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Tunneling spectroscopy of the superconducting energy gap iRNi,B,C (R=Y and Lu)
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Superconducting energy gap RNi,B,C (R=Y and Lu has been investigated using a break-junction
tunneling technique. The observed differential conductatiédV is well described by the BCS density of
states with a small lifetime broadening parameter. We have found small gap values for the lo¢aldhases
in addition to the bulkT; of 15.6—16.6 K. The gap value ofA2=4.5 meV withT,=15 K gives the BCS ratio
of 2A/kgT.=3.5, which is kept constant down to the observed lowigsof 4.6 K. These results give clear
evidence for the BCS mechanism of superconductivity for these compounds.

INTRODUCTION In this paper we explore the energy gapRi¥i,B,C (R
=Y,Lu) using tunneling spectroscopy to clarify the nature of
The appearance of superconducting quaternary intermehis class of superconductivity. The tunneling technique is
tallic borocarbidesRT,B,C (R=rare earth, T=transition indispensable to observe the quasiparticle energy gap
meta) has offered an opportunity to explore the researchdirectly!® thereby enabling us to make a straightforward
field of intermetallic high-temperature superconductors, incomparison with that of the other intermetallics suchAds
addition to the copper and noncopper oxides, and metakRef. 6 and the Chevrel compound%as well as copper and
doped fullerene solids? RNi,B,C contains a 8-transition-  noncopper oxide superconductdfs.
metal Ni, which would imply strong electron correlations,
light-mass elements B and C, and,B}j layers stacking al-
ternately withRC planes® These characteristics somewhat EXPERIMENTAL DETAILS
resemble those of the copper oxide superconductors. There-
fore it is interesting to have insight into the superconductiv- The crystal structure dRNi,B,C is a filled version of the
ity mechanism of this compound. The superconducting trantetragonal-body-centered ThiSi, type (an ordered variant
sition temperaturd . of RNi,B,C varies from 7.5 KR=Ho) of the BaA|, type).2 The compounds with this structure have
to the highest value of 16.6 KR=Lu) among the Ni boro- played an important role for exploring the heavy Fermion
carbide intermetallic§. More significantly, a highT, of  physics!® Polycrystalline samples were prepared by arc
~22-23 K has been found in both YRBIC (Ref. 4 and  melting under Ar gas and annealed in a vacuum-sealed
Th-Pd-B-C (Ref. 5, the value of which is higher than any quartz tube at 1100 °C for 35 h. The susceptibility measure-
other intermetallic compounds. THg’s of these compounds ments using a superconducting quantum interference device
are c_ompa_rable '_[0 those fqr the other well-known strongysQuID) magnetmeter indicate that the sample of YByC
coupling high; intermetallic A15 supercondgctofs.T_h_e cooled in zero field showed perfect diamagnetism, while on
RNI,B,C compound possesses the electronic specific-eying it in a field of 10 Oe a Meissner volume fraction of
c_oeff|C|enty of 20-35 mJ/mol K" which is the same Mag- - 279 was obtained. For LubB,C, 22% of perfect diamag-
E(Iatllijda ai%O?ref;?rRtp“Aé%c?smnaﬁgEﬂzwz?e,{hiﬂpggfzgc{%l netism was obtained for zero-field cooling. The orkgwas
for theCA215 compound§2Tr21e origin of the relatively large/ 15.6 and 16.6 K foR=Y and Lu, respectively. The widths
' of T, obtained from the volume fraction of 10-90% to the

values ofRNi,B,C favorable to a highT. is mainly due to . . .
the narrow ar12d ?arge Nidaelectronic%taies ned, ?/9'1°The saturated diamagnetism were approximately 2.3R<Y)
F and 0.7 K(R=Lu). The latter exhibits a much sharper tran-

values of the coherence lengfEe5 nm and the mean free < ; ) .
path =70 nm indicate a clean-limit superconductivity. sition than the former in spite of the smaller volume fraction.

While the superconductivity iiRNi,B,C has been suggested Tunneling measurgments were garried out using break junc-
to be strong coupling? preliminary results of tunneling and tions that are believed to provide a fresh and unaffected
Andreev reflection measurements showed weak-coupliniiterfacet”*°A polycrystalline sample having a cross section
BCS characteristics:~*3 Furthermore, both a band-structure Of approximately 1.%0.5 mnf was mounted on a flexible
calculatiot® and an isotope experiméfitshowed that the substrate to crack under liquid-helium temperature by apply-
high-energy optical phonons involving B atoms play an im-ing adjustable bending force, and then the cracked sample
portant role for the occurrence of superconductivity. Espepieces were brought together by releasing the bending force
cially, the band-structure calculation pointed out a secondaryntil the tunneling current was able to be detected. The dif-
role of Ni 3d electrons as strongly correlated states, thuderential conductancedl/dV of the current(l)-voltage V)
suggesting a conventional superconductivity of these comeharacteristics was directly obtained by an ac modulation
pounds. technique using a four-probe method.
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RESULTS AND DISCUSSION diffraction data showed a single ph&eSuch a small sto-

For the break-junction geometry, a superconductor-'Ch'OmemC variation often would cause a drastic change in

insulator-superconductofSIS) tunneling is expected for the ele_ctromc propert|e7§. . .
cracking the sample at intragrains. In this case, the gap value For interpreting the observed spectra, density-of-states fit-
of 4A would be obtained. However, a gap ok Zrom the ting procedures should be performed to distinguish between

superconductor-insulator-norméSIN) tunneling was also the _S|517and 'SIN tunnelings. Among several fitting
often observed in our measurements. This is probab|y bé.unctlons, the lifetime-broadened BCS densities of Stﬁes
cause the sample is cracked at grain boundaries and one si¢éh thermal smearing were found to fit well to the most of
of the interface region is in the normal state. For the poly-the experimental data with a small broadening parameter for
crystalline samples, the grain boundaries may be brittle anthe SIS junction and slightly larger value for the SIN case.
chemically complex because their compositions are differen¥Ve consider that the above difference is most likely due to
from the main phase dRNi,B,C. This would explain why the difference in the surface quality, which is higher for in-
the cracking often occurs at grain boundaries. Furthermordragrain cracking of the SIS tunneling than that for intergrain
we have obtained several small gap values corresponding tine of the SIN case.

low-T, phases in numbers of the tunnel junctions, which is Figure Xa) shows the tunneling conductand&'dV for a
probably due to local variations in compositions. It should beLuNi,B,C break junction. The conductance curve quite re-
noted, however, that the x-ray- diffraction data showed asembles that of the SIS junction of the standard BCS super-
single phase and no secondary phase was evident in tle@nductor with no Josephson supercurrent. The junction re-
SQUID data for the samples used in the present measursistance ofR;=54 k) at the gap edge of 4.5 mV and the
ments. Therefore we speculate that such Towphases are critical current densityl . ~10°—10 A/lcm? (Ref. 24 give the
mainly located along the grain boundaries that are extendeplossible smallest effective junction area that retains super-
in the whole sample, but are a very small amount. The diseonductivity to be~101°-10"'* mn?. This is significantly
tributed gap feature observed here allowed us to investigatmaller than the nominal junction area~efl. mn?. However,

the T, dependence of the gap value. The lo€aldistribu-  from the sharpness of the gap-edge peaks and absence of the
tions were also manifested in the NMR and specific-healosephson current, the hidky value here can be due to a
measurements which could probe the low-energy quasipartthicker insulating barrier where the actual current density
cle excitations:?° Notice that these features somewhat re-should be low enough. Therefore the junction area would be
semble the case of Thg3i,-type polycrystalline compounds, much larger than the estimated value.

where a microprobe analysis clarified the existence of a sec- We compare the experimental data with the calculated
ondary phase at the grain boundaries, even if the x-raytunneling density of states for the SIS junctiGn,

+ oo

dI(V)/dVZd[CJ N(E,I')N(E+eV,I)[f(E)—f(E+eV)]dE|/dV, D)

using a lifetime-broadened BCS density of states proposesffect?® Such structures are produced by both the rapid con-

by Dyneset al?® ductance decrease just above the gap voltage caused by the
_ . N2 a o1y Andreev reflection and the increase of the quasiparticle con-
N(E,T")=Re{(E~il)/[(E~il)?- A%, (2 ductance above it. We have not measured the temperature
whererl’, C, f(E), andA are a phenomenological broadening variations of this spectrum, but the ratid\2,/kgT,=3.4
parameter, the scaling parameter, the Fermi distribution funasbtained by 4, ,=8.9 meV andT =15.2 K (90% of the
tion, and the energy gap, respectively. The valuedof’, full transition from the SQUID data indicates a weak-
andC were chosen to fit the peak position and height and theoupling superconductivity. Note that we have not often ob-
background conductance of the experimental data. Consserved the above gap values, thereby demonstrating that the
quently, the calculated curve explains well the experimentatracked junction interface usually differs from the bdik
data, especially the sharp rise at the gap edge as shown jaase.
Fig. 1(b) for T=4.2 K,A=2.23 meV, and’=0.17 meV. The Figure 2 presents the tunneling conductance from another
sharp gap structure of, ;=9 mV is therefore attributed to SIS junction. TheR;~5.7 K} well above the gap is-1/40 of
4A, /e of the SIS junction, wherd, , is defined by the that in Fig. 1. The intensive peaks at2A; ,/e and the
peak-to-peak separation dfi/dV for the SIS junction di- proximity-effect-induced dips above the gap voltages are
vided by 4. The subgap structures af\, ,/e~*2.2-2.3  similar to those in Fig. 1. The smaller value af2.,/e=3.8
mV for the calculated curve are not observed in the experimV of Fig. 2 than 4.5 mV of Fig. 1 may be due to locgl
mental data. The observed conductance exhibit a broadenedriation of the sample. Also visible in Fig. 2 is the peak
weak zero-bias hump, but it is almost flat in the region wellstructures at*(24,_,/e)/2==1.9 mV, the broad humps
above the gap voltage. The pronounced conductance diggound *(24, ,/e)/3=+1.2-1.3 mV, and the zero-bias
just above the gap voltages can be due to a surface proximifyeak. These features may be a consequence of a relatively
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FIG. 2. Tunneling conductance for a LuB,LC break junction
at 4.2 K.
15 - . . . .
characteristics of the interface regions of the junction be-
— tween the bulk and other phases.
‘:I: It is noted that in the sharp-gap structure the phonon ex-
S 10f citations would be observable above the gap energy for the
3 strong-coupling superconduct®¥ In fact, using the break
T

junction, we have observed clear phonon structures in Pb at
the correct energies. However, in Figs. 3 and 4 such struc-
tures are not observed within a resolution of an at least
>0.1-0.5% change of the conductance above the gap volt-
age. This is consistent with the weak-coupling nature where
the phonon structures would be hardly observed. This situa-
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0
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FIG. 1. (a) Tunneling conductance for a Lupi,C polycrystal
break junction at 4.2 K(b) Comparison of the experimental data
(dashed ling with the calculated tunneling conductance for a SIS
junction using Eqs(1) and (2) with T=4.2 K, A=2.23 meV, and
I'=0.17 meV(solid line).

high barrier transparency at the junction interface. The sub-
gap structures of2A, y/e)in (n=2,3) observed in Fig. 2
give evidence for the multiparticlén-particle tunneling
and/or the multiple Andreev reflection processes for the SIS
junction, which are absent in the SIN junctitt?®

As mentioned above, we have often observed the smaller
A, . values. The observed smallest sharp-gap structures are
shown in Figs. 3 and 4 for LubB,C, together with the-V
characteristics. These structures are due to the SIS gap be-
cause they are much sharper than the ideal BCS singularity
expected for the SIN tunneling. In Fig. 3, the gap-edge peaks
occur at=2A, ,/e=+2.8 mV and the weak humps atl.4
mV correspond tat A, ,/e. On the other hand, the tunneling
conductance of Fig. 4 possesse§; 4,=3.2 meV with the
smooth conductance feature inside the gap voltage. In par-
ticular, a flat region observed around zero hias cannot be
reproduced by the calculation using E¢b). and (2) even if
we putl'=0 meV. In Figs. 3 and 4, there are no conductance
dips owing to a proximity effect unlike the cases of Figs. 1
and 2. Such dips were also not observed for the smaller-gap
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tion is similar to the case of BaK, BiO; (2A/kgT.=3.5),

structures in the present measurements as shown in Figs. 5, FIG. 3. |-V characteristics(top) and dl/dV (bottom for a
9, 13, and 14, presumably reflecting the difference in the.uNi,B,C break junction with 4, ,=5.6 meV at 2.4 K.
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FIG. 4. I-V characteristics(top) and dI/dV (bottom) for a
LuNi,B,C break junction with 4, ,=3.2 meV at 2.0 K. 05t
in which the phonon structures were observed only very
weakly?® the measurement beyone?0 mV would be desir- N
able to clarify the contr_ibution of high-energy phonons as °'°_5 4 -3 -2 -1 0 1 2 3 4 5§
was suggested by an isotope-effect measurement and the VOLTAGE (mV)

band-structure calculatiof§:**

Figure 5a) shows the tunneling conductance from an
YNi,B,C SIS junction, where the _Iarge zero-bias _peal_< 3Sion at 4.2 K.(b) Comparison of the conductan@ashed lingwith
well as the peaks at2.2 mV are evident. As shown in Fig. o calculation using Eq€1) and (2) for T=4.2 K, A=1.10 meV,
5(b), the observed tunneling conductance, except the zerqy,qr—o 11 meV(solid line).
bias peak, is well described by the SIS model using Ebs.
and (2) for T=4.2 K, A=1.10 meV, and’=0.11 meV. The
zero-bias features are largely different from each other, but
the intensive peak in the experimental curve is partly repro- T T T  p— T T
duced by the calculation. This is due to a finite tunneling LuNi,B,C
probability of the quasiparticles between the subgap states of 0.20F r=42K
opposing electrodes, which are inducedIband T even at
thermal equilibrium(i.e., V=0). The remaining component
of the observed zero-bias peak probably comes from a Jo-
sephson or weak-link supercurrent. Notice that the broad-
ened feature in Fig. 8I/A=0.1) is similar to that for Fig. 1
(=~0.08.

In Fig. 6, the high-bias feature of the tunneling conduc- 0.05} .
tance of Fig. 3 is presented with the bias voltages extended
up to =320 mV. The background conductance abau/e is ob— . ) \ ) 1
symmetric with respect to zero bias, having the total change -03 -02 -0.1 0 01 02 03
of it about 70—80% at-320 mV. Assuming that the heating VOLTAGE (V)
effect of the junction is negligible because of the relatively
high R; of 3—6 K2 and the smoothly increasing conductance F|G. 6. High-bias tunneling conductance for the same
with increasing bias voltage, we have fitted the simple tun{.uNi,B,C junction as that in Fig. 3. Inset: comparison of the ex-
neling model with a rectangular barrier@K to theconduc-  perimental datgsolid line) with the calculated tunneling conduc-
tance of Fig. 67 tance using Eq(3) (dashed ling

FIG. 5. (a) Tunneling conductance for an YM,C break junc-
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Fig. 7.

with shoulderlike peaks at1 mV. The origin of the zero-
bias peak is probably due to the Josephson supercurrent
and/or leak current through a weak lifkThe subgap peaks

at £1 mV aboe 5 K can be due ta=(A,_,/e)/2 of the
multiple Andreev reflections between two superconductors,
which are expected to be intensive for the weak-link
junction?® As shown in Fig. 7, the intensities of both the
zero-bias peak and the peaks02A,, ,/e==*3.8-3.9 mV at

FIG. 7. Temperature variations in tunneling conductance fromp K smoothly decrease with increasing temperature. In par-

an YNi,B,C break junction with 4, ,=8.1 meV at 4.2 K.

dI(V)/dV=C(Ug—eVI2)¥% "1 coshi(m/2)¥%: ~tetV(Ug
—eV/2)7Y2], )

whereUg andt are the barrier height and thickness, respec-

tively. Equation(3) tells us that the thickefthinnep barrier
results in the stronggweakej bias dependence for the con-
stant Ug. The experimental data do not exhibit a simple
parabolic shape expected from E§) for eV<Ug, but we
were able to choose the appropriate valuebl g&5 eV and

t=0.7 nm to explain the bias dependence of the background
conductance, as shown in the inset of Fig. 6. The relatively

large value ofUg for a mechanically stable junction as in

this case suggests the formation of an insulating material

barrier rather than the vacuum barrier.
For evaluating the ratio&kgT. from the distributed gap
values presented in Figs. 1-5, it is necessary to ofitaioy
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measuring the temperature dependence of the tunneling con-
ductance itself. Although the break junction had been con-

sidered to be unstable against temperature change, we were

able to obtain the available data. An example of the tempera-
ture variations ofdl/dV from an YNiL,B,C SIS junction is
displayed in Fig. 7 with 4, ,=8.1 meV at 4.2 K. The
asymmetric background conductance is evident at low tem-
peratures, and thR; at high-bias voltages are almost of the
same magnitude as that in Fig. 1. With increasing tempera-
ture theR; slightly changes at about 5 K, thereby resulting in

the drastic change of the conductance curve where the flat FIG. 9. Temperature variations in tunneling conductance from

—

[72]
£
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5 0 5
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background conductance and the large zero-bias peak appear YNi,B,C break junction.

10
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FIG. 10. Temperature dependence of the normalized zero-bias 20

conductancell/dV(0 mV)/dI/dV(15 mV) from Fig. 9. T, is ob-
tained as 12.1 K. Dashed and solid lines represent the calculationg; 5f
using N(E,T") [Eq. (2)] with I'=0 (BCS) and 0.23 meV, respec-
tively.

15

10 ”\//\

ticular, the gap peak positions shifting to low energies are os 05

clearly observed because of the crossing of density-of-states
singularities between the opposing electrodes. They are well ®% s 4 s 24 6 1 2 3 4 5 6% % 432401238 456
defined up tdT, as is expected for the ideal SIS tunnelifg. Vottage (mY) votiage (mY)

Figure 8 shows the temperature dependencelgf Aob- . L
tained from Fig. 7. The data points perfectly agree with the FIG. 11. Conductances of Fig. 9 fit with Eq®) and (4) at
BCS prediction over the whole temperature range except fosreveral temperaturgec)—(f)]. The dataa) and (b) are taken from
low temperatures where the iunction condition is sliahtly dif- the different junctions. Solid and dashed lines represent the experi-
fe\lf\(lant _lphus tLIJ'1e ethrapoIatechuvaIlJes of 4p':'7 9I—8 :Il.gmgv ™ mental data and the calculated curve, respectively.

. 0o =T7. .

at 0 K andT,=13.4 K from this curve give the ratio
2A, p/kgTc=3.4-3.5, being in agreement with the BCS

value. sessing the similav,, ., values at 4.2—4.6 KFigs. 1Xa) and

Figure 9 shows the temperature dependenagi afV for : )
another YNjB,C break junction. The conductance curve atll(b)]' Remarkal?ly,.the_ experimental dgta are well f'tteq by
Eqg. (4), thereby indicating that only a life time broadening

4.2 K is much broader than those of Figs. 1-6, but the leak; .
o . -~ for the SIN tunneling accounts for the observed conductance
age conductance at zero bias is considerably low. The junc- : e
. X . eature. As is shown in Figs. (@-11(c), the values of
tion with such a broadened characteristic was usually stabl [~A(0 K) in this temperature rangare reproducible de
against the temperature variations. With increasing temperasSpite the significant differences IM[=(a) 0.12 meV,(b) 0.16

ture the gap structure is thermally broadened and it mergemev, and(c) 0.23 me\l. As is evident from the figure, all

with the background conductance without a shift of the pealfhesel“ values explain well the leakage conductances for

energy, which is in contrast to Fig. 7, but in agreement W'theigch curve. The values df=1.82 meV and=0.12—0.23

the standard BCS temperature dependence of the SIN tunne ; . "
ing conductance. meV at 4.2—4.7 K give the ratios oAz T.=3.5 andI'/A

. . =0.07-0.13.
In Fig. 10, the temperature dependence of the normalized To clarify the difference in the conductance features be-

zero-bias conductancel/dV(0 mV)/dI/dV(15 mV) ob- o0 ke SIN and SIS tunnelings for nonzérealues, we

tained from Fig. 9 is shown, which is proportional to theh lculated th d for both the i ;
thermal smeared density of states€at TheT,=12.1 K was ave caicu ate t. e con uctances or both the junction geom-
¢ ) tries at 1.5 K using the experimental value2ef1.82 meV

obtained from the onset of the decrease owing to the ga ndT'=0.23 meV at 4.7 K and compared with each other.

opening. Since th¥/,, ,=5.4 mV at4.7 K in Fig. 9 seems to The results showed that for the SIN tunneling the value of
be too small for the SIS gap value for this, we compare = .
. . 2A, ,=4.23 meV of the calculated conductance is a factor of
the experimental data with the calculatddV for the SIN 2" |p h he ob d lue &f=3.6
‘unction usinéS 1. ' larger than the observed gap value .64 meV,
J while for the SIS case the calculated value df,4,=7.30
+oo meV agrees with the experimental value df-47.28 meV.
dl(V)/dV=Cj N(E,[')[—-df(E+eV)/dV]dE (4)  Therefore the fitting procedure is necessary to obtaifor
- the SIN tunneling, whereas the, , value gives a correct
and obtained\, I', and the scaling paramet€rat each tem- gap value for the SIS case. Since an unaffected junction in-
perature. terface is expected for the break junction, the nonzEro

Figure 11 shows the fitting results at representative tem-
peratures together with the data from different junctions pos-
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value may not be a surface artifact. It may be related to the
polycrystal grains and/or inhomogeniety, where the electrons L ) )
have possibilities to go out or in between the superconduct- "'c- 13. Temperature variations in tunneling conductance from
. . . .an YNi,B,C break junction with 4, ;=4 meV at 4.2 K.
ing and normal states through the grain boundaries. This p-p
would result i_n a finite lifetime of the quasiparticles in the | ,cjear spin-lattice relaxation measurements, which suggest
superconducting state. The lardewvalues for the SIN tun- 5 qeviation from the simple BCS pictufé®
neling than that fo_r the SIS case as shown in Figs. 1 5,_and In the present work, we have probed much smaller gap
11 can be explained by the much degradated junctionggjyes than that corresponding to the biilk of RNi,B,C.
interface characteristics consisting of grain boundaries fofigure 13 shows such data for YJ8i,C with the temperature
the SIN junction compared to the cracked junction interfaceyariations ofdl/dV having eV, ,=4 meV at 4.2 K and
for the SIS junction. R;~2.5 K at high bias. These values are similar to those in

The fitting results like in Fig. 11 demonstrate that theFig. 5. The significant features of Fig. 13, namely, the
anisotropic gap is not the case for tR&i,B,C compound, sharper gap peaks than those for the SIN tunneling at 4.2 K
because all the gap features are well described by onl¥ the and the existences of the inner gaptat meV and the zero-
term and the probability-distribution function of the gaps isbias peak, give evidence for the SIS junction with,4,=4
not needed’ The above results are therefore consistent withmeV. With increasing temperature the gap structure gradually
the nearly isotropic electronic propertiesR~Ni,B,C.2° This  smears out, displaying no apparent shift of its peak position.
feature is in contrast with, for example, the cuprate superconfhis is because the gap closing and temperature broadening
ductivity with CuQ, layers, where the Gaussian gap- balance each other on warming up as in the case of SIN
distribution model often describes the observed gagunneling, the feature being in contrast to the temperature
broadening’ shift of A, _, for the standard SIS tunneling as is seen in Fig.

In Fig. 12, the values o from the above fitting proce- 7. TheT. of 6.7 K obtained from the temperature where the
dures are plotted as a function of temperature, where thgap structure disappears as shown in Fig. 13 is very low
BCS temperature dependence &fis clearly visible. It is compared to the bulkl,, but in agreement with that of
noted thatl’ is almost constant or slightly increases with ThNi,B,C, which has a bulk, of 6.3 K, close to the lower
increasing temperature, probably reflecting the fact that théoundary reported in the literatute This clearly demon-
interface characteristics do not depend on temperature. Sinstrates that we have observed the local properties with the
I is the only parameter which describes the zero-bias corcomposition being different from the stoichiometric
ductance for the giveA andT, we have calculated the tem- RNi,B,C phase. Since the lowest temperature of 4.2 K in Fig
perature dependence of/dV(0 mV) with T'. The best fitto 13 corresponds tdl/T. (=t)=0.63, thermal smearing is
the experimental data in a whole temperature range is obrather significant. Moreover, the gap feature is much broad-
tained forI'=0.23 meV(=2.7 K) as shown by the solid line ened compared to the ideal SIS tunneling, in whigh, no
in Fig. 10. From Figs. 8 and 12, it is obvious that the shardonger gives the correct gap value. From the numbers of our
gap-peak positions for the SIS tunnelifig. 8 and the tunneling data showing the broadened gaps, the relationship
conductance-fitted gap values for the SIN tunnelifig. 12  of A=(0.8-0.94,., for t<0.5-0.6 was empirically
actually match with the BCS temperature dependence. Thigbtained'’ By combining this with the ratioA (t=0)/A
feature is in contrast to the results of specific-heat andt=0.63=1.1 from BCS theory? the relationship of
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FIG. 14. Tunneling conductance of a LyB,C break junction
at various temperatures. Junction conditions for the bottom curve
are different from that of the other data in this figure. temperature broadening of the gap edge that results in a con-

stantV, |, on warming as discussed in Fig. 13, the gap value

A (t=0)~A,_, (t=0.63 is obtained. Therefore2would  of 2A=1.2-1.4 meV at 0 K would be obtained from the
become ~4 meV at 0 K, thereby giving the ratio 2A, =16 meV multiplied by the empirical factor of
2A/kgT =3.5. _ ~0.8-0.9" This leads to the ratio®kgT,=3.1-3.5, which

Further, we have found a considerably [awof 4.6 Kfor s consistent with that for the highdi; phase inRNi,B,C.
a LUNi;B,C junction. While the Ni-site substitution on  prom the measurements of the temperature dependence of
YNi,_,TB,C [T=Co (x=0.1), Fe(x=0.07, Ru showed & e ynneling conductance as shown in Figs. 7, 9, 13, and 14,
decrease iff; down to about 6 K the RNi,B,C compound t'is opvious that the distribution of the gap value is due to
with the bulk T.<5 K has not yet been reported. In the y,q 1 gifference probably arising from local variations of
present work, we use the loweB{-phase to probe the small- ichiometry. Such features have also been found in the cu-
est gap size just before causing the superconducting phase fp,q gingle crystals, which have been preventing us from
disappear in this compound. Figure 14 shows the tempergsptaining the intrinsic properties of the tunneling spetfra.
ture variations ofdl/dV having theeV, ,=3.2 meV at 4.2 We have occasionally observed the large gap feature of

K. This value roughly agrees with that in Fig. 4, but the .\, _18 meV at 4.2 K in YNiB,C as shown in Fig. 16.

measuring temperature is different. In Fig. 14, mechanica hg pbackground conductance is asymmetric and strongly

instability of the junction did not allow us to measure the ;¢ dependent, but the subgap conductance is well de-
spectra below 4.2 K. The gap structure is rapidly smeared Oyleaed with the substantial overshoots at the gap edges that

on warming up to 5 K, but it is fairly well pronounced even ..o much broadened. The valueRf~50 k) at +20 mV is
at 4.2 K. TheT.=4.6 K is obtained from the temperature

dependence of the zero-bias conductadte V(0 mV) as
shown in Fig. 15, where the onset of the gap opening is
clearly seen. The temperature dependence of dhé
dV(0 mV) for the SIN junction calculated using the ideal
BCS density of states is also presented in the figure. Since
the experimental data are always below the ideal character-
istics for the SIN tunneling given by the calculation, they are
apparently due to the SIS tunneling. The tunneling conduc-
tance with the differeniR; as shown in the bottom of Fig. 14
gives further evidence for the SIS gap. It displays the broad
humps around:-V, ,/4=*A, /e, in addition to+2A, _/e. 5
Because of the SIS tunneling, the gap structure is well de-

fined even at 4.2 Kt=0.91). For temperatures up to 4.56 K . .,
(t=0.99, the broadened gap featurea2A, ,/e=*1.6 mV S— -10 0 10 20
shows no temperature shift, being similar to the case of Fig. VOLTAGE (mV)

13. Although the gap feature is simply broadened with the

constant background conductance, the fitting results using FIG. 16. Tunneling conductance for an ¥,BiC break junction
Eq. (1) were not satisfactory. Therefore, by considering theshowing the largest-gap feature in the present work.

20

-
(4]

di/dv us)
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similar to that of the other data in the present work, and the?A/kgT,=4.53* This value agrees well with the literatdire
positions of the gap structures were reproducible for the difand clearly distinguishes N6n from RNi,B,C in spite of
ferent junctions withR; (20 mV) up to ~400 K. There- having the similaiT ;=15-17 K. It is noted that the Chevrel-
fore this is considered to be due to the superconducting gajpphase compounds wifi, =10-12 K have been also reported
and the possibility of observing the nonintrinsic effect suchto be very strong-coupling superconductors  with
as a Coulomb blockade can be excluded, although the co?A/kgTc=4~5.° but by taking into account the broadening
servation of the areas below and above the gap energidgature of the tunneling spect}éxhe_ratlo is turned out to
seems to be difficult to confirm because of the strongly biasf@ll into a weak-to-moderate coupling regime of 3.5-3.8.
dependent  background-conductance  feature.  Sinc&MiS_iS rather in agreement with that @NiB,C than

_ ; ; ; ; NbsSn. Note here that thg value of RNi,B,C is similar to
eV, =18 meV is twice as large as\_,/e of Fig. 1, it can 3 . 202
p.-p. -p! m
be primarily due to double SIS tunneling. Within this inter- that of theA15 compounds, but is smaller than that of the

pretation, the ratio &, ,/kgT~3.5 is obtained with a bulk Ch\?\)’re' ﬁomp"k‘:r.‘dﬁ- o : o
T, of about 15 K. We note that the existence of the higher- 2A/keT _%rg btm? yd fmg'll.'og c 'I?h r;ce:ssen reslu Sf 0
phase as was found in YFBLC (Ref. 4 also cannot be ruled B! ¢35 OblaINed ToRNI5B, L. The gap value for

out as the origin of the large gap value, because tunnelingv\”de-rc range of 5-16 K foRNi,B,C is similar to that for

spectroscopy could probe local quasiparticle excitations ver a%ﬁXKXB|O3ft[1rlroggthoutT€—mﬁg% K: Th'j’ IS N cc\)l\rl}t]rarst
sensitively. This is supported by the observation of the'o, (€ case ofhe intermeta compounds Nifse where

) . oo 2A/kgT,. increases rapidly from the value slightly below 3.5
low-T, gaps as is already presented in this work. - -IgTC:7—12.6 K to a strong-coupling value of 4.3—4.5 at the

stoichiometric phase boundar§T.=21.2 K).° From the
semiempirical formula of the strong-coupling correction for
2A/kg T, given by Mitrovic et al® using the Eliashberg

RNi,B,C, deviations from BCS behavior have been dis-
cussed in some report$:?° From the normalized specific-
heat discontinuity ofAC/yT.=1.6—1.8 reported by Carter

etal,” which is larger than the BCS value of 1.43, duations

the ratio 2A/kgT.=3.7-3.9 is obtained usingAC/yT, 2A/KgTo=3.91+12.5kgT./E;)? IN(E/2KaT,) ]
~O.115(2A/kBTC)%.33 This result points to an intermediate- Ble BTt =i n'<fBle
to-strongly coupled superconductivity. Furthermore, the tem- for kgTo/E,<0.3), (5)

perature dependence of the electronic contribution to the speg;i,

cific heat C,) in the superconducting states #&Ni,B,C by

Hong et al. seems to obey a power law wit/yT ~t>">,

rather than the BCS activation formulaCg/yT, Em:exr{(Z/)\)f F(E)(In E/E)dE

~8.5 exp—0.82A(0)/kT] at low temperatures of<0.3. . . . L .
The temperature dependence of the nuclear spin-lattice reIaQ-:(E) is the phonon density of .sta_ﬂests variation W'th.
respect toT. for the same material in the strong-coupling

ation rate 1T, of !B showed no enhancement just bel@w ' _ . )

with the magnetic field down to 0.4 T, and its temperaturereglon can _be arised from whetheg is a functhn OfEy, or
dependence seems to be consistent with a power law rathBPt For NpB,C, the measurements of the Isotope effect
than the BCS activation tyf8.These results are not consis- Ni,B,C show_ed a large Sh'.ft of ; for B atoms. This sug-
tent with the present tunneling measurements. However, waests the d_omlnant rf!e of hlgh—energy phpnons such as bo-
believe that the above results are due to local variations df2" 21 optical modé” involving the dynamical modulation

stoichiometry or normal-state impurities which would causeOf the NiB, tetrahedral bond angles as is predicted by the

low-energy quasiparticle excitations as a result of pair breakt_)and-structure calculatioff. Therefore the ~condition

ing kgT.<E,, seems to be realized because of the possible con-
There exists a calculation that predicts the existence otf'bUt'ons of the high-energy phonons arising from the light

high-energy phonons to give the estimation of a Iargemass B as well as C atoms.. The more dgtalled tunneling
electron-phonon coupling constantup to 2.6.2 The largex measurements combined with the inelastic-neutron- an(_d
value implies low-energy phonons which would be Causefaman-scattermg_ measurements of the phonon spectra wil
by a softening of thé8 phonon mode or the phonons from e helpful to confirm this conjecture.

heavy ions. Such a strong electron-phonon interaction
>1-1.5 would result in the ratio &/kgT.~4-4.6, where
the structures of the electron-phonon interaction must be ob- We have investigated the superconducting energy gap in
servable above the gap energies in the tunneling conductan&Ni,B,C using the break-junction tunneling technique. The
with about 2—3 % deviations from the BCS density of statespbserved low-temperature characteristics as well as the tem-
as is seen for Pb and15 compound&!® However, the perature dependence of the gap are well described by the
above prediction of a large is also not consistent with our BCS theory. In particular, the tunneling conductance is al-
tunneling results of a weak-coupling superconductivity, asmost fully explained by the lifetime-broadened BCS density
well as no phonon structures in the tunneling data. It ispf states without any additional leakage conductance,
therefore, of practical interest to compaRNi,B,C with  thereby giving evidence for an unaffected junction interface
other strong-coupling intermetallid15 compounds like other than the grain boundary effect. The several gap values
NbsSn using the same experimental technique. Preliminarpbserved at low temperatures are found to be due td'the
results of our break-junction measurements have given thdistributions. This is because stoichiometry variations in a
results of 2=6.7 meV at 4.2 K withT,=17.3 K of the small area tend to occur for these multicomponent polycrys-
junction, thereby giving a strong-coupling value of talline compounds, which cannot be probed by both the x-ray

SUMMARY
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