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Observation of an interplay between single-electron charging effects and superconductivity
in YNi,B,C
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Cryogenic scanning tunneling microscopy is employed in studies ofBJdi 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 m&asured
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 supercondudies locally, as was demonstrated in studies of granular
tivity plays a dominant role in the conductance properties ofmetal§ and superconductor§:*
granular superconductors. In such systems there are two im- In this paper we present a cryogenic STM study of granu-
portant energy scales. One is the charging energy due d@r YNi,B,C samples which exhibglobal superconductivity
single electron tunneling onto a graif,=e?2C, whereC  but contain about 20% of a nonsuperconducting impurity
is the grain capacitance with respect to its environment, an@hase. Our spatially resolved tunneling-spectroscopic data
the other is the superconductor energy gab,(@nd conse- Show rapid and sharp tgansmons from fully superconducting
quently the Josephson coupling energy order to experi-  © fully normal regions? These data can be attributed to a
mentally observe an interplay between charging effects andf@nular normal-superconductor material with weak cou-
superconductivity these two energies must be of the sam@ingd: i-€., large contact resistance, between neighboring

order of magnitude. The interest in this subject has not gedrains. In addition, our tunneling-V characteristics often

cayed since the early studies of disordered granulapwamfest SEC effects, frequently in conjunction with super-

superconductors Today. much experimental effort is fo- conductivity. These charging effects are usually observed
P ' Y, P when the STM tip is situated above a nanometer-scale sur-

puseq on nanofabricated ordered arrays of 'Josephson' tun'?ﬁl:e grain, which is probably weakly coupled to its environ-
junctiong and superconducting double-barrier tunnel junc-ant (large neighboring graifis Some of the features we

. 3’4 . .
tions (DBTJ).>" The normal DBTJ configuration, where a ,pserve in these characteristics are similar to those

small _metallic grain_ is coupled via two tunne_l junction_s to_reported"‘ for nanofabricated DBTJ containing supercon-
metallic macroscopic electrodes, has been widely studied igcting electrodes. However, other features are also revealed
connection with single electron chargif8EQ effects such iy our STM experiments, mainly due to the fact that we can
as the Coulomb blockade and the Coulomb stairaS#.  easily and continuously change the degree of asymmetry of
the capacitance of the island with respect to its environmengur DBTJ configurations as well as the value @f. Such

is small enough, so thd, exceeds the thermal eneryT, changes are achieved simply by varying the tip-grain
Coulomb blockade can be observed experimentally. Thaeparatiof;”°**as will be discussed below. Our results are
width of the Coulomb blockadéhe region where the tun- consistent with those of McGreert al,'! that were ob-
neling current is suppressedepends on the effective frac- tained for Pb films. However, the-V curves presented by
tional residual charg®;’ Q,, on the central electrode. When these authors correspononly to the all-superconductor
Q,=0 the width is maximal, whereas fd@,=*e/2 the  DBTJ configuration. In our experiment other DBTJ configu-
Coulomb blockade is completely suppressed. For asymmetations have been realized due to the granular normal-
ric DBTJ a Coulomb staircase is observed, consisting of auperconductor nature of our samples.

series of equidistantly spaced steps in kh¥ traces. In the In order to ensure the significant presence of a nonsuper-
case where one or more of the electrodes is a superconductaegnducting phase we have prepared the samples by melting
additional features can be clearly observed inlthé char-  nonstoichiometricelemental constituents, with some Ni de-
acteristics due to an interplay between SEC effects anficiency. A relatively sharp superconducting transition was
superconductivity:* The signature of this interplay is evi- observed® at ~15.0 K, somewhat lower than the transition
dent also in disordered granular superconductors, especialtgmperature measured for pure sampfe$,=15.6 K. The

in the vicinity of the superconductor-to-insulator transitfon. x-ray-diffraction pattern indicates that the major phase
These systems, and disordered granular systems in generél;80%) consists of a body-centered tetragonal structure with
have been studied so far mainly on macroscopic scaleattice parameters corresponding to YBYC in the super-
therefore losing important information on the spatial fluctua-conducting phas¥ The pattern contains several impurity
tions of the local conductance that may be very promifent.peaks corresponding to ¥%B, (~20%) and some other uni-
The advent of scanning tunneling microscof§TM) now  dentified extra linegless than 3% Specimens were sliced
provides the tool to measure electronic and transport propefrom the ingot and then polished, first by fine,®k powder
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and ending with 0.25um diamond lapping compound, just 0.6 | ‘ | |
before mounting in our homemade cryogenic STM. The T N (@

: S X : 04— T=42K -
STM was immersed in liquid He right after evacuating the < %9/2
sample space, and the sample and the scanhead were cooled g 021 7
down to 4.2 K via He exchange gas. The STM topographic S’ 0.0 L / (b)
images were measured in the constant current mode, where a =4 /> J
feedback circuit controls the tip-sample separation for a B 0.2 _ex\p_if Q=0 7
given setting of the tunneling current, and tip bias\V;. § 0.4 - 8
Thel-V curves, on the other hand, were acquired while mo- 06 L L
mentarily disconnecting the feedback circuit. 15 10 -5 0 5 10 15

A signature of granularity in these samples is the rapid Tip Voltage (mV)

spatial transition from superconducting to normal behavior,

as demonstrated by Fig. 3 of our previo_us pUb,Iication'_ Ref. FIG. 1. Two experimentdl-V curves at 4.2 K taken at the same
10. There we report on reproduuble. rapid spatial transitiongy position on a grain of diameter8 nm. The tip-sample separa-
from superconducting to normal regions on length scales ofion and consequently the value @, indicated in the figure, were
~20 nm. The superconducting gap parametgiwas deter- gifferent for the two curves. Curvi@ shows a superconductor gap
mined from fitting the finite-temperature BCS theory for structure while(b) exhibits Coulomb blockade. The two theoretical
normal-insulator-superconduct@X|IS) tunnel junction§® to  curves(smooth lines were calculated assuming a NINIS tunneling
I-V characteristics that were takenlatge superconducting configuration; see text. Curves are shifted for clarity.

regions, and it was found to have the value of 2:8505

meV. We wish to point out that in these large spatial regiongosition, on a surface grainr8 nm in diameter, but with
the width of the apparent gap in theV curves was insensi- different STM settings. Both were measured with the same
tive to changing the STM setting for a wide range of tunnel-V¢ but with a slightly differentl, yielding a significant
ing resistances. Thus the gap observed in these regions cattiange inQ, (but not in the tip-sample separation; see be-
not be even partly associated with SEC effe¢tswill be low). While the experimental curvi) displays a gap struc-
shown below that charging acts to increase the apparent gdpre typical to the Coulomb blockade in DBTJ, curi

in thel-V traces) We may therefore conclude that regi@  displays a superconductor-gap structure typical for NIS tun-
in Fig. 3 of Ref. 10 is a very large grain, strongly coupled tonel junctions. These data can be accounted for by the NINIS
the “infinite” superconducting cluster(recall that our configuration. Whei®,= e/2 the Coulomb blockade is com-
samples show global superconductiyjtand thusA=2.55 pletely suppressed, the grain is effectively “transparent”
meV indeed represents the gap parameter obtlik super-  even at small bias voltages, and thus the quasiparticle density
conductor. The spatial transition from superconducting toof states(DOS) of the superconducting environment is re-
normal regions havalways occurred across grain bound- flected in thel -V trace. On the other hand, wh€}}y=0 the
aries which were clearly observed in the topographic imagesCoulomb blockade is fully developed, andBEf=A the gap
This suggests that our samples consist of randomly dispersepened in the tunneling DOS due to grain charging masks
and, in many cases, weakly-coupled superconducting anithe superconductor DOS of the substr@fe more complex
normal grains, and thus may be described as a granuldrehavior is found for other values @J,; this is shown in
normal-superconductor system. Evidence for this picturd-ig. 3(b).] The smooth lines in the figure represent theoreti-
serves the observation th&tV characteristics that were cal calculations based on the assumed NINIS tunneling con-
taken on apparentlgmallgrains(~10 nm in diameteroften  figuration. (Each theoretical curve was displaced for clarity
depicted SEC effects, frequently in parallel with superconfrom the corresponding experimental trac€urve (b) was
ductivity. calculated from the “orthodox” modeéf of the DBTJ con-

In Ref. 10 we have presentddV characteristics mea- figuration with Q,=0 and capacitance€,;=2.0x10 " F
sured on YNjB,C which conform to the all-normal DBTJ andC,=0.55x10 'F, for the tip-grain and grain-bulk junc-
configuration. These data were quantitatively accounted fotions, respectively. Curvéa) was calculated from the BCS
assuming a small metalli€norma) surface grain weakly theory for NIS tunnel junction witlA=2.55 meV. The two
coupled to the STM tip and to large normal neighboringtheoretical curves are seen to fit very well to the experimen-
grains. There are, however, other possible DBTJ configuratal curves.
tions that can be realized in our experiment, where the STM A more interesting interplay between SEC effects and su-
tip was made of a normal metéPt-Ir). One is when the perconductivity is manifested in Fig. 2. Here we plot two
grain is superconducting but the surrounding substrate is noexperimental curves that, again, were acquired at the same
mal, to be referred to as the NISIN configuration. Anotherlateral position on a surface grain of sizd0 nm, each with
configuration is a normal grain weakly coupled to a super-a different STM setting. These two curves are part of a set of
conducting environmerNINIS configuration. Finally, itis ~ measurements, all taken with the same bias setting but with
possible that both the small grain and its surroundings ardifferent current settingsAll the traces in this set have
superconductingNISIS configuratioh These three configu- shown a pronounced gap structure, but with oscillating width
rations may yield an interesting interplay between SEC ef{see Fig. 8)]. Here we present only two curves of maximal
fects and superconductivity, as will be discussed in the redig) and minimal(b) gap, both having, in addition, a step at a
of the paper. higher bias voltage. Around the onset of the tunneling cur-

In Fig. 1 we present two experimentblV traces(dis-  rent the two curves have a shape which is typical for NIS
placed for clarity that were measured at treamelateral  tunnel junctions. The dynamic conductandd//dl (not
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this tip position can be accounted for assuming a DBTJ with

06 P ro @ a small superconducting graiserving as the central elec-
< 041 T=42K s trode (NISIN configuration, as will be discussed below.
£ o2l /(b) In a DBTJ the voltage drop across each junction is only a
£ fraction of the applied voltage, determined by the capaci-
< 00 / 7 tance of the two junctions. Therefore, when the grain is su-
S 02 P
c
5
|_

. perconducting an®@,=e/2 (the Coulomb blockade is com-
04 | &Xp. / | pletely suppressedthe onset of current for zero temperature
) is atV,=(A/e)(C,+C,)/Cpax, WhereC,,,=max(C,,C,).

: At bias voltages just abov¥,, the |-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-

FIG. 2. Two experimentdl-V curves at 4.2 K taken at the same age due to the thermal broadening. This scenario is mani-
lateral tip position on a superconducting grain of diamet&d nm, fested in curve(b) of Fig. 2, with C;~C,. At the other
but with slightly different tip-sample separations. The curves mani- ! ! 2

-0.6 ' .
30 20 10 0 10 20 30

Tip Voltage (mV)

fest an interplay between charging effects and superconductivit)%
The two theoretical curvesmooth linegwere calculated assuming
a NISIN configuration as explained in the text. Curves are shifte

for clarity.

shown herg indeed manifests the quasiparticle DOS in a
superconductor. The minimum apparent gap, however, i
abouttwo times largerthan that observéflin the large su-

perconducting regions. We believe that the data obtained gt

extreme, wherQ,=0 (the Coulomb blockade is maximal
he onset of currentfor T=0) is at V,=(A/e)(C;+C,)/

Cﬁmaerelzcmax, where e/2C, . IS the Coulomb blockade

alf-width in a normal DBTJ. In this case tod, 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 abov¥, the quasiparticle
HOS in the grain becomes constdmtetallic) and thus SEC
features, the Coulomb staircase in this case, dominate the
V curves. This is the origin for the steps observedat20
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

10 b T T account both the “orthodox” theory for DBTJ and the BCS
< 08 1242k / 5 | quasiparticle DOS in the center grain. Both curves were cal-
= 061 /4 7 culated withC;=C,=1.3x10"!" F andA=2.55 meV, but
f’g’ 0.4 - //3 . taking Q,=0 for curve(a) and Qu=e/2 for curve (b). The
© 02r // 2 7 theoretical curves fit well to the experimentaV character-
£ 0.0 [— %%1 — istics, and reproduce both the superconducting shape near the
S 02 / . onset of tunneling current and the Coulomb steps at higher
F 04k / (@) voltages. One can argue here that, in additionQ the

0.6 | I | capacitanceC,, which corresponds to the tip-grain junction,

-30 20 10 0 10 20 30 should also be affected by changing the STM setting. A care-
Tip Voltage (mV) ful look at the experimental details shows, however, that
changes by only a few percefftThis change is too small to

affect the position of the steps, but large enough to change
Qo (mode) by e/2, as can be seen from the expresSfon

0.8 b ' Qo=(C1;AD,;—C,Ad,)/e, whereAd, is the work function
< 06 T=42K 5 - difference across junction=1,2.
= 04l e 4 | The difference of the gap-structure evolution between the
g // 3 NINIS configuration and the symmetricC{~C,) NISIN
S 02 / - configuration is clearly manifested by Fig. 3. In FigaBwe
2 0.0 |- / 2 N present traces taken at the same tip position as for Fig. 2
g /—‘j ! (NISIN), all measured with/;=50 mV but with | varying
g 02 ///-»'W* ®) | from 0.9 nA(curve J to 1.15 nAin increments of0.05 nA.

04 ! I ! ! In Fig. 3(b) we present traces taken at the same tip position
15 10 5 0 5 10 15 as for Fig. 1(NINIS). In this case all the traces were mea-
Tip Voltage (mV) sured withV,=35 mV andl s was varied from 1 nAcurve 1

FIG. 3. Two sets ofi-V curves, each measured at the same
lateral tip position but with different STM setting currents. Sat
was measured at the same position as in FiNIBIN configura-
tion) with V=50 mV andl ¢ varying from 0.9 nA(curve 1 to 1.15

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 |-V curves are relatively symmetric with respect to

nA in increments of~0.05 nA. Set(b) was measured at the same Z€ro bias. The onset of current always occur¥avhich is

position as in Fig. XNINIS configuration with V=35 mV andl g

at least twice as large as that obseddr the NIS tunnel

increasing from 1 nAcurve 1 to 1.1 nA. Note the difference in the junction. The shapes of tHeV curves right after the onset of
scales of the tip voltage axes.

current are all consistent with a superconductor DOS, in our
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FIG. 4. Anl-V characteristic measured on the same grain as in — e N
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Fig. 2, after making darge change in the tip-sample separation. pass T
The two theoretical curvegy) 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. o
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case, that of the small superconducting central electrode. The (b)
fluctuation of the gap width is due to the oscillationsQyg

(mode), namely, to the variation of the charging energy in-  F|G. 5. A schematic “semiconductor model” energy diagram of
volved in the tunneling process. The charging energy is minithe NISIN tunneling configuration foa€,>C,; andQ,=0. The two
mal for curves 3 and 6, and maximal for 1 and (3he  possible conduction channels are indicated in the figure. For the
behavior of the asymmetric NISIN configuration is more bias polarity shown, channép) is opened for tunneling firsia),
complicated, and will be discussed in the following para-and only at a larger bias voltage chanfe) starts conductingb).
graphs). Set(b), which we attribute to an asymmetric NINIS
geometry, exhibits a more complex behavior. Here the Couneling current through this DBTJ. One is for electrons with
lomb blockade, and consequently th& characteristics, are energy abové,+A and the other for electrons with energy
not symmetric with respect to zero bias, except for the spebelow Ex—A (adopting the “semiconductor modéf). The
cial cases 0fQ,=0 or e/2 discussed above and depicted bytwo channels are denoted as charmahd g, respectively, in
curves 1 and 4, respectively. In curve 2, wh€g~0.2%, Fig. 5b). At T=0, the tunneling process in channelis
the Coulomb blockade is still large enough to mask the suinitiated by an electron that homsito the grain; this occurs
perconductor DOS of the substrate for both positive andhrough the left junction, junction 2 in Fig. 5, for the bias
negative tip voltages. In curve 3, on the other hand, thepolarity shown in this figure. Exactly the opposite holds for
threshold voltage for the Coulomb blockade is much smallechannel 8, where quasiparticles first tunnefff the grain
than A for a positive tip bias, but larger thak for negative  through junction 1(for the same bias polarityEach channel
bias. Consequently, this curve exhibits a structure typical ofvill open for tunneling when the voltage drop across the
the NIS tunnel junction configuration for positive bias while corresponding “initial” junction will exceedA/e. The first
showing a Coulomb blockade structure for negative bias. Wavill open at V== (A/e)(C;+C,)/C,,.x While the second
have found that this curve can be accounted for assumingill start conducting atv= *(A/e)(C,+C,)/C,, Where
Qo~0.3%. Curve 5 exhibits exactly the same behavior, butC,,,=min(C,,C,). In Fig. 5 we depict the situation where
for reversed tip bias; her®,~ —0.3%. C,>C,, where, for the bias polarity shown, the current is
We have also measurddV curves at the same tip posi- onset at channeg first [Fig. 5@] and only at a higher volt-
tion as in Fig. 2 after makinghajor changes irC,, resulting  age current starts flowing through [Fig. 5b)]. At the re-
in an asymmetric NISIN geometry. For the case whereversed bias the onset voltages are interchanged between the
C,>C,, we have found that the minimal gdps a function two channels, and channelwill be opened first.

of ) approached the NIS valud/(~A/e). This fact rules WhenC,=C, the two channels open simultaneously, in-
out the possibility of a NISIS configuration, whevg cannot  dependent of the value @,, and contribute identically to
get much smaller thanAZe. the total tunneling current. The superconductor DOS will

An experimental |-V characteristic of minimum gap thus be clearly manifested by theV curves, as in the simple
(Qo=¢€/2), taken for the same grain as above, after making &IS configuration. This situation is demonstrated by curve
major change in the setting is shown in Fig. 4. Here we usedb) in Fig. 2 and in Fig. 8). On the other hand, when
V=20 mV andl, ~0.1 nA. Surprisingly, in contrast to the C;+ C, the channels open for tunneling at different voltages,
minimal-gap curve in Fig. 2whereC,=C,), it appears as if even forQy=e/2. The onset of current through the second
this curve does not simply reflect the quasiparticle DOS inchannel yields an additional weak step in th® character-
the grain. A closer examination of the NISIN configuration istic and, more importantly, interferes with the superconduc-
indeed shows that the description given in the previous paraer gap structure manifested by the first channel. This sce-
graph is not complete. Due to the gap in the quasiparticleario is depicted by the experimentalV curve in Fig. 4,
DOS around the Fermi level of the graiBg, there are two  which indeed does not at all conform to the NIS tunnel junc-
conduction channels which largely contribute to the total tun+tion. In this figure we plot also three theoretical curves. The
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two curves labelede) and(B) represent the currents carried weak coupling(large contact resistancbetween the grains.
by the correspondingingle channels, and were calculated The granularity of our samples is clearly manifested by tun-
from the BCS theory taking into account the voltage divisionneling |-V characteristics which display charging effects,
across the junctions. Note that thev curves of the single frequently in parallel with superconductivity. Various types
channels are asymmetric with respect to zero Bias. The fittingf characteristics have been observed, corresponding to dif-
parameters areA=2.55 meV, C,=0.95<10"" F, and  ferent configurations of normal-superconductor DBTJ. The
C,=1.3x10 " F, yielding the ratios €,+C,)/C;~1.73  N|SIN configuration, in particular, have shown interesting
and (C,+C;)/C,~2.36. The sum of the two single-channel teatyres due to the presence of two tunneling-conduction
contributions is represented by the upper theoretical curvgpsnnels acting in parallel. The effect of the interplay be-
(displaced for clarity from the experimental characterjstic yeen these two channels on th&’ curves strongly depends
which accounts well for our experimental data. on the degree of asymmetry of the tunneling junctions. The
In summary, we have presented a cryogenic STM study Ofiexipility provided by the STM to continuously change this
YNi;B,C samples which constitute a disordered granulagegree of asymmetry, in contrast to the case of nanofabri-
superconducting-normal system. The simultaneous topograyted structures, enabled us to shed light on the NISIN con-
phy and tunneling-spectroscopy measurements have demofysyration. Our theoretical-V characteristics calculated for

strated a correlation between the surface morphology and thge different configurations account well for the experimental
electronic properties. Spatial transitions from superconductytg.

ing regions, having a gap parametex2.55 meV, to normal
regions occur over distances €20 nm. These sharp transi- This work has been supported by the Israel Science Foun-
tions always take place across grain boundaries, suggestingdation Grant No. 032-7625.
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