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Cryogenic scanning tunneling microscopy is employed in studies of YNi2B2C in the superconducting phase.
Samples prepared with Ni deficiency exhibit a sharp superconducting transition, onset around 15 K, while the
local scanning tunneling spectroscopy measurements reveal granular properties. We have also measuredI -V
characteristics that manifest an interplay between single electron charging effects and superconductivity. Some
of these characteristics show features consistent with tunneling into a small superconducting particle. Others
correspond to tunneling into isolated metallic particles weakly coupled to a superconducting environment.

The interplay between charging effects and superconduc-
tivity plays a dominant role in the conductance properties of
granular superconductors. In such systems there are two im-
portant energy scales. One is the charging energy due to
single electron tunneling onto a grain,Ec5e2/2C, whereC
is the grain capacitance with respect to its environment, and
the other is the superconductor energy gap, 2D ~and conse-
quently the Josephson coupling energy!. In order to experi-
mentally observe an interplay between charging effects and
superconductivity these two energies must be of the same
order of magnitude. The interest in this subject has not de-
cayed since the early studies of disordered granular
superconductors.1 Today, much experimental effort is fo-
cused on nanofabricated ordered arrays of Josephson tunnel
junctions2 and superconducting double-barrier tunnel junc-
tions ~DBTJ!.3,4 The normal DBTJ configuration, where a
small metallic grain is coupled via two tunnel junctions to
metallic macroscopic electrodes, has been widely studied in
connection with single electron charging~SEC! effects such
as the Coulomb blockade and the Coulomb staircase.5–7 If
the capacitance of the island with respect to its environment
is small enough, so thatEc exceeds the thermal energykBT,
Coulomb blockade can be observed experimentally. The
width of the Coulomb blockade~the region where the tun-
neling current is suppressed! depends on the effective frac-
tional residual charge,5–7Q0, on the central electrode. When
Q050 the width is maximal, whereas forQ056e/2 the
Coulomb blockade is completely suppressed. For asymmet-
ric DBTJ a Coulomb staircase is observed, consisting of a
series of equidistantly spaced steps in theI -V traces. In the
case where one or more of the electrodes is a superconductor,
additional features can be clearly observed in theI -V char-
acteristics due to an interplay between SEC effects and
superconductivity.3,4 The signature of this interplay is evi-
dent also in disordered granular superconductors, especially
in the vicinity of the superconductor-to-insulator transition.8

These systems, and disordered granular systems in general,
have been studied so far mainly on macroscopic scales,
therefore losing important information on the spatial fluctua-
tions of the local conductance that may be very prominent.9

The advent of scanning tunneling microscopy~STM! now
provides the tool to measure electronic and transport proper-

ties locally, as was demonstrated in studies of granular
metals9 and superconductors.10,11

In this paper we present a cryogenic STM study of granu-
lar YNi2B2C samples which exhibitglobal superconductivity
but contain about 20% of a nonsuperconducting impurity
phase. Our spatially resolved tunneling-spectroscopic data
show rapid and sharp transitions from fully superconducting
to fully normal regions.10 These data can be attributed to a
granular normal-superconductor material with weak cou-
pling, i.e., large contact resistance, between neighboring
grains. In addition, our tunnelingI -V characteristics often
manifest SEC effects, frequently in conjunction with super-
conductivity. These charging effects are usually observed
when the STM tip is situated above a nanometer-scale sur-
face grain, which is probably weakly coupled to its environ-
ment ~large neighboring grains!. Some of the features we
observe in these characteristics are similar to those
reported3,4 for nanofabricated DBTJ containing supercon-
ducting electrodes. However, other features are also revealed
in our STM experiments, mainly due to the fact that we can
easily and continuously change the degree of asymmetry of
our DBTJ configurations as well as the value ofQ0. Such
changes are achieved simply by varying the tip-grain
separation,6,7,9–11as will be discussed below. Our results are
consistent with those of McGreereet al.,11 that were ob-
tained for Pb films. However, theI -V curves presented by
these authors correspondonly to the all-superconductor
DBTJ configuration. In our experiment other DBTJ configu-
rations have been realized due to the granular normal-
superconductor nature of our samples.

In order to ensure the significant presence of a nonsuper-
conducting phase we have prepared the samples by melting
nonstoichiometricelemental constituents, with some Ni de-
ficiency. A relatively sharp superconducting transition was
observed10 at ;15.0 K, somewhat lower than the transition
temperature measured for pure samples,12 Tc515.6 K. The
x-ray-diffraction pattern indicates that the major phase
~;80%! consists of a body-centered tetragonal structure with
lattice parameters corresponding to YNi2B2C in the super-
conducting phase.12 The pattern contains several impurity
peaks corresponding to YB2C2 ~;20%! and some other uni-
dentified extra lines~less than 3%!. Specimens were sliced
from the ingot and then polished, first by fine Al2O3 powder
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and ending with 0.25mm diamond lapping compound, just
before mounting in our homemade cryogenic STM. The
STM was immersed in liquid He right after evacuating the
sample space, and the sample and the scanhead were cooled
down to 4.2 K via He exchange gas. The STM topographic
images were measured in the constant current mode, where a
feedback circuit controls the tip-sample separation for a
given setting of the tunneling current,I s , and tip bias,Vs .
The I -V curves, on the other hand, were acquired while mo-
mentarily disconnecting the feedback circuit.

A signature of granularity in these samples is the rapid
spatial transition from superconducting to normal behavior,
as demonstrated by Fig. 3 of our previous publication, Ref.
10. There we report on reproducible rapid spatial transitions
from superconducting to normal regions on length scales of
;20 nm. The superconducting gap parameter,D, was deter-
mined from fitting the finite-temperature BCS theory for
normal-insulator-superconductor~NIS! tunnel junctions13 to
I -V characteristics that were taken atlarge superconducting
regions, and it was found to have the value of 2.5560.05
meV. We wish to point out that in these large spatial regions
the width of the apparent gap in theI -V curves was insensi-
tive to changing the STM setting for a wide range of tunnel-
ing resistances. Thus the gap observed in these regions can-
not be even partly associated with SEC effects.~It will be
shown below that charging acts to increase the apparent gap
in the I -V traces.! We may therefore conclude that region~a!
in Fig. 3 of Ref. 10 is a very large grain, strongly coupled to
the ‘‘infinite’’ superconducting cluster~recall that our
samples show global superconductivity!, and thusD>2.55
meV indeed represents the gap parameter of thebulk super-
conductor. The spatial transition from superconducting to
normal regions havealways occurred across grain bound-
aries which were clearly observed in the topographic images.
This suggests that our samples consist of randomly dispersed
and, in many cases, weakly-coupled superconducting and
normal grains, and thus may be described as a granular
normal-superconductor system. Evidence for this picture
serves the observation thatI -V characteristics that were
taken on apparentlysmallgrains~;10 nm in diameter! often
depicted SEC effects, frequently in parallel with supercon-
ductivity.

In Ref. 10 we have presentedI -V characteristics mea-
sured on YNi2B2C which conform to the all-normal DBTJ
configuration. These data were quantitatively accounted for
assuming a small metallic~normal! surface grain weakly
coupled to the STM tip and to large normal neighboring
grains. There are, however, other possible DBTJ configura-
tions that can be realized in our experiment, where the STM
tip was made of a normal metal~Pt-Ir!. One is when the
grain is superconducting but the surrounding substrate is nor-
mal, to be referred to as the NISIN configuration. Another
configuration is a normal grain weakly coupled to a super-
conducting environment~NINIS configuration!. Finally, it is
possible that both the small grain and its surroundings are
superconducting~NISIS configuration!. These three configu-
rations may yield an interesting interplay between SEC ef-
fects and superconductivity, as will be discussed in the rest
of the paper.

In Fig. 1 we present two experimentalI -V traces~dis-
placed for clarity! that were measured at thesame lateral

position, on a surface grain;8 nm in diameter, but with
differentSTM settings. Both were measured with the same
Vs but with a slightly differentI s , yielding a significant
change inQ0 ~but not in the tip-sample separation; see be-
low!. While the experimental curve~b! displays a gap struc-
ture typical to the Coulomb blockade in DBTJ, curve~a!
displays a superconductor-gap structure typical for NIS tun-
nel junctions. These data can be accounted for by the NINIS
configuration. WhenQ05e/2 the Coulomb blockade is com-
pletely suppressed, the grain is effectively ‘‘transparent’’
even at small bias voltages, and thus the quasiparticle density
of states~DOS! of the superconducting environment is re-
flected in theI -V trace. On the other hand, whenQ050 the
Coulomb blockade is fully developed, and ifEc>D the gap
opened in the tunneling DOS due to grain charging masks
the superconductor DOS of the substrate.@A more complex
behavior is found for other values ofQ0; this is shown in
Fig. 3~b!.# The smooth lines in the figure represent theoreti-
cal calculations based on the assumed NINIS tunneling con-
figuration. ~Each theoretical curve was displaced for clarity
from the corresponding experimental trace.! Curve ~b! was
calculated from the ‘‘orthodox’’ model5,6 of the DBTJ con-
figuration with Q050 and capacitancesC152.0310217 F
andC250.55310217 F, for the tip-grain and grain-bulk junc-
tions, respectively. Curve~a! was calculated from the BCS
theory for NIS tunnel junction withD52.55 meV. The two
theoretical curves are seen to fit very well to the experimen-
tal curves.

A more interesting interplay between SEC effects and su-
perconductivity is manifested in Fig. 2. Here we plot two
experimental curves that, again, were acquired at the same
lateral position on a surface grain of size;10 nm, each with
a different STM setting. These two curves are part of a set of
measurements, all taken with the same bias setting but with
different current settings.All the traces in this set have
shown a pronounced gap structure, but with oscillating width
@see Fig. 3~a!#. Here we present only two curves of maximal
~a! and minimal~b! gap, both having, in addition, a step at a
higher bias voltage. Around the onset of the tunneling cur-
rent the two curves have a shape which is typical for NIS
tunnel junctions. The dynamic conductancedV/dI ~not

FIG. 1. Two experimentalI -V curves at 4.2 K taken at the same
tip position on a grain of diameter;8 nm. The tip-sample separa-
tion and consequently the value ofQ0, indicated in the figure, were
different for the two curves. Curve~a! shows a superconductor gap
structure while~b! exhibits Coulomb blockade. The two theoretical
curves~smooth lines! were calculated assuming a NINIS tunneling
configuration; see text. Curves are shifted for clarity.

53 3483OBSERVATION OF AN INTERPLAY BETWEEN SINGLE- . . .



shown here! indeed manifests the quasiparticle DOS in a
superconductor. The minimum apparent gap, however, is
abouttwo times largerthan that observed10 in the large su-
perconducting regions. We believe that the data obtained at

this tip position can be accounted for assuming a DBTJ with
a small superconducting grainserving as the central elec-
trode ~NISIN configuration!, as will be discussed below.

In a DBTJ the voltage drop across each junction is only a
fraction of the applied voltage, determined by the capaci-
tance of the two junctions. Therefore, when the grain is su-
perconducting andQ05e/2 ~the Coulomb blockade is com-
pletely suppressed!, the onset of current for zero temperature
is atVt5(D/e)(C11C2)/Cmax, whereCmax5max(C1 ,C2).
At bias voltages just aboveVt , the I -V characteristic is
dominated by the quasiparticle DOS in the grain, because of
the singularity in the DOS near the superconductor gap. At
finite temperatures the onset of current is at a smaller volt-
age, due to the thermal broadening. This scenario is mani-
fested in curve~b! of Fig. 2, with C1'C2 . At the other
extreme, whenQ050 ~the Coulomb blockade is maximal!
the onset of current~for T50! is at Vt5(D/e)(C11C2)/
Cmax1e/2Cmax, where e/2Cmax is the Coulomb blockade
half-width in a normal DBTJ. In this case too,Vt reduces at
finite temperatures and the quasiparticle DOS governs the
current behavior right above onset. This scenario is depicted
in curve~a!. At bias voltages well aboveVt the quasiparticle
DOS in the grain becomes constant~metallic! and thus SEC
features, the Coulomb staircase in this case, dominate the
I -V curves. This is the origin for the steps observed atV'20
mV in curve~a! and atV'17 mV in curve~b!. The theoreti-
cal curves in Fig. 2 were calculated from a model taking into
account both the ‘‘orthodox’’ theory for DBTJ and the BCS
quasiparticle DOS in the center grain. Both curves were cal-
culated withC15C251.3310217 F andD52.55 meV, but
takingQ050 for curve ~a! andQ05e/2 for curve ~b!. The
theoretical curves fit well to the experimentalI -V character-
istics, and reproduce both the superconducting shape near the
onset of tunneling current and the Coulomb steps at higher
voltages. One can argue here that, in addition toQ0, the
capacitanceC1, which corresponds to the tip-grain junction,
should also be affected by changing the STM setting. A care-
ful look at the experimental details shows, however, thatC1
changes by only a few percent.10 This change is too small to
affect the position of the steps, but large enough to change
Q0 ~mode! by e/2, as can be seen from the expression6,7

Q05(C1DF12C2DF2)/e, whereDFi is the work function
difference across junctioni51,2.

The difference of the gap-structure evolution between the
NINIS configuration and the symmetric (C1'C2) NISIN
configuration is clearly manifested by Fig. 3. In Fig. 3~a! we
present traces taken at the same tip position as for Fig. 2
~NISIN!, all measured withVs550 mV but with I s varying
from 0.9 nA~curve 1! to 1.15 nA in increments of;0.05 nA.
In Fig. 3~b! we present traces taken at the same tip position
as for Fig. 1~NINIS!. In this case all the traces were mea-
sured withVs535 mV andI s was varied from 1 nA~curve 1!
to 1.1 nA. Both sets show variations in the gap structure as a
function of the current setting. However, the evolution of the
gap structure is markedly different between the two sets. In
set~a!, which we attribute to the symmetric NISIN geometry,
all the I -V curves are relatively symmetric with respect to
zero bias. The onset of current always occurs atVt which is
at least twice as large as that observed10 for the NIS tunnel
junction. The shapes of theI -V curves right after the onset of
current are all consistent with a superconductor DOS, in our

FIG. 2. Two experimentalI -V curves at 4.2 K taken at the same
lateral tip position on a superconducting grain of diameter;10 nm,
but with slightly different tip-sample separations. The curves mani-
fest an interplay between charging effects and superconductivity.
The two theoretical curves~smooth lines! were calculated assuming
a NISIN configuration as explained in the text. Curves are shifted
for clarity.

FIG. 3. Two sets ofI -V curves, each measured at the same
lateral tip position but with different STM setting currents. Set~a!
was measured at the same position as in Fig. 2~NISIN configura-
tion! with Vs550 mV andI s varying from 0.9 nA~curve 1! to 1.15
nA in increments of;0.05 nA. Set~b! was measured at the same
position as in Fig. 1~NINIS configuration! with Vs535 mV andI s
increasing from 1 nA~curve 1! to 1.1 nA. Note the difference in the
scales of the tip voltage axes.
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case, that of the small superconducting central electrode. The
fluctuation of the gap width is due to the oscillations ofQ0
~mode!, namely, to the variation of the charging energy in-
volved in the tunneling process. The charging energy is mini-
mal for curves 3 and 6, and maximal for 1 and 5.~The
behavior of the asymmetric NISIN configuration is more
complicated, and will be discussed in the following para-
graphs.! Set~b!, which we attribute to an asymmetric NINIS
geometry, exhibits a more complex behavior. Here the Cou-
lomb blockade, and consequently theI -V characteristics, are
not symmetric with respect to zero bias, except for the spe-
cial cases ofQ050 or e/2 discussed above and depicted by
curves 1 and 4, respectively. In curve 2, whereQ0'0.25e,
the Coulomb blockade is still large enough to mask the su-
perconductor DOS of the substrate for both positive and
negative tip voltages. In curve 3, on the other hand, the
threshold voltage for the Coulomb blockade is much smaller
thanD for a positive tip bias, but larger thanD for negative
bias. Consequently, this curve exhibits a structure typical of
the NIS tunnel junction configuration for positive bias while
showing a Coulomb blockade structure for negative bias. We
have found that this curve can be accounted for assuming
Q0'0.35e. Curve 5 exhibits exactly the same behavior, but
for reversed tip bias; hereQ0'20.35e.

We have also measuredI -V curves at the same tip posi-
tion as in Fig. 2 after makingmajor changes inC1, resulting
in an asymmetric NISIN geometry. For the case where
C1@C2 , we have found that the minimal gap~as a function
of I s! approached the NIS value (Vt;D/e). This fact rules
out the possibility of a NISIS configuration, whereVt cannot
get much smaller than 2D/e.

An experimental I -V characteristic of minimum gap
(Q05e/2), taken for the same grain as above, after making a
major change in the setting is shown in Fig. 4. Here we used
Vs520 mV andI s , ;0.1 nA. Surprisingly, in contrast to the
minimal-gap curve in Fig. 2~whereC15C2!, it appears as if
this curve does not simply reflect the quasiparticle DOS in
the grain. A closer examination of the NISIN configuration
indeed shows that the description given in the previous para-
graph is not complete. Due to the gap in the quasiparticle
DOS around the Fermi level of the grain,EF , there are two
conduction channels which largely contribute to the total tun-

neling current through this DBTJ. One is for electrons with
energy aboveEF1D and the other for electrons with energy
belowEF2D ~adopting the ‘‘semiconductor model’’13!. The
two channels are denoted as channela andb, respectively, in
Fig. 5~b!. At T50, the tunneling process in channela is
initiated by an electron that hopsonto the grain; this occurs
through the left junction, junction 2 in Fig. 5, for the bias
polarity shown in this figure. Exactly the opposite holds for
channelb, where quasiparticles first tunneloff the grain
through junction 1~for the same bias polarity!. Each channel
will open for tunneling when the voltage drop across the
corresponding ‘‘initial’’ junction will exceedD/e. The first
will open at V56(D/e)(C11C2)/Cmax while the second
will start conducting atV56(D/e)(C11C2)/Cmin where
Cmin5min(C1 ,C2). In Fig. 5 we depict the situation where
C2.C1 , where, for the bias polarity shown, the current is
onset at channelb first @Fig. 5~a!# and only at a higher volt-
age current starts flowing througha @Fig. 5~b!#. At the re-
versed bias the onset voltages are interchanged between the
two channels, and channela will be opened first.

WhenC15C2 the two channels open simultaneously, in-
dependent of the value ofQ0, and contribute identically to
the total tunneling current. The superconductor DOS will
thus be clearly manifested by theI -V curves, as in the simple
NIS configuration. This situation is demonstrated by curve
~b! in Fig. 2 and in Fig. 3~a!. On the other hand, when
C1ÞC2 the channels open for tunneling at different voltages,
even forQ05e/2. The onset of current through the second
channel yields an additional weak step in theI -V character-
istic and, more importantly, interferes with the superconduc-
tor gap structure manifested by the first channel. This sce-
nario is depicted by the experimentalI -V curve in Fig. 4,
which indeed does not at all conform to the NIS tunnel junc-
tion. In this figure we plot also three theoretical curves. The

FIG. 4. An I -V characteristic measured on the same grain as in
Fig. 2, after making alarge change in the tip-sample separation.
The two theoretical curves~a! and~b! represent the currents carried
by the corresponding channels shown in Fig. 5, as explained in the
text. The upper theoretical curve represents the total current. Curves
are shifted for clarity.

FIG. 5. A schematic ‘‘semiconductor model’’ energy diagram of
the NISIN tunneling configuration forC2.C1 andQ050. The two
possible conduction channels are indicated in the figure. For the
bias polarity shown, channel~b! is opened for tunneling first~a!,
and only at a larger bias voltage channel~a! starts conducting~b!.
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two curves labeled~a! and~b! represent the currents carried
by the correspondingsingle channels, and were calculated
from the BCS theory taking into account the voltage division
across the junctions. Note that theI -V curves of the single
channels are asymmetric with respect to zero bias. The fitting
parameters areD52.55 meV, C150.95310217 F, and
C251.3310217 F, yielding the ratios (C11C2)/C1'1.73
and (C11C2)/C2'2.36. The sum of the two single-channel
contributions is represented by the upper theoretical curve
~displaced for clarity from the experimental characteristic!,
which accounts well for our experimental data.

In summary, we have presented a cryogenic STM study of
YNi2B2C samples which constitute a disordered granular
superconducting-normal system. The simultaneous topogra-
phy and tunneling-spectroscopy measurements have demon-
strated a correlation between the surface morphology and the
electronic properties. Spatial transitions from superconduct-
ing regions, having a gap parameterD>2.55 meV, to normal
regions occur over distances of;20 nm. These sharp transi-
tions always take place across grain boundaries, suggesting a

weak coupling~large contact resistance! between the grains.
The granularity of our samples is clearly manifested by tun-
neling I -V characteristics which display charging effects,
frequently in parallel with superconductivity. Various types
of characteristics have been observed, corresponding to dif-
ferent configurations of normal-superconductor DBTJ. The
NISIN configuration, in particular, have shown interesting
features due to the presence of two tunneling-conduction
channels acting in parallel. The effect of the interplay be-
tween these two channels on theI -V curves strongly depends
on the degree of asymmetry of the tunneling junctions. The
flexibility provided by the STM to continuously change this
degree of asymmetry, in contrast to the case of nanofabri-
cated structures, enabled us to shed light on the NISIN con-
figuration. Our theoreticalI -V characteristics calculated for
the different configurations account well for the experimental
data.
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