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Observation of bound surface states in grain-boundary junctions
of high-temperature superconductors
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We have performed a detailed study of the tunneling spectra of bicrystal grain-boundary jufGgls
fabricated from the high-temperature superconductét$S) YBa,Cu;O;_s (YBCO), Bi,Sr,CaCyOg, 5
(BSCCO, Lay g5115CuQ, (LSCO), and Nd gCe 15CuU0, _, (NCCO). In all experiments the tunneling direc-
tion was along the CuPplanes. With the exception of NCCO, for all materials a pronounced zero bias
conductance peakZBCP) was observed that decreases with increasing temperature and disappears at the
critical temperature. These results can be explained by the presence of a dondnatrg symmetry of the
order parameter resulting in the formation of zero-energy Andreev bound states at surfaces and interfaces of
HTS. The absence of a ZBCP for NCCO is consistent with a dominatimave symmetry of the pair potential
in this material. The observed nonlinear shift of spectral weight to finite energies by applying a magnetic field
is in qualitative agreement with recent theoretical predictip§6163-18208)08441-0

There is strong evidence that the superconducting orderal weight is expected for #110) surface and, hence, a
parameter(OP) in the high-temperature superconductorsmaximum ZBCP is expected for tunneling in the direction of
(HTS) has a dominating-wave symmetry:? For this pair- the nodal lines, i.e., thg110] direction. This has been ob-
ing symmetry there is ar-phase shift of the OP in orthogo- served recently using low-temperature scanning tunneling
nal k-space directions resulting in a positive and negativespectroscopyand planar-type junctiond.We note that the
sign of the pair potential in those directions. This also meanZBCP is sensitive to surface roughness making it difficult to
that there are directions with nodes of the pair potential, e.ggistinguish between the directions in the plahe
for a pured,2_,2 symmetry, the nodes are along tfL0] Initially, the ZBCP in the tunneling spectra of HTS junc-
direction in the Cu@ plane. For the tunneling spectra of tions has been explained within the Appelbaum-Anderson
junctions employing HTS electrode materials with-wave  (AA) modet* due to the presence of a large density of mag-
symmetry of the OP, a pronounced zero bias conductanceetic scattering centers at the surface of the junction elec-
peak (ZBCP) has been predicted originating from midgap trodes. However, the AA model predicts a ZBCP that is not
surface(interface states or zero-energy bound sta(EgS expected to disappear at a certain temperature and to split
at the Fermi levef=® The physical reason for these stateslinearly with increasing applied magnetic field. Furthermore,
originates from the fact that quasiparticles incident and reit has been suggested recently that the surface-efve
flecting from the surface, propagate through different ordersuperconductors might show spontaneously generated sur-
parameter fields, which leads to Andreev reflection. The conface currents*'® and a phase with broken time-reversal
structive interference between incident and Andreevsymmetry*® In such state the Andreev bound states shift to
reflected quasiparticles results in bound states. Stable ZE&ite energies resulting in a splitting of the ZBCP even in
are formed if the scattering induces a change in sign of theero magnetic field® Applying a magnetic field results in a
OP. For ad,2_,>-wave symmetry such sign change and,further splitting of the ZBCP. However, in contrast to the
hence, the presence of ZES is possible for all surfaces para?A-model prediction this splitting is predicted to increase
lel to the ¢ axis except for those with the lobe directions nonlinearlywith applied field. In order to clarify these issues
perpendicular to the surface, whereas forsamave symme- experimentally and to rule out competing explanations for
try no ZES are possible. The spectral weight of the ZES fotthe origin of the ZBCP in grain-boundary junctio@GBJ’s),

a dy2_2-wave symmetry depends on the orientation of thein this paper we present a comprehensive analysis of the
surface with respect to the crystal axis. The maximum specZBCP for different materials including YBEuO;_;
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(YBCO) (60-K phase and 90-K phaseBi,SrL,CaCyOg, s
(BSCCO, Lay g5Shp 15CuU0, (LSCO), and

Nd; g5C& 15CUQ, _, (NCCO). We emphasize that for YBCO,
BSCCO, and LSCO the OP is considered to have a dominat-
ing d-wave component’ whereas for NCCO the dominating
component most likely is agwave as suggested by several
experiment3®-21 Therefore, if ZES are the origin of the ob-
served ZBCP, such a peak should be present only for the
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d-wave but not for theswave material. As shown below, for 1 K steps T=4K
NCCO indeed no ZBCP is observed, giving strong evidence 0.06 - : : :

: ; 2 15 10 -5 0 5 10 15
for the ZES scenario and ruling out the magnetic interface voltage (mV)

scattering model. Our data also show a nonlinear evolution
of the shift of spectral weight to higher energies with increas- FIG. 1. Differential conductance vs voltage for a 36.801] tilt
ing magnetic field. LSCO GBJ between 4 and 23 K.

Up to now in several experiments a ZBCP has been ob-
served in junctions where only a single electrode was baseid observed. With increasing temperature the conductance
on a cuprate superconducto®?~?> Many more experi- increases approaching the normal-state c@ygV) with T
ments with the tunneling direction along tbexis have been approachingT.. The height of the ZBCP decreases with
performed, where a ZBCP due to ZES is expected only as ajcreasing temperature and vanishesTatT,. For most
artifact of the finite surface roughness of the HTS electrodesamples over a considerable temperature range the decrease
In our experiments we used well-defing¢d01] tilt HTS  follows a 1T dependence. The temperature evolution of the
GBJ's fabricated on bicrystal substrafést has been shown G(V) curves clearly demonstrates that the superconducting
recently that the quasiparticle transport mechanism in thesgate is being probed. This proof is important with respect to
junctions is dominated by elastic, resonant tunneling via lothe interpretation of the ZBCP in terms of Andreev bound
calized states making them suitable for spectroscopigtates. TheG(V) curves also show that the parabolic back-
studies>’*° A pronounced ZBCP has been observed in theground conductandg,,(V) is a normal-state effect, which in
tunneling conductance of these GBJ's which has been dighe following is eliminated by normalizinG(V) to G,(V).
cussed both in terms of ZE&Ref. 30 and the presence of  |n Fig. 2 the normalized tunneling conductar@éG,, of
magnetic scattering centers at the grain boundaity. this GBJ's fabricated from YBCO, BSCCO, LSCO, and NCCO
report, we clearly show that the former analysis can be ap¢T ~24 K) is plotted versus the voltage normalized to the
plied for the HTS GBJ's. There are several advantages ap voltageV, . Here,V,=25, 20, 15, 6, and 6 meV was
using GBJ's. First, these junctions are formed by two HTS;sed for BSCCO, YBC@90-K phasg YBCO (60-K phasg
electrodes and can be fabricated easily from different HT§ sco, and NCCO, respectively. In first approximatiew,
materials?®*° Employing intrinsic interfaces less problems can be considered to be close to the gap enargyin con-
arise from contamination due tex situ processing of the rast to the BCS theory. See for example the calculations in
samples. Second, the tunneling direction[fad1] tilt GBJ'S  Ref. 5. It is evident from Fig. @) that YBCO, BSCCO, and
is along theab-plane. Third, the direction of tunneling | Sco, for which the OP is considered to have a dominating
within the ab-plane can be varied by varying the misorien- 4.\ave component, qualitatively show the same behavior. A
tation angle of the bicrystal substrate, although the facetingjear gap structure with reduced density of states is observed

of the grain boundary always results in an averaging over g combination with a ZBCP. For BSCCO and YBCO-90 the
finite range of angled! In this context, we note that an exact

guantitative description of effects related to the faceting is

not yet available. 16r . Lsco —\f‘ . YBCO-90
The GBJ's studied in our experiments were prepared on 14l 36.8° 45°

symmetrical[001] tilt SrTiO; bicrystals with 24° or 36.8° © YBCO®OK —;4: |- BSCCO

misorientation angles. The fabrication and characterization 2p 24 1§

of the GBJ'’s has been described in detail elsewAt€The 8 1 ok

measurements of the current-voltdjéV) ] and conductance '

vs voltage [G(V)=dI(V)/dV] characteristics were per- 08l
formed in a standard four-lead arrangement.
Figure 1 shows a set of typic@8(V) curves obtained for

LSCO GBJ's. The critical temperatufie, of the LSCO elec- 10— N .
trodes was about 24 K. Very similar curvese Fig. 2 have o8l \ . NCCO |
been measured for oxygen-deficient YBCO £60 K), S ol . i“_ E?g1r1tilt
BSCCO (T.~80 K) (Refs. 29 and 30 and fully oxygenated 0al® N
YBCO (T,~90 K). At voltages above the gap voltage of the A5 0 05 00 05 1.0 15

VIV
electrode material thé&s(V) curves show a temperature- !

independent conductance that has an about parabolic shapeF|G. 2. Normalized conductance vs normalized voltaggoofi]
and can be modeled by the influence of the applied voltaggit GBJ's formed by YBCO(90- and 60-K phage BSCCO, and
on the shape of the tunneling barrféBelow the gap volt- LSCO atT=4.2 K. In (b) the same dependence is shown for a
age a reduced conductance due to a reduced density of statéSCO GBJ.
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FIG. 4. Splitting 6 of the G(V,H)-G(V,0) curves vs applied
magnetic field of a 36.8[001] tilt LSCO GBJ atT=100 mK and a
24°[001] tilt YBCO GBJ atT=4.2 K. Also shown are data for the
direct splitting in G(V,H) of superconductor-insulator-normal
metal (SIN) junctions from literature.

G(V,H) - G(V,0) (mS)

Zeemann splitting of the impurity levels causes a dip of

vgltag% (m\1/) 22t width 26=2gugH due to a reduction d&,. Here,g is theg
factor andug the Bohr magneton. Furthermore, in an applied
FIG. 3. (a) Magnetic-field dependence of the ZBCP at 100 mK fje|d the Kondo peak is split into three peaks separated by
for a [001] tilt LSCO GBJ. In(b), G(V,H)-G(V,0) is plotted for  \yith the zero bias peak completely suppressed. This results
the same sample. The applied magnetic fields ranged between 1 amj a peak ofG(V,H)-G(V,0) ateV==*&. The AA model

9T (@.5T steps predicts a peak-to-peak widthé22gugH that increases

«H, i.e., 6/H=gug=0.12 meV/T forg=2. This is in clear

ZBCP is reduced in height as compared to YBCO-60 andontradiction to our results, which show both much larger
LSCO. The reason for this reduction is not clear at presentapsolute values of/H up to more than 2meV/T and a
However, considering the dependence of the ZBCP on thetrong increase of/H with decreasindd, in agreement with
degree of faceting of the grain boundary, which determinegther data reported in literatut&?® Furthermore, for all
the amount of averaging over the in-plane crystal directionsygCco, BSCCO, and LSCO samples the ZBCP always dis-
this observation is not surprising. In contrast, for NCCO, gppeared just af,, which is significantly different for the
which is considered to be swave superconductor, only a different materials. This is very difficult to be explained
gap structure but never a ZBCP is observed as demonstrat@gthin the AA model, which predicts the ZBCP to decrease
by Fig. 2b). with increasingT but not to disappear at a specific tempera-

We also measured the dependence of the ZBCP on a magjre. Finally, within the AA model the absence of the ZBCP
netic fieldH applied parallel to the grain-boundary plane. A for NCCO would imply the absence of magnetic scatterers
typical result is shown in Fig. 3. The applied magnetic fieldfor this material. Supposing that magnetic scatterers at grain
reduces the spectral weight at zero energy and shifts it tBoundaries result from oxygen loss and the formation of
finite energies that increase with increasing field. As shownnagnetic C&* ions, the basic difference between NCCO
in Fig. 3(b) this results in a split peak structure of the differ- 3nd the other materials is difficult to understand.
ence curve(V,H)-G(V,0) where the distance between the  we now turn to the Andreev bound-state model. As dis-
peaks is defined asi We emphasize that so far we could cyssed above, in this model the ZBCP arises from bound
not directly observe the splitting in tHe(V) curve down to  states formed by the constructive interference of quasiparti-
T=100 mK, where the thermal smearing amounts to only &les that propagate through different order-parameter fields
few 10ueV. In Fig. 4,6 is plotted versusi for a LSCO GBJ  incident and reflecting from the surface of the junction elec-
at 100 mK and a YBCO GBJ at 4.2 K together with data oftrode. ZES are formed if the scattering induces a change in
thedirectsplitin G(H) taken from literature. Clearlyj does  sign of the OP. Hence, ZES are not possible forsamave
not vary linearly withH as predicted by the AA model. For symmetry of the OP. However, in the case of a dominating
all investigated samples increases slower than linearly and dy2_y2 symmetry of the OP, at all surfaces parallel to the
tends to saturate at high fields in agreement with results pukaxis ZES are formed except for the surfaces exactly perpen-
lished recently? dicular to thea- or b-axis direction. Hence, the ZES model

We first will discuss our experimental findings in terms of naturally accounts for the observation that a ZBCP is ob-
the AA model** For tunneling across a barrier containing served only for YBCO, BSCCO, and LSCO, which most
localized spins beyond a contributi@y due to direct tun-  |ikely have a dominatingd-wave component of the OP,
neling without interaction with the spins there are two furtherwhereas it is absent for NCCO, which is supposed to have a
contributionsG, and G to the total conductivity. The first dominatings-wave OP. The ZES model also qualitatively
(G,) is related to tunneling involving a spin exchange andaccounts for the increase of the height of the ZBCP with
the latter G3) to Kondo-type scattering. According to the decreasing temperature and the nonlinear shift of the peak
AA model* one expectsG;(V,T)xIn[Eq/(JeV|+kgT)], spectral weight to finite voltages with increasing magnetic
whereE, is a cutoff energy. Applying a magnetic field the field.}*16333%or example, for a surface axis orientation
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of 20°,G(0,T)/G,(0) was predicted to decrease abelt/T  order parameter in a HTS. The tunneling spectrf06fl] tilt

(Ref. 13 in fair agreement with our data. A detailed quanti- GBJ’s formed by YBCO, BSCCO, and LSCO were found to

tative analysis of our experimental data still is not possible@lways show a ZBCP while such peak is absent for NCCO.

since no prediction of the exadtandH dependence of the The height of the ZBCP decreases with increasing tempera-

ZBCP is available taking into account the angle averagingure and disappears &t . These observations are not com-

due to the faceting of the grain boundaries. patible with the assumption of tunneling involving magnetic
We finally would like to address the possibility of a sur- impurities as described by the AA model, but can naturally

face state with broken time reversal symmetry as predicte® explained by the presence of zero-energy Andreev bound
by Fogelstion et al® and experimentally observed by Cov- states at surfaces of a HTS. The existence of ZES represents

ington et al° In this case the ZBCP is expected to split in furéhféé)goLthat the ordertﬁargmet_er Olf YBCOd’ BSCtZIC_kO,l
zero magnetic field. Such splitting has not been observe n changes sign on the ermi surface and most likely

. : . as a dominatingl-wave component. The tunneling data of
directly in our experiments down to temperatures of 100 K ; . . : X
for LSCO and 42 K for YBCO similar to other NCCO is consistent with an anisotrogavave symmetry of

. 3 : . . the pair potential in the electron-doped HTS. The evolution
experiments.’ A possible reason for this observation may be ¢ yhe 7BCP with varying applied magnetic field and tem-
the considerable faceting of the grain-boundary plane t0peratyre can be qualitatively described within tievave
gether with impurity scattering that suppresses the field splitz-anario.
ting of the ZBCP** This is the reason why the observed
behavior ofé vs H does not provide definitive evidence fora  We wish to thank H. Burkhardt, J. Halbritter, S. Kashi-
subdominans-wave OP and time-reversal symmetry break-waya, D. Rainer, S. Scheidl, and Y. Tanaka for stimulating
ing at the grain-boundary interface. This issue has to be clardiscussions, and M. Fogelsimoand J. A. Sauls for perform-
fied by future experimental and theoretical work taking intoing calculations on the influence of disorder on the magnetic-
account the grain-boundary faceting and impurity scatteringfield behavior, and we would like to acknowledge M. Cov-

In conclusion, it has been shown that quasiparticle tunnelington. This work was supported by the Deutsche
ing in GBJ's can be used for probing the symmetry of theForschungsgemeinschaFB 341.
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