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Quasiparticle tunneling measurements of the high-temperature superconductorsCBIgBau, 0,424 5
(Hg-12(n—1)n,n=1,2,3) are considered in the context af_,» symmetry of the superconducting order
parameter and a two-dimensior@D) van Hove singularit(vHs) related to saddle points in the electronic
band structure. Normal-metal—insulator—superconductor tunneling spectra taken at 4.2 K with a scanning
tunneling microscope on Hg-12X2axis epitaxial films, as well as on Hg-1201 and Hg-1223 polycrystalline
samples, show distinct gap characteristics which cannot be easily reconciled with the simple BCS
density of states. The data are analyzed with the nddméve gap functiomd = Aq(cosk,—cosk,)/2 and the
2D tight-binding electronic dispersiof,= — 2t(cosk,+cosky)+4t’(cosk, cosk ) —u, using the quasiparticle
tunneling formalism for elastic and specular transmission. The analysis indicates a highly directional and
energy-dependent spectral weighting, related to the gap anisotropy and band-structure dependence of the
tunneling matrix elemenfT|2, and successfully explains the observed gap spectra. Values fdrtlase gap
maximum are determined to ldg~ 33, 50, and 75 meV, respectively, for optimally doped Hg-1201, Hg-1212,
and Hg-1223, corresponding to reduced-gap ratiosxf/RgT.~7.9, 9.5, and 13. These ratios are substan-
tially larger than the BCS weak-coupling limit of 3.54. A comparison with data from other higtuprates
indicates an overall trend of AX/kgT. rising with T., in violation of BCS universality.
[S0163-18298)05206-0

I. INTRODUCTION of the junctiorf in an effort to extract the quasiparticle DOS
and to deducé\. Others have focused on more intrinsic ex-
Tunneling spectroscopy has traditionally been importanplanations such as interlayer couplihfinelastic scattering
to the study of superconductivity, providing a sensitive probedy spin-fluctuations, and non-Fermi liquid phenomeno-
of the BCS quasiparticle density of stat@09) and thus a logy,*~16 seeking to relate the tunneling anomalies to pos-
direct measurement of the superconducting energyjap — sible mechanisms responsible for higpsuperconductivity.
For the highT. cuprates however, now a decade after theirEach of the models tends to be specialized to explain one or
initial discovery®® quasiparticle tunneling is still not well another of the tunneling anomalies without providing an uni-
understood. Experimentally, a remarkable variety of tunnelfying picture.
ing spectra has been reporte§,generally deviating from A successful theory of quasiparticle tunneling for the
ideal BCS behavior and showing large energy gapsigh-T. cuprates should be able to reconcile the disparate
(2A/kgT.>3.54). Spectral anomalies such as suppressed @pectral behaviors with well-established model assumptions.
enhanced gap singularities, quasilinear conductance bacKhe d-wave two-dimensiona(2D) van Hove scenario pro-
ground, zero-bias conductance peak, and asymmetry tend wdes a very viable model for comparison. First, there is now
complicate spectral analysis and introduce uncertainty in thample reason to believe that most of the higheuprates
gap determination. There is currently no theoretical conserhaved-wave pairing symmetry. Recent experiments, particu-
sus on this problem. Some workers have considered spectralrly the observation of half flux quantum attributed to nega-
contributions from extrinsic causes such as chemical inhotive Josephson coupling across junctions in a tricrystal
mogeneity, low barrier heightsand single-electron charging ring,}” indicate that the superconducting order parameter
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changes sign along thg = *k, directions in theab plane,  contact spectroscopy.Jeonget al, observed two types of
consistent with thed,2_,» pairing symmetry endorsed by spectra, one BCS-like with a large gap and the other showing
most of the current microscopic theori€sSecond, there is heavily smeared double-gap features, in polycrystalline Hg-
much direct evidence, from high-resolution angle-resolvedl223 by scanning tunneling spectroscof®TS.** Rossel
photoemissiofARPES measurement$?'and corroborat- €t al. also observed smeared gap spectra by STS in melted
ing band structure calculatioR$that most of the high, ~ Polycrystalline Hg-1223, but enhanced-peak spectra with
cuprates have a quasi-2D electronic dispersion with saddl¢ery large gap values in single crystals of Pb-doped
points near the Fermi surface Xt=(=,0) andY=(0, Hg-1234% Differences in sample quality and measurement

i’ZT) Corresponding to a |Ogarithmic van Hove Singu|arity teChnique could have contributed to this Spectl’al Val’iety. In
(VHs) in the normal-state DOS. It is natural to consider€ach case a specific set of model assumptions was used to
whether this combination of pairing symmetry and bandanalyze the data, but entirely within the conventional frame-
structure could explain the tunneling characteristics obWork of ans-wave energy gap and without consideration of
served, both as a consistency check and to enable prop#te band structure.
spectral analysis. This paper presents tunneling measurements by scanning
Quasiparticle tunneling in the context dfwave pairing tunneling spectroscopy on epitaxial films of Hg-1212 and
symmetry has been considered previo#si#® but never Polycrystalline samples of Hg-1201 and Hg-1223. The Hg-
properly taking into account the characteristic band structurd212 data is, as far as we know, the first of its kind, and all
of the cuprates. The standard approach is to calculate tH&€ tunneling spectra were taken with the same measurement
quasiparticle DOS for direct comparison to the tunnelingtechnique. The spectra show distinctively non-BCS gap be-
conductance. The matrix elemd? for tunnelinginto the ~ haviors which cannot be easily reconciled with the standard
cuprate is typically treated as energy independent, isotropié-Wwave model. We explain the data by explicitly considering
and nonvanishing only in thab plane or it is simplified by ~quasiparticle tunneling in thé-wave 2D van Hove scenario,
assuming a narrow tunneling cone which provides high diusing a traditional planar-junction formalism for elastic and
rectional selectivity and by invoking the Wentzel-Kramers- Specular transmission. Model calculations based on these ge-
Brillouin (WKB) approximation which neglects wave vector Neric assumptions reveal a profoundly directional and
matching in the barrier transmissiéh®® These simplifica- €nergy-dependent spectral weighting due to the gap anisot-
tions are usually made to facilitate model calculations. Howopy andk dependence of the matrix eleméfi{>. Tunnel-
ever, it is not obvious that the tunneling cone argument andng across &-axis junction is shown to cause spectral en-
the WKB approximation are insensitive to band-structure anhancement, while tunneling across afaxis junction leads
isotropy, or valid in the presence of saddle points. Nor isto spectral suppression and thereby a quasilinear spectral
there reasom priori to neglect the probability for tunneling background. Simple superposition of these two model cases
perpendicularlyinto the ab plane simply because of the low €nables an interpretation of our data. The analysis indicates
c-axis dispersion. It is important to considdi? explicitly, ~ very large values for the-wave energy-gap maximund,
in order to relate the calculated quasiparticle DOS to the~33, 50, and 75 meV for optimally doped Hg-1201, Hg-
conductance spectra observed. 1212, and Hg-1223, respectively, corresponding to reduced-
The mercury-based cuprates HgBa,_;Cu,0,,.0+5 9ap ratios of A,/kgTc~7.9, 9.5, and 13. These large
[Hg-12(n—1)n] offer an attractive system to study this reduced-gap ratios deviate markedly from BCS universality,
problem?!33 Consisting essentially of conducting (Cy@  and suggest an overall trend ofAg/kgT, rising with T
stacks separated by insulating BaO-Hg-BaO perovskit@mong the cuprates.
blocks, the Hg cuprates are an exemplary quasi-2D system The experimental procedure is described in Sec. Il. The
with tetragonal symmetry, very low lattice distortion, and SPectroscopy data is presented in Sec. lll, then analyzed in
exhibiting very highT.. Band-structure calculations have Sec. IV. The fulld-wave 2D van Hove model for quasipar-
indicated a characteristic cross-shaped Fermi surface whidifle tunneling is given in Sec. V, along with model calcula-
lies close to saddle points in a generic 2D dispersion associions simulating various junction orientations. The simula-
ated with the (Cu@), layers, at least for Hg-1212 and tions are used to interpret the data and determinel ivave
Hg-1223% Normal-state transport measurements have progap values in Sec. VI.
vided corroborating evidence for this picture, showing a
highly 2D ele_:ctrical resistivity§c>pab) and such character- _ Il. EXPERIMENT
istic anomalies as linear temperature dependence of the in-
plane resistivity p,,=T), non-Drude temperature depen- Samples of optimally doped Hg-1201, Hg-1212, and Hg-
dence of the Hall angle (ca,><T?), pressure dependence of 1223 were used in our experiment. Epitaxdadxis films of
T. and doping-sensitive thermopow®r®all of which could  Hg-1212 were made by pulsed laser-ablated deposition on
be regarded as generic effects of the band struéki¥e®® (100 SrTiO; substrate$? showing sharp resistive and dia-
Preliminary tricrystal experiments on the Hg-1212 films havemagnetic transitions at-123 K, with zero resistivity at
also demonstrated the signature af-wave pairing ~122K and a room temperature resistivity of
symmetry'’ These results strongly suggest that the Hg cu—~400xQ cm. Polycrystalline samples of Hg-1201 and Hg-
prates can be modeled in the combinkdave 2D van Hove 1223 were synthesized by a controlled vapor/solid reaction
scenario. technique®® showing similarly sharpT.s at ~97 and
Mixed tunneling data have been reported on the Hg cu~135 K, respectively, with room-temperature resistivities
prates so far. Cheet al. observed BCS-like spectra with ~20 m) cm. X-Ray diffraction verified all the samples to
near-BCS gap values in polycrystalline Hg-1201 by point-be single-phase and the film samples to be have high crys-
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talline alignment. Tunneling spectroscopy was performed 2T - ; ' -
with a cryogenic scanning tunneling microsco(®IrM) at

4.2 Kin~1 uTorr of helium exchange gas, using a platinum
tip as counter-electrode. Details of the STM is published
elsewheré® To prevent surface degradation by the atmo-
sphere, each sample was kept under dry argon prior to being
loaded for measurement. Stable tunneling junctions were
formed between the voltage-biased sample and piezo-driven
tip in constant-current feedback mode. Current vs voltage
-V spectra were taken by momentarily disabling the STM ;
feedback at a fixed spot on a sample and rapidly sweeping JICA— Hg-1201
the voltage 1 mV/0.1 ms) while measuring the current. o+—— ) : ; —
This process was repeated 256 times in rapid succession to 150 -100  -50 Y 0 y 50 100 150
average thé-V data. Conductancel/dV spectra were ex-
tracted by numerically differentiating the-V spectra. 2 ,
Constant-current topography was attempted but did not pro- (b)
duce meaningful images. The scanning capability did allow
spectroscopy to be performed over large areasl (
x1um?) as a check of spectral reproducibility. Junction
quality was monitored by checking the effective barrier
height ¢ (in eV) according to the standard relation
xe” '¥s petween piezo displacemest(in A) and tunneling
current. Very low values forp (~1 meV) were typically
observed, indicating tip-sample contact and the existence of
a dead layer acting as tunnel barrier. Large valués (
~2.5eV) were occasionally observed, as instances of ideal 0l
“vacuum-gap” junction. No correlation was noticed be- -200
tween the apparent junction quality and spectral behavior.

All the spectra presented here were taken on low- 5
transmission junctiong~10 to 100 MY), i.e., well in the ©
normal-metal—insulator—superconductbllS) Giaever tun-
nelirlg regime where NS Andreev reflection probability is
low.

dl/dV (arb.units)

di/dV (arb.units)

Hg-1212 film

T .
100 200

IIl. SPECTROSCOPY DATA

di/dV (arb.units)

Conductancell/dV spectra showing distinct gap features
were observed. Representative spectra of this kind are shown
in Figs. 1a), 1(b), and Xc) for Hg-1201, Hg-1212, and Hg- ; He-1223
1223, respectively, with the insets displaying the current- 500200106, 6 160200 300 &
voltagel-V characteristics. These spectra were reproducible %00 200 00 © 100 200 800

over large areas~0.1x0.1 um?) in each sample, and in- vV (mV)

sensitive to either the tunneling distanffer vacuum-gap : L

: . : - . FIG. 1. Tunneling conductance spectra showing distinct gap fea-
junctiong or tip pressuréfor contact junctionsas controlled wres. taken at 4_29K with a Pt tipp by STMa) pglycrystalﬁng

by the feedback current. Pronounceq spectral peaks appeanal’; 54y WithT~97 K: (b) epitaxialc-axis film of Hg-1212, with

~ %33, £50, and 75 meV, respectively for Hg-1201, Hg- T.~123 K; (c) polycrystalline Hg-1223, witil;~135 K. The in-
1212, and Hg-1223. The peak shapes are fairly broad an&gts display the corresponding current-voltage characteristics. The

symmetric, and the peak heights are generally asymmetrigy|iage corresponds to bias of the sample relative to the tip.
about zero-bias, except for Hg-1201. A small zero-bias con-

ductance(<10% of peak heightis present, and the midgap scope of this paper. However, it is noteworthy that the dip
behavior shows some variation, being more rounded for thstructure has also been observed in tunneling and ARPES
Hg-1212 films and sharper for Hg-1223. Quasilinear backspectra on BSCCO and attributed to quasiparticle retardation
grounds exist in all the spectra and are generally asymmetrio the context ofd-wave pairing symmetr§®

in slope about zero bias, again with the exception of Hg- For the polycrystalline samples, two other types of spectra
1201. Apart from the quasilinear background, these spectravere also observed. The first type shows a pronounced zero-
look very similar to thec-axis STM spectra taken on bias conductance pe&kBCP). A typical example, taken on
Bi,Sr,CaCyOg, s (BSCCO crystals by Renneet al?” and  Hg-1201, is given in Fig. 2. Such spectra have often been
by Boon et al® In our spectra, small high-voltage kink observed in the highi-, cuprates, particularly off 10 tunnel
structures are visible for Hg-1201, and a dip structure is visjunctions, i.e., with the junction oriented normal tokg=

ible for Hg-1223 just above the gap on the negative-biastk, crystalline axis in theab plane® The ZBCP has been
side. An analysis of these above-gap structures is beyond tlatributed to midgap surface states on a junction oriented

. V(DA

®
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2 . — . - et al.® by considering energy-fluctuation effects associated
: with  tip-sample charging through single-electron
tunneling®®~°’ Although plausible, the Gaussian distribution
and charge-fluctuation models can only account for peak
1 suppression and not at all for peak enhancement. As will be
e shown in Sec. V, a combined consideration of the band
structure and gap symmetry can explain both types of spec-
tral behavior rather naturally. In the following secti¢®ec.
IV), exclusive focus will be given to the enhanced-peak
spectraFig. 1) which are more amenable to spectral analysis
Hg-1201 and gap determination.

di/dV (arb.units)

0 T T T T T T
-40 -20 0 20 40
V (mV) IV. SPECTRAL ANALYSIS

FIG. 2. Example of tunneling spectra showing zero-bias conduc- S-wave Conventional analysis of quasiparticle tunneling
tance peakZBCP), taken with a Pt tip at 4.2 K on polycrystalline between a metal electrode and a superconductor relies on the

Hg-1201 (T,~97 K). The main plot displays the conductance data,Giaever expression for normalized conductafice
and the inset gives the corresponding current-voltage characteristic.
along or near a gap-node axis ofdavave superconductor, (1)
and could thus be considered a signaturedef > order
parameter symmetry as well as other symmetries with phase ) .
sign change&!~%#This issue will be discussed in Sec. V. The Where the subscripts andn denote superconducting state
other type of spectra shows heavily suppressed gap featuré¥ld normal state in the superconduc®is the quasiparticle

A typical example, taken on Hg-1223, is given in Fig. 3. €Nergy defln_eld' relative to the Fermi leve(E)=[1
Such suppressed-peak spectra are commonly observed in tﬁ’ee)fp(E/an]_ is the Fermi fl_JnCtIO_n. and the BCS quasi-
high-T, cuprated- The absence of clear gap peaks, togetheParticle density of states is written in the Dynes fotm

with steep quasilinear background and smeared subgap be-

havior, can be regarded as generic anomalies which tend to Ny(E)=Rd|E—iT|/\{/(E—iT)?—A%], 2
complicate spectral analysis. Several groups have investi-

gated the quasilinear conductance background. Hattgé,  with I" as a smearing parameter to account for quasiparticle
for example, have offered an explanation of the backgroungifetime. Note that this expression presupposessamave

in terms of out-of-plane tunnelin. However, even if the energy gap and is completely insensitive to band structure.
background were subtracted out or normalized away, smealFhe superconductor is implicitly assumed to be an isotropic
ing parameters much larger than the thermal broadening ahetal with simple dispersion, thus allowing the tunneling
4.2 K would still be needed to fit the BCS density of states transition probabilityf T|? to be factored out of the integral as
thus making the gap determination highly uncertain. Kirtleya constant within the domain of interest and normalized
has addressed this issue by weighting the BCS density cfway.

states N(E,A)=E/\JE?’—A? with a Gaussian gap An attempt was made to fit this model to the measured
distribution/ to account for the possibility of chemical inho- d1/dV spectra shown in Fig. 1. The normal-state conduc-
mogeneity of the tunneling surface. An alternative mechatance ¢1/dV), was estimated by interpolating the spectral
nism for the spectral smearing was proposed by van Bentumackground with polynomial regression. The Fermi function
was set to T=4.2K which provided negligible
(~1.3 meV) thermal smearing. Fitting results from the data
for Hg-1201 are presented as an example in F{@.4The

data is given by the crosses and the fits indicated by lines.
Only the positive-bias branch is shown for the sake of clar-
ity. Despite the well-developed gap features and the adjust-
able smearing parameter, spectral agreement between data
and model is poor. Peak height and gap bottom could not
both be satisfied with a single choice Iof As shown by the

two trial fits in Fig. 4a), the model curve is either too
“short” or too “low” and inevitably lopsided. This di-

(di/dV)s (= —JF(E+eV)
(dl/dV)n_fm «(B) deV) dE,

2

dl/dV (arb.units)

A

: : Hg-1223 lemma was also encountered by Reneieal *” and by Boon
0 SR b o g0 e : i — et al*® in their analysis ofc-axis tunneling data taken on
800 -200 -100 0O 100 200 300 cold-cleaved BSCCO crystals. The measured peak-shape is

V(mv) clearly more symmetric than the form Nf(E) would allow.

FIG. 3. Example of tunneling spectra showing suppressed gap It is important to note that since the BCS square-root sin-
features, taken at 4.2 K with a Pt tip on polycrystalline Hg-12239gularities are asymptotic in form, they tend to broaden asym-
(T.~135 K). The main plot displays the conductance data, and thénetrically about+A with the energy-smearing associated
inset gives the corresponding current-voltage characteristic. with iI" and shift the spectral peaks outwards. The same
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)5 , : : o tions in theab plane, by angle averaging the quasiparticle
@ p S-wave 11 DOS N¢(E,A) with a simplifiedd-wave energy-gap func-
I x data (normalized) tion
-- T=22,A=32meV | ,

!
i
P resTasamey A(K)=Ag cos2¢), &)

[\S)
T

—
%]
T

N whereA, is the gap maximum andg is the polar angle irk
space. The averaging scheme is plausible for a junction with
large contact area and nonuniform orientation, but invariably
neglects the band structure by normalizing away the tunnel-
ing matrix elemen{T|2. The nodal gap function provides a
distribution of gap values which effectively broadens the gap
singularity. This implies a peak shape which is more sym-
' metric than thes wave model and in principle more compat-

dI/dV (arb. units)

154
th

0 1 1 1

0 20 40 60 80 100 ible with the data. Typical results of the fit are shown as
V (mV) dashed curves in Fig.(), again using the Hg-1201 data as
an illustrative example. Although relying less on lifetime
2.3 ' ' ' ' smearing ['/Ay~7%) than thes-wave fit to accommodate
(b) d-wave fit the subgap behavior, the simplewave fit is also poor. The
2t x data (normalized) . nodald-wave symmetry effectively shifts much of the spec-
2 - - simple: '=2.2, A =33meV tral weight inward, but at the expense of the peak height.
= —VHs: T=4.5,4=33meV This basic inadequacy suggests that the quasiparticle DOS
=15 assumed by thig-wave model is still too simple.
'g vHs-enhanced d wavéNext we consider how the band
=~ structure alters thd-wave quasiparticle DOS. A convenient
% expression for calculating the quasiparticle DOS at zero tem-
% perature is
0.5
. | | | | No(E)=2 o(E=VEHA), @

0 20 40 60 80 100 ) _ )
V (mV) where A, is the superconducting energy gap afidis the

normal-state energy dispersion defined relative to the Fermi

FIG. 4. Fitting results of the normalized Hg-1201 data from Fig. level. For the highF; cuprates, it is justified on both theo-
1(a). Only the positive-bias branch is shown for comparison, withretical and experimental grourfds®?to assume
the data given by the cross-symbola) s-wave model, using the
BCS density of statebl = E/EZ—AZ with lifetime broadening’ Ay=Aq(cosk,—cosk,)/2 (5)
as an adjustable parameter. Peak height and gap bottom could
both be satisfied with a single choice bf The fit is either too
“short” (solid curve or too “low” (dotted curvé and inevitably
“lopsided,” demonstrating the incompatibility dfi; with the data.
(b) d-wave models: dotted curve represents the simple angle-
averagedNs, using the simplified gap functiod =4, Cos(Z); 15 model the Cu-O square lattice, where the pairing interac-
SO!Id curve represer_lts the vHs-enhandedave qua5|part|_cle DQS, tion is presumably located. Herg is the Fermi energy,
using the gap function, = A(Cosk,—cosk,)/2 and the dispersion \ pije t "ang t' represent the nearest-neighbor and next-
&=~ 21(cosk,tcosk,). Good spectral agreemem.between thenearest—neighbor overlap integrals. The presence of saddle
data and the latted-wave model demonstrates the importance of ~. . I . .
the band structure. pomt; at)§ aqu in 'the Brillouin zone(BZ) gives rise to a

logarithmic singularity(the 2D vH3 near the Fermi level,

argument would also apply to either thermal, Gaussian, oand the next-nearest-neighbor tetrfthas the effect of denes-
charge-fluctuation broadening. If the smearing is large, thising the FS from half filling.
shift can amount to a sizable discrepancy between the appar- The main effect of the vHs on the quasiparticle DOS is to
ent peak position and the fitting parameterI'/A ratios as  enhance the height of the gap singularity, which is broadened
large as~50% have been reported in some instances, makdy the d-wave gap anisotropy. Intuitively speaking, as the
ing the gap determination highly uncert&i®f.In our fitting  energy gap opens up about the vHs, more states must now
of the Hg-1201 data) can range anywhere between 22 andpile up on the gap edges than for a flat energy band. This
33 meV, the former requiring a large lifetime parameterenhancement mostly affects states near the saddle points,
I''A~25%. This large margin of uncertainty indicates a fun-where heightened DOS ~(dk/dé—) coincides with
damental incompatibility between our data and theave maxima in thed-wave gap distribution. The larger gap-
model. values receive heavier spectral weighting in summing over

Simple d waveA simple d-wave fit was also attempted, the BZ, leading to a peak shape which is a convolution of the
using a heuristic model given by Won and M&kiThis BCS square-root singularity and the logarithmic van Hove
model assumes the tunneling to sample uniformly all direcsingularity. The vHs-enhancetiwave peak is both broader

t
nf%r a d,2_,2 pairing symmetry, and to use the 2D tight-
binding dispersion

&= — 2t(cosk,+cosky) + 4t’(cosk, cosky) —u (6)
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than thes-wave peak and taller than the simplevave peak, perature, and the delta-functions reflects energy-
exactly as required to fit our data. To demonstrate this, theonservatiorelastic tunneling For the superconductor, the
background-normalized Hg-1201 data was fitted to the vHsguasiparticle and normal-state dispersiésand &, are re-
enhancedi-wave DOS, using Eq4) with the band-structure lated by the gap functiom, according toE, 2= &2+ A, 2.
parameters =185 meV andu=0.5 eV, thed function rep-  For the metal electrode, a free-electron dispersign
resented by a Lorentzian of width and the energiE re- =#2g%/2m is assumed. In the planar-junction approxima-
placed by the voltag®. Here, the band asymmetry is im- tion, the transmission becomes a one-dimensional problem
plicitly ignored by settingt’=0 and will be explicitly  (longitudinal alongx) with the simple tunneling matrix ele-
considered in Sec. V. A typical fit in arbitrary units is in- ment derived from the transfer-Hamiltonian formalidm:
cluded as the solid curve in Fig(). The spectral agreement

is quite good, with some minor midgap and above-gap dis- T |2:‘9_§k ‘9_§q D(e,)8(k—qq) ®)
crepancies, and a moderate lifetime parametErAg kal ™9k, aq, Lotk =ar).

~12%). It is interesting to note that a similar spectral re-
semblence was noticed in the analysicafxis STM spectra
taken on BSCCO by Renner and co-work#rs.

It should be emphasized here that tpeasiparticle den-
sity of statescannot be directly equated with thenneling
conductanceThey are distinct spectra related by the tunnel-
ing matrix element |T|? according to the transfer- d

D(sL)zgex;J( —2] de),

Here, the subscripts andT indicate directions longitudinal
and transverse to the junction, tidunction indicates con-
servation of transverse momentuigpecular transmission
and the barrier transmission is given by the semiclassical
expressioh?®

(©)

Hamiltonian formalisn?! In fact, according to the well-
known argument by Harrisoif, any band-structure

information contained in the former is not expected to camyyhere the longitudinal energy, = E,—#2k2/2m according
over to the latter, because of cancellation between the bakg the assumptions of elasticity and specularity, and

DOS (~dk/9¢€) and a group velocity factor 9¢/Jk) inher-  _ V2m[U(x,V) —¢, /A2 is the wave vector inside the bar-

ent ir.1|T|2.. For our band structure, 'Fhe vHs which alters the o, of heightU(x,V), thicknessd, and free-electron mass
quaS|part|cIe DO,S should in principle b_e offset by groupyy, Assuming a square barrier in the low-transmission limit
velocity suppression near the saddle points and not surviv

. : : UNVIVE-2xd< 1 | the prefactog can be written &as™

the tunneling. Therefore, any manifestation of the vHs in the

tunneling spectra needs to rigorously justified. Strictly speak- 16q, k2K,

ing, the cancellation argument is only exact for specular tun- g= (92+ ) (K21 kD) (10
neling (transverse momentum conseryedto an isotropic a L

material with simple parabolic dispersion, and could breako represent wave vector matching across the NIS junction.
down if the junction is diffusiv® or if the band structure is These expressions are exact for specular transmission across
sufficiently complex:*° For the latter caséT|? can become a planar junction within the elastic channel. Note that if
significantly energy ané dependent and no longer remov- |qu|2 is set to unity, Eq(7) can be differentiated with re-
able from the tunneling integral. This essentially invalidatesspect to voltage to recover Giaever’s expression for quasi-
the background normalization procedure, making the spectrgdarticle DOS[Eq. (1)], apart from the I ¢, /E, factor
analysis highly nontrivial. Still, the good spectral agreementwhich is essentially the occupation probability reflecting the
seen in Fig. &) suggests a basic compatibility between themixed electron/hole character of a quasipartfle.

data and the vHs-enhancedwave model. To understand In the conventional scenario based onsawave energy
this we must explicitly consider ho\\|? relates the calcu- gap and free-electron dispersions, the tunneling equation is
lated quasiparticle DOS with the tunneling conductance obsimplified in the continuum limit by the following argu-
served. ments.

(1) The group velocity factors eliminate the longitudinal
band structures in converting the integrals over longitudinal
momenta to integrals over energy; egg/dk, cancels with
dk_19¢, which is a Jacobian in the coordinate-

Model We start with the general expression for quasipartransformationdk, —dé.°
ticle tunneling across a normal-metal-insulator— (2) The barrier transmission fact@® (e ) collapses the
superconductofNIS) junction at zero temperature, derived transverse momentum integration by falling off rapidly with
from many-body formalisni? kr or g7, i.e., narrow tunneling cone, thereby suppressing

the transverse band structfe’
(3) The wave vector matching prefactgris set to unity

V. QUASIPARTICLE TUNNELING
IN THE d-WAVE 2D VAN HOVE SCENARIO

|=i2778k2 | Tial (17 &/Ei]8(éq— @VEEY) by invoking the WKB approximation, which is valid for
A junction interfaces sufficiently gradual compared with the
X 0(|eV|—Ey). (7)  electron wavelengtf?*°

(4) The coherence factoril &, /E, is set to unity, because
Herel is the curren{per junction arepandV is the voltage, &x/Ex is odd about the Fermi surface, i.e., electron-hole
with the *+ sign indicating its polarityS relative toN). The  symmetry.
subscriptsk andq label the wave vectors fd8 andN. The Equation (7) then becomes |I==C[”_ déf(leV|
step functioné represents the Fermi function at zero tem-—E)D(E), where the collapsekl integral, an uninteresting
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&q integral, and all the numerical factors have been absorbedpOn integration over energy. The tunneling conductance
into the constan€. AssumingD (E) to be weak and making dl/dV should therefore be directly proportional to the 2D
the variable transformatiode —dE, this expression can be DOS lying transversén the ab plangto the junction normal
differentiated to recover the conventional expression(Ey. (C axis). In the literature this corresponds to a well-known
in the zero-temperature limit. Note that the tunnelitigdy ~ final-state effectfirst observed by tunneling into Landau-
spectra here does not measure the superconductor's normkﬁyels of electronic states localized on a semiconductor sur-

state DOS, but only the quasiparticle DCEVE?— AZ face, wh|c6hgf71(1)IIy manifests the quantized transverse 2D band
S . . structuret®>’%In our model case of a 2D superconductor,
which is just the Jacobiaté/dE. This is a well-known re-

alization of the principle that tunneling is insensitive to any}:ecyg(iss_etﬂzigﬁﬁg quasiparticle DOS is expected to show up

bare DQS based on an independent—E)article di.sperf,ion, but Second, the WKB approximation becomes invalid when
does directly revegl andressedDOS “renormalized” by the energy dispersiog), goes through an extremum along the
many-body effects’ o ~direction normal to the tunneling junctidi’? For the cu-
_In the d-wave 2D van Hove scenario, this conventional yrates; the situation correspondsataxis tunnelingjunction
simplification is generally not possible. Each of the last threeperpendicular to tha axis) in the vicinity of the saddle point
arguments can break down as a consequence of the bagglx As was shown by van Bentum and Tsuei for the case of
structure. These possibilities will be discussed in the contexf_yis tunneling in the 2D van Hove scenafiahe longitu-
of c-axis tunneling,a-axis tunneling, and band-structure gina| wave vectok, is effectively rescaled relative to the BZ
asymmetry below. As a preliminary remark, it is important toedge, in accordance with the effective mass meffdthis
point out that despite a quasi-2D band structure the prObabiFescaling causes the WKB coefficiegtto vanish continu-
ity for c-axis tunnelingjunction perpendicular to the axis) ously as the BZ edge is approached, ig0 ask, —0
cannot be ignored. This is a natural but counterintuitive CONyxccording to Eq(10), signifying severe wave vector mis-
sequence of the band-structure cancellation argument. ESs&fiaich across the junction and diminished barrier transmis-
tially, since the longitudinal band structure drops out of thegjgy |n the WKB picture, a vanishing wave vector represents
problem, a flatc-axis dispersion cannot suppress tunnelingy, extremely large electron wavelengtttompared with the
across &-axis junction as in a usual transport process, whichength scalesx of the potential jump at the insulator-cuprate
scales inversely with the effective mass. For an open energyierface?3°The WKB approximation breaks down because
contour such as a cylindrical FS, a lmaaxis group velocity  the gradual-junction criterion < dx is no longer satisfied.
(~0délok, ) also implies a large degeneracy of statespg |l be demonstrated in the simulations below, this break-
(~dk /9¢), and the two factors would then offset each gown makes the tunneling probability highly energy depen-
other. _Thls effectively removes the effective mass from thedent, producing a V-shaped spectral weighting which sup-
tunneling problem, as is clear from E(Y). Therefore, even resses the gap singularities and gives rise to a quasilinear
if the c-axis conductivity is low(e.g.,o,/o,,~ 10 * accord- conductance backgrour(dee Fig. 5.
ing to Ref. 35 c-axis tunne_ling could st_iII be appreciable. Finally, the coherence factorsl¢, /E, cannot be ignored
Note that here we are referring to tunnelingo a 2D system  f gjectron-hole symmetry about the Fermi surface is broken.
based on Cu-O planes, and make no assumptions about apy our 2D tight-binding banfEq. (6)] this happens because
tunnelingbetweerthe planes. _ ~the FS is denested from half filling k. This asymmetry
First, it is not difficult to see that the highly idealized ¢qrresponds to uneven quasiparticle occupation probability
tunneling cone argument breaks down foc-axis junction 1117 & /E,] above and below the energy gap. In essence
in the 2D scenario. For a simple FS and a square barrier gfe termé&, /E, is no longer odd irk abouté,=0 and does
heightU, and thicknessi, the trans_mission probability EQ. not cancel out upon summatidiEq. (7)] over the entire
(9) can be expanded into a GaussiX(e.)~ exp(~Bkr®),  pand. This vestige of thé, /E, term is expected to produce
where g=fid/\2mU,. For typical barrier parameter®l  gpectral asymmetry about zero bias in tunneling, as implied
=10A, Uy=1eV) this Gaussian is quite sharpB£50), by the = sign. It could also introduce considerable direc-
collimating the tunneling within a narrow momentum-conetional weighting, by virtue of the anisotropies inherent in
(A@~8°) from the junction normdi>®” In general, how-  poth¢, andA, . Such a weighting may be quite nontrivial in
ever, the tunneling cone width could vary with local FS CUr-the d-wave 2D van Hove scenario, Considering for examp|e
vature, depending on how relates withk,, in the & con-  that &, /E, is unity along the gap nodes but varies with the
tour. For an open energy contour, such as along the axis of gnergy in the saddle point directions. In our model calcula-
cylindrical FS given by, = (h%/2m) (ki +k3), the radialks  tions this anisotropy turns out to be small and only the spec-
becomes independent of the azimutkal This is essentially tral asymmetry is appreciable, although both effects could
the geometry for a&-axis junction in our 2D scenario. The become important as the band asymmetry increases with
tunneling cone can be said to “flatten out,” as the longitu- argert’.
dinal energy £, = E,—#:?k2/2m) in the barrier and therefore SimulationsTo demonstrate quasiparticle tunneling in the
D(e.) become invariant over a given energy contour, apartl-wave 2D van Hove scenario, model calculations of the full
from a small difference betweds, and &, . Without loss of  tunneling equationEq. (7)] were performed, using the 2D
generalitye, can be set to a constant, makiBge,) uni- tight-binding band dispersiofEq. (6)] and thed-wave gap
form in energy. This uniform weighting leads to full survival function[Eg. (5)]. Finite temperature was introduced by rep-
of the transverse band structure through the Jacatkahdé  resenting the step function as a Fermi function at temperature
which, unlike the longitudinal band structure, is not can-T. Finite quasiparticle lifetime was included by expressing
celled by any reciprocal factors in the matrix elem&Ri? the 6 function as a Lorentzian of width'. The following
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FIG. 5. Simulations of quasiparticle tunneling for amaxis FIG. 6. Simulations of quasiparticle tunneling focaxis junc-

junction in thed-wave 2D van Hove scenari¢a) for a thin junction  tion in the d-wave 2D van Hove scenariga) for a thin junction
(d=0.25 nm);(b) for a thick junction @=2.0 nm). Note the spec- (d=0.25 nm);(b) for a thick junction ¢i=2.0 nm). Note the spec-
tral suppression, smearing and asymmetry, which are generigal enhancement ina), which is essentially the vHs-enhanced
anomalies seen in the high: cuprates(cf. Fig. 3. d-wave quasiparticle DO&S. Fig. 4(b)].

model parameters were used:=0.1&, w=2.7, A, states introduced by the temperature and lifetime broadening.
=0.1t, I'=0.02, andkgT=0.002. The band-structure pa- And the subgap smearing can be attributed to an appreciable
rameters correspond to a doping level -©fl5% with the  tunneling cone width which is sensitive to the barrier thick-
VHS exactly atu. For the transmission probabili§(e. ), @ ness 3«d) and to the local FS curvature. Decreasing the
symmetric trapezoidal barrietd(V)=U,—3|eV| was as- barrier thickness effectively widens the tunneling cone
sumed for simplicity, with a large heightlp,=1.5eV to  (smallerg), which explains why there is more subgap smear-
minimize the voltage dependence. The Fermi energies weligg for the thinner junctiofiFig. 5(a)]. Increasing the barrier
taken to be 0.5 eV for the cuprate and 2.5 eV for the metalthickness, however, tends to amplify the voltage dependence
The in-plane Cu-O lattice parametar=3.9 A was used to  U(V) implicit in D(e,), thus accounting for the additional
set the scale of the wave vectarTwo values for the barrier spectral slope for the thicker junctidiFig. 5(b)]. No clear
thicknessd=2.5 and 20 A, were selected for comparison. gap features show up in either case.

Conductancell/dV spectra simulating aa-axis junction The c-axis junction simulations show a very different
and ac-axis junction are shown respectively in Figs. 5 and 6spectral behavior which is extremely sensitive to the barrier
in normalized unityarbitrary vsAy/e). These spectra will thickness. The thin-junction resliig. 6(a)] has pronounced
be described and interpreted in the following. First, thebut broadened gap peaks®at\,, with a very small midgap
a-axis junction spectrgrig. 5 show heavily suppressed gap conductance, no noticeable background slope, and overall
peaks at~*A,/e, a steep quasilinear background, asym-asymmetry favoring positive bias. This is essentially the
metry about zero bias, appreciable subgap smearing, andviéls-enhancedd-wave quasiparticle DOS we expected, as
small midgap conductance. The thin-junctiod=(2.5A)  the tunneling cone flattens out with the geometry to reveal
case looks remarkably similar to the suppressed-peak type diie 2D band structure transverse to the junction normal. The
spectra shown as data in Fig. (Sec. Il). As discussed spectral asymmetry follows from the band structure asymme-
above, the peak suppression and quasilinear background arg which shows up through the coherence factor. WKB
due to a V-shaped spectral weighting associated with breaksreakdown effects do not apply here, since the longitudinal
down of the WKB approximation near the saddle pait wave vectork, does not cross the BZ edge. The thick-
where the FS touches the BZ edge. The spectral asymmetjynction result[Fig. 6b)], on the other hand, shows dull
reflects band asymmetry about the FS which is denested Iyyeaks with considerable subgap smearing and a larger zero-
the next-nearest-neighbor interactiin The zero-bias con- bias conductance. This behavior can be understood in terms
ductance, on the other hand, can be understood as availaldéthe cross-shaped FS shape, which introduces a polar-angle
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weighting throughky in the transmission probabilit (¢, ) more detailed investigatio%.Here we merely observe that

~exp(—,8kf‘}). Sinceky is smallest along thie,= +k, direc- the absence of such mixed-symmetry spectral features in our

tion for this geometry, this weighting favors the gap nodestunnelmg data are consistent with a predominadiwave

over the gap maxima and, for a sufficiently thick barrieror(.jer parameter in ‘h? Hg-cuprates at 4.2 K, although the
. existence of a subdominastwave component at lower tem-

(becauseged), counters the vHs enhancement which has eratures or in a magnetic field cannot be ruled®8dt

essentially the opposite weighting. Subgap smearing ana '

zero-bias conductance follow naturally, since the smaller

gaps are more susceptible to the thermal and lifetime broad- VI. DATA INTERPRETATION AND DISCUSSION

ening. A mild spectral slope can also arj§ég. 6(b)], as the

larger barrier thickness enhances the voltage-dependence int?éhavior in thed-wave 2D van Hove scenario. sensitive to

plicit in D(e,). Itis important to note that these effects are jnction orientation, thickness and even the FS shape. This
negligible for the thin barrier case, i.€3(s)—1 in the  eyplains the remarkable diversity of tunneling results ob-
limit d—0 and the tunneling conductance essentially bexeryved in the highF. cuprates. Spectral suppression associ-
comes the full quasiparticle DOS. ated witha-axis tunneling offers a natural band-structure ex-

Another model case of interest is the “noddl1G junc-  planation for the characteristic quasilinear background,
tion, i.e., with the junction normal oriented along a nodalwithout the need to invoke spurious effects or esoteric
axis of thed,2_,2 order parameter. Hu and co-work€ras  mechanisms. Spectral enhancement associated with tunnel-
well as Tanaka and co-workéfshave considered this nodal ing perpendicularly intcthe ab plane provides a critical link
junction and, more generally, nonantinodal junction scebetween the enhanced-peak data and dheave 2D van
narios theoretically, using the Bogliubov-deGennesHove scenario by allowing a full manifestation of the quasi-
equation®® and the formalism of Blonder, Tinkham, and particle DOS. Considering the spectral complexity intro-
Klapwijk.*® Their simulations demonstrate the existence of aduced by the gap anisotropy and the band structure, any
midgap surface state which can give rise to a zero-bias corsimple agreement with the BCS DOS would be fortuitous.
ductance peakKZBCP) in the tunneling spectra. As men- And without precise control of the junction, no detailed com-
tioned in Sec. Il, such spectra have been observed in oyarison between data and model would be possible, particu-
polycrystalling Hg-cuprate sampl¢Eig. (2)], as well as by larly in the case of polycrystalline samples. For our data, the
previous workers in other cuprates, particularly{@t0 tun-  d-wave van Hove model does provide a general framework
nel junctions’® We will examine the appearance of the for spectral interpretation, with the simulations reproducing
ZBCP experimentally in a separate paper involving con-most of the generic spectral features.
trolled in-plane junctions® Here it suffices to remark that Qualitatively speaking, each of the measured spectra
since the nodal axis lies far away from the saddle points, thehown in Fig. 1 can be described as a superposition of the
nodal-junction model of Hu and co-workers is largely unaf-thin-junctionc-axis model[Fig. 6(a)] and the thick-junction
fected by our band-structure arguments given above, thug-axis model[Fig. 5(b)]. An equally weighted superposition
complementing the overail-wave 2D van Hove scenario for of this sort is given in Fig. @), demonstrating the resem-
quasiparticle tunneling. blance to our data, particularly for Hg-12PBig. 1(c)]. Such

It is important to note that the spectral simulations woulda “combined” junction could arise, for example, with the
be characteristically different if an isotropgswave pairing STM tip being in contact with a step edge between crystal
symmetry were assumed. In such sswave 2D van Hove platelets which are known to be abundant in cuprate samples.
scenario, the absence of gap distribution would raise antt could also happen if the tip were to break through a pris-
sharpen the conductance peaks for ¢thaxis junction case tine c-axis crystal face, allowing-axis tunneling to contrib-
while flattening the subgap conductance for both dkexis  ute. The latter scenario would explain why quasilinear spec-
and a-axis junction cases. This would lead to a more “U- tral backgrounds are seen on a4axis Hg-1212 filmgFig.
shaped” spectral behavior, although the quasilinear backi(b)], especially when there is tip-sample contact. Essentially
ground coming from thea-axis contribution would not the c-axis contribution provides the enhanced gap peaks,
change significantly, as could be seen by comparing Fig. While thea-axis contribution provides the quasi linear back-
with the s-wave simulations given in Ref. 73. Furthermore, ground. Peak width and subgap smearing could be adjusted
the ZBCP associated with a “nodal” junction in tliewave  through the barrier and broadening parametersly, kgT,
scenario would not appear at all in such a non-n@dabve andI’, while the spectral asymmetry and background slope
scenaric*?regardless of the band structure. could vary according to the specific band-structure param-

It should also be noted that if the pairing symmetry wereeterst, t’, andu. The degree of the asymmetry, for example,
a mixture ofd wave ands wave, the problem would involve would increase with increasing. The sense of the asym-
a spectral superposition of the component symmetries dewetry, on the other hand, would change with the doping
pending on their relative amplitude and phase. IndHes level depending on where the vHs lies relative to the Fermi
scenario withs as the minor component, for example, onelevel w. This latter possibility is demonstrated by another
would expect thec-axis anda-axis junction cases to show simulation of the “combined” junction, shown in Fig.(f),
additional subgap structures associated with the smallewith the vHs shifted 10 meV below the Fermi level. Note
s-wave gap* For the nodal-junction case, a ZBCP structurethat the shift has reversed the spectral asymmetry without
could still occur as long as there is a phase sign change in tratering the overall spectral features.
order parametet'>? although the ZBCP would be split by ~ The overall band structure picture is supported by recent
broken time reversal symmett§>® These issues deserve ARPES measurements on YEas0,,, (YBCO) and

These simulations illustrate the large variety of spectral
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T ' ' Near a nodal line in the Brillouin zone, states with equal but
combined junction . .
(HsatEp opposite order parameter values are effectively averaged to-
gether by the impurity scatterifg="° This widens the gap
nodes and increases the available states near midgap. The
former implies a smaller distribution of gap values and there-
fore a more rounded low-bias spectral behavior. The latter
leads naturally to zero-bias conductance, obviating the need
for any smearing parameters to introduce states into the gap.
Both effects would help to explain the midgap discrepancy
between our data and model.

@ The overall consistency between our tunneling data and
0 ' ' ' ' : the d-wave 2D vHs model enables us to determine the
6 42 V(g /e) 2 4 6 d-wave gap maxima, for the Hg cuprates. It is clear from

° our c-axis junction simulation in Fig. @) that the gap peaks
. . coincide with +A, to fairly high accuracy. The vHs-
enhancedi-wave gap singularities are relatively impervious
to displacement by energy smearing because of their sym-
I 1 metric shape. Even if larger smearing parametifstime,
thermal, or otherwigewere introduced, thest~wave broad-
ened singularities would not shift appreciably outward from
*Ay. This is in contrast to the asymmetrically shaped
s-wave singularities which have the asymptotic square-root
form. With little uncertainty, therefore, thé-wave energy-
gap maxima can be taken as~33, 50, and 75 meV, re-
(b) spectively, for Hg-1201, Hg-1212, and Hg-1223, using the
0.0 ' ' . . : vHs-enhancedi-wave DOS fit presented earlifFig. 4(b)]

6 4 2 2 4 6 as a heuristic example. These values correspond to reduced-
gap ratios of A,/kgTc~7.9, 9.5, and 13, assuming opti-

FIG. 7. Simulations of quasiparticle tunneling for a “com- mally dopedT. values of 97, 123, and 135 K, respectively.
bined” junction in thed-wave 2D van Hove scenario, using an These 2,/kgT ratios are substantially larger than the stan-
equally weighted superposition of the thiekaxis [Fig. 5(b)] and  dard BCS value of 3.5%, but comparable to the large gap
thin c-axis junction[Fig. 6@)]: (a) with the vHs directly at the Vvalues reported for YBCO and BSCCO. For example, recent
Fermi level;(b) with the vHs shifted 10 meV below the Fermi level. ARPES measurements on BSCCO indicattwave energy
Note that the doping level shift reverses the spectral asymmetrgap with Ay~30 meV (mO/kBTCm8),8° and A,
without altering the overall spectral features. ~27meV (2A,/kgTc~7.2) 8 Break-junction tunneling

measurements on BSCCO and YBE&& indicate gap val-

BSCCO, which show a characteristically denested Fermi sutdes of Ap=32 meV (2A,/kgTc~8.6) and Ay=~29 meV
face that doesearly (within ~20 meV) but not directly ~ (2A,/kgTc~7.6), respectively.
cross van Hove saddle points in the band structtir&: In The reduced-gap values for the Hg cuprates can be com-
fact, these saddle points appear toeb¢endedn the bottom  pared with data for other highi; materials. A masterplot of
half of the energy band, the vHs being more singular an®Aq/kgT¢ vs T, is shown in Fig. 8. All the materials repre-
asymmetric than described by the 2D tight-bindingsented are presumed to have optimally dopgd. The STM
dispersion’>’® For our model, thisextendeebHs scenario  tunneling data for the Hg cuprates reported in this work are
would imply: (1) stronger gap peaks fa-axis tunneling, indicated by solid circles and underlined labels. STM tunnel-
because of the vHs enhanceme(®); steeper peak suppres- ing data from previous worké*’ are indicated by open
sion and quasilinear background faxis tunneling, by vir-  circles. The break-junction tunneling data on BSCCO,
tue of the WKB breakdown(3) larger spectral asymmetry, YBCO, its 60 K phas¢YBCO-60 K) and Lg_,Sr,CuQ,_
because of the increased band asymmetry about the FeriSCO) are indicated by solid squargs®* The point-
level. These corrections could further improve agreement besontact junction data from Nd,CegCuQ,_, NCCO, the
tween our data and model, assuming that the Hg cuprate®ncuprate Ba ,K,BiO; (BKBO) and Hg-1201 are indi-
have similarly extended van Hove singularities. cated by solid triangle®¥*! The ARPES data for BSCCO are

We complete the data interpretation by addressing a nandicated by asterisk&:®! Although a subset of all the pub-
ticeable midgap discrepancy between our data and model. lished data, these data points are the most meaningful be-
is apparent by inspection that the gap bottom is morecause they were taken from a selection of spectra which
rounded in the data than in the model, even if a larger broadshow distinct gap features. The break-junction tunneling and
ening parameter were used. This problem is quite distinct iRRPES data are especially reliable since these measurements
the Hg-1212 datqFig. 1(b)], although pretty negligible for involve breaking the sampli@ situ, thus ensuring bulk sto-
Hg-1223[Fig. 1(c)]. It was also apparent in our fit of the ichiometry. Considered together, these data suggest that for
Hg-1201 data to the vHs-enhancegdvave DOS[Fig. 1(a)]. optimal doping A,/kgT¢ tends to increase with increasing
A plausible reason for the discrepancy could be the effects of .. The lowerT. materials hover just above the BCS weak-
impurity scattering on the nodal-wave order parameter. coupling limit of 3.54 and well within the conventional

dI/dV (arb. units)
o
h

1.0 T T
combined junction
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dI/dV (arb. units)
=
W
T

0
V (8 /e)



3660 WEI, TSUEI, van BENTUM, XIONG, CHU, AND WU 57

-———r— 1 VIl. SUMMARY
“r e T Whisuat) ] In summary, we have presented quasiparticle tunneling
(| W breakuncion Ben® ] spectra on the high superconductors
UL g e 1 Hg,Ba,Ca,_ 1CU,Osn4 21 5 (1=1,2,3), and shown the spec-
o linear fit tra to be consistent wittl,>_,2 order parameter symmetry in
10 4 .

o e the 2D van Hove scenario. The band structure appears to
o | ssccoc® o mpm® play a significant role in the tunneling: the 2D van Hove
’50 8 | Y_‘}EQ-**"\\'M ] singularity enhances the quasiparticle density-of-states

| Al YBCO-G0kg Bscco A peaks, in conjunction with broadening by the nodalave
POy gap anisotropy; the low-axis dispersion allows the spectral
BKBO,." 1 . . .
enhancement to be manifested, by effectively flattening out
4. NCCO A . . . . f . .
BCS—]| He-1201 ] the tunneling cone; the saddle points in the energy dispersion
oL ] along thea axis introduce severe wave vector mismatch
I ] across the tunnel junction, resulting in a quasilinear spectral
ol v o slope through breakdown of the WKB approximation; the
0 20 40 60 80 100 120 140 next-nearest-neighbor interaction in the Gufattice and
T, (K) doping dependence of the denested Fermi surface produce

spectral asymmetry. The symmetric shape of the vHs-

FIG. 8. Masterplot of A,/kgT. vs T for various highT, cu-  enhancedl-wave gap singularity makes it impervious to dis-
prates, including the noncuprate BKBO for comparison. All the placement by energy smearing, thus allowing accurate deter-
materials represented are presumed to have optimally ddged mination of the d-wave energy-gap maximumh,. The
The STM tunneling data for the Hg cuprates reported in this workreduced-gap ratios&,/kg T were determined to be 7.9, 9.5,
are indicated by solid circles and underlined labels. STM tunnelingand 13, respectively, for optimally doped Hg-1201, Hg-1212,
data from previous workéRefs. 42 and 4jrare indicated by open and Hg-1223. These values are substantially larger than the
circles. The break-junction _tur_meling data_on BSCCO, YBCO,BCS weak coupling limit of 3.54. A comparison with data
YBCO-60 K and LSCO are indicated by solid squatBefs. 82— from other highT, cuprates indicates an overall trend of
84). The point-contact junction data from NCCO, BKBO, and Hg- oA 7k, T, rising with T, in violation of BCS universality.
1201 are indicated by_so!ld trlangl(3|§efs._41 and 86 The ARPES This trend suggests the largag@/ks T, to be intimately re-
data for BSCCO are |_nd|cat_ed_ by asterigRefs. 80 and 8l _The lated to theT. enhancement mechanism, providing another
plot reveals a dramatic deviation ofAg/kgT. from BCS univer- key criterion for the understanding of high- superconduc-

sality asT, increases, as illustrated by the simple lineafdittted I . .
curve through the BCS weak-coupling limit of 3.54. tivity, along with the 2D van Hove scenario ambwave
order parameter symmetry.

strong-coupling regime~ 3.6—5.2)%8" The preponderance
of data points at 2,/kgTc~6.5—-8.5 for the highel-;
YBCO and BSCCO already indicates a serious deviation J.Y.T.W. would like to thank T. Jung, A. Levy, and J.
from the BSC range. The Hg-cuprate data suggest thaRosen for their valuable technical guidance, as well as D. M.
2A,/kgT¢ continues, to increase with elevatéd. A simple  Newns and M. Takigawa for helpful discussions. J.Y.T.W. is
linear fit is shown as the dotted curve in the masterplot tayrateful to IBM T. J. Watson Research Center for hosting
illustrate this upward trend, with the requirement that it ap-him (during his researgh as well as to the University of
proaches the BCS limit a3.—0. In essence, whatever Nijmegen for their hospitality during his visit. Critical read-
mechanism is responsible for enhancing the critical temperang of the manuscript by N.-C. Yeh was greatly appreciated.
ture seems also to be responsible for the deviation of th&his work was supported by the Republic of China National
reduced-gap ratio from BCS universality. This correlationScience Council, the New York State Institute on Supercon-
provides an important criterion for the understanding ofductivity, and the State of Texas through the Texas Center
high- T superconductivity. for Superconductivity at the University of Houston.
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