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Energy gap in La185Sr015Cu04 „ from point-contact tunneling
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Point-contact tunneling into the high-T, superconductor La&85Sro&5Cu04 —y reveals the first
direct measure of the energy gap. Values range from 8 to 14 meV with the variation perhaps due
to impurity phases, pressure-induced changes, or anisotropy. Even the minimum value indicates a
strong-coupling superconductor.

The extremely high transition temperature T, found re-
cently' in the perovskite oxides, e.g. , La2 Sr Cu04 —y
have lead to speculation about possible new, nonphononic
mechanisms providing the superconducting interaction.
On the other hand, several authors ' ' have suggested
that the results are consistent with the usual phonon-
mediated attractive electron-electron interaction. Elec-
tron tunneling provides two pieces of information which
can shed light on this question: The energy gap 5 and the
electron-phonon spectral function a F(co), where F(co) is
the phonon density of states. For the case of the usual
phonon-mediated superconductivity, high T, has been
predicted to result from the Cu-Oi breathing modes since
they couple strongly to the conduction-electron wave func-
tions which involve orbitals of these two atoms. In one
variation of this model the high frequency of these modes
results in a large prefactor in the T, equation, thus requir-
ing only modest values of electron-phonon coupling. A
second possibility involves the frequency of these modes
renormalized to much smaller values by the very strong
electron-phonon coupling. Measurements of the energy
gap, compared to k~T„are a good indicator of strong
coupling.

We report point-contact tunneling measurements on a
polycrystalline, bulk sample with x =0.15, and infer that
the material is very strong coupling, with 2d, (0)/
k~T, ~ 5.2, compared to the weak-coupling BCS limit of
3.53. Values of the gap, smaller than the BCS limit, have
been recently reported from infrared reflection and
transmission experiments; however, several of these au-
thors state that this is only a lower limit due to the possi-
bility of proximity effects with nonsuperconducting or
lower T, impurity phases. Because of the very high resis-
tances of our point-contact junctions, we feel that tunnel-
ing is most likely spatially localized, as in vacuum tunnel-
ing, and less likely to average out large and small gaps.

The sample was prepared using a coprecipitation tech-
nique folio~ed by pressing and sintering. In this tech-
nique the soluble nitrates of La, Cu, and Sr are mixed in
solution in their correct proportions. After thorough mix-
ing the materials are coprecipitated as insoluble oxycar-
bonates through the addition of sodium carbonate. The
precipitate is filtered and washed until the pH of the rinse
solution is neutral, then dried overnight in a 140 C drying
oven. The dried oxycarbonate powder mixtures are then
fired at 825 C for 2 h to decompose the carbonates into
oxides. The 20 x-ray diffraction patterns clearly show the

formation of the tetragonal phase even at this low temper-
ature, indicating the high degree of intimate mixing
achieved with this technique. The oxide powders are then
pressed using a —,

' -in. die to approximately 60% of the
theoretical density, sintered at 1100 C in air for 4 h, then
quenched in air. The resulting pellets are generally about
80% of the theoretical density of 7. 14 g/cc. Resistivity
samples are cut from the pellets using a diamond-wire
saw. The pellets are then annealed in flowing 02 for 12 h

at 475 'C.
The transition temperature of a piece of the sample

used for point-contact tunneling has been determined us-
ing a four-probe dc resistance measurement with a sample
current of 1 nA. The midpoint of the resistive transition is
at 35.9 K with a transition width of 2.5 K (10-90% of
resistive transition). The sample exhibits zero resistance
below 32 K.

The tunneling apparatus is described in detail, together
with a discussion of tests done on conventional supercon-
ductors and the interpretation of point-contact tunneling,
in a study of an organic superconductor in Ref. 8. In that
case, as well as here, an insulating surface layer prevent-
ed true vacuum tunneling and the soft Au tip had to be
pushed into the surface of the sample to obtain a measur-
able current. However, the present material resulted in
more stable and easily repeatable junctions than the or-
ganics.

Figure 1 shows an I(V) curve taken at 4.2 K on the
perovskite oxide with x =0.15. Although a high-resis-
tance region representing the energy gap is readily dis-
cerned, there are diA'erences with the ideal I(V) curve for
tunneling between a normal metal and a superconductor.
There is an asymmetry in I(V), and at higher voltages the
conductance begins to rise. Such tunneling effects are
well known' and can result from (a) a low tunneling bar-
rier height (energy) compared to eV, and (b) dissimilar
electrodes. At liquid-nitrogen temperature we find small-
er conductance increases at high voltages, but little or no
asymmetry and no other structure in the I(V). In all
figures, the positive voltage means the perovskite sample is
positive with respect to the Au tip. These efrects vary with
the location of the tip and its contact force, and the data
shown have been selected to minimize them.

The standard analysis of such low-temperature
(T«T, ) data for a junction between a normal metal and
superconductor is to fit to the BCS expression
RI(V) = (V —A ) '~, where R is the high-voltage

7224 1987 The American Physical Society



ENERGY GAP IN Lai.ssSro. isCu04 —~ FROM POINT-. . . 7225

CD

Voltage (mV)

FIG. 1. Point-contact tunneling I(V) between a gold tip and
a polycrystal sample of La& SsSro»Cu04 —~. Inset: I is plotted
vs V . For ideal tunnel junctions between a normal metal and
BCS superconductor, the slope is R 2 and intercept is (A/e)2.
The straight line fits give h, —l 1 meV.

(V» d, ) junction resistance. Unfortunately, convincing
fits were impossible using the same R for both polarities.
Plots of I vs V are shown in the inset of Fig. l. Using
diff'erent R values led to an extrapolated value of h, -11
meV for each polarity.

Figure 2 shows another I(V) curve which was obtained
by readjusting the force on the tip, and thus potentially
changing the precise tunneling position on the sample.
Although a high-resistance region representing an energy
gap of 8-9 meV is still readily discerned, the polarity
asymmetry is more pronounced, especially at high volt-
ages, and there appears to be additional structure in the
form of bumps or dips. Figure 3 shows the voltage deriva-
tive of I(V) for another tip position. The asymmetric,
parabolic background conductance is clearly visible to-
gether with a well-defined single gap. We estimate h, to be
8 meV, using the intercepts of the curve with a reasonable
guess for the background conductance. The conductance
minimum is about 50% of the extrapolated background.
Note that in Figs. 1 and 2 the leakage conductance is less
than 10%.

The differences in measured gap at various locations
could be due to inhomogeneities in the sample (higher or
lower T, ), proximity effects" with lower T, impurities,
pressure-induced increases in T, (and hence b, ) due to the
tip, and/or intrinsic gap anisotropy. However, no evi-
dence has been seen for the very small gap reported in in-
frared measurements.

Using an energy gap of 8.5 meV, we have drawn in Fig.
2 the ideal I(V) curve, first by matching the high-voltage
R in the positive quadrant (long dashed line) and second
by matching the region between 9 and 14 meV (short
dashed line). The bumps or dips in Fig. 2 were not always
found in cases where clear gap structure can be seen (see
Fig. 1); however, similar bumps or dips were repeatable
after removing, breaking, and remounting the same sam-
ple. These could result from inelastic tunneling via states
in the barrier, such as those studied extensively by oth-
ers. ' However, to be visible on the I(V) curve they

would represent a considerably greater effect (times 50)
than previously reported. On the other hand, these struc-
tures could result from very strong-coupling to low-lying
phonon modes. ' However, again the magnitude would be
about six times greater than the most strongly coupled su-
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FIG. 3. Plot of dl/dV for another location on the sample.
The intersection of this curve with a guessed, smoothly curving
background gives 6—8 meV.
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FIG. 2. Another I(V) for a dilferent location on the same
sample (solid line). Using 5 8.5 meV the other curves
represent the BCS prediction by fitting (for positive voltages) to
the high-voltage resistance (long dashed curve) and to the
current between 10 and 14 meV (short dashed line).
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FIG. 4. Another I(V) obtained at yet another position on the polycrystal sample. Here, only a larger gap of —14 meV is found.

perconductors measured to date (i.e., in Pb, phonons re-
sult in conductance changes of —~ 5%). The most con-
vincing demonstration of phonon coupling would be to
show, as in the case of many elemental superconductors, '

a correlation of the I(V) structure with the phonon densi-
ty of states, e.g. , measured by neutron scattering. Unfor-
tunately, such a correlation may be difficult without con-
vincing calculations and/or measurements of the phonon
density of states for individual modes as in the case of the
Ba(Pbp 75Bio 2s)03 system. ' Another problem of calcu-
lating a F(ro) from point-contact tunneling is the dif-
ficulty of measuring the normal state I(V). The critical
fields are extremely high, ' and problems of thermal ex-
pansion make measurements at temperatures up to and
above T, very difficult without movement of the tunneling
tip.

Finally, this additional structure in Fig. 2 could
represent a larger energy gap due to anisotropy or another
superconducting phase. The magnitude of current associ-
ated with this additional bump exceeded the smaller gap
structure for some tip locations and in one case was the
only feature visible (Fig. 4). Interpreting Fig. 4, as we did

Fig. 1, results in a gap of about 14 meV, whereas the
larger gap value in Fig. 2 is likewise about 14 meV. For
this additional structure, one cannot rule out more exotic
explanations like charge-density waves or even a semicon-
ducting gap from impurity orthorhombic phases. '

In summary, the tunneling I(V) result in an energy gap
of 8-14 meV, indicating a strong-coupling superconduc-
tor, and show additional nonideal structure. At this stage
it seems premature to make a definitive conclusion about
the additional structure, but it could represent inelastic
tunneling with barrier states or strong electron-phonon
coupling as well as another larger gap.

Even the minimum measured value of 26(0)/k~T,
= 5.2 indicates very strong coupling, but it is not as large
as that found in the organic superconductor, P-
(ET)2AuI2, where ET is bis(ethylenedithio)tetrathiaful-
valane with chemical formula C~OH8S8. Recently, ' it
was pointed out that the maximum value of 26(0)/kgT„
which is consistent with electron-phonon coupling in the
Eliashberg equation, is about 9.5. Therefore, while the or-
ganic results exceed that limit, the present result on the
perovskite oxide falls below that limit.

Further research is anticipated to better understand the
additional structure, especially to look for electron-pho-
non coupling through a F(ro). Also, when single crystals
become available, anisotropy studies may be undertaken.
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