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We present a systematic study of the charge transport and quasiparticle tunneling properties of
Y. ,Pr,BaCusO; thin films. Pr doping increases the resistivity along the copper oxide planes and suppresses
the superconducting critical temperatufg, 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: tunnelin@dteoriented ¢-axis) films and
tunneling into(100)-, (110-, and(103-oriented @b-oriented films. c-axis tunneling data exhibit a conduc-
tance dip at zero bias and a broad temperature-dependent peak d5erd0 mV that decreases in magnitude
but stays fixed in energy for increasing Pr doping levals-plane tunneling data exhibit a zero-bias conduc-
tance peak and a gaplike feature at an energy that scales roughly linearl¥ witih x=0.0, 0.2, and 0.4.

When x= 0.5, 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-tempataplase data exhibits
temperature- and doping-dependent structure ev&s—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 witli0%), supporting its interpretation as a feature of a
superconducting density of states.

[. INTRODUCTION tunneling conductance only exhibits a weak gaplike structure
around ~20 meV that resembles neither arwave nor a
Tunneling spectroscopy is an experimental technique thad-wave bulk superconducting gap. There are many more
provides the most direct measurement of the superconducstates within this gaplike structure even when compared to a
ing quasiparticle density of statégyrobing the electronic d-wave gap. Nevertheless, this gaplike structure is intriguing
structure near the Fermi energy with unsurpassed resolutiobecause it appears near an energy where one expects to ob-
For temperatures much less than the superconducting criticakrve a superconducting gagy~ 2kgT.
temperaturd ¢, the conductance through a tunnel junctionis  Another interesting aspect of the tunneling conductance is
roughly proportional to the superconducting quasiparticlets crystallographic dependence. When the tunneling current
density of states. Knowledge of the density of states enablds predominantly directed perpendicular to the copper oxide
one to predict thermodynamic properties beldw, like the  planes, referred to as c-axis tunneling, the conductance ex-
electronic specific heat. More importantly, tunneling spec-hibits a dip at zero bias and broadly peaked structure over
troscopy allows detailed measurement of the superconduct-15-40 meV. These data, however, are qualitatively differ-
ing gap and fine structure beyond the gap. In bwsuper-  ent than the data measured when the tunneling current is
conductors, this fine structure provides unambiguous progbredominantly directed parallel to the copper oxide planes.
that the electron-phonon interaction is responsible for supefFhis will be referred to aab-plane tunneling. In this geom-
conductivity, confirming the BCS hypothesis. By analogy, etry, the conductance exhibits a zero-bias conductance peak
observation of similar structure in high: superconductors (ZBCP) and a gaplike featuréGLF) at ~16 meV.
can provide important information about the superconduct- Tunneling spectroscopy of cation-dop&d and
ing mechanism in the cuprates. Even the absence of this finexygen-deficiert YBCO has also been performed. These
structure is important because it adds constraints to any mjprior results are all front-axis tunneling experiments. These
croscopic theory purporting to describe higp-supercon- data intriguingly show that, while the broad peak in the
ductivity. ~15-40 meV range in the-axis data gets weaker with
Motivated by the past success of tunneling spectroscopyjoping, it stays fixed in energy even thoubhis suppressed.
numerous researchers have attempted to measure the denditye c-axis Pr-doped YBCO data presented in this article
of states of the higi-, superconductor YB&Lu,0, confirm previous data obtained from single crysfalis.con-
(YBCO).2"® The first reproducible tunneling data came from trast, theab-plane GLF exhibits a markedly different doping
planar junctions with conventional metal counterelectrodesdependence than that of the axis. The energy of the
Very reproducible results were observed from both thin filmsab-plane GLF decreases when Pr is doped into YBCO and
and crystals and from different research groups. HoweverT . is consequently suppressed. Similar to the characteristics
the data exhibit strikingly unconventional features, as showraround zero bias, th&. dependence of the peaklike struc-
in Fig. 1. Many experimental data indicate that the supercontures also exhibits crystallographic anisotropy.
ducting gap in YBCO had-wave symmetry.But the planar In this article, the charge transport and planar tunneling
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8 tion at a (110-oriented surface of a superconductor with a
T=15K dy2_y2-symmetry order parametefa) Configuration space. The
0 . . . . . H=|0 classical trajectory of a quasiparticle incident on a superconductor-
‘80 60 -40 20 0O 20 40 60 80 msu_lato_r interface is |nd|cated_ by the arrow Ial:_;eled’ his quasi-
particle is specularly reflected into another quasiparticle state whose
Voltage (mV) trajectory is indicated by the arrow labeledThe YBCOa andb

) ] crystallographic directions are also showh) Momentum space.
FIG. 1. Typical data from amb-oriented-YBCO/Pb planar tun-  The sign and amplitude of the order parameter for the quasiparticle
nel junction illustrating the contrasting gap structure from YBCO gtates corresponding ta) are shown. The incident quasiparticle is
and Pb. The temperature is well below the of both YBCO and i, 5 state where the gap is equaltdA;|. This quasiparticle is then

Pb. The Pb gap at 1.35 mV and the Pb phonon structure at 8 and }@flected, represented by the dashed line, into a state where the gap
mV are clearly observed. The decrease in conductance at approxk equal to+|A,|.

mately 17 mV is the YBCO gaplike featuf&LF). Note that the
subgap conductance of the YBCO GLF is much greater than that Qﬁxz,yz-symmetry order parameter and is shown in Figs) 2
the Pb gap. Other than the Pb density of states, there is no resejnd ‘2h). A quasiparticle incident on the superconductor-
blance between th_ese data and that expected when tunneling bBgrylator interface experiences a gap-dfA;| along its clas-
tween two conventional superconductors. sical trajectory. This quasiparticle is then reflected into a
state where the gap is equal #gA,|. Hence, the quasipar-
conductance properties of; Y,Pr,Ba,Cu;O; (YPBCO) thin ticle experiences a change in the sign of the order parameter
films are presented. This article also includes a further analyalong its trajectory. This leads to strong Andreev reflection,
sis of the temperature and magnetic field dependence of thghere an electronlikénolelike) quasiparticle is retroreflected
ZBCP from YBCO/Cu tunnel junctions reported in Ref. 10.into a holelike (electronlike state'® This combination of
A brief summary of the theoretical predictions fodavave  normal and Andreev scattering results in the formation of
symmetry superconducting order parameter at a surface tguasiparticle bound states at the surface.
given in Sec. Il. The experimental details of thin film growth,  The most relevant class of bound states is composed of
measurement of the resistivity, and tunnel junction fabricathose formed from spatially localized, evanescent waves
tion and measurement are discussed in Sec. lll. The expefith energies below the superconducting gip; A. While
mental YPBCO resistivity data are shown in Sec. IV. Thethese states are forbidden in a clean bulk material, they can
crystallographic and doping dependence of the YPBCO tunexist at a surface. The energy of these states is set by the
neling conductance is presented in Sec. V. A discussion dfoundary condition at the surface, where the superconduct-
the background normalization that leads to conservation oihg pair potential is effectively odd in configuration space.
states in theab-plane data will be presented in Sec. VI. A The only possible solution is a state at zero ené?ghhis is
further analysis of the temperature and magnetic field depera very robust result that leads to substantial spectral weight
dence of the zero-bias conductance peaks is presented in S@¢.the density of states at the Fermi energy. Only perfectly

VII. Finally, concluding remarks are stated in Sec. VIII. specular(100- or (010-oriented surfaces have no bound
states. All other surface orientations betwé¢ed0) and(110)
Il. THEORETICAL BACKGROUND will have at least some quasiparticle trajectories that experi-

ence a change in the sign of the order parameter and, hence,

A background discussion of the tunneling spectroscopy oh zero-energy bound state will form. Quasiparticle states
d-wave superconductors and the impact of surfaces will babove the gap will also form bound states and geometrical
given first. This will briefly summarize the physics of uncon- resonances, but these contribute very little spectral weight to
ventional superfluids in genetaland d-wave symmetry su- the density of states and will hereafter be ignored.
perconductors in particult*’ at surfaces, and the conse-  This mixing of electron and hole states at the surface also
qguent formation of Andreev bound states, as developed iitmpacts the amplitude of the order parameter. Self-consistent
previously published articles. calculations predict substantial pair breaking near the surface

Anisotropic superconductors differ from conventional su-in the presence of this strong Andreev scattering. For the
perconductors by the phase and amplitude variations of thparticular case of al,2_,2-symmetry order parameter at a
order parameter across the Fermi surface. This leads to markpecular(110)-oriented surface, the pair potential is sup-
edly different behavior between the two at surfaces and inpressed entirely to zero at the interface. Hence, a fully
terfaces. Specifically, when the node ofiavave order pa- formed d,2_,2 gap is possible only at a speculé&t00-
rameter is normal to a specularly reflecting surface, normabriented surface. All other orientations will have at least
reflection at the surface leads to strong Andreev reflectionsome pair breaking and extra states within the gap.
This happens at a(110-oriented surface for a The Andreev bound state will shift to finite energy in the
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presence of superfluid flow by an amount given bymeasurement techniques are consistent with each other and
vepsSin(¢,) (wherevg is the Fermi velocity pg is the su-  in agreement with other published data.
perfluid momentum, an@. is the tunneling cone This is The films studied in these experiments exhibit zero resis-
the usual Doppler shift of the quasiparticle energy. The shiftance superconducting transition temperatures of 90, 70, 45,
in energy is positivenegative for quasiparticles moving in and 20 K for Pr concentrations a=0.0, 0.2, 0.4, and 0.5,
the samgopposite direction asps. A finite superfluid mo-  respectively. PBCOx=1.0, films are insulating and exhibit
mentum can occur in at least two different ways. Either arvariable range hopping behaviéielow ~120 K. The ho-
external magnetic field can induce the circulation of Coopemogeneity of the superconducting films is verified by mag-
pairs or the superfluid can spontaneously circulate in zeroetic susceptibility measurements. These films reproducibly
field when two order parameters with a relatiwé2 phase exhibit an onset to diamagnetic screening at the same tem-
difference coexist. In the latter case, the gradient in phasperature in which they exhibit zero resistance. Single super-
between the two order parameters drives the superfluid cirronducting transitions are observed in both the resistivity
culation. and the susceptibility. The transitions in the resistivity and
Finally, these Andreev bound states are different fromsusceptibility both get broader, in temperature, with increas-
localized states that originate from spatial variations in ang Pr concentration, with the transition widths being com-
Hartree-Fock potential. Since Andreev bound states exparable for the two measurements. Undoped YBCO films
change charge with the superconducting condensate by Atypically exhibit~1 K transition widths while YPBCO films
dreev reflection, they can carry current even though they arbave~10 K transition widths whemx=0.5.
localized in space. Hence, they will appear as a zero-bias
conductance peak in a tunneling experiment. C. Junction fabrication and measurement

There are two methods of tunnel junction fabrication. In
the first and most widely used method, Pb counterelectrodes
are evaporatedex situ directly onto the YPBCO film
A. Thin film growth surface>?! The junction area is typically on the order of 0.1
mn?. This technique relies upon the reaction of the two ma-
terials to form an insulating tunnel barrier. The microscopic
nature and chemical composition of the insulator are largely
unknown. But there are two measures of the barrier thick-
ness. First, the parabolic background conductance of un-
dopedab-oriented YBCO can be fit to a model of an asym-
metrically shaped trapezoidal insulating barfiéyjelding a
barrier thickness of approximately 30 A. Second, grazing
incidence x-ray diffractometry ot-axis-YBCO/Pb film&*

oriented films employ a PrB&u,0; (PBCO template. Cu- indicates that the barrier thickness is a few tens of angstroms.
riously, YPBCO withx>0 will not follow the orientation of The second method of junction fabrication was used for

(100- and (110-oriented PBCO templates but will follow the junctions reported in Ref. 10. It employs a monolayer of

the orientation of an undoped YBCO layer grown on top of arodhke molecules,~20 A long, that spontaneously adsorb

PBCO template. Therefore, all of the tunneling results onnto the YBCO surfacez fprmmg a densely packed self-
(100- and(110-oriented YPBCO films are from such trilay- asse_:mbled monolayer. Similar molepula:g@monolayers can be
ers. This structure is beneficial to tunneling measurementrsomInely formed on metal surfaces, like AtThe molecules

because it eliminates film resistance below 90 K and enable sedtm this iﬁpe\?gggt are} t?élg\rf?d tt% bg%dctg ]:[.Te exposed
the measurement of the tunneling conductance abové the u atoms on the surta erthe ims are

of YPBCO. However, it is exceedingly difficult to measure grown, they are soakeek situfor 2 days in a dilute solution

e T of the YPBCO ayers i sueh & heterosuucure and’ 112 deminodocecane and sceionvie, wnerety e
their T;'s are unknown. It will be assumed that thg’s of Y :

(100- and (110-oriented YPBCO layers are the same asquently evaporated through a stainless steel shadow mask.

comparablé001)- and(103-oriented films, which is true for terr'? glrr:tl;’;'gh r%t?stfc?rf #Jggggrnesrrwl:nrtnquhnet?ﬂn?:ltqioi \::gias?;?lce
undoped YBCO. Finally, x-ray diffraction and scanning elec- P P : J

: . : S is measured with a conventional four-probe geometry. Both
tron microscopic analysis reveals no significant structura|OIC and ac tunneling measurements arz erfgrme d aga func
differences between different doping levels. 9 P

tion of temperature and magnetic field.

Ill. EXPERIMENTAL DETAILS

In this experiment, YPBCO thin films are studied with Pr
concentrations ok=0.0, 0.2, 0.4, 0.5, and 1.0. Tunneling
measurements are performed for all four film orientations
but only on superconducting films whexre=0.0-0.5. The
resistivity is measured for all five doping levels, but only the
results from(001)-oriented films are shown. The films are
grown by off-axis magnetron sputter deposition from single,
stoichiometric target&?! (001)- and (103-oriented films
are grown directly onto the substrate while&0- and(110-

B. Resistivity measurements IV. YPBCO RESISTIVITY

The resistivity is measured with two conventional four-  The resistivity of Pr-doped YBCO exhibits very rich and
probe geometries. In the first method, current and voltageomplex behavior, as shown in Fig(a These data are
contacts are painted parallel to each other across the filmomparable to other published wotk:?® Pr doping in-
surface with Ag paint. This method is the most commonlycreases the resistivity along the planes and supprédssds
used. In the second method, conventional photolithographgddition, Pr doping induces features in thie-plane resistiv-
is used to pattern &2 mm long and 100 mm wide bar with ity that are characteristic of both planar and chain dopants in
current and voltage contacts. The results from these tw&yBCO.
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0 50 100 150 200 250 300 shown in Fig. 8a) plotted as log§) vs 1T to illustrate the vari-
Temperature (K) able range hopping transport. The line is a linear fit to the data

L , between 0.3 and 0.7 ®/4,
FIG. 3. (a) Resistivity along the copper oxide plangs,, for

(00D-oriented Y, _,Pr,BaCu;O; thin films. Doping YBCO with . .
Pr increases thel rxesi;ti\e/?tngn(; suppres‘E@sNoFt)e tghe substantial typl_cgl_ly Qbserved in underdoped cuprates. The slope shows
extrapolated zero temperature residual resistivity and the S-shap@cp initial increase fromx=0.0 t0 0.2, but then decreasgsms .
curvature which develops with increasing Pr doping levés.li- goes to 0.4 and 0.5. For reference, the slopes of the linear fits
lustration of the characteristic underdoped curvature in the Pr-dope@'® 0-83, 1.46, 1.14, and 0.342 cm/K forx=0.0, 0.2, 0.4,
YBCO resistivity. The resistivity data fax=0.2—-0.5 are normal- and 0.5, respectively.
ized by a linear function, as described in the text. Another significant feature of the YPBCO resistivity is
] o the evidence for carrier localization around the Fermi energy

The first feature of Pr doping is the development of afor |arge Pr concentrations. The=0.5 data exhibit metallic
significantly large extrapolated zero temperature resistivitybeha\,ior'5p/5T>0, above approximately 100 K. But the
This is characteristic of disorder within the copper oxideg|ope changes sign below 100 K, and the resistivity displays
planes which, as an example, occurs when Zn is substitutqqsmaﬁng behavior, §p/ ST<0, before superconducting.
for Cu**~* Planar doping introduces a substantial residualThjs foreshadows the insulating state of pure PBCO, which
resistivity while the slopelp/dT stays roughly constant. By exhibits a temperature dependence characteristic of variable
analogy to the behavior of conventional metals, this suggest@nge hopping transpoft. This is shown in Fig. 4. The
that pure planar doping introduces scattering within théchange in slope around 0.37K“, which corresponds to a
planes without affecting the carrier concentration. temperature of roughly 120 K, is a characteristic feature of

The second feature of Pr doping is the development obpCO films that are fully oxygenatéfl.This lends support
S-shaped curvature in the resistivity. This is characteristic ofg the assumption that the YPBCO films are fully oxygenated
either oxygen depletidf or cation substitutions for chain Cu for all the Pr concentrations studied.
atoms®** Pure chain doping leads to a resistivity with an  Finally, these YPBCO films exhibit a superconductor-
increased slope and S-shaped curvature while still extrapgnsylator transition when the sheet resistance per copper ox-
lating to at or below zero at zero temperature. Again, byiqe bilayer is~ 7 kQ/O. This is close to the quantum
analogy to conventional metals, the increase in the slopgsistance for Cooper pai,gQ:h/(ZQ)ZNsAs K). Such a
while still extrapolating to zero is an indication of a reduc- -rossover is also observed in oxygen-deficient Zn-doped
tion in the number of charge carriers within the planes with-ygco thin films3! and single crystal¥ However, while the

out any increase in carrier scattering. The S-shaped curvatutgeet resistance per copper oxide bilayer sets the crossover in
deviates from the linear temperature dependence exhibiteg;n films, the sheet resistance per individual copper oxide

by optimally doped YBCO and is postulated to be correlatedayer appears to set the criterion in single crystals. One pos-
with the opening of the spin gap in underdoped cupréites. sible reconciliation is the additional grain and twin boundary
_Therefore, YPBCO is very similar to underdoped YBCO gcattering of thin films that additively contributes to the re-
with planar disorder; i.e., the development of a significanisistivity. Nevertheless, the YPBCO sheet resistance, either
residual resistivity accompanies the change in the slope ang., copper oxide layer or bilayer, is at least as larg®gs

. . . v32 H . . .
shape of the resistivity.”“ The S-shaped curvature is more \hen the superconductor-insulator transition is reached.
difficult to observe than the residual resistivity. To highlight

this curvature, the superconducting YPBCO data withO

are normalized by a linear function. The data from Fig@)3 V. TUNNELING: CRYSTALLOGRAPHIC AND DOPING
are fit between 250 and 300 K, normalized by this linear DEPENDENCE

function, and plotted in Fig.(®). The downward deviation
from linearity is a common feature observed in the resistivity
of all underdoped cuprates. The doping dependence of the The first measurement of every junction involves the
slope, however, differs from the simple monotonic behaviorcharacterization of the current to verify that elastic tunneling

A. Junction analysis and characterization
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like hopping transport, can occur either at high bias or at
higher temperature. In fact, we cannot exclude the possibility
of hopping transport in some of the data presented in this
article. However, the voltage where hopping may occur is
beyond the energies of the ZBCP and GLF. So it has a mini-
mal impact on our results and conclusions.

For junctions with Pb counterelectrodes, only those junc-
tions that exhibit a well-defined Pb superconducting density
of states along with other signatures of elastic tunneling are
presented. Leakage current, as defined in Fig. 4, ranges from
1% to 23%. The strength and energy of the YPBCO features
are independent of the amount of leakage current. This
proves they originate from elastic tunneling current rather

Voltage (mV) than other transport processes responsible for the leakage.
The characterization of the current through the YBCO/Cu

FIG. 5. Data from &001)-oriented Y, ¢Pro. 4Ba,Cus0,/Pb planar  junctions is more difficult because Cu is nonsuperconducting
tunnel junction showing how leakage current is determined. Theyith a featureless density of states. Even though the amount
solid lines represent data taken with the Pb electrode in its supegf leakage current cannot be quantified, the sum of the ex-
conducting state, and the dashed line represents data taken when B&imental observations indicates that the current through the

is normal. The data where Pb is superconducting are plotted accorrgco/cCy junctions, like the YBCO/Pb junctions, is domi-
ing to both the indicated current scale and with the current Scal‘ﬁated by elastic tun,neling currelft. '

magnified by a factor of 50. This particular junction exhibit %
leakage current, as discussed in the text.

Current (mA)

The remaining tunneling data shown below have the Pb
counterelectrode driven normal either by temperature or
[nagnetic field. Hereafter, we will assume that the tunneling

is the dominant transport process. A junction is a usefu d b d Ui fth
spectroscopic device only when elastic tunneling dominate§onductance can be expressed as a convolution of the square
f the modulus of the tunneling matrix element, the densities

over all other possible transport processes. When this cond? o :
tion is satisfied, the tunneling conductance between a normf States of YPBCO and Pb, and the derivative of the Fermi

metal and a superconductor is a measure of the superco Inction with respect to voltag¥. This follows from model-

ducting density of states. Since YPBCO is a new material’9 the tunneling current with the Fermi golden rule which
with a density of states that & priori unknown, a Pb coun- states that the conductance through an NIS tunnel junction is
terelectrode is used for the following three reasons. First, th81Ven by

Pb superconducting density of states is well known and it is

used as a diagnostic to determine the amount of elastic tun- G G ,f” NL(E) of(E—eV) dE R
neling current through the junction. Second, Pb hds af NISTENINT S oV '

7.2 K, which makes it convenient to study at the tempera-

tures achieved in a simpIéHe cryostat. Third, Pb forms Here Gy is the tunneling conductance with both elec-
good insulating tunnel barriers when evaporated onto YPtrodes normalNg(E) is the YPBCO density of states rela-
BCO. tive to its normal state value, ank{E—eV) is the Fermi
The Pb superconducting density of states is observed ifunction. Gy, includes the tunneling matrix element and
all of the YPBCO/Pb junctions reported in this article. The the normal density of states of YPBCO and the counterelec-
Pb gap appears at 1.35 meV and the Pb phonon structuggde.
appears at-8 and~10 meV, indicating that inelastic tun-  Finally, all of the tunneling data presented in this article
neling processes can be excluded from consideration in thigre highly reproducible. The data presented for a particular
energy range. These features are clearly seen in Fig. 1 anfbping level and crystallographic direction are representative
are representative of the structure routinely observed. Thesg all the data from that specific Pr concentration and tunnel-
features disappear when Pb is driven normal, either by teming direction. The voltage across the junction is defined to be

perature or magnetic field. The amount of nontunneling curthat of the Pb electrode with respect to the YPBCO elec-
rent through the junction is determined by measuring therode.

conductance at zero bias well below 7.2 K with the Pb elec-
trode in its superconducting and normal state. The Pb gap
strongly suppresses the zero-bias current below its normal-
state value, as shown in Fig. 5. When Pb is superconducting, YPBCO, like other highF. superconductors, has a very
the zero-bias conductance of this junction is 50 times smalleanisotropic crystal structure. As a consequence, YPBCO has
than its normal-state value. This ratio shouldb&0* fora  a corresponding anisotropy in its electronic properties. This
perfect junction with only elastic tunneling present. There-is studied by tunneling into thin films with different crystal-
fore, ~2% of the current through this particular junction lographic orientations. The data in this article are reproduc-
originates from transport processes other than elastic tunneble and can be classified into two distinct categoreaxis

ing. In general, this value of the leakage current is strictlyand ab-plane tunneling.c-axis tunneling refers to tunnel
valid only at zero bias, with the Pb electrode in its superconjunctions fabricated or001)-oriented films, where the tun-
ducting state, and at the measured temperature. Even whemeling current is predominantly directed perpendicular to the
high-quality Pb gap is observed, other transport processesppper oxide planesab-plane tunneling refers to junctions

B. Crystallographic dependence
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1.6 — . . . . . Third, ab-plane tunneling features are observed when tunnel-
ing into c-axis films modified with a self-assembled mono-
14 layer. The first behavior is understandable since the surface
S 12 area of thea-axis grains is greater than that of the underlying
[ c-axis film. The resistance fab-plane tunneling will then
Q 10 be less than for-axis tunneling and dominate the junction
o1 resistance. The second behavior is unexpected. We propose
G 08 that, since the Br etch rate is much faster in #teplane
direction than in the-axis directior** the exposed planes of
0.6 =l T the ab-oriented films are rapidly and inhomogeneously
0.4 ) ; : i ; ; H=2, KG etched. The pitted surface exposes an effectively large area
-80 60 40 20 0 20 40 60 80 for c-axis tunneling and possibly a thicker tunnel barrier in
Voltage (mV) the ab-plane direction, consequently leading to preferential

tunneling along thec axis. For the third behavior, there is
FIG. 6. Crystallographic dependence of the planar YBCO tun-indirect evidence for interdiffusion of the counterelectrode
neling conductance. Qualitative differences are observed betweqmough the self-assembled monolayer and into the YBCO
ab-plane andc-axis tunneling.ab-plane data exhibit a zero-bias fjjm 942 thereby opening upb-plane tunneling channels in
conductance pealZBCP) and a gaplike featuréGLF) at approxi- 4 globally orientect-axis film.
mately 17 mV.c-axis data exhibit a conductance dip at zero bias
and a broad peaklike structure that is different from &eplane

GLF, as discussed in the text. C. Doping dependence

fabricated on100)-, (110-, and(103-oriented films, where The effect of Pr doping, and the concomitaly reduc-

the current is predominantly directed parallel to the coppetion, is studied by measuring films with different Pr concen-
oxide planes. For both tunneling geometries, only slight dif-trations. Some YPBCO tunneling measurements with0
ferences in the conductance are observed from junction tare performed on YPBCO layers, a few hundred angstroms
junction, such as the detailed shape of the background anglick, grown on top of an undoped YBCO layer. As men-
the strength of the features that appear beted0 mV. For  tioned above, this layering is necessary to achieve the proper
ab-plane tunneling, the differences in the tunneling characyyientation for(100- and (110)-oriented YPBCO. But it is
teristics between junctions fabricated on films with differenty 55 found that junctions fabricated da03)- and (001)-
orientations are consistent with the differences between jungsyiented YBCO/YPBCO bilayers exhibit less leakage current
tions fabricated on films with the same orientation. Giventhan junctions fabricated on single layer YPBCO films. The
this empirical observation, the data from all threl-plane same features are observed in the conductance for single

orientations will be considered equivalent. . ) ;
) ; . layer YPBCO and bilayer YBCO/YPBCO films, so proxim-
In Fig. 6, typical data from undopeédb-oriented and ity effects can be excluded.

c-axis YBCO films are presented side by side to illustrate the .

differences between the two orientations. There are three | Ne dependence of thb-plane anct-axis YPBCO tun-
specific distinctions reproducibly observed. First, at zero bia§Iellng conductance is shown in .Flgs(a)7and ), respec-

a conductance peak is observed in #teplane data while a tively. Both theab-plane andc-axis data are normalized py
conductance dip is observed in thaxis data. Second, there the value of the conductance 460 mV so that they can fit
are subtle differences in the peaks appearing-20 mv.  ©On the same plot. The conductance at 60 mV is 0.74, 229,
The peak in theab-plane data is reproducibly observed at 263, and 340 mS for the=0.0, 0.2, 0.4, and 0.&b-plane
around~16 mV, which is less than the- 22 mV value of data, respectively. The conductance at 60 mV is 181, 34,
the c-axis peak. This difference has also been noticed by08, and 54 mS for the=0.0, 0.2, 0.4, and 0.6-axis data,
others? Third, the voltage dependence for the two orienta-respectively. As observed in Fig. 7, tleb-plane conduc-
tions is different at voltages beyond those plotted in Fig. 6tance data fox=0.0—0.4 and the-axis conductance data
ab-plane data exhibit a parabolic background conductancér x=0.0-0.5 strikingly maintain the same characteristic
that is typical of the behavior observed in planar metal/oxidefeatures for the particular crystallographic orientation. In ad-
metal tunnel junctions. This can be described with an asymdition, Pr doping weakens the strength of these features.
metric, trapezoidally shaped potential barrier separating thelowever, the reproducibility of these features supports their
two electrode$?® c-axis data exhibit a background conduc- interpretation as intrinsic features of the YPBCO electrode,
tance that varies linearly with voltage. There has been mucHespite their small size.

interest and speculation over the origin of this behatfo?° For ab-plane tunneling, a zero-bias conductance peak and
but this subject is beyond the scope of this paper and we wiljaplike feature are observed far=0.0—0.4. Pr doping re-
omit any further discussion on this point. duces the ZBCP height. Likewise, the depth of the GLF de-

There are three exceptions to the observed crystalloereases with increasing Pr concentration. However, in con-
graphic dependence. Firsip-plane tunneling features are trast to the ZBCP, which is very pronounced for all three
observed from nominallg-axis films, which have more than doping levels, the GLF becomes very subtle with higher dop-
50% of the surface covered bg-axis grains. Second, ing levels. Yet a close inspection reveals that there is a dis-
ab-plane films etched with a dilute solution of Br in metha- tinct downward deviation from the background conductance
nol (1:100 by volumeg exhibit c-axis tunneling features. for x=0.0, 0.2, and 0.4. It is also found that there is a clear
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(\D/ \\ ' S <200 ductance from ¥ sPr, sBa,Cu;0,. The conductance for each junc-
~ 04} N\ // 0ol tion is shown in Fig. 7. Both junctions are measured at the same
O] \\// 0.4 temperature and magnetic field of 1.5 K and 2 kG, respectively. The
(b) Vv 0.5 dip in the conductance around zero bias appears in the derivative as
0.0 ; . . the curvature indicated by the arrows. The width, in energy, of the
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dip in theab-plane data is reproducibly narrower than the dip in the
Voltage (mV) .
c-axis data.

FIG. 7. Doping dependence of the YPBCO/Pb tunneling con-
ductance. For both figures, the Pr concentration increases from topb-plane conductance dip is narrower, in energy, than the
to bottom, as indicateda) Dependence of thab-plane YPBCO  C-axis dip. This is shown in Fig 8. The dip around zero bias
conductance on Pr concentration. Note that the ZBCP and GLF ar@anifests itself as the deviation from roughly linear behavior
reproducibly observed for Pr concentrations betweer.0 andx in dG/dV and is indicated by the arrows.
=0.4. The data are measured at either 4.2 K or 1.5 K. A magnetic The physical origin for this zero bias dip is unknown.
field of 2 kG is also applied to drive the Pb electrode normal. TheHowever, the disappearance of the ZBCP coincides with the
normalization values are listed in the text and the dataxfo0.5 appearance of localization in theeb-plane resistivity. This
are shifted vertically for clarity(b) Dependence of the-axis YP-  suggests that carrier localization is suppressing the formation
BCO conductance on Pr concentration. Note that a dip in the conof Andreev bound states. If so, the spatial extent of the lo-
ductance is always observed at zero bias. All the data are taken ghjized states must be less than the superconducting coher-
1.5 K'in a 2 kG magnetic field. The normalization values are listedapce length, which sets the scale over which the constructive
in the text and the data for<0.5 are shifted vertically for clarity. jytarference occurs. The localization length is difficult to ex-

decrease in the energy where this GLF appears with decreaact from thex=0.5 data because there is no charge trans-
ing T.. Numerical derivatives of the conductance confirmPOrt model that is applicable to the resistivity. Nevertheless,

this reproducible behavior. the localization length in insulating YPBCO with=0.63
For c-axis tunneling, a conductance dip and broadly(Ref. 43 and PBCO(Ref. 44 has been estimated to be
peaked structure over 15-40 mV is observed. Theseaxis  ~15-20 A and~85 A, respectively. So spatially localized

data are an independent confirmation of previously publishe§tates extending on the order of the coherence length are at

data from Pr-doped YBCO single crystil3hese data also least plausible whem=0.5. _

resemble the-axis conductance when tunneling into oxygen A more speculative explanation for the absence of the

deficient YBCO(Ref. 9 and YBCO doped with Al, Fe, Zn, ZBCP is that the superconducting order parametgr has

and Gd’ This broad structure in the-axis conductance be- Swave symmetry whenx=0.5. However, many materials

haves differently than the GLF observedah-plane tunnel-  issués must be addressed before such a conclusion can be

ing. While thec-axis peak gets weaker with increasing prmadg. The most dlef|n|t|ve experiment would pe a supercon-

concentration, it exhibits no clear downward shift in energyducting quantum interference devi¢8QUID) interferom-

asT, is suppressed. etry experiment like that used to determine the pairing sym-
As shown in Fig. 7a), the ab-plane tunneling conduc- Metry of undoped YBCO.

tance exhibits a qualitative change when the Pr concentration

increases from 0.4 to 0.5. These data are also reproducible. VI. TUNNELING: NORMALIZATION OF THE

Instead of a ZBCP, a conductance dip is observed at zero LOW-TEMPERATURE ab-PLANE DATA

bias. Furthermore, a gaplike feature cannot be resolved. At

first glance, thex=0.5ab-plane data bear close resemblance

to the c-axis tunneling data for the same Pr doping level. Traditionally, either of two methods are used to empiri-

However, there are two specific differences that suggest theally measure the normal-state background conductance. The

ab-plane andc-axis data are still different. First, the first is to drive the superconductor normal with a magnetic

ab-plane background conductance is more asymmetric thafield. This method is advantageous because the supercon-

the c-axis data and follows the same asymmetric trend estalducting and normal-state conductance can be measured at the

lished by the lighter doping levels. Second, the width of thesame temperature, i.e., with an equivalent Fermi distribution

A. Calculation of the normal-state background
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undoped-YBCO/Pb junctions when the low-temperature conduc- 80 40 20 O 20 40 60
tance is normalized by the conductance measurdd ata) Unnor- Voltage (mV)

malized data. The solid lines represent the conductance measured

well below T, and the dotted lines indicate the conductance mea- FIG. 10. lllustration of the nonconservation of states from Pr-

sured afT,. The data are normalized by the value of the conduc-doped-YBCO/Pb junctions when the low-temperature conductance

tance at 60 mV and the data labeled Il are shifted vertically foris normalized by the conductance measured at(a) Unnormal-

clarity. (b) Normalized data. The normalized conductance from un-ized data. The solid lines represent the low-temperature data taken

doped YBCO typically exhibits too many states, as shown in the topvell below T, and the dotted lines represent the conductance mea-

curve labeled |. However, the normalized conductance occasionallgured atT.. The data are normalized by the value of the conduc-

exhibits too few states, as evident in the bottom curve labeled litance at 60 mV and shifted vertically for claritgh) Normalized

The top curve is shifted vertically by 0.2 for clarity. data. The normalized data from YPBCO films exhibit too many
states wherx=0.0 and 0.2, but they exhibit too few states when

of quasiparticles in the electrodes. This, however, is imprac)-(:OA'

tical for YPBCO because its upper critical field is on the temperature dependent and proceed to numerically calculate
order of 100 T, which is extremely difficult to achieve for a background conductance that conserves states.
any sustained period of time. The second method is to drive The simplest way to numerically calculate a normal-state
the superconductor normal with temperature. This method isackground is to fit the experimental conductance to a simple
easily achieved with planar tunnel junctions, which displayfunction, like a parabola or a linear function. This fit is done
excellent stability with varying temperature. In contrast, thisat high voltage and then extrapolated to the region around
method results in a normal-state background with greatezero bias. However, the YPBCO background exhibits a non-
thermal broadening than the low-temperature data. trivial voltage dependence, which cannot be adequately fit by
However, there are additional complications with this lat-a simple function.
ter method specific to the YPBCO junctions reported in this An alternative method is used, which will now be dis-
article. When the low-temperature data are normalized by theussed. The key concept of the numerical procedure is that
data measured af;, the normalized conductance exhibits the superconducting conductance and the normal-state con-
either too many or too few states. Examples of this behavioductance, from the same temperature, will match if con-
are plotted in Figs. 9 and 10. Too many states are typicallyolved with enough thermal broadening. This is a conse-
observed in the normalized conductance of YPBCO juncquence of the conservation of states between the
tions with x=0.0 and 0.2. Too few states are observed insuperconducting and normal states, and it occurs when ther-
junctions wherex=0.4. Note that the superconducting and mal broadening washes out all features related to the super-
normal conductances match at high bias, as expected whewnducting density of states. So a procedure is developed
probing the density of states far beyond the gap. The nonwhereby the experimental low-temperatare-plane tunnel-
conservation of states originates from the behavior arounthg data are numerically convolved with hypothetical ther-
zero bias. mal broadening at a much higher temperaflgg,, . This is
Hence, the dilemma: the Pb superconducting density ojust a simple numerical integration along the lines of the
states is observed in the low-temperature conductance, indFermi golden rule given in Eq1). This thermal broadening
cating the dominance of elastic tunneling. In addition, theis then deconvolved from the convolved data using param-
qualitative behavior of the ZBCP and GLF is consistent witheters that yield a smoothly varying background conductance.
ad-wave superconducting density of states. But the nonconfhe deconvolution procedure employs fast Fourier trans-
servation of states in the normalized data is inconsistent witfiorms. Since there is no phase information, there are many
a superconducting density of states. However, because thifferent functions that can be extracted from the deconvo-
ab-plane data so closely resemblé-avave density of states, lution. This is why the deconvolved data do not match the
we instead hypothesize that the normal-state background tsriginal low-temperature data. But the deconvolution proce-
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dure is accurate because when the deconvolved data are ‘“re- @
convolved,” the data match the original convolved data. The 0.9¢
smoothly varying background is arguably the most plausible
from a physical standpoint since fast oscillations with respect
to voltage are unexpected from the tunneling matrix element
and the normal density of states. Therefore, we propose that
the low-temperature normal-state background calculated in
this manner is a very good approximation of the actual back- 03 ) 0.2
ground. T g 04 ]
As a proof a concept, this convolution-deconvolution pro- ’ ’ ’ ’ ’
cedure is applied to both a parabolic background conduc-
tance and a hypothetical BCS density of states superimposed 1.3}
on this parabolic normal-state background. After going
through this convolution-deconvolution procedure, the nu-
merically calculated background matches the original para-
bolic background to better than 1%. Next, the BCS density
of states plus parabolic background is used to numerically 1.0
generate a background conductance. This hypothetical BCS
conductance is convolved with a temperature well above that 0% 40 =0 0 20 40 80
in which features related to the gap and inverse square-root Voltage (mV)
singularity at the gap edge are no longer resolved. The de-
convolved conductance matches the original parabolic back- FIG. 11. Normalization of theab-plane conductance using a
ground to within a few percent. In addition, the normalizednumerically calculated background conductance that conserves
data agree to within a few percent of the original BCS den-states, as described in the tetd) The low-temperature conduc-
sity of states. There is improved agreement when broadeningnce is represented by a solid line and the background conductance
is introduced in the BCS density of states via a phenomends represented by a dotted line. The Pr concentration increases for

logical pair-breaking facto‘fs, which is more applicable to each curve from top to bottom, as indicatéo). Normalized data.
the weak features in the YPBCO conductance. The GLF energy decreases with decreading Also, the depth of

Finally, we do not wish to emphasize the details of thethe GLF and the height of the ZBCP decrease with increasing Pr

numerical procedure any more than necessary. The numefioneentration.

cal procedure discussed above is simply one of many ways

of calculating a background conductance. We only want t@nd the GLF energy is an indication that the GLF is related

present these numerically calculated backgrounds as beirl 2 supercondgctmg density of states. This glso lends sup-
ort to interpreting theab-plane conductance in terms of a

physically plausible, given our hypothesis of a temperature

dependent background. Most importantly, we stress tha({i—wave density of states at a faceted .surface, where the an-
these backgrounds are calculated in the least-biased manri@?troge{3 between(100- and (110-oriented surfaces is
possible. This numerical procedure works well at impartiallyrased-’ Theoretical modeling of thesab-plane tunneling

calculating a background conductance that conserves state%lg:la is in progress and will be reserved for a future publica-

0.6F

G / G(60mV)

1.4}

1.2

1.1

Normm. cond.

B. Normalization of the ab-plane data C. Analysis of the low-temperatureab-plane background

The low-temperaturab-plane data along with the corre-  This section will analyze the numerically calculated
sponding numerically calculated backgrounds are shown iab-plane background conductance. In order gain better un-
Fig. 11(a). The normalized data are shown in Fig(l)1 The  derstanding of these data, the low-temperature background
normalizedx=0.0 and 0.4 data conserve states to better thanonductance is normalized by the actual conductance mea-
1%. Thex=0.2 data conserve states to better than 10%. Theured atT.. This is shown in Figs. 12), 12(b), and 1Zc)
normalized data are also nearly symmetric with respect t@long with low-temperature-axis tunneling data. These data
energy, as expected for a superconductor. are normalized by the conductance measureti, at

The data in Fig. 1(b) illustrate the significant new results ~ The normalizedx=0.0 and 0.2 data suggest that the ap-
presented in this article. The data for-0.0—0.4 all exhibit parent observation of too many states is due to broadly
a GLF and a ZBCP. The depth of the GLF and the height ofpeaked structure over 15—40 mV. This structure is tem-
the ZBCP both decrease with increasing Pr concentration. Iperature dependent and cannot be described by simple ther-
addition, the energy where the GLF appears decreases withal broadening effects alone. Interestingly, very similar
increasing Pr concentration and with the consequent redu¢emperature-dependent structure is observed in the normal-
tion in T.. The weakening of the GLF and ZBCP and theized c-axis data. This peaklike structure is also doping de-
reduction in the GLF energy are not mere artifacts of thependent. It is most prominent in the undoped data and is
normalization procedure, as this behavior is observed in theirtually absent from thex=0.4 and 0.5 dat@&not shown.
unnormalized data too. While different background normal-Furthermore, it is significant to compare the data from Fig.
izations yield small changes in the GLF energy, the overalll2(a) to spectroscopy data measured with a scanning tunnel-
qualitative trend where the GLF energy is observed to deing microscope(STM). The average of STM spectra taken
crease with decreasifig, is not. This correlation betweef, ~ over a 10<10 nn? area reveal a broad peaklike structure in
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data at this temperature. The suppression of the peak struc-
ture with Pr doping implies a sensitivity to disorder within
the planes. Beyond these experimental facts, however, no
further explanation can be reliably made.

The data in Fig. 1€) indicate that too few states in the
normalized conductance originates from suppression in the
conductance around zero bias which develops as the tem-
perature is lowered. The conductance around zero bias de-
creases with decreasing temperature at a faster rate than that
predicted by thermal broadening. The fast decrease in the
conductance implies that other transport processes are being
frozen out with decreasing temperature. Since the conduc-
tance decreases with decreasing temperature, this points to-
ward some type of insulating transport process. The overall
temperature dependence is qualitatively consistent with the
activation of hopping transport at higher temperature. At
high temperature, there is enough thermal energy, in the na-

ture of bosons, to assist the hopping of electrons between
localized states in the tunnel barrier. As the temperature is
lowered, the bosons are frozen out and elastic, single-step
© tunneling, which conserves energy and does not require en-
20 20 80 80’ ergy from bosons to drive the tunneling process, remains as
the only dominant transport process.
Typically, the data from undoped YBCO junctions, when
FIG. 12. Comparison of typical high bias structure observed innormaﬁzed by the conductance measureﬂ'cat exhibit too
c-axis tunneling and the background conductance used to normaliq@]any states. Th&=0.2 data start to show signs of a sup-
the low-temperatureab-plane data. The low-temperatuaxis pression in the conductance around zero bias. Th@.4
data andab-plane background conductancg are nor_malized by theyd thex=0.5 (not shown data show clear suppression in
conductance measured from the respective junctiofat The e 76rq-hias conductance with decreasing temperature. The
c-axis and ab-plane data exhibit very .S|m|lar .temperature— overall behavior is consistent with a thick, amorphous insu-
dependent_structure overl5-40 mv. The different figures corre- lating tunnel barrier. The fact that the heavily doped films
iiog i.to different Pr concentratiorig) x=0.0, (b) x=0.2, and(c) always have thick amorphous barriers may be related to the
material properties of these compounds, but it is most likely

the data that is very similar to the peaks observed in plandfot & Very profound correlation. The data from undoped
tunneling®® Very similar structure is also found in studies of 1IMS usually exhibit none of this behavior. However, we do

vortices in YBCO single crystal¥.Outside the vortex cores, occasionally observe too few states in the normalized un-
a broad peak followed by a smaller peak at slightly lowerdoPed YBCO conductance. Two examples of this contrasting
energy, reminiscent of the broad peak and GLF of the manapehawor are shown in Fig. 9. Notice that in the junction

ab-plane data, is observed. Inside the cores, the broad peaghibiting too few states, there is still evidence for the peak-
remains, but the lower energy peak is absent. like structure over~15—40 mV. The sum of the data from

The fact that this broad peak is observed in both thdunctions exhibiting too few states in the normalized data
ab-plane andc-axis data, it is doping dependent, and it is leads to the conclusion that this behavior is related to a bar-

observed in experiments with completely different tunnelfer effect.
barriers strongly suggests it is related to the material proper-
ties of YPBCO and not due to some barrier effect. Since this
peak is most likely the origin of the apparent nonconserva-
tion of states and is observed both inside and outside a vor-
tex, this implies that it is unrelated to the superconducting
state of YPBCO. It is difficult, however, to specifically say The temperature dependence of the ZBCP from
what the physical origin of this peak is. Atomic-scale STM YBCO/Cu tunnel junction$ will now be discussed. This
imaging reveals that the copper oxide chains are beingnvolves a comparison between data taken at two different
probed when this broad peak is obserf®®ut it is un- temperatures,; and T, with T,<T,. It is crucial to factor
known whether this is an intrinsic property of the chains or aout differences in thermal broadening effects in order to
surface effect. The peak is suppressed at higher temperatungake a meaningful comparison between these data. This is
more strongly than that expected from simple thermal broadaccomplished by folding into the low-temperature data the
ening, suggesting that the peak is sensitive to inelastic scasame amount of thermal broadening that is present in the
tering. Previous studies also show that this structure is unréiigher-temperature data. The low-temperature data are nu-
lated toT.. Structure related to this peak maxis data is merically convolved with the derivative of the Fermi func-
observed up to a temperature of 150%Our measurements tion with respect to voltage evaluated at a temperature
have only been performed up to 90 K, but there are indicaT .., =T,. Since the low-temperature data inevitably have
tions for structure related to this peak in our undopeakis  finite thermal broadening, the convolved data are only an

c-axis
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VII. TUNNELING: ANALYSIS OF THE ZBCP
FROM YBCO/Cu JUNCTIONS

A. Temperature dependence
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FIG. 13, Temperature dependence of the 28CP in zero magi b £ 800 PSRRI B AR Rl o fom the
netic field.(a) A comparison of actual data measured at 4.2 K to P 9 9

data measured at 1.5 K that are numerically convolved with 4.2 KS'mUIated 0K _da_ta,_ the conservation of states s approxi-
thermal broadening. Note that the curves do not match, indicating g1ately 20%. This is 'mport_ant becguse Conservgtlon of states
temperature-dependent density of statés.Normalization of the ~ MUSt be observed before interpreting the data in terms of an
convolved 1.5 K data by the actual 4.2 K data fréan Spectral Andreev bound state of-wave superconductors. Data be-

weight is shifted away from zero bias into the finite energy peaks ayond 10 mV are unreliable because there are sharp jumps

~+2 mV. Compare these data to the field-dependent data shown #hat have all the hallmarks of noisy contacts and are unre-
Fig. 16. lated to any material properties being studied. However, it is

expected that this is beyond the energy range over which the
approximation. But this approximation is goodTif is close  bound-state splitting will have an effect on the density of
to 0 K sothat the data have minimal thermal broadening. Asstates.
a check on the accuracy of this approximation, comparisons More evidence for a temperature-dependent density of
are also made between actual data measur&d ahd simu-  states comes from an analysis of the zero-bias conductance
lated O K data that are convolved with, thermal broaden- G(0) versus temperature. The ZBCP appears in the conduc-
ing. The simulatd 0 K data are generated by deconvolvingtance well belowT.. Here G(0) begins to increase at
1.5 K thermal broadening from data measured at 1.5 K. Th&oughly this same temperature and continues to increase until
deconvolution routine is the same as that described abovéie Andreev bound state splits, leading to a downturn in
The results of the analysis are qualitatively the same, regards(0) as the temperature goes to zero. Note that this cannot
less of whether the numerical data with broadening are be ascribed to overall shifts in the background conductance
generated from actual 1.5 K data or from the simulated 0 KSince it stays constant over this temperature range. If the 1.5
data. Only slight quantitative differences are observed, whict data(or the simulatd 0 K datag are numerically convolved
are stated below. For simplicity, only those data that arevith higher-temperature thermal broadening, the numerically
calculated by starting from the actual 1.5 K data are pregenerated data do not match the measug@). This is
sented. shown in Fig. 14. The splitting in the density of states pulls

When the ZBCP splits in zero magnetic field, the tem-G(0) down below the value it would have if there were no

perature dependence cannot be described by thermal broagplitting.
ening effects alone. An example of this analysis is shown in The temperature dependence®f0) is also used to de-
Fig. 13a). Data taken at 1.5 K are convolved with 4.2 K termine the onset of splitting in the density of states. Because
thermal broadening. The numerically generated data do natf thermal broadening effects, a splitting in the density of
match the actual data measured at 4.2 K. Similar results argtates at a temperatufie can only be resolved in the con-
observed when comparing to 7.5 K and 10 K data. Thus, theuctance well below this temperature. Theref@€0) pro-
density of states is temperature dependent. The observedtles a more accurate measurelgf This involves compar-
temperature dependence exhibits the same qualitative behawng the measured temperature dependencé (@) to some
ior expected when measuring a feature related to the supeexpected temperature dependence when there is no splitting
conducting density of states. As the temperature is lowered)f the Andreev bound state. Theoretical calculations show
spectral weight is shifted from zero bias into two peaks athat a ZBCP resulting from an Andreev bound state should
~+2 mV, as shown in Fig. 1®). Over =10 mV, the total  exhibit aT~* temperature dependenteThe experimental
integrated area with respect to the 4.2 K data is approxidata can be fit to this functional form over a limited tempera-
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ture range, but the overall fit is poor becauseThé predic- 25
tion ignores the finite width of the bound state observed in
practice and the contribution of the GLF to the thermal
broadening effects. Numerical convolutions of both experi-
mental data and theoretical curves, which include a GLF and
an impurity-broadened ZBCB,yield G(0) vs T curves that
deviate from thél ~* behavior. We instead prefer to compare
our data to numerically determined temperature dependence.
This temperature dependence is generated by convolving PR

data from a YBCO/Pb junction at 4.2 Kia 2 kGmagnetic 05 & of 1
field with thermal broadening and extracti@f0) vsT. This =
is shown as a dotted line in Fig. 14. The definitionTafis 0.0 == : ' '
where the measured data deviate from the expected tempera-

ture dependence. Finall(0) can also be fit to the log(L) H (T)
e e v o 1. 15. A comperdun o exgarinntalcta ot an
. 2 . contrasting the peak position vs magnetic field of the YBCO ZBCP
ited to draw any deflnltlve conclusions. to ZBCP’s originating from magnetic spin-flip scattering. The data
. Last, the ZBCP 'S, alwa,ys ob§erved _below @Of the from planar YBCO junctions are labeled accordingly. Data from
f!lm under study. Th's, in itself ',S consistent with, but not junctions with magnetic impurities in the barrier are represented by
rigorous proof, of its interpretation as an Andreev bound() for Ta/Ta0./Al (Ref. 50, (W) for AlTi-doped ALO,/AI
state. Since the width, in energy, of the ZBCP is much lesgret. 52, (A) for AlTi-doped ALO4/Al (Ref. 53, (V) for Al/Fe-
than the thermal energy &, kgTc, the ZBCP is impos-  doped ALO,/Al (Ref. 54, (+) for Sn/SRO,/Sn (Ref. 55, and
sible to resolve aT ., even if it is temperature independent. (x) for a Au/Si:P Schottky barrier tunnel junctidRef. 56.

But the ZBCP in undoped YBCO films is sometimes ob-

served above 45 K, which is th&. of the YPBCO-40% yields gug (whereg is the Landeg factor, ug is the Bohr

observed above 25 K. Ta/Ta0s/Al data yields a Landeg factor ofg~2, which is
a reasonable and realistic value for the proposed Ta impuri-
ties in the tunnel barrier. The slopes from the YBCO data
imply an enormous Landg factor ofg~ 13. This is in con-
The YBCO ZBCP splits when an external magnetic fieldtradiction to any physically realistic interpretation of the
is applied to the tunnel junction. This same qualitative be-ZBCP in terms of paramagnetic spins.
havior is also observed when a ZBCP originates from mag- This large slope, however, is easily accounted for by the
netic spin-flip scattering in the insulating tunnel barfr. d-wave Andreev bound-state model. Supercurrents induced
This is the reason why the YBCO ZBCP was originally by an external magnetic field will shift the bound state to
interpreted using the spin-flip scattering mod®But it was finite energy. Reasonable values of the thermodynamic criti-
acknowledged that there were some discrepancies. In Fig. dal field and tunneling cone of 0.94 T and 3°, respectively,
of Ref. 5, the splitting versus field is nonlinear and muchyield a slope that agrees very well with the large slope of the
larger than the expected Zeeman splitting of ordinary paraYBCO data in Fig. 15°® Furthermore, when the effects of
magnetic spins. A direct comparison to representative exa subdominant order parameter, nonlinearity in the screening
perimental data from spin-flip ZBCPRefs. 50, 52—-54, and current, and the bulk thermodynamic critical current are
56) shows dramatic, qualitative differences between theaken into account, the finite splitting at zero field and the
YBCO and spin-flip data. This is shown in Fig. 15, where thenonlinearity in the peak position vs field are well described
peak position is plotted as a function of magnetic field. Theby the d-wave model.
voltage at which the conductance reaches a maximum is used Typical field-dependent data are shown in Fig(al6Ap-
to determine the peak position. The peak position plotted irplication of a field induces further splitting of the peak. Note
Fig. 15 is an average of the absolute value of the peak posthat, like the behavior with decreasing temperature, applica-
tion voltage for positive and negative bias. With the excep+ion of a field shifts spectral weight from the region around
tion of the Sn/SgO,/Sn junction data, the magnetic impurity zero bias, out to finite voltage. The finite field data are nor-
data are clustered around each other and obey a roughly limalized by the zero field data in Fig. (. Note that all the
ear variation of peak position versus field. Other publishedlata in Fig. 16a) are taken at the same temperature, so there
data from junctions with paramagnetic impurifit¥’*®are  are no differences in thermal broadening. The data in Fig.
also clustered around the linear data, but have been omittexb(b), like the normalized data in Fig. 13, exhibit a rough
from Fig. 15 for clarity. conservation of states. Again, this is the expected behavior
For the YBCO data below 1 T, the slope of peak positionfrom a feature related to the superconducting density of
versus field is much larger than the slope of the spin-flipstates. Between-8 mV, the total integrated area with re-
data. The slope of the Ta/J@s/Al date® is 0.118 meV/T  spect to the zero-field data is approximately 10% of the area
while the slope bel 1 T for the YBCO/Pb(Ref. 5 and  above and below the zero field reference curve. The low-field
YBCO/Cu (Ref. 10 data is 0.753 and 0.771 meV/T, respec-data have more states than the zero-field spectrum while the
tively. Assuming the Zeeman energy.gH sets the energy high-field data have less. The normalized data in large fields
scale for the splitting, the slope of the curves in Fig. 15undershoots the zero-field data for voltages beyond 8 mV
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YBCO/Cu data is more than a factor of 2 less than the depth of the
0.94 : ; ‘ YBCO/Pb GLF.
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FIG. 16. Magnetic field dependence of the ZBC# Data taken ~ age of the conductance at positive and negative voltage,
at 4.2 K in different applied magnetic fields, as indicated. The apGeyen(V)=[G(+V)+G(—V)]/2. The variation in the nor-
plication of a magnetic field induces the ZBCP to sighi. Normal-  malized YBCO/Cu conductance fof>30 mV is an artifact
ized magnetic field-dependent data. As the field increases, spectraf the normalization and should be ignored. The depth of the
weight is shifted from zero bias into finite energy peaks. CompareéGLF from YBCO/Cu junctions is reproducibly less than the
these data to the temperature-dependent data shown in Fig. 13. depth of the GLF from YBCO/Pb junctions. Similar behavior

is also observed in Pr-doped YBCO/Pb junctions, where the
and persists out to the GLF energy. Integration over a largetlepth of the GLF decreases when the Pr concentration in-
energy range results in poorer conservation of area. This urcreases. Damage induced by ion irradiation, which increases
dershoot is barely discernible in the low-field data, but getghe disorder in the YBCO film, also yields a GLF that is
progressively larger with increasing magnetic field. It re-shallower® Using this phenomenological behavior as a
mains unclear whether this behavior is related to the densitguide, YBCO/Cu junctions apparently have more disorder
of states or whether it is some effect acting independently o&nd quasiparticle scattering near the tunnel barrier compared
the spectral shifts associated with the Andreev bound stateto the YBCO/Pb junctions.

It is significant to compare the normalized data in Fig.

13(b) to the normalized data in Fig. {§. Decreasing the VIIl. CONCLUSION
temperature from 4.2 K to 1.5 K produces almost the same _ o _
change in the conductance as applya2 kGmagnetic field In conclusion, the resistivity along the copper oxide

at 4.2 K. This similarity provides further support of the An- planes and the quasiparticle tunneling conductance of YP-
dreev bound-state interpretation of the YBCO ZBCP and is 8CO thin films are studied. The YPBCO in-plane resistivity
convincing sign that the zero-field splitting originates from exhibits features that are common to both planar and chain
the spontaneous generation of supercurrent. Specifically, tHebstitutions in YBCO. Doping YBCO with Pr introduces a
bound state shifts to finite energy whenever there is a finitéarge extrapolated zero-temperature residual resistivity, char-
superfluid momentum, regardless of whether the superflui@cteristic of planar doping, and S-shaped curvature in the
circulation is induced by an external magnetic field or sponiemperature dependence, characteristic of chain doping. The
taneously by the formation of two order parameters with a€sistivity shows signs of carrier localization around the
relative 7r/2 phase difference. Fermi energy before undergoing a superconductor-insulator
transition. The localization foreshadows the variable-range
) , hopping transport observed in insulating PBCO. The sheet
C. Comparison of the GLF’s from YBCO/Cu resistance per copper oxide bilayer at the superconductor-
and YBCO/Pb junctions insulator transition is approximately equal to the quantum
The last feature we wish to identify is the smaller depth ofresistance for Cooper paiRgy= h/(2e)2~6.45 K).
the GLF from YBCO/Cu junctions compared to YBCO/Pb  The planar quasiparticle tunneling conductance exhibits a
junctions. To make a quantitative comparison, the backelear dependence on crystallographic orientation and Pr con-
ground conductance must first be divided out. Representativeentration. Tunneling intc-axis films is qualitatively differ-
YBCO/Cu and YBCO/Pb data are normalized according toent than tunneling intcab-oriented films. This crystallo-
the same numerical procedure, as described above, amglaphic dependence persists for all four Pr doping levels
shown in Fig. 17. To eliminate the slight asymmetry with studied. Theab-plane data fox<0.4 exhibit a gaplike fea-
respect to voltage in the normalized data, the even condudure and a zero-bias conductance peak, which are qualita-
tance is calculated. The even conductance is simply an avetively consistent with al-wave symmetry superconductor at
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anab-oriented surface with nm-scale faceting. The GLF en-ground conductance is qualitatively different between the
ergy decreases wheh, is suppressed by Pr doping, and the two orientations.
GLF depth and the ZBCP height decrease with increasing
impurity scattering. Finally, the temperature and magnetic
field dependence of the ZBCP agrees with predictions for a
surface Andreev bound state frondavave superconductor. It is a pleasure to acknowledge many stimulating conver-
Analysis indicates that states are conserved to within 10%sations with M. Fogelstm, D. Rainer, and J. A. Sauls. We
which is consistent with a feature of a superconducting denwould also like to acknowledge helpful and interesting dis-
sity of states. The same qualitative behavior is observed etussions with M. Aprili and J. M. Rowell. The self-
ther when the ZBCP splits spontaneously in zero magnetiassembled monolayers on YBCO were developed by C. A.
field or when it splits in an external magnetic field. Mirkin, F. Xu, and J. Zhu. We are additionally grateful to J.
c-axis tunneling data exhibit a conductance dip at zerdGiapintzakis for performing SQUID measurements on some
bias, in contrast to theab-plane ZBCP, and a broad, of our films and to W. L. Feldmann for technical support.
temperature- and doping-dependent peak ov&6—40 mV.  This research was supported by the Science and Technology
The broadly peaked structure gets weaker but does not shitenter for Superconductivity through National Science
in energy with doping, which is different from treb-plane  Foundation Grant No. NSF DMR 91-20000. Materials char-
GLF. However, there is evidence that this broadly peakedcterizations were performed at the Center for Microanalysis
structure appears in thab-plane conductance too. This of Materials at the Frederick Seitz Materials Research Labo-
broad peak coincides at roughly the same energy as th&tory, University of lllinois at Urbana-Champaign, Grant
ab-plane GLF for undoped YBCO only. Finally, the back- No. DE FG 02-96ER45439.
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