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Correlation between d-wave pairing behavior and magnetic-field-dependent zero-bias
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We consistently observe a magnetic-field-dependent conductance peak at zero-bias voltage in a wide range
of superconductor/noble-metal junctions fabricated from oxide superconduc¥Bs,Cu;O; s and
TI,Ba,CaCuy0) that have been reported to exhilbitwave pairing behavior; however, no measurable peak
appears in similar junctions made from sswave oxide superconductor (NgiCey 1£CuQ,). Explanations of
this correlation are considered in terms of the Appelbaum-Anderson model for magnetic interface scattering
and the midgap-state model fdrwave interface state§S0163-182@07)04845-3

We report the effects of magnetic field up to 12 T on theshift of the order parameter in orthogonal directions, which
ubiquitous zero-bias conductance ped@BCP) in low- has been observed in specific junction geometries, depending
resistancec-axis YBa,Cu;O,_5 (YBCO)/noble-metal junc- on the crystal orientatioh® Another set of experiments
tions, a geometry that is of practical importance for electricaprobes the large anisotropy of the magnitude of the order
contacts in high-temperature superconducttFS) electron-  parameter through photoemission studliasd the tempera-
ics. Evidence is also presented for the general occurrence tire dependence of the penetration déftion the other
magnetic-field-dependent ZBCP’s at noble-metal junctiondiand, the oxide superconductor NgCe, 1:Cu0, (NCCO)
made with the TJBa,CaCyO oxide superconductor system, showss-wave behavior, having for example, an exponential
which, similar to YBCO, has showd-wave pairing behav- temperature dependence of the penetration depth expected
ior. In contrast, we observe no measurable ZBCP’s in noblefor s-wave, BCS-like superconductors.
metal junctions made with th&wave oxide superconductor Explanations other thad-wave pairing symmetry have
Nd; gCe& 1£CuQ,. This intercomparison of ZBCP effects in been offered for these phenomena, based particularly on
multiple oxide systems indicates a novel correlation betweemagnetic scattering coupled with anisotropic suppression of
the occurrence of ZBCP’s and evidence ébwave pairing  the order parameter isswave superconductot8 A 7 phase
behavior. shift has been predicted to occur, for example, across junc-

ZBCP's in oxide superconductor junctions have been intion interfaces if enough magnetic scattering centers are
terpreted in terms of magnetic scattering centers at HT®resent:® specifically this shift occurs at the interface
interface using the Appelbaum-Anderson thedryRe-  rather than within the body of the superconductor as for the
cently, ZBCP’s have been predicted by Hu to arise also frond-wave symmetry model. Also, the non-BCS-like tempera-
midgap interface or surface states that are uniqudwave  ture dependence of the penetration depth has been predicted
pairing symmetry. Implications of this broad range of data to result from magnetic-scattering-induced gaplessHess.
for both models and the need for theoretical predictions oEvidence for such magnetic-scattering centers is based on the
magnetic field effects in both cases are discussed briefly atbservation of a magnetic-field-dependent zero-bias conduc-
the end. tance peak in junction measurements, interpreted through the

The symmetry of the superconductor order parameter imAppelbaum-Anderson theory for magnetic interface
pacts our basic understanding of mechanisms responsible fecattering’ This interpretation has prompted the present in-
high-temperature superconductivitgnd can set theoretical vestigation to test for a correlation betwegwave phenom-
limits on practical parameters such as the microwave surfacena and the occurrence of ZBCP's.
impedancé. Several significant and elegant experiments Earlier work has shown the widespread presence of
have made a strong case finwave symmetry for the pair- ZBCP’s in the conductance-vs-voltagéV) characteristics
wave function in YBaCu;O,_ 5 (YBCO), to a lesser extentin  of YBa,CusO,_ sjunctions® Near zero voltage bias, a peak is
TI,Ba,CaCyO (TBCCO), and most recently in JBa,Cu,O. evident in theG-V curves of Fig. 1, which decreases with
One set of experiments finds direct evidence for @ahase temperature and disappears for temperatures above
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FIG. 2. Magnetic field dependence of the low-bias conductance for an

FIG. 1. Conductancdl/dV as a function of bias voltagé for a planar,  situ YBCO/Ag interface (~4X ~4 um). Left inset: Change in conductance
c-axis YBCO/Ag interface {-8x~8 um) formed ex sity that is, after ~ AG=G(H)—G(0), showing a magnetic-field suppression®fat low bias
exposing the YBCO surface to air. Inset: Low-bias data indicating the simi-oltage (between=2 mV) and AG peaks on either side. Right inset: Nor-
larity of the zero-bias conductance peak after exposing the interface to 3Qnajized change in conductanaes/AG(V=0), showing slight magnetic-
min oxygen anneals at progressively higher temperature. field broadening of the width at the half minimum &G, and greater field
broadening of th\G peak separation.

~30 K.2'® The zero-hias conductance peak is nearly inde-
pendent of film manufacturer, junction resistivigfrom  number of exposed Cu-O plane edges, as confirmed by scan-
1078 Q cn? to 102 Q cmd),*® and the counter-electrode Nhing tunneling microscopy? Therefore, it is possible that
material (including noble metals such as Au, Ag, and'Pt, a,b-plane conduction contributes significantly to electrical
metals having a high oxygen affinity, such as Pb, Ag, Cu, Infransport across these nominaaxis interfaces. Previous
and Al}?*®as well as metallic oxidé$. Furthermore, oxy- Mmeasurements og-axis YBCO junctions have shown a
gen annealing does not significantly alter the ZBCP everzero-bias conductance peakfor pressed In counter
though the junction conductance changes by several ordepdectrode$) as well as a conductance difor thermally
of magnitude, as shown by the inset in Fig. 1. Thus, theevaporated Pb counter electrotjesVe believe the low oxy-
combination of these data leads to a picture of a ZBCP irgen affinity of our noble-metal counter electrodes maintain
YBCO with notable consistency. the conduction along the Cu-O plane edges.

In order to investigate the magnetic response of the ZBCP The effect of magnetic field on tH8-V characteristics of
and its possible occurrence in oxide superconductor system&BCO is shown in Fig. 2. Conductance curves were ob-
other than YBCO, we fabricated a series of YBCO, TBCCO,tained by differentiating thé-V data using a sliding three-
and NCCO superconductor junctions with noble-metalpoint fit. High magnetic field measurements were made at
counter electrodes. YBCO films, 200-nm thick, were grown4 K in a 12-T solenoidal magnet, with field oriented parallel
on heated (100MgO or (100LaAlO; substrates using to the junction interface to within 1 or 2 degrees. As the
pulsed-laser deposition. Counter-electrode noble-metal filmgpplied-field magnitude increases from 0 to 12 T, the con-
200- to 1500-nm thick of evaporated Ag, Au, or sputtered Pductance at zero bias monotonically decreases and the con-
were deposited on the superconductor films after cooling iluctance near=5 mV increases. This is more easily ob-
oxygen without exposure to afto form in situ interface$'®  served if we plot the differencd G=G(H,V)—-G(0,V)
or after the superconductor films were exposed to air andetween the conductance curves at zero and high fields, as
later cleaned with a ligh€300 eV) Ar ion mill (to formex  shown in the left inset of Fig. 2. In such a plot there is a
situ interface$.’® Au coatings for the TBCCO films were negative peak a¢=0 (a minimun) and two positive peaks
depositecex situand either annealed to form low resistivity on either side of the minimum, all of which increase with
interfaces or left unannealed to test the properties of higlincreasing field. Moreover, the separation of the side peaks
resistivity junctions. The counter-electrode material for theappears to widen noticeably with field. However, if we re-
NCCO films wasn situ deposited Au. Thus, in all cases, the analyze the data by normalizing thG curves at each field
junction impedance arises as a natural property of the dedy its value atV=0, i.e., plotting —AG/AG(V=0)=
graded superconductor surface rather than from an artificiat [G(H,V)—G(0,V)]/[G(H,0)— G(0,0)] as shown in the
barrier. The low-temperature conduction of these junctions isight inset of Fig. 2, we see that the width of the suppressed
dominated by tunneling across the interface as evidenced iregion is about-1 mV at half minimum, which widens at a
Fig. 1 by the presence of the gaplike feature at bias voltagesiuch lower rate with magnetic field than the separation of
below about+20 mV and the parabolic shape of the back-the two peaks ilAG on either side of the minimum.
ground G-V characteristi®® These two features were ob-  The results for TBCCO, which has also been reported to
served as an HTS tunneling signature in YBCO junctionsexhibit d-wave behavior, are shown in Fig. 3. High-field
with Pb and Ir?t conductance measurements were carried out using both

Results reported here are for noble-metalkis junctions unannealed, high-resistivity TBCCO/Au interfacésg. 3
having high interface conductivity. However, it is known and annealed, low-resistivity junctiorfisot shown. A zero-
that the surface af-axis YBCO films usually contain a large bias conductance peak was consistently observed in these
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V (mV) situ NCCO/Au interface ¢8X ~8 um). Left inset: V-like normal back-

ground conductancglifferent temperature curves have been displaced ver-
tically for clarity). Right inset: Expanded voltage scale around zero bias.
The data show no evidence for suppression of the conductance with mag-
netic field, unlike the YBCO and TBCCO systems; instead a grathal
creaseis observed, consistent with field reduction of the superconducting

energy gap.

FIG. 3. Magnetic field dependence of the low-bias conductance fexan
situ TBCCO/Au interface ¢4X~4 um). Left inset: Change in conduc-
tanceAG=G(H)—G(0), showing a strong magnetic-field suppression of
G at low-bias voltagegbetween=2 mV, similar to the YBCO data pre-
sented in Fig. 2 Right inset: Normalized change in conductance
AG/AG(V=0), showing no measurable broadening of h& minimum
with magnetic field amplitude at 4 K.

bias voltage, and the conductivity is not suppressed by the
junctions. At low magnetic fields <8 T), however, the application of an external magnetic field.
background conductance level decreased with magnetic field Taken together with the earlier YBCO results, these con-
and changed shape, presumably from magnetic-field suppreguctance data in TBCCO and NCCO junctions suggest a
sion of weak links within the TBCCO films. tA8 T and  correlation between the occurrence of a magnetic-field de-
above, however, the parabolic background conductance leveendent conductance peak at zero bias in superconductors
stabilized and the effect of magnetic field on the zero biashowingd-wave phenomenon andice versathe absence of
conductance can be seen in Fig. 3 for a TBCCO/Au junctiora ZBCP in oxide superconductors exhibitingvave behav-
with a high interface resistivity of 4 10~ 3Q cn?. The con- ior. The origin of the ZBCP appears to be intrinsically linked
ductance peak width is abott2 mV. The peak is strongly to d-wave behavior and is not, as was thought earlier, an
suppressed by magnetic field and the width of the suppressektrinsic barrier or surface-damage effect. We now briefly
region is about+1 mV at half minimum, similar to the describe two models proposed for the origin of the ZBCP’s
YBCO system. Unlike the YBCO system, however, no en-in the oxide superconductors: the Appelbaum-Anderson
hancement with magnetic field was seen in the conductivitynagnetic scattering mod&l,and thed-wave surface-states
on either side of the central peak, and no widening of themodel?
suppressed region with magnetic field was observed. The Appelbaum model assumes the existence in the tun-
TBCCO/Au junctions with vastly different specific interface nel barrier of impurities with localized magnetic moments.
resistivities(five orders of magnitude lower than that shown Tunneling electrons scatter off these impurities via spin-
in Fig. 2) showed ZBCP's that were also suppressed by magexchange interactions, giving rise to additional conduction
netic field, although at a lower rate. Thus, a zero-bias conchannels, which lead to the ZBCP. An applied field sup-
ductance peak appears to be a feature of TBCCO/Au jungdresses the tunneling conductance in the bias range corre-
tions over a very wide interface resistivity range; it is alsosponding to an energy widtt|V|<gugH (the Zeeman en-
suppressed by magnetic field, but unlike YBCO shows ncergy), and splits the conductance peak into two peaks located
noticeable widening. ateV.=*xgugH. Here ug is the Bohr magneton angl is

Conductance data are shown in Fig. 4 for a gold junctiorthe Landeg factor for the impurity spin. From the right inset
with the s-wave superconductor NCC(@Ref. 22 (250-nm-  of Fig. 2 it is evident that both the width of the suppressed
thick NCCO layer with a 200-nm-thick situ deposited Au  region and the separation of the two side peaks are increased
counter electrode The junction, which has a V-like back- with the field, at a rate of 0.027 mV/T for the former and
ground conductancéeft inset of Fig. 4, shows no observ- 0.13 mV/T for the latter. Equating these ratesgpg we
able ZBCP. Furthermore, application of a magnetic field parobtain g values of 0.5 and 2.2, respectively. Although
allel to the junction interface does not result in suppressiorsimple-minded, the reasonableness of the estimate suggests
of G, but rather a graduahcreasein conductivity over the that the Appelbaum model is consistent with the general
voltage region below the gap edge and a reduction of thérend displayed by oun situ (001)-YBCO/Ag junction. We
conductivity peaks at the gap edge. This behavior is consispoint out that in the case of @03-YBCO/Pb junctior? the
tent with the usual effects of a gap reduction as field apobserved field dependence implied a much largeralue.
proaches the upper critical field of this loly-(17 K) oxide  The behavior of arex situ TBCCO/Au junction, shown in
superconductor. Thus, in contrast to the YBCO and TBCCCFig. 3 and insets, is different in a couple aspects. First, there
systems, no measurable conductance peak is observed at z&gmo evidence for side peaks. We recall that in the past it has
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always been difficult to identify side peaks except perhapstates model can be made until a theory is forthcoming to
for a few caseé? Second, the width of the conductance sup-quantitatively predict the effects of magnetic field on the
pression is apparently field independent, which may imply anunneling current.
extremely smalp value, coupled with severe thermal smear-  Thus, a wide range of conductance measurements, ex-
ing. It has been proposed that the formation of magnetigending across three oxide systems with different counter
moments in the TBCCO materfdlis different from that of  electrode materials, show a correlation between the presence
the YBCO systent?*® A rigorous test of the magnetic- of 3 ZBCP and the purportediwave nature of the Y and TI
scattering model will require extension of these measurezompounds andyice versa its absence for the possible
ments to higher magnetic fields and lower temperatures ig.yave Nd oxide compound. This by itself suggests a corre-
the same junction system, as well as generalization of thgytion of the ZBCP with the symmetry of the pair wave func-
Appelbaum model to include impurity correlations and su-tion, independent of any theoretical modeling of the ZBCP.
perconducting electrodes. _ Note addedWe have become aware of a calculation of
We turn now to the midgap surface states model, whicliagnetic field effects foa,b-axis junctions by Fogelstro
represents another possible explanation for the observed cqgt 5128 ysing the surface-states model, something that has
relation based onl-wave pairing symmetr§.In this model  peen Jacking until now. Among other results, the model pre-
the conductance peak arises from surface states formed byq:s a splitting of the ZBCP at zero field in a limited sym-
particle alternately experiencing specular reflection and gnetry phase space, which may shed some light on a zero-
unique Andreev reflection in which an electron changes mofie|q " spitting observed in very high conductivitg-axis
mentumk into a hole of momenturi-k. This situation oc-  yBCco/Au junctions? The challenge of the-wave surface-
curs only withd-wave pairing symmetry over a range of states model, it would seem now, is to extend the predictions
scattering angles, noft00 surfaces, and would not arise of magnetic-field effects to the practical high-conductivity
with s-wave symmetry, either isotropic or anisotropic. Origi- ¢_axis case for comparison with the wide body of data re-
nally considered to occur at low symmetry surfaces, zeroported here. The experimental correlation of these ZBCP

energy midgap states have more recently been proposed {ita with purportedi-wave behavior is pervasive and would
occur also forc-axis junctions where the superconducting provide a broad-based critical test.

film has grains boundaries or microscopic facétsThe
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