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Observation of Interband Pairing Interaction in a Two-Band Superconductor: MgB,
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The recently discovered anisotropic superconductor MgB, is the first of its kind showing the intriguing
properties of two-band superconductivity. By tunneling experiments using thin film tunnel junctions,
electron-coupled phonon spectra were determined showing that superconductivity in MgB, is phonon
mediated. In a further analysis, which involves first principles calculations, the strongest feature in these
spectra could be traced back to the key quantity of two-band superconductivity, the interband pairing
interaction. For the phonons, this interaction turns out quite selective. It involves mainly low-energy
optical phonon modes, where the boron atoms move perpendicular to the boron planes.
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The basic mechanism of superconductivity is the for-
mation of Cooper pairs due to the attraction of two elec-
trons via virtual exchange of bosons. In most cases, this
coupling is achieved by vibrational excitations (phonons).
Electron pairing may in principle occur in two bands of
qualitatively different electronic structures crossing the
Fermi level, leading to two different energy gaps if impu-
rity scattering between the bands is small enough to pre-
serve clean-limit conditions. A phonon-coupled two-band
superconductor is described by three distinct electron-
phonon spectral functions, one for each band and one
describing the pairing interaction between the bands.
Although two-band superconductivity has a long history
[1,2], it has only been established clearly in the recently
discovered superconducting MgB, (transition temperature
T, = 39 K) [3]. Here, we report on tunneling spectroscopy
on thin films of MgB,, and determine the tunneling density
of states and an effective electron-phonon spectral function
accounting for the small energy gap. We identify an un-
usually strong feature in the tunneling spectrum as the
interband pairing interaction and show that superconduc-
tivity on the 7 sheet originates mainly from interband
electron-phonon coupling. It is this interband interaction
connecting the two foreign Fermi surfaces which is re-
sponsible for the exotic properties of the two-band super-
conductor MgB,.

Experimental [4] and theoretical studies [5,6] have sug-
gested that superconductivity in MgB, is s wave and
mediated by electron-phonon coupling. The key quantity
in electron-phonon-mediated superconductivity is the
Eliashberg function a(w)F(w), where F(w) is the phonon
density of states and a*(w) is the electron-phonon cou-
pling strength at energy fiw averaged over directions in k
space. For MgB, the layered hexagonal lattice structure
with boron planes separated by Mg atoms leads to a
strongly anisotropic Fermi surface of four separate sheets
that are grouped into two-dimensional o bands and three-
dimensional 77 bands [7,8]. This gives rise to two largely
different energy gaps of about 2.5 meV and 7 meV, asso-
ciated with the 7 and o sheets, respectively. Indeed, two
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gaps of this magnitude have been observed experimentally
[9-11]. This grouping implies that the normal and super-
conducting properties of MgB, should be analyzed in
terms of an effective two-band model, which essentially
contains the three distinct Eliashberg functions (a’F),,_,,
(a?F),.,, and (a?F) ., describing the coupling of quasi-
particles within the 7 and the o band and between the two
bands (from now on we will omit the argument w).

The most direct experimental method for the determi-
nation of a’F is electron tunneling spectroscopy devel-
oped by McMillan and Rowell [12]. Briefly, the quantity to
be measured via a tunnel junction between the supercon-
ductor and a normal metal is the quasiparticle density of
states. It contains phonon-induced structures that are ob-
served in the differential conductivity, well above the
energy gap region. These structures are used to calculate
a’F via the single-band Eliashberg equations. In the past,
this procedure yielded consistent results for many super-
conductors [13,14]. For a two-band superconductor the
data analysis has to be reexamined to include two-band
Eliashberg equations [15,16]. In the following, high preci-
sion measurements of the phonon-induced structure in the
tunneling density of states of MgB, are presented along
with an analysis based on ab-initio local-density approxi-
mation (LDA) band-structure results and two-band
Eliashberg equations. This gives the proof that MgB, is
indeed a phonon-mediated superconductor and, even more
interestingly, that the dominating feature in the experimen-
tal data can be identified as the interband pairing interac-
tion (a?F) -,

The junctions of the type MgB, /insulator/In, Al, or Pb
were prepared on thin films of MgB, formed by sputtering
of boron onto r plane Al,O; substrates which are sur-
rounded by a high-intensity Mg vapor source. Details on
thin-film and tunnel-junction preparation are described in
Ref. [17]. The films of 200 to 300 nm thickness show
transition temperatures between 32 and 34 K as inductively
determined. X-ray measurements reveal an expanded
c-axis lattice constant of about 0.354 nm due to compres-
sive strain parallel to the substrate surface. The grains of
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lateral dimensions of about 100 nm as determined by scan-
ning electron microscopy grow with the ¢ axis perpendicu-
lar to the substrate plane with a mosaic spread of about
7 degrees. A natural MgB, oxide layer, serving as the bar-
rier in the planar tunnel junctions, was grown at a tempera-
ture of 160 °C in ambient air. The junctions with areas
between 0.1 and 0.5 mm? were completed by evaporation
of Pb, In, or Al counterelectrodes and showed resistances
between 10 and 150 (). The shape of the phonon-induced
structures discussed below did not depend on the type of
counterelectrode but In was preferred due to its low critical
field, which was supplied by an electromagnet. Its rema-
nence field of 5 mT was enough to suppress any Josephson
currents for both electrodes in the superconducting state.
In Fig. 1 we display dI/dV versus voltage data of three
MgB, tunnel junctions with In counterelectrodes. The peak
position between 3 and 4 mV for both polarities indicates
the sum of the energy gaps of the MgB, film and the In
counterelectrode (A, = 0.5 meV). Apparently, only a
small MgB,-derived gap A; = 3 meV is visible. The tiny
shoulder in traces 1, 2, and 3 near =7 mV indi-
cates a small contribution of a tunnel current where quasi-
particles are sampling the large energy gap. According to
calculations of Dolgov et al. [16], for tunneling in the ¢
direction of MgB,, one should observe the tunneling den-
sity of states of the 7 surface, i.e., the small gap, with a
small (about 1%) contribution of the large gap from the o
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FIG. 1. Differential conductance of 3 junctions (No. 1 to 3) of
the type MgB,/insulator/In showing the small energy gap of
MgB, (solid lines). Differential conductance of a
MgB, /insulator/Pb junction showing a superposition of the
small and the large energy gap of MgB, (open circles). All
traces were taken at 1.5 K with the counterelectrodes in the
superconducting state (A, = 0.5 meV, Pb = 1.3 meV). Curves
are displaced vertically against each other for clarity. Horizontal
bars indicate zero conductance.

surface. In our experimental data (traces 1, 2, and 3) we
estimate the small shoulder to contribute (2 = 1)% to the
whole tunnel current. A few junctions (2 out of 50) of this
study showed a clear expression of the large gap as shown
by the lowest curve (open circles) in Fig. 1. These data
indicate a superposition of about equal weight of two
tunnel currents sampling the 7 surface and the o surface.
This situation is expected for tunneling into the ab plane
[16]. So far it was experimentally observed for STM
tunneling only [9] but not on planar junctions.

In Fig. 2(a) we show the raw tunneling data, i.e., dI/dV
versus V, in the superconducting and normal state taken up
to voltages where phonon-induced effects are expected.
The In counterelectrode was driven normal by a magnetic
field of 0.1 T. On the overall increasing background, the
trace in the superconducting state shows a stronger in-
crease followed by a leveling-off at three voltages indi-
cated by arrows. These features correspond to relative
changes in conductance of a few 1073 and are identified
as phonon-induced structures. The steep increase towards
low V (below 20 mV) is due to approaching the peaks at the
gap edge (see Fig. 1) from the high-voltage end. The
increase of the background towards high voltage is caused
by inelastic tunneling and by the V dependence of the
tunneling matrix element, a situation very similar to junc-
tions on ZrN [13]. The inelastic effects extend up to the
very high voltage of 200 mV suggesting that a mixed oxide
of Mg and B makes up the tunnel barrier. The small
changes of the inelastic background between the normal
and superconducting state were included in the evaluation
of the tunnel data following the procedure described pre-
viously [13].

To demonstrate the phonon-induced effects more clearly
and the reproducibility of our data as well, we show in
Fig. 2(b) second derivative traces (d*I/dV?) for six differ-
ent junctions taken in the superconducting state after sub-
straction of the normal-state background. The peaks at 39,
58, and 87 mV reflect the features of the dI/dV data and
correspond to peaks in the Eliashberg function. Roughly,
the peak positions agree with maxima found by Yanson
et al. [18] in point-contact spectra of MgB,. It is important
to point out that features induced by coupling of electrons
to other excitations (here: phonons) appear in the super-
conductive tunneling conductance if and only if they are
responsible for the Cooper pairing mechanism. This is
directly demonstrated in the inset of Fig. 2 where the
temperature dependence of the tunnel data monitored by
the d>1/dV? signal of the largest peak (at 58 mV) is shown.
Its vanishing at 32 K, the transition temperature of the film,
together with the observation of two gaps in the tunnel data
(Fig. 1) confirm both phonon-induced Cooper pairing, in
agreement with isotope-effect data [19], and two-band
superconductivity in MgB,. Since the strength of the
phonon-induced effect scales in good approximation with
the square of the energy gap we also show the square root
of the d*1/dV? signal which falls slightly below the BCS
temperature dependence for the small gap.
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FIG. 2. (a) The raw data of the tunneling experiment dI/dV vs
voltage for MgB, /insulator/In junction No. 1 with the MgB,
film in the superconducting (bold line) and normal (thin line)
state. The arrows indicate the location of phonon-induced fea-
tures. (b) Second-derivative data taken in the superconducting
state of MgB, after subtraction of the normal-state background
for 6 different junctions. The upper two traces are taken on the
same junction (No. 1) with positive and negative voltage bias.
The In counterelectrode is driven normal by a magnetic field of
0.1 T. Inset in (a): temperature dependence of the 58 mV
structure. The amplitude A of the second derivative signal is
shown as measured in a temperature sweep, together with SQRT
(A). The strength of the same structure as observed as the
steplike feature in the reduced density of states at five different
temperatures is also shown (squares). The thin solid line indi-
cates the BCS behavior.

The strategy for the analysis of our tunnel data is the
following: with the experimental tunnel data an effective
Eliashberg function (a?F)gf was determined using the
McMillan-Rowell inversion with single-band Eliashberg
equations. A theoretical counterpart(a?F)®: was generated
using the same inversion code applied to a tunneling
density of states of the 7 band (standing for the small
gap) which is calculated by solution of two-band
Eliashberg equations [20]. The necessary 7-, o-0, and
m-o Eliashberg functions are supplied by an ab-initio LDA
calculation [6]. Finally, the (e>F)%% and («>F)%; data are
compared to extract information on the individual
Eliashberg functions (a’F) -, (¢*F)y-y, and (a?F),_,.
The result of this procedure is depicted in Fig. 3 on a
common energy axis (the voltage shifted by the small
energy gap). Figure 3(a) shows reduced density of states
data resulting from the raw data of Fig. 2 and the very close
fit obtained by the inversion calculation. This fit yields the
(a*F)gf [Fig. 3(b)]. We observe that it is composed of the
three peaks as expected from the d*I/dV? data. For the
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FIG. 3. Analysis of the tunnel data: (a) the reduced density of

states (RDOS) of a MgB,/insulator/In junction (closed sym-

bols) and the fit obtained by standard McMillan-Rowell inver-

sion. (b) Effective Eliashberg function («*F)3f obtained from

the inversion and the generalized experimental phonon density
of states (GDOS) [21]. (c) The effective Eliashberg function
(@*F)%. resulting from McMillan-Rowell inversion of a calcu-
lated tunneling density of states of the 7 surface, and the
calculated GDOS. (d) The individual Eliashberg functions for
virtual 7r-7r, 7m-0, and o-o transitions as a result of an ab-inito
LDA calculation. Included in the calculation is the broadening
due to finite phonon lifetimes.

Coulomb pseudopotential u* and the electron-phonon
coupling constant, the values 0.1 and 0.65 were obtained.

In Fig. 3(b) we compare our inversion result with the
generalized phonon density of states (GDOS) from inelas-
tic neutron-scattering data by Osborn et al. [21]. The low
energy peaks near 35 meV reflecting mainly magnesium-
derived acoustical phonons, and the high-energy peaks
near 85 and 89 meV, correspond very well to each other,
except for a small shift of about 4 meV between the high-
energy peaks, not uncommon for comparisons between
tunneling and neutron-scattering data even for simple met-
als [22]. A possible explanation is strain in the film used for
the tunneling experiment. The intensity in the GDOS at
high energies above 100 meV is caused by multiphonon
contributions. Surprisingly, the largest feature in the tun-
neling spectrum, the central peak at 58 meV, is not found in
the GDOS data which exhibit three shallow maxima be-
tween 50 and 80 meV. Such a strong deviation between
both quantities and its restriction to a comparably narrow
energy range is very unusual. In the past, tunneling and
phonon data generally showed a close correspondence over
the whole energy range [23].
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In Fig. 3(c) we show the theoretical counterparts, i.e.,
(a?F)h. (calculated as described above) and the GDOS
obtained by the ab-initio LDA calculation [6]. We note a
striking agreement even for small details between the
calculated and experimental phonon data, which lends
strong confidence to the LDA calculation. Most impor-
tantly, excellent agreement of the characteristic features
of the experimental and calculated effective Eliashberg
functions with the large central peak as a dominant feature
is observed. In order to investigate its origin we show in
Fig. 3(d) the three individual Eliashberg functions which
emerge from the LDA calculation and which are the input
data for the calculation of (a?F)®.. The o-o function is
fully dominated by only one phonon mode at 72 meV, E,,,
which was early discovered theoretically [5,6] as the main
driving force for the large gap on the o surface. Turning to
the 7-7r and 7-o functions, we observe a peculiar ’energy
selectivity.” The 7r-o function shows most intensity be-
tween 50 and 70 meV where the -7 function is weakest.
The phonon modes in this energy region are characterized
by out-of-plane motions of the boron atoms. Obviously the
virtual transitions of quasiparticles between the two-
dimensional o bands and the three-dimensional 7 bands
are almost exclusively coupling to these phonons whereas
magnesiumlike phonons and higher-energy optical modes
including the E,, are not effective for interband transitions.
An analysis of the two-band Eliashberg equations shows
that the gap function of the 7 sheet rendering (aF)W, is
essentially determined by the 7-7 and 7o functions. It
shows further that the interband 7-o function is shifted to
larger energy by the difference of the energy gaps and,
most importantly, is increased by a weighting factor
given by the ratio of the gaps. Both of these features re-
flect the peculiarities of interband electron-phonon inter-
action, where within the self-energy interpretation of the
Eliashberg equations, a quasiparticle virtually passes from
the 7 surface over to the o surface and decays to the edge
of the large gap. Indeed, (a?F)%; of Fig. 3(c) can be
reproduced to a good approximation by a superposition
of the 77 and the -0 function if the latter is shifted to
higher energy by 5 meV (the difference of the energy gaps
in the calculation) and is multiplied by a factor of about
three, the ratio of the energy gaps. This generates the large
central peak in (@ F)®.. Hence the large central peak in the
experimental data reflects the shape of the interband 7-o
Eliashberg function. Its effect on the superconductivity of
the 7 surface is dramatic. The 77-7r function yields for the
electron-phonon coupling constant A the value of 0.25, not
enough to account for superconductivity on the 7 sheet of
MgB,. The increase of A to a value of 0.65 and hence the
very existence of the small energy gap on the 7 surface is
caused by the 7-o function and its augmented weight.

In conclusion, the strong-coupling effects in the tunnel-
ing density of states of a two-band superconductor, MgB,,
have been determined and analyzed. Effective Eliashberg
functions were generated by combining two-band

Eliashberg theory and ab-initio LDA calculations and
compared to the experimental data. The main result is
that it is the interband pairing interaction that gives rise
to the dominating feature, a strong peak at 58 meV, in the
effective Eliashberg function of the 7 sheet. It is due to a
selectivity of the 77-7r transitions and 77-¢ transitions of the
quasiparticles for the modes of the involved phonons. For
the interband transitions almost exclusively, phonons on
the low-energy end of the optical spectrum, characterized
by out-of-plane movements of boron atoms, are effective.
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