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Scanning Josephson Tunneling Microscopy of Single-Crystal Bi,Sr,CaCu,0g. 5
with a Conventional Superconducting Tip
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We have performed both Josephson and quasiparticle tunneling in vacuum tunnel junctions formed

between a conventional superconducting

scanning tunneling microscope tip and overdoped

Bi,Sr,CaCu,0g. 5 single crystals. A Josephson current is observed with a peak centered at a small finite
voltage due to the thermal-fluctuation-dominated superconducting phase dynamics. Josephson measure-
ments at different surface locations yield local values for the Josephson I/-Ry product. Corresponding
energy gap measurements were also performed and a surprising inverse correlation was observed between

the local IRy product and the local energy gap.
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Remarkable scanning tunneling microscopy (STM)
studies on the high-T- superconducting cuprate (HTSC),
Bi,Sr,CaCu,05, 5 (BSCCO) reveal spectral and energy
gap inhomogeneities [1,2], periodic electronic structure
in the superconducting (SC) state [3] and structure inside
vortex cores [4] as well as in the pseudogap state at
temperatures above T [5]. In these experiments the energy
gap A is taken to be half the energy separation between the
quasiparticle (QP) coherence peaks as observed in dI/dV
spectra. The appearance of A has also been observed at a
temperature 7 above T with constant ratio 2A /kzT™ [6].
The identification of A becomes ambiguous, however, in
heavily underdoped BSCCO where the observed dI/dV no
longer has well-defined sharp coherence peaks [7,8]. Two
important issues raised by these complex results are
(i) whether the SC order parameter of BSCCO has spatial
variation, and (ii) how the SC ground state correlates with
the QP excited states (A). These uncertainties motivate a
direct probe of the SC pair wave function. Normal-metal
STM studies reveal only the QP excitation spectrum.
However, an STM with a SC tip is a local Josephson probe
and can, in principle, access the SC pair wave function
directly on a length scale smaller than or comparable to the
SC coherence length, £.

Between conventional superconductors the Josephson
IRy product is a directly measurable quantity uniquely
determined by the specific materials in the Josephson
junction, where I is the critical current and Ry the junc-
tion normal-state resistance. Furthermore, this parameter is
directly linked to both the SC order parameter amplitude
and the energy gaps Apcg of the materials through the BCS
relationship. Josephson studies using a SC-STM on con-
ventional superconductors were validated by the good
agreement between the measured /-Ry and BCS theory
[9,10]. For HTSCs, on the other hand, there is no estab-
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lished theory to relate IRy with A derived from the QP
excitation spectrum. /-R, measurements on BSCCO using
a SC-STM should, however, both prove the existence and
yield the amplitude of the BSCCO pair wave function that
couples to the conventional SC tip. Because of the spatial
resolution of an STM, this measurement could reveal
useful new information regarding inhomogeneity in the
superconductivity of BSCCO.

The observation of strong c-axis Josephson coupling in
planar Pb-YBa,Cu3;0,_5 (YBCO) single-crystal Joseph-
son junctions can be explained by an s-wave component in
the order parameter of YBCO induced by an orthorhombic
distortion [11]. Although the crystallographic symmetry
of BSCCO makes s- and d-wave mixing less likely,
Josephson coupling between conventional superconductors
and BSCCO in planar junctions has been observed [12,13].
IcRy values for these junctions (Nb- or Pb-BSCCO)
ranged from 1 wV to 10 wV, indicating that the s compo-
nent is about 3 orders of magnitude smaller than the
d-component. Because I-Ry was measured in macro-
scopic junctions, any strong local inhomogeneities were
obscured and meaningful comparisons with an inhomoge-
neous A could not be made. It is, therefore, very important
to locally probe the order parameter in this strongly in-
homogeneous material using Josephson tunneling.

In this Letter we report on direct measurements of the
SC ground state of overdoped BSCCO using a SC-STM.
Local measurements of both IRy and A were performed.
IRy as a function of A tends to decrease as A increases.
This result is unexpected from BCS theory and consistent
with the phase fluctuation model for HTSCs proposed by
Emery and Kivelson [14].

The novel feature of our SC-STM is a SC tip (Pb with a
Ag capping layer) in close proximity to a SC sample to
form a superconductor-insulator-superconductor (S/1/S)
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tunnel junction [15]. The operation of this SC-STM has
been demonstrated with the observation of Josephson tun-
neling between the tip and both SC Pb films [9] and SC
NbSe, [10]. The signature Josephson response of the SC-
STM differs from that of typical low Ry planar S/I/S
devices. Because of the experimental base temperature
(T = 2.1 K) and large Ry associated with an STM, the
Josephson binding energy, E;, which couples the separate
SC ground states is smaller than kzT. For example with an
STM resistance of 50 k{), E;/kp is roughly 1 K. Also for
ultrasmall tunnel junctions, the Coulomb charging energy,
Ec can be large. We estimate the capacitance, C, of the
STM junction formed between the conical tip apex and the
sample surface to be about 1 fF. E. = ¢?/2C is therefore
of order 1 K: comparable with E;, but smaller than kgT.
Furthermore the time scale of an electron tunneling in the
STM junction is much shorter than n/E., so that the
electron is swept away long before the charging effects
become relevant. Because k3T is the dominant energy, the
phase difference of the two superconductors, ¢, is not
locked in a minimum of the sinusoidal E£; vs ¢ washboard
potential, but is thermally excited and diffusive. Near zero
bias voltage the observed Josephson current is therefore
dependent on the bias due to the dissipative phase motion.
The experimental data for a Pb film has been explained by
a phase diffusion model first proposed by Ivanchenko-
Zilberman [16] and later by others [17,18]. The current-
voltage (I-V) characteristics are described by

127, Vv )

1(V) = ,
V) 2 Vi+vs

where the peak in the Josephson current appears at a
voltage V), = (2¢/h)Z., kpT,. In this model we can con-
sider the thermal fluctuations as Johnson noise generated
by a resistor Z.,, at temperature 7,; both parameters
depend only on the experimental set-up. The observed
I-V characteristics for Pb/I/Pb STM Josephson junctions
near zero bias with various Ry are fitted to Eq. (1) with two
parameters, V), and .. This analysis yields a plot of

Ic/\JkgT,/e vs Gy = 1/Ry and is expected to be linear
with zero intercept (no /. at infinite R, ) and a slope equal
to IcRy/+/kgT,/e. Using I-Ry(Pb/I/Pb) = 1.671 mV
[19] known from the Ambegaokar-Baratoff formula [20]
and substituting it into the slope of the linear data fit, we
can determine 7, and Z,, for our STM Josephson junc-
tions. Current values of these parameters are 15.9 = 0.1 K
and 279 = 9 (), respectively.

Using our well-characterized SC-STM, we have studied
overdoped BSCCO single crystals with 7~ values of 76,
79, and 81 K. Samples are cleaved in ultrahigh vacuum and
cooled to T = 2.1 K. Because of the thick Pb layer used in
our SC tip fabrication, we rarely observe atomic resolution
images. However we can easily locate step edges and
isolate flat surfaces where all the present data were mea-
sured. We first observe the dI/dV spectrum at a particular

surface point on sample 1 (T = 79 K) to measure the
BSCCO energy gap A (black line in the inset of Fig. 1).
We use standard lock-in techniques with 1 KHz modula-
tion on the bias voltage and an Ry ~ 500 M{). Although a
simplification of a more complex structure, we use the
same definition for A as in previous works in order to
make comparisons. In the main frame we plot the I-V
characteristics at lower bias and lower Ry. A low leakage
current below the Pb gap confirms high quality vacuum
tunnel junctions. Further decreasing Ry increases the QP
tunneling probability and finally the thermally fluctuated
Josephson currents are observed when E; is comparable to
kgT,. The QP background inside the Pb gap is much larger
than that of Pb/I/Pb STM Josephson junctions because of
the gaplessness of the local density of states (LDOS) of
BSCCO.

Figure 2(a) displays a close-up view of the /-V charac-
teristics near zero bias, clearly showing that the SC Pb tip
was Josephson coupled to the BSCCO. The averaged QP
background is represented by the red line in Fig. 2(b).
Figure 2(c) shows the contributions from the thermally
fluctuated Josephson current after subtracting the QP back-
ground of Fig. 2(b) from the I-V curves of Fig. 2(a). The
data in Fig. 2(c) are shown as lines and the best fits to
Eq. (1) are represented by the symbols. These good fits
convince us that we have observed the pair current between
a conventional (s-wave) SC Pb tip and overdoped BSCCO,
suggesting that the BSCCO does not have a pure d-wave
order parameter. In addition, the dI/dV represented by the
red line in the inset of Fig. 1 was observed after low Ry
measurements in Fig. 2. The LDOS was changed signifi-
cantly during the measurements; and the QP coherence
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FIG. 1 (color online).  I-V characteristics of Pb/I/overdoped
BSCCO (Tc = 79 K) STM Josephson junctions at 7 = 2.1 K.
The Pb gap is clearly seen around V = 1.4 mV. Inset: dI/dV
spectrum (black line) measured before low R, measurements,
showing sharp coherence peaks with A =37 meV. dI/dV
measured after low R, measurements (red line) indicates an
LDOS change due to the high current density.
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FIG. 2 (color online). (a) Low bias [-V characteristics of
Fig. 1 for various Ry at T =2.1K. (b) Averaged I[-V
characteristic near zero bias for quasiparticle background (red
line). One of the observed I-V curves is shown by the black line.
(c) Thermally fluctuated Josephson currents peaked at V, as
derived by subtracting quasiparticle background [Fig. 2(b)] from
the I-V curves [Fig. 2(a)]. The data are represented by the lines
and the symbols represent two-parameter fits to the phase
diffusion model.

peaks have disappeared, perhaps due to the high current
density of the measurements at the highest conductances
studied. This dI/dV resembles those previously observed
in heavily underdoped BSCCO [6—8], and in the pseudo-
gap state at temperatures above T [21]. It is also similar to
the dI/dV spectra observed by others on surfaces which
were altered by scanning with large tunnel currents [22]. It
is important to note that LDOS changes were observed
only when measurements were made with Ry below
30 k. In order to avoid this effect, most of the data
presented here were obtained with Ry ranging from
30 kQ to 100 k€.

A fit to each I-V curve in Fig. 2(c) generates a single
data point in the plot shown in Fig. 3. As Gy is increased
(Ry is reduced) the observed /. increases (E; increases).
Using the previously determined 7, and Z,,, and the slope
of the linear fit shown in Fig. 3, we find IRy at this surface
point to be 335 uV. It is important to note that low Ry
measurements (Ry below ~300 k) on BSCCO increase
the low frequency noise on the tunnel current. This noise
appears to be induced locally on the BSCCO and not from
the environment or electronics. We assure that we have not
affected the tip during the measurements by verifying that
the Pb gap is always reproduced and exponential decay of
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FIG. 3 (color online). Plot of I-/\/kgT,/e vs Gy. The slope

is equal to I-Ry/+/kgT,/e. Using the fitted slope and substitut-
ing the previously determined T, the Josephson product at this
surface point is found to be I-Ry = 335 uV.

the tunnel current vs the tip-sample distance is also ob-
served after low Ry measurements.

Figure 4 summarizes Josephson I-Ry product vs A
measurements for four overdoped samples with each data
point taken at locations roughly 10 A apart. Although there
is scatter in the observed I-Ry values for a given A, this
figure clearly indicates the nanometer scale inhomogene-
ities in both I-Ry and A. The reason for the scatter from
experiment to experiment is under investigation. The no-
table result in Fig. 4 is that /Ry tends to be a maximum
when A is between 40 and 45 meV, and the trend is for it to
decrease or become zero as A increases or decreases from
this maximal point.
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FIG. 4 (color online). I-Ry as a function of A. Each data
point represents a separate measurement from a different loca-
tion over 4 different samples. The I-Ry value derived from
Fig. 3 is one of the black square symbols denoted with an arrow.
All other points are derived similarly. I-Ry appears to be a
maximum for A between 40 and 45 meV, while it decreases for
larger and smaller A. Sketches of T and 7" from the Emery-
Kivelson model are shown by dotted and dashed lines, respec-
tively. The vertical scale for the model curves is arbitrary.
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We interpret these results within the framework of the
phase diagram for HTSCs proposed by Emery and
Kivelson (EK model) [14]. In this picture T vs hole
doping, &, in the SC region has a dome shape with the
maximum 7T at 6 ~ 0.16. Changing 6 from this value
results in a T decrease. Another parameter, T is de-
scribed as the temperature below which a gap in the QP
spectrum is formed, but without long-range phase coher-
ence. T* continues to rise as & decreases and T decreases.

In order to overlay this phase diagram on our Fig. 4, we
make two assumptions. First, we note that 7" decreases
monotonically as § increases. Using previous results that
A/T* is observed to remain constant for optimally doped
and overdoped BSCCO [6], we can transform the model’s
6-axis into the A-axis in our Fig. 4. Now 7™ monotonically
increases and the dome-shaped region is simply flipped
horizontally as shown when plotted vs A. Second, we
assume that parameters for each sample location are corre-
lated with the locally measured A and therefore the corre-
sponding doping which produces samples with the same
average behavior. For example, Fig. 4 indicates that /-Ry
is maximized at a gap value of 40 ~ 45 meV, the average
A typically observed in optimally-doped BSCCO (corre-
sponding to the highest T samples). IRy decreases as A
becomes larger or smaller than this value, and therefore
follows a trend similar to that of the 7~ curve in the model.
It is important to reiterate that for any given sample, we
observed inhomogeneities both in A and I-Ry as a func-
tion of location.

From our results we correlate the observed I-Ry with
the amplitude of the SC order parameter |'V| as well as with
the T of BSCCO via the EK model phase diagram. These
three quantities (IcRn, |¥| and T.) decrease (smaller
superfluid density) as A increases and anticorrelate with
T*. This inverse relation between IRy and A in BSCCO is
an unconventional result because in the BCS model Apcg,
IcRy, |W| and T, are all correlated. We observe a more
conventional behavior in the overdoped (amplitude domi-
nated) side of the phase diagram. Here both T. and A
decrease as 6 is increased above 0.16. In this regime (the
averaged A = 40 meV), T* and I-Ry closely relate to A
so that IRy, |W|, T and T* all behave similarly.

Another possible framework for discussing our results is
the two-gap scenario [23]. In the underdoped regime, this
picture conjectures that the large gap observed in the
pseudogap phase is distinct from the genuine supercon-
ducting gap that tracks T-. Although consistent with our
I-Ry measurements, we do not observe the second gap
directly. Since the results in Fig. 4 represent measurements
of both IRy and A averaged over momentum space, we
are unable to do the same local comparison to address this
alternate model.

In summary, we have observed the thermally fluctuated
Josephson current for c-axis tunneling between a SC Pb tip
and overdoped BSCCO single crystals. To our knowledge
this is the first local Josephson measurement along the ¢
axis between s- and d-wave superconductors. Probing both
IRy and A over the surface indicates an anticorrelation
between the Josephson coupling and A. This result is
consistent with the EK phase fluctuation model for a low
superfluid density superconductor.
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