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Signatures of multigap superconductivity in tunneling spectroscopy
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We considered a two-band superconductor with a nonzero interband quasiparticle coupling and numerically
generated partial elementary excitation spectra for each band. These show deviations from the conventional
Bardeen, Cooper, and Schrieffer form, resulting in characteristic signatures in the partial tunneling spectra. The

total (measurable) tunneling spectra are calculated considering the k selection in the tunneling process. Due to
the thermal smearing, the relevant spectral signatures may not be resolved in superconductor-insulator-normal-
metal tunneling while they are clearly revealed in superconductor-insulator-superconductor (SIS) geometry. As
an example, the excitation spectrum of 2H-NbSe, is considered in the framework of the developed tunneling
model. A remarkable agreement obtained with the experimental SIS data suggests the material to be a two-band

superconductor rather than an anisotropic one.
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I. INTRODUCTION

In their original description of superconductivity,
Bardeen, Cooper, and Schrieffer (BCS) introduced an isotro-
pic and constant electron-electron attractive potential.! It is
impressive how this simple approximation has been so suc-
cessful to explain the basic properties of conventional super-
conductors (SCs) and specifically, their excitation spectrum
(also often called “SC density of states,” SC DOS). How-
ever, looking deeper into detail, some conventional SCs
show deviations from the BCS model, a subject which has
attracted considerable attention. The anisotropy of the pair
potential® and strong-coupling effects, such as for Pb, result
in sharp deviations of the SC DOS from the simple BCS
model.>* Still, among the departures from BCS, multigap SC
has captured much interest, especially since the recent dis-
covery of MgB, (Ref. 5) displaying a clear double gap in its
spectrum.®-3

The two-band superconductivity was first theoretically
studied by Suhl et al.” who proposed a simple extension of
the one-band BCS model to the case of a material with two
energy bands crossing the Fermi level. Already in the late
1960s the A15 family of SCs, such as V;Si, revealed anoma-
lies in the specific heat that could be attributed to the pres-
ence of several energy gaps.'? The existence of two energy
gaps had also been suggested for Nb, Ta, and V,'! but the
discovery of MgB, boosted the interest to multigap SC, not
only due to the high 7. of MgB,, but also because the two
gaps in this material were clearly resolved with various tech-
niques including specific-heat measurements® and tunneling
spectroscopies,”$12714 those results being largely supported
by theory (Refs. 15-17, and references therein).

Since MgB,, other SCs are now supposed to be multigap
or at least highly anisotropic. Even such a “standard” mate-
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rial as 2H-NbSe, considered over decades as a conventional
anisotropic SC,'®!° has been revisited. Many groups fol-
lowed the pioneering work of Hess et al.,”® and studied
NbSe, by scanning tunneling microscopy (STM) and spec-
troscopy (STS). Observed systematic deviations of the SC
DOS from the BCS form were attributed to the k-space an-
isotropy of the SC order parameter. However, the Fermi sur-
face of the material has recently been explored in detail by
Yokoya et al.?' using high-resolution angle-resolved photo-
emission spectroscopy. The results suggest that the supercon-
ductivity in this material should be Fermi-surface sheet de-
pendent. Moreover, other authors have inferred the existence
of two gaps in NbSe,, subject to a magnetic field, from
thermal-conduction and heat-capacity —measurements®’
wherein two corresponding coherence length scales ¢ and &
have been identified. However, NbSe, is a priori more com-
plex than MgB, or V3Si, having several bands crossing the
Fermi level and manifesting competing charge-density wave
order (see Refs. 21 and 23-27, and references therein). Its
multiple-gap issue is not settled yet.

Importantly, the tunneling experiments were mostly real-
ized in superconductor-insulator-normal-metal (SIN) geom-
etry, only few superconductor-insulator-superconductor (SIS)
data were reported.?®?” In the latter case, a principal motiva-
tion was the high-energy resolution offered by SIS
tunneling®® as compared to the SIN case,?*3! dominated by
thermal smearing. Moreover, at very small tunneling resis-
tances, Cooper pair tunneling across SIS junctions becomes
possible, giving rise to a Josephson current.??33 This idea
resulted in the discovery of the Josephson STM (JSTM)
wherein the SC condensate is probed at the nanometer
scale. 3%
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However, the spectroscopy in the SIS configuration is still
a challenge as it requires high-quality SC tips. Till now few
SC tips have been developed for STM/STS: Pan et al.?® and
our group*3%37 reported STS with Nb tips while Rodrigo et
al.>’?%33 ysed Pb and Al tips. Yet other, more complex ma-
terials, such as MgB, can be used,” or even BagSiyq clathrate
tips (presented in this report, Sec. V). With such SC probes
the fine variations in the SC DOS due to screening currents
around a vortex in NbSe, were measured,*® the vortices were
probed with a very high spatial and energy resolution,?¢7-38
magnetic impurities at the surface of a SC sample were
studied.® Thus, the use of SC STM/STS tips can potentially
give more precise information about the DOS. This is of
specific interest in the case of NbSe,, for which both aniso-
tropic gap and multiple gaps scenario were suggested.”®?’

In this paper we generalize the idea of Schmidt et al.'*
and apply the Schopohl-Scharnberg-McMillan (SSM)
model***! to generate numerically the SC DOS of a two-
band SC in the presence of a nonzero quasiparticle (QP)
interband scattering in K-space (Sec. II). In Sec. IIT we dis-
cuss how this SC DOS appears in the tunneling spectroscopy
data: both SIN and SIS geometries are considered. We dem-
onstrate a very high sensitivity of the SIS tunneling to tiny
deviations of the SC DOS from the BCS shape, invisible in
SIN data, and predict their characteristic features. In Sec. IV
we analyze in detail the SIS tunneling spectra considering an
additional k selectivity of the tunneling process and discuss
the contribution of each of two bands to the tunneling cur-
rent. In particular, we show how a variety of spectral signa-
tures (the “dips,” “bumps,” or “kinks”) arises due to this k
selection when the tunneling to the one of the two bands
dominates the total tunneling spectrum. Importantly, we
show that due to the interband quasiparticle coupling, even if
only one band is probed (due to the tunneling selection rea-
sons, for instance), the measured tunneling spectrum con-
tains however all important information about the SC DOS
in both bands, i.e., also about the DOS in the other, non-
probed band. In Sec. V, we report a detailed SIS spectros-
copy study of NbSe, using both Nb and BagSiy SC tips. We
applied the modified SSM model (developed in Secs. II-1V)
to fit the measured tunneling conductance spectra. To sim-
plify the analysis, we considered isotropic SC gaps in each
band, neglecting effects of anisotropy. Basing on very pre-
cise fits to the data, we infer the unique SC DOS of NbSe,
which is strongly affected by the quasiparticle scattering be-
tween at least two different Fermi-surface sheets. We postu-
late that the c-axis SIS tunneling occurs preferentially to the
electronic band where the leading (large) SC gap opens
while a smaller (partially scattering-induced) SC gap exists
in the other, non-probed band. Thus the situation is just op-
posite to the case of c-axis tunneling to MgB, where the
main contribution to the current is to the 7 band revealing a
small, induced gap.*?

In general, physical phenomena involving mainly quasi-
particles from one Fermi sheet, tied to either a small or a
large gap within an intrinsically multigap SC, could be quite
common. In NbSe, the second (smaller) gap was inferred
from the specific-heat data*} while it has not been directly
observed in tunneling. Thus, our analysis may help to ex-
plain the discrepancies between the various types of experi-
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ments. It provides a method to detect the multigap supercon-
ductivity which could be applied to A15 compounds, Chevrel
phases, borocarbides, pyrochlore SCs, and many others.

II. MULTIGAP SUPERCONDUCTIVITY

Fifty years ago Suhl et al.,” extended the one-band isotro-
pic BCS model to the case where two energy bands cross the
Fermi level and considered the possibility of phonon ex-
change between quasiparticles belonging to the two different
bands. Such a two-band SC has two distinct gaps in its ex-
citation spectrum, A; and A,, which depend on the electron-
phonon coupling in the corresponding bands 1 and 2, but
also on the interband term reflecting the Cooper-pair tunnel-
ing. Analytically, the shape of the excitation spectrum N5(E)
of such a two-gap SC is just the sum of two BCS spectra
Nf(E), i=1,2 with two different parameters A,,

= > N(E)= 2 N{(Ep) # (1)

i=1,2 i=1,2

N5(E)

where Ny(Ef) i=1,2 are partial normal-state DOS in the cor-
responding bands. The calculation can be extended to the
case of an arbitrary number m of bands and the DOS is then
a simple sum of m BCS terms. Later on Schopohl and
Scharnberg*’ improved the Suhl model by including the qua-
siparticle scattering from one band to another. The model
considers two interband scattering times 7y, and 7»; and re-
sults in two coupled equations for the gaps which become
energy dependent A;— A;(E). Formally, these equations are
identical to those developed by McMillan*! for the proximity
effect. The underlying mechanism is indeed a “proximity ef-
fect” but in reciprocal space, the quasiparticles of the SC
condensate in one energy band scatter to a second band and
vice versa, thus modifying the total excitation spectrum,

A+ T LA (EYNAYE) — (E = iT))?

A(E) =
: 1 + FIZ/\/A%(E) - (E— iFZI)z

. (2a)

Ad+ FZIAI(E)/\“/A%(E) - (E=il')?
1+ FZI/\/A%(E) - (E— iF12)2

Ay(E) = . (2b)

where A? are intrinsic SC gaps in each band, and the
scattering frequencies I'j, and I'y; are nothing but inverse of
Schopohl-Scharnberg scattering times 7, and 7,;. In addi-
tion, I';; should fulfill, I';,/T"5;=N,(Ef)/N,(Ep). This condi-
tion reflects the fact that the interband scattering events in k
space 1—2 and 2— 1 should be equal.*’ For each band (i
=1,2), the gap A,(E) in Eq. (2) depends on the intrinsic gap
A? plus a term induced by the second band via quasiparticle
scattering. The excitation spectrum of such a SC is in each

band,
E|
T

The total SC of the material is then a sum of partial SC
DOSs, as in Eq. (1).

In principle, the Eq. (2) could be extended to the aniso-
tropic case, i.e., A;=A;(k) and I';;=T";;(k k"), which is there-

NY(E) =N, (EF)Re{
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FIG. 1. (Color online) Calculated partial DOSs at T=0 for the bands S and L. The intrinsic gap in the band S is A@:o meV, and the one
in the band L is A?"=1.5 meV. In (a) result for the ratio I's;/T,¢4=1. In (b) result for T's, /T, 4=5. Different curves correspond to 'y,
=(0.1,0.25,0.5,1,2,4,8,16). At low coupling I';; a large superconducting gap exists in the band L, the gap in the band S being much
smaller. With increasing the coupling, the gap in the band L progressively decreases and that in the band S increases. The corresponding
movement of states is shown by arrows. At the limit of very high I';; the DOS in both bands coincide, characterized by one single gap of a

width depending on the I'g; /1" ¢ ratio.

fore fully k dependent and equivalent to existing, more so-
phisticated, theories.'>"!7#** The full approach necessarily
increases the number of parameters to consider. Here, in our
simplified model we neglect the anisotropy of initial SC gaps
and consider two bands: the band S(i=1) to have a smaller
constant initial gap A(l)(k)=Aog and the band L(i=2) to have a
larger constant initial gap AS(k)=AY. We also neglect the k
anisotropy of scattering rates, I'j5(k)=I"g; and I'y;(k)=I"4.
We thus have a set of four parameters (i.e., Ag, Ag, Iy, and
I'g;) which decide the partial DOSs in the bands S and L.
One should not forget that physically, the parameters I'g; and
I';s are linked via the ratio N, (Ep)/Ng(Er) of the partial
normal-state DOS in each band.*® Thus, only three param-
eters remain indeed independent in our model.

In Fig. 1 we give an example of the numerically generated
partial SC DOS (bands L and S) of such a two-band SC. For
this illustration we have chosen the extreme case when Ag
=0, i.e., the gap in the band S is fully induced via the inter-
band quasiparticle coupling to the band L, where Ag
=1.5 meV. Figure 1(a) shows the case where two bands
have equal normal-state densities, N;(Ep)=Ng(Ep), s /T
=1. In Fig. 1(b) we show a more realistic case where the
large gap band L is characterized by a higher normal-state
DOS, N,(Er)=5N(Ey), and consequently, I'g, /T, ¢=5. Tt is
clear from Fig. 1 that the shape of the partial DOS in each
band strongly deviates from the noncoupled BCS case and
depends significantly on the strength of the interband cou-
pling. The latter increases with the density of scatterers in a
given sample but may also exist in a pure sample due to
electron-electron interactions.

III. SIS VERSUS SIN TUNNELING SPECTROSCOPY

Tunneling spectroscopy in planar junctions as well as in
STM experiments is an important probe of the DOS of ma-

terials. In the STM geometry, the current across the STM
junction is a convolution of the DOS of the STM tip N,;,(E),
that of the studied sample N, (E), and the Fermi-Dirac
function f(E),

I(V) = IO exp(_ zakz) X f Ntip(E)Nsample(E + eV)
E

X[f(E) — f(E +eV)]dE. (4)

The presence of the Fermi-Dirac functions in the Eq. (4)
limits the energy resolution of a standard SIN measurement
[normal-metal tip, Ny;,(E)=cte] to ~3.5kT. This thermal
smearing often prevents the observation of weak features in
the DOS.* Two DOS features separated by an energy inter-
val on the order of 3kT (or less than ~0.2 meV at 2.5 K)
will remain unresolved by standard SIN spectroscopy.

An entirely different approach to overcome thermal
broadening problems in the tunneling spectroscopy is to use
superconducting STM tips. Indeed, the peculiar sharp-
peaked DOS of the SC tip may considerably enhance the
spectroscopic resolution, which is clearly understood from
the convolution integral, Eq. (4). The effect of the SIS reso-
lution enhancement is illustrated by the simulation in Fig.
2(a), where we consider the BCS DOS (black line) and the
associated tunneling conductance at 7=2.5 K in SIN [red
(dark gray) line] as well as in SIS geometry [green (light
gray) line]. Note how the thermal smearing drastically
smooths the SIN spectrum, while in contrast, the SIS mode
gives very sharp peaks.’® It is important to stress that, for
two SC electrodes with BCS DOS, the SIS conductance
looks like a gap delimited by two very sharp deltalike qua-
siparticle peaks, followed by a constant background. Hence,
any departure from this very specific shape due to a non-

014531-3



NOAT et al.

DOsS

SIS

di/dv
dl/dv

T3 3
Bias Voltage (mV)

1 2 3
Bias Voltage (mV)

FIG. 2. (Color online) In (a) BCS DOS with A=1.0 meV (black
line), the corresponding SIN [red (dark gray) line] and SIS [green
(light gray) line] tunneling conductance at 7=2.5 K. For the SIS
case two identical BCS DOS electrodes were considered. In (b)
non-BCS DOS with triangular peaks (black line), and the corre-
sponding SIN [red (dark gray)] and SIS [green (light gray)] tunnel-
ing conductance at 7=2.5 K. For this SIS case the BCS DOS with
A=1.0 meV was considered for the second SC electrode. Note how
the departure from the BCS DOS results in damped and enlarged
peaks but also in appearance of a dip that may even take a negative
value. SIN spectra remain smooth and featureless in both cases.

BCS DOS of one of the electrodes forming the SIS junction
should be easily detected.

A simple but clear example of such sensitivity is provided
in Fig. 2(b) where we have chosen a simple but nonrealistic
SC DOS with triangular quasiparticle peaks (black solid
line). Remarkably, the simulation of the SIS [green (light
gray) line] tunneling spectra (the SC DOS of the second
electrode is taken of BCS-type) results in well-pronounced
dips with a low (or even negative) tunneling conductance.
Note that the corresponding SIN conductance spectrum [red
(dark gray) line in Fig. 2(b)] remains almost insensitive to
this SC DOS modification.

IV. SIS TUNNELING TO A TWO-GAP SUPERCONDUCTOR

In this section we consider the SIS tunneling in the case
when at least one of the electrodes is a two-gap SC with two
(or more) energy bands at the Fermi level. We show how the
different spectroscopic signatures arising in the SIS spectra
depend on the k selectivity of the tunneling process. Note,
that the widely used expression for the tunneling current [Eq.
(4)] does not take into account the k selectivity. However,
even in the lowest order, the tunneling conductance, such as
in the Tersoff and Hamann theory,*® is proportional to a
k-dependent transmission coefficient (see Ref. 47 for a more
complete discussion),

Ti(2) = |ex)exp(= 2a;2). (5)

Here ¢y is the amplitude of the surface wave function, z is
the barrier width, and aEI is the attenuation length in
vacuum. In fact, the latter is such that

o= \J'kﬁ +2me/h?, (6)

where k| is the surface wave vector and ¢ is the work func-
tion. Here, one assumes a simple Fermi surface, so the ex-
pressions (5) and (6) represent the tunneling “cone” wherein
the tunneling conductance dI/dV is due to states with small
ky, or near the surface Brillouin-zone center (k;=0). In such a
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case, one could take ;= (2me/h?*)">=k, equivalent to tun-
neling along the z axis. Thus, in the simple case of a spheri-
cal Fermi surface, this approximation suffices, the explicit k
dependence of Ty(z) may be replaced by an effective
k-averaged value leading to Eq. (4).

For more complex Fermi-surface sheets, such as in lay-
ered materials, with Fermi cylinders parallel to the ¢ axis,
some care must be taken since there may be no states at all
for k=0, and clearly, the tunneling spectrum would not cor-
respond exactly to the full k-averaged density of states, as
implied by our Eq. (4). This situation is encountered specifi-
cally in the multiband SC, in which the electrons tunnel to
different Fermi-surface sheets.

The exact tunneling conductance is a sum over the partial
DOS of a quasiparticle of momentum k times the probability
Ty (z), defined by Eq. (5). We already presented this ap-
proach, based on the theory of Tersoff and Hamann,*® in the
context of CaCq.*

For the present work, such a full (and complex) descrip-
tion of the tunneling conductance turns out to be unneces-
sary. In the spirit of Eq. (4), wherein a single effective tun-
neling current is defined, we develop a heuristic approach to
the measured tunneling DOS in the case of two or more
bands. We suggest that, instead of doing summation over all
k, one can average first over the k-dependent transmission
for each band separately, and then, to calculate the total tun-
neling current as a sum of partial terms arising from each
band. Using this idea and Eq. (3), we write the total funnel-
ing DOS as

]

Nl 8% STINEDRS s (D)
N A

1

where Tfff represents the fraction of the transmitted tunnel-
ing electrons arriving to (or from) the ith band; it thus fulfills
ETfff =1. The total tunneling current is obtained using Eq.
(4) in which one should replace N, (E) by NS o(E). As
we will see in Sec. V, this approach turns out to give an
excellent fit to the experimental data.

In order to illustrate the above idea let us consider the
well-studied case of MgB,. In this material there are two
different bands of different character: the two-dimensional o
band, with a gap of 7.2 meV, and the three-dimensional (3D)
7 band, with a smaller (partially induced) gap of 2.5 meV.
Tunneling spectroscopy along the ¢ axis measures the small
gap because the cylindrical sheet of the o band (large k) is
not as favorable as the 3D locally spherical sheet of the 7
band (small k). Obviously, one can measure the anisotropy
by tunneling in different directions.*? It is important in our
approach that it should be possible to detect the multigap
signatures even if the tunneling occurs to only one of two
electronic bands. Indeed, SIS c-axis tunneling spectra of
MgB, showed characteristic dips which are a consequence of
the two-gap SC of this material.'* This is directly corrobo-
rated by our Fig. 1(b) and Eq. (7) making an appropriate
choice of T¢/ (7 band) and T’ (o band), T¥/ <TY, as
expected.

Although MgB, is quite extreme, the effects of k selec-
tivity are more common than previously thought. It is also
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illustrated by the recent SC compound CaCg. Evidence for
the anisotropy of this material was given by Gonnelli et al.*®
who showed that point-contact spectroscopy in different di-
rections led to different gap values. This effect was difficult
to detect from our SIN tunneling measurements parallel to
the ¢ axis.*’ In this instance, the small deviation from stan-
dard one-band BCS could be interpreted either as a weak
I'pynes (Ref. 49) or a small anisotropy, and a definite conclu-
sion could not be given. In view of Eq. (4), it is probable that
an SC tip would have been sensitive enough to detect the
anisotropy, even at 7=2.5 K. In summary, the largest effect
on the spectrum is still the multigap superconductivity with
interband coupling, well described by the heuristic model
[Eq. (7)], and further supported by the SIS measurements
presented below.

In Fig. 3 we calculate the partial contributions to the tun-
neling conductance of each of two bands (S, L) of our hypo-
thetic two-band SC using the calculated partial SC DOS, Fig.
1(b). The conductance in both SIN and SIS configurations
are displayed, where the counterelectrode is, respectively, a
normal-metal [Fig. 3(a)] or a conventional SC with a con-
stant BCS gap of 1.5 meV [Fig. 3(b)]. As discussed in Sec.
III, the SIN spectra appear smooth and featureless for both
SC bands while their SIS counterparts show a well-
developed “pathological” shape. The partial SIS tunneling
conductance in the band S shows sharp gap edges followed
by kinks and dips at higher energy [Fig. 3(b), upper panel],
whereas the SIS tunneling to the band L leads to spectra
characterized by kinks inside the quasiparticle peaks [Fig.
3(b), lower panel]. In order to evaluate the total SIS tunnel-
ing conductance spectra, these partial SIS contributions
should be added with their respective tunneling weights Tf.ff,
as it was done above for the partial DOS, Eq. (7). In practice,
when the tunneling process selects mainly the small gap
band S, dips will be visible in SIS spectra outside the gap.
Their amplitude increases with the coupling between the
bands I',;. In the opposite situation, when the tunneling takes
place mainly toward the large-gap band L, the kinks inside

Bias Voltage (meV)

4

the gap will be visible in the SIS spectra. As expected, none
of these features are detectable in the SIN conductance spec-
tra at 7=2.5 K because of the thermal smearing [Fig. 3(a)].
We note that the dips may arise neither from the gap aniso-
tropy nor from any model wherein the DOS is expressed as a
weighted sum of BCS DOS. We have studied numerically
such cases and the dips we have illustrated in Fig. 3(b) ap-
peared in the SIS spectra only for a strong enough interband
coupling. We should remind however, that due to the formal
equivalency between the interband coupling in k space*” and
the proximity effect in the real space,*' the dips may also
appear in the case of a proximity layer formed at the surface
of the probed SC, even if the latter has only one SC gap in
the bulk.>® The kinks inside the gap [Fig. 3(b)] cannot appear
in such a case since they may arise only in the DOS of the
SC material.

V. SIS TUNNELING STUDY OF NbSe,

The deviation of the SC DOS in NbSe, from the conven-
tional BCS shape was reported already 20 years ago by Hess
et al.*® who observed SIN tunneling spectra with broadened
peaks and unusual bumps inside the SC gap. For a long time
these deviations were interpreted as due to the angular
k-space anisotropy of the order parameter. However, other
experimental data®!?>433152 were analyzed considering the
SC DOS with two distinct BCS terms (i.e., with only two
constant SC gaps), in fine equivalent to Suhl’s two-gap
model, Eq. (1).% Indeed, the Fermi surface of NbSe, con-
tains two sets of multiwalled cylinders: one set is centered at
K points of the hexagonal Brillouin zone and the other
around the central I' point. Such a complex Fermi surface
may lead, in principle, to a multisheet superconductivity with
two (or more) SC gaps. Huang et al.*® studied temperature
and magnetic field dependence of the specific heat and de-
duced A;=0.73 meV and A,=1.26 meV. Ying et al.>' found
A;=0.85 meV and A,=1.5 meV from their specific-heat
measurements. The penetration depth measurements by
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Fletcher et al.’> gave A;=0.66 meV and A,=1 meV. By
measuring the magnetic field dependence of the thermal con-
ductivity and that of the specific heat, Boaknin et al.?* iden-
tified two characteristic magnetic fields values H,, (critical
magnetic field) and H*. They found H*=H /9. From this
field values they calculated two characteristic length scales, &
and &, using é=\®,/27H that they explained in terms of
multigap superconductivity with the ratio A/A™~3 between
the large and small gap.>* Remarkably, the authors of most of
the above cited reports pointed out that they were unable to
distinguish between a two-gap model and a continuously
varying anisotropic gap.

In the search for a higher-energy resolution (see Sec. III
of the present paper) some groups have studied NbSe, by
STS in the SIS regime using SC tips of Pb (Refs. 27 and 29)
or Nb.283%37 Rodrigo et al.?’?° reached probably the best
spectroscopic resolution and deduced the total tunneling
DOS of NbSe, as it comes from the c-axis SIS tunneling.
The observed tunneling DOS was approximated by a sum of
BCS-type DOSs with an inferred continuous gap distribu-
tion. The analysis resulted in a very broad gap distribution
characterized by two distinguishable plateaus centered at 0.7
and 1.3 meV. According to the authors, these two plateaus
are the signature of a two-band SC, in the spirit of Suhl er
al.? i.e., no interband coupling being considered, each band
being characterized by strongly anisotropic gap distribution
(related to the charge-density wave). The k selectivity of the
tunneling process was not considered and each point of the
Fermi surface was believed to contribute equally to the tun-
neling current.

We measured SIS conductance spectra of NbSe, using Nb
as well as BagSiyq tips. The Nb tips were prepared by break-
ing a fine high-purity niobium wire in ultrahigh vacuum.?’
The BagSiye clathrate tips were achieved by first gluing a
small grain of the material on a Ptlr tip, then cleaving them
in situ to obtain a fresh noncontaminated surface. The char-
acteristic tunneling spectra are presented in Fig. 4(a) (BagSiyg
tips) and in Fig. 4(b) (Nb tips). At first glance, the experi-
mental results obtained with various SC tips seem quite simi-
lar but a closer inspection reveals net differences depending
on the precise nature of the STM tip. Specifically, when us-
ing Nb tips, small dips are visible in some selected spectra
while they are absent in others. On the other hand, small but
clear dips are always observed when BagSiyq tips are used.
The dips are absent in Pb-NbSe, SIS tunneling data.?”->

These slight differences may simply be explained by the
presence of a proximity layer at the tip surface or by a two-
gap superconductivity in the tip material.>> We have checked
numerically that once the tunneling DOS of the tip is prop-
erly accounted for, the inferred total tunneling SC DOS of
NbSe, appeared quite the same for all studied junctions. It
clearly agrees with that observed by Hess et al.?’ and im-
proved by Rodrigo et al.>”* It is characterized by broadened
peaks with “kinks” inside the gap.

While the shape of the total tunneling DOS of NbSe, is
now well established, we propose a radically different inter-
pretation of the observed signatures. Instead of considering
independent two-band superconductivity with a complicated
distribution of the SC gaps over each band, we apply the
interband coupling model described in Sec. II, together with
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FIG. 4. SIS tunneling spectra measured at 7=2.5 K at different
locations and on various samples of NbSe,. In (a) using BagSiyg
STM tips and in (b) using Nb tips. In all cases the tunneling resis-
tance was Ry=13 M. The spectra are shifted for clarity. Note the
enlarged asymmetric peaks and characteristic kinks inside the ap-
parent gap, clearly seen. Thin gray lines: the fits by SSM model
using the parameters shown in Fig. 5.

the k-selection considerations, Sec. IV First of all, we ne-
glect the anisotropy of the intrinsic gaps in each band (as we
show below, there is simply no need for it) and thus, only
two-gap parameters remain, AY, Ag. The interband coupling
is taken into account by I'g; and I';  (linked together through
Schopohl-Scharnberg condition, Sec. IT). Within SSM model
these parameters fully define the partial SC DOS in each
band (Sec. II). The knowledge of partial DOSs is however
not enough to calculate the tunneling spectra. Indeed, due to
the k selectivity of the STM, in particular, for tunneling
along the ¢ axis of a layered material, different sheets of the
Fermi surface do not participate equally to the tunneling. We
believe that our Eq. (7) is a reasonable approximation for
describing the effect of two-sheet SC for the tunneling DOS.
Thus, in order to account for the total tunneling signal, we
need one more free parameter, T, reflecting the efficiency
of the tunneling process toward the band S (7% simply ful-
fills 7¢7=1-T¢, in our two-band tunneling model).

The results of the fits to the experimental SIS data are
presented as thin solid lines in Fig. 4. It is amazing how
nicely the numerically generated curves reproduce the char-
acteristics of the tunneling spectra. But what is indeed re-
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2H-NbSe,
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Small Gap Band
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FIG. 5. (Color online) The partial DOS calculated in the frame-
work of SSM approach for two SC bands of 2H-NbSe, that give the
best fits of the SIS tunneling spectra in Fig. 4 and the data Ref. 27.
In red (gray), the fits with I'g;/T"; =3 and in blue (black), the fits
with I'g; /T, ¢=5. In both cases A’=1.41 meV, Ag:O meV, and
;=3 meV.

markable are the values of the fitting parameters for the tun-
neling DOS of NbSe, that we obtained for all studied
spectra. First, we found that 7§ff =(), i.e., the tunneling oc-
curs essentially to the large gap band L(Tiff =1), the band
(S) being not probed in the c-axis tunneling experiment. Sec-
ond, the best result is obtained putting Ag:O, meaning that
there is no intrinsic superconductivity in the band S, and the
gap in the partial DOS N3(E) arises only due to the interband
scattering coupling to the band L where a large intrinsic SC
gap exists Ag: 1.4£0.1 meV. Third, the parameters I'g; and
I';¢ vary from one spectrum to another but their ratio
g, /T ¢ takes in most cases one of two values: 3.5 or 5.0
(only in few local tunneling spectra the ratio was found to be
between these two values). It is important to note that for the
two different kinds of tips, Nb and BagSi,e, we have obtained
the same sets of parameters for NbSe, electrode. Thus, we
suggest that, within SSM model, the c-axis tunneling mea-
surements probe the energy band where the largest of two
gaps exists. A clue for this is the large value of 2A2/ kT,
~4.18 which is larger than the BCS ratio 3.52, as for strong
electron-phonon coupling. While the small (induced) gap is
not directly observed (since the corresponding electronic
band is not probed in this tunneling configuration, T;ff =0) it
is indeed responsible for the kinks experimentally observed
inside the quasiparticle peaks, as predicted by SSM model
[Fig. 1(b)].

Another important issue is the found constant ratio
I /Tg, 3.5 or 5.0. In the framework of our model, this
value corresponds to the ratio of partial normal-state densi-
ties of two bands (Schopohl-Scharnberg condition, Sec. II).
We speculate that the two inferred values correspond to the
presence (or absence) in the locally probed region of NbSe,
of the charge-density waves—a collective effect that sup-
presses some electronic states from the Fermi surface due to
the partial nesting. This issue should be fixed in the future
experiments.

Finally, basing on the high quality of the fits obtained
with only two really free parameters, Ag and I'y;, we ex-
tracted the partial DOSs for two Fermi sheets involved in the
superconductivity of NbSe,; they are plotted in Fig. 5. For
the leading SC band L, the large gap opens characterized by
nondiverging broadened quasiparticle peaks at 1.3—1.5 meV
and kinks inside the gap. For the band S, where the super-
conductivity is induced, the DOS is characterized by damped
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and enlarged quasiparticle peaks with the maxima at 0.9-1.0
meV followed by kinks at higher energy. The full (excitation)
gap opens in both bands only at 0.65-0.8 meV. These char-
acteristic energies are revealed experimentally. They are in-
deed in good agreement with those reported in previous
measurements*3>1-52 (see the gap values reported at the be-
ginning of this section, see also Ref. 54). We must remind
here, that our interpretation is based on QP interband scatter-
ing effect, it is thus very different from the pair scattering
Suhl’s model, Eq. (1), used in the above cited papers.

The partial DOSs in Fig. 5 have pathologically non-BCS
shape. We used it to fit other available tunneling SIS data
measured on both NbSe, (Ref. 27) and NbS,.’° We found
that, in both materials, the total SC DOS may be described
by two SSM partial DOSs, taking for NbSe,: Ag
=143 meV, I'g;=3.36 meV, [y /T";4=3.0, and for NbS,:
A2=1.15 meV, I'g;=1.5 meV and I's;/T';¢=3.8. The re-
ported SIS tunneling conductance data?’>° are then fitted
with excellent accuracy. The essential difference we found
between two cases is that in the case of NbS, the required
tunneling transmission fractions are 77/=0.55 and T¢’
=0.45 while they are found, respectively, 1 and 0O in the case
of NbSe,. Thus, unlike the case of 2H-NbSe, where only the
band L effectively contributes to the tunneling current, the
c-axis tunneling toward NbS, occurs with significant contri-
bution of both SC bands.

VI. CONCLUSION

In conclusion, numerous reported tunneling data mea-
sured on “conventional” superconductors (NbSe,, MgB,,
CaCg, etc.) show significant deviations from the BCS form.
These deviations cannot be easily accounted for in the frame-
work of multiple-gap models of Suhl’ type® that lead to the
weighted sum of standard BCS DOS. We started with the
model of Schopohl-Scharnberg for two-band superconduc-
tivity in the presence of quasiparticle interband scattering,
and we developed it to the case of k-selective tunneling,
obvious in the case of complex multisheet Fermi-surface ma-
terials. The Schopohl-Scharnberg model predicts characteris-
tic features—Xkinks, dips, damped quasiparticle peaks—to
appear in the partial DOS due to the scattering of quasipar-
ticles. We noted that, due to the formal equivalency between
Schopohl-Scharnberg formalism and McMillan approach for
real-space proximity effect, the two effects may be easily
confused and thus, a deeper analysis is required. We applied
the developed SSM model to the case of 2H-NbSe, for
which the tunneling spectrum has been established in finer
detail due to the enhanced resolution offered by SIS geom-
etry. In the framework of developed SSM model we suc-
ceeded to fit the experimental data with very high fidelity,
using only three free parameters having each very clear
physical meaning. Our result suggests that the case of NbSe,
is very similar to that of MgB,, for which the SSM approach
has already been successfully applied,'* i.e., NbSe, is a
multiple-band superconductor in which the SC gap in one
(driven) band is induced by interband scattering of quasipar-
ticles from the another (leading) one. The main difference
between MgB, and NbSe, is then in the tunneling process:
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the c-axis tunneling to MgB, occurs mainly to 3D 7 band
revealing the smaller gap in the tunneling spectra, whereas in
the case of NbSe, the leading SC band with the larger gap is
probed. The latter fact allows us to exclude the hypothesis of
the proximity layer at the surface of NbSe, which was plau-
sible for MgB,.” Further study is needed to probe directly the
band with the smaller (induced) gap in NbSe,. In fact, struc-
tural defects, voids, and atomic steps at the surface of the
material may locally modify the tunneling selection rules,
thus favoring the tunneling process toward another, usually
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nonprobed band. Such a STM/STS experiment could decide
the issue of multiple-band superconductivity in this material.
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