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Evidence ofdx22y2 symmetry in the tunneling conductance density of states of Tl2Ba2CuO6
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Tunnel junctions have been made on single crystals of Tl2Ba2CuO6 with a Tc;91 K using a mechanical
point-contact method. Both superconductor–insulator–normal-metal~SIN! and superconductor-insulator-
superconductor~SIS! 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 of states~DOS!
obtained from a superconducting order parameter withdx22y2 symmetry. The SIS data display a weak Nb gap
feature which is consistent with the subgap DOS observed in the SIN data.@S0163-1829~98!51406-3#
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Theoretical1 and experimental results on YBa2Cu3O72d
~YBCO! ~Refs. 2 and 3! and Bi2Sr2CaCu2O81d ~Bi-2212!
~Refs. 4 and 5! present a strong case fordx22y2 (d-wave!
pairing in high temperature superconductors~HTS!. Surpris-
ingly, the quasiparticle tunneling data on these mater
have not clearly and reproducibly exhibited the characteri
features of ad-wave density of states~DOS! ~Refs. 6–8!
such as a cusplike feature at zero bias, a linear increase i
subgap region, and sharp peaks at the gap voltage. Fur
more, there exist examples of flat subgap tunneling cond
tances in Bi-2212~Ref. 9! and Hg-based cuprates10,11 which
are not easily reconciled with ad-wave gap parameter
These results might be due to surface effects in the tunne
experiment, preferential tunneling directions, or perhaps
cause none of the above systems have a pured-wave sym-
metry gap.1 We report here tunneling measurements
single-crystal Tl2Ba2CuO6 ~Tl-2201! which reproducibly ex-
hibit a characteristic DOS that is consistent withd-wave
symmetry. The gap parameter ofD520–22 meV was found
on over 100 junctions measured on 15 different crystals. T
reproducibility of gap value is rare among HTS cuprates12

Tl-2201 is the first member of the homologous ser
Tl2Ba2Can21CunO2n13 (n51, 2, and 3!. It has a tetragona
crystal structure with a single Cu-O layer per unit cel13

which is relatively simple when compared to the bilayer a
trilayer HTS. The optimally doped compound has aTc of
approximately 91 K and its value can be depressed by o
doping. Although tunneling measurements have been car
out on two-layer Tl2Ba2CaCu2Ox ~Tl-2212!,14 to the best of
our knowledge, no tunneling data have been reported
single-layer Tl-2201. Maximum gap values ofD;27–31
meV for Tl-2201 have been reported15 using Raman scatter
ing, and there has been an observation of half-integer
quanta in tricrystal rings3 consistent withd-wave pairing
symmetry for this material.

Another tetragonal compound, polycrystallin
HgBa2CuO41d ~Hg-1201! which has a single Cu-O plane pe
unit cell and similarTc;95 K as Tl-2201, was studied b
Chen et al.10 using the identical point-contact tunnelin
570163-1829/98/57~6!/3245~4!/$15.00
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~PCT! method. The data exhibit more BCS-like tunnelin
conductances for both SIN~Au tip! and SIS~Nb tip! junc-
tions with low and flat subgap features. Because of the si
larities in these two cuprates, tunneling in Tl-2201 might
expected to be the same as Hg-1201. However, the PCT
on Tl-2201 seem to be more consistent with ad-wave DOS.
Further discussion on this comparison is reserved for late
this article.

Samples of single crystal Tl-2201 were synthesized us
a method as described elsewhere.16 The single crystals, ap
proximately 0.5 mm on edge, were cleaved parallel to
a-b plane, leaving a flat, shiny surface. All tunneling me
surements were done with the PCT apparatus describe
Ref. 17. In PCT, since the tip must be pushed into the surf
of the crystals, the tunneling direction is undefined, althou
the tip approaches nominally along thec axis. Local varia-
tions in oxygen stoichiometry are expected to have a sma
effect than with a scanning tunnel microscopy~STM! probe
because of the larger PCT contact area~estimated diamete
.100 nm! ~Ref. 18! compared to atomic dimensions.

Figure 1 showsdI/dV vs V from a representative set o
five junctions from three different crystals. These data sh
a slight asymmetry in both the conductance peak and
background, displaying a higher peak at negative volta
~sample relative to tip!. Sometimes~about 20%! the dI/dV
display more broadening, with the conductance peaks
duced in size and shifted to higher voltages, and a m
rounded zero-bias conductance. Examples are shown a
two bottom curves in Fig. 1. Further analysis is restricted
those junctions with a high ratio of peak to background co
ductance. Presumably, such junctions should be more re
tive of the underlying DOS. Figure 2 shows four addition
junctions from Sample A, where the conductances have b
shifted for clarity. The unnormalized conductances are g
erally symmetrical and have an approximately flat or
weakly decreasing background. The average location of
conductance peak voltage (Vp) is slightly more than 20 mV,
while a cusplike feature is observed at zero bias. Asymme
dip features are also present in some of the data and
R3245 © 1998 The American Physical Society
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consistent with but smaller than what is found
Bi-2212.6,8,9 More detailed discussions of these backgrou
features are deferred to a future article.

We have also examined SIS junctions at various temp
tures between 4.2 and 10 K, the latter being above theTc for
the Nb tip. In Fig. 3, the SIS conductance normalized b
constant value, 0.65 mS~open circles!, again has a peak jus
above 20 mV~the solid line fit will be explained in the nex
section!. This is expected since the Nb gap is;1.5 mV and
should not significantly shift the conductance peak wh
compared to the SIN data. However, at 4.2 K, we observe
Nb gap inside the Tl-2201 gap. The Nb gap disappeare
9.0 K ~Nb tip becomes normal!, revealing a small zero-bia
anomaly~see inset of Fig. 3!. This feature is consistent with
SIN tunneling of Nb into the subgap states of Tl-2201. W
believe the zero-bias anomaly is due to the presence
NbyOx insulating layer on the Nb tip, which has been sho
in other tunnel junctions to produce a similar zero-b
peak.19 The generally poorer quality of the Nb tip junction
may be a consequence of the Nb oxide.

The DOS for SIN tunneling atT50 K is equal to the ratio
of the conductance in the superconducting state (ss) with the

FIG. 1. Representative set of SIN~Au tip! junction conduc-
tances of three crystals (A, B, andC) of Tl-2201 atT54.2 K. The
voltageV is that of the tip relative to the sample. For clarity, dataB
has been shifted by 0.4 mS and dataC2 has been multiplied by 0.3

FIG. 2. Representative set of SIN~Au tip! junction conduc-
tances of SampleA at 4.2 K. JunctionA2, A3, andA4 have been
shifted vertically by 1s, 3s, and 5s, respectively, for clarity~s
50.6 mS!.
d
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conductance in the normal state (sn).20 Unfortunately, the
normal state conductance for HTS is not easily obtained
means sustaining the junction while raising the tempera
to a value aboveTc . This is unfeasible since thermal expa
sion alters, if not destroys, the junction. Furthermore,
tunneling process may be temperature dependent such
the conductance would not reflect the true background sh
at lower temperatures. Therefore, since we expect the v
of ss to approximatesn at voltages much higher than th
gap, we extrapolate the values ofss at high voltages and ge
an approximation,sn* , thus obtaining an approximate DO
from the ratio ofss /sn* .

Because the shape of the gap-region tunneling cond
tances suggests ad-wave symmetry, a quantitative fit of th
normalized conductance was carried out using a tw
dimensional tight-binding band structure and thed-wave gap
parameter, similar to the one used by Liet al.21 for the case
where the band structure is restricted to the nearest-neig
interaction. For thed-wave fit, the gap symmetry used
Dk5(D0/2)@cos(kxa)2cos(kya)#. As expected, this mode
displays a pronounced van Hove singularity~VHS! in the
DOS near«F . No such feature was ever observed in our d
~see Figs. 1 and 2! and the absence of the VHS is consiste
with the general result that elastic tunneling does not pr
band structure effects.12,22,23We removed the VHS from the
calculation ofss by using an artificially large value of the
chemical potentialm which produced a flat DOS from th
band structure.

Figure 4 shows representative fits of the experimental d
with the DOS obtained using this model which includesG, a
quasiparticle lifetime factor.24 The model produced a particu
larly good overall fit to the experimental data when co
pared to other HTS cuprate tunneling,8,14 although, at zero
bias, the experimental data have a higher conductance
total of ten experimental data sets were fitted, yielding val
of D520–22 meV and similar gap values could be inferr
from the raw data of more than 100 junctions. Attempts to
these data with a BCS DOS~including lifetime smearing!
resulted in much poorer agreement, especially in the sub
region.

FIG. 3. Normalized experimental SIS with Nb tip (T54.2 K!
data~open circles! and numerical fit~solid line! using ad-wave gap
symmetry, tight-binding band structure for Tl-2201, and a BC
DOS for Nb. The inset shows the subgap feature which correspo
to the Nb gap. Data taken at 9.0 K~filled circles! show that the Nb
gap has disappeared, revealing a zero-bias anomaly.
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To fit the SIS data, we generated the DOS for Nb us
the standard BCS model andD51.5 meV. This is then con
voluted with the DOS generated using the identicald-wave
model. In Fig. 3, the result~solid line! is comparable to the
SIS data, reproducing the observed Nb gap feature, altho
the magnitude of the conductance in the Nb gap region is
reproduced. This may be due to the zero-bias anomaly w
was not accounted for in our model. Our analysis show
that the Nb gap feature was found in the model even for
caseG50 and therefore implied that this experimental fe
ture is consistent with the subgap states in thed-wave DOS,
and does not require any other source of gaplessness in
Tl-2201.

The simple model used here cannot explain all of
features seen in our data such as the asymmetric p
heights, dip features~in some cases!, or the decreasing back
ground conductances found in some junctions. However,
observation of a similar shape to the gap region conducta
in so many different junctions suggests that it is a con
quence of the underlying DOS. While the observation t
the DOS of Tl-2201 hasd-wave symmetry may not be to
surprising in light of the tricrystal ring experiments;3 this
tunneling measurement consistently and convincingly
plays the d-wave DOS.

It is tempting to assert that it is the simple tetragon
structure of Tl-2201 which is responsible for our observ
tions. This structure allows a pured-wave state with no ad
mixture ofs-wave components which might otherwise rou
out or distort the cusp feature in the DOS. Earlier tunnel
studies14 of Tl-2212, which is also tetragonal, displaye
many of the features found here for Tl-2201 including flat
decreasing backgrounds and very sharp conductance pea
nearly the same voltages,;20 mV.

This simple picture breaks down for the tetragonal co
pound Hg-1201~Ref. 10! in which PCT indicated a more
BCS-like shape to the tunneling data including a flat cond
tance near zero bias, and for Hg-1212 where in one case
STM spectroscopy showed a flat subgap conductanc11

Other STM studies of the Hg-based cuprates revealed su

FIG. 4. Quantitative fits of normalized experimental SIN da
~open circles! to the DOS obtained from a tight-binding band stru
ture with d-wave gap symmetry~solid line!. Data B and C have
been shifted vertically by 1 and 2 units, respectively, for clarity
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shapes which were more compatible with ad-wave DOS but
no quantitative fits were obtained.25 In one spectrum of Hg-
1212 the zero-bias conductance is flat which is in clear d
agreement with the cusp feature expected for ad-wave
DOS.25 We enumerate a few possibilities to explain the
inconsistencies, but admit that a definitive explanation aw
further experiment. First is the possibility that despite th
similarities, Tl-2201 and Hg-1201 are not identical electro
cally. Band structure calculations show that Hg-1201 ha
simple, single pocket to the Fermi surface,26 whereas Tl-
2201 has two pockets owing to another metallic layer
addition to the Cu-O plane.27 This allows the possibility for
some type of interplane coupling in the Tl-2201 unit c
which might favor ad-wave state or might provide charac
teristics which mimic such a state.28 Certainly it would be
useful for experimental probes such as angle-resolved p
toemission to examine the electronic structures in both th
compounds.

Another possible explanation has to do with directional
effects in tunneling. The reasonable fit of the Tl-2201 data
the d-wave gap symmetry indicates that the entire Fer
surface is being probed as would be expected if all poss
tunneling directions were contributing to the current. Suc
situation could easily be imagined in our case if the tip
dents the surface leading to a tunnel current which proje
radially outward from the tip. a similar situation could als
be true for a STM measurement where the tip is suspen
above the cleaved crystal and the cone of tunnel cur
probes the whole Fermi surface. Certainly, STM results
Hg-based cuprates25 and Bi-2212~Refs. 6 and 9! more often
exhibit subgap shapes which seem to be compatible wi
d-wave gap symmetry. However, it is also possible in P
to have preferential tunneling along a lobe of thed-wave gap
that would result in a BCS-like tunneling DOS~Refs. 12 and
22! such as those seen by Chenet al.10 Such a situation
could explain the seemingly contradictory results on H
1201. A similar situation has also been observed in P
spectroscopy of Bi-2212,9 where it is possible to obtain a
BCS-like subgap shape in the tunneling conductance.
Bi-2212 there is little question that the gap parameter
highly anisotropic and likely ofd-wave symmetry.4,5 Thus
the observation of both flat and cusplike subgap shape
different junctions~with the same gap value! is most likely
due to tunneling directionality effects. The question rema
as to why preferential tunneling might take place for PC
junctions on Hg-1201 and Bi-2212 but not for Tl-2201. Th
might be related to material properties of Tl-2201. T
highly reproducible value for the gap~D520–22 meV! im-
plies a very stable surface morphology and doping val
That this gap is slightly reduced from Raman measureme
on optimally doped samples suggests that the stable sur
is slightly overdoped. Further evidence of this is found
PCT studies of Bi-2212 which display a gap value ofD537
meV for Tc595 K samples, but rapidly decreasing valu
with overdoping.9 The strong dip features of optimally dope
Bi-2212 at eV52D are also diminished with overdoping9 and
this is consistent with the weak dip features found in T
2201.

To summarize, PCT tunneling data on Tl-2201 are hig
reproducible and in many cases exhibit a normalized cond
tance that is well fit by a simple superconducting DOS w
d-wave symmetry. The relatively flat background condu
tances show no indication of a van Hove singularity in t
underlying electronic DOS and suggest that for this mate
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such band structure effects are not observed in tunne
These PCT results are different from those found on
2212, which exhibits a wide variety of subgap conductan
shapes and more sharply decreasing background. The o
vation of flat, BCS-like tunneling conductances in Hg-12
and in some cases Bi-2212 indicates that tunneling direct
ality effects play an important role in those materials b
apparently not in Tl-2201. The gap values obtained in o
100 junctions are in the rangeD520–22 meV, smaller than
expected for a 91 KTc and may indicate that the surface
slightly overdoped.
t

g.
i-
e
er-

n-
t
r

The authors would like to acknowledge discussions w
Liam Coffey and computational work by Trudy Bolin
This work was partially supported by the U.S. Department
Energy, Division of Basic Energy Sciences-Materia
Sciences under Contract No. W-31-109-ENG-38, a
the National Science Foundation, Office of Science a
Technology Centers under Contract No. DMR 91-200
L.O. acknowledges support from the Izmir Institute
Technology, Turkey. Z.Y. acknowledges support from t
Division of Educational Programs, Argonne National Lab
ratory.
1D. J. Scalapino, Phys. Rep.250, 329 ~1995!.
2D. J. Van Harlingen, Rev. Mod. Phys.67, 515 ~1995!.
3C. C. Tsueiet al., Science271, 329 ~1996!.
4Z. X. Shenet al., Phys. Rev. Lett.70, 1553~1993!.
5H. Ding et al., Phys. Rev. B50, 1333~1994!.
6C. Renner and O. Fisher, Phys. Rev. B51, 9208~1995!.
7J. M. Valles, Jr.et al., Phys. Rev. B44, 11 986~1991!.
8Q. Huanget al., Phys. Rev. B.40, 9366~1989!.
9Y. DeWilde et al., Phys. Rev. Lett.80, 153 ~1998!.

10J. Chenet al., Phys. Rev. B49, 3683 ~1994!; J. F. Zasadzinski
et al., Appl. Suppercond.2, 709 ~1994!. Note: the observations
of clean tunneling conductances above the gap voltage~eV.D!
rule out charging effects such as the Coulomb staircase as
origin of the gap feature in Hg-1201.

11G. T. Jeonget al., Phys. Rev. B49, 15 416~1994!.
12Z. Yusof et al. ~unpublished!.
13R. V. Kasowskiet al., Phys. Rev. B38, 6470~1988!.
he

14Q. Huanget al., Physica C161, 141 ~1989!.
15R. Nemetscheket al., Phys. Rev. B47, 3450~1993!.
16R. Mogilevskyet al., Physica C250, 15 ~1995!.
17M. E. Hawleyet al., Phys. Rev. Lett.57, 629 ~1989!.
18Q. Huanget al., Phys. Rev. B42, 7953~1990!.
19A. Hahnet al., Phys. Rev. B26, 138 ~1982!.
20E. L. Wolf, Principles of Electron Tunneling Spectroscopy~Ox-

ford University, New York, 1985!.
21Q. P. Li et al., Phys. Rev. B48, 437 ~1993!.
22K. Kouznetsov and L. Coffey, Phys. Rev. B54, 3617~1996!.
23W. A. Harrison, Phys. Rev.123, 85 ~1961!.
24R. C. Dyneset al., Phys. Rev. Lett.41, 1509~1978!.
25J. Y. T. Weiet al. Chin. J. Phys.34, 450 ~1996!.
26D. L. Novikov and A. J. Freeman, Physica C216, 273 ~1993!.
27D. J. Singh and W. E. Pickett, Physica C203, 193 ~1992!.
28A. A. Golubov and I. I. Mazin, Physica C243, 153 ~1995!.


