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Tunneling spectroscopy of the quasiparticle Andreev bound state
in ion-irradiated YBa ,Cu;0,_4/Pb junctions
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Effects of disorder on the in-plane density of states of XB80,_; are investigated by planar tunneling
spectroscopy. Low-fluence 1-MeV Herradiation reduces the YB&u;0;_; T. and mean-free path without
altering the junction quality. As the dirty limit is approached, the zero-bias conductancéZi@l) disap-
pears, as expected for a quasiparticle Andreev bound state. Thus, the quasiparticle scattering rate may be
determined by the ZBCP magnitude. This rate is a direct measure of the pair-breaking strength and accounts
for the T, suppression.S0163-182608)51814-Q

The growing evidence for unconventional pairing in high- states at zero energy are generated. These states have been
temperature superconducting cuprates has made the issuetbgoretically predicted by early work of Caroli, de Gennes,
gap suppression around impurities and interfaces a topic ¢ind Matricori and recently observed by scanning tunnel mi-
increasing interest. Recent theoretical work showed that th&SCOPY(STM).® In @ d,z_y2-symmetry superconductor, the
local quasiparticle(QP) density of states(DOS) at the 7-Phase shift is intrinsic to the superconducting order pa-
surfacé or around an impurifis phase sensitive and might "@meter, so specular reflection at ab-plane interface gen-

provide a powerful tool for studying details of the order pa_eraztes abbound s(;atet at the Fermlctlaar?erﬁy. b .
rameter symmetry. In particular, an Andreev bound state ero-bias conductance peaBCP's) have been seen in

forms at a(L10-oriented surface of al_,. symmetry the in-plane tunneling spectra of high-superconductors by

/i . planar tunnelinf® break and grain-boundary junctidfig?
superconducto. Th's bounq state produces.a peak in QI:)and STM!? Even though ZBCP's have earlier been ex-
DOS "?‘t thg Fermi energyiefined to'be zer Since the QP . plained by energy-dependent tunneling via spin-flip scatter-
DOS is directly probed by tunneling, this bound state isjyg a4 the interfacd® previous data from Lesuevet al®
manifested as a zero-bias conductance p@BCP) in the gy that the magnetic-field dependence of this anomaly is
conductance of a tunnel junction. . inconsistent with a spin-flip scattering mechanism. More-

The node of a,2_y2 symmetry order parametéOP) is  oyer, it was recently observed by STM that for very smooth
perpendicular to th¢110-oriented surface allowing specu- syrfaces, the ZBCP appears 0h10)- but not on (100-
larly reflected QP’s to suffer strong Andreev reflections duepriented films'* This behavior, which also challenges the
to the sign change of the order parameter for any QP trajeaspin-flip scenario, supports the origin of the ZBCP as an
tory. Andreev scattering is a process in which QP refectiomAndreev bound state at the surface ofla_,2-symmetry
results from spatial variations of the amplitude or phase osuperconductor. Furthermore the ZBCP is absent in
the order parameter and induces branch conversion of thied,_,Cu,0,-based tunnel junctions. Finally, recent in-
electronlike excitations into holelike excitations and viceplane tunneling results using normal counter electrodes on
versa. As a result Buchholt al. found' that in the vicinity  planar YBaCuzO;_5/Cu junctions show a zero-field split-
of the (110-oriented surface of a,2_,2-symmetry super- ting of the ZBCP at temperatures below 8 K.' Both the
conductor, the order parameter is reduced within a few cofield evolution and the zero-field splitting are remarkably
herence lengths producing a pair potential well. Hence theonsistent with predictions by Fogelsincet al® for an An-
quasiparticles are in turn bound to the interface by Andreedreev bound state and surface-induced broken time-reversal
scattering and the coherent superposition of electronlike angymmetry.
holelike excitations generates zero energy bound states. Al- Here we report effects of ion-induced disorder upon the
though Andreev bound states indgz_2-symmetry super- ZBCP in YBaCuw0;_ 5 (YBCO) tunnel junctions. With in-
conductor has been predicted only for afxyy,0)-oriented creased damage, the ZBCP is found to be quenched when the
surface which is not purelyl00 or (010) oriented, it has mean-free path/, is reduced to the order of the in-plane
recently been shown that surface nanofaceting on the scale obherence lengthé,;,,, or 7y~ &, It is argued that, as the
the coherence length,,~20 A allows the ZBCP to be ob- mean-free path is reduced, the constructive interference of
served in all(x,y,0)-oriented surfaces with comparable spec-particlelike and holelike excitations is lost, which leads to a
tral weight® suppression of the Andreev bound state. Therefore the ZBCP

Similarly, zero energy bound states develop in the centeamplitude provides a sensitive measure of the QP scattering
of a vortex core for a type-1l superconducfoFhe supercon- time. An analogy with the results of Rennet al® for
ducting order parameter is completely suppressed within thbound states in the vortex core of a dirty type-Il supercon-
vortex core and the QP excitations undergo Andreev reflecductor is presented.
tions at the vortex edges. &-phase shift is produced by the Planar tunneling spectroscopy is carried out on
circulating supercurrents around the vortex core, and bounte*-irradiated YBCO/Pb junctions fabricated ¢h03- and
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(110-oriented thin films grown by off-axis magnetron sput- ate at this low H& energy loss and fluence, the thickness of
tering. The films are typically between 1500 and 2000 Athe mixing layer is estimated to be less than 0.5 A. Since
thick and consistently show midpoifit’s of 89—-90 K. Fur-  YBCO and Pb naturally interdiffuse over at least0 A2
thermore, x-ray diffraction shows no evidence for misori-the very small increase in the thickness of the interdiffusion
ented phases. Tunnel junctions are fabricaggdsituusing layer cannot explain the strong enhancementRgA. In-

Pb as the counter electrode. Details of film growth and juncstead, we propose that the cause for the increase in junction
tion fabrication are given elsewhete!® The junctions are resistance is a damage-induced metal-insulator transition in
irradiated at room temperature in a Van de Graff acceleratothe oxygen deficient region in YBCO within a few A of the
using 1-MeV H€. The beam energy is chosen to produce aYBCO/Pb interface. After irradiation, the critical tempera-
homogeneous defect profile throughout the film thicknessture, T, is obtained from the temperature dependence of the
Heating is minimized during the irradiation by using a low zero-bias conductancg(V=0): Since the four-probe geom-
beam curren{~ 400 nA/cn?) and by keeping the film in etry employed in these tunneling measurements can detect
good thermal contact with a room temperature Cu stage. Bfilm resistance when it is comparable to the junction resis-
monitoring the film resistance rise during irradiation, thetance, which is the case for these damagbkériented films,
temperature is estimated to increase by approximately 10 Khe superconducting transition afid are easily determined.
Only low fluences are employed which correspond to doseFhe residual resistivityp,, determined by the extrapolation
that are less than> 10 He"/cn?; the dose being measured of the normal-state linear resistivity to zero temperature, is
with an uncertainty of 30%. A Monte Carlo simulation measured along th@10 direction of patterned, crystallo-
(TRIM92) (Ref. 19 shows that the Heenergy loss is as low graphically aligned103-oriented films(103-oriented films

as 0.07 eV/A, minimizing the formation of extended are irradiated so that thE, is suppressed to the value mea-
defects?® The He" mean-free path is-3 um, which is much  sured for an irradiated junction. The irradiation has been car-
larger than the combined thickness of the YBCO film and Phried out using the same ion Heand the same energy used
electrode ¢ 5000 A). Therefore, the He ions stop in the for the YBCO/Pb junctions. Finally, the mean-free paths in
substrate, far from the YBCO film. The junctions studied Table | have been calculated using a Drude model for a
exhibit between 8 and 25 % nontunneling currenTat4.2  two-dimensional(2D) system /,=hc/2e?kep, Where kg

K, and the spectroscopic features discussed in this paper are2.7/a as found by recent measurement of the Fermi
independent of the amount of this leakage current. It is foundurface?® a being the in-plane unity cell. The film residual
that the ion damage does not affect the tunnel junction leakresistivity is reduced by a factor of 3 to get rid of disorder-

age for doses up to 3:010*° He*/cm?. induced changes in transport through grain boundaries, as
Since a ZBCP is not observed when tunneling in the discussed below.
direction (as expected for a-wave Andreev bound state Normalized tunneling conductance curves taken on the

only in-plane tunneling spectroscopy is addressed here. Tusame junction before and after irradiation are presented in
neling spectra obtained ¢f03)- and(110-oriented films do  Fig. 1. Note that the energy of the Pb tunneling features,
not exhibit any measurable difference, so they will be con4ncluding the energy gap and phonon structure, are un-
sidered equivalent. Analysis by scanning electron microsehanged by irradiation. The amount of nontunneling current
copy (SEM) reveals thai{103-oriented films show a nano- also remains unchanged, verifying that elastic tunneling is
faceting along thé010) direction on the order of 100—-200 the dominant transport mechanism through the junction,
A, which is larger than theab plane coherence length. even after irradiation. Moreover we can exclude any “ag-
Therefore, the equivalence of junctions fabricatedH03)-

and (110-oriented films can be explained by a mixing of 2
different crystallographic orientationis?® ' ' ' ' ' '
The effects of disorder on tunnel junctions are summa- (110)-YBCO/P
rized in Table |. The radiation-induced increase in the T=4.2 K
normal-state junction resistancB,A, cannot be due to a [
simple mixing of materials. In the ballistic limit, appropri- — o~ ;
E Before irradiation™_/
TABLE |. Materials parameters as a function of irradiation. The & 1 .
surface resistivityR,A, increases by a factor of 15 while the bulk i
T reduces by nearly 20 K. The in-plane residual resistivity is mea- O After irradiation ==~
sured by extrapolation of the linear behavior in the normal state. (9 L = 2x10'° He'/om? _
The mean free patlr,, is calculated using a Drude model for a 2D ——H=0 Tesla
system L H=0.2
Fluence R,A T, Po /o 940 -20 0 20 40
(He* /cm?) (Q cn?) (K) (u€ cm) A) V(mV)
0.0x10' 0.02 90 <20 >285 FIG. 1. Effects of disorder on the low-temperature in-plane
1.0x10% 0.20 82 125 48 YBCO DOS is shown. The tunneling spectra correspond to the
1.8x10% 0.30 78 180 33 same junction before and after irradiation damage. An applied 0.2 T
2.2x10% 0.23 74 225 27 magnetic field is used to quench the Pb superconductivity. Note that
3.0x 10% 0.28 65 340 18 the PbT, and QP DOS are unchanged by the low-fluence irradia-

tion. The unirradiated data are shifted vertically for clarity.
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FIG. 3. (a) Disorder-reduced ZBCP amplitude §g,//  ratio is

forabori q /Pb ¥ ) is sh he i presented(b) T, vs impurity scattering rate expressed in units of
der forab-oriented YBCO/Pb tunnel junctions is shown. As the ion £an! 7o, is shown. The linear behavior reported in Ref. 27 for ion-

fluence is increased from 0 to XA0'° He*/cm?, the strength of ;00 .ot 1 2 d Pr-doped thin films is plotted.
both the ZBCP and GLF is reduced. All the data shown are nor-
malized by the voltage-dependent conductance measured in the rezproducibility of these data. We observe that the increasing
spective junction at higher temperature 40 K). The data for irra-  amount of disorder strongly reduces the ZBCP amplitude,
diated junctions are shifted vertically for clarity. The surface hile the ZBCP completely disappears at doses higher than
resistivity for each junction is listed in Table I. ~25% 10" Het/cm2. No evidence for ZBCP restoring has
been observed for doses upt®.0x 10'° He*/cm?, corre-
ing” effects of the junction during irradiation. First, unirra- sponding to three times the highest dose presented in Fig. 2.
diated junctions held at room temperature for a typical irra-Moreover, spectra taken at lower temperature in a 0.2 T mag-
diation time show only a slight increase in junction netic field, show only negligible variations of the ZBCP
resistance, and the strength of the YBCO conductance feanagnitude. This behavior which cannot be explained in the
tures remain unchanged. Second, unirradiated junctions préramework of the Appelbaum modélwithout evoking an
pared next to irradiated junctionsn the same filmexhibit  unlikely damage-induced reduction of the magnetic impurity
the same YBCO conductance features before and after irralensity, has a natural explanation if the ZBCP is an Andreev
diation. bound state. As a result of the increasing amount of scatter-
From Fig. 1, one can see that when the Pb electrode img, the mean-free path is reduced and when the dirty limit is
driven normal under application of a 0.2 T magnetic field,approached, the constructive interference of particlelike and
the undamaged film exhibits all the usual conductance feahole- like excitations breaks down. Then the zero energy
tures observed when tunneling into thb-plane direction of bound state disappears. This is shown in Fig. 3, where the
YBCO. These are a gaplike featuf6LF) at energies~17  ZBCP height vs thet,,//, ratio is presented; thé,,//
meV and a well defined ZBCP, whose magnitude-i80%  ratio is calculated from the estimation of the mean-free path
change in the conductance. The ZBCP is only observetisted in Table I, while the YBCO coherence length is set to
when the GLF is present, giving further confirmation that thebe 20 A. Finally the ZBCP height is determined from a back-
ZBCP is associated with the YBCO superconductivity, asground obtained by a linear extrapolation of the conductance
expected for an Andreev bound state. The data from thavithin the GLF. The reduction of the ZBCP amplitude fol-
damaged film show that disorder produces three main eflows a linear behavior and the extrapolation to zero height
fects: (1) a steeper background conductan(®; a broader shows that the ZBCP does disappear for a mean-free path
GLF; and(3) a reduced ZBCP. The steeper background conshorter than theb-plane coherence length. Thus the zero-
ductance is most likely due to changes in the tunnel barrielbias conductance provides a sensitive measure of the QP
The reduction in the strength of the GLF and the ZBCP arescattering time. A similar behavior has been recently ob-
intimately related to the amount of damage produced in theserved for increasing doping concentration in Pr-doped
YBCO film and will be the focus for the remainder of this ab-oriented YBCO/Pb tunnel junctiorf§ We also note from
article. Fig. 2 that the ZBCP width as a function of disorder is al-
The effect of increasing irradiation dose on the tunnelingmost unchanged. Such a width cannot be accounted for by
conductance ofab-plane oriented YBCO/Pb junctions is simple thermal broadening due to the convolution of the
shown in Fig. 2. The tunneling conductance data taken aZBCP by the derivative of the Fermi function, which &t
T=7.5K(leadT.=7.2 K) for each junction are normalized =7.5 K is small(0.6 me\) compared to the measured ZBCP
by data from the same junction taken at higher temperatureidth (5—6 me\.
(~40 K), where the ZBCP is absent. This normalization The same evolution of the density of states with increas-
eliminates the background conductance and highlights thiang disorder has been also observed for ZBCP’s in the vortex
GLF and ZBCP. The curves, each taken for a different junccore of a type-Il superconductor. Renmtral 1° showed that
tion, have been shifted for clarity. Several junctions irradi-the Caroli—de Gennes—Matricon bound state at the center of
ated at the same doses have been investigated, verifying tlaevortex coréis strongly affected by impurities. In particu-

FIG. 2. The evolution of the conductance with increasing disor-



RAPID COMMUNICATIONS

R8142

lar, for a single crystal of 2H-Nb ,Ta,Se, the ZBCP is
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QP scattering rate calculated as the impurity scattering rate is

reported to vanish when the concentration of Ta reduces th@ factor of 3 bigger than the pair-breaking rate predicted by
mean-free path to values lower than the BCS coherencie Abrikosov-Gor'kov theory in a@ly2_y2-symmetry super-
length. As also seen in our data, the width of the zBCPCOnductor.

measured by Rennet al.is unchanged with increasing dis-

order.

In summary, a study of disorder effects on the Andreev
bound state in ion-irradiated YBCO/Pb junctions is reported.

Although the nature of such defects produced by ion damLow dose irradiation does not alter the quality of the tunnel

age is not clearly established, evidence exists that the depre'%I

sion of T, is mainly due to in-plane disord@rwhile the
carrier concentration is unchang® Thus the damage-

inducedT . suppression is explained as a result of pair break-

ing due to increasing QP scattering rate remind that even
nonmagnetic impurities are pair breaking for
d-wave-symmetry superconductof his is shown in Fig. 3,

where we present thE. dependence on the impurity scatter-

ing rate, expressed in unity af,,//,, being é,,~20 A.

Our measures are consistent with previous data of Sun
in ion-irradiated and Pr-doped thin films. For both

et al?’

Inctions, while the critical temperature and the elastic
mean-free path is reduced. As observed in the vortex core of
a type-ll superconductor, the ZBCP disappears when the
mean free-path approaches tab-plane coherence length.
Radiation-induced disorder destroys the constructive inter-
ference of particlelike and holelike excitations, causing the
loss of the Andreev bound state. Therefore the QP scattering
time may be directly measured by the ZBCP amplitude.
Moreover, theT decrease as a function of the QP scattering
rate follows the pair-breaking law observed for ion-irradiated
and Pr-doped thin films.
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