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We have studied the quasiparticle excitation spectrum of the superconductor BagSise by local tunneling
spectroscopy. Using high-energy resolution achieved in superconductor-insulator-superconductor junctions we
observed tunneling conductance spectra of a nonconventional shape revealing two distinct energy gaps, A
=1.3*0.1 meV and Ag=0.9*+0.2 meV. The analysis of tunneling data identified A; as the leading supercon-
ducting gap in the bulk material. A smaller and more dispersive gap Ag is interpreted as induced either in
reciprocal space, via the quasiparticle interband scattering from the leading superconducting band, or in real
space, by the proximity effect to a normal layer at the surface.
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I. INTRODUCTION

In their microscopic theory of superconductivity!
Bardeen, Cooper, and Schrieffer (BCS) predicted the exis-
tence of a single gap A in the elementary excitation spectrum
of a superconductor (SC). However, already in late 1960s,
some superconductors from the A15 family did show anoma-
lies in specific heat that could be attributed to the presence of
several energy gaps.> The existence of two energy gaps has
also been suggested for Nb, Ta, and V.4 Recent discovery of
the two distinct SC gaps in MgB, reported in specific heat®
and scanning tunneling microscopy/spectroscopy (STM/
STS) experiments,®8 with the excitation spectrum deviating
from the BCS, strongly renewed the interest for nonstandard
superconductors.” 2

Among the covalent sp> materials, such as silicon carbide
or silicon (or carbon) diamond, the silicon clathrate BagSiyq
appears to be a good candidate for a nonconventional super-
conductivity. This doped clathrate is formed by covalent Sis,
and Si,, cages sharing their faces and filled with intercalated
Ba atoms (for more details, see Ref. 13). It has been shown
that the superconductivity appearing in BagSiys at
T.=8.1 K (Refs. 14-18) is mediated by phonons and is an
intrinsic property of the sp> network formed by Si atoms.!”
Eight encaged Ba atoms per unit cell provide the charge
carriers'® resulting in a complex band structure with several
bands crossing the Fermi level. Thus, one could expect the
superconductivity to be more or less developed in the differ-
ent bands and to depend strongly on the interband scattering.
Up to now however, the question remained a subject of con-
troversy: Tanigaki et al.'® concluded on a conventional BCS
superconductivity in BagSise, while tunneling spectroscopy
data evidenced for an anisotropic order parameter,?’ and re-
cent results of specific-heat measurements were reported to
be consistent with two-gap superconductivity.'?

In this paper we report the local tunneling spectroscopy
(TS) of BagSiys performed in the STM geometry. In order to
enhance the energy resolution, we studied superconductor-
vacuum-superconductor (SIS) tunneling junctions formed by
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in situ cleaved BagSisq grains (used as STM tips) (Ref. 6)
and a clean surface of 2H-NbSe,. Such specific geometry
allowed us to obtain high-quality tunneling junctions
using available small granular BagSiys samples.
BagSiye-vacuum-BagSiyg SIS junctions were realized by gen-
tly crashing and then retracting the BagSiyg tips into/from the
surface of 2H-NbSe,.

Statistical analysis of the SIS spectra revealed the exis-
tence of two energy gaps. A large one A;=1.3+0.1 meV,
giving a ratio 2A;/kT.=3.7+ 0.3 comparable with the BCS
value, is unambiguously attributed to the superconductivity
in the bulk BagSiy, material. A smaller one Ag
=0.9+0.2 meV, appearing in the tunneling spectra of a non-
conventional shape may, in principle, have two distinct ori-
gins. From one side, it could reflect the superconductivity
induced in an intrinsically nonsuperconducting surface layer
by proximity to the bulk BagSiss. From another side, the
small gap may arise in an intrinsically nonsuperconducting
electronic band of BagSiy by the interband quasiparticle
scattering from another (leading) superconducting band. In
the latter scenario BagSisq material is a two-gap supercon-
ductor.

II. TUNNELING-SPECTROSCOPY EXPERIMENTS

Polycrystalline BagSiye samples were synthesized at high
pressure and temperature.'*!” The BagSiyq tips were fabri-
cated by gluing a small grain of the material at the apex of a
standard Pt/Ir tip. The grains were then fractured prior
tunneling-spectroscopy experiment in order to expose a clean
surface facing the STM junction (see insets in Figs. 1 and 2).
In this work, both ex sifu and in situ fractured BagSiyg tips
were studied. As a control of the tip quality, the ability of the
tips to image Au or NbSe, surfaces was systematically
checked. We also visualized the vortex lattice in NbSe, (Fig.
2) and observed the voltage-dependent contrast expected for
high-quality SIS junctions.?! This is an indication of both the
vacuum tunneling regime and the clean surfaces of the tun-
neling electrodes. The raw I(V) data acquired at tunneling
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FIG. 1. (Color online) Two typical SIN tunneling conductance
spectra obtained with a BagSiye tips and Au sample [red (gray) and
blue (black) dots] at 2.3 K. Solid lines: best fits using Schopol &
Scharnberg-McMillan equations [Eq. (5)] with A%=0.08 meV,
I',=10 meV, AY=12 meV, I';;=1.49 meV for the red (gray)
curve and A[=0.05 meV, TI',=11 meV, Ag=1.33 meV,
I';;=1.31 meV for the blue (black) curve. Inset: schematic drawing
of the experimental geometry.

resistances 10—100 M) were numerically derived and the
resulting dI(V)/dV spectra are presented normalized to unity
for clarity.

Before focusing on the SIS spectroscopy, we first present
in Fig. 1 typical superconductor insulator normal metal (SIN)
tunneling conductance spectra obtained with BagSisg/Au

dl/dV (normalized)

Bias Voltage (mV)

FIG. 2. (Color online) BagSiss vs NbSe, SIS spectra at
T=2.3 K. The spectra reveal two distinct energy gaps in BagSiyg
(showed with arrows): Ag=0.8 meV for the blue (black) curve and
A;~1.4 meV for the red (gray) curve. Above: vortex lattice in
NbSe, at B=0.165 T revealed with a BagSiyg tip at several biases
(from left to right) —2.0, =0.9, +1.0, and +1.9 mV showing the
contrast inversion characteristic of SIS junctions (Ref. 21).

PHYSICAL REVIEW B 81, 104522 (2010)

dl/dV (normalized)

Bias Voltage (mV)

FIG. 3. (Color online) A typical BagSiyg vs BagSiyg SIS tunnel-
ing conductance spectrum [circled blue (black) curve]. A pure BCS
fit, red (gray) line, clearly fails to reproduce the dips and the broad-
ened quasiparticle peaks (pointed with arrows).

tunneling junctions. The spectra exhibit a smooth apparent
gap ABaSSi%z 1.0 meV with no additional spectroscopic fea-
tures visible. The position of the peaks varies (typically
+0.2 mV) from one grain to another. Such thermally broad-
ened SIN spectra are quite identical to those previously
reported,?’ and which were interpreted as resulting from the
anisotropy of the SC gap in the bulk. Nevertheless, the ther-
mal broadening of =3.5kT inherent to the SIN spectroscopy
strongly impairs the energy resolution of TS at 2.3 K, giving
one no chance to reveal fine spectroscopic features in the
density of states (DOS). To overcome the thermal broadening
limitation we applied SIS spectroscopy and thus consider-
ably enhanced the energy resolution.

A typical BagSius-NbSe, SIS spectrum is presented as the
dotted blue (black) curve in Fig. 2. In SIS configuration the
peaks appear at the position Apeak=ANbSe2+ABaSSi46' Consid-
ering ANbSez(Tzz.Z K)=1.1 meV leads to BagSiyq
=(0.8 meV. The peaks are clearly better resolved than with
SIN spectroscopy (Fig. 1). The SIS tunneling spectra are
even sharper with BagSiyg-BagSiysg SIS junctions, as shown in
Fig. 3 [circled blue (black) curve]. The peaks sharpness ob-
tained both with NbSe, and BagSi,q counterelectrodes clearly
demonstrates the effect of enhanced energy resolution in SIS
tunneling spectroscopy with respect to SIN geometry. The
pure-BCS fit of the BagSis-BagSiy, spectrum [red (gray)
solid line in Fig. 3] gives ABasSi46=1'04 meV. Thus, both
SIN and SIS data in Figs. 1-3 reveal a gap value of
ABaSSi46=0.9iO.2 meV, corresponding to 2ABa85i46/ kT.
=2.6<<3.52 which is much too low to account for the super-
conductivity in bulk BagSiye. Furthermore, the standard BCS
fit [red (gray) line in Fig. 3] fails to account for strongly

104522-2



TWO ENERGY GAPS IN THE TUNNELING-CONDUCTANCE...

broadened quasiparticle peaks and local minima—dips
(marked by arrows).?? Both the low gap energy and the non-
conventional shape of the tunneling spectra suggest the ex-
istence of another, larger SC gap A;, responsible for the su-
perconductivity in the bulk BagSis, that is, hidden in the
tunneling data for some reasons to determine. Hence, we
have now to understand the origin(s) of the small gap Ag we
do observe in TS and get some insight on a hypothetical
hidden larger gap A;.

In the following section we discuss two phenomena that
indeed lead to the appearance of an additional (secondary)
gap in superconductors. The first idea is to consider that two
(or more) electronic bands are involved in superconductivity,
each being characterized by a SC gap and thus, BagSiyg is a
multiple-gap superconductor. The second one is to suggest
the existence of an intrinsically nonsuperconducting “dead”
layer at the surface of BagSise to which the superconductivity
is induced by proximity effect to the bulk.

II1I. TWO-GAP SUPERCONDUCTIVITY VS PROXIMITY
EFFECT

The necessity of a precise description of realistic SCs
stimulated an important piece of theoretical effort. In 1959
Suhl, Matthias, and Walker (SMW) (Ref. 23) extended the
one-band isotropic BCS model to the case of two energy
bands. In their simple heuristic model each band has its own
BCS Hamiltonian and a coupling term that scatters pairs
from one band to another is added in order to couple both
bands. This coupling is described by the partial Hamiltonian,

VIZZ cl:Tctde—k'ldk’T + dZTdile—k’lck’T’
173

where ¢*, ¢, d*, d are the corresponding creation and annihi-
lation operators in each band and Vi, is the interband pair
coupling. Such a model leads to a two-band SC that exhibits
two distinct gaps in its excitation spectrum, A; and A, that
are solutions of the self-consistent equations,

A1 -V N F(A)]= AV NF(Ay),

Ay[1 = VN F(Ay)]=A VN F(A), (1)

where
frop J"62+ Az
F(A) =f de tanh[\—]/\'ez+A2. ()

N;=N,(Ep), i=1,2, is the normal state DOS at the Fermi
level in each band. The terms V|, and V,, are the usual BCS
pair coupling in each band. The corresponding density of
states is a weighted sum of two BCS spectra,

_ __E
Ns(E) = 2 N{Ep)Re———. (3)
i=1,2 VE= - A;

In tunneling experiments the tunneling probability is k de-
pendent, hence the amount of tunneling electrons should be
ponderated by an average tunneling probability to each band.
Combining both the SMW model and tunneling selectivity,
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we shall expect an effective tunneling density of states
should of the form,
5 [
Ns(E) = 2, WiN(Ep)Re——, 4)
=12 VE- - A;

l

where W, accounts for the k-averaged tunneling probability
toward each band.

Let us point out that such a tunneling density of states
[Eq. (4)] is nothing but a weighted sum of two BCS DOSs: It
neither thinners the quasiparticle peaks nor generates the
dips in SIS spectra. Thus SMW model fails to describe our
experimental data. Nevertheless, the two-band model can be
extended to give a more realistic description of multiple-
band superconductivity. The first improvement consists in
taking into account the interband quasiparticle scattering,
nonaccounted for in SMW model. Schopol & Scharnberg
(S&S) (Ref. 24) showed that the quasiparticle scattering in a
two-band SMW superconductors leads to energy-dependent
gap functions A;(E) that depend essentially on the interband
scattering times 7,~1/I';; and 7, ~1/T",;. The detailed
balance equation requires that N,I'j,=N,I",;. The gap func-
tions are solutions of the coupled equations,

A%+ T LA (E)NAYE) - (E - iT))?
1+ T \[AXE) - (E - iTy)?]

Al(E):

A+ Ty A (EYNAXE) - (E - iT'},)?
1+ Ty /N[AXE) - (E - iT )]

where A" and AY are the gaps obtained from the self-
consistency equations,

AyE) =

)

hw;
i E A(E
A= )\ilf dE tanh Re| {E)
0 2kgT VE? - Af(E)

+\ \/thwijdEt N P A(E)
’ an e| ———|,
YN N Jo 2kT VE? - AXE)

(6)

where \;=V;N; are the intraband electron-phonon coupling
constants, while \;=V; j\e"N,-N ; is the interband electron-
phonon coupling constant of the SMW model.

The partial density of state with the energy-dependent gap
functions are given by

|E|
Ng(E) = Ni(Ep)Rem- (7

As shown in Ref. 24 the quasiparticle scattering leads to
rounded quasiparticle peaks. In addition, bumps appear in
the two partial densities of states. Such structures were in-
deed observed in MgB, and perfectly described in the frame-
work of S&S model by Schmidt et al.’

Experimentally, the tunneling experiments probe the elec-
tronic properties at the very surface of studied samples,
which may, in principle, differ from their bulk counterpart.
Indeed, the surface is a defect that may affect the local den-
sity of states. First, the translational invariance perpendicular
to the surface is broken, which may lead to the formation of
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particular surface states, such as Shockley or Tamm
states, 2% that do not exist in the bulk. This may also give
rise to some reconstruction and appearance of dangling
bonds that may induce a particular electronic structure, dif-
ferent from the bulk, in a thin surface layer. The surface is
also the place where oxidation and hydroxylation take place
in the first stage. Hence, in many cases the surface electronic
properties are not identical to the bulk ones and surface sen-
sitive techniques might be flawed. In the case where a mul-
tigap superconductivity is presumed, this is a very stringent
problem, since the equations of the energy-dependent gap
functions [Eq. (5)] of a two-gap superconductor are formally
identical to the ones derived for the proximity effect by
McMillan.?’

In his treatment of superconducting proximity effect be-
tween two metallic films, McMillan started from two initial
BCS gaps in each band A(l) and Ag and added a Bardeen-type
tunneling coupling between both metals, leading to coupling
energies 'y, and I';; accounting for the quasiparticle scatter-
ing from one metal to the other. Here the detailed balance
impose N,d,I"|,=N,d,I",,, where d; and d, are the thickness
of the two films that are supposed thin with respect to the
coherence length &:d,,d, <& With these assumptions one
recovers the Eq. (5) of the energy-dependent gaps A,(E) and
A,(E) of the S&S two-gap model.

This analogy between proximity effect and two-gap su-
perconductivity is due to the fact that quasiparticle scattering
in real space or reciprocal space are described by the same
way when the film thickness, where proximity effect takes
place, is much thinner than the characteristic scale & The
similarity between multigap superconductivity and proximity
effect is even more profound since the McMillan proximity
model, that considers quasiparticle scattering, and the SMW
two-gap model, that suppose Cooper-pair scattering, have
strong similarities. Indeed, Noce and Maritato®® demon-
strated that assuming a simplified solution of the McMillan
proximity model with nonenergy-dependent gap function
A;(E)=A, they recovered the same self-consistent gap equa-
tions than in the SMW model [Eq. (1)]. Note however that
SMW and McMillan models differ in one important point: in
SMW a pure interband pair coupling V, leads to supercon-
ductivity even with zero intraband coupling V,;=V»,=0,
while in the McMillan proximity model, a quasiparticle cou-
pling between two nonsuperconducting metals would not in-
duce superconductivity.

The formal identity between the S&S reciprocal-space
two-gap superconductivity and McMillan’s real-space prox-
imity effect strongly complicates the interpretation of TS
data. However, one can exploit the fact that the ratio I"},/T",
constant and equal to N,/N; in S&S approach, is thickness
dependent in the McMillan proximity model: I'j,/T',, :xf—jf.
Hence, in the proximity case, the I',/I',; ratio should vary
from sample to sample and from one location to another
depending on the particular thickness of the proximity layer.

In Figs. 4(a) and 4(b) we show the partial DOSs Ng;(E)
calculated in the framework of S&S two-gap model for an
intrinsically nonsuperconducting band i=1: A?:O meV,
coupled to an intrinsically superconducting band i=2: Ag
=1.3 meV. Different curves corresponding to the coupling
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FIG. 4. (Color online) Partial DOSs in the band 1 in (a) and 2 in
(b) calculated within the McMillan model with A?zO,
Ag=1.3 meV, I';=0.5, 1, 2, 5, and 15 meV and T',=T",/10. (c)
Evolution of the excitation gap and apparent gaps A;, Ag with the
scattering rate I'j, corresponding to (a) and (b). In (c), simulated
conductance spectra at 2.3 K are shown for a SIS junction with both
electrodes exhibiting the DOS of the small gap band shown in (a).
The plot (d) shows the evolution of the excitation gap and the
peak-to-peak gaps Ag and A; in the small gap and large gap band,
as a function of the coupling I';.

parameters 1"}, varying from 0.5 to 15 meV with a constant
ratio I',/I'5;=10, that corresponds to the typical range of
parameters found for BagSisg (see below). These calculated
densities of states could also represent the proximity case
between a metallic film (i=1) in close contact with a super-
conducting film i=2, in the framework of McMillan model.
As a result of the interband (or intermetal) quasiparticle scat-
tering, a gap Ag is induced in the first band (or proximity
layer) where it does not exist at zero coupling. The DOS
shape in the first band (or proximity layer) is very peculiar
[Fig. 4(a)]: the quasiparticle peaks are broadened and there
are some shoulders at the position of the large gap peaks.
This peculiar shape is responsible for the appearance of dips
in SIS spectra. This is illustrated in Fig. 4(c) where simulated
SIS tunneling spectra supposing that both electrodes exhibit
the small induced gap of Fig. 4(a). The key point is that there
is a clear signature of the presence of a (hidden) larger gap
whatever the phenomenon considered. It features as a dip in
SIS spectra for strong enough couplings. The curve corre-
sponding to I'y=5 meV shows that the dips may even be-
come negative in the SIS spectra while no dips are present in
the initial DOS.

In the large gap band (or superconducting film) the ini-
tially pure BCS DOS evolves with the coupling [Fig. 4(b)]: a
minigap (often called “excitation gap”) appears at the same
position that the induced gap in the first band as shown by
the red arrow in Fig. 4(b). Thus, different apparent gaps ap-
pear in the model. The excitation gap, that corresponds to the
excitations of lowest energies, is close to the peak-to-peak
value of the small induced gap that will be defined as 2Ag.
The second important gap is defined as peak-to-peak value
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FIG. 5. (Color online) Typical BagSiy vs NbSe, SIS tunneling
conductance spectra [red (gray) triangles and blue (black) circles]
observed at 7=2.2 K. Solid lines: best SIS fits with Schopol &
Scharnberg-McMillan equations [Eq. (5)] with the following pa-
rameters: for the red (gray) curve: A)=0.0 meV, I';,=2.2 meV,
A%=1.1 meV, and I';;=0.17 meV, and for the blue (black) curve
AY=0.07 meV, T,=3.54 meV, AJ=134 meV, and T
=0.26 meV. The DOS of NbSe, used for the fits was taken from
Ref. 29.

2A; in the large gap band. The evolution of the excitation
gap, of the induced small gap Ag and of the leading gap A;
as a function of the coupling parameter I, is presented in
Fig. 4(d). Both gaps Ag and A, vary strongly at moderate I},
and reach the same asymptotic value for very large coupling,
where one recovers a simple one-gap BCS DOS as expected
from the Anderson’s theorem.

IV. FITS TO THE DATA

In Figs. 5 and 6 we present fitted SIS tunneling spectra of
BagSi-NbSe, and BagSisg-BagSisg junctions, respectively.
The Fig. 7(a) shows the temperature dependence of the later.
The enhanced energy resolution of SIS spectroscopy re-
vealed the apparent gap ABaSSi46 to vanish exactly at the 7. of
the bulk material [Fig. 7(b)], thus evidencing an intimate
connection of the observed gap to the bulk SC. The SIS fits
using Schopol & Scharnberg-McMillan equations [Eq. (5)],
shown as solid lines in Figs. 5-7, reproduce in fine details
the shape of the SIS tunneling conductance data, with differ-
ent counterelectrode materials and at various temperatures
[red (gray) lines in Fig. 7]. A perfect agreement is also
achieved when fitting SIN spectra (solid lines in Fig. 1). In
the case of NbSe, as a counterelectrode (Fig. 5), the fits were
done assuming the tunneling DOS taken from Rodrigo &
Viera?® who proceeded to a very fine measurement of the
tunneling DOS of NbSe, by SIS spectroscopy with a Pb tip.

By analyzing the fitting parameters of different tunneling
spectra we noticed the following common features: (1) for all
spectra, the initial BCS gap in the band i=1 is A?~O meV
while A9=1.3+0.1 meV. (2) The interband scattering pa-
rameters, [';, and Iy, strongly vary from one junction to
another, but their ratio remains almost fixed I'|,/1"5; ~ 10 as
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FIG. 6. (Color online) Typical BagSisg vs BagSisg SIS tunneling
conductance spectra [red (gray) triangles and blue (black) circles]
observed at 7=2.2 K. In some junctions a negative tunneling con-
ductance is measured at the dip positions (arrows). Solid lines: best
SIS fits with Schopol & Scharnberg-McMillan model obtained with
the following parameters: for the red (gray) curve A?:0.0 meV,
I'»=2.6 meV, A0(2)= 1.1 meV, and I';;=0.18 meV; and for the blue
(black) curve A}=0.0 meV, I'1,=3.7 meV, Ag: 1.23 meV, and
I',;=0.40 meV.

shown in Fig. 8. (3) For most of the studied junctions, the
tunneling contribution of the band i=1 was W;=1 and that of
i=2 was W,=0, i.e., we needed only the partial density of
state of the small gap Ny, (E) to fit the tunneling spectra.

Thus, assuming I',;=I"},/10 only two variable parameters
remained, Ag and I"},. Moreover, the fits of the temperature-
dependent spectra in Fig. 7(a) were generated considering
only one free parameter, A(z’(T), the second I'j,=6 meV be-
ing evaluated once for all at 7=2.2 K and kept fixed up to
the critical temperature.

Let us now discuss the physics behind such a surprisingly
nice agreement between the data and fits, and analyze the
consequences of the above-mentioned common features. The
condition A?%O meV implies that the superconductivity in
the band i=1 (or in the surface layer, within McMillan hy-
pothesis) is fully induced: A small gap opens in Ng;(E) due
to the coupling with the leading superconducting band i=2
where the pairing amplitude Ag:1.3t0.1 meV is found
close to the value 1.4 meV estimated from specific-heat
measurements.'> The observed fluctuations of the induced
small gap Ay from one junction to another, on the order of
*+0.2 meV, are attributed to the variations in both the scat-
tering rates I'; and the pairing amplitude of the initial leading

0
gap A

While at this point we cannot discriminate between two
possible origins of our observations (a two-gap scenario or a
simple proximity effect in a metallic surface layer), we note
that two-gap superconductivity has already been inferred in
BagSiye by Lortz e al.'> on the basis of specific-heat mea-
surements. Nevertheless, there is a large discrepancy be-
tween the small gap measured by tunneling spectroscopy
Ag=1 meV and the one determined by specific-heat mea-
surements A¢=0.35 meV. However, a larger scattering due
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FIG. 7. (Color online) (a) Temperature dependence of the
BagSiye vs BagSiye SIS spectra in black and their fits in red (gray)
using Schopol & Scharnberg-McMillan model. The spectra are
shifted for clarity. In (b) temperature dependence of the peak-to-
peak gap extracted from BagSiye vs BagSiyg SIS spectra.

to a enhanced disorder near the crystal surface may easily
explain the differences between these two measurements of
the small gap in BagSi 6. Indeed, the value Ag=0.35 meV
can be obtained within S&S model considering the

Agz 1.3 meV we found together with a smaller
1.64 T T T T T 7]
——
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FIG. 8. (Color online) Scatter plot of the fit parameters I'; vs T';.
Red (gray) line: linear dependence I',=I";/10.
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I';=0.6 meV for the bulk and the ratio I'\/T,
=N,(Er)/N,(Ep)=10 estimated from the ratio of the density
of states determined by specific-heat measurements.

We note that broad peaks and dips were also observed in
high-T,. SCs and attributed to the coupling with a collective
excitation mode.’*3% Nevertheless, the dips predicted by
S&S model are not equivalent to those observed in cuprates.
First of all, BagSi,q is not a strongly correlated material and
strong electron-electron correlations are not expected there.
Second, in the cuprate case the dips are directly present in
the SIN TS spectra, while in S&S model they are so weak in
the DOS, that they only appear in SIS spectra due to a con-
volution effect in the tunneling integral.

V. ANALYSIS WITHIN S&S TWO-BAND MODEL

The fit to the data with S&S model using Eq. (5) leads to
the following gap parameters A?z 0 and A(z)z 1.3. With such
gap values the self-consistency equations in the framework
of S&S model [Eq. (6)] lead necessarily to \j;=V;;N;=0
and \,=V,VN;N,=0. Assuming that the Ba phonon rattling
modes are the principal contributors to the SC pairing'>33 we
take a cutoff frequency of Aw=7 meV that leads to
Ny =V1,N,=0.42. This value corresponds to a rather strong-
coupling regime but is however quite smaller than
N pn=0.7 obtained by Lortz et al.'* This is not surprising
since we assumed a rather simplified pairing potential.

In the framework of the simple SMW model, A?:O
would mean that the small gap is completely closed. How-
ever this is not the case experimentally. Indeed, a small gap
opens in band 1, and assuming a two-gap scenario, this can
only be due to the interband quasiparticle scattering de-
scribed by the S&S model. In order to describe the interband
scattering, we assumed two free parameters '\, and I'5;. In
agreement with what we expected for a two-gap supercon-
ductor we found a clear linear correlation between I'}, and
I'5; as evidenced in Fig. 8 with I',/I'5;~10. This result
gives a very strong argument for S&S two-gap scenario: The
interband scattering events 1 —?2 and 2— 1 should be equal
and therefore, the condition I'\,/1"y;=N,(Ep)/N,(E;) must
be fulfilled.”* Moreover, we find the ratio ~10, in a very
good agreement with the value N,(Ep)/N,(Ep)=9 deter-
mined from specific-heat measurements,'? that strongly sup-
ports our model. In the framework of the band scenario, the
variations in I'|; and I';; may result of the specific scattering
due to the local surface disorder, realized for each tunnel
junction.

It is not fully established for the moment why the spectra
revealing directly the large gap are so rare. In the case of
MgB, a similar statistics was observed** and attributed to the
low probability of tunneling into the two-dimensional 7
band. It is not clear if such an assumption holds for BagSiyg.
We know however that in BagSiyq most of the DOS belongs
to Ba-Si hybridized states located inside the Si cages.'®! It
couples well to Ba phonon rattling modes that contribute to
the SC pairing.'?3? Hence, we may speculate that the elec-
tronic states responsible for the superconductivity are some-
how confined inside the clathrate cages, and the amplitude of
the corresponding evanescent waves outside the material is
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thus weak, leading to a tiny contribution into the tunneling.
Consequently, most of the tunneling current would come
from the outer-cage Si orbitals where the superconductivity
is purely induced.

In the search for a direct evidence of the large gap A;, we
studied several tens of BagSis samples. We expected that the
surface defects such as large steps, protrusions, holes would
provide various tunneling conditions. In some measurements
we indeed observed very different still reproducible SIS
spectra [red (gray) curve in Fig. 1(c)] while keeping the tun-
neling conditions unchanged. They show no dips, as ex-
pected for SIS spectra revealing the large gap, Fig. 3(b).
Furthermore, the gap energy A; = 1.4 meV corresponding to
these spectra is in a good agreement with the large gap de-
duced from specific-heat measurements by Lortz et al.'?

VI. ANALYSIS WITHIN THE PROXIMITY MODEL

As previously discussed, the McMillan equations describ-
ing the proximity effect are formally equivalent to S&S two-
band model with interband quasiparticle scattering. Hence,
the nice agreement between the TS data and the fits using Eq.
(5) may also be interpreted in the framework of the proxim-
ity scenario, since the STS data may be affected by a surface
layer, even in the situation where the sample were broken in
UHV. Indeed, the crystal surface itself is a topological defect
with respect to the bulk material, due to the crystal symmetry
breaking. In some cases, it could even result in a new elec-
tronic band, present only at the surface [as it is the case of
Cu(111) or Ag(111), for instance]. The superconductivity
could be induced to this band by the coupling with the bulk
SC, and thus the reduced gap A could, in principle, repre-
sent the surface state SC gap which would not extend to the
bulk. Such hypothesis is generally valid for the surface of
any SC and cannot be ruled out even for in sifu prepared
junctions.

In the McMillan model the ratio I'j,/T",; is thickness de-

pendent: T"},/ lezxf—jf. Hence, this ratio should vary from
sample to sample depending on the particular thickness of
the proximity layer which is not the case as shown in Fig. 8.
A constant ratio could only be explained assuming a constant
thickness proximity layer inherent to the material. Neverthe-
less, with such an inherent, intrinsic, surface layer it seems
difficult to understand the variations of 1 order of magnitude
of the absolute value of I';;. In the McMillan scenario the
absolute value of the coupling depends on the transparency
of the normal/superconductor interface. Then if the normal
surface layer is intrinsic to the material, one could wonder
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where the variations on the interface transparency come
from.

Before concluding, we note that the McMillan model is
not perfectly appropriate for our purpose since it was de-
voted to the case of two thin film (d<<§) in close contact
while in our case the hypothetic non-SC metallic surface
layer would be connected to a bulk superconductor. This
problem of the local density of states in a dirty normal metal
connected to a superconductor has been studied by Belzig et
al.® using Usadel formalism. The more general case of the
calculation of the DOS at the surface of a mesoscopic prox-
imity layer from the clean to the dirty limit in the proximity
layer has also been addressed by Pilgram et al.’® using the
Eilenberger formalism but these works are well beyond the
scope of the present paper. Nevertheless, in our case the
MacMillan equations may in fact be used considering an
effective finite thickness of the superconductor on the order
of £ or a diffusion length V& depending on the mean-free
path [ in the bulk BagSiy.

VII. CONCLUSIONS

Finally, we have studied the quasiparticle excitation spec-
trum of the superconductor BagSiss by local tunneling spec-
troscopy. Owing high-energy resolution achieved in SIS
junctions we resolved fine spectroscopic features that cannot
be accounted for by BCS. The SIS spectra evidence the ex-
istence of two distinct energy gaps, A;=1.3+0.1 meV and
A¢=0.9*+0.2 meV, that are interpreted in terms of a two-
band superconductivity. The main conclusion is that the tun-
neling spectra in BagSi,q are characterized by a leading gap
of the bulk material, A;: 2A;/kT.=3.7+ 0.3 and by another,
smaller coupling-dependent gap Ag, reflecting a supercon-
ductivity induced in an intrinsically nonsuperconducting
electronic band. Because of the extreme sensitivity of the
tunneling spectroscopy to the electronic properties at the
very surface, the proximity origin of the small gap Ay is not
completely excluded. It does not alter, however, the result
concerning the energy value and the bulk superconducting
origin of the large gap A,;.

The methodology depicted in the paper may certainly be
applied to other multigap superconductors. We showed that
the excitation spectra of two-gap superconductors are par-
ticularly sensitive to disorder, in contrast with one-band BCS
superconductors. Specifically, the amplitude of the smaller
(induced) gap and the shape of the spectra strongly depend
on the sample quality. Moreover, bulk sensitive methods and
surface sensitive ones may give rather different values for
the small gap since the quasiparticle scattering at the surface
is usually stronger than that in the bulk.
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