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A combined experimental (SIS tunneling spectra) and theoretical (DFT) study of the two-gap
superconductor MgB: is reported. The calculations confirm that the small gap is associated with a 7
band mostly based on the boron p. orbitals leading to the 3D band component of the Fermi surface.
This channel almost completely dominates the tunneling images and spectra for c-axis oriented
samples and not the 2D o band. The origin of the effect is due to the faster decay of the electronic
states associated with the boron p, and p, orbitals compared to those associated with the boron
p- orbitals, together with the symmetry properties of the wave functions. The calculated tunneling
channels and partial density of states for each band agree with the values deduced from precise fits of
experimental tunneling spectra. The present approach provides a framework for the understanding
of tunneling spectra and the nature of superconducting gaps of other multigap superconductors.

PACS numbers: 71.18.+y, 71.20.-b, 74.55.4v

Introduction

MgB, has been known for a long time,!'? but interest
in this material was boosted by the discovery of super-
conductivity with a high critical temperature (7. = 39
K).? It exhibits the AlBo-type crystal structure,* where
hexagonal layers of graphene-like boron atoms alternate
with hexagonal layers of magnesium atoms sitting on top
of the center of the boron hexagons (see Fig. 1). The
simplicity of the structure made possible very detailed
theoretical studies. An and Pickett® proposed that su-
perconductivity originates in the boron (ps, p,) bands
and Liu et al.% suggested the possibility of two-gap su-
perconductivity for this compound.

The two-band superconductivity scenario for MgBs
soon received support from different experimental stud-
ies using scanning tunneling spectroscopy (STS),” point-
contact spectroscopy,® 19 specific heat measurements!!
and Raman spectroscopy.'? Iavarone et al.!® reported
tunneling studies on both c-axis oriented films and com-
pact pellets and provided evidence for directional tun-
neling with respect to the crystallographic orientation
of the grains in the pellets. It is now well established
that there are two distinct superconducting (SC) energy
gaps, Ag = 2.3 meV and Ay, = 7.1 meV."> As pointed
out by Koshelev and Golubov,!® this peculiarity leads to
two different length scales, revealed experimentally in the
vortex structure.'6

Although there have been several first principles theo-
retical studies®% 1718 of the electronic structure of MgBa,
to our knowledge there is only one study of the tunneling
images by Li et al.'® As noted by Schmidt et al.,® the cal-
culated BCS-like contributions of the two different types
of bands to the bulk density of states at the Fermi level
are insufficient to account for the tunneling experiments.
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FIG. 1: (Color online) Crystal structure of MgBs.

In addition, tunneling studies on other superconductors
such as 2H-NbSes?" or BagSiss?! report a single SC gap
measured by STS, while two gaps are rather observed in
specific heat measurements, strongly suggesting the exis-
tence of tunneling selectivity at the surface.?2 Therefore,
further work is needed in order to understand properly
the tunneling spectra of multigap superconductors, which
explicitly takes into account the shape and symmetry of
the electron wave functions at the surface and allows to
calculate the different contributions of each band as a
function of the distance from the surface.

In this work, we report tunneling measurements of
MgBs measured at low temperatures in the supercon-
ducting state. We fit the experimental spectra with the
McMillan equations for the proximity effect in reciprocal
space,?? which describes properly the SC state of two-gap
superconductors.?>2? We also present a first-principles
density functional theory?>2?% (DFT) study of the elec-
tronic structure in the normal state, from which we iden-
tify the character of the electronic states associated with
the two-gap superconductivity. These calculations allow
us to explain the ratio of the interband coupling param-
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FIG. 2: (Color online) (a) Dots: experimental SIS tunneling
spectrum measured at 7' = 5 K with an MgB5 tip and a MgB»
c axis oriented film. Lines: fit to a two-gap McMillan model.
The parameters used for the fit are I's = 2.6 meV; I't = 2.6
meV; A2 = 1.2 meV, A? = 6.5 meV; Ts = 1; Tr, = 0. (b)
Dots: experimental SIS tunneling spectrum measured at 17" =
5.5 K with an MgB» tip and a V3Si c-axis oriented surface.
Lines: fit to a two-gap McMillan model. The parameters used
for the fit are I's = 2.6 meV; I', = 2.6 meV; A% = 1.3 meV,
A} =7.0; Ts = 0.8; T, = 0.0.

eters deduced from the fit of various STS experiments of
the literature, including ours, with the McMillan equa-
tions. Finally, we calculate by DFT the tunneling selec-
tivity arising from the wave function at the MgB, sur-
face, allowing a full understanding of the tunneling spec-
tra. This combined experimental-theoretical approach is
also useful to understand other multigap superconduc-
tors such as 2H-NbSes, BagSisgs, the FeSe-based super-
conductors, etc.

I. EXPERIMENTAL TUNNELING SPECTRA

As mentionned above, MgBs is a multigap supercon-
ductor with two gaps, Ag (small gap) and Ap (large
gap). Several models have been used to describe two-
gap superconductivity, which imply either a pair coupling
between bands?” or, alternatively, an interband quasi-
particle coupling.?® In the Suhl-Matthias-Walker (SMW)
model, the SC density of states (DOS) is simply given by
a sum of BCS-like DOS arising from each band, which
does not fit properly the experimental spectra. In the
second case, the two-gap superconductor is described by
the McMillan equations and superconductivity is induced
from one band to the other by the proximity effect in
reciprocal space. This proximity effect is mediated by
quasiparticle scattering from one band to the other. As
stressed by Schmidt et al.,?* only the latter can describe
properly the peculiar shape of the excitation spectrum
deduced from STM or point contact measurements.

In Figure 2, we show two typical tunneling spectra
in SIS geometry with a SC MgBs tip and a MgBs sur-
face (Fig.2a), or V3Si surface (Fig.2b) measured using
our home built STM/STS setup at low temperature
(T =5 K). The shape of the MgBs-MgBs tunneling
spectrum (Fig.2a) is very similar to the one reported by
Schmidt et al.?? It deviates strongly from what is ex-
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FIG. 3: (Color online) Three different SIN tunneling spectra
from Tavarone et al.'® using a normal tip on a MgBs film
with different cristal orientations and revealing the two-gap
features. In (a) and (b) SIN spectra obtained along the c-axis
orientation and the fit with the two-gap McMillan model. For
the spectrum (a), there is a full contribution of the small gap
band. The parameters used for the fit are I's = 2. meV;
'y =2 meV; A% =0.7meV, A? =6.5meV; Ts =1; T, = 0.
For the spectrum (b), there is a small contribution of the large
gap band. The parameters used for the fit are I's = 2.9 meV;
'L = 241 meV; A% = 0.6 meV, A} = 7.5 meV; Ts = 0.95;
Tr, = 0.05. The hump around 7 meV is due to a small
contribution of the large gap, probably due to a local defect.
As aresult, there is small change in the quasiparticle coupling
compared to the spectrum (a). c) SIN tunneling spectrum
obtained along the a-axis orientation. The parameters used
for the fit are I's = 2.5 meV; I';, = 2.08 meV; A% = 1.1 meV,
A% = 7.5 meV; Ts = 0.55; Tr, = 0.45.

pected from a single gap s-wave superconductor. On the
other hand, it can be described satisfactorily with the
two-gap McMillan model (see the fit in Fig. 2). The
parameters deduced from the McMillan fits are very sim-
ilar in both cases (MgBs or V3Si surface). We include
an additional broadening parameter attributed to either
a small gap anisotropy and/or a slight oxydation of the
V38Si surface. The latter are taken into account by using a
small imaginary part to the gap A-io, with c=0.5meV.?"

The normalized tunneling DOS probed by STS for a
two-gap superconductor can be written, according to the



McMillan model, as:
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where the S and L indexes indicate the ‘small’ and
‘large’ gaps, respectively, and the normal state bands
from which they originate. N, (Er) is the normal
state density of states at the Fermi level. Ts; =
as N3P (Er) /N, (Er) account for the partial DOS at
the Fermi energy for each of the bands N2'X(Er) as well
as the averaged tunneling probability ag 1 (which result
from the band structure, the symmetry of the bands and
also the tip position and electronic structure). Ag 1 (E)
are the energy dependent gaps, which are obtained from
the self-consistent equations:?

Ag(E) = A +TsAL(E)/\/AL(E) — E?
T T s/ V/AL(E) - B
‘ 1+ T,/ /AZ(E) — B2

In addition, in this model the ratio of the interband
coupling parameters is related to the ratio of the DOS at
the Fermi level for the two bands:

I's Np(EF)

I, Ns(Er) ®)

For MgBs, from the McMillan fit to the experimental
STS spectra, we find a I's /T, ratio close to 1, which is in
agreement with the data inferred from specific heat and
penetration depth measurements (see Ref. 30 and refer-
ences therein). It is also found that Ts is close to one,
while T, is nearly zero, meaning that the contribution of
the small gap states strongly dominates in the tunneling
process. The latter is true for tunneling measurements
along the c-axis for a typical tip-surface distance. A sig-
nificant contribution of the large gap band can arise for
a different crystal orientation (see Fig. 3¢) or near the
contact regime.3! In order to test the robustness of these
results, we compare our values with those obtained by
fitting data from the literature.'332:33 The results are
summarized in Table I.

In Fig. 3a, we show a typical low-temperature spec-
trum obtained by Iavarone et al.'? for a ¢ axis oriented
MgB, sample, and the corresponding McMillan fit. One
can note that the model describes well the experimen-
tal spectrum. As for the SIS measurement, the shape of
the tunneling spectrum clearly deviates from what is ex-
pected from a single gap s-wave superconductor. For this
orientation, the tunneling selectivity coefficient towards
the small gap is nearly one.

Some spectra (see Fig. 3a) exhibit a small contribu-
tion of the small gap band, probably as a result of a

local defect breaking the planar symmetry. This gives
rise to a hump around 7meV and to a small change in
the quasiparticle band coupling. On the contrary, there
is no hump (Fig. 3a) when the spectrum reveals the full
contribution of the small gap (planar symmetry). On
a-oriented crystallite (Fig. 3c), there is a more signifi-
cant contribution of the large gap band (T, = 0.4-0.5),
the tunneling selectivity coefficients being modified as
a result of the crystal orientation. Although the spec-
tral weight deviates slightly above 10 meV, the overall
double-gap features are clearly matched.

However, as a result of the quasiparticle inter-band
coupling, the small gap Ag(FE) depends on the large gap
ApL(E). This is not the case in the Suhl’s model. Varia-
tions in Ts can be attributed to the random orientation
of the MgBs grain attached to the Ptlr tip. Similarly
as for the SIS junctions, the DOS contributions are the
same for the small and large gap.

As shown in Table I, the parameters are very similar
for all experiments. Therefore, we obtain two important
conclusions from these data: (i) the tunneling process is
dominated by the small gap, and (ii) the ratio between
the interband coupling parameters is close to one. In the
following we will explain these observations on the basis
of DFT calculations.

II. ELECTRONIC STRUCTURE OF MgB,

The electronic structure of MgBs has been discussed
a number of times in the literature.®%1718:34 Here we
will touch upon those aspects that are relevant to un-
derstand the signatures of multigap superconductivity in
tunneling spectroscopy. For this purpose, we compute
the electronic structure of MgBs using a DFT method
that uses numerical atomic orbitals as basis sets, imple-
mented in the SIESTA code.?>3% We have used the lo-
cal density approximation (LDA) to DFT and, in par-
ticular, the functional of Ceperly-Alder.?” Only the va-
lence electrons are considered in the calculation, with the
core being replaced by norm-conserving scalar relativistic
pseudopotentials3® factorized in the Kleinman-Bylander
form.?® The non-linear core-valence exchange-correlation
scheme?? was used for all elements. We have used a split-
valence double-( basis set including polarization func-
tions.*! The energy cutoff of the real space integration
mesh was 300 Ry. The experimental crystal structure
was used for the bulk calculations. For the simulation
of the STM images, we use a B-terminated symmetric
slab, containing nine and ten layers of Mg and B, respec-
tively. The Brillouin zone was sampled using 30x30x30
and 30x30x1 k-points in the Monkhorst-Pack scheme??
for the bulk and slab calculations, respectively.

The calculated band structure is shown in Fig. 4.
There are three partially filled bands. Two of them are
associated with the ¢ bonds within the boron layers, and
they have mostly weight on the boron p, and p, orbitals
(bands shown with blue circles in Fig. 4). Therefore,



TABLE I: Parameters obtained from the fit of experimental spectra in the literature with the two-gap McMillan model.

‘Work Junction Sample I's(meV) I's /T As(meV) Arp(meV) Ts
Tavarone ef al. (Ref. 13) SIN c axis 2-29  09-1.2 0.6-0.8 6.5-7.5  0.95-1
a/b orientation® 2-2.5 1-1.2 1-1.5 6.2-7  0.55-0.6
Bobba et al. (Ref. 33) SIN ¢ axis 25 0-9 ! 75 !
¢ axis® 2 1 1.5 6.25 0.55
Martinez-Samper et al. (Ref. 32)  SIN single crystal 2 ! ! 75 0-9
grain 2 1 1 8.25 0.9
This work i MsB: (grain)-MgBs (film) 25-28. 1 L1-1.3 6575 091
MgB; (grain)-V3Si (film) 2.6-2.8 1 1.1-1.3 7-7.4 0.8-9
%The film has crystallites oriented randomly
bTypical spectrum
¢Unusual spectrum (large gap is sometimes observed)
a 10
) Total Mg B
5 Px+Py Pz
o band 0.136 0.001  0.135 0.0
S m band 0.165 0.025 0.003 0.137
(2]
" TABLE II: Bulk total and partial DOS at the Fermi level of
- -5 MgB; for the o and 7 bands (in e/(eV-unit cell)).
warped cylinders along the ¢* axis, centered around the
-15F ~ < = " " point (see Fig. 5). In contrast, the remaining partially
filled band (shown with red circles in Fig. 4) is built from
b) T T the boron p, orbitals, and exhibits dispersion along both
0.4} B: is . the plane of the boron layers (because of their 7-type
’;:; B ; 2§‘+ Py interactions along the boron layers) and the interlayer
° 04k — Mg direction (because of the good overlap between the out-
E ’ of-plane pointing B p, and Mg orbitals). Consequently,
> the corresponding Fermi surface sheets are a more com-
B; 0.2, . plex 3D network. We will refer to these two sets of bands
o) and their associated Fermi surface sheets as ¢ and , re-
B o1 4 spectively.
A v\\\\\m Despite the very different shapes and sizes of the Fermi
. . surfaces, the contribution from ¢ cylinders and the = 3D

E-E; (eV)

FIG. 4: (Color online) (a) Band structure for MgB2 where the
size of the blue and red circles are proportional to the boron
(pz,py) and boron p. character, respectively. I' = (0, 0, 0),
M = (1/2, 0, 0), K = (1/3, 1/3, 0) and A = (0, 0, 1/2) in
units of the reciprocal hexagonal lattice vectors; (b) Density
of states near the Fermi level where the contributions of the
boron s, boron (pe, py), boron p. and magnesium orbitals are
separately shown.

they have a strong two-dimensional (2D) character be-
cause of the very small interaction with the orbitals of
the Mg atoms intercalated between successive B planes
(see the small dispersion along the T' to A line). The
Fermi surface sheets corresponding to these bands are

network to the density of states (DOS) at the Fermi level
are very similar: 45% and 55%, respectively (see Table
IT) because the Fermi velocity of the cylinders is very low
along the ¢* direction. The ratio of the partial DOS of
the two sets of bands is, therefore, N,(EFr)/N;(Er) ~
0.84. If we identify the o and 7 states with the large and
small superconducting gaps (see Section III), we obtain a
value which is in good agreement with the ratio extracted
from the experimental tunneling spectra shown in Section
I, which was close to 1.

III. TUNNELING IMAGES AND SELECTIVITY

We now focus on the experimental fact that the tunnel-
ing process is dominated by the contribution of the small
gap (see Section I). To understand the origin of this ob-
servation, which lies in the different tunneling sensitivity
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FIG. 5: (Color online) Calculated Fermi surface for MgBz. (a) Top view; (b) perspective view. The red and green 3D sheets
come from the boron p. contribution, while the warped cylinders sheets in purple and blue come from the p,, p, bands. The

solid black line shows the boundary of the Brillouin zone.

of the o and 7 states, we have calculated the STM cur-
rent in the normal state using a boron terminated slab.
Note that, because of the weak contribution of the Mg
atoms to the DOS at the Fermi level (see Fig. 4b), even
in the case of a surface partially or completely covered
by Mg atoms, these are only visible at very low surface-
tip distances. As shown by Li et al.,' Mg terminated
surfaces should exhibit the same type of STM images as
the B terminated ones for any experimentally reasonable
height in STS experiments.

Our calculations were done using the Tersoff-Hamann
approximation,*® where the current at a given tip posi-
tion is proportional to the local density of states at that
point, integrated over the energy window defined by the
tip-surface potential difference (which we take as 0.1
eV). The images correspond to iso-DOS plots, showing
the map of heights that produce a constant tip-surface
current.

In our images, shown in Fig. 6, we separate the con-
tribution of the o and 7 bands. As expected, in the
STM images generated from the o bands, the brightest
positions are the center of the bonds between surface B
atoms. On the other hand, for the 7 states, the brightest
positions are on top of the surface B atoms. The full im-
age (not shown) would correspond to the sum of the two
contributions. Experimentally, STM images with atomic
resolution are unfortunately difficult to achieve with this
material. Images of the MgBy surface are presented in
Ref. 44, showing at least a qualitative agreement with
our calculation and those of Ref. 19.

To address the tunneling sensitivity, we now compare
the values of the contributions to the current due to tun-
neling through the o and 7 states. Fig. 7 shows the ratio
of these currents I;/I,, as a function of the tip-surface
distance, for several locations of the tip on the surface
plane. It is clear that, for any reasonable tip-surface dis-
tance, the contribution to the current from the 7 states
is about three orders of magnitude larger than that from
the o states, independently of the position of the tip along
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FIG. 6: (Color online) Calculated constant-current STM im-
ages for the o (a) and 7 (b) states, obtained for an iso-DOS
value of 10™* ¢/(eV-unit cell). The maxima in (a) correspond
to the position on top of the center of the B-B bonds, and in
(b) to the position on top of the B atoms.

the surface. The tunneling selectivity therefore indicates
that the tunneling images will be dominated by the elec-
tronic states associated with the m bands. In the su-
perconducting regime, therefore, we expect that the STS
spectra will only be sensitive to one of the gap compo-
nents. As we described in Section I, this is actually what
one observes in the experiment, where only the small gap
component is observed in the tunneling spectra. This al-
lows us to conclude that the small superconducting gap
is associated with the Fermi surface sheets from the =
states, whereas the large gap is associated with the o
states.

The stronger contribution of the 7 states to the STM
current, compared to that of the o states, is partly ex-
plained by the intrinsic difference of the decay of the B
p. and (pg, py) orbitals along the ¢ axis (perpendicular
to the surface), as shown in Figure 8. The decay into vac-
uum of these atomic orbitals is governed by the product
of the radial part (which is common for both sets of or-
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FIG. 7: (Color online) Ratio of the calculated tunneling cur-
rent for the m and o states, as a function of the tip to surface
distance, for different positions on the surface plane. z = 0
indicates the position of the first atomic layer.
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FIG. 8: (Color online) Shape ¢(r) of the boron 2p., 2 p,
and 2p. orbitals along the ¢ axis at different positions on
the surface: (a) on top of a (sub-surface) Mg atom; (b) at a
quarter distance from two neighbor surface B atoms. z = 0
indicates the position of the first atomic layer.

bitals in the free atom), and the angular part (spherical
harmonics). The radial part decays exponentially into
the vacuum for large distances with the same rate, but
the angular part introduces a further decay along the ¢
axis, which is much stronger for the (p,, p,) orbitals than
for p..

The symmetry of the lattice and the wave functions
at the Fermi surface further enhance this different de-
cay. The wave functions of the Fermi surface cylinders
have a pseudo e-type symmetry. Because of their nodal
properties, e-type functions have a nil value along the
threefold symmetry axis parallel to the ¢ direction and
going through one boron atom, as well as the axis pass-
ing through the boron hexagons. In contrast, no such
symmetry restrictions apply to the wave functions based
on the boron p, orbitals. The implications for the tun-
neling intensities can be understood with the following
argument, based on the decay of the wave function into
vacuum at large distances from the surface typical of tun-
neling experiments. Far from the surface, where the po-
tential is roughly the vacuum potential, the wave func-
tions can be expressed analytically as:

wk(l',y,z) = chk(G)ei(G+k)re—ak+Gz (4)
G, G

where Cx(G) is the Fourier component of the wave func-
tion at a reference plane (taken as z = 0), G = (G, Gy)
the surface reciprocal lattice vector, and r = (z,y) the
in-plane position. Each Fourier component decays into
vacuum with a decay factor which depends on k and G,
given by

axra = VK2 + (k+ G)? (5)
where « is the standard inverse decay length determined
by the work function ¢ (i.e., Kk = \/2ma¢/h). For the o
bands of MgB,, the expansion in Eq. 4 will contain a
large weight of Fourier components with large G vectors,
due to their nodal structure. These components will de-
cay faster into vacuum, according to Eq. 5. However,
the m wave functions, as they are smoother and do not
have such nodal structure, will have larger components
for small G vectors, and therefore a slower decay into
vacuum.

IV. CONCLUSIONS

A combined experimental (SIS tunneling spectra) and
theoretical (DFT) study of the two-gap superconductor
MgB, clearly shows that the small gap is associated with
the band mostly based on the boron p, orbitals lead-
ing to the 3D component of the Fermi surface. This
band strongly dominates the tunneling current along the
¢ direction, so that it is the major contributor to the
STM/STS experiments at this surface. Both the direc-
tional shape of the boron p, orbitals and the symmetry
properties of the lattice and the wave functions determine
this selectivity. The experimental observation of only the
small gap states in STS spectra allow us to identify these
with the 7 bands associated with the B p. orbitals. In
addition, the relative value of the theoretical density of
states at the Fermi level for the m and and ¢ bands are in
good agreement with those inferred from the experimen-
tal spectra for the small and large gap components. The
latter two gaps follow directly using the self-consistent
McMillan equations.

Our approach is thus useful to unravel the nature of
the different gaps in multi-gap superconductors and to
interpret the tunneling spectra. The method can be ap-
plied to other materials such as transition metal dichal-
chogenides, borocarbides or pnictides.

Acknowledgments

Work in Bellaterra was supported by Spanish
MINECO (Grants No.  FIS2012-37549-C05-02 and
FIS2012-37549-C05-05 with joint financing by FEDER
Funds from the European Union, No. CSD2007-00041
and No. CSD2007-00050) and Generalitat de Catalunya
(2014SGR301). JAS-G and PO acknowledge support
of the Spanish MINECO through the Severo Ochoa



Centers of Excellence Program under Grant SEV-2013-
0295. JAS-G was supported by an FPI Fellowship from
MINECOQO. The authors gratefully acknowledge the com-

1

10

11

12

13

14

15

16

17

18

19

20

21

puter resources, technical expertise and assistance pro-
vided by the Red Espanola de Supercomputacion.

M. E. Jones and R. E. Marsh, Journal of the American
Chemical Society 76, 1434 (1954).

V. Russell, R. Hirst, F. A. Kanda, and A. J. King, Acta
Crystallographica 6, 870 (1953).

J. Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani,
and J. Akimitsu, Nature 410, 63 (2001).

W. B. Pearson, Crystal Chemistry and Physics of Metals
and Alloys (Wiley, 1965).

J. M. An and W. E. Pickett, Physical Review Letters 86,
4366 (2001).

A. Y. Liu, I. I. Mazin, and J. Kortus, Physical Review
Letters 87, 087005 (2001).

F. Giubileo, D. Roditchev, W. Sacks, R. Lamy, D. X.
Thanh, J. Klein, S. Miraglia, D. Fruchart, J. Marcus, and
P. Monod, Physical Review Letters 87, 177008 (2001).

H. Schmidt, J. F. Zasadzinski, K. E. Gray, and D. G.
Hinks, Physical Review Letters 88, 127002 (2002).

P. Szabé, P. Samuely, J. Ka¢marcik, T. Klein, J. Mar-
cus, D. Fruchart, S. Miraglia, C. Marcenat, and A. G. M.
Jansen, Physical Review Letters 87, 137005 (2001).

R. S. Gonnelli, D. Daghero, G. A. Ummarino, V. A.
Stepanov, J. Jun, S. M. Kazakov, and J. Karpinski, Phys-
ical Review Letters 89, 247004 (2002).

F. Bouquet, R. A. Fisher, N. E. Phillips, D. G. Hinks,
and J. D. Jorgensen, Physical Review Letters 87, 047001
(2001).

X. K. Chen, M. J. Konstantinovi¢, J. C. Irwin, D. D.
Lawrie, and J. P. Franck, Physical Review Letters 87,
157002 (2001).

M. Tavarone, G. Karapetrov, A. E. Koshelev, W. K. Kwok,
G. W. Crabtree, D. G. Hinks, W. N. Kang, E.-M. Choi,
H. J. Kim, H.-J. Kim, et al., Physical Review Letters 89,
187002 (2002).

D. Roditchev, F. Giubileo, F. Bobba, R. Lamy, E. M. Choi,
H. J. Kim, W. N. Kang, S. Miraglia, J. Marcus, W. Sacks,
et al., Physica C: Superconductivity 408—410, 768 (2004).
A. E. Koshelev and A. A. Golubov, Phys. Rev. Lett. 90,
177002 (2003).

M. R. Eskildsen, M. Kugler, S. Tanaka, J. Jun, S. M. Kaza-
kov, J. Karpinski, and O. Fischer, Phys. Rev. Lett. 89,
187003 (2002).

J. Kortus, I. I. Mazin, K. D. Belashchenko, V. P. Antropov,
and L. L. Boyer, Physical Review Letters 86, 4656 (2001).
R. Nunez Gonzédlez and A. Reyes Serrato, Revista Mexi-
cana de Fisica 48, 391 (2002).

Z. Li, J. Yang, J. G. Hou, and Q. Zhu, Physical Review B
65, 100507 (2002).

H. F. Hess, R. B. Robinson, and J. V. Waszczak, Physical
Review Letters 64, 2711 (1990).

Y. Noat, T. Cren, P. Toulemonde, A. San Miguel,
F. Debontridder, V. Dubost, and D. Roditchev, Phys. Rev.
B 81, 104522 (2010).

Y. Noat, T. Cren, F. Debontridder, D. Roditchev,
W. Sacks, P. Toulemonde, and A. San Miguel, Physical

23
24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Review B 82, 014531 (2010).

W. L. McMillan, Physical Review 175, 537 (1968).

H. Schmidt, J. Zasadzinski, K. Gray, and D. Hinks, Physica
C: Superconductivity 385, 221 (2003).

P. Hohenberg and W. Kohn, Physical Review 136, B864
(1964).

W. Kohn and L. J. Sham, Physical Review 140, A1133
(1965).

H. Suhl, B. T. Matthias, and L. R. Walker, Physical Re-
view Letters 3, 552 (1959).

N. Schopohl and K. Scharnberg, Solid State Communica-
tions 22, 371 (1977).

W. Sacks, T. Cren, D. Roditchev, and B. Doucgot, Phys.
Rev. B 74, 174517 (2006).

F. Bouquet, Y. Wang, R. A. Fisher, D. G. Hinks, J. D.
Jorgensen, A. Junod, and N. E. Phillips, EPL (Europhysics
Letters) 56, 856 (2001), ISSN 0295-5075.

T. Takasaki, T. Ekino, T. Muranaka, T. Ichikawa, H. Fujii,
and J. Akimitsu, Journal of the Physical Society of Japan
73, 1902 (2004).

P. Martinez-Samper, J. Rodrigo, G. Rubio-Bollinger,
H. Suderow, S. Vieira, S. Lee, and S. Tajima, Physica C:
Superconductivity 385, 233 (2003), ISSN 0921-4534.

F. Bobba, D. Roditchev, R. Lamy, E.-M. Choi, H.-J.
Kim, W. Kang, V. Ferrando, C. Ferdeghini, F. Giubileo,
W. Sacks, et al., Superconductor Science and Technology
16, 167 (2003).

G. Satta, G. Profeta, F. Bernardini, A. Continenza, and
S. Massidda, Physical Review B 64, 104507 (2001).

J. M. Soler, E. Artacho, J. D. Gale, A. Garcia, J. Junquera,
P. Ordejoén, and D. Sanchez-Portal, Journal of Physics:
Condensed Matter 14, 2745 (2002).

E. Artacho, E. Anglada, O. Diéguez, J. D. Gale, A. Garcia,
J. Junquera, R. M. Martin, P. Ordején, J. M. Pruneda,
D. Sanchez-Portal, et al., Journal of Physics: Condensed
Matter 20, 064208 (2008).

D. M. Ceperley and B. J. Alder, Physical Review Letters
45, 566 (1980).

N. Troullier and J. L. Martins, Physical Review B 43, 1993
(1991).

L. Kleinman and D. M. Bylander, Physical Review Letters
48, 1425 (1982).

S. G. Louie, S. Froyen, and M. L. Cohen, Physical Review
B 26, 1738 (1982).

E. Artacho, D. Sédnchez-Portal, P. Ordejon, A. Garcia, and
J. M. Soler, physica status solidi (b) 215, 809 (1999).

H. J. Monkhorst and J. D. Pack, Physical Review B 13,
5188 (1976).

J. Tersoff and D. R. Hamann, Physical Review B 31, 805
(1985).

T. Ekino, T. Takasaki, R. Ribeiro, T. Muranaka, and
J. Akimitsu, J. Phys. Conf. Ser. 61, 278282 (2007).



