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We have fabricated tunnel junctions between chemically etched single crystals of YBa,Cu;0;_5 and
evaporated metal counterelectrodes that exhibit reproducible characteristics. Above the bulk critical
temperature of YBa,Cu;0,_5, T, the conductance as a function of voltage, G(V), has a linear depen-
dence on voltage and some asymmetry. Below T,, additional structure associated with the supercon-
ducting state appears in G(V). At T <<T, there is a reproducible finite zero-bias conductance, which
suggests that there are states at the Fermi energy in superconducting YBa,Cu;0,_5. Junctions with Pb,
Sn, Bi, Sb, PbBi, and Au counterelectrodes all show qualitatively similar behavior.

I. INTRODUCTION

Since the discovery of high-temperature superconduc-
tivity (HTSC), a wide variety of experimental techniques
have been applied to the study of these compounds in an
effort to understand the nature of the high-7, supercon-
ducting and normal state. On the basis of past experience
on conventional superconductors, electron-tunneling
measurements on high-temperature superconductors
have the potential to reveal a great deal about HTSC.
Tunneling measurements probe the renormalized quasi-
particle density of states in superconductors and hence
can give a measurement of the energy gap and provide in-
formation about the pairing mechanism responsible for
the superconducting state.!

Tunneling measurements only probe the density of
states within a region on the order of the superconduct-
ing coherence length £, which is extremely short in high-
temperature  superconductors. In  orthorhombic
YBa,Cu;0;_s, the coherence length is anisotropic, with
§.~3-4 A in the direction normal to the Cu-O planes,
and £,, =15-25 A along the planes, as deduced from the
extrapolated values of the upper critical fields.? Single
crystals of YBa,Cu;O,_5 are typically thin platelets
oriented along the a-b planes; considering the extremely
short §&,, tunneling into these platelets requires
monolayer-level perfection at the surfaces. The surfaces
of as-prepared single crystals which are subjected to long
oxygen anneals so that they will superconduct do not
satisfy this stringent requirement. We have overcome
this problem by etching the surfaces of these crystals and
making tunnel junctions on the freshly etched surfaces.
With this method we have produced very stable junctions
with reproducible characteristics.>

In this paper, we expand our previous discussion®* of
the junction preparation method and the results obtained
with these junctions. Section II contains a detailed dis-
cussion of the fabrication of the junctions and the mea-
surement techniques. In Sec. III, we present our data
and some arguments to support the assertion that the
structure that we observe in the voltage dependence of
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the tunnel junction conductance is related to the quasi-
particle density of states of YBa,Cu;O,_5. Since this
structure only slightly resembles that of a BCS supercon-
ductor, we are faced with the problem of proving that the
structure can be attributed to the quasiparticle density of
states of the superconducting YBa,Cu;0,_g that is im-
mediately adjacent to the tunnel junction. We dedicate a
portion of this section to this issue. In Sec. IV, we dis-
cuss and compare our results to other experimental re-
sults on YBa,Cu;0,_5. Section V contains a summary of
our findings.

II. JUNCTION PREPARATION
AND EXPERIMENTAL DETAILS

To measure the superconducting density of states on
YBa,Cu;0,_5 using electron tunneling it is necessary to
first create a surface for the junction that has bulklike
properties over a depth on the order of a coherence
length. Various methods have been used to do this in-
cluding crystal cleaving,’ break junction techniques on
crystals and films,%7 and point-contact probes that break
the surface of a crystal or film.® Also, with the improved
techniques of film growth of YBa,Cu;0,_j, it has become
possible to grow superconducting films with top surfaces
which are insulating over an extremely short length scale.
Planar junctions made on such films® and films with in
situ grown artificial barriers!® have shown a very large
degree of reproducibility and stability. We have attacked
the surface problem with yet another technique that in-
volves removing the insulating surfaces of annealed crys-
tals or films and making planer tunnel junctions. These
junctions are very stable and able to survive a number of
thermal cycles. The conductance as a function of voltage
in these devices is highly reproducible from junction to
junction.

The single crystals of YBa,Cu;0,_g were grown by the
flux method!! and were annealed in oxygen for more than
3 weeks. The junctions were fabricated in the following
manner. First, the crystals were etched either in 10
mMHCIO, and 1MNaClO, in water'? for 5-30 min (etch
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rate of 1000 + 100 A/ min) or 1.0% Br (by volume) in
methanol'® for 30-120 min (etch rate of 50 + 20 A/
min). The surface of an etched crystal is dotted with
crystallographically oriented square etch pits that are
typically 20 pum on a side and =0.2 um deep. Thus, a
large number of a-b plane terminations are created on
surfaces that are nominally oriented in the c-axis direc-
tion. This may be of great benefit for tunneling studies,
given the difference in &, and &,.2 The etched regions ap-
pear very clean and shiny when viewed in an optical mi-
croscope. Etched crystals were heated for 5—-10 min at
100°C in air in order to aid the formation of the tunnel
barrier. The junctions were completed by evaporating
the counterelectrode through a shadow mask. Junction
dimensions were about 0.1X1.0 mm? and resistances
were between 5 and 1000 €.

The nature of the barriers in the tunnel junctions is un-
known, but the formation of high-quality tunnel junc-
tions directly on the surface of oxide superconductors is
quite common.'* We have observed that the room-
temperature resistance of the junctions increases with
time of heat treatment and depends on the counterelec-
trode material, i.e., Pb produces greater resistances than
Au.

Four terminal measurements of the differential resis-
tance were performed using standard low-frequency ac
lock-in techniques. These resistances were inverted to
obtain the differential conductance, G(¥). The conduc-
tance of a normal-metal-superconductor tunnel junction
is given by

df(E+eV)
dv

where C is a constant that depends on the density of
states of the normal-metal counterelectrode and
f(E+eV) is a Fermi function. The tunneling probabili-
ty, P(E), is expected to depend on matrix elements and
band structure and not on temperature. Thus, all of the
temperature dependence of G(V') will arise from the Fer-
mi function and any temperature dependence to the
quasiparticle density of states Ng-(E). [In a BCS super-
conductor, for example, the temperature dependence of
Ngc(E) enters through the temperature dependence of
the energy gap.] At T=0, Eq. (1) reduces to

G(V,T=0)=CP(eV)Ngc(eV) @)

GV, T)=C [ " "Ngc(E) P(E)E , (1)

because the derivative of the Fermi function is a 8 func-
tion in the low-temperature limit. Thus, G(V) of a
normal-metal-insulator—superconductor tunnel junction
is proportional to the renormalized quasiparticle density
of states of the superconductor for T' << T.,.

III. RESULTS

We  present data that come from four
YBa,Cu;0;_5/Pb, one YBa,Cu;O,_;/Bi, and one
YBa,Cu;0;_s/Au junctions that are representative of
the results we have obtained on many of the over 100
junctions that we have made. For all measurable junc-
tions, the structure in G(V) below T, was similar for
different counterelectrode materials. The sharpness and
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amplitude of the predominant features did vary some-
what from junction to junction, but remained nonetheless
quite reproducible in a large number of junctions.

In Fig. 1(a) we show G (V') normalized to G(100 mV)
of a YBa,Cu;0,_5/Pb junction at temperatures both
above and below T, =90 K. We present the data normal-
ized because the high-voltage conductance depends on
temperature, decreasing by approximately 15% from 10
to 180 K. We believe that this temperature dependence is
due to some barrier effect. Perhaps the barrier width de-
creases as T decreases.

Above T,, the conductance depends linearly on voltage
at high voltages with an asymmetry of about 10% in the
positive and negative voltage slopes [see Fig. 1(a)]. If the
conductance is parametrized by
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FIG. 1. (a) G(V)/G(100 mV) for a YBa,Cu;0,_5/Pb junc-
tion, Sample 1, at the temperatures indicated. The lowest-
temperature curve has the lowest zero-bias conductance. The
polarity refers to the YBa,Cu;0,_; electrode. (b) Temperature
dependence of G(0 mV)/G(100 mV) of the junction. Inset:
current vs voltage for a typical junction for <1 K. Note the
absence of leakage.
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G(V)=Gyla|V]|+1), (3)

where a is the slope for one of the polarities and G| is the
extrapolated zero-bias conductance, then our data on
many junctions show a to vary over about a factor of 2
from junction to junction. At voltages less than or equal
to a few kT /e, the conductance is roughly parabolic as
one would expect due to thermal effects. More quantita-
tively, we have calculated 3G /9V from data on junction
1 to show that the discontinuity in the slope predicted by
the above is present. This is shown as the circles in Fig.
2(a) for T=100 K. From a smoothed version of 3G /9V
[solid line in Fig. 2(a)] we can calculate 3G /3V? [see
Fig. 2(b)] from which we can obtain the amount of
thermal broadening in G(V). The full width at half max-
imum (4014 meV) implies!® that the thermal broadening
is ~(4.8%0.5)kgT. This is greater than the amount of
broadening that one would expect for a temperature-

aG/oV (a.u.)

I
=50 0 50 100

—-0.5 1 | |
-100 -50 0 50 100

vV (mV)

FIG. 2. (a) The circles are the numerically differentiated data
and the curve is a smoothed version of these points. (b)
3G /dV* is calculated from the smooth 3G /dV.
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independent density of states (3.5k; T') and suggests that
the density of states is temperature dependent (see later
discussion).

Additional, finer structure that is somewhat asym-
metric first appears in G(V) at T,. As shown in Fig. 3,
the structure emerges at higher temperatures as broad
bumps centered at approximately =25 mV and a strongly
decreasing zero-bias conductance. These broad bumps
develop finer structure and the zero-bias conductance
continues to drop with decreasing temperature [see Fig.
1(a)].

These features first appear at 7. In Fig. 1(b) we have
plotted the temperature dependence of G(¥V=0)/G(100
mYV) in order to demonstrate this. At T, there is a
discontinuity in dG(V'=0)/dT which is qualitatively
similar, though much less pronounced, to what one
would see due to the opening of an energy gap at T, in a
metal-insulator-BCS superconductor tunnel junction.
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FIG. 3. Voltage dependence of the conductance at the tem-
peratures indicated for a YBa,Cu30,_5/Pb junction, Sample 2
different from that used for Fig. 1.
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This is compelling evidence that the electrons are tunnel-
ing directly into superconducting YBa,Cu;0,_s—there is
no thick (on the scale of &) reduced T, layer at the sur-
face. The weakness of the discontinuity compared to that
expected for a conventional superconductor is consistent
with the weakness of the structure in G(V) at low tem-
peratures compared to that of a conventional supercon-
ductor (see below).

It is useful to compare the data to the BCS form for
the density of states:

|E]
(EZ_AZ)I/Z 4

where E is the quasiparticle energy measured relative to
the Fermi energy, Ny(E) is the normal-state density of
states, and A is the energy gap. To accomplish this, we
need to normalize the conductance in the superconduct-
ing state Gg(V') to the conductance in the normal state,
Gy(V) at the same temperature. At low temperatures,
this ratio will be proportional to Ng(E)/Ny(E). Unfor-
tunately, the wupper critical magnetic field of
YBa,Cu;0;_; is so high that we cannot measure Gg(¥V)
and Gy (V') at the same temperatures. We thus choose to
normalize by the Gy(V) measured above T,. In Fig. 4,
we plot the data normalized in this way for various tem-
peratures. After normalization, Gg(¥) more closely
resembles a strongly coupled BCS density of states; more
symmetric with a single dominant peak at positive and
negative voltages. The dominant peaks move to higher
voltages as the temperature is increased in a way that is
qualitatively similar to that observed in tunnel junctions
made with BCS superconductors. Also, the structure
clearly starts to appear near T,. Nevertheless, there
remain substantial differences between these data and the
BCS form.

We have performed a number of tests on our junctions
to ascertain whether or not the behavior we see
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FIG. 4. Conductance as a function of voltage at different
temperatures normalized by the conductance as a function of
voltage at 100 K.
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represents the intrinsic superconducting quasiparticle
density of states in YBa,Cu;0,_5. First, we assured our-
selves that our tunnel junctions were of high quality. By
using a Pb counterelectrode, we are able to determine if
the conductance of the junctions is due to a single-step
tunneling process. As indicated in the inset of Fig. 1(b),
the junction conductance at voltages below the Pb energy
gap (1.4 meV) is less than 1% of the conductance above
the energy gap at temperatures 7 <<T,(Pb). This indi-
cates that the only conductance process is tunneling.!
Second, we show in Figs. 5(a) and 5(b) that the tunnel-
ing involves only single-step processes and no inelastic
multiple-step processes. In Fig. 5(a), we show for
T <<T_py that there is fine structure in the junction con-
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FIG. 5. (a) Conductance as a function of voltage measured
relative to the Pb energy gap for Sample 1, a YBa,Cu;0,_s/Pb
junction at T=1.5 K in 0- and 1-T magnetic fields. The struc-
ture due to the Pb superconducting quasiparticle density of
states is evident in zero field and is quenched in a 1-T field. (b)
Conductance in O T normalized by the conductance in 1 T to
bring out the structure due to the Pb quasiparticle density of
states. The structures associated with the transverse (7T) and
longitudinal (L) phonons are indicated.
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ductance in zero magnetic field that disappears in a field
of 1 T. This structure is due to the phonon structure in
the quasiparticle density of states of Pb. We demonstrate
that this is so in Fig. 5(b), in which we plot the ratio of
the conductance in zero field to the conductance at 1 T; a
field which quenches the Pb superconductivity. The re-
sulting normalized conductance shows features due to the
longitudinal and transverse phonon peaks in Pb which
are of the correct size and energy.'® If there were a
multiple-step tunneling process or leakage conductance
in this junction, then these features would be shifted,
smeared, and reduced in amplitude.

Third, we have assured ourselves that the structure in
G(V) comes from a temperature-dependent density of
states. In a superconductor, the gap structure and pho-
non structures in Ng(E) are temperature dependent and
disappear at T,. To show that the structure that we ob-
serve in G(V') results from a temperature-dependent den-
sity of states, we will first assume that it does not. This
would imply that

df(v+Vv’')
dv

so that a measurement of G at low temperatures would
allow one to predict G (V) at higher temperatures. It fol-
lows that deviations from this temperature dependence
can be attributed to a temperature dependence of Ng(E ).
In Fig. 6, we show that there is a temperature depen-
dence to G(V') which we can attribute to a temperature
dependence of the quasiparticle density of states of
YBa,Cu;0,_5. The dashed line gives the conductance at
90 K calculated using Eq. (5) with the conductance at 10
K serving as G(V,T=0). The calculation contains more
structure than and shows clear deviations from the mea-
sured 90-K conductance (solid line). From this compar-
ison we conclude that the density of states that we are
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FIG. 6. The solid line is the measured conductance as a func-
tion of voltage at 90 K for a YBa,Cu;0,_5/Pb junction (Sample
1). The dashed line is the conductance calculated using the pro-
cedure described in the text. Note the structure in the calculat-
ed conductance as compared to the measured conductance.
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FIG. 7. Conductance as a function of voltage for a
YBa,Cu;0,_5/Pb junction (Sample 1) in 0 T, 10.0 T parallel to
the a-b planes, and 8.0 T perpendicular to the a-b planes. The
arrows indicate features that are discussed in the text.

probing is temperature dependent as one would expect
for a superconductor.

Having demonstrated that the conductance of these
junctions is due to a single-step tunneling process and has
a nontrivial temperature dependence, we can attribute
the structure that we observe at low temperatures (under
conditions for which Pb is not superconducting) to struc-
ture in the density of states of the YBa,Cu,;0,_5 material
which is immediately adjacent to the tunnel barrier. We
believe that this structure which develops at T, is very
closely related to the bulk intrinsic density of states of
YBa,Cu;0,_s, but we cannot prove this.

We emphasize this structure in Fig. 7 (solid line),

1 | | | | 1 1
-80 -60 -40 -20 0 20 40 60 80
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FIG. 8. Conductance as a function of voltage for a
YBa,Cu;0,_5/Pb junction, Sample 2. Note that the two peaks
at —31 and —41 mV in Sample 1 have merged into a single
peak here.
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FIG. 9. Differential resistance as a function of voltage for
various temperatures for two YBa,Cu;0,_5/Pb junctions, Sam-
ples 3 and 4. Note the similarities between the structures ob-
served in these data and data from the other junctions.

where we have plotted G(V') obtained at 10 K and in
zero applied magnetic field over a finer voltage scale than
in Fig. 1(a). Additional structure and the asymmetry in
G(V) are evident. The prominent features in G(V) are
peaks located at approximately 19 and +36 mV. There
are two smaller broader peaks at approximately —31 and
—41 mV. For some junctions, these features appear
more as a single peak centered at —36 mV (see Fig. 8).
Below about 25 K, features at +4—-5 mV begin to emerge.
The sharpness of these features varies a little from junc-
tion to junction but their positions are reproducible. We
demonstrate this in Fig. 9, where we show the
differential resistance of two other Pb/YBa,Cu;0,_;
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FIG. 10. Conductance as a function of voltage for two
YBa,Cu;0,_5/Pb junctions. Note the peaklike structures at
~5 mV and the relatively weaker structure at higher energies in
Sample 5 as compared to Sample 1.
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junctions as a function of voltage at different tempera-
tures. The same features are evident. For some of the
Pb/YBa,Cu;0,_; junctions, such as Sample 5 in Fig. 10,
the structures at =5 mV are stronger and appear as peaks
in contrast to the data on Sample 1. The higher-energy
features are evident in Sample 5, but they are weaker
than in Sample 1. Figure 10 is an extreme example of the
variation observed and most often the data appeared
more like that of Fig. 7.

In addition to the features that we have described
above, we have consistently measured a low-temperature
zero-bias conductance, G(0), on the order of 60-70 % of
the junction conductance at 0 mV at T=T,. We know
that this is not due to “‘leakage” because the ratio of the
junction zero-bias conductance with Pb in the supercon-
ducting state (7'=2K) to the junction zero-bias conduc-
tance with Pb in the normal state is much less than 1%
[see inset of Fig. 1(b)].

The zero-bias conductance depends on temperature as
shown for 10< T <90 K in Fig. 11. It decreases with de-
creasing temperature much more slowly than one would
expect for a BCS superconductor. To demonstrate how
slowly G(0) varies with temperature, we assume that
G(0) is zero at T=0, and find that G(0)=T°!® as shown
in Fig. 12. We have measured this temperature depen-
dence to even lower T and shown that G(0) in a magnetic
field of =0.5 T continues to drop even at 0.1 K, a tem-
perature 3 orders of magnitude below T,.

Our measurements of G(V) in applied magnetic fields
give further evidence supporting the claim that most of
the observed structure below T, is related to the super-
conducting density of states of YBa,Cu;O,_5. For a
thin-film, type-II BCS superconductor, application of a
magnetic field parallel to the plane of the film weakens
the pairing interaction causing the transition temperature
to drop and modifying the quasiparticle density of states.
Specifically, the square-root cusp in the density of states
becomes rounded and the spectral gap (which gives the
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FIG. 11. Temperature dependence of the zero-bias conduc-
tance for a ¥Ba,Cu;0,_5/Pb junction down to approximately
10K.
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FIG. 12. Data from Fig. 10 plotted as a function of T%'® to FIG. 13. Conductance as function of voltage for a

demonstrate the extremely slow decrease of the zero-bias con-
ductance as a function of temperature.

minimum energy required to create an excitation) de-
creases.!” These changes give rise to broadened peaks in
G(V) and an increased zero-bias conductance at finite
temperatures.

Application of a perpendicular magnetic field gives rise
to an inhomogeneous field distribution due to the
penetration of vortices into the superconductor at the
junction interface. Since the density of states in a vortex
is approximately the normal-metal density of states,'® the
presence of vortices will act to ‘“‘dilute” the effect of the
superconducting quasiparticle density of states on G(V')
in addition to modifying the density of states in the su-
perconducting areas in the manner described above.
Therefore, one expects the effects of a perpendicular field
on G(V) to be more dramatic than those of a parallel
field.

In Fig. 7, we show the effect of a parallel magnetic field
(dashed line) and a perpendicular magnetic field (dotted
line) on G(¥V). The features which appear to be most
strongly affected by a parallel magnetic field are the
zero-bias conductance, which increases, and the peaks at
+19 and +5 mV, which broaden and shrink in a manner
qualitatively similar to what we would expect for a BCS
superconductor. Similar, but stronger, effects are ob-
served for the perpendicular field case, as we might have
expected based on the preceding discussion.

We also applied magnetic fields to junctions at higher
temperatures and found the structure to be affected in the
same qualitative way as the low-temperature data. This
is shown in Fig. 13 where G(V) of a YBa,Cu;0;_5/Pb
junction at 60 K normalized by G(¥') at 95 K in O and 5
T are plotted. Again, the zero-bias conductance increases
and the peaks diminish. This indicates that superconduc-
tivity is still evident at 60 K in the tunneling density of
states.

We have also investigated the possibility that the ob-
served structure in G(V) reflects the properties of a

YBa,Cu;0;,_5/Pb junction at 60 K for O- and 5-T magnetic
fields applied perpendicular to the a-b planes.

YBa,Cu;0,_5/Pb interface rather than the intrinsic
properties of the YBa,Cu;0,_5 surface. If the former
were true, then changes of the counterelectrode material
would be expected to give changes in the structure of
G (V). To demonstrate that this is not the case, we have
plotted G(¥) for Au and Bi counterelectrode junctions at
4.2 K in Figs. 14 and 15, respectively. While there are
some subtle differences between these data and the
YBa,Cu;0,_5/Pb data, the overall structures are the
same; peaks near 20 mV, shoulders near 5 mV, and a
large zero-bias conductance. This is a strong indication
that G(V) is directly related to the quasiparticle density

G(V)/6(70 mV)

—60 —40 —20 0 20 40 60

FIG. 14. Conductance as a function of voltage at approxi-
mately 10 K for a YBa,Cu;O,_s/Au (dashed line) and a
YBa,Cu;0,_5/Pb junction (solid line).



44 ELECTRON TUNNELING INTO SINGLE CRYSTALS OF YBa,Cu;0;_;

G(V)/G(70 mV)
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FIG. 15. Conductance as a function of voltage at approxi-
mately 10 K for a YBa,Cu;0,_5/Bi junction.

of states of the YBa,Cu;0,_;. The small differences be-
tween YBa,Cu;0,;_5/Pb and YBa,Cu;0,_5/Bi,Au con-
ductances may find their roots in tunnel barrier shape
and size effects.

As demonstrated by the data we have presented thus
far on many junctions, and additional data not presented
here, the observed structure in G(¥) is very reproducible.
In the present studies, we have varied junction prepara-
tion parameters rather extensively (etchants, etching
time, counterelectrodes, etc.) and obtained similar results.
It is this remarkable reproducibility which gives us addi-
tional confidence in the intrinsic nature of the data.

Further confidence in the intrinsic nature of our data
on YBa,Cu3;0,_5 comes from a comparison with other
tunneling studies using different junction preparation
techniques carried out by other groups. Results similar
to ours have been obtained by Geerk and co-workers,’
and by Kwo et al.!° on epitaxial films, by Fournel et al.’
on cleaved single crystals, and by Takeuchi'® on sintered
pellets. All of these groups observed a large zero-bias
conductance at low temperatures and structure at 4-5
meV. We associate the 19-mV structure that we see to
the 20-mV structure seen by Takeuchi,'® 16-mV structure
of Geerk,” and 30-mV structure of Fournel.> We have
also obtained similar results on thin films using the same
etching technique.?®

IV. DISCUSSION

Our tunneling measurements yield structure in the
quasiparticle density of states that does not conform to
that of a simple superconductor. The tunneling conduc-
tance in the normal state and in the “background” of the
superconducting state is a linear rather than a constant
function of voltage. The linearity is striking and may in-
dicate that the normal-state quasiparticle density of states
depends linearly on energy around the Fermi energy.
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There are multiple features of roughly equal strength in
the superconducting density of states as opposed to two
symmetrically located sharp peaks. This structure could
arise for several reasons, including possible gap anisotro-
py in this highly anisotropic material, or a proximity
effect. In the anisotropy picture, we can associate the
structures at 5 and 19 mV with energy gaps along the ¢
axis and in the a-b plane, respectively. In a proximity
effect picture, the 5- and 19-meV features correspond to
the gaps of weakly and strongly superconducting layers
of material. Finally, there is a finite zero-bias conduc-
tance that may indicate the existence of states ‘“in the
gap” in the superconducting state. These characteristics
suggest interesting possibilities for the density of states in
superconducting YBa,Cu;0,_;.

We attribute the linear dependence of the
normal-state tunneling conductance to a density of states
that depends linearly on energy at high energies:

4,21,22

N(E)=Ny(a|E|+1),

where a at positive and negative energies usually differ by
~10% and N, is the density of states at the Fermi ener-
gy. This form for Ny(E) predicts a discontinuity in its
derivative at the Fermi energy which is similar to the
singular behavior observed in the tunneling density of
states in disordered systems. In those systems, near the
metal-insulator transition Fermi-liquid theory breaks
down and singular corrections to the tunneling density of
states, ON/Ny<E 172 in three dimensions and
ON/Ny< In(E) in two dimensions, due to disorder-
enhanced spatial correlations between quasiparticle states
appear. By analogy, we suggest that the linear energy
dependence of the density of states in this material stems
from similar correlation effects and a breakdown of the
simple Fermi-liquid description. The thermal broadening
in excess of 3.5k T of the structure in G(V) is consistent
with this picture. Similar excess thermal broadening is
observed in the G(V) of tunnel junctions made with
disordered materials. This arises from the temperature
dependence of the correlation corrections to the density
of states. Indeed, the breakdown of a Fermi-liquid
description of the normal state in these materials was
proposed early by Anderson and Zou.?? They suggest
that the resonating-valence-bond (RVB) theory predicts
that the tunneling density of states should have a linear
energy dependence. Alternatively Varma et al.?? have
developed a phenomenological description of the proper-
ties of the high-T, normal state based on a marginal
Fermi-liquid theory and suggest that the linear energy
dependence of N(E) is a consequence of this approach.
Alternatives to the explanation that the linear voltage
dependence of the tunneling conductance stems from a
density of states effect have been proposed. First, it was
suggested that the linear voltage dependence results from
barrier size effects.?* In support of this picture, a reason-
able fit to tunneling data on La,_, Sr,CuO, was obtained
using a low-asymmetric-shaped tunneling barrier. This
barrier was so low, however, that a significant tempera-
ture dependence to the tunneling conductance should be
present. We do not observe a strong temperature depen-
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dence and so argue against this model as a source of the
linear background. More recently, Kirtley and Scalapi-
no'® suggested that the linear background is due to in-
elastic tunneling effects involving a broad band of spin-
fluctuation excitations. This linear background has been
observed in the normal-state conductance in other high-
T, compounds, La,_, Sr,Cu0,*? BaPb,_,Bi, 0"
and, most recently, Ba,_,K,Bi0O;.2® While this spin-
fluctuation argument could apply to the cuprates, it will
not apply to the bisthmuthates in which quantitatively
similar linear backgrounds are observed but no spin fluc-
tuations are possible. An alternative coupling to, for ex-
ample, charge-density waves would have to be invoked.
In addition, this model implies that the conductance of
the tunnel junction at high voltages (eV > k3 T') decreases
as the temperature decreases; behavior which is the oppo-
site to that which we observe (see discussion of Fig. 1).
Hence, we argue that the “linear density of states” model
gives a more likely explanation for the linear background

Finally, we note that some work using scanning tunnel-
ing microscopy?’ and point-contact®® tunneling into
high-T, superconductors show a background conduc-
tance that depends on junction resistance. For high resis-
tances G(V) increases with ¥ and for low resistances
G (V) decreases with V. We believe that this behavior re-
sults from the high current densities that are used in
these devices. The joule heating that occurs at the tunnel
junction interface can drive regions of the high-T, super-
conductor near the interface into the normal state. The
resistance of this region adds in series with the junction
resistance, thereby reducing the “observed” junction con-
ductance. The size and, hence, resistance of this normal
region will increase with increasing voltage and decreas-
ing junction resistance. Thus, in lower resistance junc-
tions in which the current densities are relatively high,
the background conductance can decrease with increas-
ing voltage. It is important to note that these inverted
backgrounds should be temperature dependent; heating
effects will be more severe at lower temperatures. We
have observed an inverted background in one of our
lowest resistance junctions when we cooled it down to di-
lution refrigerator temperatures.

In preliminary measurements below T, multiple gap-
like structures in G (V) have been observed in Tl-Ba-Ca-
Cu-0," and Bi-Sr-Ca-Cu-O,%° similar to those in
YBa,Cu;0,_;, suggesting that they are a general proper-
ty of the cuprates. Keeping in mind that these systems
are highly anisotropic, we suggest a possibility that the
multiple structures arise from multiple energy gaps: one
at 19 meV associated with the a-b planes and one at 4-35
meV associated with the ¢ axis. Indeed, the nonplanar
etched surfaces provide for tunneling in both directions,
as was pointed out above. If this interpretation is
correct, then we estimate the geometric mean
A,,=(1/V3)(2A2, +A2)'"? to be 15.7 meV which corre-
sponds to a 2A /ky T, ratio of approximately 4.1; a num-
ber which is closer to the weak-coupling limit of 3.5 than
many other measurements.

A second possible physical explanation for the multiple
“gaplike” structure was put forth by Takahashi and Ta-
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chiki.® These authors suggest that the copper-oxide su-
perconductors have layer structures with strongly and
weakly superconducting layers. Because the coherence
length is so short, this results in an internal proximity
effect where the more weakly superconducting planes (or
chains) are weakly coupled to the strongly superconduct-
ing planes. As a result of the coupling, multiple gaps ap-
pear. At the moment, we see no reason why their effect
should not be operative and find this a rather appealing
explanation.

The finite zero-bias conductance could be due to
several things such as (a) the presence of states at the Fer-
mi energy of superconducting YBa,Cu;0,_j, (b) the pres-
ence of both superconducting and normal metallic phases
within the junction area, (c) a normal-metal surface on
YBa,Cu;0,_5 which superconducts due to the proximity
effect, or (d) states at E that are induced by spin-flip
scattering. In support of (a), the theory of Takahashi and
Tachiki also predicts states at Ep that result from the
coupling. between weakly and strongly superconducting
layers. If (b) is correct, then the structure that we ob-
serve is representative of the quasiparticle density of
states but it is “diluted” by conductance paths into the
normal metal. In view of the reproducibility of this
effect, we judge this explanation unlikely. The short
coherence lengths in this material make choice (c) a more
likely explanation for our observations. In short coher-
ence length material, the order parameter and the quasi-
particle density of states can vary over small distances
(§,~3 A). Imperfections in the first £, of the surface
could create distortions in the measured density of states.
Proximity of the surface to good bulk regions would still
give it a bulk transition temperature. Again, the repro-
ducibility of tunneling data on YBa,Cu;0,_s argues
against this possibility.

Finally, the cuprates are antiferromagnetic insulators
and as such are prone to have defects that have free spins.
If the presence of spin defects is an issue, then the ob-
served states in the “gap” could be due to spin-flip
scattering resulting in gaplessness: choice (d). In conven-
tional superconductors, if the spin-flip scattering rate
#irge~ A, gaplessness occurs.'” Tunneling studies of con-
ventional superconductors with dilute magnetic impuri-
ties show behavior which is qualitatively similar to that
shown in Fig. 1. Depending on the strength of the elec-
tron local moment interaction, only one impurity in 10* is
necessary for such effects.3! A small density of defects in
the copper-oxide planes might give a resultant moment
and subsequent magnetic scattering. A problem with this
explanation is the apparent reproducibility of the tunnel-
ing results in thin-film and single-crystal samples. It is
difficult to imagine all samples having approximately the
same density of spin-flip scattering centers unless such
defects are intrinsic. We believe that the reproducibility
of the size of the zero-bias conductance between junctions
prepared in many different ways and the observed onset
of structure at the bulk T, argue against this possibility.

Thus, the reproducibility of the relative size of the
zero-bias conductance makes it difficult to imagine that it
is not related to the density of states of superconducting
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FIG. 16. Conductance data at 10 K from Fig. 1(a), Sample 1,
normalized to the 100-K conductance. The arrows indicate the
location of possible phonon structure in the quasiparticle densi-
ty of states in YBa,Cu3;0;_s.

YBa,Cu;0,_5. This result, taken at face value, certainly
implies that there is a continuum of states below the gap.
We tend to favor the explanation of Takahashi and Ta-
chiki for the origin of these states.°

Earlier we presented the conductance data in normal-
ized form, pointing out that a single peak dominated the
structure in G, (V). The 36-meV peaks were
transformed into shoulders by the normalization pro-
cedure. In Fig. 16, we plot G, (V) at 10 K and note
that these shoulders are reminiscent of the phonon struc-
ture in the quasiparticle density of states that one ob-
serves in a strongly coupled BCS superconductor. If this
is the case and one assumes A~ 19 meV, then V—A=23
meV gives the energy of the phonon. Using the Allen-

ELECTRON TUNNELING INTO SINGLE CRYSTALS OF YBa,Cu;0;_;

11 995

Dynes-McMillan formula,? TC=0.15(7L62)” 2, we find
we need a A=5 for a T,=90 K. A McMillan-Rowell
analysis' of the data gives A~2. These results suggest
strong coupling. We note that the analysis of the linear
resistivity suggests a small A.3> We also caution that this
structure in the tunneling conductance is not strictly
symmetric about zero bias. Eliashberg theory does not
allow for any asymmetry in the normalized supercon-
ducting density of states and so a detailed analysis in
these terms does not seem justified at t1 moment. Nev-
ertheless, it is intriguing to speculate that perhaps this
structure is a signature of the coupling mechanism and is
of sufficient strength to account for A=~2— a strong-
coupled superconductor.

In summary, we have reported tunneling measure-
ments into single crystals of YBa,Cu;0,_s. The reprodu-
cibility of these results gives us confidence that they
reflect the intrinsic properties of YBa,Cu;0,_5. At T,,
we see an abrupt change in the zero-bias conductance
which shows that we are tunneling into the supercon-
ducting state. There are two gaplike features at 4—5 and
19 meV. This structure does not have a BCS shape and
we consistently see a zero-bias conductance which is
~60% of the conductance at 100 mV, suggesting the
possibility of states in the gap. There are several possible
explanations for such states and we tend to favor that
based on an internal-proximity-effect model.*°
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