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ABSTRACT
The discovery of novel high-Tc superconductivity in MgB2 (Tc = 39.5 K) and
Li0.48(THF)yHfNCl (Tc = 25.5 K) initiated substantial progress in the field of
superconductivity physics and its applications despite the fact that competing high-Tc
cuprates remain the world leaders in almost all practically important superconducting
parameters. This article describes electron tunneling and point-contact experimental
studies of the indicated two materials and related substances, being crucial to elucidate
the character of the quasiparticle energy spectrum both in superconducting and normal
state. The account is based mostly on our own experiments, although works carried out in
other laboratories are taken into account as well.
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We studied superconducting gap structures by means of break-junction tunneling
spectroscopy (BJTS), scanning tunneling spectroscopy (STS) and point-contact
spectroscopy (PCS).
In the case of MgB2, tunnel conductance G(V) = dI/dV(V) reveals multiple-gap
features. Here I is the quasiparticle tunnel current and V is the bias voltage. The two-gap
model including the proximity effect (the correlated two-gap model) was used to describe
the observed multiple-gap features in BJTS and STS. Three specific gap values can be
identified as follows: ΔS = 2 – 2.5, ΔM = 4.5 – 7.5 and ΔL = 10 – 12 meV. The observed
values 2ΔL(4.2 K)/kBTc > 5 – 6 constitute the largest known values of the
superconducting gap to Tc ratio except for those appropriate to copper oxides and certain
organic materials. Here kB is the Boltzmann constant. On the other hand, ratios of the
small gaps ΔS to corresponding Tc’s, 2ΔS(4.2 K)/kBTc, fall into the range 1.2 – 1.5, which
is considerably below the Bardeen-Cooper-Schrieffer (BCS) value 2Δ(4.2 K)/kBTc ≈ 3.5
inherent to s-wave superconductors. The extrapolated highest gap-closing field Bc for the
largest gap agrees with the upper-critical field, thereby indicating that this gap is
predominant in MgB2. Point-contact conductance G(V) also demonstrates multiple-gap
structures. Peak positions in the second derivative conductance of PCS are in a
reasonable agreement with the phonon spectrum frequencies revealed by the inelastic
neutron scattering measurements. The high-energy boron vibration modes (~ 75 meV) are
suggested to play the important role in the overall electron-phonon interaction in MgB2.
The BJTS data of other AlB2 type superconductors show the strong-coupling-size values
of the ratio 2Δ(0)/kBTc, specifically, 4.2 – 4.5 for NbB2 and 4.2 – 4.6 for CaAlSi.
Tunneling measurements have been carried out on layered nitride superconductors of
the β(SmSI)-type Li0.48(THF)xHfNCl (THF;C4H8O) (Tc ≈ 25.5 K), HfNCl0.7 (Tc ≈ 23-24
K) and ZrNCl0.7 (Tc ≈ 14 K). BJTS reveals Bardeen – Cooper - Schrieffer (BCS) - like
gap structures with typical gap values of 2Δ(4.2 K) = 11-12 meV for Li0.48(THF)xHfNCl
with the highest Tc ≈ 25.5 K. Our measurements revealed multiple gaps and dip-hump
structures, the largest gap 2Δ (4.2 K) = 17 - 20 meV closing at Tc. It comes about that the
highest obtained gap ratio 2Δ/kBTc ~ 8 substantially exceeds the BCS weak-coupling
limiting values: ≈ 3.5 and ≈ 4.3 for s-wave and d-wave order parameter symmetry,
respectively. For ZrNCl0.7, two gap ratios 2Δ/kBTc = 6 – 8 and 2Δ/kBTc = 3 – 4 follow
from the BJTS data. Such huge values of 2Δ/kBTc are rather unusual for conventional
superconductors.

1. INTRODUCTION
High-Tc superconductivity discovered in 1986 [1] was later found to occur in many
copper oxides reaching its highest superconducting transition temperature of about 160 K [2].
It turned out, however, that cuprates are not unique as regards high Tc or other
superconducting parameters. For instance, superconductivity with relatively high Tc was
found in MgB2 [3], [4], Li0.48(THF)0.3HfNCl (THF; C4H8O) [5]-[7], sesquicarbide Y2C3 [8],
and iron-based oxypnictide or pnictide compounds [9]-[12]. These discoveries were later
reasonably recognized as “the next breakthrough in phonon-mediated superconductivity” [11].
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In particular, discovery of superconductivity in previously overlooked binary MgB2
became a remarkable step in the perpetual hunt for new classes of the high-Tc
superconductors [13]. The observed Tc ≈ 39 K is higher than that of the one of the first
copper-oxide superconductors La1.85Sr0.15CuO4 (Tc ≈ 35 K) involving strongly correlated
electrons [1]. The crystal structure is an hcp type (P6/mmm), consisting of alternating layers
of Mg atoms and B honeycomb layers. The band calculation predicts that the Fermi surfaces
of this compound consist of two-dimensional cylindrical sheets arising from B pxy orbital, and
three-dimensional tubular networks arising from B pz orbital [14]. Holes govern conductivity
term determined by two-dimensional sheets, while both holes and electrons play an essential
role in conductivity originating from three-dimensional tubules. Such an energy band
structure near the Fermi level was inferred from angle-resolved photoemission spectroscopy
(ARPES) measurements [15], [16]. Inelastic neutron scattering showed that high-energy
phonon (E2g mode) plays a crucial role in superconductivity [17]. Thus, Cooper pairing of the
compound concerned is most probably induced by phonon exchange [18], [19], although
Coulomb (plasmon) contribution might exist as well [20].
Another interesting high-Tc superconductor Li0.48(THF)0.3HfNCl (THF; C4H8O) [5], [6]
exhibits relatively high Tc ≈ 25.5 K, which exceeds Tc ≈ 23 K of the intermetallic
compound Nb3Ge, maximal in the pre-high-Tc epoch [21], [22]. Superconductivity in the
compound Li0.48(THF)0.3HfNCl (THF; C4H8O) is induced by electron doping to HfN double
honeycomb layers through the intercalation of Li ions and organic molecules between Cl
layers. Band calculations showed that strongly hybridized Hf 5d and N 2p orbitals form the
conduction band [23]-[25]. Experimental studies of nuclear magnetic resonance (NMR) [26],
muon-spin rotation (μSR) [27] and X-ray absorption [28] are consistent with those
predictions. On the other hand, there is another way of electron doping of HfN layers,
namely, de-intercalating (removing) Cl atoms from β-HfNCl [29]. The resultant materials
HfNCl1-x and ZrNCl1-x exhibit superconductivity with Tc ≈ 23.5 K and 13 K, respectively.
Magnetic measurements in the related layered superconductor ZrNCl0.7 revealed large upper
critical field Hc2 ≈ 27 T [30].
We believe that it is crucially important to investigate the pairing mechanism
(mechanisms) in the indicated above new layered compounds to find out another possible
path to high-Tc superconductivity, different from that, which led to the discovery of varying
superconducting ceramic oxide families [31], [32]. It is remarkable that contrary to all efforts
all over the World and despite published and unpublished claims of final success, microscopic
mechanisms of Cooper instability in high-Tc oxides are not known, which can be readily seen
if one compares different trustworthy sources [33], [34].
Superconductivity is a complex cooperative phenomenon, being non-universal in the
sense that various footprints of the underlying pairing interactions are revealed in such
quantities as the ratio of the Cooper pairing-induced energy gap at zero temperature T = 0,
2Δ(Τ = 0), to kBTc; the ratio of the electron specific heat jump ΔC at Tc to the electron normal
specific heat Cn above Tc; or a tunnel electron density of states (DOS) [35]. Here kB is the
Boltzmann constant. Nevertheless, in the extremely successful weak-coupling BardeenCooper-Schrieffer (BCS) scheme [36] these quantities become universal, since BCS theory is
in essence the theory of corresponding states as in the famous van der Waals theory, the first
of this kind [37].
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In the framework of the BCS theory and in any of its strong-coupling [35] or more
sophisticated [38] modifications the energy gap 2Δ(Τ) serves as an inherent characteristic
energy scale. Electron tunneling is especially suitable as the most direct probe to measure the
energy gap 2Δ because the tunnel conductance G(V) (V is bias voltage) is proportional to the
quasiparticle DOS [39]. Thus, tunnel measurements can experimentally determine, in
particular, the indicated above ratio 2Δ(Τ = 0)/kBTc, which is 2π/γ ≈ 3.52 for weak-coupling
isotropic s-wave superconductors and, say, 4π/γ√e ≈ 4.28 for d-wave superconductors [40].
Here γ = 1.781… is the Euler constant, whereas e = 2.718… is the base of natural logarithms
(Napier number). In practice 2Δ(Τ = 0)/kBTc might be much larger than presented values,
reflecting strong-coupling effects [35], an unconventional order parameter symmetry [33],
[40], [41] or the influence of charge-density waves (CDWs) [42].
The superconducting gapped spectrum was probed in MgB2 using various methods [15],
[43]. Multiple-gap structures were found both in polycrystalline and single-crystal samples.
Multiple (two, in most cases) gaps were attributed [19], [44]-[46] to the intrinsic two-band
superconductivity [47], [48]. If the latter concept is valid, the inter-band scattering of
quasiparticles by impurities should secure a merging of two gaps into a single one [49] (a
direct consequence of the famous Anderson theorem [50]). However, in dirty polycrystalline
or in impurity-substituted samples, distinct multiple-gap structures survive [43], contrary to
expectations originating from the two-band model. It is possible to propose another totally
different explanation of such multiple-gap structures on the basis of the spatial phase
separation or intrinsic MgB2 inhomogeneity [51]. Bearing in mind various feasible
interpretations, we shall review the current situation in the field, as well as our own studies of
the multiple-gap features in superconducting MgB2.
Not so many experiments have been performed dealing with superconducting properties
of another family of multiple-gap layered nitride superconductors Li0.48(THF)xHfNCl,
HfNCl0.7 and ZrNCl0.7. The reason is the instability of these samples in the open air making
the experiments very difficult. It is especially true as concerns tunneling data on
superconducting gaps. On the other hand, less direct specific-heat measurements of the
superconducting sample Li0.12ZrNCl with Tc ≈ 12.7 K showed that the ratio 2Δ(0)/kBTc ≈ 5
conspicuously exceeds the weak-coupling BCS value [52].
It is remarkable that recent experimental studies of Li0.48(THF)xHfNCl and ZrNCl0.7
revealed a negligibly small isotope effect Tc ~ M-0.07 (M here is the nitrogen atomic mass)
[53], [54]. This result might be caused, e.g., by (i) the Born-Mayer repulsion of ion cores
[55], crucially important for materials with noble metal atoms [56], [57], (ii) a purely
electronic genesis of Cooper pairing [58]-[61], (iii) polaronic effects [62], (iv) anharmonicity
of phonons [63]-[65], (v) van Hove singularity of the electron DOS because of the crystal
lattice reduced dimensionality [66], [67], (vi) d-wave symmetry of the superconducting order
parameter [68], (vii) or simply a non-equal contribution of different constituents into lattice
vibration modes and Coulomb pseudopotential μ* [68]-[72]. We emphasize that a small or
inverse isotope effect is not a smoking gun of superconductivity being induced by a nonphonon bosonic glue, contrary to the statements concerning many materials, e. g., iron-based
ones [73]. On the other hand, a discovered existence of the isotope effect in superconductivity
cannot be considered as a crucial experiment proving the phonon background of
superconductivity, since phonons (thermal) may participate in pair-breaking effects only (a
well-known phenomenon per se [74], [75]), making no contribution to Cooper pairing [76].
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At the same time, if one analyses high-pressure X-ray and Raman scattering results for
Li0.48(THF)xHfNCl and ZrNCl0.7 crystals on the basis of the approximate strong-coupling
McMillan formula taking into account only phonon-exchange interaction [77], a large
electron-phonon coupling constant λ > 3 appears [78]. Thus, to reconcile experimental data of
references [53], [54] and [78], it seems plausible (although not obligatory) to invoke a nonphonon superconductivity mechanism as a possible contributor to the actual Cooper pairing.
Hence, one of the aims of this article is to analyze superconducting gaps of those layered
nitride compounds, which would be helpful to uncover the relevant high-Tc superconducting
mechanism (mechanisms).
The outline of this review is as follows. Section 2 introduces and describes the sample
preparations, tunneling techniques and the way of data handling employed in the investigation
of the physical properties of the compounds concerned. In Sections 3 to 5, we present the
measured tunnel superconducting energy gap structures of MgB2, other AlB2 type
superconductors (NbB2 and CaAlSi), as well as layered nitride superconductors
Li0.48(C4H8O)yHfNCl, HfNCl0.7 and ZrNCl0.7. In Section 3, data on multiple-gap structures of
MgB2 are considered for different kinds of samples and spectroscopies, namely break
junction tunneling spectroscopy (BJTS), scanning tunneling spectroscopy (STS), pointcontact spectroscopy (PCS). Peculiarities of the electron-phonon interaction in MgB2 are
discussed on the basis of the experimental results. In Section 4, the gap structures of NbB2
and CaAlSi are presented and compared to those of MgB2. Section 5 is devoted to the
analysis of the superconducting energy gap structures for layered nitride compounds, obtained
mainly by BJTS.

2. EXPERIMENTAL
2.1. Sample preparations
We used two kinds of MgB2 polycrystalline samples, pellets and wires for BJTS, STS or
PCS measurements. Synthesis was carried out in the following manner. MgB2 pellets were
fabricated from a mixture of 3N Mg powder and 2N amorphous B at 973 K in 200 atm Ar gas
for 10 hours, accompanied by annealing at 1623 K under 5.5 GPa [3]. Wire segments of high
purity MgB2 were made by sealing boron filaments purchased from Textron (~ 100 μmφ ; 5N)
into a Mo tube with excess Mg (3N), using a ratio of Mg/B = 3. Reactions were carried out
during 4 hours at 1223 K [79].
NbB2 and CaAlSi to be used in tunneling measurements were produced along the
following lines. Polycrystalline samples with the nominal composition NbB2.1 were
synthesized between 1873 and 2073 K under the pressure of 5.5 GPa in Ar atmosphere [80].
CaAlSi single crystal samples were prepared by RF heating at 1473 K in a BN crucible under
Ar atmosphere [81]. The nominal composition of each reagent was Ca: Al: Si = 1: 1: 1, and
the Ca metal was purified by a vacuum-distillation using a Ta crucible prior to be used.
Samples of Li0.48(THF)xHfNCl, HfNCl0.7 and ZrNCl0.7 for tunneling measurements were
synthesized in the following fashion [5], [6]. Polycrystalline samples of alkali metal
intercalated superconductor Li0.48(THF)xHfNCl were prepared by reacting the β-HfNCl with
Li naphthalene solution in tetrahydorofuran (THF) during 24 h. A molar ratio of β-HfNCl/Li
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corresponded to 1.0/0.48. The powder sample was compressed at a pressure of 1.8 GPa. All
steps were made in an Ar filled glove box. Polycrystalline samples of Cl deintercalated
superconductors HfNCl0.7 and ZrNCl0.7 were prepared by reacting β-HfNCl and β-ZrNCl
with metal azides KN3 and NaN3 in a molar ratio of 1.0/0.3, respectively [29]. Each reaction
process was carried out by annealing at 573 K and 593 K in vacuum during 24 h. The powder
sample was compressed at a pressure of 1.8 GPa in an Ar filled glove box.

2.2. Experimental techniques
We have carried out the measurements by the four-probe in situ break-junction technique
[82]. In this method, the thin platelet sample on a substrate is carefully cracked at 4.2 K to
form a superconductor – insulator – superconductor (SIS) junction with a fresh and
unaffected interface, which is obtained by applying the bending force parallel to the thickness
direction. We believe it is the most effective way to fabricate tunnel junctions of this kind
from a chemically reactive compound [82]-[85]. For an SIS junction, the characteristic peakto-peak bias separation Vp-p in the tunnel conductance, G(V) ≡ dI/dV, corresponds to 4Δ/e,
where 2Δ stands for the superconducting energy gap between electron-like and hole-like
quasiparticle branches, I is the quasiparticle current, V is voltage, and e is the (positive)
elementary charge. Such an SIS junction is so sensitive that it can probe gap edge structures
even at high T close to Tc because of the amplifying convolution in the integrand of the
formula for G(V) between electron gapped DOSes N1,2(E) originating from both electrodes
[21], [86].
We also employed scanning tunneling microscopy/spectroscopy (STM/STS)
measurements with PtIr tip in the ultra high vacuum (< 10-8 Pa). The apparatus used in the
present measurements was an OMICRON LT-UHV-STM system equipped with a low-T
preparation chamber and other additional functions. The STM chamber temperature is kept at
5 K during the measurements. For the STM studies, the applied bias voltage V = 15 mV refers
to the sample, and the tunneling current range is I = 0.05 - 0.3 nA. The typical scanning range
is 200 nm × 200 nm. For the STS measurements, in which the superconductor - insulator
(vacuum) - normal metal (SIN) junction is formed, the bias range is extended up to V = ± 30
mV. The tunnel conductance dI/dV is calculated numerically from the I-V characteristics with
the resolution better than 0.5 mV. In particular, a combination of break-junction and STS
experiments allows one to unequivocally distinguish between realizations of SIS or SIN
configurations.
We also performed PCS measurements by pressing a normal metal (Cu) wire on the
cracked surface of MgB2. The dI/dV(V) characteristics of a barrier-less, metallic point contact
(PC) formed between a normal metal and a superconductor can detect the superconducting
gap feature, which stems from the Andreev reflection [87]. Therefore, this method can also be
used as a complementary approach in addition to BJTS and STS measurements. The
d2I/dV2(V) characteristics of PC can reveal detailed spectral structures of the electron-phonon
coupling (α2F(ω)) at low T [88]-[90].
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2.3. The way of data handling
To carry out a quantitative analysis, we compare experimental data with the well-known
expression for the tunnel conductance across an SIS junction [21]
+∞
dI SIS
dN ( E + eV )
[ f ( E ) − f ( E + eV )]
= C ∫ N1 ( E ) 2
−
∞
dV
dV
⎡ df ( E + eV ) ⎤
+ N 1 ( E ) N 2 ( E + eV ) ⎢−
⎥⎦ dE
dV
⎣

G (V ) ≡

(1)

Here C and f(E) are the scaling parameter and the Fermi distribution function,
respectively. Expression (1) is based on the concept of isotropic tunneling [21], [91]. If there
is certain directionality, being important in the case of a significant electron spectrum
anisotropy or an existence of several Fermi surface sheets, Eq. (1) should be substantially
modified [91], [92], [129]. Unfortunately, in this situation the generality of the calculation is
lost and one should make further specific ad hoc assumptions. Hereafter, to fit the results we
use the complex density of states function N(E, ε), which contains a phenomenological
broadening parameter ε that has been originally introduced by Dynes et al [93], [94] as the
lifetime quasiparticle broadening.

N ( E , ε ) = Re

E − iε
( E − iε ) 2 − Δ 2

(2)

The broadening most probably originates from the inelastic electron-electron scattering or
the inverse proximity effect from the adjacent normal region [95], although other reasons are
also possible [96] (see below). Hereafter Δ, ε, and C are considered as fitting parameters.
Taking C in Eq. (1) as a constant (normal state conductance) is an approximation valid
for calculations of currents at small bias voltages, for which Δ is the relevant energy scale.
This approximation corresponds to energy-independent tunnel matrix elements T12. Harrison
showed [97] that in the quasiclassical scheme T12 is a product of the reciprocals to the normalmetal quasiparticle densities of states on the left and on the right of the barrier times the
tunnel integral. Therefore, those densities of states cancel out from the net expressions for the
tunneling rate (see also Refs [21], [98]-[100]). On the contrary, the gap-induced square-root
factors in the superconducting quasiparticle densities of states appear explicitly [101] in
expressions for tunnel currents and conductivities in the same way as they enter Eq. (2). The
same kind of approximation is used for calculation of Josephson currents between
conventional superconductors [102], [103].
Eq. (2) describes the lifetime broadening, which always takes place even for
superconductors with a spatially uniform order parameter. The existence of the parameter ε
makes singularities smoother in the gapped superconducting electron DOSes. At the same
time, the energy gap is filled with growing ε, which implies the existence of a leakage current.
The phenomenological Eq. (2) has been recently justified by a calculation of th
e environment- (photon-) assisted high-T tunneling, which involves the inverse quasiparticle
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lifetime e2kBTenvRenv/ħ2 [96]. Here Tenv and Renv are the temperature and effective resistance of
the dissipative environment. As a consequence, the probability density P(E) for an electron to
emit a photon of energy E in the limits of small R and E takes the form [96].

P( E ) =

1
ε
.
2
πΔ ε + (E Δ )2

(2a)

The effective DOS calculated on the basis of Eq. (2a) results exactly in the Dynes Eq. (2).
By no means should one forget about the existence of another significant smearing
phenomenon: an inevitable gap amplitude distribution affecting the quasiparticle current, the
scatter being either larger or smaller than the instrumental resolution. Lifetime broadening
and the gap spread are complementary factors, and it is not a priori known, which of them is
more important for a certain tunnel junction.
Multiple gap features were actually observed long ago even for low-Tc superconductors
(see, e. g, [104]-[107]). Such observations became common for high-Tc oxides with short
coherence lengths ξ [47], [108], [109]. The phenomena might be due to at least several
reasons: (i) a true multiple-gap (e.g., two-gap) structure of the quasiparticle electron spectrum
in the superconducting state [19], [48], [50], [110], [111] if the Anderson impurity mixing of
different electron wave functions [112] is irrelevant; (ii) a more general kind of an energy gap
anisotropy in the momentum (k) space [113]-[116] robust under the impurity influence; (iii) a
spatial (r space) inhomogeneity of normal and superconducting electronic properties in the
area, which determines the tunnel current of a specific junction [117]-[122]. Recently the
two-gap model has been applied to pnictides, where the distinction between coherence factors
was predicted for alternative phase differences between superconducting gaps on hole and
electron Fermi surfaces [123].
Whatever this microscopic background, the simplest possible function N(E, ε), averaged
over a gap distribution, can be written down as

N (E, ε ) = ∫

+∞

−∞

⎧⎪
E − iε
Re ⎨
2
2
⎪⎩ ( E − iε ) − Δ

⎫⎪
⎬ P (Δ )d Δ
⎪⎭

(3)

where P(Δ) is the distribution function of the energy gap values. Since the existence of nonzero ε and the occurrence of the gap scatter P(Δ) are mutually independent, they are usually
taken into account simultaneously [124]. To be specific, we adopt a random Gaussian
distribution function, i.e. P(Δ) reads

P(Δ) =

⎛ (Δ − Δ0 ) 2
exp⎜ −
⎜
2δ 02
2π δ 0
⎝
1

⎞
⎟
⎟
⎠

(4)

Here δ0 and Δ0 are a half-width and a mean value of the energy gap distribution, respectively.
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There are two types of superconducting states: intrinsic and induced. For the former case,
the material becomes superconducting when the temperature drops below Tc. For the latter
case, the material becomes superconducting (even if it is intrinsically a normal conductor)
when it is in contact with another superconductor. There are two major ways of such a
coupling between electron subsystems. One involves their spatial separation, which means the
so-called proximity effect [125], [126]. The other situation is a separation in the momentum
space corresponding to two-band (in a more general case, multiple-band) superconductivity
[125], [127]. The mathematical expressions for energy gaps in the framework of the two-band
model are formally the same as those describing the proximity effect [126]-[129].

⎪⎧
⎪⎫
Γ Δ (E)
Δ1 ( E ) = ⎨Δ1ph + 1 2
2
2⎬
Δ 2 ( E ) − ( E − iε 2 ) ⎪⎭
⎪⎩

⎪⎧ Γ1
⎪⎫
(5)
⎨1 +
2
2⎬
Δ 2 ( E ) − ( E − iε 2 ) ⎪⎭
⎪⎩

⎧⎪
⎫⎪
Γ Δ (E)
Δ 2 ( E ) = ⎨Δ 2ph + 2 1
⎬
Δ12 ( E ) − ( E − iε1 ) 2 ⎪⎭
⎪⎩

⎧⎪ Γ
⎫⎪
⎨1 + 2
⎬ (6)
Δ12 ( E ) − ( E − iε1 ) 2 ⎪⎭
⎪⎩

where Δ1ph and Δ2ph (Δ1ph < Δ2ph) are the parent gap parameters, Γ1 and Γ2 are parameters
describing the strength of the coupling between two superconducting subsystems, ε1 and ε2
are the phenomenological broadening parameters. The gaps Δ1ph and Δ2ph correspond to the
bare order parameters in the relevant bands of the actual two-band superconductor or to the
characteristics of a proximity sandwich. The sense of phenomenological parameters Γi might
be twofold. They mean transition rates between bands in the case of a two-band
superconductor. For the proximity sandwich they should be considered as intensities of the
electron transfer between a normal state surface layer and a bulk superconducting phase.
In order to solve the equation system for Δ1(E) and Δ2(E) numerically, the iteration
method was employed [126], in which the following convergence criterion was assumed to
fulfill

Δ (i

n +1)

( E ) − Δ(i n) ( E ) < 10−12 ( i = 1, 2 ) ,

(7)

where n denotes an iteration number. DOSes N1(E) and N2(E) for each band are as follows:
N1 ( E ) = Re

N 2 ( E ) = Re

E − iε 1
( E − iε 1 ) 2 − Δ 12 ( E )
E − iε 2
( E − iε 2 ) 2 − Δ 22 ( E )

(8)

(9)

Figure 1 shows examples of calculated correlated N1(E) and N2(E), respectively. Note
that the gap-peak positions and peak structures are sensitive to the inter-band coupling
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strengths Γ1 and Γ2. For N1(E) in Figure 1(a), the first-peak position corresponding to the
effective gap value becomes larger than the bare quantity Δ1ph.
In the case of Δ1ph >>Γ1, the gap parameter can be estimated to be Δ1 = Δ1ph + Γ1. For
small Γ1, N1(E) is close to the separate BCS gap density of states.

Figure 1. Partial band density of states (DOSes) N1(E) and N2(E) for the correlated two-gap model. Γ1
and Γ2 are parameters describing the strength of the coupling between two superconducting subsystems.
The gaps Δ1ph and Δ2ph correspond to the bare order parameters in the relevant bands. Solid, dashed and
dot-dashed curves correspond to Γ1/Γ2 = 0.1, 1.0 and 5.0, respectively. Γ2 = 0.15Δ2ph and Δ2ph = 3.5Δ1ph.

The condition Γ1/Γ2 >> 1 means that the correlation influence of N2(E) on N1(E) is much
stronger than that of N1(E) on N2(E). In N2(E) of Figure 1(b), the second-peak position
corresponds approximately to Δ2ph. Therefore, the actual gap energy is always Δ2 ≈ Δ2ph
despite large variations of Γ1. In both N1(E) and N2(E), the first peak position depends on the
ratio Γ1/Γ2, and the larger is the Γ1 value the broader becomes the coherent peak.
Depending on the relative orientation of the crystallographic axis to the current direction
or the nature of the active surface layer, both N1(E) and N2(E) can contribute to the tunnel
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conductance. Therefore, as an estimate we use a linear combination of the constituent DOSes
N1(E) and N2(E) to simulate the effective total DOS (Ntotal(E)).

N total ( E ) = (1 − x) N1 ( E ) + xN 2 ( E )

( 0 < x < 1)

(10)

We call this interpolation scheme the “correlated two-gap model”. Figure 2 represents the
calculated SIS conductance (formula (1)) for the limiting cases of separately acting
superconducting components with DOSes N1(E) (x = 0) or N2(E) (x = 1) using the parameters
of Figure 1. In Figure 2(a), the effect of the second gap on N1(E) is not noticeable for small
Γ1, while large Γ1 produce clear dip-hump structures. On the other hand, in Figure 2(b), the
large value of Γ1 conspicuously enhances the primordial gap-edge peak in N2(E).

Figure 2. Calculated superconductor-insulator-superconductor (SIS) conductance for the limiting cases
of the correlated two-gap model, namely, for constituent superconducting subsystems making separate
contributions to the quasiparticle tunnel current. The total DOS for (a) and (b) corresponds to x = 0 and
1, respectively (see Eq. (10)). Parameters are the same as those of Figure 1. Solid, dashed and dotdashed curves correspond to Γ1/Γ2 = 0.1, 1.0 and 5.0, respectively. Γ2 = 0.15Δ2ph and Δ2ph = 3.5Δ1ph.
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Figure 3 shows the overall SIS conductance taking into account partial contributions of
superconducting subsystems into the overall quasiparticle current for x = 0.1, 0.5 and 0.9.
Three pairs of peak-to-peak separations VS, VM and VL are recognized. The correlation among
the three-peak structures is determined by the relationship VM = (VS+VL)/2. The peaks are
located at voltages VS = 4Δ1/e, VM = 2(Δ1 + Δ2)/e, VL = 4Δ2/e using Δ1 and Δ2.
Quasiparticle scattering processes occur at the SN interface. If an electron with a
momentum k in the N region with an energy E < Δ propagates in the direction of the interface
SN it can not cross it because its energy is in the pairing-induced gap of the adjacent
superconductor. Therefore, further free propagation of such an electron-like quasiparticle is
impossible. Instead it becomes a component of the Cooper pair on the S side of the interface.
The other component of the same pair should be an electron-like quasiparticle with the
opposite momentum -k [36]. Hence, this electron is incorporated into the pair concerned and
a hole-like excitation emerges in the superconductor with -k, i.e. moving into the depth of the
normal metal in the direction opposite to the direction of the incident electron. Thus, the
charge, the momentum and the energy are conserved in this process known as Andreev
reflection [87].
A simple model of tunneling across an SN junction was developed by Blonder, Tinkham
and Klapwijk (BTK model) [19], [130], according to which the infinitely thin energy barrier
is located at the interface and the conductance takes the form
+∞
⎛ dI ⎞
⎡ df ( E − eV ) ⎤
G=⎜
⎟ = C ∫−∞ [1 + A( E ) − B ( E )] ⎢ −
⎥⎦ dE
dV
⎝ dV ⎠ SN
⎣

(11)

Here A(E) and B(E) are the coefficients giving probabilities of Andreev and conventional
electron reflections, respectively. For E < Δ, A(E) = Δ2/[E2+(Δ2–E2)(1+2Z2)2], and B(E) = 1–
A(E). For E > Δ, A ( E ) = u0 v0

2 2

2
2
2
2
2
2
γ BTK
, B ( E ) = ( u0 − v0 ) Z (1 + Z ) γ BTK and
2

2
γ BTK
= ⎡⎣u02 + Z 2 ( u02 − v02 ) ⎤⎦ . The quantity Z is a dimensionless barrier strength parameter
2

and Z = 0 means no barrier at the SN interface. The parameters u0 and v0 are the Bogoliubov
factors given by u02 = 1 − v02 = {1 + [(E2 – Δ2)/E2]1/2}/2. Figure 4 is the calculated examples of
BTK conductance for Z = 0, 0.5 and 5. The value Z = 5 corresponds to such a high barrier at
the SN interface that one arrives at a SIN tunneling junction rather than a proximity sandwich.
It should be emphasized that the one-parameter BTK model is, in principle, a crude
approximation to real junctions. In particular, it is necessary to take into account a possible
directionality of superconducting Josephson and quasiparticle tunneling [131]. Moreover, the
underlying physical picture behind the BTK simplified considerations is very involved
especially for non-conventional Cooper pairing [132]-[134].
The validity of the adopted concept of the interface proximity-induced superconductivity
was proved in the extreme case of a heterostructure involving a normal metal solid solution
La1.56Sr0.44CuO4 and an insulating oxide La2CuO4 [138]. Although neither of two layers were
superconductors per se, the bilayer turned out to be a superconductor with Tc ≈ 30 ÷ 36 K
due to the hole accumulation on the insulating side of the sandwich.
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Fiigure 3. Calcullated SIS conduuctance in the correlated two--gap model forr x = 0.1, 0.5 and
a 0.9. The
cuurves (a), (b) an
nd (c) corresponnd to x = 0.1, 0.5 and 0.9, respeectively. The peeak positions VS, VM and VL
arre estimated to be 4Δ1/e, 2(Δ1+Δ2)/e and 4Δ
Δ2/e, respectively, assuming Δ1 < Δ2. Inset in
i (c) is the
esscalerd central part
p of the figurre.

One should
d bear in mindd that, if a vibbration mode with energy ћω
ћ 0 (= eV) is excited by
thhe tunnel currrent I via the electron-phonnon interactioon, the currennt magnitude is
i reduced.
Therefore, the point-contacct resistance RPC(eV) is changed
c
depeending on thhe relevant
reelaxation time τ(eV) involviing single phoonon collision or emission processes.
p
If thhe effect is
reelatively weak
k, the next relaation is valid [990].

−

d 2I
d ⎛ 1 ⎞
⎟ = α 2 (V ) F (V )
⎜
(V ) ∝
2
dV ⎜⎝ τ(V ) ⎟⎠
d
dV

(12)
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Figure 4. Calculated BTK conductance (see Eq. (11)). Solid, dashed and dot-dashed curves correspond
to the dimensionless barrier strength Z = 0, 0.5 and 5.0.

3. SUPERCONDUCTING GAPS IN MGB2
3.1. BJTS of sintered polycrystalline MgB2
Polycrystalline samples of superconducting MgB2 with the critical temperatures Tc = 39
K were studied by break-junction tunneling technique. The bias voltage-dependent dI/dV(V)
demonstrates varying multiple-gap features. All experimental curves exhibit underlying
singularity patterns, which can be interpreted as a manifestation of two- (in the majority of
instances) or three-peak structures. However, gap locations and the exact form of the coherent
gap-edge peaks vary from curve to curve. Three typical gap intervals can be inferred from the
data: Δ = 2 – 2.5, 6 – 7.5 and 10 – 12 meV. In addition, minor sub-gap and outer-gap
structures are sometimes observed. The correlated two-gap model can formally describe the
observed multiple-gap spectra. All these gaps disappear above the same Tc (≈ 39 K). We have
also observed the conductance spectra showing features inherent to normal-metal and/or lowTc phases. The magnetic fields, which suppress superconducting gaps, depend on the zerofield energy gap value taken at 4.2 K. The extrapolated highest gap-closing field for the
largest gap feature correlates with the independently measured upper critical magnetic field,
thereby indicating that this gap is the main one, describing superconductivity in MgB2.
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Figure 5. Break-junction tunneling spectra (BJTS) at 4.2 K are shown for three different representative
measured data sets. The broken curves are calculated SIS conductances with the weighted sum of
Bardeen-Cooper-Schrieffer-like (BCS-like) DOSes.

3.1.1. Energy gap structures at 4.2 K
Tunnel conductances dI/dV obtained for different break-junctions at 4.2 K can be
classified as three typical ones presented in Figure 5. All of them are reproducible either
among different samples or different junctions appropriate to the same sample. Additional
fine structures around zero-bias suggest n-particle tunneling [21]. The BJTS data often
accompanies the hump structures outside of the main peaks as shown in Figure 5(a). The
intensities of hump structures vary among the spectra, while their peak-to-peak bias
separations are almost the same.
Typical three-peak structures may be characterized by the relationship VM = (VS + VL)/2.
From this relationship, it comes about that two energy gaps for superconductors on each side
of the SIS junction should exist. In order to comprehend the relation between the multiple
gap-like features in SIS junctions, we fit the experimental spectra using a discussed above
simple interpolation model [N(Δ1, Δ2) = (1-x)N1(Δ1) + xN2(Δ2) (Eq. 3.15)], where the DOSes
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Nj(Δj) (j = 1,2) are given by Eq. (2) [93] (see Section 2). The dashed curves in Figure 5 show
the results of calculations. To reconcile the experimental conductance curves with calculated
ones, a following identification should be used VS = 4Δ1/e, VM = 2(Δ1 + Δ2)/e and VL = 4Δ2/e.
Note that the coherent peaks at the larger gap positions (VL) can be easily reduced by a slight
increase of εj. The calculated value of the smaller energy gap Δ1 is about 2 meV, while the
larger one is Δ2 ≈ 6.5 meV.
The solid curve in Figure 5(b) shows a representative measured spectrum with the gap
size twice as large as VS of Figure 5(a). This kind of spectrum also involves the outer hump
structures (shown by arrows), but their strength is weaker than that of their counterparts from
Figure 5(a). One sees that the calculated SIS conductance can reproduce, in principle, the
spectral features with the best fitting energy gap values Δ1 = 4.4 meV and Δ2 = 9.6 meV. It
should be noted that the spectra with a single gap of Δ ≈ 9.6 meV are also observed as shown
in Figure 5(c). This spectrum is roughly fitted by the SIS conductance with a single-gap BCSlike DOS, although the observed coherent peaks are smeared as compared with theoretical
results.
3.1.2. Induced superconducting gaps in BJTS data

We indicated above that main multiple gap structures in dI/dV appropriate to MgB2 can
be imitated by the introduction of an SIS conductance with the weighted sum of the BCS-like
DOSes. However the overall picture is much more involved. Namely, other gap-related
features appear in many experimental BJTS G(V) curves having varying shapes and locations.
In particular, conspicuous dips or shoulders appear near VM (and VL), which are presented
below. They can be hardly explained by the simple sum of the DOSes only. It is necessary to
invoke also the concept of the induced superconductivity described, e. g., by the correlated
two-gap model already presented above (see Eqs. (5) and (6)).
Typical tunnel conductances of BJTS made of MgB2 are shown in Figure 6 to possess
clear-cut multiple-gap structures. The peak locations VS and VM (or VL) are almost the same as
in the spectrum of Figure 5(a). Three pairs of peaks are indicated by arrows in Figures 5(a)
and 5(b) (VS ≈ 9 mV, VM ≈ 17 mV, VL ≈ 25 mV). In Figures 5(b) and 5(d) well-developed
structures are observed whereas the spectrum shown in Figure 5(c) contains only moderate
shoulders in addition to the more or less conventional superconducting coherent peaks. The
dashed lines correspond to the fitting curves of the correlated two-gap model discussed above.
Fitting is good enough over the entire bias voltage range up to ±20 mV.
Since the required fitting values x are of the order 0.1, the spectra in Figure 6 are
dominated by the DOS N1(E) characterized by the small gap Δ1. The calculated spectrum of
Figure 6(a) were obtained using the intrinsic gap parameter Δ1ph = 2.2 meV and the ratio
Γ1/Γ2 = 0.4 (see Sections 2 and 3), whereas the experimental spectrum depicted in Figure 6(b)
is fitted well by taking Δ1ph = 0 and relatively large ratio Γ1/Γ2 = 10. Both a relatively small x
and large Γ1 in Figure 6(b) result in the sharper gap edge than that appropriate to Figure 6(a)
in spite of the negligible intrinsic pairing value Δ1ph for Figure 6(b).
The observed spectrum of Figure 6(c) is reproduced with Δ1ph ≈ 1.5 meV and the ratio
Γ1/Γ2 = 0.7. In Figure 6(d), the features corresponding to VM and VS overlap. The fitting
values Δ1ph = 0 and Γ1/Γ2 = 6.8 satisfactorily reproduce the experimental peak-dip structures
similarly to the BJTS shown in Figure 6(b). The shapes of the fitting hump-dip-peak
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structures strongly depend on the value of the ratio Γ1/Γ2. Therefore, dip-hump structures
should originate from the induced superconductivity. The resulting smaller and larger gap
values are estimated to be Δ1 = 2.2±0.3 meV and Δ2 = 6.0±1.5 meV, respectively. The
value of Δ1 is kept almost constant among different junctions in spite of the varying proximity
effect (induced superconductivity). On the other hand, the values of Δ2 differ substantially for
various junctions.

Figure 6. Multiple-gap tunnel conductance spectra for different MgB2 break junctions measured at
T = 4.2 K. The dashed curves are the results of fitting on the basis of the correlated two-gap model (see
Eq. (10)).

Other types of tunnel spectra with sharp gap-edge peaks at smaller voltages, smeared
features at larger gap locations VS ~ 20 mV and very low-leakage conductance at zero bias are
also often observed for MgB2. Such spectra are shown in Figure 7. They are well reproduced
by the correlated two-gap model similarly to the spectra depicted in Figure 6.
Since the values of model parameters in Figure 7 differ considerably from those
appropriate to Figure 6, the DOSes are denoted as N3(E) and N4(E) rather than N1(E) and
N2(E). The corresponding total DOS is now N(E) = (1-x)N3(E)+xN4(E). The former DOS
involves the smaller gap Δ3 (≈ Δ3ph +Γ3), while is characterized by the larger one Δ4 (≈ Δ4ph,
Δ3 < Δ4). Since the actual fitting value x < 0.2 in Figure 7, the spectra reveal mainly the smallgap component N3(E). The fit parameters are Δ3ph = 2.0±1.0 meV, Δ4ph = 11.5±2.5 meV,
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and Γ3/Γ4 = 1.2±0.3. Hence, Δ3 = 4.7±0.7 meV and Δ4 = 11.5±2.5 meV. The dispersion of
Γ3/Γ4 is narrower than that of Γ1/Γ2. The fitting parameter Δ3 is of the same order as Δ2 from
Figure 7, while Δ4 is larger than any gap value in Figure 6. This indicates the existence of
another kind of a gap Δ4 in MgB2 (larger gap) different from Δ1, Δ2 (≈ Δ3).

Figure 7. Multiple-gap structures at T = 4.2 K for different MgB2 break junctions with the predominant
peak-to-peak distance twice as large as those shown in Figure 6. The dashed curves are the calculation
results in the framework of the correlated two-gap model.

Spectra with even larger apparent peak-to-peak separation of about 40 mV can be
observed, their representatives shown in Figure 8. Gap-related features in Figure 8 are
substantially broadened as compared to those from Figures 6 and 7. Zero-bias leakage is very
low in Figures 8(a) and 8(b), while a narrow zero-bias dip is observed in spectra displayed in
Figures 8(c) and 8(d). Low-bias fine structures in Figure 8(b) or zero-bias dips in Figures 8(c)
and 8(d) are probably related to the smaller gaps discussed above.
The correlated two-gap model was used to fit the large-gap structure as shown by dashed
curves. For spectra shown in Figures 8(a), 8(b) and 8(d) the values of Δ4 are similar to those
shown in Figure 7, while Δ4 (≈ Δ4ph) = 16 meV for Figure 8(c) is larger than fitting values for
other spectra. For Figures 8(a), 8(b), 8(c), the ratio Γ3/Γ4 ~ 0.8 is consistent with that for
Figure 7. The fitting parameter x ≈ 1 in Figures 8(a), 8(b), 8(c) is in contrast to small x < 0.2
in Figure 7. It means that the tunneling spectra in Figure 7 are governed by the partial DOS
N3(E), while N4(E) dominates the spectra of Figure 8.
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Figure 8. Multiple-gap structures at T = 4.2 K for different MgB2 break junctions involving large gaps.
Dashed curves are the fitting results using the correlated two-gap model, while the dot-dashed curves
are the fitting results using the Gaussian gap distribution approach.

The broadened appearance of the gap structure in Figure 8 may be explained by an
anisotropic nature of the superconducting gap [116] due to the multi-sheet anisotropic Fermi
surface crossing pσ bands [14], or by the energy gap spatial distributions connected to
mesoscopic charge carrier density inhomogeneity [117], [118]. If one adopts the second
origin of broadening, it is reasonable to use the simple Gaussian gap distribution in the
approach given by Eq. (3) and Eq. (4).
Correspondent fittings of data presented in Figure 8 was carried out and the best fitting
values are Δ0 = 7.0 ± 1.0 meV and δ0 = 4.5 ± 1.5 meV. For Figure 8(a), this model can
describe the whole data set quite well, whereas for Figures 8(b) and 8(d) only the
neighborhood of the gap-edge peaks are reproduced. For Figure 8(c), the sub-gap structure
can be also fitted in this approach.
It turned out that some available low-T tunnel data for MgB2 can be equally well treated
by both the correlated two-gap model and the gap distribution approach. Therefore, it is
difficult to make a reasonable choice between the models on the basis of those results only.
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3.1.3. Temperature Dependence of the Tunnel Spectra

Thermal smearing inevitably wipes out all DOS-induced peculiarities of G(V) provided T
becomes high enough. Nevertheless, due to the convolution of two electron DOSes in SIS
junctions (including BJ) the detrimental influence of temperature is not so significant [129],
[278]. The gap features are especially distinct in the true tunneling regime without shunting
when proximity effects between different electrodes are excluded.
Temperature variations of multiple-gap structures revealed by representative break
junctions involving MgB2 electrodes are shown in Figure 9. For conductances displayed in
Figure 9(a) and 9(b), shoulder-like structures are visible for different T as is shown by thick
arrows. These tunnel spectra can be well reproduced by the SIS fitting using the correlated
two-gap model, and the gaps Δ1(T) and Δ2(T) can be followed up to the Tc neighborhood.
Nevertheless, some discrepancies between the theory and experiment exist at low biases.
The fitting parameters at 4.2 K for Figure 9(a) and 9(b) are estimated to be Δ1ph = 1.6
(0.5) meV, Γ1 = 0.9 (3.2) meV, Δ2ph = 6.4 (7.5) meV and Γ2 = 1.2 (3.0) meV. These values
are consistent with those of Figure 6. On the other hand, for Figure 9(c) distinct double-gap
structures are visible at low T. The corresponding VS = 5 mV at 4.2 K is half that of
Figures 9(a) and 9(b). No fine structure is seen around zero bias in Figure 9(c) contrary to
other junctions. This suggests formation of SIN contacts in the break junction [83].
In order to confirm whether a SIN appears, we compare calculated temperature variations
of the suggested SIN conductance with those of the SIS. Figures 10(a) and 10(b) show the
results of such calculations for different T assuming a textbook single-gap structure. For the
SIN junction as shown in Figure 10(a) gap edges broaden with T, whereas the peak locations
almost do not shift. Of course, there is no sub-gap structure near zero-bias. On the other hand,
SIS junction as shown in Figure 10(b) exhibits the distinct gap-peak shift and zero-bias
structure. The latter comprises a logarithmic peculiarity growing with increasing T according
to the theory [119].

⎛ min ( k BT , Δ ) ⎞
G (V ) ~ log ⎜
⎟
eV
⎝
⎠

(13)

Matching of left and right gap widths for V → 0 is the origin of this feature. It is essential
that singularity (13) appears only for genuinely symmetrical junctions. Therefore, it may
vanish in break junctions where a spatial distribution of gaps always exists.
It is clearly seen that the spectrum of Figure 9(c) resembles that of an SIN junction rather
than an SIS one. Indeed, as is shown by dashed curves in Figure 9(c) the correlated two-gap
model for the SIN junction fits the spectrum well over the entire bias voltage range. The
fitting parameters determined at T = 4.2 K are Δ1ph = 1.9 meV, Γ1 = 0.6 meV, Δ2ph = 6.5 meV
and Γ2 = 0.1 meV. These two gaps disappear near Tc. These values are similar to Δ1(T) and
Δ2(T) for the SIS junction found for Figure 9(a).
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Figure 9. Temperature variations of G(V) for different MgB2 break-junctions. Fitting by the correlated
two-gap model is shown by dashed curves. Figures (a) and (b) correspond to the SIS junction, whereas
Figure (c) describes the SIN conductance formed while preparing the break junction. Dependences
G(V) for different T are shifted up for clarity, without any offsets between the experimental and
calculated curves.

Figure 10(c) shows a SIS conductance calculated with the parameters characterizing the
SIN conductance of Figure 9(c). The overall behavior of G(V) for Figure 10(c) agrees with
the SIS-like spectra of Figure 9(a) and Figure 6(a) and demonstrates similarity with
theoretical guidelines presented in Figure 10(b). Different values of Δ1ph and Γ1 appropriate to
Figures 9(a) and 9(b) and the observation of SIN junction in Figure 9(c) suggest that some
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kinds of inhomogeneous electronic structure, e. g., a grain boundary region [139], [140],
emerge near the cracked interface of the break junction. It is remarkable that in spite of the
different values of fitting parameters and junction types in Figures 9(a) – 9(c), the small gap
Δ1 remains almost the same and is not closed up to Tc.

Figure 10. T dependence of G(V) calculated for a conventional one-gap BCS superconductor: (a) for an
SIN junction; (b) for an SIS junction; (c) the calculated SIS conductance with parameters taken from
fitting curves of Figure 9 (c).

Some spectra can be regarded as the evidence for the normal conducting phase as is seen
in Figure 11. Such G(V) are often observed in the low-resistance (RJ ~ 1 Ω) break junctions.
The plateau around zero bias voltage is characteristic of the Andreev reflection in the barrierless SN junction (the localized barrier strength Z = 0 in original notations of Ref. [130]). In
Figure 11 the plateau extends over the region |V| ≤ 10 mV. The conductance has also minor
peaks at V ≈ ±2.5 mV. At higher voltages a number of stable features are seen. Such a
structure can be attributed to the quasiparticle bound states in an SN junction [87], [134], 141]
(or an SNS junction [133]-[135]). In the inset of Figure 11, a similar G(V) feature is shown
for a junction with RJ ≈ 0.8 Ω.
In order to analyze the observed multiple peak structure, we tried to fit G(V) by the
weighted sum of two BTK conductances (see Eq. (11)) (1-x)σ1 + xσ2 for the SN junction
[130]. The dashed curve in the main frame is the result of fitting. The enhanced conductance
region is satisfactorily reproduced by BTK model. The fitting parameters for σ1 and σ2 are Δ1
= 2.5 meV (with Z1 = 0.2) and Δ2 = 8.3 meV (with Z2 = 0.3) with x = 0.16. The size of Δ1 is
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curve) with ε/Δ1(T) = 0.19, while N2(0) increases rapidly above T ≈ 10 K as compared to the
BCS one [dashed curve, ε/Δ2(T) = 0.07].

Figure 12. (a) Normalized zero-bias conductance (NZBC) corresponding to the data of Figure 9(c).
(b) Calculated partial NZBC corresponding to N1(E) and N2(E) appropriate to Figure 9. Symbols (●) and
(○) correspond to the partial NZBC proportional to N1(E) and N2(E) from Figure 9(a), while (▲) and
(Δ) correspond to those appropriate to Figure 9(c). The dashed and dot-dashed curves describe the BCS
dependences with Δ = 2 meV and Δ = 6 meV at 4.2 K, respectively.

Dependence of G(V) on T for a junction with dominating largest gap (according to the
adopted classification and similarly to the junction presented by Figure 8) is demonstrated in
Figure 13. The critical temperature Tc ~ 39 K can be inferred from the T-dependence of the
zero-bias conductance (ZBC) (if one ignores the ZB peak itself), which is shown in the right
inset. In the left inset a similar dependence is displayed for another junction with the largest
gap but gap features surviving at higher temperatures, which confirms truly bulk nature of
this gap.
In Figure 14 T-dependences of Δ1(T) and Δ2(T) obtained by two-gap fitting of
experimental spectra for three kinds of junctions from Figure 9 as well as from Figure 13.
Both gaps decrease more rapidly than the conventional one-gap BCS theory predicts for the
normalized curve Δ(T/Tc)/Δ(0). It is especially conspicuous for Δ2(T). The ratios
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Δ1(T/Tc)/Δ1(0) start to deviate from the BCS behavior above 20 K. The gap values Δ1(0) are
about 2.2±0.3 meV and Tc ≈ 39 K leading to 2Δ1(0)/kBTc ≈ 1.3 ±0.2, which is much
smaller than the weak-coupling BCS value 3.53 [155]. Therefore, although Δ1(T/Tc)/Δ1(0) is
BCS-like in reduced variables this dependence should be regarded as a representative of the
so-called α-class models with an adjustable phenomenological parameter α ≡ Δ(0)/kBTc [142].
The deviation from the BCS theory in our case is caused mostly by the coupling between two
gaps involved (see Eqs. (5), (6)).

Figure 13. T-dependence of G(V) measured for SIS junctions with the largest gap Δ = 9 – 10 meV
(main panel and left inset). Right inset: T dependence of G(0) (ZBC) and G(V = 80 mV).

A large scatter in the values 2Δ(0)/kBTc in one compound or even among members of the
same class of materials, as in the case of MgB2, is by no means trivial. For instance, in 122type iron pnictides the ratio 2Δ(0)/kBTc is quite robust and equals to ≈ 3.1 [156].
The function Δ2(T) (Δ2(T = 4.2 K) = 6.5 meV) for junctions described in Figures 9(a) and
9(c) is linear over the entire T-range up to nearly Tc (~ 35 K). The same dependence for the
junction corresponding to Figure 9(b) ((Δ2(T = 4.2 K) = 7.5 meV) starts to deviate from the
BCS behavior at about 20 K. This is probably due to the induced superconductivity. Since the
T-dependences of tunneling DOSes and gaps are very similar for the genuine two-band and
the proximity models (see above), it is difficult to distinguish between the phenomena from
the spectrum fittings. An observation of more than two gaps with single Tc might be a
required smoking gun.
This is exactly what is inherent to the totality of MgB2 samples. The apparent set of
observed gap values at 4.2 K includes three specific groups, namely ΔS (= Δ1) = 2 – 2.5 meV,
ΔM (= Δ2 ≈ Δ3) = 4.5 – 7.5 meV and ΔL = 10-12 meV. This is incompatible with the simple
isotropic two-band superconductivity [44]. On the contrary, in the proximity scenario the
function Δ(T) would undergo a step-like deviation a certain T < Tc, or continue to persist up to
bulk Tc depending on the coupling between surface and bulk electron states [126], [143]. Note
that the induced character of a gap can be much stronger for ΔS (= Δ1) than that for ΔM (= Δ2
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≈ Δ3), although ΔS < ΔM. Various kinds of ΔM(T) deviation from the BCS dependence shown
in Figure 14 resemble the proximity-effect gap behavior in conventional superconductors
[126].

Figure 14. T-dependence of the energy gaps. Data with Δ1(4.2 K) = 2.2 ± 0.3 meV, Δ2(4.2 K) = 6.0 ±
1.5 meV denoted with open and closed squares correspond to the junctions described in Figures 9(b)
and 9(c), respectively. The data marked by asterisks are taken from Figure 9(a). Closed circles
correspond to the large gaps from Figure 13. Thin solid curve represents a conventional BCS
dependence with Tc = 39 K, while the dashed curves are scaled to fit the experimental data. The dashed
straight line represents a simple linear interpolation.

Large gap functions Δ(T/Tc)/ Δ(0) (Δ(0) = 9 – 10 meV) in Figure 13 almost follow the
BCS Τ-dependence. The large gap to Tc ratio is in the range 2ΔL(0)/kBTc = 5 – 6. This is the
largest ratio for superconductors except for copper oxides with 2Δ(0)/kBTc > 8 [144], [145].
The latter values are probably due to the interplay between superconductivity and
CDWs [42].
In the multiple- (in particular, two-) gap approach [44] the compound MgB2 with its
multi-sheet Fermi surface consisting of boron pσ and pπ bands might possess coexisting gaps
in the clean limit including the large gap observed in our experiments. For conventional onegap strong-coupling superconductors the relationship between the gap ratio 2Δ(0)/kBTc and
the logarithmic average phonon energy ωln [146] is approximately given as follows (see also
Refs. [298]-[300]).

⎡
⎛k T
2Δ(0)
= 3.53⎢1 + 12.5⎜⎜ B c
k B Tc
⎢
⎝ ω ln
⎣

2

⎛ ω
⎞
⎟⎟ ln⎜⎜ ln
⎠
⎝ 2k B Tc

⎞⎤
⎟⎥
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Hence, from the value 2Δ(0)/kBTc ≈ 5 it comes about that ωln ≈ 15 meV. On the other
hand, according to the neutron inelastic scattering measurements the averaged phonon
frequency ωln = 57.9 meV [17], which is much larger value. Moreover, the first principle
calculation predicts that the strong electron-phonon interaction arises from the in-plane
anharmonic stretching mode E2g with ωln ≈ 70-75 meV [147]. These values correlate with
the observed broad Raman-active E2g peaks [148]-[151]. One sees that the high value
2ΔL(0)/kBTc ≈ 5 can not be explained by strong-coupling gap effects.

Figure 15. T variations of the tunnel G(V). The data of (a) – (c) are inferred from different junctions.
The dashed curves represent the fitting results using the BCS density of states for SIS junctions.
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Our tunneling measurements have also revealed the existence of local low-Tc phase even
for the samples with the bulk Tc = 39 K. Figure 15 shows corresponding gap features. For
Figure 15(a) [this gap at 4.2 K is presented in Figure 6(d)] and Figure 15(b), the values
Vp-p(4.2 K) are 7.4 mV and 8.4 mV, respectively. These values are consistent with those of
Figures 6 and 9(a). For Figure 9(a), the well-developed gap structure is visible even at high
temperature (~ 30 K). On the other hand, the gap features in Figures 15(a) and 15(b) vanish at
much lower T ≈ 20 K. For Figure 15(c), the peak-to-peak distance Vp-p(5.7 K) = 14 mV is
between those shown in Figures 6 and 7. In order to interpret the overall T variations of the
gap structures, we fitted the data of Figures 15(a) – 15(c) using the BCS-like SIS
conductance. The dashed curves represent the best-fit results. These fittings reproduce the
spectral shape including the peak height. Substantial deviations around the dip structures in
Figure 15(a) at low T can be reproduced by the correlated two-gap model [Figure 6(d)].
Temperature dependences of certain parameters inferred from Figure 15 are shown in
Figure 16. In particular, the normalized conductance bottom is demonstrated in Figure 16(a)
to reach unity already at T ≤ 20 K regardless of the fitting parameters. Moreover, the peak-topeak separation in Figures 15(a) and 15(b) decreases slightly with T up to about 20 K. This is
consistent with the behavior of Δ1(T) below 20 K (see Figure 14).

Figure 16. T-dependences of the normalized conductance bottom and the energy gap Δ(T) taken from
Figure 15. Open squares, open circles and closed triangles correspond to the data of Figure 15(a) –
15(c), respectively. Dashed curves in (b) represent the scaled BCS dependences. The dotted curve in (b)
is the representative Δ1(T) taken from Figure 14.
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The fact that G(V) of Figures 15(a) and 15(b) become completely flat at 20 K is in
contrast, e. g., to Figure 9. The flattening does not seem to have an extrinsic origin (such as
junction instability) because the T-dependence of the conductance bottom is rather smooth as
stems from Figure 16(a). Therefore, this behavior may be connected either to the proximity
effect or the appearance of the local lower-Tc phase. In fact, the G(V) pattern of Figure 15(a)
at low T can be reproduced by the correlated two-gap (proximity effect) model as is shown in
Figure 6(d). Since the intrinsic gap parameter Δ1ph is zero for Figure 6(d), the tunneling
process should be dominated by the normal phase. Thus, vanishing of the apparent gap above
20 K may be due to the thermally induced reduction of the penetrating lengths in the
proximity-induced junctions with small values of Δ2ph. In contrast to Figures 15(a) and 15(b),
the gap value at 20 K for the junction corresponding to Figure 15(c) constitutes 60 % of Δ(T =
5.7 K). This relationship agrees with the BCS theory for Tc = 23 K. For Figure 15(c) the ratio
2Δ(T)/kBTc is about 3.5, which is just the BCS weak-coupling limit. Since in addition Δ(T)
exhibits the conventional BCS behavior, the observed gap is most probably related to the
local phase with lower Tc.

3.1.4. Tunnel Gap Spectra in the Magnetic Field
Magnetic field B is another powerful factor suppressing superconductivity by
diamagnetic (Meissner currents) [155] and paramagnetic effects [157]. Figures 17 – 19
represent dI/dV at various fields directed perpendicular to the tunneling currents.
Figures 17(a) and 17(b) describe two-gap structures including the small gap (ΔS ~ 2 meV).
Figure 18 involves a single middle gap pattern, while Figure 19 includes the single
largest gap feature. Unfortunately, distinct gap features similar to those from Figures 6 – 8 are
not stable for B ≠ 0. Therefore, the B-dependences were studied for G(V) with broader gaps,
which are usually more robust against the applied magnetic field. Furthermore, we selected
data exhibiting no zero-bias peak [except for the inset of Figure 17(a)], because such a
leakage might cause an excessive local pair breaking summoned by the current-induced field
in the junction.
The gap values in Figures 17(a) and 17(b) were obtained by the SIS-based fitting
procedure using the weighted sum of the broadened BCS densities of states N(Δ1, Δ2). The
effectively zero-field B = 0.1 T for Figure 17(a) and zero-field for Figure 17(b) were carried
out for fitting using N(Δ1, Δ2). It happened to be satisfactory as is shown by the bottom
curves, which correspond to the parameters Δ1 = 2 – 2.5 meV and Δ2 = 6 meV with x < 0.2 for
both cases. These values are similar to those of Figure 6. The apparent shift of the multiple
gaps in the field is demonstrated in the inset of Figure 17(a). These apparent coherent peak
positions almost coincide with gap energies determined by the fitting.
Since MgB2 is a type-II superconductor [155], [157] with a single Ginzburg-Landau
parameter κ ~ 5 [4] or a system of two parameters ~ 10 in the two-band scheme [158], a gap
for B ≠ 0 probed by the break-junction tunneling is a spatially averaged order parameter in the
vortex states [152]-[155]. With increasing B, the gap-edge peaks shift to lower biases and
broaden. As the paramagnetic Zeeman energy (≈ 60 μeV/T) is much smaller than the gap,
the observed gap closing should be attributed to the diamagnetic breaking of Cooper pairs in
the condensate.
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Fiigure 17. G(V) for
f BJTS made of MgB2 in thee magnetic fieldd B. Figures 17((a) and 17(b) shhow two-gap
sttructures. Dasheed curves descriibe fitting results. In the inset of
o Figure 17(a) multiple-gap sppectra in the
m
magnetic
field B are shown for another
a
break juunction.

In Figure 20, theoreticaal dependencees Δ(B) = Δ(B
B = 0)[1 – B/B
B c]1/2 for tyype-II BCS
suuperconductorrs are presentted (dashed curves)
c
[154],, [155]. Bc iss the gap-closing upper
crritical field. The
T extrapolattion of this exxpression to thhe larger gap have been made
m
on the
baasis of the exp
perimental datta fitting by thhe calculated Δ(B)
Δ
for the sm
maller gap. Thherefore, an
we adopt
unncertainty rem
mains about proper Bc vaalue for the larger gap. Nevertheless,
N
exxtrapolated vaalues here beccause they decrease graduaally as is show
wn in Figure 19, so that
coorresponding values of Bc can
c be inferreed. Parameter Bc for ΔM is determined
d
frrom data of
Fiigure 18. In Figure
F
20(a) Δ(B)
Δ
curves arre displayed on
o the basis of
o fitting usingg N(Δ1, Δ2)
annd peak-to-peaak separationss VS = 8 – 12 mV (Δ = 2 – 3 meV) for ceertain junctionns, whereas
Fiigure 20(b) co
orresponds to peak-to-peak
p
separation takken from Figuures 18 and 19. For Δ = 9
m
meV,
≈ 6 meV
V, ≈ 5 meV and
a 2 meV crittical fields were determinedd as 18 – 20 T,, 13 – 15 T,
5 – 9 T and 8 – 12 T, respectively.
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Figure 18. The same as in Figure 17 for a junction exhibiting a middle-gap structure.

Figure 19. same as in Figure 17 for a junction exhibiting a large-gap structure. Overall conductance
features are shown in the inset.
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Fiigure 20. B- dep
pendences of gaap values. Dashhed curves repreesent Ginzburgg-Landau depenndences Δ(B)
= Δ(B = 0)[1 - B/Bc]1/2, wheree Bc is the uppper critical fielld. (a) double-ggap values estiimated from
N 1,Δ2) (circles and squares) and
N(Δ
a peak-to-peaak separations for
f several juncctions (triangless), (b) peaktoo-peak separatio
ons for middle- and large-gap structures correesponding to daata from Figures 18 and 19,
reespectively. Clo
osed squares aree middle gaps frrom another junnction.

One should
d bear in minnd that MgB2 and its relativves are highlyy anisotropic with
w the Tdeependent upper critical maagnetic field, so that a sim
mple anisotroppic generalizattion of the
coonventional Ginzburg-Land
G
dau theory is not
n applicable [159].
In Figure 21
2 the correlattion between Bc and Δ(Β = 0, Τ = 4.2 Κ) is plotted usinng the data
frrom Figure 20
0. Error bars describe diffeerences between properties of break juncctions with
siimilar gap vaalues. Variatioons are probaably due to different
d
flux penetration for
f varying
geeometries or manifestations
m
s of the gap anisotropy
a
in magnetic meaasurements [158], [160],
[1163]. The extrrapolated valuue Bc ≈ 18 – 20
2 T for Δ ≈ 9 meV agreees with the uppper-critical
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field 20 – 23 T in the ab pllane (parallel to Mg-B sheeets) found in magnetic meaasurements
hereby indicatiing that this gap
g dominatinng feature of MgB2. The quantity
q
Bc
[1161]-[163], th
stteeply increasees with Δ(Β = 0) for Δ(Β = 0) > 5 – 6 meV.
m
We tried to fit for Δ > 5 – 6 meV
thhe observed dependence
d
inn Figure 20 by
b the follow
wing relationshhip given by GinzburgLandau-Abriko
osov-Gor’kov theory [154],, [155] for thee second critical magnetic field: Bc =
2
aΔ
Δ(B=0)2 [a ≈ 0.21- 0.28 T/(meV)
T
]. Leet us assume the BCS valuue of the coeffficient a =
3
2
cπ
π /ehvF , wherre c is the lighht velocity, h is the Planckk’s constant (ssee above), annd vF is the
Feermi velocity. Then from ouur data the lattter is estimateed to be ≈ 2.44 – 2.8×105 m//s, which is
soomewhat smalller than that given
g
by band structure calcculation [14].

Fiigure 21. Depeendence of the gap closing fieeld Bc on the zero-field
z
gap value
v
Δ(B = 0).. The fitting
G
Ginzburg-Landau
u-BCS dependeence Bc ~ const.. Δ2 is depicted by a dashed currve.

3.2. BJTS da
ata for high--purity MgB
B2 wires
Polycrystallline pellets off MgB2 have Tc ≈ 39 K, reesidual resistivvity ρ0 ≈ 24 μΩcm and
reesidual resistiv
vity ratio (RR
RR = ρ(300K))/ρ (4 K)) ~ 4.
4 Meanwhile,, high purity MgB
M 2 wire
seegments show
w Tc = 39.5 K, residual resiistivity ρ0 ≈ 0.4 μΩcm annd RRR ≈ 255 [79]. The
diifference in ρ0 and RRR vaalues between two kinds of samples mighht be associateed with the
puurity of boron
n. We have carried out breeak-junction tunneling
t
meaasurements forr the highpuurity MgB2 wiire segments as
a well.

34

Tomoaki Takasaki, Toshikazu Ekino, Alexander M. Gabovich et al.

3.2.1. SIS conductance at 4.2 K
Typical spectra obtained for different MgB2 wire break-junctions at T = 4.2 K are shown
in Figure 22. They are reproducible and similar patterns can be observed either for different
samples or different junctions corresponding to the same sample. Zero-bias peaks indicate
Josephson effect and/or tunneling of thermally excited quasiparticles. Extra fine structures
around zero-bias voltage are probably due to n-particle tunneling [21], [164]. Finally,
conspicuous dip-hump structures are often observed outside the main superconducting
coherent peaks.

Figure 22. Representative tunnel G(V) at 4.2 K for different break junctions made of MgB2 wires. The
dashed curves are fitting results using the correlated two-gap model.

Coherent peak structures have similar shapes and intensities for various spectra, their
peak-to-peak separations being almost unchanged. The latter lie in the range VS = 8 – 10 mV.
Those values are close to characteristics of small gap spectra for pellets demonstrated in
Figure 6. The dashed curves in Figure 22 are calculated results for SIS conductance in the
framework of the correlated two-gap model. One sees that this model represents well main
features of the experimental G(V). Since x < 0.1 the spectra in Figure 22 are dominated by the
contribution N1(E) involving the small gap Δ1. Corresponding input parameters are Δ1ph = 0.5
± 0.1 meV and the ratio Γ1/Γ2 = 1.3 ± 0.2. The larger gap is estimated to be Δ2 = 6.5 – 7.5
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meV. These values are kept almost constant among various junctions. On the contrary,
spectra for pellets differed considerably from each other. The resulting intrinsic gap Δ1ph ≈ 0.5
meV is smaller than the correlation parameter value Γ1 = 3 – 4 meV. It means that small gaps
with VS = 8 – 10 mV are caused mainly by the induced superconductivity rather than by the
intrinsic one. The values of the larger gap parameter Δ2 (≈ Δ2ph) in different wire junctions do
not change substantially, contrary to what is observed for pellets.
In Figure 23 other inherent conductances are shown for MgB2 wire break junctions (solid
curves). The spectrum of Figure 23(a) reveals outer hump structures. G(V) is asymmetrical
with respect to the bias sign, the distinct peak seen near – 13 mV as is indicated by an arrow.
SIS conductance calculated on the basis of the correlated two-gap model satisfactorily
reproduces the spectrum (dashed curve). The fitting small gap value and the correlation ratio
are equal to Δ1ph = 0.4 meV and Γ1/Γ2 = 1.0, respectively. The larger gap is Δ2 (≈ Δ2ph) = 12.5
meV. This value is equal to ΔL in pellets. The spectrum in Figure 23(b) shows smeared peaks
near ± 20 mV. A corresponding gap parameter is estimated to be ΔL ~ 12 meV on a basis of
the observed peak-to-peak separation and assuming that SIS geometry is realized in this wire
break junction. The two-gap model parameters Δ1 = 2 meV and Δ2 = 12 meV in Figure 23(a)
are similar to those of Figure 8(d).

Figure 23. The same as in Figure 22 for other junctions.
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3.3. Point-contact spectra of MgB2
For comparison with tunnel data we studied MgB2 samples by PCS [19, 88 - 90] as well.
The conductance dI/dV(V) demonstrates Andreev reflection features [87] at the
superconductor-normal metal interface. The largest gap values turned out to be Δ(4.2 K) = 9 –
12 meV. We also observed clear evidence for the multiple-gap form of G(V) with the smaller
gap Δ(4.2 K) = 1 – 3 meV. Those gap values agree well with the previous break-junction
data. The observed peak positions in the second derivative of the current (d2I/dV2(V)) are
compatible with the phonon DOS revealed by inelastic neutron scattering measurements.

3.3.1. The differential conductance at 4.2 K
Figure 24 shows typical PC conductances dI/dV(V) at 4.2 K. The spectra involve hump
structures outside the inner coherent peaks. These hump structures vary among different
contacts. Nevertheless, PCS measurements seem to confirm the validity of the two-gap
picture for the superconducting MgB2. Most probably, as has been indicated above, multiplegap features of the PC spectra are due to the induced superconductivity. In order to properly
analyze the situation we use (as before) the weighted sum for the overall conductance: σ(Δ1,
Δ2) = (1-x)σ1(Δ1) + xσ2(Δ2) (Δ1 < Δ2), where partial σj(Δj) (j = 1,2) are described by the
Blonder-Tinkham-Klapwijk (BTK) conductance [19], [130], [134], and x is the weighting
coefficient. Dashed curves in Figure 24 describe the results found in this way. It comes about
from these fittings that the experimental conductance in Figures 24(a), 24(b) and 24(d) can be
crudely expressed by σ(Δ1, Δ2). Although fitting of the observed G(V) in Figure 24(c) shows
inner peak heights much larger than the experimental ones, the hump positions and zero-bias
conductance are satisfactorily reproduced. The calculated value of the smaller energy gap is
Δ1 = 1 – 3 meV, while the larger one is estimated to be Δ2 = 3 – 12 meV for different PC
spectra.
The fitting parameters Δ1 = 1 – 3 meV and Δ2 = 3 – 7 meV in Figures 24(a) – 24(c) are
consistent with those characterizing break junctions spectra of Figure 6. On the other hand,
the larger Δ2 ≡ ΔL (= 9 ~ 12 meV) in Figure 24(d) agrees with the BJTS data of Figure 8.
These correlations indicate that both tunnel and PCS techniques probe the same electronic
properties. In the BJTS case the T- dependence of the smaller gap Δ2 (= 4.5 – 7.5 meV)
resembles the proximity induced gap features found in more conventional Pb/PbO/Sn/Pb
junctions [143]. Therefore the specified gap value could originate from the intrinsic
superconducting gap reduced in the surface regions by the proximity effect [126]. It is quite
reasonable that wide distributions of energy gaps Δ2 in both PCS and BJTS correspond to the
electronic phase separation or the proximity effect near grain boundaries [118]. In fact,
electron energy loss spectroscopy (EELS) measurements revealed the existence of the oxide
phase near the boundary region [139].
Δ1 distribution turned out to be narrower than that for Δ2. For the 2 meV gap the gapclosing field Bc is between 7 – 13 T as stems from BJTS results presented in Figures 20 and
21. Those values are similar to the upper critical field along the c axis determined by
magnetic measurements [161]-[163]. Hence, a gap anisotropy [46], [116], [148], might also
mimic the existence of the distinct smaller gap Δ1.
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Figure 24. The point-contact (PC) conductance spectra dI/dV(V) for Cu or PtIr wire-MgB2 at 4.2 K.
Dashed curves are the fittings results using the BTK model [130], [134]. The gap values and the barrier
parameters are denoted by Δ1, Δ2 and Z1, Z2, respectively.

3.3.2. Second derivative d2I/dV2(V) of the current at 4.2 K
Second derivatives d2I/dV2(V), measured in two different Cu-MgB2 point contacts are
displayed in Figure 25 (solid curves). In Figure 25(a), we can see three pronounced peak
structures: (i) in the range 70 – 90 mV; (ii) at about 50 mV, and (iii) in the range 20 – 30 mV.
Large dips are observed near 40 and 60 mV. Locations of the features agree with the phonon
DOS (PDOS) found in the inelastic neutron scattering experiments (dashed curves) [165].
Note however that the peak near 20 mV of our PC spectra is absent in the neutron data. This
discrepancy might be due to the dispersion of the Fröhlich electron-phonon interaction α2(ω)
[35] in MgB2 or a full contribution α2F(ω) characterizing Cu electrode [166]. On the other
hand, theoretical calculations [167] demonstrate that acoustic phonon modes below 30 meV
might have anomalous dip in the phonon dispersion due either to acoustical plasmon [59] or
inter-band transition [168] contributions. The anomaly, if any, may increase PDOS in this
frequency region. The quantity d2I/dV2(V) shown in Figure 25(b) obtained for another PC
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junction involves similar features to those of spectra depicted in Figure 25(a) and to the
available data of other laboratories [169], [170].

Figure 25. Second derivatives d2I/dV2(V) of the PC current in the Cu-MgB2 junction at 4.2 K. The
dashed curves correspond to the inelastic neutron scattering data [165]. Insets demonstrate
corresponding differential conductances dI/dV.

Peak structures between 70 – 90 mV in Figure 25 are enhanced conspicuously as
compared with the rest of the spectral range. This energy region is close to that where boron
atom vibration modes (E2g or B1g) are located [148], [165]. Therefore, boron modes should
play an important role in the electron-phonon pairing in MgB2. Indeed, theoretical
calculations [165] predict strong coupling between the E2g phonon mode near 75 meV and
two-dimensional boron pσ-band electrons.
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Another example of d 2I/dV 2 point-contact spectra are depicted in Figure 26. This
spectrum has peaks at the same positions as that shown in Figure 25. The peaks also correlate
well with the PDOS maxima. However relative intensities of the peaks in Figures 25 and 26
are different. In particular, a significant increase of the 20 – 30 and 50 mV features and a
reduction of 80 mV structures is observed for the PC spectra of Figure 26. The main gap
value is estimated to be Δ ≈ 4 meV. This value is similar to the characteristics of the local
low-Tc (~ 23 K) phase in Figure 15(c) and correlates with Δ = 3.5 ≈ 5 meV observed in Refs.
[171], [172]. The d2I/dV2 spectrum of Figure 26 may correspond to the inherent properties of
the low-Tc phase. This suggestion is supported by Raman scattering studies of MgB2 thin
films, which indicate that the E2g mode frequency correlates with Tc [173]. It might reflect the
weakening of the electron phonon interaction.

Figure 26. The same as in Figure 25 for another Cu-MgB2 PC at 4.2 K. The dashed curve corresponds
to inelastic neutron scattering data [165]. The corresponding dI/dV(V) is shown in the inset.

3.4. STM spectra of MgB2
Scanning tunneling microscopy (spectroscopy) has several advantages over more
conventional tunneling technique. First of all, it allows building surface maps of the samples
with a high (atomic-scale) spatial resolution [174], [175]. It is especially important, in
particular, for high-Tc oxides with their small coherence lengths ξ [47], [108], [109], [175],
[176] and intrinsic spatial inhomogeneities of normal and superconducting properties [175],
[177], [178]. It is quite natural to apply STM for studying MgB2 with its two-gap features
suspicious of being the consequence of spatial inhomogeneities.
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We have scanned several single-crystal facets to find the topmost flat ab plane normal to
the c axis, which is expected from the layered hexagonal structure of MgB2. Figure 27 shows
a typical STM image of a clean single-crystal facet of MgB2 in the superconducting state at 5
K. Characteristic hexagonal patterns of the spots can be seen with ridges between the spots.
The image exhibits a slight corrugation, but no apparent modulations are observed. The
sample bias voltage of 15 mV is well above the gap-edge voltage of Δ/e = 10 mV. Therefore,
the electron DOS at this energy is essentially the normal state one. Bright spots represent
atomic positions, while the dark color corresponds to the depression region. The configuration
and the average separation between the bright spots are consistent with those of Mg atoms
[3], thereby confirming the observation of the Mg atomic layer on the ab plane. To our
knowledge, this is the first observation of the surface atomic pattern of MgB2 in the
superconducting state, although room temperature patterns were obtained earlier [140].

Figure 27. STM image of the MgB2 surface at 5 K. The bright spots indicate Mg atoms. V = 15 mV, I =
0.3 nA.

STM images of two kinds of atomic arrangements are shown in Figure 28(a) and
Figure 28(c), whereas Figure 28(a) is a magnified part of the scan presented in Figure 27.
Figure 28(c) was measured at V = 15 mV and I = 0.05 nA. Both atomic patterns exhibit
hexagonal structures with Figure 28(a) or without Figure 28(c) a centered atom. The
appearance of either Figure 28(a) or Figure 28(c) depends on the cracked surface state. The
distances between the nearest neighbor atoms for Figure 28(a) and Figure 28(c) are 0.3 - 0.35
nm and 0.15 - 0.2 nm, respectively in agreement with Mg and B lattice constants as is shown
in Figure 28(b). Hence, these STM images should be attributed to Mg and B planes. We have
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allso observed at
a 5 K compllex lattice struuctures involvving both Mg and B atomss similar to
thhose of Ref. [1
140].

Fiigure 28. STM image of (a) Mg
M (V = 15 mV, I = 0.3 nA, 1 nm
n × 1nm cell) and (c) B (V = 15 mV, I =
0..05 nA, 0.5 nm × 0.5 nm cell) planes
p
measureed at 5 K. (b) Mg and B lattice structures.

We also measured
m
superrconducting ennergy gaps in the STS regim
me. Figure 299 shows the
reepresentative STS conductaance. The biaas voltage is reckoned
r
from
m that of the tip. There
exxists slight asymmetry in dI/dV with respect
r
to thee bias polaritty (a more pronounced
p
assymmetric feaature is seen inn another spectrum presentted in Figure 30), which is typical for
ouur STS results. A similarr conductancee asymmetry (a higher dI/
I/dV at negatiive sample
vooltages) charaacterizes STS data for highh-Tc copper-oxide superconnductors [179]. The gap
sttructure is bro
oadened as coompared with the basic BC
CS model. Ass stems from Figure 29,
dII/dV is better fitted by thee correlated tw
wo-gap modell [126], [127]] than by the single-gap
brroadened BCS model, esppecially in thhe zero-bias region. This is consistent with the
apppearance of the
t second gapp, which reveaaled itself in thhe BJTS and PCS
P results giiven above,
allthough there is no conspicuuous double-ggap structure inn the fitted andd fitting curvees. In terms
off the correlateed two-gap model
m
the gapp-peak broadening in Figurre 30 can be due to the
sttrong mutual quasiparticle
q
s
scattering
betw
ween two phases [127]. Thee gap value off 2Δ = 20 244 meV obtained by the fittiing procedure is almost equual to the condductance peakk separation
beeing the largesst gap value exxtracted from STS measurements [182].
Conductances obtained by
b STS and BJTS
B
measurem
ments are com
mpared in Figuure 30. The
biias range of th
he BJTS is coonsidered twicce as much as that of the ST
TS because thhe gap-edge
peeak separation
n for the form
mer correspondds to 4Δ/e appropriate to thee SIS junctionn, while the
peeak separation
n for the latterr is 2Δ/e since in the STS onne studies SIN
N junctions. Itt is obvious
frrom Figure 30
0 that the gap value of the STS is very close
c
to the BJTS result. On the other
haand, dI/dV forr the STS is allmost two ordders of magnituude lower thaan the BJTS coonductance
annd is more broadened.
b
T
These
distinctiions are probbably due too the differennt junction
geeometries in th
he techniques concerned. Since the obserrved gap valuee 2Δ = 20-24 meV is the
laargest reprodu
ucible given byy our measureements we beelieve it to be the predominnant gap of
M 2. Thus, th
MgB
he gap ratio 2Δ
Δ/kBTc = 5-6 iss inferred from
m both kinds of
o spectroscoppies. This is
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the largest ratio among non-cuprate superconductors, which was earlier found in NMR
measurements [184].

Figure 29. STS conductance of MgB2.

Figure 30. Comparison of MgB2 conductances measured by STS and BJTS.
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STS conductance at measured at T = 5 K with 6 nm intervals along a line segment of 200
nm on a single-crystal facet is shown in Figure 31. The gap-edge peak position corresponding
to the gap of 2Δ = 20 meV is kept almost constant along the mapping line, although the
overall G(V) magnitude gradually varies. We also obtained a similar mapping along the line
perpendicular to the first one. This stability indicates that the coherence peak location in the
MgB2 sample is constant at least within the domain of 104 – 105 nm2. The identical
broadening of the gap feature all over the swept domain demonstrated in Figure 31 suggests a
small gap scatter, which could not be resolved even by precise STS measurements. Such a
gap spread can be fitted well by the Gaussian distribution model and manifests itself also in
thermodynamic properties, e. g., specific heat [120]. The relatively homogeneous spatial gap
pattern of Figure 31 is in contrast to the gap inhomogeneity in cuprates, for which a large
spread (~ ± 50 %) of the gap-edge peak positions is observed within a short range of ≈ 2-5
nm [117], [177], [179], [278]. However, it has been recently elucidated that the apparent gap
inhomogeneity of high-Tc oxides is inherent to the so-called pseudogaps (in our opinion,
CDW gaps) rather than to the superconducting gaps per se [86], [177], [180], [181], [278].
Recently, optical reflectivity measurements showed that the observed electron DOS
inhomogeneity in cuprates, whatever the gapping nature, is a bulk phenomenon rather than a
surface-related one [279]. We think that the same is true for MgB2, where heat capacity
studies revealed clear-cut multi-gap features [51], [118], [120], [239], [240].

Figure 31. STS conductance mapping for MgB2 at 5 K.
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Sometimes our STS measurements revealed smaller gap patterns. The smallest of them is
presented in Figure 32. The parent I-V curve is also shown there. The gap-edge peaks appear
at V ≈ ± 3 mV against a richly structured higher-voltage background. Weak and smeared
humps in G(V) centered at around V = ± 9 - 10 mV seem to be traces of the main-gap edges
clearly reflected in Figures 29 – 31. Such a small apparent gap 2Δ = 5 - 6 meV did not
frequently manifested itself in our studies although this is one of the main conductance
features met in other STS and PC measurements and interpreted as the π-band gap inherent to
the two-band superconductivity in MgB2 [19], [182]. Dips at V ≈ ± 4 mV and shoulders at V
≈ ± 1.5 mV in Figure 32 can be associated with the proximity effect.
The variety of apparent gaps in tunnel and point-contact spectra of MgB2 found here and
elsewhere, being very impressive, is, nevertheless, not unique. For instance, one can mention
totally different superconductor Rb2CsC60, polycrystalline samples of which with Tc ≈ 32.5
K demonstrate wide energy gap histograms (3.3 ÷ 5.7 meV) in STM spectra [183].

Figure 32. STS conductance of MgB2 revealing the smallest gap found in our measurements.

3.5. Discussion of the MgB2 multiple-gap features
3.5.1. Comparison with other studies
Superconducting gap values were determined in MgB2 by different kinds of studies.
Table 1 gives energy gap values inferred from experiments such as NMR [183],
photoemission [16], [185], Raman spectroscopy [149], [150], [187], tunneling or PCS studies
[19], [171], [172], [188]-[216]. Unfortunately for possible interpretations, the values as well
as the very number of gap-like peculiarities vary from method to method and sample to
sample.
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Table 1. Su
uperconductingg gap values off MgB2 reporteed by several exxperimental methods
m

A strong-co
oupling-value single gap waas revealed byy NMR measuurements [184]]. Since the
innverse spin-laattice relaxatioon rate 1/T1 in metals is proportional to [N(EF)]2, it
i becomes
siingular just ab
bove Tc due too the electron spectrum gappping (see a fuull account in the frames
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of the BCS approach [217]). Therefore, a successful fitting of the NMR data with a single
large gap ΔL in Ref. [184] shows that only this gap makes a significant contribution into 1/T1.
On the other hand, the (already conventional) two-band theory [46], [127], [218] predicts the
domination of the DOS N(ΔS, EF) over its counterpart N(ΔL, EF), which should be true, in
particular, for 1/T1. This prediction failed, which makes the validity of the indicated
interpretation doubtful. On the contrary, NMR results are consistent with our conclusions
drawn from the analysis of our tunnel measurements (BJTS, STS and PCS).
ARPES measurements showed that superconducting gap corresponding to different
Fermi surface sheets are of different values although closing at the same critical temperature
[16], [185], [186]. Specifically, superconducting gaps at T = 0 in σ and π bands are Δσ = 6.5
or 5.5 meV and Δπ = 1.5 or 2.2 meV depending on the studied samples. In Ref. [16] a surface
superconducting state with the gap of 6 meV was observed as well. This value is almost same
as the bulk one Δσ = 6.5 meV. In photoemission measurements [16], [185], [186] solid
samples were exposed to photons with hν = 20 ÷ 40 eV. For such energies, as is well known
[219], the absorption is very sensitive to the existence of surface states, which might prevent
the detection of Δσ and observation of a well defined σ-band dispersion. We note that ΔM
values in the range 6 − 7.5 meV at T = 4.2 K found in various break junctions are consistent
with ARPES surface gap values. Small gaps measured in the ARPES and attributed to the π
band have the same magnitudes as those observed in a number of tunneling and PC studies.
The majority of groups measuring tunnel and point-contact spectra of MgB2 (see Table 1)
claim the material to possess intrinsic two-gap features being within the ranges Δ1 = 2 – 3
meV and Δ2 = 6.5 – 7.5 meV. Such a distinct two-gap structure is commonly accepted as a
smoking gun of the intrinsic two-band superconductivity in MgB2 [19], [20], [44]-[46], [49],
[198], [199]. At the same time, other research groups report wide distributions of energy gap
values [190], [193], [200] or single gap spectra [172], [192], [201], [210].
The existing controversy among available results of different groups deserves to be
discussed in a more detail. To this end it is worthwhile reminding that our BJTS data
presented above included from 2 to 5 dI/dV maxima for each V-polarity. Two break junction
spectral extremes are shown in Figure 33. Figure 33(a) exhibits three gap-like maxima.
Relative intensities of three peaks are different from typical features demonstrated in Figures
6 – 8, whereas the value of VL (≈ 36 mV) is larger than its analogue in Figure 6 although VS
for Figures 6 and 33(a) are similar. It is remarkable that polycrystalline samples including a
lot of intrinsic defects show no sign of gap merging inherent to the two-gap model [44]-[46] ],
[49], [198], [199].
There are other typical MgB2 tunneling spectra including large gaps ΔL ≈ 10 – 12 meV
such as shown in Figure 8. Those features are quite strong in spectra displayed in
Figures 33(a) and 33(b). However in the case of Figure 33(b) there are extra interim maxima
as well. Such 4- (or 5-) peak patterns testify that three or more gaps manifest themselves in
the S1IS2 tunnel junction [21]. In the course of PC measurements we have also obtained threegap-like spectra including ΔL ≈ 12 meV, as can be seen from Figures 33(c) and 33(d). These
spectra can be approximately fitted by the weighted sum of three BTK conductances (broken
curves). Hence, the totality of tunnel and PC data for MgB2 cannot be explained by simple
two-band models being only a crude approximation to the rich variety of multiple-gap
structures.
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Figure 33. Examples of multiple-gap structures in BJTS ((a) and (b)) and PC spectra.

3.5.2. Chemical reactivity of MgB2 as a factor affecting superconducting properties
The main benefit of an additional interband coupling in two-band superconductors, which
enhances Tc in the framework of the two-gap model [47], [48], [104], [110], should disappear
in the presence of strong nonmagnetic impurity scattering mixing electron states originating
from different bands [4], [44], [49]. Accepting this prediction, which is simply a
reformulation of the old good Anderson theorem [50], one should expect that any apparent
two-gap structure would merge if measurements are carried out using polycrystalline or dirty
samples [220], [221]. However, multiple gap structures were observed not only in high-purity
wires or single crystals but also in polycrystalline pellets. Furthermore, two-gap
superconductivity survived even in partially substituted samples (Mg(B1-xCx)2, Mg1-xAlxB2
etc) with strongly suppressed Tc (down to ~ 17 K) [222], [223]. The observed robustness of Tc
is inconsistent with the two-band interpretation of MgB2 superconductivity. Therefore, it
seems natural to associate multiple-gap features in MgB2 samples of a different quality with
extrinsic factors, e. g., the proximity effect.
As for the actual sample quality, it is quite plausible to relate them first of all to Mg
nonstoichiometry and oxygen contamination effects, which in their turn depend on the heat
treatment temperature or annealing atmosphere during synthesis [224]. Phase separation into
Mg-vacancy-rich and Mg-vacancy-poor regions is also possible as a consequence of the
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overall nonstoichiometry [226]. Oxygen impurity may lead to formation of MgO or phases of
the coherent growth Mg(B,O)2 [227 - 230]. Oxygen in a sample is believed to originate from
flowing nominally high purity Ar or slightly oxidized metal containers (Mo, Ta etc) [227],
[231]. At the temperature necessary to synthesize MgB2 (T ≥ 973 K), the yield of MgO or
Mg(B,O)2 increases as well [232]. Therefore, the presence of oxide inclusions can be hardly
avoided even using the purest possible reagents.
Indeed, EDX (Energy Dispersive X-ray) spectra of cracked surfaces of our samples
always indicate oxygen impurity. Since X-ray diffraction testifies that the MgB2 phase
dominates in the samples, it is natural to suggest oxide inclusions to concentrate in some
specific local regions (e. g., at grain boundaries). This is really the case since EELS (Electron
Energy Loss Spectroscopy) measurements [139] revealed oxide location in grain boundary
neighborhoods of the thickness ≈ 150 Å, while STM studies [140] showed that grain
boundary regions 50 to 200 Å wide demonstrate normal conductivity. Moreover, periodic
alternation of B and O, which correspond to the MgB2 crystal structure with a compositional
modulation, was found in high-resolution transmission electron microscopy (HRTEM)
studies [227]. Other HRTEM investigations of B2O3-doped MgB2 samples revealed the nanostructure incorporated into MgB2 grains as well as the existence of oxide phases [233]. Note
that a degradation of the superconducting state triggered by the oxygen contamination, which
may originate from oxide-based substrates or the inert gas with O2 impurity, would be
especially strong for thin films [234]-[238].
Hence, one should make a conclusion that such factors as unavoidable contaminations
and structural defects may significantly alter superconducting characteristics of MgB2
samples. Macroscopic transport properties are especially vulnerable to those extrinsic factors
[4], [224], [225]. At the same time, inhomogeneities should affect microscopic properties
leading to the data scatter presented in Table 1.

3.5.3. Modeling of multiple-gap structures
Our phenomenological approach to the apparent multiple-gap superconductivity of MgB2
turned out to be successful not only for non-local tunnel phenomena but also for heat capacity
as a typical bulk phenomenon. The corresponding numerical analysis [51], [118], [120] of the
overall temperature dependence of the specific heat C near Tc and below is demonstrated in
Figure 34. The experimental data of Refs. [239], [240] were fitted in the framework of the
model for a mesoscopically disordered isotropic superconductor treated as a spatial ensemble
of domains with continuously varying superconducting properties [117]. Domains were
supposed to have sizes L > ξ, where ξ denotes the coherence length as before. Specific
calculations were performed for a Gaussian distribution of actual domain superconducting
gap values, partially intrinsic and partially induced by its neighbors. It was shown that the
spatially averaged (observed) C (T ) should be proportional to T 2 for low T, whereas the
phase transition anomaly at Tc is substantially smeared even for small gap dispersions.
For narrow gap distributions there exists an intermediate T range, where the resulting
curve C (T ) can be relatively well approximated by an exponential BCS-like dependence
with the proximity-induced gap smaller than the weak coupling value. An important point of
our theory is that to mimic both low-T asymptotics (∝ T 2) and the transition region one
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should assume an existence of arbitrarily small gaps down to zero. The assumption correlates
well with the occurrence of SIN behavior and Andreev reflection spectra in some nominally
SIS break junctions discussed above (Figures 9(c) and 11). The existence of grain boundary
regions of the width from 50 Å to 200 Å was revealed by EELS [139] and STM
measurements [140]. EDX spectra suggest that certain degree of oxidation happens near grain
boundaries. Thus, the appearance of the spatial ensemble of domains in MgB2 samples
assumed in the model [51], [118], [120] is supported both by the indicated experimental
results and the chemical reactivity of this compound. Figure 34(b) shows a schematic diagram
of a MgB2 grain.

Figure 34. (a) Theoretical fitting of the experimental T-dependence of the heat capacity C measured in
MgB2 [239], [240]; (b) schematic drawing of a single MgB2 grain.
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Figure 35. Schematic diagram of possible break-junction configurations: symmetrical S-I-S junction
for the case of x = 0 (a); x = 1 (b); and 0 < x < 1 (c) in Ntotal(E) (Eq. 10), respectively. In the cases (a)
and (b), either Ni(E) or Nj(E) contribute to the tunnel current in the junction. In the case (c), both Ni(E)
and Nj(E) contribute to the tunnel current. In the models the combination of {i, j} = {1, 2} can explain
the conductance displayed in Figure 6, while {i, j} = {3, 4} corresponds to the conductance shown in
Figures 7 and 8. Figure 35(d) represents a possible SIN- or SN- junction formation in the MgB2 break
junction containing the normal-metal grain boundary. Depending on the thickness of insulating layer,
SIN or SN junction spectra could be observed as shown in Figures 9(b) and 11.

As has been discussed above, DOSes in each superconducting MgB2 area divided by
an insulating layer could be expressed as Ntotal(E) = (1-x)Ni(E) + xNj(E) (Eq. 10). Figures
35(a), 35(b) and 35(c) describe symmetrical S-I-S junctions for the cases of x = 0, 1 and
0 < x < 1 in Ntotal(E), respectively. In the cases (a) and (b), either Ni(E) or Nj(E) contribute
to the tunnel current in the junction. In the case of (c), both Ni(E) and Nj(E) contribute to
the tunnel current. Quantities Ni(E) and Nj(E) are very sensitive to the proximity effect. In
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the adopted models, the combination of {i, j} = {1, 2} can explain the features shown in
Figure 6, while {i, j} = {3, 4} can be used to reproduce results of Figures 7 and 8. Figure
35(d) represents a possible SIN- or SN- junction formation inside the MgB2 break
junction containing a normal-metal grain boundary. Depending on the thickness of the
insulating interlayer, SIN- or SN-junction spectra could be observed, as shown in
Figures 9(b) and 11. In order to explain a more general case of break junction spectra
represented in Figure 33, one should elaborate a more sophisticated junction model. For
example, an asymmetrical S1-I-S2 junction may be introduced.
3.5.4. Origin of the small gap ΔS observed in MgB2
Bearing in mind high chemical reactivity of MgB2 it seems quite natural to suggest that
the observed multiple-gap features reflect the existence of a certain phase separation (e. g., of
the kind discussed for cuprates [272]) or at least an intrinsic spatially inhomogeneous
nonstoichiometry [273]. The induced superconducting feature of ΔM(T) can be interpreted in
the framework of this model. At the same time, the energy gap ΔS is different from any of the
values ΔM or ΔL considered above. Furthermore, the magnetic field influence on BJTS reveals
the appearance of two Bc vs. Δ(B = 0) features as is shown in Figure 21. The value ΔS is
similar to the gap Δπ inferred from ARPES [16], [185] and c-axis polarized Raman
scattering [150].
Theoretical explanations of the two-band scheme robustness for MgB2 are based on
calculations showing that the interband impurity-driven mixing between pσ and pπ bands in
MgB2 is weak, because those bands are formed by different local orbitals and are orthogonal
on the atomic scale. The layered structure and the compactness of the boron 2s and 2p orbitals
make the disparity between pσ and pπ bands unusually strong [218], [241]. To underline the
alleged disparity, a superfluous analogy between boron honeycombs in MgB2 and benzenering carbons is sometimes introduced [182]. One of the problems with this explanation of the
Tc and gap-structure insensitivity to defects and impurities consists in the peculiarly unique
position of MgB2 among other superconducting borides. Why the same arguments shouldn’t
work for them as well as for other similar layered materials?
On the other hand, multiple-gap feature in MgB2 could be also explained by the
proximity effect combined with the phase separation, which was discussed above.
Unfortunately, in most cases even the direct probing as in Refs. [222], [223] cannot
discriminate between ordinary-space and momentum-space character of multiple-gap
peculiarities. Theoretical analysis of ARPES spectra [242] and surface electronic structure
calculations [243] predicts that Mg and B terminated surface (c-axis direction) form surface
superconducting states. Furthermore, if σ band really dominates conductivity in dirty samples
[241], it could be expected that dirty MgB2 thin films with low RRR (= 1 ~ 2) and low Tc =
20 ~ 30 K reveal a large σ-band superconducting gap.
On the contrary, tunneling measurements studying such dirty samples reveal mainly the
small gap feature (2Δ/kBTc < 3.53), which is often interpreted as being of the π-band nature.
Unfortunately, this experimental result does not fit the two-band model [49], [198], [199],
[218], [241], according to which two gaps should merge into one entity for sufficiently strong
inter-band mixing (the result being correct from the theoretical point of view!). Moreover, the
k-space two-gap theory [199] predicts saturation of Tc for large degree of disordering,
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whereas heavy irradiation of MgB2 revealed instead a linear reduction of Tc with resistivity
quite similar to effects in A15 compounds [274].
It means that the basic two-band model [49], [198], [199], [218], [241], being interesting
per se, can not be unequivocally applied to MgB2. There is also no other theory able to
adequately cover all features of superconductivity in this material and its derivatives. Hence,
notwithstanding large efforts of a number of laboratories the real origin of the multiple-band
behavior of MgB2 is still not known. Nevertheless, in pure enough samples of
superconductors with well separated sheets of their Fermi surfaces a true k-space two-gap or
even three-gap [275] scenario might be realized.

4. SUPERCONDUCTING GAPS IN SUBSTANCES RELATED
TO MGB2: NBB2 AND CAALSI
4.1. BJTS data for NbB2
It is quite natural that after the discovery of MgB2 related superconducting compounds
became the subject of a close scrutiny. NbB2 is one of such materials [80], [244], [245]. A
representative tunnel conductance curve for NbB2 is shown in Figure 36. In Figure 36(a) SIS
conductance of NbB2 at 2 K is displayed together with the BCS-based fitting. Sharp gap-edge
peaks and almost no-leakage conductance near zero bias are appropriate to this break
junction. The observed gap-related positions determined by the peak-to-peak bias separation
are Vp-p = 4.8 – 5.1 mV, which corresponds to 4Δ/e of an SIS junction. Such tunnel spectra
are quite reproducible except for the strength of the zero-bias peak, which perhaps depends on
the interface quality. The experimental curve is fitted by the calculated one using the
broadened BCS density of states (Eqs. (1) and (2)). One sees that tunnel G(V) is well
described by this expression contrary to the case of MgB2. The gap parameters are estimated
to be Δ(2 K) = 1.2 ± 0.1 meV (γ ≈ 0.13 meV). Figure 36(b) represents BJTS data at 4.2 K.
Larger γ values of ≈ 0.25 meV are necessary to fit those spectra.
BJTS with the bias separations Vp-p = 3 – 3.6 mV at 2 K are shown in Figure 37(a). These
values Vp-p are smaller than their counterparts in Figure 36. Dash-dotted curves correspond to
the SIS conductance on the basis of the BCS model (Eqs. (1) and (2)). These fittings are quite
consistent with the experiment except for the coherent peaks themselves. The observed
pattern includes suppressed gap-edge peaks with comparably low conductance leakage near
the zero-bias voltage. Such a behavior is described well by the correlated two-gap model as
shown by dashed curves in Figure 37(a). The obtained fitting parameters Δ1ph ≈ 0.1 meV,
Γ1/Γ2 ≈ 1 and Δ2 ≈ 2 meV are similar among different junctions. Since the best fittings
correspond to the values x < 0.2 (the parameter x was defined in Eq. (10)), the spectra of
Figure 37(a) are dominated by the feature N1(E) with a small gap Δ1. The concomitant gap Δ2
turns out to be larger than the typical gap value of Figure 36, while the small gap Δ1 is mainly
induced by the proximity term Γ1 rather than by the intrinsic pairing Δ1ph. The observed
moderate gap-edge peak and low-leakage conductance are well described by a large Γ2 and
comparable values of Γ1 and Δ1ph. The approximate constancy of model parameters among
different break junctions indicate that the gap structure is due to the proximity-induced

Tunneling Spectroscopy of Novel Layered Superconductors

53

superconducting phase with the almost zero intrinsic pairing parameter (Γ1 > Δ1ph ≈ 0) and
the larger gap with Δ2ph ≈ 2 meV.

Figure 36. G(V) for break junctions made of NbB2 at 2.1 K (a) and 4.2 K (b). Dashed curves correspond
to the fitting BCS-like G(V).

Large gap structures with Vp-p ≈ 8 – 10 mV were sometimes observed at 4.2 K in certain
NbB2 break junctions as is depicted in Figure 37(b). The tunnel spectrum demonstrates peakto-peak bias separation Vp-p ≈ 8 mV with sharp gap-edge structures. Accompanying broad
humps at V = ±1.7 – 1.8 mV are probably due to the two-particle Schrieffer-Wilkins tunneling
[21], [164], [266]. The zero-bias peak corresponds either to Josephson effect or the
logarithmic feature existing in G(V) for non-equal energy gaps on the l.h.s and r.h.s. of the
junction and being due to thermally excited quasi-particles in an SIS´ junction [119], [267],
[268].
Temperature variations of the tunnel conductance for NbB2 are depicted in Figure 38.
The spectrum shown in Figure 38(a) exhibits a typical gap feature similar to that of Figure 36,
while the spectrum displayed in Figure 38(b) contains a T-variation of the small gap feature
similar to that shown in Figure 37(a). Since the junctions concerned are rather stable and the
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gap-edge peaks are well defined up to highest temperatures when they are discernible, the Tdependent gap 2Δ(T) is easily determined as eVp-p/2. One sees from Figure 38(b) that the
spectrum flattens above T = 6.2 K but is quite measurable for lower T. The gap-edge peaks
are rather sharp, while the zero-bias conductance reveals a relatively large leakage. The
small-gap structure can be interpreted as a phase with an induced gap.

Figure 37. Examples of break-junction G(V) for NbB2 measured at about 2 K and revealing small gaps
(a) as well as found at 4.2 K and demonstrating large gaps. Dashed curves in (a) correspond to the
correlated two-gap fitting, while dot-dashed curves in (a) and (b) were obtained using the BCS theory.
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Figure 38. Temperature variations of tunnel break-junction G(V) for NbB2: (a) and (b) correspond to the
typical gap and the small gap features, respectively. The conductance is shifted up for clarity without
offsets between experimental and calculated curves.

T-dependences of the gap values and NZBC for the spectra of Figures 38(a) and 38(b) are
shown in Figure 39. In Figure 39(a) the scaled BCS function Δ(T) should express the Tdependence of the small gap. The extrapolated values Δ(T = 0 K) for Figures 38(a) and 38(b)
are 1.2 – 1.3 meV and 0.7 – 0.8 meV, respectively. In both cases Tc is approximately 7 K. As
comes about from Figure 39(b) the same value of Tc can be extrapolated from the NZBC.
These values lead to the gap ratios 2Δ(0)/kBTc = 4.2 – 4.5 for the larger gap with Vp-p = 5 mV
and 2Δ(0)/kBTc = 2.4 – 2.6 for the smaller gap with Vp-p = 3 mV. These values suggest that
NbB2 is a strong coupling BCS superconductor, the sample including another (induced)
superconducting phase.
From the data presented above as well as other available evidence one should make a
conclusion that at least three different phases coexist in NbB2 samples. We mean a
superconducting phase of NbB2 with Tc = 7 K, the proximity-induced phase, and the
superconducting phase with Δ(0) ≈ 2 meV. Since Tc of NbB2 changes from 0 K to 9.1 K
depending on the nominal composition NbB2+δ [246], spatial inhomogeneity may be
responsible for this phase separation. T-variation of Vp-p = 5 mV shows that the apparent Tc is
about 7 K, which is consistent, e. g., with resistivity measurements. Some local patches in the
samples may possess a relatively high Tc ( ≈ 9 K), while normal-conducting grains with
smaller δ might be formed as well. Note that the quasi-stoichiometric NbB2 is known as a
normal conductor or low-Tc (≈ 3 K) superconductor [246]. Therefore, the proximity-induced
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and large-gap phases are unavoidable consequences of spatial inhomogeneity. If one assumes
that the large-gap with Δ(0) ≈ 2 meV vanishes at Tc = 9.1 K, the corresponding gap to Tc
ratio should be estimated as 2Δ(0 K)/kBTc ≈ 5.2.

Figure 39. (a) Energy gaps Δ(T) from Figure 38 (a) (●) and Figure 38 (b) (▲). Symbols (■) correspond
to other junctions. (b) Normalized zero-bias conductance (NZBC) inferred from data of Figure 38 (a)
(●) and Figure 38 (b) (▲). Symbols (■) correspond to the T-dependence of NZBC for another tunnel
spectrum.

4.2. BJTS data for CaAlSi
A ternary layered compound Ca(Al0.5,Si0.5)2, isostructural with MgB2 but having much
lower Tc ≈ 7.7 K than the latter, which has been discovered in Ref. [261] and possesses
highly anisotropic superconducting properties [265], is of interest for our purposes, namely as
a possible candidate for the multiple-gap superconductor. Representative tunnel conductances
of CaAlSi found at 4.2 K are displayed in Figure 40. The observed gap values determined by
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the peak-to-peak bias separation are estimated to be Vp-p (considered as 4Δ/e assuming an SIS
junction) = 4.2 – 4.6 mV at 4.2 K. These values are reproducible among different junctions.
The experimental curves are compared with the calculated ones using Eqs. (1) and (2) [93].
The gap parameters are Δ(4.2 K) = 1.0 – 1.3 meV (γ ≈ 0.16 meV).

Figure 40. BJTS data for junctions involving CaAlSi at 4.2 K. Dashed and dash-dotted curves represent
fittings by BCS and the correlated two-gap models, respectively.

One sees that the main observed gap structures in CaAlSi tunnel spectra are reasonably
well described by the SIS conductance with the BCS density of states. However, shoulder
structures are often found outside the gap-edge peaks. These structures are similar to the
induced gap features of BJTS data in MgB2, which have been fitted by the correlated two-gap
model. Indeed, in Figure 40 the correlated two-gap model (Eqs. (5) – (10)) is demonstrated to
satisfactorily reproduce the observed spectral features as is shown by dash-dotted curves. Still
clear hump structures seen in Figure 40(b) can not be unambiguously reproduced by the
correlated two-gap model. Therefore, the broadened dip-hump structures might have a
different origin [21].
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Figure 41. (a) and (b) T-variations of G(V) for the same junctions as in Figures 40(a) and 40(b),
respectively.

Figure 42. T-dependence of the energy gap 2Δ(T) inferred from Figures 41(a) (●) and 41(b) (▲).
Symbols (○) and (□) correspond to other junctions.
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T-dependences of G(V) in CaAlSi are shown in Figures 41(a) and 41(b). They describe
tunnel spectra for the same junctions as in Figures 40(a) and 40(b), respectively. Since these
junctions are quite stable and the gap-edge peaks are relatively well defined up to highest
temperatures below Tc, the true T-dependent gap 2Δ(T) may be identified with eVp-p/2. This
function is displayed in Figure 42. Using the scaled BCS fitting of Δ(T), we determine the
extrapolated quantities 2Δ(0 K) and Tc as 2.2 – 2.6 meV and 6.6 – 7.3 K, respectively. The
smaller is the zero-T gap, the lower is Tc. As a consequence, the ratio 2Δ(0)/kBTc falls into the
range 4.3 – 4.6, which means that CaAlSi is a strong-coupling s-wave superconductor. The
ratio is slightly larger than that for an elemental superconductor Pb with similar Tc.

4.3. Discussion of superconductivity in compounds related to MgB2
Since the critical temperature Tc = 7 – 9 K of NbB2 is close to that of Nb (Tc = 9.2 K), it
is instructive to compare tunnel spectral features of both materials, the more so as high-purity
Nb was demonstrated long ago to exhibit two gaps in heat capacity measurements [247]. We
have carried out tunneling measurements for the commercially available polycrystalline (3N)
Nb. G(V) for the corresponding break junction obtained at 4.2 K is shown in Figure 43(a). A
sharp gap-edge structure is found at the bias positions of ± 3 mV. Other features are the
Josephson peak as well as the inner fine structures at V = ± 1.5 mV, which is due most
probably to the two-particle tunneling [21], [164], [266]. The observed spectrum is well fitted
by the SIS conductance in the framework of the BCS model (dashed curve). The fitting gap
parameter is Δ(4.2 K) = 1.5 meV. Such a value agrees with the conductance-peak positions
being outside those of NbB2. The gap to Tc ratio is 2Δ(0)/kBTc ≈ 3.8 indicating a moderate
strength of the electron-phonon coupling. This result agrees with the earlier tunnel data [248]
being at the same time smaller than the results for NbB2 (see Section 4.1).
Gapped DOSes calculated for typical NbB2 and Nb junctions on the basis of the best
fitting parameters are depicted in Figure 43(b). To make the comparison more descriptive we
divided the results by Tc. The apparent discrepancy between spectral shapes might be due to
samples’ inhomogeneity or gap anisotropy (multiple nature). Since the gap position in the so
normalized superconducting DOS of NbB2 is larger than that of Nb, we believe that the
tunneling spectra represented in Figure 36 reflect the intrinsic gap structure of the studied
NbB2 samples.
There have been quite not so many experiments directly measuring superconducting gaps
in NbB2 or CaAlSi. For NbB2 NMR studies revealed the BCS weak coupling behavior with
2Δ(0)/kBTc ≈ 3.1 [249]. This value is much smaller than ours. Since our ratio 2Δ(0)/kBTc for
MgB2 inferred from tunneling measurements is in excellent agreement with the results of the
same Ref. [249], the discrepancy still remains obscure (however, see below). On the other
hand, photoemission [250] and heat capacity [251], [252] studies showed that CaAlSi is a
strong coupling superconductor with 2Δ(0)/kBTc = 4.1 – 4.4. These ratios are very similar to
our findings.
A plot 2Δ(0)/kBTc versus Tc for MgB2, NbB2 and CaAlSi, which is based on our
experimental results is shown in Figure 44. The gap ratio 2Δ(0)/kBTc seems to increase with
Tc. On the basis of this fact we might suppose that the discrepancy between the gap
magnitudes in NbB2 found by tunneling and NMR techniques could be attributed to the
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difference in Tc as well as stoichiometry of NbB2+δ samples involved. Similar composition
dependences were observed, e. g., in thin films of the A15 compound Nb3Ge [176], [253].

Figure 43. (a) G(V) of Nb break junction at 4.2 K. The dashed curve corresponds to the calculated
fitting by the BCS nodel; (b) dashed and solid curves represent calculated normalized BCS densities of
states at 0 K for Nb and NbB2, respectively.

The apparently strong coupling superconductivity in both MB2 compounds (M = Nb, Mg)
suggests that the origin of superconductivity is also the same there notwithstanding the large
difference in Tc. At the same time, band structure calculations predict that the MgB2 Fermi
surface is mainly formed by the boron 2p-orbital, while that of NbB2 originates from niobium
4d-orbital [254]. Nevertheless, the increase of boron 2p-orbital contribution to the electron
DOS at the Fermi level is predicted to occur in the superconducting NbB2+δ with Nb
vacancies [255], [256]. Therefore, both the ratio 2Δ(0)/kBTc and Tc in MB2 (M = Mg and Nb)
depend on the boron 2p-orbital DOS at the Fermi level.
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Figure 44. 2Δ/kBTc vs Tc plot for MB2 (M = Mg, Nb) and AAlSi (A = Ca, Sr). The data are our original
or taken from NMR [249], ARPES [250] and specific heat data [251], [252]. The dashed curve is a
guide to the eye.

Moreover, it turned out [246] that Nb-deficiency in Nb1-xB2, friendly to superconductivity, conspicuously affects not only 2Δ(0)/kBTc and Tc but also the lattice parameter
ratio of c/a. Namely, the values of 2Δ(0)/kBTc and Tc increase with c/a. In MgB2 the ratio c/a
is larger than that of NbB2, which correlates with the rise of Tc. This empirical correlation is
not strange (see the probabilistic analysis of possible correlations between normal properties
and superconductivity in various materials [258]), since a strong enough electron-phonon
interaction should considerably affect the crystal lattice [259]. And indeed, a positive
relationship between bond-stretching E2g phonon softening and Tc was observed in MgB2
[260]. On the basis of a calculated DOS in NbB2 it was suggested [255], [256] that the large
ratio 2Δ(0)/kBTc in tunneling spectra of this compound is most probably due to the
enhancement of the electron-phonon interaction (influencing the E2g mode, crucial for
superconductivity).
According to band calculations, the Fermi surface of CaAlSi is predominantly formed by
Ca 3d states [257]. Indeed, ARPES measurements revealed the energy band dispersion [250],
which is consistent with these calculations. Photoemission studies also demonstrated that
superconducting gaps on the Fermi surface sheets around M(L) and Γ(A) points in the
Brillouin zone have the same magnitude contrary to what is appropriate to MgB2. The
corresponding 2Δ(0)/kBTc ratio is 4.2 ± 0.2. Similar strong coupling gap to Tc ratios 4 – 4.2
manifested themselves in heat capacity measurements [255], [256].
As has been mentioned above, our tunneling data show almost identical gap values Δ(4.2
K) = 1.0 – 1.3 meV well reproduced by the simple BCS model. Concomitant measurements
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for varying T lead to the same ratio 2Δ(0)/kBTc = 4.4 ± 0.2 as in other experiments. It means
that CaAlSi is a strong coupling superconductor with the almost isotropic gap function. The
value of c/a in CaAlSi is similar to that of NbB2 [246], [261]. However, the relationship
between c/a and Tc in several silicides is opposite to the dependence found for MB2 [246],
[261], [262], as is shown in Figure 45. Namely, the ratio c/a grows when the values of
2Δ(0)/kBTc and Tc decrease. The values of c/a in AAlSi (A = Ca, Sr and Ba) are reduced when
the metal A changes from Ca to Ba. Band structure and phonon dispersion calculations [263],
[264] disagree in their views concerning the role of electron-phonon interaction in
superconductivity of silicides. In particular, in Ref. [264] superconductivity with Tc ≈ 8 K in
CaAlSi was suggested to be stimulated by the soft B1g phonon mode, whereas the authors of
Ref. [263] consider the phonon-exchange mechanism to be insufficient to result in such a
strong coupling as in CaAlSi. Hence, further studies are required to elucidate the origin of
Cooper pairing in the compounds concerned.

Figure 45. Tc vs c/a plot on the basis of data inferred from Refs. [246], [261], [262]. Dashed curves are
guides to the eye.

5. SUPERCONDUCTING GAPS IN TUNNELING STUDIES OF β-MNCL
(M = HF AND ZR) COMPOUNDS
As has been already indicated in the Introduction, intercalated layered materials β-MNCl
(M = Hf and Zr) are interesting primarily because of their high Tc. However, they proved to
be [269] one more non-cuprate object with multiple gap features in addition to those
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discussed above. Therefore, it is reasonable to analyze their DOS-related properties here.
Before presenting specific results we are going to make a few general remarks.
Almost all the G(V) curves obtained in our measurements involve zero-bias peaks as well
as the fine structures different from their gap-related counterparts and located in other bias
regions. Zero-bias peaks may be signatures of the Josephson effect or a related weak-link
behavior in constrictions appearing during formation of tunneling break junctions. The
spectrum modulations and/or various fine structures are most probably due to the embedded
additional series resistances corresponding to superconducting filaments in the main phase of
the sample. The additional structures appear when those filaments are driven into the normal
state by the critical current passing through narrow spatially confined regions. Alternatively,
the unconventional features of dI/dV might reflect the excitation of lattice vibrations by the
non-stationary (ac)-Josephson current, as was suggested, e. g., for high-Tc oxides [122], or the
nonlinear self-detection of various harmonics in the Josephson junctions [124]. As for the
sub-gap features, the n-particle tunneling [21], [164], [266] might be their origin. Here, to
avoid less significant details, we focus on the predominant and most informative gap-related
structures in dI/dV.

5.1. BJTS data for Li0.48(THF)yHfNCl and HfNCl0.7
Representative break-junction tunnel conductances dI/dV for Li0.48(THF)xHfNCl are
shown in Figure 46. In Figure 46(a), dI/dV reveals highly asymmetric broadened coherent gap
peaks with the peak-to-peak separation Vp-p ≈ 24 mV identified by us as 4Δ(4.2 K)/e. The
peak intensities are severely suppressed as compared to the SIS-type conductance calculated
in the BCS model. Since the peaks should be located at V = ± 2Δ/e, the gap value is estimated
to be 2Δ ≈ 11–12 meV.
In Figure 46(a) an additional sub-gap structure and a small zero-bias peak are also seen.
The broadened and V-shaped conductance background can be attributed to the reactive
sample surface because we have obtained more conventional BCS-like conductance features
for less-reactive samples. dI/dV shown in Figure 46(b) has slightly smaller Δ than that of
Figure 46(a).
In Figure 46(c) another kind of the observed dependence G(V) is presented. The overall
multiple-gap structure consists of intensive inner peaks at ±4 mV (Vp-pin ≈ 8 mV) and outer
ones of the comparable size near V ≈ ±11 mV (Vp-pout ≈ 22 mV) with a concomitant strong
zero-bias peak. The Vp-pout values are similar to those of Figures 46(a) and 46(b). One can
additionally see smeared humps at biases V = ± 17 mV larger than the main peak positions at
V = ± Vp-pout/2 ≈ ± 11 mV.
Another type of observed G(V) is demonstrated in the inset of Figure 46(c). Here a
single-gap structure is found, well fitted by a simple BCS-like DOS. Hence, the inner gap-like
features observed at V ≈ ±4 mV in Figures 46(b) and 46(c) most probably correspond to
another phase with a smaller gap rather than to an SIN junction formed instead of the nominal
SIS one, not to say about the two-particle tunneling [21], [164], [266].
dI/dV for two different HfNCl0.7 break junctions are displayed in Figure 47. The highvoltage conductance displayed in Figure 47(a) is relatively large, of the order of 0.3 mS,
whereas that shown in Figure 47(b) is as low as ~ 10 μS. Well developed gap-edge structures
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at ±8 mV and a zero-bias Josephson peak are clearly seen in Figure 47(a). A conventional
(with a very small Γ) superconducting DOS with Δ ≈ 3.9 meV satisfactorily describes the
data including the peak itself. Distinct dip-hump structures outside the gap region might be of
intrinsic origin, corresponding to van Hove DOS singularities in layered systems [117], [118],
[270], or be extrinsic, i.e. they might appear due to the current-driven suppression of
superconductivity in small weak-link inter-grain contacts [271] or, possibly, at boundaries
between segregated phases in the case of phase separation as in cuprates [272], [276]. The
out-gap structure seems to be too large to be a standard strong-coupling peculiarity [34], [35]
reflecting the inelastic boson-assisted electron tunneling.

Figure 46. Tunneling conductances at T = 4.2 K for various break-junctions (a, b and c) involving
Li0.48(THF)xHfNCl. Δ and Γ are the superconducting gap value and the gap broadening, respectively,
for the DOS given by Eq. (2) with an accuracy of notations. The peak-to-peak distance Vp-p is equal to
4Δ(T)/e. Dashed curves are calculated SIS conductances in the BCS model. The inset in (c)
demonstrates G(V) of the SIS type with the smallest achieved gap value Δ ≈ 1.75 meV.
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In Figure 47(b) the smeared gap-edge peaks at ± Vp-p/2 ≈ ± 10 – 11 mV (= ±
2Δ/e) are seen with a very low leakage and against a V-shaped background [277]. A BCS
model can adequately reproduce the conductance only inside the gap. The additional small
sub-gap peaks at approximately ± 2 – 3 mV in Figure 47(a) and Figure 47(b) might be
explained by Andreev quasiparticle reflection involving surface proximity effects [21].

Figure 47. G(V) at T = 4.2 K for different break junctions involving HfNCl0.7. Dashed curves are fitting
BCS conductances calculated for SIS junctions.

To get rid of the V-shaped background, tunneling conductances dI/dV presented in
Figures 46(a) and 46(b) (for Li0.48(THF)xHfNCl), and Figure 47(b) (for HfNCl0.7) were
divided by (V)1/2 and resulting normalized quantities were displayed in Figure 48 (a, b, and c,
respectively). The gap-edge peaks are readily seen in all panels of Figure 48, and these curves
became more similar to G(V) predicted by the BCS theory than the raw data strongly
influenced by the non-superconducting background. The positive-bias gap-edge peak in
Figure 48(a) becomes more conspicuous as compared to that of Figure 46(a), whereas the
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reconstructed dI/dV still exhibits some asymmetry, appropriate to the raw data. In
Figure 48(b), the normalization by (V)1/2 makes the outer coherent peaks more clearly visible
and the shoulders at V ≈ ± 4 mV are transformed into discernible peaks. In Figure 48(c),
shoulders appear outside the coherent peaks after the division by (V)1/2, and the higher-bias
region |V| > 20 mV becomes flat. Those shoulders might be a signature of the proximityinduced superconducting gap [21], [121]. The apparently (V)1/2 dependence of the background
presumably reflects scattering of conduction electrons on weakly disordered states in some
regions caused by inhomogeneities left after carrier doping [21].

Figure 48. G(V) divided by (V)1/2. Here G(V) corresponds to the data presented in Figures 46(a), (b)
(Li0.48(THF)xHfNCl) and 47(b) (HfNCl0.7) ((a), (b), and (c), respectively). The dashed curves are the
calculated SIS conductances in the framework of the BCS theory.

In Figure 49 variations of G(V) with T are shown in the gap region for Li0.48(THF)xHfNCl
(a) and HfNCl0.7 (b). In both cases the gap structure is gradually wiped out with T to
disappear at Tc = 26 K (a) and 24 K (b) for Li0.48(THF)xHfNCl and HfNCl0.7, respectively. In
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particular, one sees from Figure 49(b), that G(V) in the neighborhood of the outer gap
changes drastically in the range 10 < T < 12 K but at the same time the inner gap remains
almost unchanged, thereby suggesting that either the origin of the features concerned is
different or, simply, the outer gap is more affected by spatial scatter. Such a disparity between
different gaps was observed and explained for cuprates, where Cooper and charge-densitywave (CDW) pairings coexist [42], [86], [177], [180], [181], [268], [278]. With further
increase of T above 12 K both gap structures broaden gradually and vanish at the bulk Tc.

Figure 49. T variations of G(V) for Li0.48(THF)xHfNCl (a) and HfNCl0.7 (b) break junctions, which were
presented in Figures 46 (a) and 47 (a), respectively.

The multiple-gap structure of G(V) for the Li0.48(THF)xHfNCl break junction, which was
shown above in Figure 46(c), is displayed in Figure 50 for different T. The gap structures are
well defined at low T as shown in Figure 50(a). With increasing T, the magnitude of the
outer-gap peaks, pronounced at low T, rapidly decreases so that the peaks evolve into broad
humps at approximately 13 K, while the inner peak still remains conspicuous above this T.
The zero-bias peak survives up to the bulk Tc. Figure 50(b) demonstrates vertically expanded
spectra to see the detailed structure of G(V) at T > 15 K. The humps at V ≈ ± 12 mV, i. e.
outside the inner gap region, disappear at about 21 K, slightly below Tc. Subtle peaks near
zero bias, which vanish at T ≈ 13 K (see Figure 50(a)), can be attributed to the gaps, reduced
by the proximity effect.
It might be well to point that the apparent V-shapes of dI/dV for some junctions does not
have to be a consequence of the actual anisotropic nature of the superconducting order
parameter leading to an incomplete Fermi surface gapping. Instead, such a behavior might
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reflect a contamination of the broken-contact surfaces, which has been shown, e.g., to degrade
both the coherent peaks and the overall character of dI/dV for Bi2Sr2CaCu2O8+δ single crystals
[280].

Figure 50. T variation of the double-peak structure for the sample Li0.48(THF)xHfNCl presented above
in Figure 46(c): (a) overall picture up to Tc, (b) enlarged fragment for T near Tc.

Dependences of gap values on T obtained from the data presented in Figure 50 for
Li0.48(THF)xHfNCl break junctions are demonstrated in Figure 51. Smearing of the gap
features in G(V) at higher T leads to uncertainties of gap values above 20 K, which is shown
as large error bars. We note that the gap features with the amplitude 2Δ(4.2 K) ≈ 11 – 12 meV
(Vp-p ≈ 22 – 24 mV) for different samples, shown in Figsures 49(a) and 50, exhibit similar Tdependences, which is well expressed by the scaled BCS curve with Tc = 25.5 K.
T-dependence of the inner gap for Li0.48(THF)xHfNCl junctions with Vp-pin ≈ 9 – 10 mV
shown in Figure 51 and derived from Figure 50 deviates downward from the BCS curve
exhibiting almost linear decrease up to the temperatures near bulk Tc. This behavior seems to
be a manifestation of the proximity induced gap [21], [121] and is similar to that observed in
Pb-Sn-PbO-Pb junctions [143] and MgB2 break junctions with their remarkable multiple-gap
structures [281], [282]. The latter are usually considered [4] as an intrinsic effect, emerging
from the interplay of two superconducting gaps each originating from a separate electron
band [48], [104], [110], [111]. However, theoretical calculations show that the Fermi surface
of Li0.48(THF)xHfNCl involves a single band [23]. Therefore, possibility of the multiple-band
superconductivity in Li0.48(THF)xHfNCl seems to be ruled out, in particular, as an explanation
of the smaller-gap feature. On the contrary, the origin of the proximity effect and the inner
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gap as its consequence may be local charge-carrier-density inhomogeneities [117], [118],
[120]. As is readily seen from Figures 46(c) and 48 (for Vp-pin), the small gap is quite
reproducible. Therefore, the apparent inner-peak spectra in Figure 46 might be associated
with the anisotropy in transport properties [26]. It should be noted that T-dependences of the
multiple gap structures displayed in Figures 50 and 51 are similar to those of YNi2B2C where
anisotropy of the superconducting gap is considered as the origin of such a pattern [284].

Figure 51. T-dependences of the peak-to-peak separations Vp-p in G(V) for break junctions made of
Li0.48(THF)xHfNCl and HfNCl0.7. Closed symbols (● and ■) refer to Vp-pout and Vp-pin, respectively,
describe Li0.48(THF)xHfNCl and are taken from Figure 50. The open symbols (Δ and □) denote peak-topeak separations found for Li0.48(THF)xHfNCl (Figure 49(a)) and HfNCl0.7 (Figure 49(b)) break
junctions, respectively. Symbols Δ correspond to predominant Vp-p, whereas □ describe the inner-gap
Vp-pin.

The indicative gap to Tc ratio 2Δ(0)/kBTc for Li0.48(THF)xHfNCl is of the same magnitude
5 – 5.6 [283] as that of the layered superconductor MgB2 [281], [282]. As has been already
pointed out above, these values are in fact larger than the weak-coupling BCS value 2π/γ ≈
3.52 but much smaller than experimental values for high-Tc cuprates [144] and organic
superconductors [285]. For HfNCl0.7 samples the largest attainable gap value 2Δ(0) ≈ 11 meV
can be inferred from Figure 47(b), whereas Tc ≈ 23.5 K, so that the ratio 2Δ(0)/kBTc becomes
5.4. This is consistent with the results for Li0.48(THF)xHfNCl. The inner-gap small peaks at V
≈ ± 2.5 mV (at T = 4.2 K) taken from Figure 49(b) and describing HfNCl0.7 break junctions
tend to disappear near respective Tc as is shown in Figure 51 (open squares), although the
low-temperature Vp-p is half as that for Li0.48(THF)xHfNCl samples (see Figures 46(b) and
46(c)). If we identify the smaller-gap features for Li0.48(THF)xHfNCl break junctions with Vp-p
≈ 10 mV ≈ 4Δ/e, the ratio 2Δ(0)/kBTc becomes 2 – 2.3. This is substantially smaller than the
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BCS value, which is consistent with our suggestion that those peaks have the proximityinduced nature.
G(V) with the widest gap structures found by us are displayed in Figures 52 and 53 for
Li0.48(THF)xHfNCl and HfNCl0.7 break junctions, respectively. Figure 52(a) exhibits the wellpronounced gap edges around V ≈ ± 17 mV and a zero-bias peak, the values corresponding
to the outer peaks in Figure 46(c). This G(V) is adequately reproduced by a single-junction
SIS current determined by the convolution of BCS density of states (Eq. (1)), indicating that
the largest gap-edge energy does not correspond to the intrinsically multiple junctions, as has
been found, e.g., for oxide ceramics BaPb1-xBixO3-δ [286]-[289] and stacks of tunnel junctions
in layered cuprate mesas [290]-[293]. Conspicuous dip-hump structures are observed at V ≈
± 10 – 12 mV inside the gap, the peak locations coinciding with those for the predominant
coherent gap peaks at V ≈ ± 11–12 mV for those Li0.48(THF)xHfNCl junctions, conductances
of which are presented in Figure 46.

Figure 52. G(V) with the largest gap values observed in Li0.48(THF)xHfNCl break junctions. The dashed
and dashed-dotted curves describe calculated SIS conductances with the smeared BCS density of states
(Eq. (2)) and with the Gaussian gap distribution model (Eqs. (3) and (4)), respectively. The spectra (a)
and (b) correspond to different break junctions.
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The gap features of dI/dV measured for another junction and presented Figure 52(b) are
substantially broadened, but their peak positions coincide with locations of fully developed
BCS-like peaks of Figure 52(a). This gap structure can be reproduced using the Gaussian gap
distribution model and/or smeared BCS density of states, the results of fitting calculations
exhibited by dashed and dashed-dotted curves. For fittings to be successful both Γ (it
corresponds to ε in Eq. (2)) and δ0 in Eq. (4) should be about 0.25 Δ, which is much larger
than Γ ≈ 0.05 Δ needed to fit experimental data in Figure 52(a). It means that, for certain
junctions, dissipation and gap spread becomes essential, probably due to some kind of phase
separation and proximity effect.

Figure 53. G(V) with the apparent double-peak structure are presented in (a) and (b) for different
HfNCl0.7 break junctions.

We found a large outer gap with a distinct double-gap overall structure in G(V) for
HfNCl0.7 break junctions, as is shown in Figure 53. The largest gap values are similar to those
of Li0.48(THF)xHfNCl depicted in Figure 52. Such an apparent double-gap structure has been
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already seen in Figure 46(c), although the gap energies are different for various junctions. The
outer peak-to-peak distance Vp-pout ≈ 32 mV in Figure 53(a) is of the same order of magnitude
as that in Figure 53(b), while the inner-gap parameter Vp-pin ≈ 17 mV in Figure 53(a)
appreciably exceeds Vp-pin = 8 – 10 mV from Figure 53(b). Two values 10 and 17 mV for Vpin
p are the same as those given in Figures 46 and 47. In particular, the multiple-gap values for
Li0.48(THF)xHfNCl in Figure 46(c), Vp-p = 8-10 mV, 20-22 mV, 34 mV, are quite similar to
those for HfNCl0.7 in Figures 53(a) and 53(b). Therefore, the spectrum of experimental Vp-p
involves 8 – 10 mV, 18 – 24 mV, and 32 – 35 mV. To further confirm the existence of the
largest Vp-p = 32 – 35 mV, we have carried out complementary STS measurements having
well-defined vacuum tunneling barrier.
STM measurements were also carried out on HfNCl0.7. The STM image taken at 5 K on
the cleaved ab surface of the HfNCl0.7 sample is shown in Figure 54 [294]. The sample bias
was V = 0.2 V and the tunnel current was I = 0.4 nA. A triangular arrangement of bright spots
is clearly visible against the weakly inhomogeneous background. These bright spots
correspond to a higher altitude of the scanning tip. The total difference in altitude was 0.2 nm.
We could always obtain such quality of the surface, which means that the cleaved surface of
HfNCl0.7 is clean and stable under the UHV condition in strong contrast to the cleavage in the
ambient atmosphere. From the two-dimensional fast Fourier-transformation (FFT) analysis,
the separation of the nearest-neighbor spots was found to be 0.369 nm, which corresponds to
the lattice parameter a deduced from X-ray diffraction measurements. By examining the
atomic arrangement in the conducting double honeycomb metal-nitrogen network on the abplane of HfNCl0.7, we attributed the bright spots to metallic Hf atoms.

Figure 54. STM image of β-HfNCl1-x (V = 0.2V, I = 0.4 nA, T = 5 K).
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To investigate the local superconducting gap related features on the nanometer scale we
carried out STS and STM measurements at 5 K simultaneously. The conductance, G(V) =
dI/dV, map within the area of at least 10 nm × 10 nm in the ab plane reveals fairly uniform
magnitudes exhibiting almost constant gap-edge peak positions. In Figure 55 such profiles of
the STS conductance were displayed along the distance of 10 nm. Relatively homogeneous
gap structures were found with weak variations of G(V) magnitudes. In general, G(V) are
weakly asymmetric, i.e., the negative-bias (corresponding to the electron tunneling from the
sample into the tip) backgrounds are somewhat more pronounced than their positive-bias
counterparts, and the junction exhibits substantial leakage at zero bias. The gap-edge peaks at
V ≈ ± 10 mV are discernible, although smeared.

Figure 55. Spatial (x) scan of conductance profiles for β-HfNCl1-x at 5 K.

The gap value of 2Δ = 20 meV in HfNCl0.7 revealed by the STS measurements presented
here is in accord with that obtained in our previous break-junction tunneling experiments (see
Figure 56). The break-junction SIS conductance for Li0.48(THF)xHfNCl duplicated from
Figure 52(a) is displayed in Figure 56 for comparison. We note that STS data presented in
Figures 54 – 56 were taken on HfNCl0.7 rather than on the related material Li0.48
(THF)xHfNCl, which is extremely reactive. Nevertheless, it is worthwhile to put data for both
compounds in the same Figure 56, because Tc’s of Li0.48(THF)xHfNCl and HfNCl0.7 are quite
similar (25 K and 24K) and other electronic properties are basically the same in spite of the
chemical differences. The peak positions of both curves almost coincide after compensatory
rescaling between SIN and SIS junctions, as is clearly demonstrated in Figure 56. Hence, the
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extremely large gap features found in break junction (SIS) measurements are confirmed by
STM and can be unambiguously identified with the revealed intrinsic superconducting gaps.
Thus, large gap values 2Δ ≈ 16 - 20 meV (Vp-p = 32 – 40 mV) are inherent to both
Li0.48(THF)xHfNCl and HfNCl0.7 compounds.

Figure 56. G(V) for SIN junction (STS) between the PtIr tip and HfNCl0.7 sample at T = 5 K in
comparison with that of Li0.48(THF)xHfNCl SIS break junction (BJTS) at 4 K borrowed from
Figure 52(a). The bias scale for the SIN junction is twice enlarged to match with the scale for the SIS
junction.

Figure 57 shows thermal evolution of the break-junction spectrum for another junction
involving HfNCl0.7 at high T above 17 K, when the value of Vp-p (T = 17 K) becomes 25 mV.
Since this voltage exceeds the representative value of 4Δ/e = Vp-p = 16 – 20 mV at 4.2 K, the
corresponding junction is probably considered as an example of the systems with the largest
gap features appropriate, e. g., to the data presented in Figure 53. The resulting T-dependence
of 4Δ/e = Vp-p together with its value at 4.2 K, taken from Figure 53, is plotted in the inset of
Figure 57. One sees that the observed largest gap value at 4.2 K in Figure 53 is consistent
with the extrapolated BCS curve using the gap at 17 K from the main frame of Figure 57 and
Tc = 24 K. Hence, G(V) displayed in Figure 57 describes the high-T continuation of G(V) with
low-T peak-to-peak distance Vp-p = 4Δ/e ~ 32 – 35 mV. From this Vp-p (T), the gap to Tc ratio
2Δ(0)/kBTc is estimated as 7.6 – 8.6. This value is quite similar to the ratio appropriate to
Li0.48(THF)xHfNCl as stems from Figure 52.
Among the gap energies found for HfNCl0.7 in our break-junction studies, the largest gap
is typical for STS measurements. The resultant large ratio 2Δ(0)/kBTc has been also previously
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discovered in ZrNCl0.7 [277]. Such values are comparable to ratios for high-Tc cuprates [144],
[145] or organic superconductors [285], although the origin of the similarity for different
classes of materials is not yet clear.

Figure 57. G(V) for various T for the largest superconducting gap in HfNCl0.7. Inset shows the Tdependence of Vp-p together with the low-T value Vp-pout (open triangle) from Figure 53.

5.2. BJTS data for ZrNCl0.7
Energy gap structures of ZrNCl0.7 are shown in Figure 58. The spectra exhibit well
developed gap-edge peaks at the bias of ±8 – 10 mV, (the peak-to-peak separation Vp-p ≈ 16
~ 20 mV). Zero-bias peak structures, which we attribute to the dc Josephson current, and subgap peak structures (± 4 – 5 mV) with Vp-p = 8 – 10 mV are also observed. Such patterns are
typical for SIS junctions. Sharp gap-edge peaks for Figures 58(a) and 58(b) and hump
structures near ± 20 mV outside the gap-edge peaks for Figure 58(b) are clearly
distinguished. The dashed curves are the calculated SIS conductances using the BCS density
of states with a small broadening parameter [295]. The calculation well reproduces the peak
positions and the low leakage structure near zero-bias conductance. The gap parameters Δ at
4.2 K are estimated to be Δ = 4.0 meV and Δ = 4.9 meV for Figures 58(a) and 58(b),
respectively.
A smaller gap of Vp-p = 7 ~ 10 mV was observed at 4.2 K in addition to larger ones
indicated above. Figure 59 reveals two examples of such spectra. In Figure 59(a) one can see
relatively sharp gap-edge peaks at voltage V ≈ ±4.8 mV with no leakage conductance near
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zero bias. Figure 59(b) involves gap structures at V ≈ ± 3.5 mV together with peculiar sharp
hump structures at V ≈ ±9 mV, which corresponds to the main gap peak Vp-p ≈ 20 mV of
Figure 58. The fitting BCS dependences for SIS tunneling are shown by dashed curves. The
calculations reproduce fairly well the gap peak and the conductance bottom with Δ ≈ 2.3 and
1.6 meV for Figures 59(a) and 59(b), respectively. Smaller hump features cannot be
reproduced by such a simple fitting function.

Figure 58. G(V) measured at 4.2 K for different break junctions (a) and (b) made of ZrNCl0.7. The
dashed curves are calculated in the framework of the BCS model. Insets show G(V) for high bias
regions.
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A remarkable anti-correlation takes place between dI/dV values and gap widths in
ZrNCl0.7 as is readily seen in Figures 58 and 59. Specifically, for junctions represented in
Figure 58 the gaps are large, whereas the conductance is relatively small of about 1 μS. On
the contrary, junctions presented in Figure 59 exhibit smaller gaps and dI/dV of the order 100
μS. The maximal ratios between largest gaps of Figure 58 and smallest gaps of Figure 59 are
about 2 – 3. It is plausible that all these discrepancies reflect locally varying charge carrier
concentration or gap anisotropy, which directly manifests itself as a consequence of spatially
varying junction plane orientations. Distributions in Vp-p are also inherent to
Li0.48(THF)xHfNCl, as has been shown above, thereby being a common feature of the layered
nitride superconductors.

Figure 59. (a) and (b) the same as in Figure 58 but for other break junctions.
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T-dependences of ZrNCl0.7 tunnel spectra are demonstrated in Figure 60 for the same
junctions as in Figure 58. Upon warming the gap structures gradually broaden and disappear.
The gap depletion merges with the background conductance at T ≈ 14 K, which coincides
with the bulk Tc of this compound [29]. The dashed curves at each T correspond to the
calculated SIS conductances in the framework of the BCS theory. As is seen the fitting is
quite successful.

Figure 60. T variations of G(V) for ZrNCl0.7. The data (a) and (b) correspond to Figures 58(a) and 58(b),
respectively. Dashed curves are SIS conductances calculated on the basis of the BCS model. G(V)
curves are shifted up for clarity without any relative offset between experimental and calculated curves.

Thermal evolution of small-gap tunnel spectra is demonstrated in Figure 61. Figure 61(a)
corresponds to the junction described earlier in Figure 59(b). Although the gap structure with
Vp-p ≈ 7 mV and the Josephson peak persist up to Tc, the hump structures at ± 9 mV can
hardly be distinguished against the background above T ≈ 10 K. The BCS-based fitting of
the SIS conductance cannot reproduce in full the complex T-dependent gap structure. In
Figure 61(b), which represents another junction, a clear-cut Josephson peak can be seen at
any T up to about Tc. Both gap edges and zero-bias peaks broaden with T, vanishing at
T ≈ 14 K. Moderate hump peculiarities near V = ±10 mV can be hardly recognized above
T ≈ 10 K.
Gap values obtained from data of Figures 60 and 61 are plotted in Figure 62. A solid
curve is the standard BCS T-dependence of the gap, while dashed curves are scaled BCS ones
in the sense of the strong-coupling “α-model” [142]. One sees that for spectra with smaller
gaps the T-dependences are almost identical with the conventional BCS curve. Experimental
data for large-gap spectra are well described by the scaled BCS theory. Tc is approximately 14
K. The value of 4Δ(0)/e is in the range 16 – 20 mV. The estimated gap to Tc ratio is
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2Δ(0)/kBTc = 6.6 – 8.4. This is more than twice as large as the weak-coupling BCS value ≈
3.52. As we have already indicated, such anomalously large values are nevertheless similar to
those found in cuprate [144], [145] as well as organic superconductors [285]. For the smaller
gaps Δ(0) = 1.6 – 2.3 meV, the ratios 2Δ(0)/kBTc = 2.7 – 3.8 approximately agree with the
BCS value.

Figure 61. The same as in Figure 60 but for other break junctions. Figure (a) corresponds to the junction
presented in Figure 59(b), while Figure (b) demonstrates properties of one more junction.

As can be seen from Figure 59, in ZrNCl0.7, V-shaped conductance behavior outside the
gapped regions of G(V) is often observed. It seems that this dependence is connected to the
overall semiconducting resistivity of the undoped β-ZrNCl0.7. Moreover, it is known from the
previous study [282] that the background tunnel conductance in β-ZrNCl0.7 flattens when
divided by V1/2. This can be seen from the main frame of Figure 63, whereas the original Vshaped structure is demonstrated in the inset of Figure 63. The introduced V1/2 dependence
presumably reflects scattering of conduction electrons on weakly disordered states in some
regions, caused by inhomogeneities left after carrier doping [21], [269]. The observation of Vshaped background suggests that the semiconducting electronic conduction preserves even in
the superconducting phase of ZrNCl0.7. It should be noted that the V-shaped background
conductance has been observed in high-Tc cuprates as well [144, 295]. Such a peculiar form
of the conductance is sometimes discussed in terms of the pseudogap states above Tc. Recent
STS measurements in the organic superconductor κ-(BEDT-TTF)2Cu(NCS)2 also revealed
both the unusually large gap to Tc value (2Δ(0)/kBTc = 6 – 9) and the existence of normal-state
gaps [285]. Therefore, detailed measurements of G(V) in β-ZrNCl above Tc is needed to
clarify the origin of the anomaly concerned.
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Figure 62. T-dependences of Vp-p (= 4Δ/e) for the data of Figures 60(a) (●) and 58(b) (■) – large gaps;
and Figures 61(a) (□) and 61(b) (○) – smaller gaps. Other symbols (▲, Δ and ◊) denote junctions,
spectra of which are not shown in the paper.

Figure 63. G(V) divided by (V)1/2 for a ZrNCl0.7 break junction. The inset corresponds to the raw data.
The dashed curves are the calculated SIS conductances in the framework of the BCS theory.
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5.3. Discussion of the results for β-MNCl materials
Among the gap energies found for HfNCl0.7 in our break-junction measurements the
largest gap is a typical one inherent to STS measurements. The resultant anomalously large
gap to Tc ratio was also discovered in ZrNCl0.7. As has been mentioned, such values are
observed in high-Tc cuprates [144], [145], [295] and organic superconductors [285] as well.
The similarity of deviations from the conventional BCS behavior for apparently different
classes of materials reflects most probably the strong electron-phonon coupling. Nevertheless,
the extremely large values of 2Δ(0)/kBTc > 5 in the layered compounds Li0.48(THF)xHfNCl,
HfNCl0.7 and ZrNCl0.7 cannot be quantitatively explained even taking into account the strongcoupling renormalization.
Indeed, studies of possible restrictions on this dimensionless parameter (a key one
according to the α-theory of Ref. [142]) have been carried out on the basis of the semimicroscopic Eliashberg gap equations [296], [297] starting from works of Geilikman et al.
[298]. As a result, a number of approximate expressions appeared which contained
characteristics of the materials phonon spectra [299], [300]. In particular, a semi-empirical
formula Eq.(14) for 2Δ(0)/kBTc can be used for estimations and insight [146], [298]-[300].
We emphasize that large values 2Δ(0)/kBTc > 5 for superconducting order parameters
found in our measurements are typical for observed CDW or spin-density-wave (SDW)
energy gaps, although in the mean-field approximation they are described by the same BCS
gap equation as weak-coupling superconductors [301]. For instance, SDWs in underdoped
SrFe2As2 reveal the ratio 2ΔSDW(0)/kBTSDW > 7.2 ± 1 [302].
Recent Raman-scattering studies carried out under pressure led to the conclusion that
low-energy phonons and actual huge electron-phonon coupling constant λ > 3 constitute a
background for superconductivity in MNCl (ZrNCl0.7 and Li0.48(THF)xHfNCl) [78].
Unfortunately, so far our tunnel measurements did not reveal such phonons.
On the other hand, there is some evidence that optical high-frequency phonons might be
the driving force of superconductivity in halides. For instance, Raman investigation of Naintercalated HfNCl showed that the nitrogen vibration modes with energies about 75 meV are
broadened by electron doping [303]. NMR experiments show that the same group of phonons
may explain a small isotope effect in Li0.48(THF)xHfNCl [53]. Moreover, neutron scattering
measurements of Li1.16ZrNCl samples exhibited phonon softening around 20 meV and 80
meV mainly corresponding to vibrations of Zr and N ions [304].
As for the theoretical picture of superconductivity in these layered materials, it is far from
being full and self-consistent. On the one hand, vibrations of light N ions are expected to have
large amplitudes, which implies their large anharmonicity and strong involvement in the
electron-phonon interaction [305]. On the other hand, a recent theoretical study of lattice
dynamics and electron-phonon interaction in LixZrNCl reveal a small coupling constant λ ≈
0.5 [306]. This might indicate, e.g., the necessity to go beyond the Eliashberg theory [296][300]. In particular, the actual Cooper pairing in these and other layered compounds with
large Tc might be (i) unconventional with different order parameter symmetry; (ii) induced by
other gluing bosons; and (iii) dominated by certain specific peculiarities of layered structures
[307]-[311].
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One should note that the observed strong-coupling features are similar to those
appropriate to the largest gap of MgB2. Therefore, the very existence of the layered structures
with the honeycomb lattice involving light-mass ions might be crucial for superconductivity
in both systems.
At the same time, the appearance of ratios 2Δ(0)/kBTc ≈ 2 – 2.3 for the smallest gaps in
Li0.48(THF)xHfNCl and HfNCl0.7 (see Figure 62) as well as in ZrNCl0.7 indicates that the
coexistence of anomalously large and/or small gaps seems to be a common characteristics for
HfNCl0.7 and ZrNCl0.7 compounds. Peculiarities of the electron-phonon interaction arising
from the quasi-two-dimensional character of the material and a strong momentum
dependence of the interaction vertex may play an important role in this connection. In
particular, one should mention a hypothetic purely electron, e.g., dynamically screened
Coulomb mechanism of superconductivity [312]-[314]. Crucial role of the intra-layer pairing
interaction in nitrides can be deduced from heat capacity measurements of intercalated
material LixMyZrNCl (M = DMF or DMSO) with varying inter-layer distances d [315].
Namely, after some increase with the growing separation between layers, Tc became a weakly
decreasing function of this parameter showing no steep reduction even for d ≥ 20 Å.
One can notice that the gap value and Tc for Li0.48(THF)xHfNCl are slightly larger than
those of HfNCl0.7. This difference could be related to the increase of the inter-layer spacing d
by the cointercalation. For Li0.48(THF)xHfNCl, THF molecules are cointercalated with Li
between Cl layers. The spacing d increases from 0.923 nm for β-HfNCl to 1.87 nm for
Li0.48(THF)xHfNCl, while the d value in HfNCl0.7 is kept almost unaltered during deintercalation process [29]. Since variation of the lattice constant should affect both the phonon
dispersion and electron anisotropy, this might cause the change of gaps and Tc. For instance, a
slight shift of Tc (≈ 2 K) has been observed after the co-intercalation of propylene carbonate
(PC) when d increased for Na0.28(PC)0.55HfNCl in comparison to that for Na0.28HfNCl [316].
Modification of the electron-phonon interaction must inevitably affect superconducting
properties. So it is no wonder that Raman scattering experiments showed different doping
levels result in different linewidths of the superconductivity-related A1g optical mode [303].
However, similar to the case of ZrNCl0.7, detailed measurements demonstrated that highenergy phonons at 77 meV, which are theoretically predicted to be the most strongly
interacting with conduction electrons, exhibit weaker electron-phonon interaction when Tc
increases following the reduction of the doping level [223]. This seems to be in apparent and
unexplained contradiction with the (quite plausible!) assumption that the electron-phonon
interaction dominates the Cooper pairing in this compound.
Let us discuss now peculiar large and multiple-gap structures of dI/dV for MNCl
compounds. SIS junctions of HfNCl0.7 reveal three characteristic gap values, namely, Vp-p = 8
– 10 mV, 18 – 24 mV and 32 – 35 mV, while two peak-to-peak values Vp-p = 7 – 10 mV and
16 – 20 mV are observed in ZrNCl0.7. Note, that the former two gap values Vp-p = 8 – 10 mV
and 18 – 24 mV in HfNCl are similar to Vp-p = 7 – 10 mV and 16 – 20 mV in ZrNCl0.7,
respectively. The ratio between the largest 32 – 35 mV and middle 18 – 24 mV values in
HfNCl0.7 is roughly similar to that between two gap values in ZrNCl0.7. Gap varieties most
probably reflect a strongly anisotropic electron band structures in those layered crystals, as
has been shown by band calculations [23]-[25] and confirmed by X-ray absorption [28] and
μSR [318] experiments.
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Magnetization measurements also revealed anisotropic features. Specifically, upper
critical fields in both HfNCl0.7 and ZrNCl0.7 compounds [26, 30] with the anisotropy
parameter γΗ = Hc2//ab/Hc2//c = ξc/ξab > 1 (as has been defined above, ξ: is the superconducting
coherence length) were found, suggesting the superconducting gap anisotropy. In Ref. [23] it
was predicted that the Fermi surface of electron doped HfNCl is formed by an only one band
originating from Hf-N hybridized orbital, while for electron doped ZrNCl three bands are
important, originating from Zr-N and Zr-Zr orbitals. Therefore, for the same doping level x =
0.3, carrier density of the single Hf-N band should be higher than that of the Zr-N one. Since
the MN (M = Hf or Zr) orbital involves a light-mass element (N), it is natural to expect that
the high-energy mode(s) coupled with doped electrons are responsible for superconductivity.
For this reason, it is possible to consider that relatively large charge carrier concentration in
the Hf-N band of HfNCl may raise Tc as compared to that of β-ZrNCl.
From specific heat measurements the strong-coupling gap to Tc ratio 2Δ(0)/kBTc = 4.6 –
5.2 was found for ZrNCl0.7 [52]. This ratio is similar to our ratio 2Δ(0)/kBTc = 5 – 5.6 for the
predominant middle-size gap feature or the averaged value between the smallest and largest
gap to Tc ratios (≈ 2 and ≈ 8). Specific heat data represent a bulk property, while tunneling
spectroscopy probes local interface electronic states. Making an assumption indicated above
local and bulk measurements can be reconciled. Actually, similar considerations work well
while describing multiple gap structures in MgB2 and the gap distributions in high-Tc cuprates
[179].

CONCLUSION
We used the tunneling spectroscopy technique to study superconducting gapping in
recently discovered novel superconductors MgB2, Li0.48(THF)0.3HfNCl and related layered
substances with an emphasize on the multiple-gap manifestations. One should take into
consideration that the very multi-layer structure of cuprates, pnictides (Tc ≤ 56 K in Gd1−
xThxFeAsO

[319]) or MgB2 points to the fact that these compounds are in essence naturally
intercalated materials [7], whereas Li0.48(THF)0.3HfNCl [5]-[7], intercalated graphite or other
carbon-based systems [320, 321] as well as certain dichalcogenides [322] are artificially
intercalated objects with arising (relatively) high-Tc superconductivity.
Probing MgB2 samples (polycrystalline pellets and high purity wire segments) by BJTS-,
STS- and PCS- methods revealed wide distributions of gap values. The latter most probably
reflects the proximity-induced superconductivity in a spatially inhomogeneous environment.
The measured spectra were described on the basis of the correlated two-gap model. The
apparent spectra contain three groups of gaps, namely, ΔS = 2.2 ± 0.3 meV, ΔM = 6.0 ± 1.5
meV, and ΔL = 10-12 meV at 4.2 K. All these features survive almost up to Tc. The middle
gap ΔM with the non-BCS-like behavior Δ(T) is most likely governed by the proximity effect.
The values and T dependences of ΔS and ΔL are well reproducible as compared to ΔM. The
largest gap ΔL indicates the unusually strong-coupling superconductivity with the ratio
2Δ/kBTc = 5 – 6.
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Under the influence of the external magnetic field B, the gap-closing field Bc for ΔL and
ΔM obeys the relationship Bc = aΔ(B = 0)2 coming from Ginzburg-Landau theory, contrary to
what is appropriate for ΔS. The totality of data testifies that the largest gap ΔL induces ΔM by
the proximity effect. Moreover, Bc ≈ 7 – 13 T for ΔS and Bc ≈ 18 – 20 T for ΔL are
approximately the same as the upper critical field at 0 K along the c-axis and ab-plane
directions, respectively.
A rich diversity of facts thoroughly described above shows that the widely applied
schemes of the two-band superconductivity are at least a crude approximation in their
attempts to explain actual multiple-gap spectra. A model of the disordered superconductor
with a spatial ensemble of relatively thick mesoscopic domains, which is presumably a
consequence of the existing contaminated oxide phases in MgB2, can serve as a satisfactory
phenomenological approach to explain both multiple-gap superconducting features and
normal-state properties.
As to the microscopic background, our measurements of the second current derivative
d2I/dV2(V) for Cu-MgB2 point contacts indicate that electron-phonon interaction with boron
in-plane modes plays a decisive role in the superconductivity of MgB2.
BJTS measurements demonstrated that BCS-like gapped patterns with typical ratios
2Δ(0)/kBTc = 4.2 – 4.5 take place for compounds NbB2 and CaAlSi related to MgB2. In the
case of NbB2 more or less conventional gap structures, which were well reproduced by the
correlated two-gap model, were observed for the majority of measurements. Small observed
gaps most likely originate from the mesoscopical inhomogeneity of the non-stoichiometric
NbB2.
Irregular multiple-gap structures were also found by means of BJTS in superconducting
layered compounds β-HfNCl (specifically, Li0.48(THF)xHfNCl and HfNCl0.7) and ZrNCl0.7.
The technique concerned turned out to be most effective to elucidate the electronic properties
of strongly reactive materials like those indicated above. The BCS-like gap structures were
revealed corresponding to the apparent s-wave symmetry of the superconducting gap.
For Li0.48(THF)xHfNCl with the highest Tc = 25.5 K the predominant gap is 2Δ(4.2 K) =
11 – 12 meV, which corresponds to 2Δ(0)/kBTc = 5 – 5.6. Besides, we observed a much larger
gap 2Δ(4.2 K) = 17 – 20 meV and a smaller gap 2Δ(4.2 K) = 4 – 5 meV. The highest gap to
Tc ratio is estimated as 2Δ(0)/kBTc = 7.5 - 8.6, which agrees well with our complementary
STM measurements. The results are reproducible and the observed stable features seem to be
intrinsic. The latter ratios are 2-3 times larger than the BCS weak-coupling values, whatever
the superconducting order-parameter symmetry [40], [155], and are quite similar to those
appropriate to ZrNCl0.7 as well as to high-Tc copper-oxide and organic superconductors.
Obviously, such anomalously huge energy gaps could be hardly explained even by an
extremely strong electron-boson coupling, so that their origin remains to be elucidated if we
remain in the framework of the conventional Cooper-pairing concept. On the other hand,
forms and T dependences of tunnel dI/dV for these compounds are in accord with the original
BCS picture based on the conventional loose Cooper-pair picture rather than on the BoseEinstein-condensate (bipolaron) scenario [323], [324].
Several common factors were found in both MgB2 and β-MNCl materials in addition to
their multiple-gap character of the electron spectra. One of them is their unconventionally
strong coupling with 2Δ(0)/kBTc > 5 found in our tunneling data. Another common point
could be associated with the two-dimensionality of the electron conduction bands for crystal
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lattices containing hexagonal networks of boron or nitrogen atoms. Corresponding optical
phonon modes are high energy ones due to light masses of those atoms, which could be an
important factor to induce a strong electron-phonon interaction.
It should be emphasized that all our considerations were based either on explicit or tacit
assumptions of electron-phonon interaction being the driving force of superconductivity and
Cooper pairing being the underlying microscopic mechanism of the latter [155]. For materials
studied here this viewpoint is more or less shared even by advocates of more sophisticated
approaches (see, e. g., Refs. [11], [325]). As regards cuprates, pnictides, organic
superconductors and other (sometimes called “exotic”) superconductors [326]-[329], they are
most often considered as “class-2” (the term borrowed from Ref. [325]) materials, which
become superconductors of different type under the influence of a different agent (agents?)
[33], [62], [330]-[332]. The main argument is the (explicit or implicit) notorious 40 K limit
[325], [333] for phonon-induced superconductivity shown (see, e. g., [334]) to be an artifact
of wrong theoretical reasoning. Nevertheless, one should never reject a chance of important
unexpected findings even in the (at the first glance) conventional “class-1” superconductors.
Multiple-gapness is a hint about such a promising possibility.
As for observations of multiple-gap features in other superconducting compounds than
those studied here, they have a long history and are quite common, although not always
recognized. For instance, we can mention high-purity metals [105], [106], pnictides Ba1xKxFe2As2 (Tc ≈ 32 K) [335], Ba0.55K0.45Fe2As2 (Tc ≈ 27 K) [336], LiFeS (Tc ≈ 15.3 K)
[337], FeSe1-x (Tc ≈ 13 K) [338], and SmFeAsO1-xFx (Tc ≈ 42 K and Tc ≈ 52 K) [339],
CuxTiSe2 (Tc ≈ 3.5 K) [340], ZrB12 (Tc ≈ 6 K) [341], borocarbides YNi2B2C (Tc ≈ 13.8 K)
[342], LuNi2B2C (Tc ≈ 16.9 K) [343], and ErNi2B2C (Tc ≈ 11 K) [344], A15 compounds
V3Si (Tc ≈ 12.5 K and 16.5 K) [345] and Nb3Sn (Tc ≈ 18 K) [346], [347] (with a large
spread of gap values), dichalcogenides NbS2 (Tc ≈ 6.1 K) [348] and NbSe2 (Tc ≈ 7 K) [349],
(Tc ≈ 7.2 K) [350], [351], (Tc ≈ 6.7 K) [352], oxide Na0.35CoO2·1.3H2O (Tc ≈ 4.5 K) [353],
ternary-iron silicides Lu2Fe3Si5 (Tc ≈ 6.1 K) [354]-[356] and Sc2Fe3Si5 (Tc ≈ 4.5 K) [356],
iridium silicide Sc5Ir4Si10 (Tc ≈ 8.4 K) [255], as well as Mg10Ir19B16 (Tc ≈ 5.7 K) [357].
Since the listed materials are numerous and possess varying normal-state and
superconducting properties, it is reasonable to consider multiple-gapness as a manifestation of
samples’ intrinsic or extrinsic inhomogeneity rather than a unique microscopic feature
surviving extreme conditions of impurity electron scattering and other disordering effects. It
might also that some of these materials are ordinary single-gap superconductors, the
deviations from the conventional behavior being fitting-procedure artifacts. Anyway, BJ
technique would be of help in all ambiguous cases because of its probing freshly prepared
surfaces.
To summarize, our studies show that multiple-gap superconductors are not unique and
possess many interesting properties. At the same time, the origin of this behavior is still not
clear and should be elucidated in order to successfully look for new high-Tc and
technologically promising superconductors.
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