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Tunneling measurements have been made on a series of high-quality Bi,Sr,CaCu,053 5 (BSCCO) single
crystals with transition temperatures (7, ) ranging from 79 to 92 K. From these systematic studies it has
been possible to delineate the intrinsic features of the low-energy electronic spectrum in the BSCCO ma-
terials. These results demonstrate that the magnitude of 2A at 4.2 K is nearly constant in the different
T, samples, and thus, that 2A /kT, increases as T, decreases. In addition, intrinsic quasiparticle excita-
tions are detected within the gap irrespective of the sample T,.’s. Analyses of these electronic spectra us-
ing a variety of pairing models suggest that gap functions having a large anisotropy can provide a good

fit to the experimental data.

The mechanism of superconductivity in the high-
temperature copper oxide superconductors is an un-
resolved and challenging problem.!'”® The energy gap
(2A) is one parameter of the superconducting state that
can provide significant insight into the mechanism of
pairing. For example, the magnitude, temperature
dependence, and symmetry of 2A are strong constraints
for models proposed to explain superconductivity in the
copper oxide materials. In principle, these properties of
2A should be readily determined using established experi-
mental probes such as tunneling and photoemission spec-
troscopy (PES). Unfortunately, the surface sensitivity of
these techniques coupled with short coherence lengths
and inhomogeneity of the copper oxide materials has
often made these measurements difficult to interpret
clearly.

Nevertheless, there is now a reasonable consensus that
the magnitude of 2A exceeds significantly the weak-
coupling limit of 3.5k7, and that the energy gap opens
sharply below T..”"!2 Other important characteristics of
2A, which are essential to understanding the pairing
mechanism, remain controversial. For example, high-
resolution electron-energy-loss spectroscopy (HREELS)
studies indicate that 2A /kT, increases as sample 7. de-
creases, ! while other tunneling14 and PES (Ref. 15) stud-
ies suggest that this ratio is constant. In addition, the na-
ture of quasiparticle excitations within the gap (e.g., ex-
trinsic or reflecting nodes in the gap function) and the
symmetry of A have not been resolved.

Essential to understanding these issues is a clear del-
ineation of the intrinsic versus extrinsic properties of the
copper oxide materials. To this end we report systematic
tunneling measurements on a series of high-quality
Bi,Sr,CaCu,054 5 (BSCCO) single crystals with transition
temperatures (7, ) ranging from 79 to 92 K. Analysis of
these data provides a clear indication of the intrinsic
features of the low-energy electronic spectrum in the su-
perconducting state of the BSCCO materials.
Specifically, we find that the magnitude of 2A at 4.2 K is
nearly constant in the different T, samples and thus that
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2A/kT. increases as T, decreases. In addition, intrinsic
quasiparticle excitations are observed within the gap ir-
respective of sample T.. Comparison of these electronic
spectra to a variety of pairing models shows that gap
functions with large anisotropy provide a good fit to the
experimental data.

BSCCO single crystals were grown in high-purity MgO
oxide crucibles as described previously.!* All of the crys-
tals were extensively annealed to reduce strain and de-
fects. Variations in the sample T, were achieved by an-
nealing crystals in 0.2-50 atm oxygen at temperatures
<550°C. These annealing conditions lead to reproduci-
ble variations in 7, without the formation of impurity
phases. The homogeneity of these samples is clearly evi-
dent from the sharp transitions observed in dc-
magnetization and resistivity measurements.!’> Represen-
tative magnetization data recorded on samples with T,’s
of 79, 86, and 92 K are shown in Fig. 1. The uniformly
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FIG. 1. Magnetization data recorded on 7. =92 K (@), 86 K
(0), and 79 K (V) BSCCO single crystals. The susceptibility
measurements were recorded by cooling the samples in a field of
10 Oe.
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narrow transition widths (=2 K) observed for these an-
nealed crystals are indicative of very homogeneous sam-
ples. Hence systematic tunneling studies of this series of
materials represent a good approach by which to eluci-
date the intrinsic quasiparticle spectrum in BSCCO.

Tunneling measurements were made with a low-
temperature scanning tunneling microscope (STM) using
methods that have been detailed in a previous report.!!
Briefly, normal-metal-insulator—superconductor (NIS)
junctions were formed between a sharpened Pt-Ir tip and
freshly cleaved BSCCO crystals. Current (I) versus volt-
age (V) data were acquired digitally and numerically
differentiated to obtain the conductance [G (V)=dI /dV]
curves. In these studies we have carried out tunneling
measurements on at least three independent crystals at
each of the three T,’s (i.e., 79, 86, and 92 K), and for each
specific sample several I-V curves were recorded at more
than 20 different locations.

Representative I-V curves recorded on three specific
BSCCO crystals with T,’s of 79, 85, and 92 K are shown
as insets in Fig. 2. The junction resistances in these ex-
periments were varied between 10° and 10% Q. For these
conditions tunneling samples primarily the quasiparticle
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FIG. 2. Conductance G (V) vs voltage data from 7,.=92 K
(a), 86 K (b), and 79 K (c) BSCCO single crystals. The dashed
curve in (a) corresponds to the extrapolated normal-state con-
ductance. The insets show the corresponding I-V data from
which the G (V) vs V curves were determined.
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spectrum in the a-b plane.!®” The I-V curves recorded
on T,=79, 86, and 92 K BSCCO crystals all exhibit simi-
lar features including a relatively flat low-current region
about V=0 and pronounced conductance onsets at
+(20-25) mV. These features agree qualitatively with
expectations for a superconducting gap. The NIS charac-
ter of several of the junctions was verified by
temperature-dependent I-V measurements. Specifically,
as the temperature approached and then exceeded the
bulk sample, T, the gap structure broadened and then
disappeared.

Clear insight into the electronic spectrum of the
BSCCO samples in the superconducting state can be ob-
tained from G (V) since it is proportional to the density of
states, N;. The G (V) vs V curves obtained on the sam-
ples with T_’s varying from 79 to 92 K all show similar
features (Fig. 2). First, the conductance at zero bias,
G (V' =0), is typically less than 5% of the normal-state
conductance. The observation of reproducibly low con-
ductances in all of these samples further indicates that
G (V) does reflect the quasiparticle spectrum and is not
dominated by extrinsic effects since these would lead to
large conductances at ¥ =0. For example, chemical in-
homogeneity could suppress T, through improper dop-
ing. Inclusion of magnetic impurities could (through a
pair-breaking effect) cause the superconducting state to
be gapless. Both of these effects would lead to large con-
ductances at ¥ =0. The absence of a large conductance
at ¥ =0 also suggests that the barriers in our NIS junc-
tions are good.'®!® We thus believe that the reproducible
features observed in our conductance data represent in-
trinsic features of the superconducting state in BSCCO
and do not arise from extrinsic effects. These reproduci-
ble features include (1) excitations within the gap region
for |V|>0, (2) well-defined conductance peaks, and (3) a
linearly increasing background conductance. Below we
focus on two important issues; these are (1) the depen-
dence of 2A on sample T, and (2) the nature of the quasi-
particle excitations within the gap.

The magnitude of 2A can in principle be determined
from conductance data since G(V)xN,.'"® Such an
analysis presupposes that the functional form of A and
the relationship between N, and A are known. However,
without knowing the mechanism of high-T, supercon-
ductivity, the correct functional forms of A and N;
remain an open question (see below). Hence the magni-
tude of 2A, as in previous studies,!"!>!420 must be as-
signed in a less rigorous manner. Here we determine 2A
from (1) the intersection between the extrapolated back-
ground conductance and the gap structure, (2) a fit of
G (V) to models for the density of states, and (3) the
peaks in dG (V)/dV.?! Analyses carried out using these
independent methods yield similar values for the magni-
tude of 2A.?! There may be systematic errors in the mag-
nitude of 2A determined by any of these methods; howev-
er, this error will be similar in the different 7, samples,
and thus we believe that the trend in 2A vs T, reported in
this study is robust.

A summary of the values of 2A determined from a
number of independent experiments on 79, 86, and 92 K
T, BSCCO samples is made in Table I. For these high-
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TABLE 1. Summary of results for the energy gap and re-
duced energy obtained on different T, samples.

T. (K) 2A (meV) 2A/kT,
91.8 52+2 6.6+0.2
85.5 50+2 6.8+0.2
79.0 50+3 7.4+0.4

quality samples, it is important to note that T, at the
sample surface, which was determined independently in
temperature-dependent high-resolution electron-energy-
loss spectroscopy studies,'®!3 are the same (+1 K) as the
bulk T,.’s determined by magnetization measurements.
Hence our gap measurements can be correlated with the
variations in sample T,.. These results show that within
experimental error (f£10) the magnitude of 2A is con-
stant in high-quality samples with 7.’s varying nearly 15
K. Hence the reduced gap 2A/kT, increases with de-
creasing sample T, (Table I). The increase in 2A/kT,
with decreasing T, is weak; however, a fit of this data to a
constant for 2A /kT, does not lay within the experimen-
tal error bars. These results are in good agreement with
our recent HREELS studies of BSCCO samples,'* al-
though they contrast the conclusions drawn from a previ-
ous tunneling study.'* In the present study, measure-
ments of 2A were made over a wider range of sample T,’s
than in earlier tunneling studies and thus show a much
clearer trend in 2A/kT. vs T.. In addition, particular
care was made to make measurements on homogeneous
samples since crystal defects and nonstoichiometry have
been shown to cause unpredictable variations in 2A (Ref.
11) and may also cause local variations in 7,. Hence we
believe that the trends shown here represent the intrinsic
behavior of the BSCCO superconductors.

As discussed previously, the increase in 2A/kT, as T.
decreases is suggestive of pair breaking.!* Within this
scenario the value of T, is suppressed by increases in in-
elastic scattering as the samples are doped. If 2A, which
sets the energy for interactions between pairs, is not
affected by scattering, then 2A /kT, will increase as T, is
decreased. This is simply the standard model of pair
breaking by magnetic impurities.?>?* It is unlikely, how-
ever, that oxygen doping reduces 7T, in this way.!* An ex-
planation more relevant to the copper oxide materials has
been given by Monthoux, Balatsky, and Pines,>* who
suggest that T, is reduced by quasiparticle scattering
from spin fluctuations. Since the spin fluctuation correla-
tion length (and hence scattering strength) depends on
oxygen doping, this model might explain our data.?* Al-
though additional work will be needed to elucidate the
origin of these results, the finding that 2A is essentially
constant over a wide range of 7,.’s in BSCCO samples
represents an important intrinsic property of these ma-
terials.

Last, we have also examined in detail the quasiparticle
excitations within the gap region since these excitations
provide insight into the symmetry of the gap function.
We have found that G (¥ =0) is consistently small (ap-
proaches zero), but for finite energies G (V) increases rap-

idly and has sharp conductance peaks (Fig. 2). As dis-
cussed above, the reproducibility of these features in the
different T, samples suggests that they represent intrinsic
behavior of the BSCCO system. There are several models
from which it is possible to obtain significant electronic
states within the gap region, including (1) broadened BCS
s wave, (2) gapless, and (3) d wave. We assess the viabili-
ty of the gap functions associated with these models by
fitting to the normalized conductance data, N, /N, (Fig.
3).

One of the most common approaches used to fit G (V)
has been with a broadened BCS function.!"'>20 An ex-
ample of fits using the density-of-states function proposed
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FIG. 3. Fits to a typical normalized conductance, N, /N,, vs
voltage curve. In all cases the solid curve corresponds to the ex-
perimental data and the dashed lines to the fits. (a) Fits using a
broadened BCS function N,/N,=Re{(eV —iT')/[(eV —il)?
—A?])'"2}. The long-dashed line, which fits the conductance
peaks but not the quasiparticle excitations within the gap, was
made with A=32 and I'=3.2 meV. The short-dashed line,
which provides a better fit to the excitations within the gap, was
made with A=28 and I'=5.7 meV. (b) Fits using the standard
pair-breaking model (Refs. 22 and 23). The long-dashed curve
was fit using a small amount of pair breaking (a=I"/A=0.05),
while the short-dashed curve corresponds to the behavior ex-
pected for a gapless superconductor (a=1). (c) The fit corre-
sponds to N;/N, expected for a pure d-wave symmetry gap
function; taken from Ref. 27. (d) A fit using the specific d-wave
pairing model of Monthoux, Balatsky, and Pines (Ref. 3). (e), ()
Fits to the most rounded spectra (Ref. 29) using the pure d-wave
and Monthoux-Balatsky-Pines models, respectively.
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by Dynes, Narayanamura, and Garno® is shown in Fig.
3(a). This model does not provide a good fit to the exper-
imental data since it cannot simultaneously have sharp
conductance peaks and significant excitations within the
gap. Hence we do not believe that this approach pro-
vides new insight into the physics of pairing. Alterna-
tively, strong pair breaking can lead to quasiparticle exci-
tations within the gap. This idea is further motivated by
the observation that 2A /kT, increases as T, is decreased
(see above). For s-wave symmetry pairing, previous
theoretical studies have shown that as inelastic scattering
is increased the conductance peaks broaden and the ob-
served gap (o, ) gets smaller, but until the “gapless” re-
gime is reached no quasiparticle excitations should be ob-
served within the gap [Fig. 3(b)].2>2 On the basis of pre-
vious tunneling studies, it has been suggested that
BSCCO is gapless.”’ In the context of s-wave pairing,
this description is inconsistent with the observation of
sharp conductance peaks in previous studies and our
present work [Fig. 3(b)]. Hence we believe that this mod-
el is too simple to describe adequately the high-7. materi-
als.

The fact that G (V) is strongly peaked around +A and
decreases gradually to a minimum at ¥V =0 strongly sug-
gests that there are nodes in the gap function. A function
with d-wave symmetry (e, d_,_ » A(k)~cosk,a
—cosk,a) is one that will have nodes and also has the
symmetry necessary to achieve pairing in several theoret-
ical models.>*¢ Recent experimental studies have pro-
vided evidence for d-wave symmetry, although this criti-
cal point remains controversial.?® We have carefully ana-
lyzed our data in terms of the energy dependent density
of states predicted for a pure d-wave symmetry gap func-
tion?”28 and for the specific d-wave symmetry gap model
of Monthoux, Balatsky, and Pines® [Figs. 3(c)-3(f)]. The
most typical experimental data [solid curves in Figs. 3(c)
and 3(d)] are best fit by the pure d-wave gap function.
The fit by the model of Monthoux, Balatsky, and Pines is
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worse, but still better than that observed for the s-wave
models above. To examine the uncertainty in this
analysis we have also analyzed a G (V) spectrum that
looks most like a conventional gap [Figs. 3(e) and 3(f)].%
In this case the fit to the pure d-wave gap function is
worse than for the Monthoux-Balatsky-Pines model;
however, these models still fit this worst case data better
than the above s-wave models. It is important to recog-
nize, however, that a highly anisotropic s-wave gap func-
tion would exhibit many of the same features in tunneling
spectra.?”3° Hence we conclude that the tunneling data
strongly support the idea of an anisotropic gap function,
but do not distinguish conclusively between d-wave and
anisotropic s-wave models. Measurements of the phase
of the gap function will be needed to conclusively resolve
this point.

In conclusion, systematic tunneling measurements of
the electronic spectrum of high-quality BSCCO single
crystals with T,’s ranging from 79 to 92 K have been
made. From these studies it has been possible to del-
ineate intrinsic features of the quasiparticle spectrum in
BSCCO materials. Specifically, we find that the magni-
tude of 2A at 4.2 K is nearly constant in the crystals with
T,’s varying nearly 15 K. Hence, in these oxygen-doped
BSCCO crystals, the reduced energy gap 2A/kT, is not
constant, but increases as T, decreases. In addition, we
find that there are intrinsic quasiparticle excitations
within the gap irrespective of the T,.’s of the BSCCO sin-
gle crystals. Analyses of these data using a variety of
pairing models suggest that highly anisotropic gap func-
tions provide a good fit to the experimental data. To
unambiguously determine the symmetry of the gap func-
tion (e.g., is it s or d wave) will, however, also require
knowledge of its phase.
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