
PHYSICAL REVIEW B VOLUME 50, NUMBER 5 1 AUGUST 1994-I

Electron tunneling and transport in the high-T, superconductor Y, „Pr„Ba2Cu30'7
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We have performed tunneling measurements on single crystals of the superconducting cuprate
Y, ,Pr„Ba2Cu307 z. With increasing concentration of Pr, the structure seen in YBa2Cu307 z in the
energy region where a gap is expected, becomes even less pronounced (more "gapless" ) as the T, is re-
duced. In the vicinity of the supeconductor-insulator transition, in tunnel junctions of demonstrably
high quality, this structure becomes very weak. We draw upon a strong analogy between this system and
ion beam damaged YBa2Cu30& q to discuss the results.

Tunneling measurements into the high-T, cuprate su-
perconductors have demonstrated a wide variety of re-
sults. Attempts to determine whether a conventional
BCS energy gap exists have yielded both aSrmative and
negative answers and apparently depend upon the direc-
tion of tunneling, the nature of the tunnel junction, and
the quality of the surface. ' In contrast, the bismuthates
Ba& „K„Bi03,BaPb, „Bi 03, etc., apparently exhibit a
well-behaved BCS energy gap with a ratio 2b, /kT, close
to the weak-coupling limit (2h /kT, =3.5~3.8 ).
Among the several differences between these two classes
of compounds, dimensionality, proximity of antifer-
romagnetism, and coherence lengths stand out. In this
work, we study a system in which two of these parame-
ters can be systematically controlled in such a way that
we can study their effect on the tunneling spectra. We
find, in the system Y, „Pr„Ba2Cu307 5 that as we in-
crease the praseodymium concentration, and consequent-
ly reduce the superconducting transition temperature
T„ the tunneling spectra show an increase in gapless-
ness, which can be interpreted either as a result of in-
creased spin-flip scattering in a conventional s-wave su-
perconductor or elastic scattering for a d-wave order su-
perconductor.

The system we have chosen to study is

Y&,Pr„Ba2Cu307 &. In this system, which has been ex-
tensively studied, the Pr substitutes onto the Y site and
T, decreases monotonically until, at about x =0.55 the
material undergoes a superconductor-insulator transi-
tion. The transitions remain sharp and the coherence
lengths (both in-plane g,b and out-of-plane g, ) increase
by over a factor of 3. With increasing coherence length
in a conventional superconductor, it is expected that
proximity effects (either intrinsic due to the planes or ex-
trinsic due to the surfaces} should be less effective. Fur-
thermore, with increasing Pr concentration it is found
that there is increased carrier scattering. For substantial
amounts of Pr, the resistivity data can be simply inter-
preted as an increase in the zero-temperature residual
resistivity with almost no change in the temperature-
dependent linear component a, i.e., p=po+aT.

Since po scales with Pr concentration, it is reasonable
to treat this as an increased scattering rate and hence in-

creased disorder. Therefore, in this system, the addition
of Pr increases both the coherence length and the scatter-
ing rate in a controlled fashion as T, reduces to zero.

The samples studied were single crystals. The
Y, „Pr„Ba2Cu307 & single crystals were grown using
the following prescription. First, precursors of the
Y&,Pr„Ba2Cu307 & of nominal x value were prepared
from high-purity (99.99% or better} Y203, Pr60»,
BaCO3, and CuO powders. The stoichiometric mixtures
were fired at 900'C for 4 days, with intermediate grind-
ings performed every 24 h. The precursors were then
mixed with an excess of BaCO3 and CuO to give a ratio
of (Y&,Pr„}:Ba:Cuof 1:9:24. The powder was loosely
packed and placed in the high end of a Zr02 tray which
was tilted at an angle of —15'. The powder was heated at
a rate of 100'C/h to 880'C, and then heated at a rate of
25'C/h to 980'C, where the temperature was held con-
stant for 1 h. Next, the temperature was lowered at
6.2'C/h to 880'C and then cooled to 100'C/h to room
temperature. The crystals were mechanically extracted
from the flux and annealed in flowing oxygen at 420'C
for 10 days. From electron microprobe analysis, the ac-
tual concentration of Pr was about 0.7 times the nominal
concentration of the initial flux. Therefore, the concen-
trations of the crystals were determined by comparing
their T, 's with high-quality polycrystalline samples
whose Pr concentration was accurately known.

Tunnel junctions have been prepared using two
different techniques on surfaces normal to the c axis. We
found that junctions meeting the criteria discussed below
could be prepared either by a previously reported chemi-
cal etch consisting of Br2 in methanol or by low voltage-
low angle ion milling followed immediately by evapora-
tion of a counter electrode. For purposes of evaluation of
the tunnel junction, we chose Pb as the counter electrode.
Most of the junctions reported here were prepared using
the chemical etch technique. A stringent measurement of
the quality of the tunnel junction is the clear observation,
not only of the superconducting energy gap of the
counter electrode Pb and very low leakage current {less
than 1 part in 10 for all junctions measured) below the
Pb gap, but also at higher voltages of the structure associ-
ated with the electron-phonon coupling in Pb. ' These
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observations clearly confirm not only that the conduction
process is tunneling, but that the tunneling is also a single
step process such that the voltage across the junction is a
measure of the energy of the injected electron or hole at
least to voltages up to = 10 mV. The junction area is typ-
ically =0.1 mm, and the junction resistances vary from
10 0 to 10 KQ. While there was a substantial difference
in junction resistance as a result of different barrier
preparation, it was found that the dI/dV vs V curves
were identical after scaling the resistance. This result
gives further confidence in the conclusion that the tunnel-
ing was an elastic process and that these measurements
are not a result of surface effects.

In Fig. 1 we show the results of measurements on three
separate (nominal} concentrations; x =0, 0.28 and 0.46
corresponding to T, =92, 63, and 37 K. Plotted in Fig. 1

are the tunneling conductances for these three concentra-
tions separately normalized at a voltage of —150 mV. In
order to eliminate the structure from the Pb, we either
did the measurement at 1.5 K with a small magnetic field
of 0.1 T applied to drive the counter electrode Pb into the
normal state, or raised the temperature to about 10 K
(Iust above the T, of Pb which is 7.2 K). Aside from the
additional thermal smearing associated with the higher-
temperature method, the two procedures were equivalent.
These data are reproducible on junctions which meet the
criteria of quality discussed above (both superconducting
energy gap of Pb and characteristic signature of
electron-phonon coupling in Pb observed}. We have mea-
sured at least three samples for each of the above Pr con-
centrations, and despite the variation in junction resis-
tance, we observe the same tunneling conductance curve
for each concentration upon normalizations (at —150
mV for example). The concentration variation illustrated
in Fig. 1 is faithfully reproduced as the data is representa-
tive of a more extensive set of curves of varying Pr con-
centrations over the entire range from T, =92 K to the
superconductor-insulator transition. The undoped
(x =0}curve is similar to that observed previously and
by other investigators. " The linear background conduc-
tance is apparent as is the structure in the voltage region
where an energy gap would be expected for a BCS super-
conductor. The BCS ratio b, lkT, =1.76 implies an ener-

gy gap of 13.9 meV, the range over which structure is ob-
served, but the data show no gap. In addition to the peak
in the conductance at =18 InV, there is also an addition-
al structure at lower voltages of =4 mV. We will come
back to this later.

For the samples with increasing Pr concentration, we
see that this structure in the vicinity of an expected BCS
energy gap becomes less pronounced. If proximity effects
were dominating the observed structure (due either to ex-
trinsic surface efforts or intrinsic spatial variation of the
order parameter inside the crystal structure) we would
expect these proximity effects to be less effective with in-
creasing x because of the increasing coherence length.
This would result in a more conventional structure for
lower T, . This is not what is observed as the material is
apparently more "gapless" with increasing Pr substitu-
tion.

To more clearly illustrate this, we have normalized the

linear background of the data in Fig. 1 and present the
results in Fig. 2. The curves in Fig. 2 were acquired by
dividing the data in Fig. 1 by a linear background con-
ductance. This is determined by extrapolating to zero
bias from high voltages (75 —150 mV). We note that us-

ing this procedure we recover a conductance where it ap-
pear that "states are not conserved. " We are not too
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FIG. 1. Normalized tunneling conductance (normalized at
—150 mV bias) for three selected compounds of
Y& „Pr„Ba2Cu307 z. The x values for the three curves are {a)
x =0, {b)x =0.28, {c)x =0.46.
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FIG. 2. The same data of Fig. 1 with the linear background at high voltages removed. (a) x =0, T, =92 K, (b) x =0.28, T, =63 K,
(c) x =0.46, T, =37 K, (d) Expanded voltage scale for frames (a) and (c).

worried about this apparent problem because satisfying
this "sum rule" depends upon the choice of normalizing
linear background. If the missing states are distributed
over a wide energy range (up to say 100 mV or so), we
could normalize them out. We have tested this using
difFerent voltage regions to normalize the linear back-
ground and find this to be the case. The structure in the
YBa2Cu307 & apparent at 18 mV becomes less pro-
nounced with increasing x. We caution against the sim-
ple conclusion that this structure is simply broadened by
lifetime efFects, however. In addition to the peak in the
conductance at =18 mV, there is also a characteristic
which could be interpreted as a "second gap" at lower
voltages ( ~ 5 mV). This structure for x =0 and x =0.46
is shown more clearly in Fig. 2(d) where we reiterate the
point made above. If, with increasing x, the structure
was simply broadened, we would expect the low-energy
characteristics to disappear first which is apparently not
the case. We have previously speculated that this struc-
ture was associated with a highly anisotropic gap in the c
direction (as opposed to the a bplane), and w-hile these
data are not strong evidence for or against that specula-
tion, it is interesting that it is apparently more robust
than the higher-energy structure at 18 mV. We reiterate
that none of this represents a true "gap" as the tunneling
density of states remains finite at zero bias. Nevertheless,

this low-energy structure is apparently less sensitive to
the substitution of Pr than the higher voltage structure
which almost disappears for x =0.46.

There has been substantial discussion recently over the
possibility of d-wave superconductivity in these cuprates
as opposed to a highly anisotropic, more conventional
pairing mechanism. ' It is indeed tempting to interpret
the data of Figs. 1 and 2 in terms of d-wave pairing and
the impact of elastic scattering on that pairing. To pur-
sue this issue further, we show in Fig. 3(a) a family of
p(T) curves for the Y& „Pr„Ba2Cu307 s system. It is

striking that, with increasing Pr doping, p( T) retains its
linear dependence but with an increasing residual resis-
tivity po characteristic of a conventional metal with im-

purity scattering. Within the framework of d-wave su-
perconductivity, impurity scattering results in gapless-
ness due to rapid scattering from positive to negative
values of the energy gap, resulting in an "average. " For
rapid enough scattering, the average becomes zero for d-
wave symmetry and superconductivity disappears.

We show a remarkably analogous set of curves in Fig.
3(b) which were generated from ion-beam damage in

YBa2Cu307 s. ' Here also, p( T) retains its linear
behavior with an increased residual resistivity. The quan-
titative similarity of these two data sets is striking. While
the width of the superconducting transition is larger in
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FIG. 4. T, vs residual resistivity from the data of both Figs.
3(a) and 3(b). The solid line is our estimate of T, vs resistivity
for d-wave pairing.
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FIG. 3. Resistivity vs T for (a) Y& „Pr„Ba2Cu30& z. For in-
creasing Pr the T, drops and the residual resistivity increases,
(b) Ion damaged YBazCu307 q. After bombardment of 1-MeV
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22.0) X10' ions/cm . For increasing ion damage the behavior
is similar for increasing Pr in (a).

the ion damage case the general features are strikingly
similar. The T, decreases in a similar fashion and the
superconductor-insulator transition occurs at the same
residual resistivity. More quantitatively, we can look at
the variation of T, with residual resistivity and that is
shown in Fig. 4. The analogy between Pr substitution
and ion damage is even more compelling as we see that
T, apparently is dependent on po in both cases and not
particularly sensitive to the method po is generated. Us-
ing a very simple model, we can estimate a scattering rate
from the determination of po. While this can only be con-
sidered qualitative, it is useful to determine relative
scattering rates. In a recent calculation, Jiang, Carbotte,
and Dynes have used a generalized Ehashberg formalism
valid for a d-wave superconductor and determined the
quasiparticle density of states including scattering. '
Indeed the magnitude of the "gap" structure was sensi-
tive to elastic scattering but our simple estimate of
1/~; p„„ty determined from the values of po in Fig. 3 sug-
gests a scattering rate an order of magnitude or two
larger than that needed to suppress d-wave pairing. The

solid line intersecting T, =0 at 50 pQ cm is our estimate
of where T, should go to zero if d-wave pairing is respon-
sible. This analogy implies that superconductivity is des-
troyed for a scattering rate EFr=k and not 6 a=A' as ex-

pected for d-wave pairing. Another way to think about
this is that since the T, is so insensitive to scattering, any
coupling mechanism that is sensitive to structure in k
space is probably not relevant. The k-space structure has
disappeared at much lower scattering rates. Such a k-
space dependence is implied in the model of spin-wave
fluctuation-induced superconductivity. Alternatively, if
we interpret the data of Fig. 1 as due to gaplessness as a
result of spin-ffip scattering, again a small fraction of the
scattering as determined from the residual resistivity po
can be spin-flip scattering. It is, indeed, tempting to in-
terpret this collapse of the structure as due to one of the
two processes; either elastic scattering in a d-wave super-
conductor or spin-flip scattering in an anisotropic s-wave
superconductor. As discussed above, there are quantita-
tive problems with both these interpretations.

It is important, finally though, to remember that
through this strong scattering and disappearance of
structure in the region where a "gap" is expected, a low-
energy signature at 3-5 mV persists.

The superconductor-insulator transition of Fig. 3 is
reminiscent of that extensively studied in two-
dimensional quench condensed conventional supercon-
ductors. ' With increasing disorder, T, is reduced until
the sheet resistance is of the order of 10000 0/0 at
which time T,~0 and the superconductor-insulator
transition results. The analogy with the data of Fig. 3 is
even more striking if we assume that the
Y

& Pr„BazCu3O7 & is really comprised of two-
dimensional (Cu02) sheets. With increasing disorder (Pr
substitution or ion damage) the resistance/U increases,
T, decreases and the superconductor-insulator transition
results. Indeed, the superconductor-insulator transition
occurs at R~=10 KQ per Cu02 sheet; a quantitative
similarity with conventional two-dimensional (2D) super-
conductors. From this perspective, it is not surprising an
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insulating transition occurs and superconductivity disap-
pears in the cuprates; we do not know of a 2D conven-
tional superconductor with an R~ greater than 10 K Q.
There are, however, additional considerations as the con-
ventional 2D superconductors are known to retain their
BCS gap until very close to the superconductor-insulator
transition.

In summary, we have studied the properties of the sys-
tem Y, „Pr„Ba2Cu307 & using electron tunneling. Al-

though with increasing x, the coherence lengths g,b and

g, both increase, the tunneling structure in the energy
range where a gap might be expected decreases in
strength rather than increases. This could be interpreted
either as elastic scattering for a d-wave superconductor
or spin-Hip scattering in an anisotropic conventional su-
perconductor. The transport properties of

Y, Pr Ba2Cu307 & are remarkably analogous to those
of ion damaged YBa2Cu307 & and a very simple relation-
ship between the residual resistivity po and the T, results.
Furthermore, if we think of these cuprates as two-
dimensional conductors, the quantitative similarity of
these results with the studies of superconductivity in con-
ventional materials when reduced to two dimensions is
even more striking.
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