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Planar tunneling spectroscopy of Y1ÀxPrxBa2Cu3O7 thin films as a function
of crystallographic orientation
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~Received 21 September 1999; revised manuscript received 14 January 2000!

We present a systematic study of the charge transport and quasiparticle tunneling properties of
Y12xPrxBa2Cu3O7 thin films. Pr doping increases the resistivity along the copper oxide planes and suppresses
the superconducting critical temperatureTc , ultimately inducing a superconductor-insulator transition. The
tunneling conductance is reproducible and correlated with the crystallographic film orientation. The crystallo-
graphic dependence can be divided into two distinct categories: tunneling into~001!-oriented (c-axis! films and
tunneling into~100!-, ~110!-, and ~103!-oriented (ab-oriented! films. c-axis tunneling data exhibit a conduc-
tance dip at zero bias and a broad temperature-dependent peak over;15– 40 mV that decreases in magnitude
but stays fixed in energy for increasing Pr doping levels.ab-plane tunneling data exhibit a zero-bias conduc-
tance peak and a gaplike feature at an energy that scales roughly linearly withTc for x50.0, 0.2, and 0.4.
When x50.5, the resistivity is not linear in temperature and a zero-bias conductance dip is observed. The
background conductance that ensures conservation of states in the low-temperatureab-plane data exhibits
temperature- and doping-dependent structure over;15– 40 mV that is very similar to the peak observed in
c-axis tunneling. Finally, analysis of the temperature and magnetic field dependence of the zero bias conduc-
tance peak indicates that states are conserved to within;20%, supporting its interpretation as a feature of a
superconducting density of states.
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I. INTRODUCTION

Tunneling spectroscopy is an experimental technique
provides the most direct measurement of the supercond
ing quasiparticle density of states,1 probing the electronic
structure near the Fermi energy with unsurpassed resolu
For temperatures much less than the superconducting cr
temperatureTc , the conductance through a tunnel junction
roughly proportional to the superconducting quasiparti
density of states. Knowledge of the density of states ena
one to predict thermodynamic properties belowTc , like the
electronic specific heat. More importantly, tunneling sp
troscopy allows detailed measurement of the supercond
ing gap and fine structure beyond the gap. In low-Tc super-
conductors, this fine structure provides unambiguous pr
that the electron-phonon interaction is responsible for su
conductivity, confirming the BCS hypothesis. By analog
observation of similar structure in high-Tc superconductors
can provide important information about the supercondu
ing mechanism in the cuprates. Even the absence of this
structure is important because it adds constraints to any
croscopic theory purporting to describe high-Tc supercon-
ductivity.

Motivated by the past success of tunneling spectrosco
numerous researchers have attempted to measure the d
of states of the high-Tc superconductor YBa2Cu3O7
~YBCO!.2–5 The first reproducible tunneling data came fro
planar junctions with conventional metal counterelectrod
Very reproducible results were observed from both thin fil
and crystals and from different research groups. Howe
the data exhibit strikingly unconventional features, as sho
in Fig. 1. Many experimental data indicate that the superc
ducting gap in YBCO hasd-wave symmetry.6 But the planar
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tunneling conductance only exhibits a weak gaplike struct
around;20 meV that resembles neither ans-wave nor a
d-wave bulk superconducting gap. There are many m
states within this gaplike structure even when compared
d-wave gap. Nevertheless, this gaplike structure is intrigu
because it appears near an energy where one expects t
serve a superconducting gap,eV;2kBTc .

Another interesting aspect of the tunneling conductanc
its crystallographic dependence. When the tunneling cur
is predominantly directed perpendicular to the copper ox
planes, referred to as c-axis tunneling, the conductance
hibits a dip at zero bias and broadly peaked structure o
;15– 40 meV. These data, however, are qualitatively diff
ent than the data measured when the tunneling curren
predominantly directed parallel to the copper oxide plan
This will be referred to asab-plane tunneling. In this geom
etry, the conductance exhibits a zero-bias conductance p
~ZBCP! and a gaplike feature~GLF! at ;16 meV.

Tunneling spectroscopy of cation-doped7,8 and
oxygen-deficient9 YBCO has also been performed. The
prior results are all fromc-axis tunneling experiments. Thes
data intriguingly show that, while the broad peak in t
;15– 40 meV range in thec-axis data gets weaker with
doping, it stays fixed in energy even thoughTc is suppressed
The c-axis Pr-doped YBCO data presented in this arti
confirm previous data obtained from single crystals.8 In con-
trast, theab-plane GLF exhibits a markedly different dopin
dependence than that of thec axis. The energy of the
ab-plane GLF decreases when Pr is doped into YBCO a
Tc is consequently suppressed. Similar to the characteris
around zero bias, theTc dependence of the peaklike stru
tures also exhibits crystallographic anisotropy.

In this article, the charge transport and planar tunnel
12 440 ©2000 The American Physical Society
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conductance properties of Y12xPrxBa2Cu3O7 ~YPBCO! thin
films are presented. This article also includes a further an
sis of the temperature and magnetic field dependence o
ZBCP from YBCO/Cu tunnel junctions reported in Ref. 1
A brief summary of the theoretical predictions for ad-wave
symmetry superconducting order parameter at a surfac
given in Sec. II. The experimental details of thin film growt
measurement of the resistivity, and tunnel junction fabri
tion and measurement are discussed in Sec. III. The exp
mental YPBCO resistivity data are shown in Sec. IV. T
crystallographic and doping dependence of the YPBCO t
neling conductance is presented in Sec. V. A discussion
the background normalization that leads to conservation
states in theab-plane data will be presented in Sec. VI.
further analysis of the temperature and magnetic field dep
dence of the zero-bias conductance peaks is presented in
VII. Finally, concluding remarks are stated in Sec. VIII.

II. THEORETICAL BACKGROUND

A background discussion of the tunneling spectroscopy
d-wave superconductors and the impact of surfaces will
given first. This will briefly summarize the physics of unco
ventional superfluids in general11 andd-wave symmetry su-
perconductors in particular12–17 at surfaces, and the cons
quent formation of Andreev bound states, as develope
previously published articles.

Anisotropic superconductors differ from conventional s
perconductors by the phase and amplitude variations of
order parameter across the Fermi surface. This leads to m
edly different behavior between the two at surfaces and
terfaces. Specifically, when the node of ad-wave order pa-
rameter is normal to a specularly reflecting surface, nor
reflection at the surface leads to strong Andreev reflect
This happens at a ~110!-oriented surface for a

FIG. 1. Typical data from anab-oriented-YBCO/Pb planar tun
nel junction illustrating the contrasting gap structure from YBC
and Pb. The temperature is well below theTc of both YBCO and
Pb. The Pb gap at 1.35 mV and the Pb phonon structure at 8 an
mV are clearly observed. The decrease in conductance at app
mately 17 mV is the YBCO gaplike feature~GLF!. Note that the
subgap conductance of the YBCO GLF is much greater than tha
the Pb gap. Other than the Pb density of states, there is no re
blance between these data and that expected when tunnelin
tween two conventional superconductors.
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dx22y2-symmetry order parameter and is shown in Figs. 2~a!
and 2~b!. A quasiparticle incident on the superconducto
insulator interface experiences a gap of2uD i u along its clas-
sical trajectory. This quasiparticle is then reflected into
state where the gap is equal to1uD r u. Hence, the quasipar
ticle experiences a change in the sign of the order param
along its trajectory. This leads to strong Andreev reflecti
where an electronlike~holelike! quasiparticle is retroreflecte
into a holelike ~electronlike! state.18 This combination of
normal and Andreev scattering results in the formation
quasiparticle bound states at the surface.

The most relevant class of bound states is compose
those formed from spatially localized, evanescent wa
with energies below the superconducting gap,E,D. While
these states are forbidden in a clean bulk material, they
exist at a surface. The energy of these states is set by
boundary condition at the surface, where the supercond
ing pair potential is effectively odd in configuration spac
The only possible solution is a state at zero energy.19 This is
a very robust result that leads to substantial spectral we
in the density of states at the Fermi energy. Only perfec
specular~100!- or ~010!-oriented surfaces have no boun
states. All other surface orientations between~100! and~110!
will have at least some quasiparticle trajectories that exp
ence a change in the sign of the order parameter and, he
a zero-energy bound state will form. Quasiparticle sta
above the gap will also form bound states and geometr
resonances, but these contribute very little spectral weigh
the density of states and will hereafter be ignored.

This mixing of electron and hole states at the surface a
impacts the amplitude of the order parameter. Self-consis
calculations predict substantial pair breaking near the sur
in the presence of this strong Andreev scattering. For
particular case of adx22y2-symmetry order parameter at
specular~110!-oriented surface, the pair potential is su
pressed entirely to zero at the interface. Hence, a fu
formed dx22y2 gap is possible only at a specular~100!-
oriented surface. All other orientations will have at lea
some pair breaking and extra states within the gap.

The Andreev bound state will shift to finite energy in th

10
xi-

of
m-
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FIG. 2. Schematic illustration of specular quasiparticle refl
tion at a ~110!-oriented surface of a superconductor with
dx22y2-symmetry order parameter.~a! Configuration space. The
classical trajectory of a quasiparticle incident on a superconduc
insulator interface is indicated by the arrow labeledi. This quasi-
particle is specularly reflected into another quasiparticle state wh
trajectory is indicated by the arrow labeledr. The YBCOa andb
crystallographic directions are also shown.~b! Momentum space.
The sign and amplitude of the order parameter for the quasipar
states corresponding to~a! are shown. The incident quasiparticle
in a state where the gap is equal to2uD i u. This quasiparticle is then
reflected, represented by the dashed line, into a state where the
is equal to1uD r u.
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12 442 PRB 62M. COVINGTON AND L. H. GREENE
presence of superfluid flow by an amount given
vFps sin(fc) ~wherevF is the Fermi velocity,ps is the su-
perfluid momentum, andfc is the tunneling cone!. This is
the usual Doppler shift of the quasiparticle energy. The s
in energy is positive~negative! for quasiparticles moving in
the same~opposite! direction asps . A finite superfluid mo-
mentum can occur in at least two different ways. Either
external magnetic field can induce the circulation of Coo
pairs or the superfluid can spontaneously circulate in z
field when two order parameters with a relativep/2 phase
difference coexist. In the latter case, the gradient in ph
between the two order parameters drives the superfluid
culation.

Finally, these Andreev bound states are different fr
localized states that originate from spatial variations in
Hartree-Fock potential. Since Andreev bound states
change charge with the superconducting condensate by
dreev reflection, they can carry current even though they
localized in space. Hence, they will appear as a zero-
conductance peak in a tunneling experiment.

III. EXPERIMENTAL DETAILS

A. Thin film growth

In this experiment, YPBCO thin films are studied with
concentrations ofx50.0, 0.2, 0.4, 0.5, and 1.0. Tunnelin
measurements are performed for all four film orientatio
but only on superconducting films wherex50.0– 0.5. The
resistivity is measured for all five doping levels, but only t
results from~001!-oriented films are shown. The films ar
grown by off-axis magnetron sputter deposition from sin
stoichiometric targets.20,21 ~001!- and ~103!-oriented films
are grown directly onto the substrate while~100!- and~110!-
oriented films employ a PrBa2Cu3O7 ~PBCO! template. Cu-
riously, YPBCO withx.0 will not follow the orientation of
~100!- and ~110!-oriented PBCO templates but will follow
the orientation of an undoped YBCO layer grown on top o
PBCO template. Therefore, all of the tunneling results
~100!- and~110!-oriented YPBCO films are from such trilay
ers. This structure is beneficial to tunneling measureme
because it eliminates film resistance below 90 K and ena
the measurement of the tunneling conductance above thTc
of YPBCO. However, it is exceedingly difficult to measu
the Tc of the YPBCO layers in such a heterostructure a
their Tc’s are unknown. It will be assumed that theTc’s of
~100!- and ~110!-oriented YPBCO layers are the same
comparable~001!- and~103!-oriented films, which is true for
undoped YBCO. Finally, x-ray diffraction and scanning ele
tron microscopic analysis reveals no significant structu
differences between different doping levels.

B. Resistivity measurements

The resistivity is measured with two conventional fou
probe geometries. In the first method, current and volt
contacts are painted parallel to each other across the
surface with Ag paint. This method is the most common
used. In the second method, conventional photolithogra
is used to pattern a;2 mm long and 100 mm wide bar wit
current and voltage contacts. The results from these
ft
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measurement techniques are consistent with each other
in agreement with other published data.

The films studied in these experiments exhibit zero re
tance superconducting transition temperatures of 90, 70,
and 20 K for Pr concentrations ofx50.0, 0.2, 0.4, and 0.5
respectively. PBCO,x51.0, films are insulating and exhib
variable range hopping behavior22 below ;120 K. The ho-
mogeneity of the superconducting films is verified by ma
netic susceptibility measurements. These films reproduc
exhibit an onset to diamagnetic screening at the same t
perature in which they exhibit zero resistance. Single sup
conducting transitions are observed in both the resistiv
and the susceptibility. The transitions in the resistivity a
susceptibility both get broader, in temperature, with incre
ing Pr concentration, with the transition widths being co
parable for the two measurements. Undoped YBCO fil
typically exhibit;1 K transition widths while YPBCO films
have;10 K transition widths whenx50.5.

C. Junction fabrication and measurement

There are two methods of tunnel junction fabrication.
the first and most widely used method, Pb counterelectro
are evaporatedex situ directly onto the YPBCO film
surface.5,21 The junction area is typically on the order of 0
mm2. This technique relies upon the reaction of the two m
terials to form an insulating tunnel barrier. The microscop
nature and chemical composition of the insulator are larg
unknown. But there are two measures of the barrier thi
ness. First, the parabolic background conductance of
dopedab-oriented YBCO can be fit to a model of an asym
metrically shaped trapezoidal insulating barrier,23 yielding a
barrier thickness of approximately 30 Å. Second, graz
incidence x-ray diffractometry ofc-axis-YBCO/Pb films24

indicates that the barrier thickness is a few tens of angstro
The second method of junction fabrication was used

the junctions reported in Ref. 10. It employs a monolayer
rodlike molecules,;20 Å long, that spontaneously adso
onto the YBCO surface, forming a densely packed se
assembled monolayer. Similar molecular monolayers can
routinely formed on metal surfaces, like Au.25 The molecules
used in this experiment are tailored to bond to the expo
Cu atoms on the YBCO surface.26 After the YBCO films are
grown, they are soakedex situfor 2 days in a dilute solution
of 1,12 diaminododecane and acetonitrile, whereby
monolayer is formed. A metallic counterelectrode is sub
quently evaporated through a stainless steel shadow ma

A film with a set of junctions is mounted on a variab
temperature probe for measurement. The junction resista
is measured with a conventional four-probe geometry. B
dc and ac tunneling measurements are performed as a f
tion of temperature and magnetic field.

IV. YPBCO RESISTIVITY

The resistivity of Pr-doped YBCO exhibits very rich an
complex behavior, as shown in Fig. 3~a!. These data are
comparable to other published work.27–29 Pr doping in-
creases the resistivity along the planes and suppressesTc . In
addition, Pr doping induces features in theab-plane resistiv-
ity that are characteristic of both planar and chain dopant
YBCO.
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The first feature of Pr doping is the development of
significantly large extrapolated zero temperature resistiv
This is characteristic of disorder within the copper oxi
planes which, as an example, occurs when Zn is substit
for Cu.30–32 Planar doping introduces a substantial resid
resistivity while the slopedr/dT stays roughly constant. By
analogy to the behavior of conventional metals, this sugg
that pure planar doping introduces scattering within
planes without affecting the carrier concentration.

The second feature of Pr doping is the developmen
S-shaped curvature in the resistivity. This is characteristic
either oxygen depletion33 or cation substitutions for chain C
atoms.34,35 Pure chain doping leads to a resistivity with a
increased slope and S-shaped curvature while still extra
lating to at or below zero at zero temperature. Again,
analogy to conventional metals, the increase in the sl
while still extrapolating to zero is an indication of a redu
tion in the number of charge carriers within the planes wi
out any increase in carrier scattering. The S-shaped curva
deviates from the linear temperature dependence exhib
by optimally doped YBCO and is postulated to be correla
with the opening of the spin gap in underdoped cuprates33

Therefore, YPBCO is very similar to underdoped YBC
with planar disorder; i.e., the development of a significa
residual resistivity accompanies the change in the slope
shape of the resistivity.31,32 The S-shaped curvature is mo
difficult to observe than the residual resistivity. To highlig
this curvature, the superconducting YPBCO data withx.0
are normalized by a linear function. The data from Fig. 3~a!
are fit between 250 and 300 K, normalized by this line
function, and plotted in Fig. 3~b!. The downward deviation
from linearity is a common feature observed in the resistiv
of all underdoped cuprates. The doping dependence of
slope, however, differs from the simple monotonic behav

FIG. 3. ~a! Resistivity along the copper oxide planes,rab, for
~001!-oriented Y12xPrxBa2Cu3O7 thin films. Doping YBCO with
Pr increases the resistivity and suppressesTc . Note the substantia
extrapolated zero temperature residual resistivity and the S-sh
curvature which develops with increasing Pr doping levels.~b! Il-
lustration of the characteristic underdoped curvature in the Pr-do
YBCO resistivity. The resistivity data forx50.2– 0.5 are normal-
ized by a linear function, as described in the text.
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typically observed in underdoped cuprates. The slope sh
an initial increase fromx50.0 to 0.2, but then decreases asx
goes to 0.4 and 0.5. For reference, the slopes of the linea
are 0.83, 1.46, 1.14, and 0.31mV cm/K for x50.0, 0.2, 0.4,
and 0.5, respectively.

Another significant feature of the YPBCO resistivity
the evidence for carrier localization around the Fermi ene
for large Pr concentrations. Thex50.5 data exhibit metallic
behavior,dr/dT.0, above approximately 100 K. But th
slope changes sign below 100 K, and the resistivity displ
insulating behavior,dr/dT,0, before superconducting
This foreshadows the insulating state of pure PBCO, wh
exhibits a temperature dependence characteristic of vari
range hopping transport.22 This is shown in Fig. 4. The
change in slope around 0.3 K21/4, which corresponds to a
temperature of roughly 120 K, is a characteristic feature
PBCO films that are fully oxygenated.36 This lends support
to the assumption that the YPBCO films are fully oxygena
for all the Pr concentrations studied.

Finally, these YPBCO films exhibit a superconducto
insulator transition when the sheet resistance per copper
ide bilayer is ; 7 kV/h. This is close to the quantum
resistance for Cooper pairs,RQ5h/(2e)2;6.45 kV. Such a
crossover is also observed in oxygen-deficient Zn-do
YBCO thin films31 and single crystals.32 However, while the
sheet resistance per copper oxide bilayer sets the crossov
thin films, the sheet resistance per individual copper ox
layer appears to set the criterion in single crystals. One p
sible reconciliation is the additional grain and twin bounda
scattering of thin films that additively contributes to the r
sistivity. Nevertheless, the YPBCO sheet resistance, ei
per copper oxide layer or bilayer, is at least as large asRQ
when the superconductor-insulator transition is reached.

V. TUNNELING: CRYSTALLOGRAPHIC AND DOPING
DEPENDENCE

A. Junction analysis and characterization

The first measurement of every junction involves t
characterization of the current to verify that elastic tunnel

ed

ed

FIG. 4. Temperature-dependent resistivity of the PBCO fi
shown in Fig. 3~a! plotted as log(r) vs 1/T1/4 to illustrate the vari-
able range hopping transport. The line is a linear fit to the d
between 0.3 and 0.7 K21/4.
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is the dominant transport process. A junction is a use
spectroscopic device only when elastic tunneling domina
over all other possible transport processes. When this co
tion is satisfied, the tunneling conductance between a nor
metal and a superconductor is a measure of the super
ducting density of states. Since YPBCO is a new mate
with a density of states that isa priori unknown, a Pb coun-
terelectrode is used for the following three reasons. First,
Pb superconducting density of states is well known and
used as a diagnostic to determine the amount of elastic
neling current through the junction. Second, Pb has aTc of
7.2 K, which makes it convenient to study at the tempe
tures achieved in a simple4He cryostat. Third, Pb forms
good insulating tunnel barriers when evaporated onto Y
BCO.

The Pb superconducting density of states is observe
all of the YPBCO/Pb junctions reported in this article. T
Pb gap appears at 1.35 meV and the Pb phonon struc
appears at;8 and;10 meV, indicating that inelastic tun
neling processes can be excluded from consideration in
energy range. These features are clearly seen in Fig. 1
are representative of the structure routinely observed. Th
features disappear when Pb is driven normal, either by t
perature or magnetic field. The amount of nontunneling c
rent through the junction is determined by measuring
conductance at zero bias well below 7.2 K with the Pb el
trode in its superconducting and normal state. The Pb
strongly suppresses the zero-bias current below its norm
state value, as shown in Fig. 5. When Pb is superconduc
the zero-bias conductance of this junction is 50 times sma
than its normal-state value. This ratio should be;104 for a
perfect junction with only elastic tunneling present. The
fore, ;2% of the current through this particular junctio
originates from transport processes other than elastic tun
ing. In general, this value of the leakage current is stric
valid only at zero bias, with the Pb electrode in its superc
ducting state, and at the measured temperature. Even wh
high-quality Pb gap is observed, other transport proces

FIG. 5. Data from a~001!-oriented Y0.6Pr0.4Ba2Cu3O7 /Pb planar
tunnel junction showing how leakage current is determined. T
solid lines represent data taken with the Pb electrode in its su
conducting state, and the dashed line represents data taken wh
is normal. The data where Pb is superconducting are plotted acc
ing to both the indicated current scale and with the current s
magnified by a factor of 50. This particular junction exhibits;2%
leakage current, as discussed in the text.
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like hopping transport, can occur either at high bias or
higher temperature. In fact, we cannot exclude the possib
of hopping transport in some of the data presented in
article. However, the voltage where hopping may occur
beyond the energies of the ZBCP and GLF. So it has a m
mal impact on our results and conclusions.

For junctions with Pb counterelectrodes, only those ju
tions that exhibit a well-defined Pb superconducting den
of states along with other signatures of elastic tunneling
presented. Leakage current, as defined in Fig. 4, ranges
1% to 23%. The strength and energy of the YPBCO featu
are independent of the amount of leakage current. T
proves they originate from elastic tunneling current rath
than other transport processes responsible for the leakag

The characterization of the current through the YBCO/
junctions is more difficult because Cu is nonsuperconduc
with a featureless density of states. Even though the amo
of leakage current cannot be quantified, the sum of the
perimental observations indicates that the current through
YBCO/Cu junctions, like the YBCO/Pb junctions, is dom
nated by elastic tunneling current.10

The remaining tunneling data shown below have the
counterelectrode driven normal either by temperature
magnetic field. Hereafter, we will assume that the tunnel
conductance can be expressed as a convolution of the sq
of the modulus of the tunneling matrix element, the densit
of states of YPBCO and Pb, and the derivative of the Fe
function with respect to voltage.37 This follows from model-
ing the tunneling current with the Fermi golden rule whi
states that the conductance through an NIS tunnel junctio
given by

GNIS5GNIN8E
2`

`

NS~E!
d f ~E2eV!

dV
dE. ~1!

HereGNIN8 is the tunneling conductance with both ele
trodes normal,NS(E) is the YPBCO density of states rela
tive to its normal state value, andf (E2eV) is the Fermi
function. GNIN8 includes the tunneling matrix element an
the normal density of states of YPBCO and the countere
trode.

Finally, all of the tunneling data presented in this artic
are highly reproducible. The data presented for a particu
doping level and crystallographic direction are representa
of all the data from that specific Pr concentration and tunn
ing direction. The voltage across the junction is defined to
that of the Pb electrode with respect to the YPBCO el
trode.

B. Crystallographic dependence

YPBCO, like other high-Tc superconductors, has a ver
anisotropic crystal structure. As a consequence, YPBCO
a corresponding anisotropy in its electronic properties. T
is studied by tunneling into thin films with different crysta
lographic orientations. The data in this article are reprod
ible and can be classified into two distinct categories:c-axis
and ab-plane tunneling.c-axis tunneling refers to tunne
junctions fabricated on~001!-oriented films, where the tun
neling current is predominantly directed perpendicular to
copper oxide planes.ab-plane tunneling refers to junction

e
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fabricated on~100!-, ~110!-, and~103!-oriented films, where
the current is predominantly directed parallel to the cop
oxide planes. For both tunneling geometries, only slight d
ferences in the conductance are observed from junctio
junction, such as the detailed shape of the background
the strength of the features that appear below;40 mV. For
ab-plane tunneling, the differences in the tunneling char
teristics between junctions fabricated on films with differe
orientations are consistent with the differences between ju
tions fabricated on films with the same orientation. Giv
this empirical observation, the data from all threeab-plane
orientations will be considered equivalent.

In Fig. 6, typical data from undopedab-oriented and
c-axis YBCO films are presented side by side to illustrate
differences between the two orientations. There are th
specific distinctions reproducibly observed. First, at zero b
a conductance peak is observed in theab-plane data while a
conductance dip is observed in thec-axis data. Second, ther
are subtle differences in the peaks appearing at;20 mV.
The peak in theab-plane data is reproducibly observed
around;16 mV, which is less than the;22 mV value of
the c-axis peak. This difference has also been noticed
others.4 Third, the voltage dependence for the two orien
tions is different at voltages beyond those plotted in Fig.
ab-plane data exhibit a parabolic background conducta
that is typical of the behavior observed in planar metal/oxi
metal tunnel junctions. This can be described with an as
metric, trapezoidally shaped potential barrier separating
two electrodes.23 c-axis data exhibit a background condu
tance that varies linearly with voltage. There has been m
interest and speculation over the origin of this behavior,38–40

but this subject is beyond the scope of this paper and we
omit any further discussion on this point.

There are three exceptions to the observed crysta
graphic dependence. First,ab-plane tunneling features ar
observed from nominallyc-axis films, which have more tha
50% of the surface covered bya-axis grains. Second
ab-plane films etched with a dilute solution of Br in meth
nol ~1:100 by volume! exhibit c-axis tunneling features

FIG. 6. Crystallographic dependence of the planar YBCO t
neling conductance. Qualitative differences are observed betw
ab-plane andc-axis tunneling.ab-plane data exhibit a zero-bia
conductance peak~ZBCP! and a gaplike feature~GLF! at approxi-
mately 17 mV.c-axis data exhibit a conductance dip at zero b
and a broad peaklike structure that is different from theab-plane
GLF, as discussed in the text.
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Third, ab-plane tunneling features are observed when tunn
ing into c-axis films modified with a self-assembled mon
layer. The first behavior is understandable since the sur
area of thea-axis grains is greater than that of the underlyi
c-axis film. The resistance forab-plane tunneling will then
be less than forc-axis tunneling and dominate the junctio
resistance. The second behavior is unexpected. We pro
that, since the Br etch rate is much faster in theab-plane
direction than in thec-axis direction,41 the exposed planes o
the ab-oriented films are rapidly and inhomogeneous
etched. The pitted surface exposes an effectively large
for c-axis tunneling and possibly a thicker tunnel barrier
the ab-plane direction, consequently leading to preferen
tunneling along thec axis. For the third behavior, there i
indirect evidence for interdiffusion of the counterelectro
through the self-assembled monolayer and into the YB
film,10,42 thereby opening upab-plane tunneling channels in
a globally orientedc-axis film.

C. Doping dependence

The effect of Pr doping, and the concomitantTc reduc-
tion, is studied by measuring films with different Pr conce
trations. Some YPBCO tunneling measurements withx.0
are performed on YPBCO layers, a few hundred angstro
thick, grown on top of an undoped YBCO layer. As me
tioned above, this layering is necessary to achieve the pro
orientation for~100!- and ~110!-oriented YPBCO. But it is
also found that junctions fabricated on~103!- and ~001!-
oriented YBCO/YPBCO bilayers exhibit less leakage curr
than junctions fabricated on single layer YPBCO films. T
same features are observed in the conductance for si
layer YPBCO and bilayer YBCO/YPBCO films, so proxim
ity effects can be excluded.

The dependence of theab-plane andc-axis YPBCO tun-
neling conductance is shown in Figs. 7~a! and 7~b!, respec-
tively. Both theab-plane andc-axis data are normalized b
the value of the conductance at160 mV so that they can fit
on the same plot. The conductance at 60 mV is 0.74, 2
263, and 340 mS for thex50.0, 0.2, 0.4, and 0.5ab-plane
data, respectively. The conductance at 60 mV is 181,
208, and 54 mS for thex50.0, 0.2, 0.4, and 0.5c-axis data,
respectively. As observed in Fig. 7, theab-plane conduc-
tance data forx50.0– 0.4 and thec-axis conductance dat
for x50.0– 0.5 strikingly maintain the same characteris
features for the particular crystallographic orientation. In a
dition, Pr doping weakens the strength of these featu
However, the reproducibility of these features supports th
interpretation as intrinsic features of the YPBCO electro
despite their small size.

For ab-plane tunneling, a zero-bias conductance peak
gaplike feature are observed forx50.0– 0.4. Pr doping re-
duces the ZBCP height. Likewise, the depth of the GLF
creases with increasing Pr concentration. However, in c
trast to the ZBCP, which is very pronounced for all thr
doping levels, the GLF becomes very subtle with higher d
ing levels. Yet a close inspection reveals that there is a
tinct downward deviation from the background conductan
for x50.0, 0.2, and 0.4. It is also found that there is a cle
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decrease in the energy where this GLF appears with decr
ing Tc . Numerical derivatives of the conductance confi
this reproducible behavior.

For c-axis tunneling, a conductance dip and broad
peaked structure over;15– 40 mV is observed. Thesec-axis
data are an independent confirmation of previously publis
data from Pr-doped YBCO single crystals.8 These data also
resemble thec-axis conductance when tunneling into oxyg
deficient YBCO~Ref. 9! and YBCO doped with Al, Fe, Zn
and Gd.7 This broad structure in thec-axis conductance be
haves differently than the GLF observed inab-plane tunnel-
ing. While thec-axis peak gets weaker with increasing
concentration, it exhibits no clear downward shift in ener
asTc is suppressed.

As shown in Fig. 7~a!, the ab-plane tunneling conduc
tance exhibits a qualitative change when the Pr concentra
increases from 0.4 to 0.5. These data are also reproduc
Instead of a ZBCP, a conductance dip is observed at z
bias. Furthermore, a gaplike feature cannot be resolved
first glance, thex50.5ab-plane data bear close resemblan
to the c-axis tunneling data for the same Pr doping lev
However, there are two specific differences that suggest
ab-plane and c-axis data are still different. First, th
ab-plane background conductance is more asymmetric t
thec-axis data and follows the same asymmetric trend es
lished by the lighter doping levels. Second, the width of

FIG. 7. Doping dependence of the YPBCO/Pb tunneling c
ductance. For both figures, the Pr concentration increases from
to bottom, as indicated.~a! Dependence of theab-plane YPBCO
conductance on Pr concentration. Note that the ZBCP and GLF
reproducibly observed for Pr concentrations betweenx50.0 andx
50.4. The data are measured at either 4.2 K or 1.5 K. A magn
field of 2 kG is also applied to drive the Pb electrode normal. T
normalization values are listed in the text and the data forx,0.5
are shifted vertically for clarity.~b! Dependence of thec-axis YP-
BCO conductance on Pr concentration. Note that a dip in the c
ductance is always observed at zero bias. All the data are take
1.5 K in a 2 kG magnetic field. The normalization values are lis
in the text and the data forx,0.5 are shifted vertically for clarity.
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ab-plane conductance dip is narrower, in energy, than
c-axis dip. This is shown in Fig 8. The dip around zero b
manifests itself as the deviation from roughly linear behav
in dG/dV and is indicated by the arrows.

The physical origin for this zero bias dip is unknow
However, the disappearance of the ZBCP coincides with
appearance of localization in theab-plane resistivity. This
suggests that carrier localization is suppressing the forma
of Andreev bound states. If so, the spatial extent of the
calized states must be less than the superconducting co
ence length, which sets the scale over which the construc
interference occurs. The localization length is difficult to e
tract from thex50.5 data because there is no charge tra
port model that is applicable to the resistivity. Neverthele
the localization length in insulating YPBCO withx50.63
~Ref. 43! and PBCO~Ref. 44! has been estimated to b
;15-20 Å and;85 Å, respectively. So spatially localize
states extending on the order of the coherence length a
least plausible whenx50.5.

A more speculative explanation for the absence of
ZBCP is that the superconducting order parameter
s-wave symmetry whenx50.5. However, many material
issues must be addressed before such a conclusion ca
made. The most definitive experiment would be a superc
ducting quantum interference device~SQUID! interferom-
etry experiment like that used to determine the pairing sy
metry of undoped YBCO.6

VI. TUNNELING: NORMALIZATION OF THE
LOW-TEMPERATURE ab-PLANE DATA

A. Calculation of the normal-state background

Traditionally, either of two methods are used to empi
cally measure the normal-state background conductance.
first is to drive the superconductor normal with a magne
field. This method is advantageous because the super
ducting and normal-state conductance can be measured a
same temperature, i.e., with an equivalent Fermi distribut
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FIG. 8. Numerical derivatives of theab-plane andc-axis con-
ductance from Y0.5Pr0.5Ba2Cu3O7. The conductance for each junc
tion is shown in Fig. 7. Both junctions are measured at the sa
temperature and magnetic field of 1.5 K and 2 kG, respectively.
dip in the conductance around zero bias appears in the derivativ
the curvature indicated by the arrows. The width, in energy, of
dip in theab-plane data is reproducibly narrower than the dip in t
c-axis data.



a
he
r

riv
d
la
his
at

at
hi
th
ts
vio
al
nc
i

nd
h
o
un

in
th
ith
o
i
t

,
d

late

ate
ple

ne
und
on-
t by

s-
that
con-
n-

se-
the
her-
per-
ped

r-

he

m-
ce.
ns-
any
vo-
he
ce-

m
u

su
ea
uc
fo
un
to
a
I

r-
nce

aken
ea-

uc-

ny
en

PRB 62 12 447PLANAR TUNNELING SPECTROSCOPY OF . . .
of quasiparticles in the electrodes. This, however, is impr
tical for YPBCO because its upper critical field is on t
order of 100 T, which is extremely difficult to achieve fo
any sustained period of time. The second method is to d
the superconductor normal with temperature. This metho
easily achieved with planar tunnel junctions, which disp
excellent stability with varying temperature. In contrast, t
method results in a normal-state background with gre
thermal broadening than the low-temperature data.

However, there are additional complications with this l
ter method specific to the YPBCO junctions reported in t
article. When the low-temperature data are normalized by
data measured atTc , the normalized conductance exhibi
either too many or too few states. Examples of this beha
are plotted in Figs. 9 and 10. Too many states are typic
observed in the normalized conductance of YPBCO ju
tions with x50.0 and 0.2. Too few states are observed
junctions wherex50.4. Note that the superconducting a
normal conductances match at high bias, as expected w
probing the density of states far beyond the gap. The n
conservation of states originates from the behavior aro
zero bias.

Hence, the dilemma: the Pb superconducting density
states is observed in the low-temperature conductance,
cating the dominance of elastic tunneling. In addition,
qualitative behavior of the ZBCP and GLF is consistent w
a d-wave superconducting density of states. But the nonc
servation of states in the normalized data is inconsistent w
a superconducting density of states. However, because
ab-plane data so closely resemble ad-wave density of states
we instead hypothesize that the normal-state backgroun

FIG. 9. Illustration of the nonconservation of states fro
undoped-YBCO/Pb junctions when the low-temperature cond
tance is normalized by the conductance measured atTc . ~a! Unnor-
malized data. The solid lines represent the conductance mea
well below Tc and the dotted lines indicate the conductance m
sured atTc . The data are normalized by the value of the cond
tance at 60 mV and the data labeled II are shifted vertically
clarity. ~b! Normalized data. The normalized conductance from
doped YBCO typically exhibits too many states, as shown in the
curve labeled I. However, the normalized conductance occasion
exhibits too few states, as evident in the bottom curve labeled
The top curve is shifted vertically by 0.2 for clarity.
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temperature dependent and proceed to numerically calcu
a background conductance that conserves states.

The simplest way to numerically calculate a normal-st
background is to fit the experimental conductance to a sim
function, like a parabola or a linear function. This fit is do
at high voltage and then extrapolated to the region aro
zero bias. However, the YPBCO background exhibits a n
trivial voltage dependence, which cannot be adequately fi
a simple function.

An alternative method is used, which will now be di
cussed. The key concept of the numerical procedure is
the superconducting conductance and the normal-state
ductance, from the same temperature, will match if co
volved with enough thermal broadening. This is a con
quence of the conservation of states between
superconducting and normal states, and it occurs when t
mal broadening washes out all features related to the su
conducting density of states. So a procedure is develo
whereby the experimental low-temperatureab-plane tunnel-
ing data are numerically convolved with hypothetical the
mal broadening at a much higher temperatureTconv . This is
just a simple numerical integration along the lines of t
Fermi golden rule given in Eq.~1!. This thermal broadening
is then deconvolved from the convolved data using para
eters that yield a smoothly varying background conductan
The deconvolution procedure employs fast Fourier tra
forms. Since there is no phase information, there are m
different functions that can be extracted from the decon
lution. This is why the deconvolved data do not match t
original low-temperature data. But the deconvolution pro
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FIG. 10. Illustration of the nonconservation of states from P
doped-YBCO/Pb junctions when the low-temperature conducta
is normalized by the conductance measured atTc . ~a! Unnormal-
ized data. The solid lines represent the low-temperature data t
well below Tc and the dotted lines represent the conductance m
sured atTc . The data are normalized by the value of the cond
tance at 60 mV and shifted vertically for clarity.~b! Normalized
data. The normalized data from YPBCO films exhibit too ma
states whenx50.0 and 0.2, but they exhibit too few states wh
x50.4.
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dure is accurate because when the deconvolved data are
convolved,’’ the data match the original convolved data. T
smoothly varying background is arguably the most plaus
from a physical standpoint since fast oscillations with resp
to voltage are unexpected from the tunneling matrix elem
and the normal density of states. Therefore, we propose
the low-temperature normal-state background calculate
this manner is a very good approximation of the actual ba
ground.

As a proof a concept, this convolution-deconvolution p
cedure is applied to both a parabolic background cond
tance and a hypothetical BCS density of states superimp
on this parabolic normal-state background. After goi
through this convolution-deconvolution procedure, the n
merically calculated background matches the original pa
bolic background to better than 1%. Next, the BCS den
of states plus parabolic background is used to numeric
generate a background conductance. This hypothetical B
conductance is convolved with a temperature well above
in which features related to the gap and inverse square-
singularity at the gap edge are no longer resolved. The
convolved conductance matches the original parabolic ba
ground to within a few percent. In addition, the normaliz
data agree to within a few percent of the original BCS d
sity of states. There is improved agreement when broade
is introduced in the BCS density of states via a phenome
logical pair-breaking factor,45 which is more applicable to
the weak features in the YPBCO conductance.

Finally, we do not wish to emphasize the details of t
numerical procedure any more than necessary. The num
cal procedure discussed above is simply one of many w
of calculating a background conductance. We only wan
present these numerically calculated backgrounds as b
physically plausible, given our hypothesis of a temperatu
dependent background. Most importantly, we stress
these backgrounds are calculated in the least-biased ma
possible. This numerical procedure works well at impartia
calculating a background conductance that conserves st

B. Normalization of the ab-plane data

The low-temperatureab-plane data along with the corre
sponding numerically calculated backgrounds are show
Fig. 11~a!. The normalized data are shown in Fig. 11~b!. The
normalizedx50.0 and 0.4 data conserve states to better t
1%. Thex50.2 data conserve states to better than 10%.
normalized data are also nearly symmetric with respec
energy, as expected for a superconductor.

The data in Fig. 11~b! illustrate the significant new result
presented in this article. The data forx50.0– 0.4 all exhibit
a GLF and a ZBCP. The depth of the GLF and the heigh
the ZBCP both decrease with increasing Pr concentration
addition, the energy where the GLF appears decreases
increasing Pr concentration and with the consequent re
tion in Tc . The weakening of the GLF and ZBCP and t
reduction in the GLF energy are not mere artifacts of
normalization procedure, as this behavior is observed in
unnormalized data too. While different background norm
izations yield small changes in the GLF energy, the ove
qualitative trend where the GLF energy is observed to
crease with decreasingTc is not. This correlation betweenTc
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and the GLF energy is an indication that the GLF is rela
to a superconducting density of states. This also lends s
port to interpreting theab-plane conductance in terms of
d-wave density of states at a faceted surface, where the
isotropy between~100!- and ~110!-oriented surfaces is
erased.16 Theoretical modeling of theseab-plane tunneling
data is in progress and will be reserved for a future publi
tion.

C. Analysis of the low-temperatureab-plane background

This section will analyze the numerically calculate
ab-plane background conductance. In order gain better
derstanding of these data, the low-temperature backgro
conductance is normalized by the actual conductance m
sured atTc . This is shown in Figs. 12~a!, 12~b!, and 12~c!
along with low-temperaturec-axis tunneling data. These da
are normalized by the conductance measured atTc .

The normalizedx50.0 and 0.2 data suggest that the a
parent observation of too many states is due to broa
peaked structure over;15240 mV. This structure is tem-
perature dependent and cannot be described by simple
mal broadening effects alone. Interestingly, very simi
temperature-dependent structure is observed in the nor
ized c-axis data. This peaklike structure is also doping d
pendent. It is most prominent in the undoped data and
virtually absent from thex50.4 and 0.5 data~not shown!.
Furthermore, it is significant to compare the data from F
12~a! to spectroscopy data measured with a scanning tun
ing microscope~STM!. The average of STM spectra take
over a 10310 nm2 area reveal a broad peaklike structure

FIG. 11. Normalization of theab-plane conductance using
numerically calculated background conductance that conse
states, as described in the text.~a! The low-temperature conduc
tance is represented by a solid line and the background conduct
is represented by a dotted line. The Pr concentration increase
each curve from top to bottom, as indicated.~b! Normalized data.
The GLF energy decreases with decreasingTc . Also, the depth of
the GLF and the height of the ZBCP decrease with increasing
concentration.
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the data that is very similar to the peaks observed in pla
tunneling.46 Very similar structure is also found in studies
vortices in YBCO single crystals.47 Outside the vortex cores
a broad peak followed by a smaller peak at slightly low
energy, reminiscent of the broad peak and GLF of the pla
ab-plane data, is observed. Inside the cores, the broad p
remains, but the lower energy peak is absent.

The fact that this broad peak is observed in both
ab-plane andc-axis data, it is doping dependent, and it
observed in experiments with completely different tunn
barriers strongly suggests it is related to the material pro
ties of YPBCO and not due to some barrier effect. Since
peak is most likely the origin of the apparent nonconser
tion of states and is observed both inside and outside a
tex, this implies that it is unrelated to the superconduct
state of YPBCO. It is difficult, however, to specifically sa
what the physical origin of this peak is. Atomic-scale ST
imaging reveals that the copper oxide chains are be
probed when this broad peak is observed.46 But it is un-
known whether this is an intrinsic property of the chains o
surface effect. The peak is suppressed at higher temper
more strongly than that expected from simple thermal bro
ening, suggesting that the peak is sensitive to inelastic s
tering. Previous studies also show that this structure is u
lated toTc . Structure related to this peak inc-axis data is
observed up to a temperature of 150 K.48 Our measurement
have only been performed up to 90 K, but there are indi
tions for structure related to this peak in our undopedc-axis

FIG. 12. Comparison of typical high bias structure observed
c-axis tunneling and the background conductance used to norm
the low-temperatureab-plane data. The low-temperaturec-axis
data andab-plane background conductance are normalized by
conductance measured from the respective junction atTc . The
c-axis and ab-plane data exhibit very similar temperatur
dependent structure over;15– 40 mV. The different figures corre
spond to different Pr concentrations.~a! x50.0, ~b! x50.2, and~c!
x50.4.
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data at this temperature. The suppression of the peak s
ture with Pr doping implies a sensitivity to disorder with
the planes. Beyond these experimental facts, however
further explanation can be reliably made.

The data in Fig. 12~c! indicate that too few states in th
normalized conductance originates from suppression in
conductance around zero bias which develops as the
perature is lowered. The conductance around zero bias
creases with decreasing temperature at a faster rate than
predicted by thermal broadening. The fast decrease in
conductance implies that other transport processes are b
frozen out with decreasing temperature. Since the cond
tance decreases with decreasing temperature, this point
ward some type of insulating transport process. The ove
temperature dependence is qualitatively consistent with
activation of hopping transport at higher temperature.
high temperature, there is enough thermal energy, in the
ture of bosons, to assist the hopping of electrons betw
localized states in the tunnel barrier. As the temperatur
lowered, the bosons are frozen out and elastic, single-
tunneling, which conserves energy and does not require
ergy from bosons to drive the tunneling process, remains
the only dominant transport process.

Typically, the data from undoped YBCO junctions, whe
normalized by the conductance measured atTc , exhibit too
many states. Thex50.2 data start to show signs of a su
pression in the conductance around zero bias. Thex50.4
and thex50.5 ~not shown! data show clear suppression
the zero-bias conductance with decreasing temperature.
overall behavior is consistent with a thick, amorphous in
lating tunnel barrier. The fact that the heavily doped film
always have thick amorphous barriers may be related to
material properties of these compounds, but it is most lik
not a very profound correlation. The data from undop
films usually exhibit none of this behavior. However, we
occasionally observe too few states in the normalized
doped YBCO conductance. Two examples of this contras
behavior are shown in Fig. 9. Notice that in the juncti
exhibiting too few states, there is still evidence for the pe
like structure over;15– 40 mV. The sum of the data from
junctions exhibiting too few states in the normalized da
leads to the conclusion that this behavior is related to a b
rier effect.

VII. TUNNELING: ANALYSIS OF THE ZBCP
FROM YBCO ÕCu JUNCTIONS

A. Temperature dependence

The temperature dependence of the ZBCP fr
YBCO/Cu tunnel junctions10 will now be discussed. This
involves a comparison between data taken at two differ
temperatures,T1 andT2 with T1,T2. It is crucial to factor
out differences in thermal broadening effects in order
make a meaningful comparison between these data. Th
accomplished by folding into the low-temperature data
same amount of thermal broadening that is present in
higher-temperature data. The low-temperature data are
merically convolved with the derivative of the Fermi fun
tion with respect to voltage evaluated at a temperat
Tconv5T2. Since the low-temperature data inevitably ha
finite thermal broadening, the convolved data are only
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approximation. But this approximation is good ifT1 is close
to 0 K sothat the data have minimal thermal broadening.
a check on the accuracy of this approximation, comparis
are also made between actual data measured atT2 and simu-
lated 0 K data that are convolved withT2 thermal broaden-
ing. The simulated 0 K data are generated by deconvolvi
1.5 K thermal broadening from data measured at 1.5 K. T
deconvolution routine is the same as that described ab
The results of the analysis are qualitatively the same, reg
less of whether the numerical data withT2 broadening are
generated from actual 1.5 K data or from the simulated 0
data. Only slight quantitative differences are observed, wh
are stated below. For simplicity, only those data that
calculated by starting from the actual 1.5 K data are p
sented.

When the ZBCP splits in zero magnetic field, the te
perature dependence cannot be described by thermal b
ening effects alone. An example of this analysis is shown
Fig. 13~a!. Data taken at 1.5 K are convolved with 4.2
thermal broadening. The numerically generated data do
match the actual data measured at 4.2 K. Similar results
observed when comparing to 7.5 K and 10 K data. Thus,
density of states is temperature dependent. The obse
temperature dependence exhibits the same qualitative be
ior expected when measuring a feature related to the su
conducting density of states. As the temperature is lowe
spectral weight is shifted from zero bias into two peaks
;62 mV, as shown in Fig. 13~b!. Over 610 mV, the total
integrated area with respect to the 4.2 K data is appro

FIG. 13. Temperature dependence of the ZBCP in zero m
netic field. ~a! A comparison of actual data measured at 4.2 K
data measured at 1.5 K that are numerically convolved with 4.
thermal broadening. Note that the curves do not match, indicati
temperature-dependent density of states.~b! Normalization of the
convolved 1.5 K data by the actual 4.2 K data from~a!. Spectral
weight is shifted away from zero bias into the finite energy peak
;62 mV. Compare these data to the field-dependent data show
Fig. 16.
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mately 10% of the area above and below the 4.2 K cur
implying a rough conservation of states. When the norm
ization is performed using numerical data generated from
simulated 0 K data, the conservation of states is appro
mately 20%. This is important because conservation of st
must be observed before interpreting the data in terms o
Andreev bound state ofd-wave superconductors. Data b
yond 10 mV are unreliable because there are sharp ju
that have all the hallmarks of noisy contacts and are un
lated to any material properties being studied. However, i
expected that this is beyond the energy range over which
bound-state splitting will have an effect on the density
states.

More evidence for a temperature-dependent density
states comes from an analysis of the zero-bias conduct
G(0) versus temperature. The ZBCP appears in the cond
tance well belowTc . Here G(0) begins to increase a
roughly this same temperature and continues to increase
the Andreev bound state splits, leading to a downturn
G(0) as the temperature goes to zero. Note that this can
be ascribed to overall shifts in the background conducta
since it stays constant over this temperature range. If the
K data~or the simulated 0 K data! are numerically convolved
with higher-temperature thermal broadening, the numeric
generated data do not match the measuredG(0). This is
shown in Fig. 14. The splitting in the density of states pu
G(0) down below the value it would have if there were n
splitting.

The temperature dependence ofG(0) is also used to de
termine the onset of splitting in the density of states. Beca
of thermal broadening effects, a splitting in the density
states at a temperatureTs can only be resolved in the con
ductance well below this temperature. Therefore,G(0) pro-
vides a more accurate measure ofTs . This involves compar-
ing the measured temperature dependence ofG(0) to some
expected temperature dependence when there is no spl
of the Andreev bound state. Theoretical calculations sh
that a ZBCP resulting from an Andreev bound state sho
exhibit a T21 temperature dependence.18 The experimental
data can be fit to this functional form over a limited tempe

g-

K
a

at
in

FIG. 14. Comparison of the actual temperature dependenc
the zero-bias conductanceG(0) to the zero-bias conductance dete
mined by numerically convolving the 1.5 K conductance with th
mal broadening. The dotted line is the expected temperature de
dence ofG(0) when there is no splitting in the density of states,
discussed in the text.
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ture range, but the overall fit is poor because theT21 predic-
tion ignores the finite width of the bound state observed
practice and the contribution of the GLF to the therm
broadening effects. Numerical convolutions of both expe
mental data and theoretical curves, which include a GLF
an impurity-broadened ZBCP,49 yield G(0) vs T curves that
deviate from theT21 behavior. We instead prefer to compa
our data to numerically determined temperature depende
This temperature dependence is generated by convol
data from a YBCO/Pb junction at 4.2 K in a 2 kGmagnetic
field with thermal broadening and extractingG(0) vsT. This
is shown as a dotted line in Fig. 14. The definition ofTs is
where the measured data deviate from the expected tem
ture dependence. Finally,G(0) can also be fit to the log(1/T)
dependence expected from magnetic spin-flip scattering.
the temperature range over which the data agree is too
ited to draw any definitive conclusions.

Last, the ZBCP is always observed below theTc of the
film under study. This in itself is consistent with, but n
rigorous proof, of its interpretation as an Andreev bou
state. Since the width, in energy, of the ZBCP is much l
than the thermal energy atTc , kBTc , the ZBCP is impos-
sible to resolve atTc , even if it is temperature independen
But the ZBCP in undoped YBCO films is sometimes o
served above 45 K, which is theTc of the YPBCO-40%
films. In contrast, the ZBCP in YPBCO-40% films is nev
observed above 25 K.

B. Magnetic field dependence

The YBCO ZBCP splits when an external magnetic fie
is applied to the tunnel junction. This same qualitative b
havior is also observed when a ZBCP originates from m
netic spin-flip scattering in the insulating tunnel barrier50

This is the reason why the YBCO ZBCP was origina
interpreted5 using the spin-flip scattering model.51 But it was
acknowledged that there were some discrepancies. In F
of Ref. 5, the splitting versus field is nonlinear and mu
larger than the expected Zeeman splitting of ordinary pa
magnetic spins. A direct comparison to representative
perimental data from spin-flip ZBCP’s~Refs. 50, 52–54, and
56! shows dramatic, qualitative differences between
YBCO and spin-flip data. This is shown in Fig. 15, where t
peak position is plotted as a function of magnetic field. T
voltage at which the conductance reaches a maximum is
to determine the peak position. The peak position plotted
Fig. 15 is an average of the absolute value of the peak p
tion voltage for positive and negative bias. With the exce
tion of the Sn/SnxOy/Sn junction data, the magnetic impurit
data are clustered around each other and obey a roughly
ear variation of peak position versus field. Other publish
data from junctions with paramagnetic impurities55,57,58 are
also clustered around the linear data, but have been om
from Fig. 15 for clarity.

For the YBCO data below 1 T, the slope of peak positi
versus field is much larger than the slope of the spin-
data. The slope of the Ta/Ta2O5 /Al data50 is 0.118 meV/T
while the slope below 1 T for the YBCO/Pb~Ref. 5! and
YBCO/Cu ~Ref. 10! data is 0.753 and 0.771 meV/T, respe
tively. Assuming the Zeeman energygmBH sets the energy
scale for the splitting, the slope of the curves in Fig.
n
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yields gmB ~whereg is the Lande´ g factor, mB is the Bohr
magneton, andH is the magnetic field!. The slope of the
Ta/Ta2O5 /Al data yields a Lande´ g factor ofg;2, which is
a reasonable and realistic value for the proposed Ta imp
ties in the tunnel barrier. The slopes from the YBCO da
imply an enormous Lande´ g factor of g;13. This is in con-
tradiction to any physically realistic interpretation of th
ZBCP in terms of paramagnetic spins.

This large slope, however, is easily accounted for by
d-wave Andreev bound-state model. Supercurrents indu
by an external magnetic field will shift the bound state
finite energy. Reasonable values of the thermodynamic c
cal field and tunneling cone of 0.94 T and 3°, respective
yield a slope that agrees very well with the large slope of
YBCO data in Fig. 15.10,16 Furthermore, when the effects o
a subdominant order parameter, nonlinearity in the screen
current, and the bulk thermodynamic critical current a
taken into account, the finite splitting at zero field and t
nonlinearity in the peak position vs field are well describ
by thed-wave model.

Typical field-dependent data are shown in Fig. 16~a!. Ap-
plication of a field induces further splitting of the peak. No
that, like the behavior with decreasing temperature, appl
tion of a field shifts spectral weight from the region arou
zero bias, out to finite voltage. The finite field data are n
malized by the zero field data in Fig. 16~b!. Note that all the
data in Fig. 16~a! are taken at the same temperature, so th
are no differences in thermal broadening. The data in F
16~b!, like the normalized data in Fig. 13~b!, exhibit a rough
conservation of states. Again, this is the expected beha
from a feature related to the superconducting density
states. Between68 mV, the total integrated area with re
spect to the zero-field data is approximately 10% of the a
above and below the zero field reference curve. The low-fi
data have more states than the zero-field spectrum while
high-field data have less. The normalized data in large fie
undershoots the zero-field data for voltages beyond 8

FIG. 15. A compendium of experimental data comparing a
contrasting the peak position vs magnetic field of the YBCO ZB
to ZBCP’s originating from magnetic spin-flip scattering. The da
from planar YBCO junctions are labeled accordingly. Data fro
junctions with magnetic impurities in the barrier are represented
(h) for Ta/Ta2O5/Al ~Ref. 50!, (j) for Al/Ti-doped Al2O3/Al
~Ref. 52!, (m) for Al/Ti-doped Al2O3/Al ~Ref. 53!, (.) for Al/Fe-
doped Al2O3 /Al ~Ref. 54!, ~1! for Sn/SnxOy /Sn ~Ref. 55!, and
(3) for a Au/Si:P Schottky barrier tunnel junction~Ref. 56!.
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and persists out to the GLF energy. Integration over a lar
energy range results in poorer conservation of area. This
dershoot is barely discernible in the low-field data, but g
progressively larger with increasing magnetic field. It r
mains unclear whether this behavior is related to the den
of states or whether it is some effect acting independentl
the spectral shifts associated with the Andreev bound st

It is significant to compare the normalized data in F
13~b! to the normalized data in Fig. 16~b!. Decreasing the
temperature from 4.2 K to 1.5 K produces almost the sa
change in the conductance as applying a 2 kGmagnetic field
at 4.2 K. This similarity provides further support of the A
dreev bound-state interpretation of the YBCO ZBCP and
convincing sign that the zero-field splitting originates fro
the spontaneous generation of supercurrent. Specifically
bound state shifts to finite energy whenever there is a fi
superfluid momentum, regardless of whether the superfl
circulation is induced by an external magnetic field or sp
taneously by the formation of two order parameters with
relativep/2 phase difference.

C. Comparison of the GLF’s from YBCOÕCu
and YBCOÕPb junctions

The last feature we wish to identify is the smaller depth
the GLF from YBCO/Cu junctions compared to YBCO/P
junctions. To make a quantitative comparison, the ba
ground conductance must first be divided out. Representa
YBCO/Cu and YBCO/Pb data are normalized according
the same numerical procedure, as described above,
shown in Fig. 17. To eliminate the slight asymmetry w
respect to voltage in the normalized data, the even cond
tance is calculated. The even conductance is simply an a

FIG. 16. Magnetic field dependence of the ZBCP.~a! Data taken
at 4.2 K in different applied magnetic fields, as indicated. The
plication of a magnetic field induces the ZBCP to split.~b! Normal-
ized magnetic field-dependent data. As the field increases, spe
weight is shifted from zero bias into finite energy peaks. Comp
these data to the temperature-dependent data shown in Fig. 1
er
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age of the conductance at positive and negative volta
Geven(V)[@G(1V)1G(2V)#/2. The variation in the nor-
malized YBCO/Cu conductance forV.30 mV is an artifact
of the normalization and should be ignored. The depth of
GLF from YBCO/Cu junctions is reproducibly less than th
depth of the GLF from YBCO/Pb junctions. Similar behavi
is also observed in Pr-doped YBCO/Pb junctions, where
depth of the GLF decreases when the Pr concentration
creases. Damage induced by ion irradiation, which increa
the disorder in the YBCO film, also yields a GLF that
shallower.59 Using this phenomenological behavior as
guide, YBCO/Cu junctions apparently have more disord
and quasiparticle scattering near the tunnel barrier comp
to the YBCO/Pb junctions.

VIII. CONCLUSION

In conclusion, the resistivity along the copper oxid
planes and the quasiparticle tunneling conductance of
BCO thin films are studied. The YPBCO in-plane resistiv
exhibits features that are common to both planar and ch
substitutions in YBCO. Doping YBCO with Pr introduces
large extrapolated zero-temperature residual resistivity, c
acteristic of planar doping, and S-shaped curvature in
temperature dependence, characteristic of chain doping.
resistivity shows signs of carrier localization around t
Fermi energy before undergoing a superconductor-insul
transition. The localization foreshadows the variable-ran
hopping transport observed in insulating PBCO. The sh
resistance per copper oxide bilayer at the superconduc
insulator transition is approximately equal to the quant
resistance for Cooper pairs,RQ5h/(2e)2;6.45 kV.

The planar quasiparticle tunneling conductance exhibi
clear dependence on crystallographic orientation and Pr c
centration. Tunneling intoc-axis films is qualitatively differ-
ent than tunneling intoab-oriented films. This crystallo-
graphic dependence persists for all four Pr doping lev
studied. Theab-plane data forx<0.4 exhibit a gaplike fea-
ture and a zero-bias conductance peak, which are qua
tively consistent with ad-wave symmetry superconductor

-

tral
e

FIG. 17. Comparison of the normalized even conductance fr
ab-oriented YBCO films with Pb and Cu counterelectrodes. N
the differences in the vertical scales for the 2 sets of data. Both
exhibit a GLF at the same energy, but the depth of the GLF in
YBCO/Cu data is more than a factor of 2 less than the depth of
YBCO/Pb GLF.
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anab-oriented surface with nm-scale faceting. The GLF e
ergy decreases whenTc is suppressed by Pr doping, and th
GLF depth and the ZBCP height decrease with increas
impurity scattering. Finally, the temperature and magne
field dependence of the ZBCP agrees with predictions fo
surface Andreev bound state from ad-wave superconductor.
Analysis indicates that states are conserved to within 10
which is consistent with a feature of a superconducting de
sity of states. The same qualitative behavior is observed
ther when the ZBCP splits spontaneously in zero magne
field or when it splits in an external magnetic field.

c-axis tunneling data exhibit a conductance dip at ze
bias, in contrast to theab-plane ZBCP, and a broad
temperature- and doping-dependent peak over;15– 40 mV.
The broadly peaked structure gets weaker but does not s
in energy with doping, which is different from theab-plane
GLF. However, there is evidence that this broadly peak
structure appears in theab-plane conductance too. This
broad peak coincides at roughly the same energy as
ab-plane GLF for undoped YBCO only. Finally, the back
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ground conductance is qualitatively different between
two orientations.
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