
tivity in the HTS’s is still ongoing, considerable progress h
been reported in characterizing the transport properties.
determination of theintrinsic behavior of the HTS’s is cru-
cial. Experimental studies exploring the nature of both vor
dynamics and the mechanism of superconductivity have
vealed unusual behaviors which have spawned, or appare
confirmed, some exotic theories. Many of the more we
studied transport properties have generally been accepte
representative of intrinsic behavior, based upon the qualit
the samples under consideration. The determination
sample quality is in turn generally based upon the trans
560163-1829/97/56~5!/2860~11!/$10.00
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properties rather than on any structural examinations, des
the results of several studies which have suggested the p
ence of inhomogeneities in polycrystalline samples11

crystals,12–18 and films19 of YBa2Cu3O72d ~YBCO!.
A low resistivity, high Tc , and sharp superconductin

transition are generally associated with high-qual
samples.20,21 In terms of these criteria, single crystals a
considered better quality than thin-film or polycrystallin
samples. For this reason many experiments have focuse
high-quality single-crystal samples; they are presumed m
likely to be defect free and representative of the intrin
nature of the materials. Recent results reported by Q
et al.22 suggest that this may not be true. Using hig
resolution x-ray-diffraction studies, they have shown th
structural defects exist even in samples with high, sharp
perconducting transitions. Assuming that random oxygen
fects affect normal-state transport in the Cu-O planes thro
scattering, the mean free path in thea-b plane must be re-
lated to the density of these defects. The average dista
between defects is approximatelya/Ad. Using a53.8 Å,
this approximation yields an average separation of 15 Å fo
d50.06. The interpretation of normal-state properties mu
therefore, consider the effects of scattering with mean f
paths on the order of tens of angstroms, even in nearly o
mally doped samples.

In addition to the transport properties already mention
single-crystal samples of HTS’s~in particular the 123 cu-
prates! have exhibited a variety of unusual features in bo
the normal and mixed states. The normal-state properties
clude a linear temperature dependent resistivity23 as well as a
temperature-dependent Hall coefficient.20,24–26 The mixed-
2860 © 1997 The American Physical Society
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56 2861STRUCTURAL INHOMOGENEITIES OBSERVED IN . . .
state properties include a sharp drop in the temperature
pendence of the magnetoresistivity27–30which is attributed to
a vortex lattice ‘‘melting’’ transition and a negative Ha
anomaly31–34which occurs in a range of fields and tempe
tures nearTc . The observation of these features also h
been attributed to intrinsic effects based on the ‘‘high qu
ity’’ of the crystals. The superconductive properties are
pected to be sensitive to sample inhomogeneities due to
short superconducting coherence lengths of these mate
their chemical complexity, their low carrier concentration
and the strong dependence of their carrier concentration
the oxygen content. Phillips9 has shown theoretically tha
such sample inhomogeneities can explain many of the p
erties of these systems and has suggested that they a
sponsible for the highTc’s. At issue is whether defects d
indeed exist in samples which have been determined to
high quality ~i.e., optimally doped and homogeneous! based
on transport measurements alone. If so, then the interp
tion of any results obtained on these samples must take
account the presence of these defects or explain why they
irrelevant.

As is well known, the superconducting properties
YBCO are strongly affected by the oxygen composition a
ordering in the CuO-basal planes. In general, supercon
tivity occurs for 72d.6.4, with Tc increasing to 93 K for
72d'6.95 and then decreasing slightly as 72d increases to
7.0.35,36 Under certain processing conditions,37–44 the curve
of Tc versus 72d has several plateaus, one near 72d
57.0 corresponding toTc'90 K ~the ortho-I phase! and oth-
ers with lowerTc’s. The most studied of these is the one ne
72d56.5 with a Tc of 60 K ~the ortho-II phase!. These
differentTc’s, which can be quite sharp, have been explain
as due to the ordering of the chain oxygens. This argume
supported by x-ray-, neutron-, and electron-diffracti
measurements.45–47

If the chains are not ordered, thenTc still decreases as
72d decreases, but the transitions tend to broaden and
Tc plateaus are observed.48 Parkset al.49 have shown that the
c-axis lattice parameter of the orthorhombic unit cell is
reliable measure of the oxygen composition for bulk samp
with disordered oxygen chains. Skeltonet al.,50,51 using
energy-dispersive x-ray-diffraction techniques with synch
tron radiation, studied the variation of thec-lattice parameter
of single crystals of YBCO with a spatial resolution
50mm2. In one case, it was found that while thec-lattice
parameter remained invariant in the central region of
crystal, it increased towards the surfaces, which could
interpreted as evidence that the oxygen content diminis
near the sample surfaces. In a recent Letter, Qadriet al. re-
ported the detection of variations in thec-axis lattice param-
eter near the surfaces of YBCO crystals based on h
resolution x-ray-diffraction studies.22

The work reported in this paper represents a continua
of earlier efforts. In an effort to determine whether defe
may exist in samples which exhibit many of the criteria ge
erally attributed to ‘‘high-quality’’ crystals, we have pe
formed a series of transport measurements on two sin
crystal samples. These crystals were further analyzed u
high-resolution x-ray-diffraction studies to examine the cr
tals’ surface and very-high-energy x-ray photons to probe
crystals’ interior. The transport measurements coupled w
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the structural studies represent the most thorough chara
ization of HTS samples reported to date. The results h
striking implications for current theories and indicate th
despite exhibiting all of the transport properties that are g
erally associated with high-quality crystals, our samples c
tain oxygen defects. This brings into question the assump
that samples can be determined to be optimally doped,
mogeneous crystals based on transport properties alone
less these oxygen content assumptions can be verified i
pendently, e.g., via structural studies, claims th
experimental results are intrinsic, especially belowTc , are
suspect.

II. TRANSPORT MEASUREMENTS

The crystals were grown in a zirconia crucible using
self-decanting flux method.52 Crystals grown using this
method are generally heavily twinned and both samples w
determined by visual inspection with polarized light to
equally twinned along both crystallographic directions. Ele
trical contacts were made by sputtering 200 nm gold stri
along the edges of the crystal to which 25-mm diameter gold
wires were attached using silver epoxy. A high-temperat
anneal in flowing oxygen was applied to reduce the con
resistances to less than 1V at room temperature.

Magnetotransport measurements were taken in a 13-T
perconducting magnet. The sample was oriented in field
ing a Hall sensor placed adjacent to the sample which in t
was mounted on a goniometer that allowed sample rota
in field. Hall effect measurements were performed with t
magnetic field oriented along thec axis by either sweeping
the field with the sample held at fixed temperature or
sweeping the temperature with the sample held at fixed fi
Measurements were made using both positive and nega
fields in order to correct for magnetoresistance due to sm
misalignments of voltage contacts.

Low contact resistances do not necessarily imply a u
form contact over the entire contact area. Nonuniform c
tacts could result in an inhomogeneous current distribut
which might compromise the experimental results. In ord
to verify a uniform current distribution, measurements we
made using various sets of voltage contacts. Voltage
measured using several pairs of contacts, and the degre
which resistivity measurements agree among the vari
combinations of voltage contacts was taken as a measu
the current uniformity. In both samples, it was determin
that the current distribution was highly uniform. In order
rule out sample heating effects,I -V curves were taken abov
Tc and determined to be Ohmic within the range of the a
plied measuring currents~10–20 mA!.

A. Resistivity

Figure 1 shows the resistivity versus temperature data
tained from the two crystals. Both samples exhibited a h
(.93 K) and sharp (,300 mK) superconducting transition
In addition, the resistivity atT5300 K and the residual re
sistivity are both within the range of resistivities reported f
high-quality twinned samples. As mentioned previously
linear temperature-dependent resistivity is also gener
considered a criteria for judging sample quality. Halbritte16

has proposed a model which relates the slopea and zero-
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2862 56V. M. BROWNING et al.
temperature interceptr~0! to sample inhomogeneities. Bot
samples exhibited a highly linear temperature depende
with r(0)514.5 (26.0) mV cm and a50.5 (0.5)
mV cm/K for sample A~B!. These results are in agreeme
with the reported intrinsic values as determined from m
surements obtained from fully oxygenated thin fil
samples.53

B. Normal-state Hall effect

The observed 1/T temperature dependence of the Hall r
sistivity (rxy) together with the linear dependence of t
normal-state resistivity (rxx) has provided considerable ev
dence which suggests that the temperature dependenc
cot(uH)[rxx/rxy obeys a strictT2 dependence.54,55 Several
models have been proposed to account for these obse
tions. Anderson56 suggests that the observed temperature
pendence is due to different relaxation rates for charge
spin carriers. Carringtonet al.57 propose that the observe
temperature dependences can be explained in terms of v
tions of the mean free path around the Fermi surface, w
other models suggest that the temperature dependenc
flects an actual change in carrier concentration.58,59All of the
above-mentioned models assume that the observedT2 de-
pendence of cot(uH) is intrinsic in nature based on the hig
quality of their samples as determined by low resistiviti
high Tc , and/or conventional x-ray-diffraction technique
For comparison, our cot(uH) values for sample A as calcu
lated from our resistivity and Hall measurements are plot
in Fig. 2. Similar results~not shown! were obtained for
sample B. The solid line represents a fit of the equat
aT21b to the data. The coefficientsa50.006 andb510
obtained from this fit are found to be in agreement with tho
of Chienet al.32

As already mentioned, due to the short coherence len
in the a-b plane (jab;20– 30 Å), the superconducting o
der parameter is also highly sensitive to structural inhom
geneities on similar length scales. We shall now discuss
eral features of the superconducting state which are gene
attributed to intrinsic effects and which are often observed
only the highest-quality samples.

FIG. 1. Resistivity vs temperature for single-cryst
YBa2Cu3O72d sample A~solid circles! and sample B~open circle!.
ce

t
-

-

of

va-
e-
d

ia-
le
re-

,

d

n

e

th

-
v-
lly
n

C. Negative Hall anomaly

Riceet al.60 have measured the Hall effect in a detwinne
single-crystal YBCO sample belowTc . The crystal mea-
sured in their study exhibited a very high, sharp superco
ducting transition and resistivity values that were among t
lowest ever reported. Their results are consistent with simi
measurements in twinned YBCO films61,62and crystals63 and
in Bi2Sr2CaCu2O81y and Tl2Ba2CaCu2O8 films64,65 in that
the Hall resistivity undergoes a sign change in a range
magnetic fields and temperatures belowTc . Their results are
interpreted in light of a model presented by Wang and Ting66

which relies heavily on pinning forces. It is argued that a
though their results are well described by the Wang-Tin
model, the fact that a similar negative Hall anomaly is se
in thin-film samples suggests that this model is not approp
ate since the pinning forces would be expected to be qu
different. Although additional pinning forces are expected
thin films due to grain boundaries, it could be argued th
since the effect is seen in single crystals, the relevant pinn
forces originate within the grains and that the lack of discre
ancy between thin-film and crystal samples is, therefore, n
surprising.

Harriset al.63 have studied the angular dependence of t
negative Hall anomaly and originally argued that the o
served sign change inrxy arose due to fluctuations associate
with a Magnus force that changes sign depending on whet
vortices are aligned in plane or out of plane. However,
light of new evidence67 which suggests that the Hall conduc
tivity ( sxy) scales with the angle between thec axis and the
applied field, Harriset al. now argue that the negative Hal
anomaly can be better understood in terms of a model p
posed by Geshkenbein and Larkin.68 In this model, the sign
change arises in a two-component system69 in which the qua-
siparticle and vortex Hall currents have opposite sign. Har
et al. demonstrated the expected scaling ofsxy with respect
to field and tilt angle which has provided strong evidence
support of the Geshkenbein-Larkin model. Implicit in th
interpretation of the results of both Harriset al. and Rice
et al. is the assumption~based upon low resistivity values
and high, sharp superconducting transitions! of highly oxy-
genated, homogeneous samples.

FIG. 2. Temperature dependence of cot(uH) as measured in a
single-crystal sample of YBa2Cu3O72d ~sample A!. The solid line
represents a fit of aT2 temperature dependence to the data.
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56 2863STRUCTURAL INHOMOGENEITIES OBSERVED IN . . .
The negative Hall anomaly observed in sample A a
temperature of 89.9 K is plotted in Fig. 3. The depth of t
resistive minimum is consistent with that obtained by R
et al.; however, we also observed an angular depende
similar to that of Harriset al. The fact that our structura
studies show evidence of sample inhomogeneity sugg
that models such as that of Wang and Ting, which incor
rate pinning forces due to sample defects, may be approp
for describing the negative Hall anomaly.

D. Magnetoresistance

A sharp resistive drop in the mixed state of ‘‘clean
single-crystal YBCO samples in the presence of app
magnetic fields has been interpreted as evidence for a vo
lattice melting transition.70,71This drop occurs at a resistivit
value that is approximately 10% of the normal state resis
ity and is;100– 200 mK wide in low fields. It was furthe
shown by Kwoket al.71 that this effect could be suppresse
by pinning at twin boundaries. This observation was int
preted as evidence that the effect is intrinsic and that
increase of pinning sites due to the presence of vari
sample defects would further suppress the effect. For
reason, the observation of this melting transition is taken
be a signature of high-quality samples.

Our magnetoresistance results for sample A are show
Fig. 4. The inset shows similar data for sample B taken in
applied field of 4 T. The angular dependence of the mag
toresistance is shown in Fig. 5 and suggests, in agreem
with the results of Kwok’set al., that pinning at twin bound-
aries suppresses the effect. However, the results of our s
tural studies, which we will now discuss, indicate the pr
ence of various oxygen defects which preclude ruling out
possibility that this effect is extrinsic in nature.

III. STRUCTURAL STUDIES

A. High-resolution surface measurements

High-resolution x-ray-diffraction measurements were p
formed on a Huber four-circle diffractometer using tripl
crystal arrangement in which the monochromating and
analyzing crystals were both Ge~111! ~see Fig. 6!. Cu Ka
radiation from a rotating-anode x-ray tube was used. T

FIG. 3. Field dependence ofrxy below Tc for single-crystal
YBa2Cu3O72d ~sample A!. The solid line is a guide to the eye.
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Ka2 peak was eliminated by adjusting the aperture slits be-
tween the monochromating crystal and the sample. The ab
sorption length~1/m, wherem is the linear absorption coef-
ficient! for Cu Ka radiation in YBCO is 9.1mm. The
reciprocal of the attenuation coefficient for the~006! reflec-
tions, also for CuKa radiation, is 1.7mm.72 These values
bracket the upper and lower absorption limits between mo-
saic and perfect crystals. They are representative of the dept
of material being sampled in these high resolution measure
ments.

Scans along the@0,0,l # reciprocal lattice vector, i.e., so-
calledu-2u scans, of the~0,0,6! reflection are shown in Fig.
1 for each crystal. Each scan can be resolved into three sepa
rate peaks, each corresponding to a slightly differentc-axis

FIG. 4. Magnetoresistance vs temperature for single-crystal
YBa2Cu3O72d ~sample A! as a function of applied field. The field
was applied at an angle of 30° with respect to the crystal’sc axis in
order to avoid pinning at twin boundaries. Data are shown forH
50, 0.5, 1, 2, 3, 4, 5, 6, 7, and 8 T. The inset shows similar data
obtained from sample B in an applied field of 4 T.

FIG. 5. Angular dependence of the magnetoresistance showing
suppression of the ‘‘melting’’ transition due to pinning at twin
boundaries. The two curves represent data taken in an applied fiel
of 8 T with u50° ~solid circles! andu516° ~open circles! whereu
is defined as the angle between the crystal’sc axis and the applied
field.
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2864 56V. M. BROWNING et al.
parameter. When examined using a conventional sin
crystal diffractometer with a graphite analyzer, only a sin
broad peak is seen. The angular resolution of our conv
tional diffractometer is about 7 arc minutes, whereas tha
our high-resolution diffractometer is about 9 arc seconds

The c-axis lattice parameter of the YBCO orthorhomb
unit cell is a reliable indicator of the oxygen content in cry
tals. It is related to oxygen composition by the equation

72d574.4925.787c, ~1!

FIG. 6. High-resolution specula scan of the~006! reflection for
samples A~bottom! and B ~top! taken on triple-crystal diffracto-
meter with CuKa1 radiation. In this configuration, the CuKa2

component was eliminated by adjusting the slits after the mo
chromator. The monochromator and analyzing crystals w
Ge ~111!.
e-
e
n-
f

-

wherec is in angstroms.52 ~This equation does not hold fo
YBCO thin films.! The estimated uncertainty ind is
60.04. Based on this equation, the values of (72d), as
determined from the high-resolution scans, are given
Table I. The integrated area under each peak is represent
of the fraction of the illuminated area associated with t
oxygen content corresponding to that peak. These values
are given in Table I. It is important to note that in the
crystals, as in most every YBCO crystal we have studi
there is always a region with (72d);7.0. The fact that we
never obtain regions with (72d).7.0, within the experi-
mental uncertainty, gives us confidence in the validity of E
~1! for determining the oxygen content. The weighted av
age of (72d) for each crystal is the same: 6.8760.04 for
crystal A and 6.8460.04 for crystal B.

To obtain information about the quality of individua
grains or domains, rocking curves were measured. The~006!
reflection of each crystal was centered inv andx with 2u set
at 46.40°. The measured rocking curves are shown in Fig
For crystal A the measured peak can be deconvoluted
seven separate peaks; crystal B can be represented by
peaks. These multiple peaks may be due to different oxy
concentrations and small-angle grain boundaries betw
crystallites.

B. High-energy bulk measurements

In order to probe the interior of these crystals, the ve
high-energy x rays available at the National Synchrotr
Light Source~NSLS!, at Brookhaven National Laborator
were used. The energy dispersive diffraction facility
Beamline X17C at NSLS, which was used for this work, h
been described elsewhere.73 Complete details of the standar
techniques used to analyze the energy-dispersive x-
diffraction data can be found in Ref. 50.

1. Data collection

The cross section~width and height! of the beam imping-
ing on the sample is defined by four tungsten blocks. Th
are controlled by computer-driven micropositioners and w
set to define a beam approximately 10mm wide and 10mm
high. The actual cross section was determined by steppi
knife edge through the beam at 1-mm intervals and monitor-
ing the transmitted intensityI 0 . The full width at half maxi-

-
e

TABLE I. Peak intensities, 2u values,c-axis lattice parameters, and 72d values as obtained from
high-resolution 2u scans of YBa2Cu3O72d crystals A and B shown in Figs. 9~a! and 9~b!, respectively.

Crystal A
Peak position~2u! Relative intensity Surface area~%! c ~Å! 72d

46.546 288 37.5 11.6965 6.82
46.586 456 59.3 11.6868 6.86
46.685 24 3.2 11.6633 6.99

Crystal B
Peak position~2u! Relative intensity Surface area~%! c ~Å! 72d

46.569 439 82.0 11.6097 6.84
46.639 16 3.1 11.6741 6.93
46.683 79 14.9 11.6637 6.99
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56 2865STRUCTURAL INHOMOGENEITIES OBSERVED IN . . .
FIG. 7. The rocking curve of the~006! diffraction peak for the
sample taken with CuKa1 radiation for samples A~bottom! and B
~top!.

FIG. 8. Schematic of the high-energy diffraction experimen
set up on Beamline X17C at NSLS.
mum of plots ofdI0 /dy versusy and of dI0 /dz versusz
were used to determined the actual width and height, res
tively. These values were 19.2 and 9.4mm, respectively, for
crystal A and 10.5 and 9.0mm, respectively, for crystal B.

Each crystal was bonded to a glass fiber and mounted
a four-circle~2u,v,x,f! diffractometer with its@0,0,l # recip-
rocal lattice vector approximately in the horizontal plane
x'0 and normal to the incident beam atv'0. ~The anglef
was held constant during these experiments.! The crystal
was then approximately centered in the beam optically. W
v'x'0, the edges of each crystal were determined by s
ping it in 1-mm steps through the beam and monitoringI 0 .

Each crystal was then positioned so that the beam pa
through its geometric center. The diffractometer coordina
of v and x were adjusted to optimize the intensity of th
(0,0,l ) diffraction spectra. The detector was set at a 2u angle
of 15.000° for measurements on crystal A and at 13.000°
crystal B. These angular positions were calibrated using
diffraction pattern from an Au foil. When aligned, the di
fracted intensity from the lower-energy peaks of the YBC
crystals was so intense that the Ge detector would satu
To avoid this, an Al plate approximately 10 mm thick wa
placed in the incident beam to absorb lower-energy photo
A schematic of the experimental set up is shown in Fig.
The diffraction spectra from crystals A and B are shown
Figs. 9~a! and 9~b!, respectively.

l

FIG. 9. ~a! (0,0,l ) diffraction spectrum for YBa2Cu3O72d crystal
A recorded at 2u515.000°. ~b! (0,0,l ) diffraction spectrum for
YBa2Cu3O72d crystal B recorded at 2u513.000°.
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2866 56V. M. BROWNING et al.
The length of thec axis can be determined from an
(0,0,l ) peak. Since the~0,0,16! peak is the strongest in th
measured spectrum for crystal A, only it was monitored
also was selected because it is at a sufficiently high pho
energy, 65.24 keV. For crystal B~at 2u513.000°! the
~0,0,11! peak at 51.47 keV was used for the same reasons
these photon energies, the absorption length is sufficie
large to allow collection of data from anywhere in the cry
tal. The apertures in front of the energy-dispersive dete
could not be reduced below about 20mm; consequently, the
measured spectra were collected from the horizontal len
of the crystal illuminated by the incident beam. As they
position of the crystals is changed, the effective scatter
center will undergo a small displacement due to absorpt
The largest effect of this on the value of (72d) is calculated
to be less than 0.3%.
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The intensity around the selected diffraction peak,E0,0,16
for crystal A andE0,0,11 for crystal B, was measured as th
crystal was systematically stepped through a series of (y,z)
positions. This was accomplished automatically by a co
puter programZSTP. The operations executed byZSTP are as
follows: ~1! The crystal is translated to a new (y,z) posi-
tion; ~2! the diffraction peak of interest is centered inv and
x; ~3! the crystal is stepped inv through the diffraction peak
and at each step, the number of counts in an energy win
centered on the peak of interest and extending into the b
ground on either side is recorded for a fixed time period;~4!
the crystal is then translated to a new (y,z) position and the
procedure repeated.

Three separate scans were made of each crystal. Va
for and definitions of each of the input parameters forZSTP

were as follows:
Crystal A:
Scan 1 Scan 2 Scan 3

y0 , Dy, #y5 20.20, 0.02, 12 20.20, 0.02, 12 20.20, 0.02, 12
z0 , Dz, #z5 20.05, 0.10, 16 20.50, 0.10, 20 20.40, 0.05, 34
#v, Dv, Dt:5 7, 0.10, 7 7, 0.10, 11 7, 0.10, 10
v0 , x0 , E05 7.7, 22.5, 65.24 7.39, 1.7, 65.24 7.34,22.37, 65.24
Center~v,x!?: Yes Yes Yes
Dv, Dx5 0.05, 1.00 0.05, 0.50 0.05, 0.75

Crystal B:
Scan 1 Scan 2 Scan 3

y0 , Dy, #y5 20.20, 0.05, 7 20.20, 0.05, 7 20.20, 0.05, 7
z0 , Dz, #z5 21.60, 0.10, 28 21.60, 0.04, 7 21.60, 0.05, 56
#v, Dv, Dt:5 5, 0.05, 7 7, 0.05, 10 6, 0.02, 7
v0 , x0 , E05 9.265, 1.7, 51.47 9.265, 1.7, 51.47 9.265, 1.7, 51.47
Center~v,x!?: Yes Yes Yes
Dv, Dx5 0.02, 0.50 0.02, 0.50 0.02, 0.50
t

w
tal
, it
y a
or
et
wherey0 , Dy, and #y are the initialy coordinate, the incre-
ment in y, and the number of steps iny, respectively;z0 ,
Dz, and #z are the same forz; #v, Dv, and Dt are the
number ofv positions at which the peak is to be measur
the increment betweenv steps, and the duration~in seconds!
for which the spectrum is to be measured, respectively; if
peak is to be recentered inv andx at each new (y,z) posi-
tion, thenDv andDx are the step increments in the centeri
procedure. All linear values are in mm, and all angular v
ues are in degrees. The approximate duration for each o
three scans was 9, 12, and 17 h for crystal A and 7, 2, an
h for crystal B. In both cases, scan 3 was stopped be
completion.

2. Data analysis

The output files fromZSTPwere analyzed by separate pr
gram YZSCAN. The operations executed byYZSCAN are as
follows: ~1! Read the output file fromZSTP, ~2! for each
setting iny, z, andv, determine if there is a peak prese
,

e

-
he
12
re

within the designated energy window;~3! if so, fit the data to
a mathematical function;~4! find the center of the larges
peak for all thev settings at this (y,z) position; ~5! output
the results for graphical analyses.

The relative standard deviation in the net intensity~above
background!, s, is given by the equation74

s[
@Nt1Nb#1/2

Nt2Nb
, ~2!

whereNt is the total number of counts in the energy windo
andNb is the total number of background counts. For crys
A, the energy window was 61 channels wide; for crystal B
was 41 channels wide. The background is determined b
linear fit to the counts in the first and last five channels. F
a peak to be recognized,s needs to be less than a pres
maximum, usually 0.1.
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If a peak is determined to exist, then the data recorde
the energy window are fitted to a Gaussian function plu
linear background. The equation used to represent the da

I fit~n!5a1 expH 2
1

2 F ~n2a2!

a3
G2J 1@a41a5n#, ~3!

where I fit(n) represents the number of counts in channen
and ai ( i 51,2,...,5) are thecoefficients determined by th
fit. The peak amplitude, center, and width area1 , a2 , and
a3 , respectively; the intercept and slope of the linear ba
ground function area4 anda5 , respectively. The values fo
ai were evaluated by minimization of the goodness of the
x2:

x25( F 1

sn
2 @ I fit~n!2I meas~n!#2G , ~4!

wheresn are the uncertainties in the data points, taken to
unity, andI meas(n) are the measured values of the intens
for each channel,n. A parabolic expansion of thex2 method
was used for the determination of theai .75 Iteration of the
fitting routine was continued until the difference betwe
subsequentx2 sums was less that a preset minimum, usua
0.001%. Typical fitted functions for a weak peak and fo
strong peak are shown in Figs. 10~a! and 10~b!, respectively.

FIG. 10. ~a! x2-sums fit to a weak peak.~b! x2-sums fit to a
strong peak.
in
a
is

-

t,

e

y

The peak channel number associated with a peak is c
verted into photon energy using a calibration curve for
detector determined using a series of known radioac
sources. The energy values are converted intoc-axis lattice
parameters using the Bragg relation

dhkl5
k l

2Ehkl sin u
, ~5!

wheredhkl is the interplanar spacing of the (h,k,l ) planes,k
is the product of Planck’s constant and the speed of lig
Ehkl is the energy of the (h,k,l ) diffraction peak, and 2u is
the Bragg angle. Thec-axis length is equal to the product o
l andd00l . The previously cited linear relationship betwee
the length of thec axis and (72d) was used to convert the
data into oxygen content.

Finally, for each value ofy and for each of the three scan
for each crystal, the values of (72d) are plotted versusz.
The plots fory520.06 for crystal A andy520.05 for crys-
tal B are shown in Figs. 11~a! and 11~b!, respectively, as
representative examples. For each value ofy, a smooth curve
was then drawn through all three data sets. These sm
curves were used to generate the three-dimensional p
shown in Figs. 12~a! and 12~b! for crystals A and B, respec
tively. As with the surface measurements, no region of
crystal was observed to have a value of (72d).7.0, with
the experimental uncertainty.

FIG. 11. ~a! Values of (72d) vs z at y520.06 mm for scans 1,
2, and 3 for crystal A. ~b! Values of (72d) vs z at y5
20.05 mm for scans 1, 2, and 3 for crystal B.
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FIG. 12. ~a! Three-dimensional plot of (72d) vs y andz for crystal A. ~b! Three-dimensional plot of (72d) vs y andz for crystal B.
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IV. CONCLUSION

Earlier studies of structural inhomogeneities in a num
of YBCO crystals have shown that variations in (72d) are
common. However, most of those crystals also had br
and/or multiple superconducting transitions, as would be
pected. A summary of our results for samples A and B a
other similar samples is shown in comparison to previou
published results obtained by other groups in Table II. T
results reported here demonstrate that even crystals
sharp transitions and low resistivities can possess nume
structural imperfections, implying that transport measu
ments alone are not a rigorous test of HTS sample qua
The consistency between our observations of transport p
erties in samples with known inhomogeneities and those
tained in samples that were assumed to be clean and ho
geneous leads us to question whether any of the obse
r

d
x-
d
y
e
ith
us
-
y.
p-
b-
o-
ed

transport properties of the HTS’s can be attributed solely
intrinsic behavior. We feel that these results present an
portunity for theorists to either explain why one can igno
sample imperfections or to predict how experimental res
are affected by them.

We emphasize that the results presented here do no
any way provide evidence that sample inhomogenei
manifest themselves in the transport properties. However,
presence of such defects in two crystals which would oth
wise be considered high quality based upon transport m
surements alone makes it vital that any crystal which p
duces exotic experimental results be carefully examined
assay its defects. Until the transport properties are meas
in a crystal whose oxygen content and homogeneity h
been determined to be optimal via structural studies, the
trinsic nature of these materials remains uncertain. In ad
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TABLE II. Comparison of transport data obtained from various single-crystal samples of YBa2Cu3O72d

from this study with those obtained from the literature. The crystals from this study were shown via
diffraction measurements to contain oxygen defects.

Transport property This study Literature results

Low resistivity
r ~100 K!

40–60mV cm 20–100mV cm

High Tc >93 K 92–95 K
SharpDTc 100–300 mK 100–300 mK
cot(uH)5aT21b a>0.006 K2 b>10 A>0.005 K22 C>10– 20
Negativerxy rxy(min)520.4 mV cm rxy(min) between20.5

and20.1 mV cm
Vortex lattice
‘‘melting’’ transition

Observed in twinned
samples

Observed in twinned
and untwinned

samples
72d 6.8–6.9 ?
d
og
y
lu
TS

ah

d

tion, since conventional x-ray-diffraction measurements
not achieve the resolution needed to measure the inhom
neities reported in this study, only high-resolution x-ra
diffraction or other techniques which obtain similar reso
tion are appropriate for structural studies in the H
systems.
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