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Cryogenic scanning tunneling microscopy is used to study the local electronic properties of interme-
tallic YNi,B,C superconductors. Samples which were prepared with Ni deficiency showed a sharp su-
perconducting transition, onset around 15 K, while x-ray-diffraction measurements clearly indicated a
presence of a nonsuperconducting YB,C, phase. Our scanning tunneling spectroscopy measurements on
these samples show strong spatial variations of the tunneling conductance, consistent with granular ma-
terials. In particular, we observe reproducible transitions between normal regions to superconducting
regions, having a gap parameter of 2.55+0.05 meV at 4.2 K, on length scales of 20 nm. In addition, the
I-V characteristics often manifest single-electron tunneling effects, also typical of granular systems.

INTRODUCTION

The interest in intermetallic superconductors has been
recently increased after the discovery of superconductivi-
ty in quaternary intermetallic compounds RNi,B,C,
where R standing for rare earth or Y.! The highest transi-
tion temperatures, 7, =15.6 and 16.6 K, were observed
for single-phase compounds with R =Y and Lu, respec-
tively. Studies performed on these boride-carbide com-
pounds indicate that they conform closely to convention-
al type-II superconductors in the weak-coupling regime.
These studies include characterization of the magnetic
properties? and tunneling measurements>* of the super-
conducting energy gap 2A. The origin of the relatively
high-T, in these materials, however, is not yet fully un-
derstood. The RNi,B,C compounds were found to crys-
tallize in a tetragonal layered structure, with alternating
Ni,B, and RC layers.""> It has been suggested that the
low mass of boron, together with the strong Ni-B bonds
in the Ni,B, planes, yield high phonon frequencies and
consequently a high T,. It is not known yet whether this
layered structure leads to gap anisotropy, as observed®
for the layered high-T, cuprates.

The boride-carbide superconductors are prepared by
first melting Ni-rich high-purity constituents in Ar atmo-
sphere, followed with an annealing step.!* The melts are
always found to contain a significant nonsuperconducting
impurity phase. Only after an annealing one obtains
nearly single-phase polycrystalline material, with less
than 2% impurity phase. A study of the physical proper-
ties of Y-Ni-B-C systems containing a significant amount
of a normal (nonsuperconducting) phase has not been re-
ported yet. From the applied point of view, such studies
may shed light on the processes taking place during the
annealing stage and thus yield information that might
help to achieve the goal of growing RNi,B,C single crys-
tals. From the more fundamental point of view, one can
learn about the physical properties of systems consisting
of a disordered arrangement of normal and superconduct-
ing domains. Somewhat related to this subject is the
problem of superconductivity in the high-T, cuprates,
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which can be described as ordered arrays of discrete su-
perconducting layers, separated by normal or insulating
layers, and coupled by Josephson interaction.”?

In this paper we present a cryogenic scanning tunnel-
ing microscopy (CSTM) study of YNi,B,C samples which
contain about 20% of a nonsuperconducting impurity
phase, identified from x-ray-diffraction pattern as YB,C,.
The main goal of this paper is to characterize locally the
electronic properties of this disordered normal-
superconductor system. Our spatially resolved
tunneling-spectroscopic data show surprisingly rapid and
sharp transitions from fully superconducting to fully nor-
mal regions, which can be attributed to a granular
normal-superconductor material, with weak coupling be-
tween neighboring grains. Moreover, the tunneling
current-voltage (I-V) characteristics often exhibit single-
electron tunneling (SET) effects,”!” such as the Coulomb
blockade and the Coulomb staircase, consistent with the
picture of weakly coupled grains.

EXPERIMENTAL

In order to ensure the presence of a significant nonsu-
perconducting phase we have prepared the samples by
melting nonstoichiometric (but highly pure) elemental
constituents, with some Ni deficiency. The melting was
performed in an induction furnance in Ar atmosphere.
The x-ray-diffraction pattern indicates that the major
phase (~80%) consists of a body-centered-tetragonal
structure with lattice parameters of ¢=3.53 A and
¢=10.55 A, corresponding to the YNi,B,C supercon-
ducting phase.! The pattern contains several impurity
peaks corresponding to YB,C, (~20%) and some other
unidentified extra lines (less than 3%). No significant
changes were observed, neither in the x-ray-diffraction
pattern nor in the zero-field-cooling magnetization curve
(see below), after annealing the ingot for 120 h at 950 °C.
This indicates that the main source of the nonsupercon-
ducting phase-is not crystal defects, but rather the Ni
deficiency, that cannot be removed by annealing. Figure
1 shows the temperature dependence of the magnetiza-
tion, not corrected for a demagnetization factor, mea-
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FIG. 1. Temperature dependence of the magnetization mea-
sured at a field H=7 Oe for two YNi,B,C samples, one an-
nealed (solid triangles) and one unannealed (open circles). The
arrows indicate the direction of thermal cycling for the mea-
surements after zero-field cooling and for cooling in the pres-
ence of magnetic field.

sured for two samples, one before (open circles) and one
after (solid triangles) annealing. The measurements were
done in a field of 7 Oe, using a superconducting quantum
interference device magnetometer (Quantum Design).
The two magnetization traces are very similar in the
zero-field-cooling part, and they both demonstrate a
sharp superconducting transition. The transition is onset
at 15.0 and at 14.8 K for the annealed and the unan-
nealed sample, respectively. A real difference between
the two traces can be observed only in the field cooling
part, showing smaller flux expulsion for the unannealed
sample. These results suggest that annealing was
effective in reducing the density of flux-pinning centers,
but left the volume fraction of the nonsuperconducting
phase nearly intact.

Specimens were sliced from the ingot, and then pol-
ished first by fine A1,0; powder and ending with 0.25 um
diamond lapping compound just before mounting in our
homemade'® CSTM. The STM was immersed in liquid
He right after evacuating the sample space, and the sam-
ple and the scan head were cooled down to 4.2 K via He
exchange gas. The STM topographic images were mea-
sured in the constant current mode, where a feedback cir-
cuit controls the tip-to-sample separation for a given set-
ting of the tunneling current, I, and tip bias, V5. The I-
V curves, on the other hand, were acquired while momen-
tarily disconnecting the feedback circuit. We note here
that, while routinely achieving atomic resolution for
highly oriented pyrolytic graphite surfaces with our
CSTM, we could not obtain atomically resolved topo-
graphic images for the mechanically polished YNi,B,C
surfaces.

RESULTS AND DISCUSSION

We present below only measurements performed on an
unannealed sample; the results for the annealed samples
were very similar. We first present and discuss typical I-
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V curves acquired in a region that exhibits superconduc-
tivity. (The spatial variations in superconductivity will
be discussed below.) Shown in Fig. 2(a) are two tunnel-
ing I-V characteristics (“noisy” lines), taken at 4.2 K
(lower curve) and at 8 K (upper curve). The tunneling-
current and tip-bias settings (before disconnecting the
feedback circuit) were different for the two curves: I¢=1
nA, V=22 mV,and Ig=1nA, V=15 mV for the lower
and the upper curve, respectively. These settings corre-
spond to large-bias (compared to A) tunneling resistances
R,,=22 and 15 MQ for the upper and the lower curve,
respectively. Each experimental curve is plotted together
with a theoretical curve (smooth line) calculated from
the normal-insulator-superconductor (NIS) tunneling-
junction model, as explained below. In Fig. 2(b) we plot
the normalized tunneling conductance G(V)/G,,
=(dI/dV)R,,, where G,,=1/R,, is the large-bias tun-
neling conductance. These curves were calculated nu-
merically from the corresponding I-V characteristics in
Fig. 2(a). The normalized tunneling-conductance curves
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FIG. 2. (a) Two experimental tunneling I-V characteristics
(“noisy” lines) measured at a superconducting region on the
YNIi,B,C surface. The lower curve was measured at 4.2 and the
upper at 8 K. The solid lines were calculated from the NIS
model with superconducting gap parameters of 2.55 and 2.2
meV, respectively. (b) Normalized conductance curves obtained
numerically from the measured I-¥ characteristics.
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depict the local tunneling density of states (DOS), in this
case the superconductor quasiparticle DOS.

The two curves in Fig. 2(a) exhibit a pronounced gap
structure (suppression of the tunneling-current) around
zero bias, that can be associated with the superconduct-
ing energy gap of YNi,B,C, commonly observed in NIS
tunnel junctions.“’”’12 However, there are also other
mechanisms that can yield gaps in the tunneling DOS,
and thus gap structures in the I-¥V curves. One possibility
is SET effects, such as the Coulomb blockade and the
Coulomb staircase.”!%13715 In order to distinguish exper-
imentally between the I-V characteristics showing a su-
perconducting gap and those manifesting SET effects, one
can look at the effect of changing the STM setting (I and
Vs) on the I-V curves. The I-V characteristics exhibiting
SET effects depend strongly on this setting, both in the
small-bias (tunneling gap) regime and in the large-bias re-
gime,” 1013715 a5 will be shown below. On the other
hand, the superconducting energy gap, and thus the gap
in the NIS tunnel-junction characteristics, are not sensi-
tive to the STM setting. Changing this setting, however,
will obviously be manifested in the large-bias tunneling
conductance. When measuring the I-V traces in Figs.
2(a) and 3(a) we employed this procedure of changing the
STM setting, and found no effect on the gap width for a
wide range of tunneling resistances, 5 MQ <R,, <60
MQ. In order to determine the local superconducting
gap 2A, we fitted the finite-temperature BCS expres-
sion!"12 for the tunneling current in NIS tunnel junction
to our experimental data. The theoretical curves [smooth
lines in Fig. 2(a)] were calculated with A=2.55 meV (for
4.2 K) and A=2.20 meV (for 8 K), as indicated in the
figure, and are in excellent agreement with experiment.
We want to emphasize that the fits were done using only
one fitting parameter, A, as the value of R,, is deter-
mined by the STM setting. The value of 2.55 (£0.05)
meV for A, with T,=15 K, gives the ratio
2A/kpT,~3.9, which is somewhat larger than the BCS
prediction for conventional superconductors,
2A/kpT,=3.53. As the temperature is increased from
4.2 to 8 K, A decreases from 2.55 to 2.2 meV, consistent
with the behavior of conventional superconductors. A
more detailed study of the temperature and magnetic-
field dependencies of A will be published elsewhere.

In what follows, we shall concentrate on the spatial
variations of the tunneling conductance and on the
granular properties of our YNi,B,C samples. The rapid
spatial transition from superconducting-to-normal
behavior is demonstrated by Fig. 3. Here we present two
tunneling I-V characteristics measured at 4.2 K at
different tip positions, about 30 nm apart. The positions
are indicated on the STM topographic image, taken
simultaneously with the I-V curves, using the settings of
Ig=1 nA and Vg=40 mV. The two I-V curves, each
typical for the region where it has been acquired, show
qualitatively different behaviors. Curve (a) displays a
clear superconductor-gap structure typical for NIS tun-
nel junctions, as discussed above. Curve (b), on the other
hand, is purely ohmic, corresponding to a normal-
insulator-normal tunnel junction with a tunneling resis-
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FIG. 3. Topographic image and two tunneling I-¥ charac-
teristics of an YNi,B,C sample measured at 4.2 K. Curve (a)
was measured in a superconducting region, while curve (b) in a
normal region. The tip positions at which the curves were mea-
sured are indicated on the topographic image.

tance R,, =40 MQ. Note that the tunneling resistance
dV /dI in curve (a) approaches asymptotically the same
value of ~40 M() at bias voltages larger than the super-
conducting gap parameter, A==2.55 meV in this case.
Focusing now on the topographic image, one can observe
three distinct regions separated by clear boundaries: A
relatively flat region at the right-hand side of the image,
where I-V trace (a) was acquired, a steeply elevated area
at the left-hand side, where I-V trace (b) was taken, and a
small low plateau at the front corner. These regions will
be denoted below as (a), (b), and (c), respectively. The to-
pographic images were taken at a bias voltage much
larger than A, thus the topographic images do not reflect
changes in the local DOS, but rather correspond to the
surface morphology of the YNi,B,C sample. This was
further confirmed by the fact that the apparent barrier

‘height,' extracted from current vs tip-sample separation

measurements, was found to be nearly constant along the
sample, ~2.8 eV.

As already pointed out above, each of the two I-V
curves in Fig. 3 is a typical representative of the I-V
characteristics taken at the corresponding spatial region.
[The characteristics measured at region (c) were ohmic,
similar to those acquired at region (b).] The spatial tran-
sition from superconductivity to normal behavior oc-
curred across the boundary, clearly observed in the topo-
graphic image, between regions (a) and (b). This was
found to be a general behavior in our samples: the transi-
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tions between areas exhibiting different tunneling-
conductance properties (superconducting, normal, and
SET effects) always took place across ‘“‘topographic boun-
daries.” Thus, our measurements show that the
tunneling-conductance properties, in particular the varia-
tions in the surface-superconductivity, are correlated
with the surface morphology of the YNi,B,C samples.
This suggests that our samples consist of randomly
dispersed superconducting (YNi,B,C) and normal (prob-
ably YB,C,) grains, and thus may be described as granu-
lar normal-superconductor systems. This picture is con-
sistent with the x-ray-diffraction pattern. Spatial fluctua-
tions in the surface superconductivity were also reported
by de Lozanne, Elrod, and Quate'” and Chang et al.'® for
Nb,;Sn and Bi,Sr,CaCu,O4 superconductors, respectively.
These authors, however, have attributed the fluctuations
to surface inhomogeneity, possibly caused by the damage
created while preparing the surface for STM measure-
ments.

The spatial transition from normal to superconducting
regions commonly occurred over distances of ~20 nm.
This value seems to be reasonable, since it is larger than,
and therefore consistent with, the coherence length of
YNi,B,C, ~10 nm.?2 However, it is still surprising that
superconductivity was not induced in the normal regions
by proximity effect.!*> We recall that the I-V characteris-
tics taken at the normal region [Fig. 3(b)] were purely
ohmic, showing no trace of a gap structure. The suppres-
sion of the proximity effect may be due to a weak cou-
pling (large contact resistance) between the supercon-
ducting grains and the neighboring normal grains, at
least in those places where a sharp spatial transition be-
tween superconducting to normal behavior is observed.
Evidence for this weak-coupling, granular picture serves
the observation that our I-V characteristics often exhibit-
ed SET effects, as will be discussed in the next para-
graphs.

The quantized nature of the electrical charge
significantly influences the electrical transport in systems
composed of small metallic clusters. The tunneling prob-
ability in such systems may strongly depend on the elec-
trostatic charging energy due to the addition of a single
electron to a metal cluster. This leads to SET effects in
the tunneling I-V characteristics such as the Coulomb
blockade and Coulomb staircase.>!*!3715 The Coulomb
blockade manifests itself by the suppression of the
current around zero bias, while the Coulomb staircase ex-
hibits a sequence of steps in the I-V curve. A widely
studied structure that exhibits SET effects is the double-
barrier tunnel junction geometry, where a small metal
cluster is coupled via two tunnel junctions to two macro-
scopic electrodes.”!3~15 If the total capacitance of the is-
land with respect to its environment is small enough and
if the resistance of each junction exceeds h/e?, the
Coulomb blockade can be observed experimentally. The
width of the Coulomb blockade region depends on the
effective fractional residual charge, Q,, on the central
electrode. When Q,=0 the width is maximal, whereas
for Qp==e/2 the Coulomb blockade is completely
suppressed. For a highly asymmetric double-barrier tun-
nel junction a Coulomb staircase is observed, consisting
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of a series of equidistantly spaced steps in the I-V traces.
Each step corresponds to the addition of a single electron
to the center electrode. The value of Q, (mod e) can be
obtained!>* from Q,=(C;A¢,—C,Ad,)/e, where C;
and A¢; are the capacitances and work-function
differences across junctions i =1,2. Thus, in a double-
barrier tunnel junction realized in a STM experiment,
where the tip serves as one of the macroscopic electrodes,
the capacitance of the corresponding junction, and thus
Q,, can be changed continuously by varying the tip-
cluster separation.

In Fig. 4 we present two experimental I-V traces
(“noisy” lines) exhibiting SET effects. The two curves
were measured at the same lateral position, on a surface-
grain ~10 nm in diameter, but with different STM set-
tings, and thus with different tip-sample separations.
Curve (a) was measured with Ig=1 nA and ¥V;=60 mV,
while curve (b) with Ig=1.2 nA and V3=60 mV. Curve
(a) displays both Coulomb blockade and a Coulomb stair-
case, whereas in curve (b) the Coulomb blockade is com-
pletely suppressed. These I-V characteristics, as well as
the behavior upon changing the STM setting, are typical
to the double-barrier tunnel junction configuration. We
therefore conclude that the grain (~ 10 nm diameter) on
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FIG. 4. Two experimental tunneling I-V curves (‘“noisy”
lines) measured at 4.2 K at the same lateral position but with
different tip-sample separations, determined by the bias and
current settings indicated. The corresponding theoretical
curves (smooth lines) were calculated from the “orthodox” SET
theory, and were shifted for clarity.
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which the curves were acquired was weakly coupled to its
environment, namely, to the neighboring grains and thus
to the bulk of the sample. This observation of weak cou-
pling between neighboring grains is consistent with the
sharp transition between normal to superconducting
behavior, presented above. The fact that no sign of a
superconducting-gap structure can be seen in curve (b)
suggests that the grain, as well as its environment, were
normal. We have also measured, in some places, I-V
traces which manifest both superconductivity and SET
effects. These results will be presented in future publica-
tions.

In order to account for the data in Fig. 4 we fitted to
experiment theoretical curves calculated from the “ortho-
dox” model®>!® of the double-barrier tunnel junction
configuration. The two theoretical curves (smooth lines
in Fig. 4) were calculated with the same capacitance
values, C; =1.0X 1077 F and C,=1.5X 1017 F, for the
tip-grain and grain-bulk junctions, respectively. We
took, however, different values for the fractional charge:
curve (a) was calculated with Q,=0 and curve (b) with
Qo=e/2. The theoretical curves reproduce accurately
the experimentally observed steps, as well as the
Coulomb blockade in curve (a) and its disappearance in
curve (b). One can argue, of course, that, in addition to
Q,, the capacitance C,;, which corresponds to the tip-
grain junction, should also be affected upon changing the
STM setting. A careful look at the experimental details
shows, however, that this change is negligible. Due to
the logarithmic dependence of the tip-sample separation
on the tunneling current, this separation is not very sensi-
tive to changes in Ig. In our case, where the apparent
barrier height was ~2.8 eV, the separation, and there-
fore the value of C,, should change by ~3% when vary-
ing Iy from 1 to 1.2 nA. This change in C; (~3X10™"
F) is too small to affect significantly the width of the
Coulomb blockade and the positions of the staircase
steps. However, it is large enough to change Q, (mod e)
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by e /2, as can be seen from the expression for Q, given
above, assuming a work-function difference of the order
of one eV.

SUMMARY

We have presented a CSTM study of the local electron-
ic properties of an intermetallic superconductor
YNi,B,C. The samples were prepared with Ni deficiency
in order to ensure a significant presence of a normal
phase. Our simultaneous topography and tunneling-
spectroscopy measurements have demonstrated a correla-
tion between the spatial variations in the tunneling con-
ductance and in the surface morphology. In particular,
we have found that spatial transitions from fully normal
to fully superconducting regions occur over distances of
~20 nm. These transitions took place always across
grain boundaries observed in the topographic image. The
energy gap parameter in the superconducting regions at
4.2 K, as extracted from the tunneling I-V curves, was
A=2.55+0.05 meV.

The above results show that our samples constitute a
granular superconductor-normal system, where the cou-
pling between neighboring grains is, in many cases, very
weak (i.e., large contact resistance between the grains).
This granular picture is supported by the fact that in
many cases, when the STM tip was situated over
nanometer-scale surface grains, the I-V characteristics
exhibited SET effects. In previous publications'® we have
shown that CSTM is an effective tool for studying the
low-temperature local transport properties of granular
metal-insulator films. Here we have demonstrated that
our studies can be extended to other disordered systems,
such as superconductor-normal granular systems.
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FIG. 3. Topographic image and two tunneling I-V charac-
teristics of an YNi,;B,C sample measured at 4.2 K. Curve (a)
was measured in a superconducting region, while curve (b) in a
normal region. The tip positions at which the curves were mea-
sured are indicated on the topographic image.



