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Evidence ofd,2_,2 symmetry in the tunneling conductance density of states of JBa,CuOg
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Tunnel junctions have been made on single crystals éB&CuG; with a T,.~91 K using a mechanical
point-contact method. Both superconductor—insulator—normal-m@&#) and superconductor-insulator-
superconductofSIS) junctions were obtained using Au and Nb tips, respectively. The tunneling conductances
obtained are reproducible, with sharp, well-defined energy gap structures and are characterized by a cusplike
feature at zero bias. These conductances can be fit to a simple, momentum-averaged density(DOsBates
obtained from a superconducting order parameter dijth > symmetry. The SIS data display a weak Nb gap
feature which is consistent with the subgap DOS observed in the SIN[&th63-18208)51406-3

Theoretical and experimental results on YR2,0;,_5  (PCT) method. The data exhibit more BCS-like tunneling
(YBCO) (Refs. 2 and Band BbSr,CaCyOg, s (Bi-2212) conductances for both SIKAu tip) and SIS(Nb tip) junc-
(Refs. 4 and ppresent a strong case fdg2_y2 (d-wave)  tions with low and flat subgap features. Because of the simi-
pairing in high temperature superconduct@fd'S). Surpris-  larities in these two cuprates, tunneling in TI-2201 might be
ingly, the quasiparticle tunneling data on these materialgxpected to be the same as Hg-1201. However, the PCT data
have not clearly and reproducibly exhibited the characteristion TI-2201 seem to be more consistent with-avave DOS.
features of ad-wave density of statetDOS) (Refs. 6-8  Further discussion on this comparison is reserved for later in
such as a cusplike feature at zero bias, a linear increase in thigis article.
subgap region, and sharp peaks at the gap voltage. Further- Samples of single crystal TI-2201 were synthesized using
more, there exist examples of flat subgap tunneling conduca method as described elsewh#@he single crystals, ap-
tances in Bi-2212Ref. 9 and Hg-based cupratés'which  proximately 0.5 mm on edge, were cleaved parallel to the
are not easily reconciled with d-wave gap parameter. a-b plane, leaving a flat, shiny surface. All tunneling mea-
These results might be due to surface effects in the tunnelingurements were done with the PCT apparatus described in
experiment, preferential tunneling directions, or perhaps beRef. 17. In PCT, since the tip must be pushed into the surface
cause none of the above systems have a gumeve sym-  of the crystals, the tunneling direction is undefined, although
metry gapt We report here tunneling measurements ofthe tip approaches nominally along theaxis. Local varia-
single-crystal TJBa,CuQ; (TI-2201) which reproducibly ex- tions in oxygen stoichiometry are expected to have a smaller
hibit a characteristic DOS that is consistent wilhwave  effect than with a scanning tunnel microscoi$TM) probe
symmetry. The gap parameter A&=20—-22 meV was found because of the larger PCT contact afestimated diameter
on over 100 junctions measured on 15 different crystals. This>100 nm (Ref. 18 compared to atomic dimensions.
reproducibility of gap value is rare among HTS cuprates. Figure 1 showsll/dV vs V from a representative set of

TI-2201 is the first member of the homologous seriesfive junctions from three different crystals. These data show
TI,BaCa,_1Cu,05,. 3 (N=1, 2, and 3. It has a tetragonal a slight asymmetry in both the conductance peak and the
crystal structure with a single Cu-O layer per unit tell background, displaying a higher peak at negative voltages
which is relatively simple when compared to the bilayer and(sample relative to tip Sometimeqabout 20% the d1/dV
trilayer HTS. The optimally doped compound hasTaof  display more broadening, with the conductance peaks re-
approximately 91 K and its value can be depressed by oveduced in size and shifted to higher voltages, and a more
doping. Although tunneling measurements have been carrie@unded zero-bias conductance. Examples are shown as the
out on two-layer TJBa,CaCuO, (TI-2212),* to the best of two bottom curves in Fig. 1. Further analysis is restricted to
our knowledge, no tunneling data have been reported othose junctions with a high ratio of peak to background con-
single-layer TI-2201. Maximum gap values &f~27-31 ductance. Presumably, such junctions should be more reflec-
meV for TI-2201 have been reportédising Raman scatter- tive of the underlying DOS. Figure 2 shows four additional
ing, and there has been an observation of half-integer flujunctions from Sample A, where the conductances have been
quanta in tricrystal ringsconsistent withd-wave pairing  shifted for clarity. The unnormalized conductances are gen-
symmetry for this material. erally symmetrical and have an approximately flat or a

Another tetragonal compound, polycrystalline weakly decreasing background. The average location of the
HgBa,CuQy, 5 (Hg-120) which has a single Cu-O plane per conductance peak voltag¥) is slightly more than 20 mV,
unit cell and similarT,~95 K as TI-2201, was studied by while a cusplike feature is observed at zero bias. Asymmetric
Chen et all® using the identical point-contact tunneling dip features are also present in some of the data and are
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FIG. 1. Representative set of SIMu tip) junction conduc- FIG. 3. Normalized experimental SIS with Nb tif €4.2 K)

tances of three crystalé\( B, andC) of TI-2201 atT=4.2 K. The  data(open circlesand numerical fitsolid line) using ad-wave gap
voltageV is that of the tip relative to the sample. For clarity, dBta Symmetry, tight-binding band structure for TI-2201, and a BCS
has been shifted by 0.4 mS and d&t has been multiplied by 0.3. DOS for Nb. The inset shows the subgap feature which corresponds

to the Nb gap. Data taken at 9.0(Klled circles show that the Nb
consistent with but smaller than what is found in 92P has disappeared, revealing a zero-bias anomaly.

Bi-2212%89 More detailed discussions of these background _ 20
features are deferred to a future article. conductance in the normal state).“~ Unfortunately, the

We have also examined SIS junctions at various temperd"'—orma| state conductance for HTS is not easily obtained. It
tures between 4.2 and 10 K, the latter being aboveTthier ~ Means sustaining the junction while raising the temperature
the Nb tip. In Fig. 3, the SIS conductance normalized by d° a value abovd . This is unfeasible since thermal expan-

constant value, 0.65 m@pen circley again has a peak just sion a_lters, if not destroys, the junction. Furthermore, the
above 20 mM(the solid line fit will be explained in the next Unneling process may be temperature dependent such that

section. This is expected since the Nb gap+4.5 mV and the conductance would not reflect th_e true background shape
should not significantly shift the conductance peak wherft lower temper_atures. Therefore, since we _expect the value
compared to the SIN data. However, at 4.2 K, we observed 8 ¢'s {0 approximates,, at voltages much higher than the
Nb gap inside the TI-2201 gap. The Nb gap disappeared &ap. we extrapolate the values®f at high voltages and get
9.0 K (Nb tip becomes normgalrevealing a small zero-bias an approximationg?, , thus obtaining an approximate DOS
anomaly(see inset of Fig. 8 This feature is consistent with from the ratio ofos/o7, .

SIN tunneling of Nb into the subgap states of TI-2201. We Because the shape of the gap-region tunneling conduc-
believe the zero-bias anomaly is due to the presence of t@nces suggestsdzwave symmetry, a quantitative fit of the
Nb, Oy insulating layer on the Nb tip, which has been shownnormalized conductance was carried out using a two-
in other tunnel junctions to produce a similar zero-biasdimensional tight-binding band structure and thevave gap
peak!® The generally poorer quality of the Nb tip junctions parameter, similar to the one used byadtial?* for the case
may be a consequence of the Nb oxide. where the band structure is restricted to the nearest-neighbor

The DOS for SIN tunneling aE=0 K is equal to the ratio interaction. For thed-wave fit, the gap symmetry used is
of the conductance in the superconducting stat¢ withthe A= (A¢/2)[ coska)—cosk,a)]. As expected, this model
displays a pronounced van Hove singularigHS) in the
DOS nearkr . No such feature was ever observed in our data
(see Figs. 1 and)2and the absence of the VHS is consistent
with the general result that elastic tunneling does not probe
band structure effect€:?2*We removed the VHS from the
calculation ofog by using an artificially large value of the
chemical potentiaju which produced a flat DOS from the
band structure.

Figure 4 shows representative fits of the experimental data
with the DOS obtained using this model which includésa
quasiparticle lifetime facto? The model produced a particu-
larly good overall fit to the experimental data when com-
N ST TR ST T T pgred to other HTS cuprate tunneli%f‘,'although, at zero
150 -100 50 0 0 100 150 bias, the experlmental data have a hlgher cqndgctance. A

V(mV) total of ten experimental _da_ta sets were fitted, yleldln_g values
of A=20-22 meV and similar gap values could be inferred

FIG. 2. Representative set of SIpAu tip) junction conduc- from the raw data of more than 100 junctions. Attempts to fit
tances of Sampl@ at 4.2 K. Junctiom2, A3, andA4 have been these data with a BCS DO@ncluding lifetime smearing
shifted vertically by ¥, 30, and 5, respectively, for clarity(c  resulted in much poorer agreement, especially in the subgap
=0.6 mS. region.
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TTTT[TTIT[TTIT[ATTT T I ToT] shapes which were more compatible with-avave DOS but
no quantitative fits were obtainédln one spectrum of Hg-
1212 the zero-bias conductance is flat which is in clear dis-
agreement with the cusp feature expected fod-avave
DOS? We enumerate a few possibilities to explain these
inconsistencies, but admit that a definitive explanation awaits
further experiment. First is the possibility that despite their
similarities, TI-2201 and Hg-1201 are not identical electroni-
cally. Band structure calculations show that Hg-1201 has a
simple, single pocket to the Fermi surfe€ewhereas TI-
2201 has two pockets owing to another metallic layer in
addition to the Cu-O plan. This allows the possibility for
some type of interplane coupling in the TI-2201 unit cell
which might favor ad-wave state or might provide charac-
s teristics which mimic such a staf® Certainly it would be
Foo o bV bl useful for experimental probes such as angle-resolved pho-
-150 -100 -50 0 50 100 150 toemission to examine the electronic structures in both these
V(mV) compounds.
o ) i Another possible explanation has to do with directionality
FIG. 4. Quantitative fits of normalized experimental SIN data gffects in tunneling. The reasonable fit of the TI-2201 data to
(open circlegto the DOS obtained from a tight-binding band struc- the d-wave gap symmetry indicates that the entire Fermi
ture with d-wave gap symmetrysolid line). DataB andC have g rface is being probed as would be expected if all possible
been shifted vertically by 1 and 2 units, respectively, for clarity. y,nneling directions were contributing to the current. Such a

To fit the SIS data, we generated the DOS for Nb usingsituation could easily be imagined in our case if the tip in-
the standard BCS mo,del amd=1.5 meV. This is then con- dents the surface leading to a tunnel current which projects
voluted with the DOS generated using .the identidalave radially outward from the tip. a similar situation could also

. S be true for a STM measurement where the tip is suspended
model. In Fig. 3, the resultsolid line) is comparable to the
SIS data, reproducing the observed Nb gap feature, althou bove the cleaved crystal and the cone of tunnel current

h itude of th duct i the Nb A obes the whole Fermi surface. Certainly, STM results on
€ magnitude ot the conductance in the Vb gap region IS N4 pased cupratésand Bi-2212(Refs. 6 and ®more often
reproduced. This may be due to the zero-bias anomaly whic

X , xhibit subgap shapes which seem to be compatible with a
was not accounted for in our mod_el. Our analysis showeq_\yave gap symmetry. However, it is also possible in PCT
that the Nb gap feature was found in th.e modell even for thgy pave preferential tunneling along a lobe of thevave gap
casel'=0 and therefore implied that this experimental fea-that would result in a BCS-like tunneling DQRefs. 12 and
ture is consistent with the subgap states indheave DOS,  22) such as those seen by Chehal® Such a situation
and does not require any other source of gaplessness in teguld explain the seemingly contradictory results on Hg-
TI-2201. 1201. A similar situation has also been observed in PCT

The simple model used here cannot explain all of thespectroscopy of Bi-2212where it is possible to obtain a
features seen in our data such as the asymmetric ped@CS-like subgap shape in the tunneling conductance. For
heights, dip feature@n some case@sor the decreasing back- Bi-2212 there is little question that the gap parameter is
ground conductances found in some junctions. However, thbighly anisotropic and likely ofl-wave symmetry:®> Thus
observation of a similar shape to the gap region conductandée observation of both flat and cusplike subgap shapes in
in so many different junctions suggests that it is a consedifferent junctions(with the same gap valyigs most likely
guence of the under|ying DOS. While the observation thaﬂue to tunneling d|rect|0nal|ty effect}s. The question remains
the DOS of TI-2201 hasl-wave symmetry may not be too &S to why preferential tunneling might take place for PCT
surprising in light of the tricrystal ring experimeritghis  junctions on Hg-1201 and Bi-2212 but not for TI-2201. This
tunneling measurement consistently and convincingly disMight be related to material properties of TI-2201. The
plays the d-wave DOS. hlghly reproducible value for the gapp=20-22 mev im-

It is tempting to assert that it is the simple tetragonalP//€S @ Very stable surface morphology and doping value.
structure of TI-2201 which is responsible for our observa-That this gap is slightly reduced from Raman measurements

. . . on optimally doped samples suggests that the stable surface
tions. This structure allows a putwave state with no ad- is slightly overdoped. Further evidence of this is found in

mixture _ofs-wave components yvhich might othe_rwise rou_nd PCT studies of Bi-2212 which display a gap valueAst37

out or distort the cusp feature in the DOS. Earlier tunnelmgmev for T.=95 K samples, but rapidly decreasing values
. 4 . . . i)

studies® of TI-2212, which is also_tetragonal, displayed yith overdoping® The strong dip features of optimally doped

many of the features found here for TI-2201 including flat orgj.-2212 at e\=2A are also diminished with overdopi¥1gnd

decreasing backgrounds and very sharp conductance peaksi@ik is consistent with the weak dip features found in TI-

nearly the same voltages;20 mV. 2201.

This simple picture breaks down for the tetragonal com-  To summarize, PCT tunneling data on TI-2201 are highly
pound Hg-1201(Ref. 10 in which PCT indicated a more reproducible and in many cases exhibit a normalized conduc-
BCS-like shape to the tunneling data including a flat conductance that is well fit by a simple superconducting DOS with
tance near zero bias, and for Hg-1212 where in one case tliewave symmetry. The relatively flat background conduc-
STM spectroscopy showed a flat subgap conductihce.tances show no indication of a van Hove singularity in the
Other STM studies of the Hg-based cuprates revealed subgamderlying electronic DOS and suggest that for this material
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