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Inherent inhomogeneities in tunneling spectra of BijSr,CaCu,04_, crystals
in the superconducting state
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Scanning tunneling spectroscopy on cleaved BS@R2@M? single crystals reveals inhomogeneities on
length scales of~30 A. While most of the surface yields spectra consistent withwaave superconductor,
small regions show a doubly gapped structure with both gaps lacking coherence peaks and the larger gap
having a size typical of the respective pseudogap for the same sample.
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Tunneling spectroscopy has been an important tool in the The slightly underdoped single crystals of BSCCO used
study of high-temperature superconductors since their dish this study were grown by a directional solidification
covery. While in the early days of high; a variety of gap method® and theirT, of ~80 K was measured by SQUID
sizes and structures were found and introduced much contrépagnetometry. Crystals were mounted into a UHV-[ow-
versy into the subject, later measurements yielded greaté&¥TM system. The samples are cleaved at room temperature
consistency among groups, revealing a more coherent pictufé & vacuum of better than 18 torr. Immediately, they are
of the surface of highF, materials as viewed with STM. transferred to the low temperature chamber which houses the
Among many examples we note that STM studies reveale@ M and presumably reaches much lower base pressure due
the nature of the superstructure in BSCE@e sizé and to cryopumping. The base temperature of the microscope is 6
d-wave naturdof the gap, the effect of local impurities and < however the data shown in this paper were taken at 8 K.

the emergence of zero-bias anomafiedand the electronic Images are taken with.a gold tip at a sample bias of
structure%f the core of vorticds a —200 mV and a setpoint current of 100 pA. Thié/dV

While in general published data concentrates on specifi pectra are taken using a lock-in technique with an ac modu-

aspects of the properties of the superconductor such as t tion of 1 mV, after fixing the tip location at a height that

gap, the pseudogap, impurities, etc., very little has been pukgl'veS .100 PA current at- 200. mV. This sgtpqint current
lished on the large-scale structure of the electronic state tablishes the relatively arbitrary normalization condition

the surface of highF, materials. Judging from photoemis- used for the raw data. The quality Of. the. surface and the
. - scanning capability are demonstrated in Figg) Where we
sion measurements  that reve:al kadependent gap and show a topographic scan of a 10000 A region. Evident
pseudogaf; *?thus asserting that is a good quantum num- are the atomic resolution and the clarity of the
ber, it has been the common belief that the surface is homasyperstructurewith average periodicity-27 A. All cleaves
geneous with only few scattering centers and that it repreynich yield images exhibit similar topography.
sents the bulk properties. However, recent measurements by Figure ib) shows a line of differential conductance spec-
a variety of techniques suggest that superconductivity maya taken over a range of 80 A in the region shown in Fig.
not be homogeneous in high: superconductors. Recent j(g). By fitting the acquired spectra tochwave density of

STM StudleSOfYBCC(Ref 13 and BSCCQRef 14 .ShOW states for a maximum gap size [A(g):A 003(29)] with
profound variations in the tunneling spectra. In particular, thezayssian broadening™®

BSCCO results on highly disordered films and lead-doped
crystals of Crenet al. exhibited pseudogap spectra over a

large fraction of the sample surfaces. The issue of homoge- Ng(E) = 22d6 E e (E-U)%ar?

neity (either in the static or dynamical sefse very impor- =f Ref — du,
tant in view of recent theoretical developments that find N —= Jo 2™ \JE2Z-A(9)2  2ml

phase separation to be an integral part of the High- @
scenarig®>~’

In this paper we discuss scanning tunneling spectroscopye find two important results. For most of the spectra this fit
measurements on the surface of®,CaCyOg_, (BSCCQ  vyields values oiA=42+2 mV andI'=4+2 mV with re-
single crystals which show that superconductivity in highsiduals approximately the size of the noise. However, there
temperature superconductors is inhomogeneous. This inhare regions in which the spectra give poor fits to this for-
mogeneity appears at a scale of a few coherence lengths antlla, also yielding unphysically large values Bfand A.
is not a consequence of strong scatterers or strong disordéihe regions are 20 to 30 A across, their areal fraction is
We argue that this inhomogeneity is likely a consequence of-20%, and their centers lie within 5 A of the superstruc-
electronic phase separation into regions that are proximityture ridges. The size and shape of one of the regions is
coupled to give a continuous variation of the tunneling specshown in Fig. 2a), which maps the gap siz@ormalized by
troscopic features. the 42 mV valug as determined by thé-wave fit. This map,
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. Sample Bias [V] FIG. 2. Map of normalized gap siz@). High points reflect a

larger gap with suppressed coherence peaks. Lower(bjap the
FIG. 1. Typical topographic scan of a 1000 A area(a). ~ Width of the spectrum at twice the minimum conductar@),

Dotted line marks the location of the spectroscopic scans shown ifpdicating a homogeneous gap structure at low energies text
the lower figure(b).

node structure exists throughout the sample. Thus the regions

maintain the fourfold asymmetry of the superconducting
like Fig. 1(b), shows that the spectra vary continuously state despite the apparent suppression of superconductivity.
through each region. In particular, this rules out these features being caused by

This continuous variation suggests two extremal spectrampurities. Both theoretic&l®* and experimental studi&s’

those from the center of these regions and those far awaghow that potential scatterers yield entirely different behav-
These two extreme shapes are shown in Fig. 3 for positivéor, characterized by subgap structyrero-bias anomalig¢s
bias. In particular, the spectrum taken outside the regions ithe largest change in spectra near potential scatterers is in the
consistent with the density of states oflavave supercon- range where we see no change.
ductor averaged ovéespace(as expected for tunneling per- Examination of Fig. 1 and other similar scans shows that
pendicular to the Cu-O plangswhile the other shows a the two extreme shapes are separated by a distance of
double gap shape with no coherence peaks. In addition, the 30 A. For BSSCO this distance is roughly twice the co-
shape of the smaller of these two gaps is similar to the shapeerence lengtl¥. As will be discussed below, this suggests
of the inner part of the superconducting spectra. Figubg 2 that the smooth variation seen may not be the product of
shows the width at which the conductance reaches twice themooth variation in the underlying character of the material,
zero bias value, normalized by the value of those spectrbut may instead reflect a breakdown into domains with dif-
with the bestd-wave fits. This plot uses the same scale aderent character which are then proximity coupled. This
Fig. 2@ in order to emphasize the contrast between themproximity coupling would explain why these regions do not
The only features in Fig.(®) are consistent with noise. That break the superconductdrwave symmetry.
is, while the behavior at the gap energy is inhomogeneous, at Although curve(b) in Fig. 3 has the same shape at low
low energies the sample appears to be homogeneous. Thé&s as a “good” superconductor, it develops a different gap
fact that the spectra in these regions look like those of thetructure at higher bias. The abrupt change in gap structure is
background superconductor at low bias indicates that than indication that the spectrum of quasiparticles changes
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FIG. 3. Extremald|/dV from the region shown in Fig. 2. Loca- FIG. 4. Spectra taken near the disordered area. The location of

tion of the spectra is indicated in the topogrdpght). Note thatthe  each spectrum is shown in the topogragght).
two spectra are taken at equivalent positions with respect to the

superstructu_re. In the spectm,represent_s the gap ?nergy whée by STM spectroscopy on the surface of BSCCO single crys-
(Tarks the kink energy, related to the size of the *bad” supercon-gis are intrinsic and reflect phase separation does not con-
uctor region(see text tradict the photoemission resufts‘?While one might expect
that inhomogeneities would destroy thkedependence ob-
abruptly. HTSC, and in particular BSCCO crystals of theserved in photoemission, the type of inhomogeneities seen
type we are using are believed to be in the clean limit. Théhere would not. The lovi-behavior would measure the long-
superconducting state is therefore characterized by a\gap wavelength homogeneity, while, since both the supercon-
associated with pairing instability and “pair sizet  ducting gap and the pseudogap have the same symmetry,
~hve/A. Terminating the gap opening at energies A averaging in regions of pseudogap would not destroy the
means a larger length scdle-#vg/e. Since the coherence symmetry of the gap seen in photoemission. Moreover, the
peaks mark roughly the coherence length, the shoulder iabove scenario is also in agreement with recent investiga-
curve (b) indicates a length scale that is roughly twice thetions of vortex structure in highi; superconductors. The pe-
coherence length. This is therefore the length at which theuliar result there is the fact that while the zero-field spec-
system crosses over from the behavior of a piteave su- troscopy maps show an inhomogeneous pattern, application
perconductor at long length scales to behavior which is moref a magnetic field results in vortices that are always sur-
reminiscent of the “insulating” state. The larger gap with no rounded by “good” superconductor as judged from the STM
coherence peaks resembles the pseudogap. spectroscopy® Within the framework of our interpretation
Summarizing our observations, we find that while the gagthis implies that vortices will prefer to have their cores reside
changes smoothly between the two extremes presented on “bad” superconducting regions. The surrounding area is
Fig. 3, the system breaks into distinct domains of eithetthen a good superconductor and since the vortex core does
“good” or “bad” superconductivity. This observation sug- not proximity couple to the superconductor, the result is a
gests that the “bad” superconducting regions are a conseiomogeneous superconductor in the regions surrounding the
guence of insulating regions in proximity with the “good” vortex.
superconductor. Since for highs superconductors the co- Having argued that the observed inhomogeneities are not
herence length is so short, proximity implies leakage of théhe consequence of disorder, we can check this claim by
superconducting wave function a distance of orglarto the  intentionally disordering the surface. Since BSCCO is very
insulator?* Similarly, the superconductor weakens as wellsensitive to excessive current density or electric field we lo-
over a similar distance close to the boundary. The result isally increased the setpoint current to 500 pA-&200 mV
therefore the smoothly modulated behavior shown in Fig. 2sample bias and scanned the tip over a 14890 A area.
This follows from a scenario for phase separation where th&ubsequent topography shows an apparent depression at the
initial boundaries between adjacent puddles are relativelgenter of the “damaged” area because of decreased local
sharp. Such a situation is most likely a consequence of density of states. The superstructure and atomic corrugation
proximity to a first order phase transition that is becomingare no longer visible within this region, indicating strong
continuous due to disord@r'’-??as was first shown by Imry disorder, though they remain visible over the rest of the
and Ma?® The sharpness of the initial domains is indicatedsample surface. Figure 4 shows a strip image of the contour
by the relatively sharp kink in the spectrum of the “bad” of constant integrated density of states and a line of spectra
superconductor as it crosses over from low energy supercottaken across the “damaged” area. Note that Ceeal* see
ductorlike to high energy pseudo-gap-like behavior. qualitatively similar spectra in strongly disordered samples.
The above suggestion that the inhomogeneities observedlearly at about 100 A away from the center of that area a
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good superconducting gap is obtained indicating only verythe native defect, there remains a vestige of the supercon-
small influence of the damaged area. As we approach théucting gap in the pseudogapped spectra. This indicates that
boundary of the scanned area and continue towards its centgfe smaller size of the native defect allows proximity cou-
the spectra change continuously. In particular, the height ofling to the superconductor that is lost inside the larger
the coherence peak drops continuously to the backgrounghanufactured defect. The effect of disorder is therefore dif-
conductance level. However, unlike the variations in theferent than the intrinsic inhomogeneities observed on the
spectra shown in Fig. 1, here the gap size does not change @lire surface. When strong enough, the disorder “pins” the
all as the coherence peaks disappear. Once inside the regidnsulating phase as is the case in the middle of the damaged
the gap broadens into a pseudo-gap, and then an insulatingea. Again, this implies a “good” superconductor at the
gap. Spectrd and G near the border of the damaged areaperiphery of the “bad” superconductor.
look similar to those of the pseudogap observed by In conclusion, we find that the intrinsic surface of BSCCO
tunnelind and photoemissiot?. exhibits inhomogeneities that strongly suppress supercon-
Comparing this area with the region on the native surfacegductivity, while maintaining the same low energy structure.
several points are obvious. Both show a continuous decreagthese regions show spectra that are reminiscent of the
in the coherence peak height. Also, both show pseudogapseudogap, but also appear to be proximity coupled to the
features inside the region. However, the pseudogap size vagurrounding superconductor.
ies in the intentionally disordered case while it seems to be
constant in the other. This is presumably because the disor-
der, and perhaps doping as well, is varying throughout this We thank Steve Kivelson and Bob Laughlin for many
region, yielding a varying intrinsic gap size. In addition, for useful discussions. Work was supported by AFOSR.
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