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Conductance spectra measurements of highly transparent junctions made of superconducting
La,_,Sr,CuQO, electrodes and a nonsuperconducting La; ¢5Sr35CuO, barrier are reported. At low
temperatures below T, these junctions have two prominent Andreev-like conductance peaks with clear
steps at energies A; and A, with A, > 2A,. No such peaks appear above T... The doping dependence at
2 K shows that both A; and A, scale roughly as 7,.. A, is identified as the superconducting energy gap,
while a few scenarios are proposed as for the origin of A,.
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The issue of two distinct energy gaps in the cuprates has
been discussed by many authors, and the question whether
both are related to superconductivity is still controversial
[1-4]. In one scenario, one energy gap is the coherence gap
which opens at T, with the onset of phase coherent super-
conductivity, while the other gap opens at 7% which marks
the crossover to the pseudogap regime and possibly the
creation of uncorrelated pairs [5]. In contrast to this sce-
nario, some angle-resolved photoemission spectroscopy
(ARPES) measurements show only a single energy gap,
which indicate that the superconducting gap and the pseu-
dogap might be the same entity [6,7]. In another scenario,
the regime above 7. in the underdoped cuprates which
exhibits a signature of the condensate, can be attributed to
strong superconducting fluctuations. This behavior was
found in measurements of the Nernst effect [8], whose T
(onset) values scale with doping roughly as the supercon-
ducting dome. This effect, therefore, is related to 7. and
apparently depends on more than one energy scale of the
condensate. Previous point contact measurements of tun-
neling and Andreev conductance have shown that the tun-
neling gap which scales as T is larger than the Andreev
gap which follows T, [2,9-11]. In the present study we
report on similar conductance measurements in ramp-type
junctions of the La,_ Sr,CuO, (LSCOx or LSCO) system,
but due to their high transparency we observe mostly
Andreev gaps. Surprisingly, we find two different such
gaps in this system below 7. both of which scale versus
doping roughly as the superconducting dome. Only single
gaps were observed in previous conductance measurements
in LSCOx [10-13]. The results though show that in
Refs. [10-12] the gaps follow 7, while in Ref. [13] the
gaps scale as T*. The present low energy Andreev peak in
the conductance spectra is attributed to the superconducting
gap, while a few scenarios are discussed in relation to the
origin of the second high energy feature in the spectra.

Highly transparent superconductor-normal-metal—
superconductor (S-N-S) junctions of the cuprates can be
obtained if the S electrodes and the N barrier have similar
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density of states and Fermi velocities. In the LSCOx
system the doping levels are determined mostly by the
Sr content, provided the same oxygen annealing process
is used. Therefore, highly transparent junctions can be
realized, if the § electrodes are in the superconducting
regime (0.06 = x = 0.25) while the N barrier is nonsuper-
conducting with x = 0.35-0.45. We thus investigated
LSCOx-LSCO35-LSCOx ramp-type junctions with x val-
ues of 0.1, 0.125, 0.15 and 0.18, in order to determine the
various Andreev-like gaps and study the doping depen-
dence (or phase diagram) of these gaps. Ten junctions were
prepared for each doping level along the antinode direction
in the geometry shown in the inset to Fig. 1, on 1 X 1 cm?
wafers of (100) SrTiO; (STO). All the different LSCO
layers were grown epitaxially with the ¢ axis normal to
the wafer, and thus a-b plane coupling was obtained be-
tween the base and cover electrodes. All junctions had the
same geometry with Sum width, and 77 and 33 nm films
and barrier thicknesses, respectively. Typical four-probe
results of the resistance versus temperature for x = 0.1

FIG. 1 (color online). Resistance versus temperature of all the
LSCOI10 junctions on the wafer. The inset shows a schematic
drawing of a ramp-type junction, where the 77 nm thick base and
cover electrodes are made of LSCOx and the 33 nm thick barrier
is made of LSCO35.
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are shown in Fig. 1. One can easily see the two distinct
transition temperature onsets at 28 and 15 K, which corre-
spond to the 7. values of the cover and base electrodes,
respectively. The reason for this is that the base electrode
on the pristine STO surface is more strained than the cover
electrode which is grown on a 33 nm thick LSCO35 layer
on top of the ion milled area of the STO wafer [14]. Below
about 10 K, the quite constant junctions’ resistance can be
seen which ranges between 0-8 ().

Figure 2 shows a representative normalized conductance
spectrum at 2 K of the junction J4 of Fig. 1. This spectrum
has three pronounced features. The first is a narrow zero
bias conductance peak (ZBCP), the second is a domelike
peak of intermediate width which is superimposed on a
third feature which is even broader. The conductance data
is therefore the result of a sum of three components which
can be written as G(total) = G(Ay) + G(A)) + G(A,).
Note that the gap feature in the S-N-S junction always
appears at 2A [15]. Interference phenomena such as
Tomasch [16] or McMillan-Rowel [17] oscillations do
not affect this gap voltage and are absent in the present
study, though they had been observed previously in similar
YBa,Cu30,_5 based S-N-S junctions [18]. Furthermore,
the use of S-N junctions with a single interface involves
significant leads’ resistance [19]. We therefore decided to
work with S-N-S junctions with possible interference
effects but with zero lead resistance and accurate energy
or voltage scale. We used the Blonder, Tinkham, and
Klapwijk (BTK) model modified for a d-wave supercon-
ductor given by Tanaka and Kashiwaya to fit our data [20].
The three conductance components G(4;) of these fits are
shown in Fig. 2 together with the total conductance curve
G(total) which fits the data quite well. The barrier strength
Z,;, the Andreev gap parameters A; and the lifetime broad-
ening I'; are also given in Fig. 2. One can see that the Z;
values are quite low which indicates a highly transparent
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FIG. 2 (color online). Conductance spectrum of an antinode
S-N-S junction of LSCO10-LSCO35-LSCO10 at 2 K with a fit to
the BTK model for a d-wave superconductor. The three compo-
nents of the fit with Ay, A; and A, are also shown. The inset
shows the derivative of the conductance data of another junction
on the same wafer.

junction. This justifies our use of the antinode direction
formula without mixing of the node direction, since both
are quite similar when the Z; values are small. We also note
that the maximum conductance value of each component in
Fig. 2 is at around 2 which is like the expected Andreev
value of the conductance of a pair for each incident elec-
tron. Although this fitting procedure involves many pa-
rameters, the clear Andreev-like gap features at A; and
A, can be deduced from the raw data directly by taking the
derivative of the conductance as shown in the inset. This
was done for a different junction on the same wafer, and
one can see that the peak locations are quite close to the
different 2A; obtained before, but this also reflects the
spread of these values on the same wafer. Additional con-
ductance spectra that show the spread of the 2A; values are
shown in Figs. 4S, 5S and 6S of the supplementary material
for LCO15-LSCO35-LSCO15 junctions [19]. Fig. 3S there
shows that the conductance spectra of LSCO10-LSCO35
S-N junctions [19] are basically quite similar to the results
of Fig. 2 here on S-N-S junctions. We note in passing that
the sharp resonances at =62 mV in Fig. 2 are not very
common and appear in about one out of ten junctions
on a wafer.

A typical conductance spectrum of a LSCO18-LSCO35-
LSCO18 junction at 2 K together with a fit and its three
components as before are shown in Fig. 3. The dominant
component contributing to this spectrum is the highly
transparent one at A, but unlike in Fig. 2, its maximum
value now is above 10 and not around 2. We attribute this
behavior to the presence of bound states which can cause
this effect [20]. The A, feature is still quite clear but has a
small spectral weight as compared to that of A;. It also has
a lower transparency and shows a tunnelinglike behavior.
The third feature near zero bias now looks like a split
ZBCP, again with intermediate transparency and tunneling-
like behavior. The very narrow ZBCP of Fig. 2 is gone, and
only a remnant critical current is observed. The d*1/dV? of
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FIG. 3 (color online). Conductance spectrum of an antinode
junction of LSCOI18-LSCO35-LSCO18 at 2 K with a fit to
the d-wave BTK model together with the three components of
this fit with Ay, A, and A,. The inset shows the derivative of the
conductance data of the main panel.
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the same junction (inset) show that the peak energies now
are even closer to the fit in comparison to the results of
Fig. 2. Figure 4 shows a few conductance spectra of the
same junction at different temperatures. As expected, both
A, and A, are suppressed with increasing temperature
while A, is basically unaffected. The inset to Fig. 4(b)
shows that A,(T) behaves quite similarly to a BCS gap
versus temperature, and therefore can be considered as a
gaplike feature in the density of states. In addition, we
found that in all junctions above T, of both electrodes at
about 30 K, all the conductance spectra were flat (not
shown), which indicates that no Andreev scattering could
be observed. This is in agreement with a previous finding
by Dagan et al. in normal-metal-insulator—superconductor
junctions [21]. Above T, however, the junction contribution
to the conductance is quite small compared to the signifi-
cant leads’ resistance, and any change due to possible
pairing in the pseudogap regime might be too small to be
observed. Conductance spectra were also measured under
magnetic fields of up to 6 T (not shown), and already at 2 T
a strong suppression of all the gaplike features was ob-
served. We thus conclude that both A, and A, represent
gaplike features of the LSCOx system.

Figure 5 summarizes on the phase diagram of LSCO the
A, and A, results of the present study at 2 K versus doping.
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FIG. 4 (color online). Conductance spectra of the same junc-
tion as in Fig. 3 at various temperatures 7 at low bias (a), and up
to high bias with zooming up on low conductances (b). The inset
to (b) shows the large gap A, behavior versus 7' (squares) with a

A, (0)(T, — T)/T. fit (line).

Also shown are STM [12] and ARPES gaps [4,22,23], and
the 7, values of film and bulk LSCO [24]. The A; values
represent mean values of all working junctions on the wafer
for each doping level and their statistical error. One can see
that the general doping dependence of both A; and A,
follows roughly the superconducting dome. The A, value
at optimal doping of x = 0.15 is strongly enhanced by a
factor of about two compared to the A, values at the 0.1 and
0.18 doping levels. The A, value is strongly suppressed at
the x = 1/8 doping level, similar to 7.. The A, results
agree with the STM observations [12], while the previous
point contact results with A = 6-8 meV [9-11] are found
on the lower side of the A, values. Different ARPES gaps
for LSCOx were found by different groups at x = 0.145
and 0.15 doping levels. Shi et al. have measured A = 14
and 16 mV well below and well above T, respectively [23],
while the corresponding gaps that Therashima et al. [22]
have measured were A = 34 and 37 mV. The former agree
with our A; = 19 £ 3 mV value at x = 0.15 which also
agrees with Yoshida et al. who measured A, = 20 meV
[4], but the latter as well as the ARPES gap of about 25 mV
at x = 0.105, fall in between the present A; and A, values.
Our results thus seem to suggest that A; is the supercon-
ducting gap. Its low value at 1/8 doping also supports this
conclusion if stripes are taken into account [5,25]. A,
seems to be related to T, since it roughly follows its doping
dependence, but its origin is not so straight forward and
different scenarios for it will be discussed next.

First, since the A, feature in the conductance spectra is
quite small, it might be attributed to a background ‘‘step
down” in the highly transparent junctions due to any
excitation mode with energy hw which will appear at
eV = how — A, as discussed by Kirtley [26]. This result
was obtained using a theory of inelastic transport at the
junction’s interface, where the 7w excitations by tunneling
or Andreev processes can be due to holons, bosons,
phonons, and so on [9,27]. This gives symmetric spectra
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FIG. 5 (color online). The phase diagram of all the LSCOx
junctions versus doping x. Shown are the bulk and cover elec-
trode film transition temperatures, the two Andreev-like energy
gaps A; and A, of the present study at 2 K, and previous STM
gaps at 4.2 K [12] and ARPES gaps [4,22,23].
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in agreement with the present results, but the doping
dependence of A, implies that these excitations have to
be related to superconductivity and the way they actually
do needs further theoretical treatment. A second scenario
for A, is that it might be related to the Van Hove singularity
(VHS) in the 2D LSCO system. Using the ¢#J model it was
shown that in addition to the coherence peaks at the gap
energy A, two new and symmetric peaks appear at 2-3
times A in the conductance spectra due to the VHS [28].
This agrees with the present symmetric spectra and the
values of A,. However, when a t¢/t""J model was used [29],
asymmetric spectra were obtained which disagree with our
results but nevertheless, the peak energies are still of the
order of A,. The doping dependence that follows from
these results shows a monotonous increase of the energy
due to the VHS feature with decreased doping, similar to
the doping dependence of the pseudogap. This is in clear
contradiction to our results, but in view of the fact that the
calculations involved were done in attempt to explain the
asymmetrical tunneling spectra of BSCO [29-31], one
cannot rule out that further theoretical analysis for LSCO
might yield different results. Finally, although we are
puzzled by the possible existence of a proper Andreev
gap at such high energies as A,, the reasonably good fits
to our data using the d-wave BTK model [20], might
indicate that A, is originated in such a gap in the density
of states. To relate this to superconductivity as observed in
Fig. 5, one would need pairs with an even larger conden-
sation energy. In this scenario then, A, will be related to
A, but their relation to 7, will involve different doping
dependent functions that will have to account for the
fact that A;(x = 0.15)/A;(x =0.1) ~ 1 while A,(x =
0.15)/A,(x = 0.1) ~ 2. Clearly, a thorough theoretical
modeling as for the origin of A, is needed, and this might
add to our understanding of the high temperature
superconductors.

In conclusion, two Andreev-like energy gaps have been
observed in the LSCOx cuprates, both of which scale
roughly with 7, versus doping. A, is identified as the
superconducting energy gap, while the origin of A, which
is also related to superconductivity, is unclear at the present
time and needs further theoretical modeling.
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