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This paper reports very detailed low-temperature vacuum tunneling spectroscopy investigations of
Bi2Sr2CaCu20, +z (BSCCO) single crystals. For clean vacuum junctions formed between a cleaved
BSCCO single crystal and the normal-metal tip of a scanning tunneling microscope, we obtain stable c-

axis vacuum tunneling conditions that allow very reproducible low-temperature electron tunneling spec-
troscopy. A vacuum junction is identified by tunneling spectra which neither depend on tip/sample
spacing nor change as a function of time and position on the sample in the Meissner state. In contrast to
the frequently reported linear or parabolic increase with increasing bias voltage, the background conduc-
tance of such spectra is largely constant with a slight decrease up to +300 meV bias. The normal-state
conductance inferred from this background has a local maximum at negative sample bias, indicating a
pileup below the Fermi level in the (ab)-plane normal-state density of states of BSCCO. Vacuum junc-
tions at 4.8 K show a well developed superconducting gap with large peaks at the gap edges and a finite

density of quasiparticle excitations filling the gap. These characteristics are not consistent with an iso-

tropic BCS-like gap parameter. Outside the superconducting gap, the difterential conductance curves
are very asymmetric, with a striking dip which appears at negative sample bias only. This dip contrib-
utes a substantial amount of states to satisfy the conservation of states we find between normal and su-

perconducting BSCCO.

I. INTRODUCTION

The pioneering experiments of Giaever, Fisher and
Giaever, and Nicol, Shapiro, and Smith firmly estab-
lished tunneling spectroscopy as a powerful tool to inves-
tigate super conductors. Tunneling provides high-
energy-resolution information about the electron density
of states (DOS). The superconducting energy gap (b. )

and the electron-phonon coupling of conventional super-
conductors have been measured with great accuracy us-
ing this technique. Excellent agreement was found with
theory, demonstrating the validity of the BCS model for
conventional superconductors in the weak- and strong-
coupling limits. In the case of high-temperature super-
conductors (HTS's), tunneling spectroscopy is still await-
ing agreement among the scientific community. The pre-
vailing controversy is mainly due to the widely scattered
experimental data available in the literature. This
confusing situation arises from the extreme difhculty in
achieving a well controlled tunnel junction on HTS's, a
consequence of their short coherence lengths and highly
reactive surfaces. However, we believe there are no fun-
damental reasons why tunneling, would fail in revealing
the nature of the high-temperature superconducting
state, when it proved so successful in understanding con-
ventional superconductors. In this article, we show that
relevant tunneling spectroscopy of Bi2Sr2CaCuz08+ &

(BSCCO) can be obtained in careful scanning tunneling
microscope (STM) experiments.

The understanding of the basic mechanism(s) leading
to high-temperature superconductivity is still an unsolved
problem. The nature of the pairing interaction, the pair-
ing symmetry, and whether HTS's are gapless or not are
matters of extensive experimental and theoretical investi-

gations. ' Tunneling is most adequate to probe the su-
perconducting gap and the low-energy quasiparticle exci-
tations at the Fermi level (E~), whereas phase-sensitive
experiments are more appropriate to address the symme-
try issue. Not many unquestionable fingerprints of the
superconducting DOS of HTS's have emerged up to now
from tunneling spectroscopy. The detailed shape of the
spectra, the temperature dependence of the gap feature at
EF, and the existence of phonon-related structures are
still under lively debate. Experiments seem to agree on
one point, which is that the reduced gap (2A/ kTs, )

significantly exceeds the BCS weak-coupling prediction of
3.5.

Various tunneling techniques have been applied to
HTS's; planar junctions, ' ' step-edge junctions, '

grain-boundary junctions, ' squeezable junctions, ' break
junctions, ' ' point-contact junctions, ' ' and STM
vacuum junctions. The reference list given here is
far from exhaustive, but it gives a general idea of the vari-
ous techniques used and the different tunneling spectra
obtained. All these techniques have to face the problem
of the surface sensitivity of tunneling spectroscopy. Any
uncertainty about the junction affects the tunneling
current, and hampers an indisputable interpretation of
the spectra in terms of intrinsic sample properties. Con-
sequently, it is of primary importance to carefully check
the junction quality in order to rule out, or at least identi-
fy, extrinsic barrier-related effects. The flexibility of the
STM offers unique features to meet the challenge of
high-quality tunneling spectroscopy. It allows an exten-
sive in situ characterization of the superconductor—
insulator (vacuum) —normal-metal (SIN) junction formed
by the sample surface and the tip. (I) In the ideal case,
the tunneling barrier consists of vacuum and the junction
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area is of the order of nm . The junction resistance
R = Vs/I can be arbitrarily selected by means of the
tip/sample spacing (d„),since increasing (reducing) d„
increases (reduces) R. Here, Vs and I are the sample bias
and the tunneling current while the STM current regula-
tion loop is active. In practice, d„is adjusted by varying
V, at constant I or vice versa. (2) The scanning capabili-
ty of the STM enables the junction to be positioned at
will on a subnanometer scale, allowing spatially resolved
tunneling spectroscopy (STS). Thereby, STM intro-
duces high spatial resolution as a valuable complement to
the high energy resolution of tunneling spectroscopy. In
addition, the structural nature of the sample surface can
be imaged with atomic resolution, and eventual adsor-
bates, atomic step structures or defects, may be observed.
The mechanical stability of the STM (i.e., of the vacuum
junction) and the peculiar tip-to-plane geometry might be
limiting factors to its application. However, investiga-
tions of conventional superconductors in the mixed state
dismiss these concerns, and demonstrate the great poten-
tial of the STM. ' Experiments further established that
heating e6'ects due to the relatively high current densities
through the small junction area are negligible.

The experimental procedure is described in Sec. II. In
Sec. III we address the problem of the SIN junction qual-
ity on BSCCO. The detailed spectroscopy and charac-
teristic features of the DOS of BSCCO are discussed in
Sec. IV.

helium, without any exposure to air. The can is filled
with high-purity helium exchange gas ( —1 mbar at RT),
cryopumped to -4.2 K. We found this procedure ap-
propriate to achieve the high surface quality required for
vacuum tunneling spectroscopy on BSCCO, and reprodu-
cible spectra of the superconducting DOS have been mea-
sured during up to three days after a single cleave.

Besides the sample surface, the tip is a key element in
STM spectroscopy which should not be neglected in or-
der to achieve clean junctions. We used electrochemical-
ly etched Au tips and commercial Pt/Ir tips, both giving
very similar results. Each tip is conditioned by field eva-
poration in UHV at RT using a technique inspired by El-
rod et al. We establish a tunneling current in the range
10—100 nA for several minutes between the tip and a
gold sample at negative bias above 6 V. This condition-
ing yields clean and stable tips.

Current-voltage [I(V)] and differential conductance
[dI/dV(V)] curves are acquired by ramping the bias
voltage while maintaining d„constant after the tip has
been scanned to a specific location in constant-current
mode. To measure dI/O V( V), we use a standard lock-
in technique with a 0.5 —1.0 kHz ac modulation of
0.1 —1.0 mV added to the bias voltage. In first approxi-
mation, assuming the tip has a constant DOS near EF
and that the transmission of the barrier is independent of
energy, the tunneling conductance is proportional to the
DOS of the sample broadened by the Fermi function

f(E)= 1/t exp(E jk~ T ) + 1]. Thus, at low temperature,

II. KXPERINIENT

The STM (Ref. 33) and the ultrahigh-vacuum (UHV)
low-temperature setup we designed for the experiments
discussed here have been described in previous publica-
tions. The STM features an inertial piezoelectric motor
to safely approach the sample within a few angstroms of
the tip. A precise approach is essential to avoid
mechanical damages of the sample and the tip which may
compromise a good tunnel junction. The tunneling inves-
tigations were done on large Bi2Sr2CaCu208+& single
crystals (typically 3 X 5 X0.05 mm ) grown by Mitzi
et al. using a directional solidification technique.
These crystals, with doping close to optimum, have an ac
susceptibility transition onset temperature T, =92.3 K
with a transition width of 2.3 K. The results discussed
here are representative of many experiments done over
the past two years on diff'erent samples selected from the
same batch. Despite its short coherence lengths (g, ~1
A, g,b =20 A), BSCCO is a very popular HTS for
surface-sensitive investigations like tunneling spectrosco-
py and photoemission spectroscopy. The reason is that
micrometer-sized atomically Oat areas can be routinely
prepared by cleaving between the weakly bonded Bi-0
planes. Furthermore, the Bi-0 surface exposed upon
cleaving is sufficiently inert in ultrahigh vacuum as
shown by photoemission. We cleave the single crystals
in UHV ( —3X10 mbar) at room temperature (RT)
briefly before cooling. The cooling takes place during a
slow transfer of the complete STM with tip and sample
from the UHV chamber into a can immersed in liquid

dI( V) +~S E — E+eV .dE—=N eVa
dV BeV

where e is the elementary charge and X(E) is the DOS of
the sample. The bias voltage is applied to the sample,
and the origin of the energy scale in the spectra corre-
sponds to the Fermi level of BSCCO. Hence the
differential conductance at negative (positive) bias reAects
the DOS below (above) EF. BSCCO is a very anisotropic,
nearly two-dimensional system, and the STM tip is

mounted perpendicular to its (ab) basal plane. The tun-

neling current results from the finite overlap of the elec-

tron wave functions decaying into the vacuum between
the two weakly interacting electrodes. Assuming a free-
electron tip, it can be shown that tunneling spectroscopy
in this particular geometry probes an angular average
over the (ab)-plane DOS of BSCCO. '

III. CHARACTERIZING THE TUNNEI. ING BARRIER

Early STM investigations of BSCCO showed that the
Bi-O surface has a nonmetallic characteristic, and it was
unclear whether the DOS near the Fermi level could be
probed by vacuum tunneling spectroscopy. We took
particular care characterizing the tunneling conditions in
order to achieve reproducible and relevant spectroscopy.
The series of checks described below give strong evidence
that clean junctions with properties representative for
vacuum tunneling can be obtained on BSCCO using a
STM in UHV. They emphasize that atomic resolution is
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not a sufficient guarantee to probe the superconducting
DOS under ideal conditions. The most constraining cri-
teria to make sure that vacuum tunneling is achieved are
spatial and temporal reproducibility of the spectra and
their independence of tip/sample spacing.

Topography with atomic resolution

0
0

f f
I f I

f
~ I I T

[nm]
b

(b)
5

Qim;, -'

'4

b [nm]

FIG. 1. Constant-current STM topographic images of in situ
cleaved Bi&Sr&CaCu&08+q single crystals at 4.8 K (raw data). {a)
Surface which shows a superconducting gap (imaging parame-
ters: I=275 pA, V, =0.5 V, R =1.8 GQ). (b) Surface which
shows a semiconducting gap (I=300 pA, V, =0.5 V, R =1.7
GQ).

Figure 1 shows raw-data topographic images of two
cleaved BSCCO surfaces acquired in constant-current
mode at 4.8 K. The (ab) plane of the orthorhombic lat-
tice with a =b =0.54 nm, and the nearly commensurate
superstructure along the b direction with the periodicity
4.76b ' are well resolved. The gray scale, from black
to white, corresponds to a total corrugation of about 0.07
nm. Some authors concluded that vacuum tunneling
conditions prevail during STM spectroscopy based on the
fact that such atomic images of the surface area involved
could be obtained. ' This argument can only be put for-
ward if the junction resistance R during spectroscopy is
equal to or larger than R set during imaging. Indeed, in-
creasing R after atomic imaging is equivalent to with-
drawing the tip from the sample surface, and vacuum
tunneling is most likely realized. On the other hand, if R
is reduced to obtain spectroscopy data, d„shrinks and
one cannot be certain that the tip stays clear of the sam-
ple surface.

Our investigations show that the experimental situa-
tion is not that straightforward. We find that atomic
resolution is neither necessary nor sufficient to guarantee
high-quality tunneling spectroscopy of the superconduct-
ing DOS of BSCCO. Sometimes clean SIN tunneling
spectra can be measured even though atomic resolution is
impossible to achieve in that particular run. On the oth-
er hand, low-temperature spectroscopy on surfaces which
allow atomic resolution imaging shows either a supercon-
ducting [Fig. 1(a)] or a semiconducting behavior [Fig.
l(b)]. The spectra are reproducible as a function of time
and location on the surface within the 4 pm range of our
STM, regardless of their superconducting [Fig. 2(a)] or
semiconducting [Fig. 2(b)] nature. The same single crys-
tal shows either a semiconducting or a superconducting
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FIG. 2. I(V) characteristics of Bi&SrzCaCu&08+& at 4.8 K

(Au tip). The numerical derivative of each I{V) curve is shown
in the inset. (a) Acquired in the region of Fig. 1(a) with R =2.0
GQ. (b) Acquired in the region of Fig. 1(b), with R = 1.0 GQ.

behavior after successive cleavages. Similar endings,
where the cleaved surface of BSCCO exhibits different
spectroscopic natures, were made in photoemission exper-
iments. " Superconductivity in BSCCO takes place in the
Cu-0 planes separated by Bi-0/Sr-0 layers, and the
present results may give the impression that cleaving ex-
poses either a nonmetallic Bi-0 layer or a superconduct-
ing Cu-0 layer. However, it seems rather unlikely that a
bare Cu-0 layer is superconducting. Indeed, in agree-
ment with several independent experiments showing that
BSCCO cleaves between adjacent Bi-0 layers, ' both
surfaces in Fig. 1 are Bi-0. We draw this conclusion
from the atomic rows which exhibit a similar in-plane un-
dulation in Fig. 1(a) and Fig. 1(b). This undulation is a
distinct characteristic of the Bi-0 layers, ' and most
probably excludes the presence of a Cu-0 layer at the
surface. As possible explanations for the different spec-
troscopic characteristics measured by c-axis STM tunnel-
ing on BSCCO, it has been argued that the superconduct-
ing DOS is probed through defects in the Bi-0 surface
or at step edges which expose Cu-0 layers. " ' ' The
spatial reproducibility we achieve (see also Fig. 6 below)
and the atomically fiat surface imaged in Fig. 1(a) dis-
claim these two arguments.

We suggest that the distinct spectroscopic signatures
observed on BSCCO (Fig. 2) are due to changing charac-
teristics of the surface layer, like, for example, the oxygen
stoichiometry, which determine whether the underlying
topmost Cu-0 layer is superconducting or not. In this
picture, the I( V) curve in Fig. 2(a) corresponds to a situ-
ation where the topmost Cu-0 layer is superconducting.
The way the linear branches extrapolate to zero current
excludes a Coulomb blockade as the origin of the gap at
zero bias. The linearity at high bias, and the fact that
this I(V) curve was measured at a larger d„(R=2.0
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GQ ) than the preceding atomic imaging [Fig. 1(a),
R = 1.8 GA], are strong hints for a nearly ideal vacuum
barrier between the tip and the Bi-0 surface. Note that
tunneling in this case shows the sharpest and best
developed superconducting gap feature [Fig. 3(a)], the
hi highest reproducibility as a function of time and position
on the sample, and that the spectra are independent of d„
(Ref. 27) [see also Figs. 4(a) and 5 below). We concl d
tht at here the STM probes the intrinsic DOS of the top-
most Cu-0 layer by tunneling through vacuum plus the
Bi-0/Sr-0 surface layer, which is presumably nonmetal-
lic. Accordingly, we believe that the spectra shown in
Fig. 2(b) correspond to a situation with a nonsupercon-
ducting topmost Cu-0 layer. In this case, the STM mea-
sures a semiconductinglike gap, and approaching the tip
closer to the surface (R is smaller during spectroscopopy
than during topography) does not reveal any trace of su-
perconductivity, unless a point contact is achieved ~Fi .
3(b)]. The spectra obtained under such point-contact

ig

conditions are not reproducible from junction to junc-
tion. Furthermore, they do not systematically reQect a
superconducting gap. We think that a degraded surface
with off-stoichiometric composition or with defects
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prevents superconductivity in the topmost Cu-0 layer.
The tip needs then to be pushed into the sample to probe
the DOS of deeper-lying superconducting Cu-0 layer
T

ayers.
he larger number of atomic defects in Fig. 1(b) com-

pared to Fig. 1(a) is consistent with the idea of a degraded
surface stoichiometry. Unfortunately, the corrugation
features in these figures are consistent with the Bi sublat-
tice as well as the 0 sublattice of about 0.38 nm. There-
fore it is not possible to affirm that oxygen vacancies in
the surface layer are responsible for the nonsupercon-
ducting topmost Cu-0 layer, leaving this question open.

We sometimes observe a third situation where vacuum
tunneling is hindered by a contamination of the Bi-0 sur-
face [Fig. 3(c)]. In this case, the tip needs to be brought
close to the surface, but not in point contact, to probe the
DOS of the Cu-0 layer. The tunneling current is then
likely to be affected by leakage currents through the con-
tamination, which lead to an unusual background con-
ductance and a smeared gap feature at EF. Moreover, if
the tip is very close to the surface, the tunneling current
may be altered by a deformed overbiased tunneling bar-
rier, or/and a Coulomb blockade. The first eFect results
in a parabolically increasing background conductance as
a function of bias voltage. The Coulomb blockade yields
an artificially low conductance at zero bias, which may
simulate a completely gapped Fermi surface, even in the
case of a gapless superconductor. For the two nonvacu-
um tunneling conditions illustrated in Figs. 3(b) and 3(c),
we find poor reproducibility of the tunneling characteris-
tics, the peaks at the superconducting gap edges (+6 )

are not well developed, and the spectra are strongly d ts

dependent [Fig. 4(b)]. The tunneling spectra obtained
from such junctions certainly do not reAect the intrinsic
superconducting DOS of BSCCO, and, in particular, sub-
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FIG. 3. Differential SIN conductance spectra measured for
different junction qualities at 4.8 K using a gold tip. The dashed
line represents the extrapolated normal-state conductance
(N'IN junction). (a) Vacuum tunnel junction, R =0.6 GQ. (b)
Point-contact junction, R (0.03 CxQ. (c) Contaminated tunnel
junction, R =0.3 CxQ.
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FTlIG. 4. Differential conductance spectra measured as a func-
tion of tip/sample spacing at 4.8 K using a gold tip. The volt-
age is changed from 0.3 V (top spectrum) to 0.7 V (bottom spec-
trum) with 0.1 V increments at constant I=0.3 nA. (a) Vacuum
junction. (b) Degraded junction.
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stantial background corrections are required to extract
the DOS from the experimental data. Unlike spectra ob-
tained with clean vacuum junctions, which do not fit to a
BCS-like isotropic gap parameter [Fig. 3(a)], spectra mea-
sured with a nonideal junction are apparently in reason-
ably good agreement with a standard BCS density of
states if an important and presumably unphysical amount
of pair breaking is assumed. In this case, the non-BCS
features seen in the cleaner spectra are washed out by the
experimental broadening. These contradictory behaviors
demonstrate the importance of carefully checked tunnel-
ing conditions to remove such ambiguities.

Tip/sample distance dependence of the tunneling spectra

The d„dependence of the spectra is a meaningful
check of the junction quality. In each set of spectra illus-
trated in Fig. 4(a) and 4(b), d„was increased by increas-
ing the bias voltage from 0.3 to 0.7 V at constant 0.3 nA
tunneling current (top spectrum to bottom spectrum). In
Fig. 4(a), the gap remains well developed at any voltage
as expected for vacuum tunneling. In Fig. 4(b), the peaks
at +b, are weaker and disappear at high bias (large d„),
which we ascribe to tunneling through a contaminated
junction. The independence of the tunneling spectra on
d„under vacuum tunneling conditions ' is even better
demonstrated in Fig. 5. Here, d„was increased by reduc-
ing the tunneling current from 1.0 to 0.2 nA at constant
0.4 V sample bias [Fig. 5(a) top spectrum to bottom spec-
trum]. These spectra fit onto one single curve in a nor-
malized conductance scale [Fig. 5(b)], which is a clear sig-
nature of a clean vacuum tunnel junction. The quality of
each junction can be quantified by the apparent work
function P defined as &P ~ dlnI, /dd„. The P measured

by STM is often lower than the work function of a bare
surface, and it decreases as R is reduced. This behavior
is a consequence of a 1owered surface barrier induced by
the close proximity of tip and sample. We find P )0.2 eV
for good junctions as in Figs. 4(a) and 5, and /=0. 01 eV
for contaminated junctions as in Fig. 4(b). The magni-
tude of P drops below l meV for junctions with a semi-
conducting characteristic [Fig. 2(b)]. Although the low
values found by STM are still a puzzling problem, the
vanishing p clearly indicates a degradation of the junc-
tions in Fig. 4(b) compared to Figs. 4(a) and 5. These ex-
periments show that a nearly ideal vacuum junction is
achieved if sharp superconducting spectra as in Fig. 3(a)
can be measured at high R, and thus at a d„large enough
that we are sure not to touch the sample surface with the
tip. This analysis does not mean that high-R junctions
are restricted to high-P surfaces, but it tells us that the
superconducting DOS is obscured by artefacts in degrad-
ed junctions (small P), and cannot be observed properly
either at high or at low R.

We observe three characteristic background conduc-
tances in STM spectroscopy on BSCCO illustrated as
dashed lines in Fig. 3. The most reproducible spectra,
showing a well developed superconducting gap with the
sharpest features at +6, always exhibit the fattest back-
ground conductance [Fig. 3(a)]. Figure 2 in Ref. 26
shows the same correlation between sharp gap features
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FIG. 5. Differential conductance spectra measured as a func-
tion of tip/sample spacing with a clean vacuum junction (4.8 K,
gold tip). (a) The tunneling current is changed from 1.0 nA (top
spectrum) to 0.2 nA (bottom spectrum) with 0.1 nA increments
at constant V, =0.4 V. (b) Same curves plotted on a normalized
conductance scale to demonstrate their independence of d„.

Scanning tunneling spectroscopy

Spatial reproducibility of the spectra at low tempera-
ture is a further signature of ideal vacuum tunneling con-
ditions. Figure 6 shows a series of differential conduc-
tance spectra measured every 0.625 nm along a 34 nm
path at 4.8 K. Each conductance curve is an average of
two spectra. The limited capacity of the helium vessel
did not allow enough time for more averaging which
would reduce the noise level. The spectra in Fig. 6(a) are
displaced vertically as a function of scan distance, while
the same data are plotted without a vertical shift in Fig.

and a constant background conductance. The linear-
ly' ' ' ' ' [Fig. 3(b)] and the parabolically [Fig.
3(c)] increasing backgrounds are often reported in the
literature as intrinsic features of tunneling spectra on
BSCCO and other HTS's. In contrast to this statement,
the present results clearly indicate that neither a V-

shaped nor a parabolic background conductance is intrin-
sic to tunneling spectroscopy of BSCCO. Our data also
firmly demonstrate that there is no intrinsic d„depen-
dence of the spectra. We find a strong correlation be-
tween the presence of the extrinsic V-shaped or parabolic
background conductance and the occurrence of a d„
dependence of the spectra. These two behaviors show up
simultaneously, whenever a low R is required to sense the
superconducting DOS of BSCCO. According to the
above discussion, both appear as artefacts of nonideal
vacuum junctions, where the tip needs to be driven close
to the surface with the risk of touching it.
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6(b). The tip is scanned between spectroscopic measure-
ments with constant 0.4 nA tunneling current at 0.4 V
sample bias. Hence the active feedback loop junction
resistance equals 8 =1.0 GA, in good agreement with
the average resistivity extracted from the spectra. This
means the background conductance is close to Ohmic up
to 0.4 eV. Note the absolute conductance scale, indicat-
ing that the spectra have not been normalized. The re-
markable reproducibility of the background conductance
as a function of position is strong evidence for homogene-
ous and ideal junctions formed along the 34 nm path.
Such results are exclusively obtained when clean vacuum
tunneling as described above is achieved.

Despite the low averaging, the spectra are only weakly
scattered. They reQect the general features of higher-
resolution data discussed in Sec. IV. The background
conductance is largely constant and the superconducting
gap is well developed. Even the dip feature at negative
sample bias is resolved, as shown in the spectrum ob-
tained by averaging all spectra displayed in Fig. 6 [Fig.
6(b), inset]. Note the more pronounced conductance
scattering at negative sample bias compared to positive
bias. This difference is certainly related to the difficulty
in obtaining good topographic images at negative sample
bias. It may be a signature of a particular mechanism
involved when electrons tunnel out of BSCCO (at nega-
tive sample bias), which could be related to high-
temperature superconductivity.

FIG. 6. Differential conductance spectra measured along a
34 nm path at 4.8 K (Au tip, R =1.0 GQ). Note the absolute
conductance scale and the nearly Ohmic background conduc-
tance, both signatures of a high-quality vacuum junction in each
location. (a) The spectra are displaced vertically as a function of
position. (b) The spectra are plotted on top of each other. The
inset shows their numeric average, and the dashed line
represents the normal-state conductance obtained from a linear
extrapolation of the background conductance.

IV. VACUUM TUNNELING SPECTROSCOPY
OF Bi2Sr2CaCu20s+s

In Sec. III, we demonstrated that relevant c-axis vacu-
um tunneling spectroscopy of BSCCO can be achieved in
careful STM experiments. We focus now on typical spec-
tra obtained with such well characterized SIN junctions.
Figure 7 shows a differential conductance spectrum and
an I( V) curve measured at 4.8 K in two separate experi-
ments. The dI/dV( V) curve shows a well developed su-
perconducting gap at EF with large peaks at the gap
edges (+b,„),and a finite density of quasiparticle excita-
tions filling the gap. Among remarkable features, we
note a striking asymmetry with respect to EF, with a dip
which reproducibly appears beyond the superconducting
gap at negative sample bias only. The background con-
ductance is essentially Ohmic with a slight decrease with
increasing bias voltage up to +300 meV. This result dis-
claims the statement that the frequently measured V-
shaped or parabolic background conductance is intrinsic
to tunneling on HTS's, at least for BSCCO. Moreover,
such increasing background conductances obscure the
dip feature we systematically observe at negative sample
bias. This is nicely seen in Fig. 3. The slope of the I( V)
curve is steeper at negative sample bias than at positive
bias [see also Fig. 2(a)], which may refiect a slight
electron-hole asymmetry in the DOS of BSCCO. The
spectra remain essentially unchanged, whether we use a
gold tip or a Pt/Ir tip. The general aspect of the spectra
does not change if a magnetic field up to 1.5 T is applied
perpendicular to the (ab) basal plane.

The background conductance refers to the differential
conductance at

~ Vs ~

))b, /e in the superconducting state.
This part of the spectra is expected to be largely indepen-
dent of whether BSCCO is superconducting (SIN junc-
tion) or not (N'IN junction, where N' stands for BSCCO
in the normal state). Therefore one can estimate a N'IN
spectrum by extrapolating the SIN background conduc-
tance into the superconducting gap. The N'IN conduc-
tance plotted as a dashed line in Figs. 7 and 3(a) results
from a linear extrapolation of the SIN background con-

240 '-
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U
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FIG. 7. Vacuum tunneling differential conductance spectrum

of superconducting Bi2Sr2CaCu, Os+& at 4.8 K (Au tip, R =1.5
GQ). We used a lower time constant below +50 meV to in-
crease the resolution (Ref. 61). The dashed line represents the
normal-state conductance estimated from a linear extrapolation
of the background. The inset shows an independently measured
I{V) curve (Au tip, R =0.7 GQ).
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ductance up to +300 meV. It has a maximum at negative
sample bias, indicating that the (ab)-plane normal-state
DOS of BSCCO is peaked below the Fermi level. We
performed preliminary tunneling experiments at T & T,
(Fig. 8), which confirm the main features of the normal-
state conductance deduced from the above coarse extra-
polation. The spectra shown in Fig. 8 were acquired on
the same sample at T=4.8 K (SIN, solid line) and
T= 115 K (N'IN, dashed line) during two separate exper-
iments. The N'IN curve was normalized in order to
match the R of the SIN junction. The position of the
maximum in the N'IN curve is in the range 70—100 meV
below EF. Normal-state conductances that are peaked
near EF have been reported earlier from point-

21,59 18contact ' and break-junction tunneling experiments,
though without pointing out the marked asymmetry we
observe with respect to Ez. Moreover, Huang et al. '

observe the decreasing background conductance only for
point-contact junctions with R ( 10 kQ, whereas in their
experiments it becomes increasing for higher-R junctio

'
nc ions.

ence there is the possibility that the decreasing back-
ground they find is due to a metallic contribution to the
tunneling current as described by Blonder Tinkha dam, an

apwijk. In our experiments, we measure a reprodu-
cible decreasing background conductance even for junc-
tions with R ) 1.0 GQ, where only vacuum tunneling
contributes to the measured conductance. Therefore, the
experimental conductance curves presented in Fig. 8
without any background corrections do most likely
reAect real DOS features of BSCCO. Note that the SIN
spectrum shown in Fig. 8 was acquired with a longer time
constant than the spectrum in Fig. 7; thus the apparent
broadening of the gap feature is experimental, due to a
lower energy resolution. '

The conservation of states between normal and super-
conducting BSCCO is an important issue. The integra-
tion over energy of the extrapolated N'IN spectrum and
the experimental SIN spectrum in Fig. 7 yields the same
number of states. To our knowledge, this is the first time
that this sum rule has been verified for a HTS in vacuum
tunneling spectroscopy, without any background conduc-
tance corrections. The experimental spectra presented in
Fig. 8 also satisfy this sum rule. Taking the dashed line

0 I ~ ~
f

I ~ f ~
/

I ~ ~ ~
/

~ I I I2.

1.2

~ ~ 8i ~ ~ ~ ~
/
II%/ ~ ~ $f ~ /) ~ 'I ff ~ \

:- (a)

~ 0,8U

0.4
a

0
2.0

as the normal-state conductance in Fig. 3, the sum rule is
verified for a vacuum junction [Fig. 3(a)], but neither for
point-contact [Fig. 3(b)] nor for contaminated junctions
[Fig. 3(c)]. The last two cases show an excess of states in
the normal state. This is expected if the measured gap is
not purely due to superconductivity, when, for example,
a Coulomb blockade contributes to the tunneling process.
These results give us additional confidence that Figs. 7
and 8 illustrate the intrinsic (ab)-plane DOS of BSCCO.

Thhe characteristic features of the tunneling spectra dis-
cussed here are consistent with break-junction' ' experi-
ments and angular-resolved photoemission spectroscoppy
(ARPES). ARPES data reveal a broadband and a dip
below the gap in the occupied DOS of BSCCO, in good
correspondence with structures present at negative sam-
ple bias in the differential conductance spectra discussed
here. Our SIN tunneling data can be directly compared
to break-junction SIS sPectra [dI/OVsis( V)] using the ex-
pression

dI /d Vsis( V) 0- X( —e V)X(0)

+I N(c, eV)[dX—(e)/de]d E, (2)

where the DOS of the normal-metal electrode is assumed
to be constant, and N(E) is the DOS of the supercon-
ducting electrode (i.e. , BSCCO). To compute the SIS
conductance curve shown in Fig. 9(a), N(E) was approxi-
mated by the experimental dI/dV(V) curve in Fig. 7
(solid line). The calculated spectrum is in remarkable
agreement with the 5 K break-junction data of Mandrus
et al. ' The same comparison between STM tunneling
and break-junction tunneling can be made for BSCCO in
the normal state at T & T, . The N'IN' spectrum shown
in Fig. 9(b) was computed using Eq. (2) and approximat-
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FICz. 8. Vacuum tunneling dlfFerential conductance spectra
~ ~ ~

of Bi2Sr2CaCu, Og+g (Pt/Ir tip R =1~ 1 CTQ) at 4.8 K in the su-
perconducting state (solid line), and above T„in the normal
state (dashed line).
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Energy [meV]
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FI~ 0 M'G. 9. Numerical break-inunction spectra computed using
Eq. (2). (a) BSCCO in the superconducting state, based on the
dI/O V( V) curve measured at 4.8 K in Fig. 7. (b) BSCCO in the
normal state, based on the dI/d V( V) curve measured above T,
in Fig. 8.
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ing E(E) by the N'IN differential conductance curve
measured by STM on BSCCO at T & T, (Fig. 8, dashed
line). Again, the resulting spectrum is in excellent agree-
ment with data of Mandrus et al. In particular, the nu-
merical spectrum in Fig. 9(b) reproduces the weak dip at
zero bias which is present in the 100 and 135 K spectra of
Mandrus et al. (i.e., at T& T, ). Hence what might be
interpreted as a reminiscence of the superconducting gap
above T, in break-junction experiments can be explained
in terms of the asymmetric peaked normal-state DOS of
BSCCO we observe by STM.

The above results support the idea that c-axis tunneling
spectroscopy probes the (ab)-plane density of states of
BSCCO. Break-junction tunneling does not have the bias
polarity sensitivity of SIN tunneling. Break junctions are
unable to differentiate states below EF from states above
Ez, and the spectra are symmetric with respect to EF.
Consequently, Mandrus et al. ' observe the dip structure
on both sides of the superconducting gap, and they postu-
late that the normal-state DOS has a maximum at E~.
The tunneling spectra we obtain by STM yield a different,
very asymmetric DOS. The normal-state DOS is peaked
below EF, and the dip at about —70 meV in the super-
conducting DOS appears only at negative sample bias
(Fig. 7). Figure 6(b) unambiguously shows that there is
no dip at positive sample bias outside the superconduct-
ing gap. Similar dip features beyond the superconducting
gap have been reported from earlier SIN tunneling exper-
iments, " ' though without the reproducibility demon-
strated here, and without pointing out its absence at posi-
tive sample bias. Temperature-dependent photoemis-
sion and break-junction' ' experiments indicate that
the dip beyond the gap disappears as the temperature is
raised above T, . Hence it seems related to the supercon-
ducting state of BSCCO. We do not yet have a complete
set of temperature-dependent data, but our N'IN spectra
(Fig. 8) show that the dip is indeed absent 23 K above T, .
Figures 7 and 8 nicely illustrate how the states are redis-
tributed below T„giving rise to the superconducting gap
and the dip beyond the gap. The fact that the dip con-
tributes a significant amount of states to satisfy the sum
rule suggests that this feature is indeed related to the su-
perconducting state of BSCCO. We believe that the ab-
sence of the dip at positive sample bias in SIN spectra
deserves particular attention. This asymmetry may con-
tain essential information on the superconducting state of
BSCCO, and it could be a particular constraint on
theoretical models of HTS's. If the dip is interpreted as
a phonon structure, its absence at positive bias tunneling
needs to be explained.

The low-bias tunneling conductance holds valuable in-
formation on the superconducting state. It allows a direct
measure of the superconducting gap parameter A. In the
absence of an established model of HTS's, we define 6 as
the intersection of the background conductance with the
gap feature. Applying this definition to the data in Fig.
6(b), we find 6=29.5+4 meV. Considering a T, of 92.3
K, the reduced gap equals 2b, /k&T, =7.4+1, in close
agreement with other experiments on BSCCO. Note that
if the d-wave or extended s-wave interpretation con-

sidered below is correct without pair breaking, the max-
imum gap is to be taken at the peak of the superconduct-
ing DOS, and would thus be 5 —10 meV larger.

In all our SIN spectra, the zero-bias conductance is in
the range of 8%—20% of the normal-state conductance.
Contrary to the asymmetry observed outside the super-
conducting gap, we find that the peaks at +b are com-
parable, and, although there are slight changes between
different spectra, there is no significant asymmetry in this
part of the spectra. In particular, we do not observe any
systematic asymmetry in the peak height at +b which
could reAect an electron-hole asymmetry as recently sug-
gested by Hirsch. A simple BCS density of states does
not fit the experimental differential conductance curve,
even if some pair breaking is accounted for. The dashed-
dotted curve in Fig. 10 was computed using the phenom-
enological Dynes, Narayanamurti, and Garno DOS
given by

X(E)=Re I ~E —il
~
/[(E —il ) —b ]'

where Re stands for the real part and I is the pair-
breaking strength. The fit was adjusted to match the
height of the peaks at +6&, the fitting parameters being
I =0.7 meV and 6=27.5 meV. The experimental curve
measures many more states in the gap than predicted by
this BCS curve. Any larger lifetime parameter I neces-
sary to fit the spectrum near EF fails to fit the spectrum
at+6 .

The gap feature we observe in clean vacuum tunneling
spectra may rellect an anisotropic gap parameter (b, I, ).
In the following we discuss our spectra in the framework
of d 2 z symmetry. However, since SIN tunneling is not

X

sensitive to the sign of 6, the following arguments would
as well apply to an extended s-wave symmetry or any
equivalent distribution of the magnitude of the gap pa-
rameter. Applying the maximum-entropy filtering tech-
nique (MaxEnt) to our data, we found a b, k consistent
with a d 2 & symmetry. The asymptotic conductance
predicted for a d & 2 symmetry close to EI; (Fig. 10,
dashed line) is given by crz(V)=o„eV/b,~, where o„is
the normal-state conductance. The low-bias conductance

1.6
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—100 —50 0 50 100
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FIG. 10. Differential conductance spectrum (Au tip, R =1.5
GA) of superconducting Bi2Sr&CaCu208+q measured at 4.8 K
(solid line). BCS fit with a pair-breaking contribution: I =0.7
meV, 5=27.5 meV (dashed-dotted line). Asymptotic low-bias
behavior predicted for a d-wave symmetry: dI /d V ( V)
~ o„eV/A~ (dashed line).
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FIG. 11. High-resolution I( V) curve on Bi2Sr2CaCu208+q at
4.8 K (Au tip, R =0.75 GA). The dashed line corresponds to a
third-order polynomial least-squares fit.

we measure follows this asymptotic behavior quite well.
Thus our data are close to what would be expected for a
d-wave gap parameter. However, there are also some
discrepancies with such a symmetry. In particular, the
peaks at +b,~ are broader and up to 50% higher than
predicted for a d-wave symmetry. ' The rounding of the
dI/dV(V) curve near E~ is either intrinsic or due to
scattering effects in the material. To investigate this re-
gion of the spectrum more carefully, we measured I( V)
curves without the ac modulation required for differential
conductance measurements (Fig. 11). These curves show
a dominating I ~ V plus an I ~ V dependence of the
tunneling current on bias voltage as illustrated by the
least-squares fit plotted in Fig. 11 (dashed line). These ex-
periments exclude the possibility that leakage currents
are responsible for the finite DOS measured in the gap,
since we observe no significant linear (I ~ V) contribution
at zero bias. Furthermore, this result indicates that, if
there is a minimum gap as expected in the case of an an-
isotropic s-wave gap, it has to be smaller than 2A;„=4
meV. This value corresponds to the smallest gaplike
feature we could identify at EF in a numerical
difFerentiation of the I( V) curve shown in Fig. 11.

At the present stage, despite the very clean tunneling
characteristics, we cannot make any stronger statement
about the symmetry of 6k. The difficulty is that SIN
spectroscopy is not sensitive to the phase of the gap pa-
rameter. In particular, different gap symmetries where
the amplitude ~b, k ~

follows similar distributions but with
distinct phases may produce similar features in the I( V)
characteristics. A more detailed investigation of this ex-
citing issue by STM is certainly to come in the near fu-
ture from spatially resolved tunneling spectroscopy in the
vicinity of a defect or a vortex line. Specific DOS pat-
terns depending on 6k have been predicted around such
regions which locally depress superconductivity.

V. SUMMARY

We have demonstrated that clean c-axis vacuum tun-
neling spectroscopy on cleaved BSCCO single crystals
can be achieved in careful STM experiments in an UHV
environment. We achieved very reproducible tunneling
spectroscopy at 4.8 K. Vacuum tunneling differential
conductance curves exhibit sharp peaks at the gap edges
and a finite density of quasiparticle excitations filling the

gap. We found that neither a V-shaped nor a parabolic
background conductance nor any tip/sample distance
dependence of the spectra are intrinsic features of tunnel-
ing spectroscopy of BSCCO. These features appear relat-
ed to degraded tunneling barriers, where only low-
resistance junctions reveal a trace of the superconducting
energy gap. They correspond to the most unstable and
less reproducible tunneling conditions.

An important result of this work is the striking asym-
metry of the DOS with respect to the Fermi level. The
normal-state conductance has a maximum in the range—70 to —100 meV sample bias, which indicates that the
(ab)-plane normal-state DOS is peaked below the Fermi
level. Differential conductance spectra measured below
T, reveal a dip feature at about —70 meV outside the su-
perconducting gap which systematically appears only at
negative sample bias. We believe this asymmetry
deserves particular attention since it is likely to contain
essential information on the high-temperature supercon-
ducting state. In the discussion we evidenced three in-
dependent experimental techniques (STM tunneling,
break-junction tunneling, and photoemission) which re-
veal these features in the DOS of BSCCO. This remark-
able consistency excludes experimental artefacts as the
origin of the dip. Another important result of this work
is the conservation of states we found between normal
and superconducting BSCCO. To our knowledge, this is
the first time that this sum rule has been verified for a
HTS based on SIN experiments without any correction of
the spectra. Note that the dip feature mentioned above
seems to contribute a substantial amount of states to
satisfy this sum rule. This is a strong sign that the dip is
indeed related to the superconducting state of BSCCO.

The tunneling spectra unambiguously reveal a finite
quasiparticle DOS in the superconducting gap. This re-
sult is not consistent with an isotropic BCS-like s-wave

gap parameter. The MaxEnt analysis and the asymptotic
behavior of the low-bias conductance suggest a d ~ 2 orx —y
extended s-wave symmetry of the order parameter. How-
ever, there are distinct features, like the width and the
height of the conductance peaks at the gap edges, which
do not fit the prediction of these models. In addition,
tunneling spectroscopy is not sensitive to the sign of b k,
and thus is unable to differentiate gap symmetries which
differ only by their phase but which have similar ampli-
tude distributions. Hence tunneling spectroscopy does
not have the appropriate sensitivity to completely resolve
the symmetry of 5&. However, there are theoretical pre-
dictions of particular DOS patterns in the vicinity of a re-
gion where superconductivity is depressed very locally,
which depend on the gap symmetry. The high-quality
vacuum tunnel junctions demonstrated in this work are a
first step towards spatially resolved tunneling spectrosco-
py required to verify these theoretical predictions.
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