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We describe particular nanoarchitectures (superlattices of superconducting
wires and layers) where a mechanism to evade temperature decoherence
effects in a quantum condensate is switched on by tuning the charge density.
The superlattice structure determines the subbands and the corresponding
Bloch wavefunctions of charge carriers at the Fermi level with different parity
and different spatial locations. The disparity and negligible overlap between
electron wave-functions in different subbands suppress the single electron
interband impurity scattering rate and allow the multiband superconductivity
in the clean limit. The quantum trick that bestows to the system the property to
resist to the decoherence attacks of high temperature is the Feshbach shape
resonance in the interband off-diagonal exchange-like pairing term i.e., in the
quantum configuration interaction between pairing channels in different
subbands. It occurs by tuning the chemical potential at a particular point near a
Van Hove singularity (vHs) in the electronic energy spectrum, or a Lifshitz
electronic topological transition (ETT), associated with the change of the
dimensionality of the Fermi surface topology of one of the subbands.

Feshbach resonance; Shape resonance; Diborides; Heterostructure at atomic
limit.
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1. INTRODUCTION

Understanding the mechanism that allows a quantum condensate to resist
to the decoherence attacks of temperature is relevant in many fields going
from high T. superconductivity [1] to quantum computing and quantum
biophysics [2]. It is possible that the evolution has refined the living matter
to acquire a quantum phase coherence for its biochemical reactions. In fact
the living matter displays a dynamical and spatial order with collective
properties and non-local interactions as a superfluid. So the research is
focusing on the nanoarchitectures deploying quantum tricks for the
decoherence-evading qualities at room temperature

The macroscopic quantum phase coherence in superfluids [3-5] appears
only below a critical temperature T, much lower than the earth temperature
because the phase coherence is suppressed by decoherence effects at high
temperature. While the research for high T. superconductors has been
focused for many years to systems at the borderline between
superconducting and ferromagnetic or antiferromagnetic phases it is now
shifting toward the identification of a particular nanoscale heterogeneity
suppressing decoherence effects at high temperature. The key for solving the
problem could be in subtle structural and electronic details.

Looking for details in the theory of superconductivity one has to go
beyond the standard BCS approximations [3] for a generic homogeneous
system (i) the high Fermi energy: the Fermi energy is assumed at an infinite
distance from the top or the bottom of the conduction band, (ii) the isotropic
approximation: the pairing mechanism is not electronic state dependent. The
BCS wave-function of the superconducting ground state has been
constructed by configuration interaction of all electron pairs (+k with spin
up, and -k with spin down) on the Fermi surface in an energy window that is
the energy cut off of the interaction,

|LPBCS> = H(”k + VkC/chrki)|0> (1)

k

where |O> is the vacuum state, and ¢, is the creation operator for an electron

with momentum k and spin up. The Schrieffer idea [3] of this state with off-
diagonal long range order came from the configuration interaction theory by
Tomonaga involving a pion condensate around the nucleus [6].
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In anisotropic superconductivity one has to consider configuration
interaction between pairs, in an energy window AE around the Fermi level,
in different locations of the k-space with a different pairing strength, that
gives a k-space dependent superfluid order parameter i.e., a k-dependent
superconducting gap.

A particular case of anisotropic superconductivity is multiband
superconductivity, where the order parameter and the excitation gap are
mainly different in different bands.

The advances in this field are related with the development of the theory
of configuration interaction between different excitation channels in nuclear
physics including quantum superposition of states corresponding to different
spatial locations for interpretation of resonances in nuclear scattering cross-
section [7] related with the Fano configuration interaction theory for
autoionization processes in atomic physics [8].

The theory of two band superconductivity, including the configuration
interaction of pairs of oppositive spin and momentum in the a-band and b-
band, was developed on basis of the Bogolyubov transformations [9-13]
where the many body wave function [14] is given by

|lPK0nd0> = 1;[ (uk + vka;'ra:rki )1;[ (.Xk‘ + yk‘b;‘Tb:rk‘i )|0> (2)

The element corresponding to the transfer of a pair from the a-band to the
b-band or vice versa appears with the negative sign in the expression of the
energy. This gain of energy is the origin of the increase of the transition
temperature driven by interband pairing.

The two band superconductivity has been proposed for metallic elements
and alloys [10-42], for doped cuprate perovskites [43-114], for magnesium
diboride [115-184] and for few other materials as Nb doped SrTiO; [185],
Sr,RuO4 [186-188] YNi,B,C, LuNi,B,C [189] and NbSe, [190]. We provide
a nearly complete reference list on this subject since it is not available
elsewhere.

The multiband superconductivity shows up only in the “clean limit”,
where the single electron mean free path for the interband impurity
scattering satisfies the condition /> hv, /A where v, is the Fermi velocity
and A is the average superconducting gap [24,28,30,35].

The criterium that the mean free path should be larger than the
superconducting coherence length must be met. This is a very strict
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condition that implies also that the impurity interband scattering rate Y
should be very small ¥, <<(1/2)(K,/h)T.. Therefore most of the metals
are in the “dirty limit” where the interband impurity scattering mixes the
electron wave functions of electrons on different spots on bare Fermi
surfaces and it reduces the system to an effective single Fermi surface.

The “interchannel pairing” or “interband pairing” that transfers a pair
from the “a”-band to the “b”-band and viceversa in the multiband
superconductivity theory is expressed by

zk,k'J(k’k')(a;Tarklb—k'ibk‘T) (3)

+ + . :
where a” and b™ are creation operators of electrons in the “a” and “b” band

respectively and J(k,k') is an exchange-like integral. This interband pairing
interaction may be repulsive as it was first noticed by Kondo [14]. Therefore
it is a non-BCS pairing process since in the BCS theory an attractive
interaction is required for the formation of Cooper pairs.

Another charateristic feature of multiband superconductivity is that the
order parameter shows the sign reversal in the case of a repulsive interband
pairing interaction [26].

The non-BCS nature of the interband pairing process is indicated also by
the fact that, when it is dominant, the isotope effect vanishes even if the
intra-band attractive interaction in each band is due to the electron-phonon
coupling.

Moreover the effective repulsive Coulomb pseudopotential in the
Migdal-Eliashberg theory is expected to decrease (so the effective coupling
strength increases) where the interband pairing is dominant.

In this work we will discuss the particular case of multiband
superconductivity where a Van Hove-Lifshitz feature [191] in the electronic
energy spectrum associated with a change of Fermi surface topology shown
in Fig. 1 occurs within an energy window around the Fermi energy. The
width of this windows is the cut-off energy for the pairing that is determined
by the energy of the exchanged excitation of phononic or electronic or
magnetic origin.
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Figure: I:2:1. The different types of 2.5 Lifshitz electronic topological transition (ETT): The
upper panel shows the type (I) ETT where the chemical potential Er is tuned to a Van
Hove singularity (vHs) at the bottom (or at the top) of a second band with the appearance (or
disappearance) of a new detached Fermi surface region. The lower panel shows the type (I1I)
ETT with the disruption (or formation) of a “neck” in a second Fermi surface where the
chemical potential Er is tuned at a vHs associated with the gradual transformation of the
second Fermi surface from a two-dimensional (2D) cylinder to a closed surface with three
dimensional (3D) topology characteristics of a superlattice of metallic layers.

2. FESHBACH SHAPE RESONANCES

The “shape resonances” have been described by Feshbach in elastic
scattering cross-section for the processes of neutron capture and nuclear
fission [7] in the cloudy crystal ball model of nuclear reactions. These
scattering theory is dealing with configuration interaction in multi-channel
processes involving states with different spatial locations. Therefore these
resonances can be called also Feshbach shape resonances. These resonances
are a clear well established manifestation of the non locality of quantum
mechanics and appear in many fields of physics and chemistry [8,192] such
as the molecular association and dissociation processes.
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Figure I:2:2. The pictorial view of the superlattice of stripes of mesoscopic lattice

fluctuations in Lal24, and Bi2212 systems determined by EXAFS [87] and resonant
anomalous x-ray diffraction [88].
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Figure I:2:3. The metal heterostructures at the atomic limit: a superlattice of superconducting
layers and a superlattice of superconducting spheres
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Feshbach resonances for molecular association and dissociation have
been proposed for the manipulation of the interatomic interaction in
ultracold atomic gases. In fact the interparticle interaction shows resonances
tuning the chemical potential of the atomic gas around the energy of a
discrete level of a biatomic molecule controlled by an external magnetic
field [193]. This quantum phenomenon has been used by Ketterle to achieve
the Bose-Einstein condensation (BEC) in the dilute bosonic gases of alkali
atoms [194]. Feshbach resonances have recently been used to get a BCS-like
condensate in fermionic ultra-cold gases with large values of T./Tf [195].

The process for increasing T, by a Feshbach “shape resonance” was first
proposed by Blatt and Thompson [15,16,19] in 1963 for a superconducting
thin film. The shape resonance described by Blatt occurs in a
superconducting thin film of thickness L where the chemical potential
crosses the bottom E, of the n-th subband of the film, a quantum well,
characterized by k, =nm/L with n>1. Therefore it occurs where the

chemical potential Er is tuned near the critical energy Eg=E, for a 2.5
Lifshitz electronic topological transition (ETT) [191] of type (I) as shown in
Fig. 1. At this ETT a small Fermi surface of a second subband disappears
while the large 2D Fermi surface of a first subband shows minor variations.
In the “clean limit” the single electrons cannot be scattered from the nth to
the (n-1)th subband and viceversa, but configuration interaction between
pairs in different bands is possible in an energy window around Ep=E,.
Therefore the Feshbach shape resonance occurs by tuning the Lifshitz
parameter z=Eg-E, around z=0. In the Blatt proposal z is tuned by changing
the film thickness. The prediction of Blatt and Thompson of the oscillatory
behavior of T, as a function of film thickness L has been recently confirmed
experimentally for a superconducting film [196] although phase fluctuations
due to the electron confinement in the two dimension is expected to reduce
the critical temperature.

In 1993, following the experimental evidence of nanoscale striped lattice
fluctuations in cuprates shown in Fig. 2, we have proposed to increase T, via
a Feshbach shape resonance in a different class of systems: superlattices of
superconducting units as shown in Fig. 3 [75,76,80,81,87-89,93-
97,102,109,110].

The idea is that the particular heterogeneous architectures formed by a
superlattice of metallic superconducting units intercalated by a different
material can bestow decoherence evading qualities to the system. The
superconducting units can be dots, spheres, wires, tubes, layers, films and
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some practical realizations of these architectures are shown in Fig. 3: (i)
superlattices of fullerene (quantum spheres), or graphene layers (quantum
wells) using carbon atoms intercalated by different atoms can be a practical
realization of heterostructures at atomic limit; (ii) superlattices of lead layers
intercalated by germanium or silicon layers; (iii) superlattices of bcc metallic
layers intercalated by fcc rocksalt layers of a different metal rotated by 45
degrees; (iiii) superlattices of superconductiving honeycomb monolayers
intercalated by hcp metallic monolayers.

The quantum tricks to realize high T, superconductors are based on the

generic feature of the electronic structure of the superlattices: the presence of
different subbands where the charge density associated with each subband is
non homogenously distributed in the real space and single electron interband
hopping is forbidden by symmetry.
First, the disparity and negligible overlap between electron wavefunctions of
different subbands suppress the impurity scattering rate that allows
multiband superconductivity in the clean limit. Second, tuning the chemical
potential in superlattices of metallic layers shown in Fig. 3 it is possible to
approach the type (II) ETT characterized by the opening or closing of a neck
in the one of the Fermi surfaces. This simple case is shown in Fig. 1 where
the chemical potential is tuned in the region where one Fermi surface
changes from a the three-dimensional (3D), for Eg>E. to a two-dimensional
(2D) topology, for Er<E,.

3. SHAPE RESONANCE IN SUPERLATTICES OF
QUANTUM WIRES

The calculation of a Feshbach shape resonance has been carried out for a
2D superlattice of carbon nanotubes of period A, on a 2D x,y plane shown in
Fig. 4. The electronic structure is similar to the case of a superlattice of
stripes [93-96,102] and this type of heterostructures at atomic limit can be
classified as “superlattices of quantum wires". While the charge carriers
move as free charges in the x direction, the wire direction, they have to
overcome a periodic potential barrier V(x,y), with period Ap, amplitude Vp
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Figure I:2:4. The pictorial view of a 2D superlattice of carbon nanotubes with a period A,
=1.55 nm in the y direction.

and width W along the y direction, constant in the x direction, expressed for
x=constant as:

A
V<y>=—v,,e(§—yj where §=y—q A,~2" )

and q is the integer part of y//lp .

The solution of the Schrodinger equation for this system,

2
—27’— V2u(x, )+ V(x, ) w(x,y) = Ew(x, ) is given as
m

X

koxik,gh
Yok, .k, (x,y)=e""-e" Pl//,l,k_‘_(y)

)

where in the stripe
v, (M=ae +Be™ forlj|<L/2

k, =+2m, (E, (k,)+V,) /7

and in the barrier
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Figure 1:2:5. Panel (a) The total density of states (DOS) of a superlattice of nanotubes. The
partial DOS of each subband n=1,2,3 gives a peak near the bottom of each subband. Panel (b)
shows the details of the DOS near the bottom of the third subband as function of the reduced
Liftshitz parameter "z"=(Ep —E.)/W where W=36.6 meV is the dispersion of the third
subband in the y direction of the superlattice, transversal to the nanotube direction. The type
(I) ETT occurs at the subband edge (“z”=-1) where the partial DOS of the third subband gives
the step-like increase of the DOS. The type (III) ETT occurs at “z”=0 where the DOS shows
the main peak.
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The coefficients o, B,y andd are obtained by imposing the Bloch conditions
with periodicity Ap, the continuity conditions of the wave function and its
derivative at L/2, and finally by normalization in the surface unit. The

solution of the eigenvalue equation for E gives the electronic energy
dispersion for the n-th subband with energy

Sn(kx,ky)=8(kx)+En(ky) where E(kx):(hQ/Zm) Kk

is the free electron energy dispersion in the x direction and En(ky) is the
dispersion in the y direction.
There are Np solutions for En(ky), with 1< n < Np, for each ky in the

Brillouin zone of the superlattice giving a dispersion in the y direction of the
Np subbands with kx=0.

The partial density of states (DOS) of the n-th subband gives a step-like
increase of the total DOS when the chemical potential reaches the bottom of
the subband n=1,2,3 where a type (I) ETT occurs as shown in Fig. 5. The
DOS peaks in Fig. 5 are due to partial DOS of each subband tuning the
chemical potential by electron doping at the vHs associated with the type
(IIT) ETT in each subband. The panel (b) of Fig. 5 shows the details of the
DOS near the type (III) ETT at E; in the third subband as a function of the
reduced Liftshitz parameter "z"=(E, —E_)/W where W is the dispersion
of the third subband in the y direction of the superlattice, transversal to the
nanotube direction.

The pictorial view of the Fermi surfaces of the third and second subbands
is shown in Fig. 6. The variation of the Fermi surface topology going
through the type (III) ETT is shown. The Fermi surface of the third subband
changes from the 1D topology to 2D going from Ep>E. to Eg<E,
respectively.

The superlattice with its characteristic wavevector q=21/Ap induces a

relevant k dependent interband pairing interaction V. . (k,k'). This is the

non BCS interband effective pairing interaction (of any repulsive or
attractive nature [14,26]) with a generic cutoff energy 7@, .
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Figure 1:2:6. The Fermi surface of the second (red) and third subband (black) of a 2D
superlattice of quantum wires near the type (III) ETT where the third subband changes from
the one-dimensional (left panel) to two-dimensional (right panel) topology. Going from the
left panel to the right panel the chemical potential Er crosses a vHs singularity at E.
associated with the change of the Fermi topology going from Ex>E, to Eg<E,, while the Fermi
surface of the second subband retains its one-dimensional (1D) character. A relevant inter-
band pairing process with the transfer of a pair from the first to the second subband and
viceversa is shown.

The interband interaction is controlled by the details of the quantum
superposition of states corresponding to different spatial locations i.e,
between the wave functions of the pairing electrons in the different subbands
of the superlattice

Vi (kb )=V 0 1,00 =€, (k) — p1]) O — e, (k) — ul) (6)

where k = (kx, ) and

y

o

=—J J dxdyy, (.Y _ )Y, 0Ny (X))

n,k}. ;nv,k;,
N

) 2
:—JJ dxdy‘l//n,k (X,y)‘ ‘ l//n',k' (X, )’)‘
S

n and n' are the subband indexes. kx (kx') is the component of the
wavevector in the wire direction (or longitudinal direction) and ky, (ky") is
the superlattice wavevector (in the transverse direction) of the initial (final)
state in the pairing process, and L is the chemical potential.
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In the separable kernel approximation, the gap parameter has the same
energy cut off 7@, as the interaction. Therefore it takes the values Ap (ky)

around the Fermi surface in a range 7@, depending from the subband index

and the superlattice wavevector ky.
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Figure 1:2:7. Panel (a): The superconducting gaps in the second, A,, and third, A3, subband in
a superlattice of quantum wires as a function of the reduced Lifshitz parameter “z”. Panel (b)
The critical temperature T, and the isotope coefficient o at the shape resonance as a function

Of “Z”.
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The self consistent equation, for the ground state energy gap An (ky) is:

! V,, (kK)-A, (k)
An(u’ ky) == - > > =
2N Sk JE (k) + e, — ) + A (K)

(7

where N is the total number of wavevectors. Solving iteratively this equation
gives the anisotropic gaps dependent on the subband index and weakly
dependent on the superlattice wavevector ky. The structure in the interaction
gives different values for the gaps Ap giving a system with an anisotropic
gaps in the different segments of the Fermi surface.

The superconducting gaps in the second, A,, and third, A;, subband in a
superlattice of quantum wires as a function of the reduced Lifshitz parameter
“z” are shown in Fig. 7a, where Er is tuned at E. for “z”=0, the energy cut
off for the pairing interaction is fixed at S00K. The increase of the gap A, is
driven only by the Feshbach resonance in the interband pairing since the
partial DOS of the second subband has not peaks.

The critical temperature T¢ of the superconducting transition can be

calculated by iterative method

tgh(an'(k' ))
8,300 === TV (kK )= A ()
ETRE W)

®)

where & (K)=¢p (K)-L.

The interband pairing term enhances T. [93-97,102] by tuning the
chemical potential in an energy window around the Van Hove singularities,
“z”=0, associated with a change of the topology of the Fermi surface from
1D to 2D (or 2D to 3D) of one of the subbands of the superlattice in the
clean limit.

The critical temperature T, and the isotope coefficient o at the shape
resonance are shown in Fig. 7. The result shows the characteristic feature of
the T, amplification by a shape resonance at the maximum critical
temperature T¢max the isotope coefficient is close to zero or negative, and
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shows large positive values up to 1.2 much larger that the standard BCS
value 0=0.5 at the border of the resonance.
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Figure I:2:8. Panel (a) The variation of T, as a function of the gap ratio R=A,/aA, at the

shape resonance. The maximum T, is reached for the maximum gap ratio. Panel (b) the ratio
2A,/T, and 24,/T. as a function of the gap ratio A,/a, . The largest deviation from the

single band BCS value 24/7, =035 is reached at the highest gap ratio indicating the key effect
of multiband superconductivity.

In Fig. 8 we report the variation of T, as a function of the gap ratio a,/a,
showing that the critical temperature increases by increasing the gap ratio.
This provides direct evidence that is a measure of the relevance of the shape
resonance in interband pairing. Also the ratio 24,/7, and 24,/7, show large
deviations from the BCS value 24/7, =035 for a single band indicating the
key effect of multiband superconductivity. These calculations show that the
interband pairing enhances T, [93, 95] by tuning the chemical potential at the
shape resonance.
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4. SHAPE RESONANCES IN SUPERLATTICES OF
QUANTUM WELLS

MgB, provides the simplest high T, superconductor therefore it could
play a key role for understanding high T. superconductivity as atomic
hydrogen for quantum mechanics. There is now growing evidence that MgB,
is a practical realization of the proposed T. amplification process driven by
Feshbach shape resonances in interband pairing [116,120,132,139,144,162,
176,177,180] representing the case of a superlattice of quantum wells

Mg

Figure 1:2:9. The superlattice of metallic layers (B) made of graphite-like honeycomb boron
planes separated by hexagonal Mg layers (A) forming a superlattice ... ABABAB... where the
c-axis is the period of the superlattice.

The light-metal diborides AB, (A=Mg, Al) are not common natural
compounds. They have been discovered as residuals in the chemical
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processing [197,198] for the reduction of boron oxide with electropositive
metals to obtain elemental boron. Following the synthesis and
characterization of aluminum diboride (AlB,) in 1935 [199] magnesium
diboride (MgB,) was synthesized in 1953 [200-201] when the chemical
interest in borides was driven by nuclear power industry for control rods and
neutron shields.
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Figure I:2:10. The reduced Lifshitz parameter "z" = (Er. — E;)/(E, — Er-) , where (Ea- Ep) is the
full energy band dispersion in the c-axis direction, as a function of the number of holes in the
o subband in Al doped MgB,. The quantum uncertainty in the z value is indicated by the error
bars that are given by D (o2 ) /(EA -E,) where D is the deformation potential and (s2,) is the
mean square boron displacement at T=0K associated with the E», mode measured by neutron
diffraction [139]. The T, amplification by Feshbach shape resonance occurs in the ¢ hole
density range shown by the double arrow indicating where the 2D-3D ETT sweeps through
the Fermi level because of zero point lattice motion, i.e., where the error bars intersect the z=0
line.

For many years MgB, was not considered as a possible superconductor
by the scientific community on the basis of conventional theories or material
science rules for search of high T, superconductors. The AlB, crystalline
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structure is a heterostructure at the atomic limit made of superconducting
layers (boron monolayers) intercalated by different layers (Al or Mg hcp
monolayers) shown in Fig. 9.

The ¢ band is usually fully occupied in non superconducting diborides
where there are no holes in the oband, so these diborides, as AIB, have a
Fermi surface of the type shown for the case EF>E,4 in Fig. 10. In MgB, the
o band is partially unoccupied due to the electron transfer from the boron
layers to the magnesium layers. In fact the chemical potential Er in MgB, is
at about 750 meV below the energy E, of the top of the ¢ band. Moreover
the chemical potential Er in MgB, is also at about 350 meV below the
energy of the I point in the band structure (E>Ef). Therefore the ¢ Fermi
surface of MgB, where Er<E<E4 has the corrugated tubular shape with a
two-dimensional topology of the type shown in Fig. 10 for the case Eg<Er.
Going from below (Er<E<E,) to above the energy of the I' point the
¢ Fermi surface becomes a closed Fermi surface with 3D topology like in
AlMgB,4 that belongs to the Fermi surface type for the case
Er<Ep<Ea.Therefore by tuning the chemical potential Er, by electron doping
the o subband, it is possible to reach the point where Er is tuned at the
2D/3D Van Hove singularity. This is a type (II) 2.5 Lifshitz electronic
topological transition (ETT) with the disruption of a “neck” in the ¢ Fermi
surface with the critical point at Er=Er. The changes of physical properties
near the ETT transition are studied here as a function of the reduced Lifshitz
parameter “z”=(Er-Er)/(Es-Er), where W=(EA-E}) is the energy dispersion in
the c-axis direction due to electron hopping between the boron layers
(W=0.4 eV in MgB, but it changes with chemical substitutions). The
influence of the proximity to a type (II) electronic topological transition on
the anomalous electronic and lattice properties of MgB, is shown by the
anomalous pressure dependence of the E,, phonon mode and T, (202, 203).
The response of the superconducting properties of diborides to Fermi level
tuning has been studied by electron doping using atomic substitutions, in fact
it is possible to reduce the number of holes in the ¢ band from about 0.15
holes per unit cell in MgB; up to reach zero ¢ holes at the top of the ¢ band
for “z”=-1 where Er=E,4.
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Figure 1:2:11. The total density of states (DOS) in MgB,; and the partial DOS (PDOS) of the
o and 7 band as a function of the reduced Lifshitz parameter ‘z”. The upper curve shows two
different types of 2.5 Lifshitz electronic topological transition (ETT) in electron doped MgB,
associated with changes of the Fermi surface topology. The type (I) ETT: with the appearance
of the closed 3D ¢ Fermi surface by tuning the Fermi energy at the critical point E;=E where
E, is the energy of the A point in the band structure. The type (II) ETT with the disruption of
a “neck” in the ¢ Fermi surface by tuning the chemical potential Ep at the critical point in the
band structure Ep=E where the 6 Fermi surface changes from a 2D corrugated tube for
E>Er to a closed 3D Fermi surface for E.<Er while the large © Fermi surface keeps its 3D
topology [163].
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We report in Fig. 11 the variation of the reduced Lifshitz parameter “z”
as a function of the number of holes in the csubband for the case of Al
doped Mg, <AlB,. In order to understand the physics of superconductivity in
diborides we have to consider that the Lifshitz parameter “z” has an intrinsic
uncertainty due to quantum fluctuations. The error bars in Fig. 11 indicate
the quantum uncertainty in the “z” value induced by zero point lattice
fluctuations. In fact the in-plane boron phonon mode with E,, symmetry near

the zone-center, split the partially occupied ¢ bands. The energy splitting of
the two degenerate ¢ bands is given by AE=D /(c2,) where D is the

deformation potential and ,/(c2,) is the mean square in plane displacement

at T=0K of the boron atoms due to zero point motion measured by neutron
scattering [132,139]. The energy splitting is AE=+0.4 eV in MgB, and it
decreases a little going to AIMgB4 where there are about 0.02 choles per
unit cell. Therefore the quantum lattice fluctuations induce the electronic
quantum fluctuations of the I'point relative to the Fermi level, i.e., of the
Lifshitz parameter z.

This induces quantum charge fluctuations between the two ¢ bands and
between the ¢ and m bands involving electronic states within the energy
window of +£0.4 eV around the Fermi level. These charge fluctuations
control the energy window of the states involved in the pairing processes
therefore we can estimate from Fig. 11 the expected width of the Feshbach
shape resonance. The high T. amplification by Feshbach shape resonance
should occur in the range —0.8< ”z” <+0.8 where the 2D/3D Van Hove
singularity sweeps through the Fermi level that is represented in Fig. 11
where the value z=0 follows within the error bars of z.

The Lifshitz parameter z as a function of x in the case of the Al and Sc
substitutions for Mg in the Mg;_,AlB,, and Mg, Sc,B; systems and for the C
for B substitution in the MgB,_(C, system has been calculated by R. De Coss
et al. by band structure calculations described elsewhere [204] therefore it
has been possible to convert the variation of the critical temperature as a
function of the number density of substituted ions x to the variation of T,

versus the universal reduced Lifshitz parameter “z” for all doped magnesium
diborides.
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Figure 1:2:12. The critical temperature in aluminum, scandium and carbon doped magnesium
diborides as a function of the Lifshitz parameter “z”= (E-Er )/(Es-Ep)

The critical temperature T. obtained by aluminium [143], carbon
[183,184] and scandium [177] substitutions are reported in Fig. 12. The
universal scaling of the critical temperature T., versus “z” show the
negligible effects of impurity scattering in different substitutions because of

the suppression of interband impurity scattering in the superlattice.
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Figure 1:2:13. Panel a): The experimental T, in C for B (filled symbols) [183] and in Al for
Mg (empty symbols) substituted MgB, as a function of the gap ratio A,/A, . Panel b): The
ratio 2A/T, for the ¢ gap (circles) and for the w gap (squares) as a function of the gap ratio
A, /A, . The solid lines are the theoretical prediction (published before the experiments have
been done [162]) where the effect of atomic substitutions in this superlattice of boron layers
do not introduce interband impurity scattering effects but only tune the chemical potential
toward the 2D/3D vHs in the Feshbach shape resonance range.

We report in Fig. 13 the superconducting critical temperature T, obtained
by aluminium [143], carbon [183,184] and scandium [177] substitutions as a
function of the superconducting gap ratio AJ/A,. The experimental results
clearly show that the critical temperature increases by increasing the gap
ratio as it was shown by theoretical calculations for a superlattice of wires in
Fig. 8. In Fig. 13 we report the experimental ratio 2A_/T.and 2A_ /T, for

the w and in the ¢ band as a function of the gap ratio. The highest T, occurs
for the largest deviation from the BCS value 3.5

These results show that the two gaps behaviour is present over all the
range of the reduced Lifshitz parameter -0.8<”z”<+0.8. These results
support the predictions that the doped materials remain in the clean limit for
interband pairing although the large number density of impurity centres.
This result falsifies the predictions of the multigap suppression because of
impurity scattering due to substitutions.
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In order to identify the Feshbach shape resonance we have plotted in Fig.
14 the ratio T/Tr(exp) for the aluminum doped case where Tf is the Fermi
temperature Tr=¢p/Kp and €r=E5-Er is the Fermi energy of the holes in the
o band, and T, is the measured critical temperature. The T./Tf ratio is a
measure of the pairing strength (kg&o)" where kg is the Fermi wavevector
and &, is the superconducting coherence length. In fact in the single band
BCS theory this ratio is given by 7. /Tr = 0.36/kz&, .
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Figure 1:2:14. The ratio T/Tr(exp) (open squares) for the aluminium doped case where T is
the Fermi temperature Tg=Ep/Ky for the holes in the ¢ band and T; is the measured critical
temperature for Al doped samples as a function of the reduced Lifshitz parameter “z”. The
expected ratio T./Tg(BCS) (open triangles) for the critical temperature in a BCS single ¢
band, The ratio AT, /T, = (T.(exp)— T.(BCS))/ T (solid dots) that measures the increase due to

the interband pairing, for the Feshbach shape resonance, fitted with a asymmetric Lorentzian
with Fano line-shape centred at z=0, a half width [/2=0.47 and asymmetry parameter q=5.

In Fig. 14 we have plotted also the expected ratio T,/Tg(BCS) for the
critical temperature in the single ¢ band of MgB, calculated by the standard
BCS approximations using the McMillan formula, the density of states and
electron phonon coupling obtained by band structure theory that gives for
MgB, T.(BCS)=20K [1438].
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The increase of the critical temperature determined by the Feshbach
shape resonance [118,120,205] of the interband pairing is given
by AT, /T, =(T.(exp)—T.(BCS))/T, that is plotted in Fig. 14 as a function
of Lifshitz parameter "z". It has been fitted with an asymmetric Lorentzian
with Fano line-shape [8] centred at z=0, with the half width I'/2=300meV
and an asymmetry parameter q=4. This experimental curve provides the
clear experimental evidence for the T, enhancement driven by interband
pairing shows a resonance centred at z=0, as expected for Feshbach shape
resonanceln conclusion we have discussed the Feshbach shape resonances
around a type (I), type (II) and type (III) ETT in heterostructures and in the
particular case of MgB, where the two band scenario is well established
[205-207], we have shown that the Feshbach shape resonance in interband
pairing occurs in a superlattice of superconducting layers near a type (II)
ETT in this particular multiband superconductor in the clean limit. The
Feshbach shape resonance increases the critical temperature from low T,
diborides up to T, =40K in MgB, and it provides the most clear case of T,
amplification beyond the limit of 20K. These results confirm that the
Feshbach shape resonance in interband pairing could be a possible
mechanism for high T, i.e., the quantum trick for suppressing decoherence
effects at high temperature.

We finally summarize the physical conditions to get a Feshbach shape
resonance suppressing decoherence effects of temperature and driven by
quantum superposition of pairs in states corresponding to different spatial
locations and different parity. First, the material architecture is made of a
superlattice of superconducting units (B) at atomic limit intercalated by a
different material (Al, Mg) like in AIB, diborides; second, the chemical
potential is tuned in an energy window around a 2.5 Lifshitz topological
electronic transition associated with the change of the topology of theFermi
surface of one of the subbands; third, the energy window of the resonance is
controlled by quantum fluctuations driven by the zero point lattice vibrations
that sweep the Van Hove singularity through the Fermi level.



1.2 Feshbach Shape Resonances in High T. Superconductors 45

ACKNOWLEDGMENTS

This work is supported by MIUR in the frame of the project Cofin 2003
"Leghe e composti intermetallici: stabilita termodinamica, proprieta fisiche e
reattivita” on the "synthesis and properties of new borides".

REFERENCES

1. J.G. Bednorz and K.A. Miiller, Rev. Mod. Phys. 60, 565 (1988).

2. G. Careri Order and Disorder in Matter Addison-Wesley, NY (1984); P.
Davies New Scientist, 2477 (11 December 2004).

3. J.R. Schrieffer, Phys. Today 45, 46 (1992); A. Leggett in The New Physics P.
Davies ed., Cambridge University Press pp. 268-288 (1989); B. D. Josephson Phys.
Lett. 1,251 (1962); J. Bardeen, L. N. Cooper and J. R. Schrieffer, Phys. Rev. 108,
1175 (1957); F. London and H. London, Proc. Roy. Soc. (London) Ser A152, 24
(1935).

4. F.London Superfluids, Vol. 2 J. Wiley and Sons, New York, (1954); R.P. Feynman
Progress In Low Temperature Physics, C.J. Gorter ed. 1, 17, North Holland,
Amsterdam (1955);

5. N.N. Bogulyubov J. Physics (USSR) 11, 23 (1947); L. D. Landau J. Phys. USSR 5,
71 (1941); ibidem 11, 91 (1947).

6. S. Tomonaga, Prog. Theo. Phys. (Kyoto). 2, 6 (1947).

7.  H. Feshbach, C.E. Porter, and V.F. Weisskopf Phys. Rev. 96, 448 (1954); H.
Feshbach, Ann. Phys. N.Y. 5,357 (1958).

8. U. Fano Nuovo Cimento 128, 156 (1935); condmat/ 0502210; U. Fano, Phys. Rev.
124, 1866 (1961); Ugo Fano Atomic Collisions and Spectra Elsevier,

Amsterdam (1986).

9.  N.N. Bogolyubov Soviet Phys. JETP 7, 41 (1958); Nuovo Cimento 7, 794 (1958);
N.N. Bogolyubov, V.V. Tolmachev, and D. V. Shirkov 4 New Method in the
Theory of Superconductivity” 1zv. Akad. Nauk. SSSR, Moscow (1958). Consultants
Bureau, N.Y., (1959).

10. V.A. Moskalenko, Phys. Met. and Metallog. 8, 25 (1959).

11. H. Suhl, B.T. Matthias, and L.R. Walker Phys. Rev. Lett. 3, 552 (1959).

12. B.T. Matthias J. Phys. Soc. Japan 17 Supplement B-1, 104 (1962).

13. M. Suffczynski Phys. Rev. 128, 1538 (1962).

14. J. Kondo Prog. Theor. Phys. 29, 1 (1963).

15. J.M. Blatt and C.J. Thompson Phys. Rev. Lett. 10, 332 (1963).

16. C.J. Thompson and J.M. Blatt, Phys. Lett. 5, 6 (1963).

17. J. W. Garland, Jr., Phys. Rev. Lett. 11, 111 (1963).

18. N.V. Zavaritskii Soviet Physics JEPT 18, 1260 (1963).

19. J.M. Blatt in Theory of Superconductivity Academic Press New York 1964, (for
shape resonances see 362 pp. and 215 p.p.).



46

20.

21.

22.
23.
24.

25.
26.
27.
28.

29.
30.
31.

32.
33.
34.
35.

36.
37.
38.
39.

40.

41.
42.
43.
44.
45.
46.
47.

48.
49.

50.
51.

A. Bianconi, M. Filippi

J.R. Schrieffer, Theory of Superconductivity, 1964, (for interband pairing see 300
pp.).

T. H. Geballe, Rev. Mod. Phys. 36, 134 (1964); D.R. Tilley, Proc. Phys. Soc. 84,
573 (1964).

B.T. Geilikman, Sov. Phys. JEPT 21, 796 (1965).

Yu Luh and Gu Ben-Yuan, Acta Physica Sinica 21 838 (1965).

V.A. Moskalenko, Sov. Phys. JETP 24, 780 (1966); V.A. Moskalenko and M. E.
Palistrant, Sov. Phys. JETP 22, 536 (1966)

R. Vasudevan and C.C. Sung, Phys. Rev. 144, 237 (1966).

A. J. Leggett, Prog. Theor. Phys. 36,901 (1966).

A. J. Leggett, Prog. Theor. Phys. 36,931 (1966).

B.T. Geilikman, R. O. Zaitsev, and V. Z. Kresin, Sov. Phys. Solid State 9, 642
(1967).

L.Z. Kon, Phys. Met. Metallogr. (USSR). 23, (1967).

J.W. Garland, Jr., Phys. Rev. 153, 460 (1967).

V.C. Wong, and C.C. Sung, Phys. Rev. Lett. 19, 1236 (1967); C.C. Sung and V.C.
Wong J. Phys. Chem. Solids 28, 1933 (1967); W. S. Chow, Phys. Rev. 172, 467
(1968); T. Kusakabe, Prog. Theor. Phys. 43, 907 (1970)

M.E. Palistrant and M.K. Kolpajiu, Phys. Lett. A 41, 123 (1972).

A.G. Aronov and E.B. Sonin, JEPT Lett. 36, 556 (1973).

V. Kresin J Low Temp Phys 11, 519 (1973).

B.T. Geilikman and V. Kresin in Kinetic and non stationary phenomena in
superconductors J. Wiley, New York, pp. 34 and 80 (1974)

P. Entel, and M. Peter, J. Low Temp. Phys. 22, 613 (1975).

P. Entel, W. Klose, O. Fischer, and G. Bongi, Z. Phys. B 21, 363 (1975).

P. Entel, and M. Peter, Jour. of Low Temp. Phys. 22,613 (1976).

H. Butler, and P.B. Allen, in Superconductivity in d and f-band Metals, edited by D.
H. Douglass, Plenum, New York, 1976.

P.B. Allen, Phys. Rev. B 17,3725 (1978); P.B. Allen and B. Mitrovic, in: Solid
State Physics, F. Seitz, D. Turnbull, and H. Ehrenreich editors, Academic, New
York, p. 1 (1982).

G. Vignale and K.S. Singwi, Phys. Rev. B 31,2729 (1985).

J. Ranninger, and S. Robaszkiewicz, Physica (Amsterdam) 53B, 468 (1985).
D.H. Lee, and J. Ihm, Solid State Commun. 62, 811 (1987).

K. Yamaij, and A. Abe, J. Phys. Soc. Japan 56, 4237 (1987).

K. Yamaij, Sol. State Commun. 64, 1157 (1987).

S. Robaszkiewicz, R. Micnas, and J. Ranninger, Phys Rev B 36, 180 (1987).

V. Kresin and S. Wolf in "Novel Superconductivity" S. Wolf and V. Kresin editors
Plenum, New York (1987); N.W. Ashcroft, ibidem p. 301 (1987).

V. Kresin Sol. State Commun. 63, 725 (1987); V. Kresin, and S. Wolf Sol. State
Commun. 63, 1141 (1987)

J. Ruvalds Phys. Rev. B 35, 8869 (1987

Ji-hai Xu, Solid State Commun. 65, 135 (1988).

P. Konsin, N. Kristoffel, and T. Ord, Phys. Lett. A 129, 399 (1988).



1.2 Feshbach Shape Resonances in High T. Superconductors 47

52.
53.
54.
55.

56.
57.
58.
59.
60.

61.

62.

63.
64.
65.
66.
67.
68.
69.

70.

71.

72.
73.

74.
75.
76.
71.
78.

79.
80.

81.

O. Entin-Wohlman, and Y. Imry, Physica C 153-155, 1323 (1988).

O. Entin-Wohlman, and Y. Imry, Phys. Rev. B 40, 6731 (1989).

A.N. Vasilchenko, and A.V. Sokol, Zh. Eksp. Teor. Phys. 96, 377 (1989).

V.A. Moskalenko, M.E. Palistrant, V.M. Vakalyuk, and 1.V. Padure, Solid. State.
Commun., 69, 747 (1989).

E.G. Volovik, JETP Lett. 49, 790 (1989).

R. Friedberg, and T.D. Lee, Phys. Rev. B40, 6745 (1989).

U. Hofmann, J. Keller, and M. L. Kulic, Z. Phys. 81, 25 (1990).

K. Yamaji, J. Phys. Soc. Jpn. 59, 677 (1990).

V. Kresin, and S. Wolf Physica C 169, 476 (1990); V. Kresin, and S. Wolf, Phys
Rev B 41, 4278 (1990).

A.A. Abrikosov, Physica C 182, 191 (1994); A.A. Abrikosov and R.A. Klemm,
Physica C 191, 224 (1992)

V.A. Moskalenko, M.E. Palistrant, and V.M. Vakalyuk, Sov. Phys. Usp. 34, 717
(1991).

J.E. Hirsh, and F. Marsiglio, Phys. Rev. B 43, 424 (1991).

F. Marsiglio, Jour. of Low Temp. Phys. 87, 659 (1992).

V.Z. Kresin, and S. A. Wolf, Phys. Rev. B 46, 6458 (1992).

V. Kresin, S. Wolf, and G. Deutscher J Phys C 191, 9 (1992).

E. Langmann, Phys. Rev. B 46,9104 (1992).

N. Bulut, D. J. Scalapino, and R.T. Scalettar, Phys. Rev. B 45, 5577 (1992).

A. Bianconi "High T, superconductors made by metal heterostuctures at the atomic
limit" European Patent N. 0733271 (priority date: 07 12 1993).

A. Bianconi “Process of increasing the critical temperature T, of a bulk
superconductor by making metal heterostructures at the atomic limit” United State
Patent: No.:US 6, 265, 019 B1. (priority date: 07 12 1993).

A. Bussmann-Holder, L. Genzel, A. Simon, and A.R. Bishop Z. Phys. B 91, 271
(1993); ibidem 92, 149 (1993).

B.K. Chakraverty, Phys Rev B 48,4047 (1993).

L.I. Mazin, A.L. Liechtenstein, C.O. Rodriguez, O. Jepsen, and O.K. Andersen,
Physica C 209, 125 (1993)

L. Genzel, M. Bauer, H.-U. Habermeier, and E.H. Brandt, Z. Phys. B 90, 3 (1993).
A. Bianconi, Sol. State Commun. 89. 933 (1994).

A. Bianconi, M. Missori J. Phys. I (France). 4,361 (1994).

N. Kristoffel, P. Konsin, and T. Ord, Rivista Nuovo Cimento 17, 1 (1994).

A.A. Golubov, O.V. Dolgov, E.G. Maksimov, I.I. Mazin, and S.V. Shulga, Physica
C 235-240, 2383 (1994).

K. Yamaji, Physica 222C 64, 349 (1994).

A. Bianconi, M. Missori, N.L. Saini, H. Oyanagi, H. Yamaguchi. D.H. Ha. and Y.
Nishiara Journal of Superconductivity 8, 545 (1995).

A. Bianconi, M. Missori, N.L. Saini, H.Oyanagi, H. Yamaguchi, H. Oyanagi, H.
Yamaguchi, Y. Nishiara, D.H. Ha. and S. Della Longa in Anharmonic Properties of
High T, Cuprates edited by D. Mihailovic G. Ruani E. Kaldis. K.A. Miiller World
Scientific Singapore (1995). pag.127-138



48

82.

83.
84.
85.
86.
87.

88.

89.

90.
91.
92.
93.

94.

95.

96.
97.

98.

99.

100.
101.
102.
103.
104.
105.
106.
107.
108.
109.

110.
111.

A. Bianconi, M. Filippi

G.C. Asomba, Physica C 244,271 (1995); G.C. Asomba, Physica C 245, 355
(1995).

A.A. Golubov, and L.I. Mazin, Physica C 243, 153 (1995).

R. Combescot, and X. Leyronas, Phys. Rev. Lett. 75, 3732 (1995).

W.C. Wu, and A. Griffin, Phys. Rev. Lett. 74, 158 (1995).

V.Z. Kresin, and S.A. Wolf, Phys. Rev. B 51, 1229 (1995).

A. Bianconi, N.L. Saini, A. Lanzara, M. Missori., T. Rossetti, H. Oyanagi, H.
Yamaguchi, K. Oka, T. Ito, Phys. Rev. Lett 76. 3412 (1996).

A. Bianconi, N.L. Saini, T. Rossetti, A. Lanzara, A. Perali, and M. Missori, Phys.
Rev. B 54, 12018 (1996).

A. Perali, A. Bianconi A. Lanzara, and N.L. Saini Sol. State Commun. 100, 181
(1996); A. Bianconi, N.L. Saini A. Lanzara, A. Perali and A. Valletta in "High T,
Superconductivity 1996, Ten Years after the Discovery" E. Kaldis, E. Liarokapis
and K. A. Miiller editors, Kluwer, Dordrecht, p. 383 (1996).

C.F. Richardson and N.W. Ashcroft Phys. Rev B 54, R764 (1996).

R. Combescot and X. Leyronas Phys. Rev B 54, 4320 (1996)

P. Konsin, N. Kristoffell, and P. Rubin, Solid State Commun. 97, 567 (1996).

A. Bianconi, A. Valletta, A. Perali, and N.L. Saini, Solid State Commun. 102, 369
(1997).

A. Perali, A. Valletta, G. Bardelloni, A. Bianconi, A. Lanzara, and N.L. Saini, J.
Superconductivity 10. 355 (1997).

A. Valletta, G. Bardelloni, M. Brunelli, A. Lanzara, A. Bianconi, and N.L. Saini, J.
Superconductivity 10. 383 (1997).

A. Valletta, A. Bianconi, A. Perali, N.L. Saini, Z. Phys. B 104, 707 (1997).

N.L. Saini, J. Avila, A. Bianconi, A. Lanzara, M.C. Asenzio, S. Tajima, G.D. Gu,
and N. Koshizuka, Phys. Rev. Lett. 79, 3467 (1997).

S.D. Adrian, S. A. Wolf, O.V. Dolgov, S. Shulga, V.Z. Kresin, Phys. Rev. B 56,
7878 (1997).

X. Leyronas, and R. Combescot, Physica C 290, 215 (1997).

N. Kristoffell, P. Konsin, and P. Rubin, Phys. Status Solid B 203, 501 (1997).
A.A. Golubov, and L.I. Mazin, Phys. Rev. B 55, 15146 (1997).

A. Bianconi, A. Valletta, A. Perali, and N.L. Saini, Physica C 296, 269 (1998).
N. Kristoffell, P. Konsin, and P. Rubin, Phys. Status Solid B 208, 145 (1998).

R. Combescot, Phys. Rev. B 57, 8632 (1998).

D. F. Agterberg, V. Barzykin and L. P. Gor'kov Europhys. Lett., 48, 449 (1999)
M.L. Kulic, and O.V. Dolgov, Phys. Rev. B 60, 13062 (1999).

R. Combescot, Phys. Rev.Lett. 83,3766 (1999).

M. Imada, and M. Kohno, Phys. Rev. Lett. 84, 143 (2000).

A. Bianconi, Int. J. Mod. Phys. B 14, 3289 (2000); A. Bianconi, S. Agrestini, G.
Bianconi, D. Di Castro, and N.L. Saini, in “Stripes and Related Phenomena” A.
Bianconi, N.L. Saini Editors, Kluwer Academic/Plenum publisher, New York, 2000
p. 9-25.

N.L. Saini, and A. Bianconi, /nt. J. Mod. Phys. B, 14, 3649 (2000).

N. Kristoffel, and P. Rubin, Physica C 356, 171 (2001).



1.2 Feshbach Shape Resonances in High T. Superconductors 49

112.
113.
114.
115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

M. Granath, V. Oganesyan, S. A. Kivelson, E. Fradkin, and V. J. Emery, Phys. Rev.
Lett. 87, 167011 (2001).

S. Basu, A. Callan-Jones, and R.J. Gooding, Phys. Rev. B 66, 144507 (2002).

J. Tanaka, Phys. Rev. Lett. 88, 017002 (2002).

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

A. Bianconi et al., cond-mat/0102410 (22 Feb 2001); S. Agrestini, D. Di Castro, M.
Sansone, N.L. Saini, A. Saccone, S. De Negri, M. Giovannini, M. Colapietro, and
A. Bianconi, J. of Phys.: Cond. Matter 13, 11689 (2001).

M. Imada, cond-mat/0103006 (1 March 2001) ; M. Imada, J. Phys. Soc. Jpn. 70
1218 (2001).

A.V. Shulga, D.-L. Drechsler, H. Eschrig, H. Rosner, and W.E. Pickett cond-
mat/0103154 (7 March 2001) ; G. Fuchs, S.-L. Drechsler, S.V. Shulga, A.
Handstein, V. Narozhnyi, K. Nenkov, and K.-H. Mueller, in “High Temperature
Superconductors” Vol. 41, A. Narlikar editor (Nova Science, NY 2002). pp. 171-
198.

E. Bascones and F. Guinea. Cond-mat/0103190 (8 March 2001).

A. Bianconi et al., cond-mat/0103211 (9 March 2001) ; A. Bianconi, D. Di Castro,
S. Agrestini, G. Campi, N.L. Saini, A. Saccone. S. De Negri, M. Giovannini, J.
Phys.: Condens. Matter 13, 7383 (2001).

A. Bianconi, D. Di Castro, S. Agrestini, G. Campi, N.L. Saini, A. Saccone, S. De
Negri, M. Giovannini, Presented at APS March meeting, March 12, 2001

Seattle, Washington, "Session on MgB," talk 79,
http://www.aps.org/MARO1/mgb2/talks.html#talks79

H. Rosner, W.E. Pickett, S. Shulga, S.-L. Drechsler, and H. Eschrig, Presented at
APS March meeting, March 12, 2001 Seattle, Washington, Session on MgB,
Superconductivity, talk 68, http://www.aps.org/MARO1/mgb2/talks.html#talks68
K. Yamaji, cond-mat/0103431 (21 March 2001); K. Yamaji, J. Phys. Soc. Jpn. 70,
1476 (2001).

N. Kristoffel, T. Ord, cond-mat/0103536 (26 March 2001); T. Ord, and N.
Kristoffel Physica C 370, 17 (2002).

A.Y. Liu, L.I. Mazin, and J. Kortus, cond-mat/0103570 (27 Mar 2001); A.Y. Liu,
L.I. Mazin, and J. Kortus, Phys. Rev. Lett. 87, 087005 (2001).

X.K. Chen, et al., cond-mat/0104005 (31 March 2001); X.K. Chen, M.J.
Konstantinovic, J.C. Irwin, D.D. Lawrie, and J.P. Franck, Phys. Rev. Lett. 87,
157002 (2001).

F. Bouquet, R. A. Fisher, N. E. Phillips, D. G. Hinks, J. D. Jorgensen, cond-
mat/0104206 (11 Apr 2001). F. Bouquet et al., Phys. Rev. Lett. 87, 047001 (2001).
S. Tsuda et al. cond-mat/0104489 (25 Apr 2001) S. Tsuda, T. Yokoya, T. Kiss, Y.
Takano, K. Togano, H. Kito, H. Ihara, and S. Shin Phys. Rev. Lett. 87, 177006
(2001).

F. Giubileo, D. Roditchev, W. Sacks, R. Lamy, and J. Klein cond-mat/0105146 (7
May 2001); EuroPhys. Lett. 58, 764 (2002)




50

130

131.

132.

133.

134.
135.

136.
137.
138.
139.
140.
141.

142.

143.

144,
145.

146.

147.

148.

149.

150.

A. Bianconi, M. Filippi

. F. Giubileo, cond-mat/0105592 (30 May 2001); F. Giubileo, D. Roditchev, W.
Sacks, R. Lamy, D.X. Thanh, J. Klein, S. Miraglia, D. Fruchart, J. Marcus, and Ph.
Monod, Phys. Rev. Lett. 87, 177008 (2001).

P. Szabo, et al. cond-mat/0105598 (30 May 2001). P. Szabo, P. Samuely, J.
Kacmarck, T. Klein, J. Marcus, D. Fruchart, S. Miraglia, C. Marcenat, and A. G. M.
Jansen, Phys. Rev. Lett. 87, 137005 (2001).

A. Bianconi, and A. Saccone, in Studies of High Temperature Superconductors vol.
38 Ed. A. V. Narlikar (NOVA Science NY 2001). Chapter 8.

F. Bouquet, Y. Wang, R.A. Fisher, D. G. Hinks, J. D. Jorgensen, A. Junod, N. E.
Phillips, Europhys. Lett. 56, 856 (2001).

Y. Wang, T. Plackowski, and A. Junod, Physica C 355, 179 (2001).

H. Rosner et al. in Studies of High Temperature Superconductors vol. 38 Ed. A.V.
Narlikar (NOVA Science NY 2001). Chapter 2.

R.A. Fisher et al. in Studies of High Temperature Superconductors Vol. 38 Ed. A.
V. Narlikar Chapter 10 (NOVA Science NY 2001); cond-mat/0107072.

J.F. Annett, and S. Kruchinin “New Trends in Superconductivity” Kluwer
Academic Publishers, Dodrecht, Netherlands (2002)

T. Haase, and K. Yamaji J. Phys. Soc. Jpn. 70, 2376 (2001).

A. Bianconi Int. J. Mod. Phys. B 16, 1591 (2002).

J.H. Jung, K.W. Kim, H.J. Lee, M.W. Kim, T.W. Noh, W.N. Kang, H.-J. Kim, E.-
M. Choi, C. U. Jung, and S.-1. Lee Phys. Rev. B 65, 052413 (2002).

A.K. Pradhan, M. Tokunaga, Z.X. Shi, Y. Takano, K. Togano, H. Kito, H. Ihara,
and T. Tamegai, Phys. Rev. B 65, 144513 (2002).

A.B. Kuzmenko, F.P Mena, H.J.A. Molegraaf, D. van der Marel, B. Gorshunov, M.
Dressel, I.I. Mazin, J. Kortus, O.V. Dolgov, T. Muranaka, J. Akimitsu, Solid State
Commun. 121, 479 (2002).

A. Bianconi, S. Agrestini, D. Di Castro, G. Campi, G. Zangari, N.L. Saini, A.
Saccone, S. De Negri, M. Giovannini, G. Profeta, A. Continenza, G. Satta, S.
Massidda, A. Cassetta, A. Pifferi and M. Colapietro, Phys. Rev. B 65, 174515
(2002).

O. De La Pena, A. Aguayo, and R. de Coss, Phys. Rev. B 66, 012511 (2002).

A. Brinkman, A.A. Golubov, H. Rogalla, .V. O Dolgov, J. Kortus, Y. Kong , O.
Jepsen, and O.K. Andersen, Phys. Rev. B 65, 180517 (2002).

A.A. Golubov, J. Kortus, O.V. Dolgov, O. Jepsen, Y. Kong, O.K. Andersen, B.J.
Gibson, K. Ahn, and R.K. Kremer, J. Phys.: Condens. Matter 14, 1353 (2002).

L.I. Mazin, Andersen, O. Jepsen, O.V. Dolgov, J. Kortus, A.A. Golubov, A.B.
Kuz'menko, D. van der Marel, Phys. Rev. Lett 89, 107002 (2002).

H.J. Choi, D. Roundy, H. Sun, M.L. Cohen, and S.G. Louie, Phys. Rev. B 66,
020513 (2002).

H.J. Choi, D. Roundy, H. Sun, M.L. Cohen, and S.G. Louie, Nature (London). 418,
758 (2002).

A. Brinkman, A.A. Golubov, H. Rogalla, O.V. Dolgov, J. Kortus, Y. Kong, O.
Jepsen, O.K. Andersen, Phys. Rev. B 65, 180517 (2002).



1.2 Feshbach Shape Resonances in High T. Superconductors 51

151.

152.
153.

154.

155.
156.

157.

158.

159.
160.
161.
162.
163.
164.

165.
166.

167.

168.

169.

170.

171.

172.
173.

174.

H. Schmidt, J.F. Zasadzinski, K.E. Gray, and D.G. Hinks, Phys. Rev. Lett. 88,
127002 (2002).

V.G. Kogan, Phys. Rev. B 66, 020509 (2002).

H. Rosner, J. M. An, W. E. Pickett, S.-L. Drechsler, Phys. Rev. B 66, 024521
(2002).

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

C.P. Moca, and C. Horea, Phys. Rev. B 66, 052501 (2002).

M.-S. Kim, J.A. Skinta, T.R. Lemberger, W.N. Kang, H.-J. Kim, E.-M. Choi, and
S.-I. Lee, Phys. Rev. B 66, 064511 (2002).

Z.-Z.Li, H.-]J. Tao, Y. Xuan, Z.-A. Ren, G.-C. Che, and B.-R. Zhao, Phys. Rev. B
66, 064513 (2002).

M. lavarone, 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, and S.I. Lee, Phys. Rev. Lett.
89, 187002 (2002).

F. Bouquet, Y. Wang, 1. Sheikin, T. Plackowski, A. Junod, S. Lee, and S. Tajima,
Phys. Rev. Lett. 89, 257001 (2002).

H. Uchiyama, K.M. Shen, S. Lee, A. Damascelli, D.H. Lu, D.L. Feng, Z-X. Shen,
and S. Tajima, Phys Rev Lett 88, 15700 (2002).

H. Nagao, S.P. Kruchinin, A.M. Yaremko, and K. Yamaguchi /nt. J. Mod. Phys. B,
16,23, 3419 (2002).

A. Bussmann-Holder and A. Bianconi, Phys. Rev. B 67, 132509 (2003).

LI. Mazin, and V.P. Antropov, Physica C 385, 49 (2003).

M. Schechter, J. von Delft, Y. Imry, and Y. Levinson, Phys. Rev. B 67, 064506
(2003).

J.J. Rodriguez-Nunes and A.A. Schmidt, Phys. Rev. B 68, 224512 (2003)

P. Samuely, Z. Holanov, P. Szabu, J. Kacmarcik, R.A. Ribeiro, S.L. Bud’ko, and
P.C. Canfield, Phys. Rev. B 68, 020505 (2003).

A. Shibata, M. Matsumoto, K. Izawa, Y. Matsuda, S. Lee, and S. Tajima, Phys.
Rev. B 68, 060501 (2003).

R.A. Ribeiro, S.L. Bud’ko, C. Petrovic, and P.C. Canfield, Physica C 384, 227
(2003).

H. Schmidt, K.E. Gray, D.G. Hinks, J.F. Zasadzinski, M. Avdeev. J.D. Jorgensen
and C.J. Burley, Phys. Rev. B 68, 060508 (2003).

M. Putti, M. Affronte, P. Manfrinetti, and A. Palenzona, Phys. Rev. B 68, 094514
(2003).

K.A. Yates, Burnell, N.A. Stelmashenko, D.-J. Kang, H.N.Lee, B. Oh, and M.G.
Blamire, Phys. Rev. B 68, 220512 (2003).

T. Dahm and N. Schopohl, Phys. Rev. Lett. 91, 017001 (2003).

S. Tsuda, T. Yokoya, Y. Takano, H. Kito, A. Matsushita, F. Yin, J. Itoh, H. Harima,
and S. Shin, Phys. Rev. Lett. 91, 127001 (2003).

Y. Xu, M. Khafizov, L. Satrapinsky, P. K's, A. Plecenik, and R. Sobolewski, Phys.
Rev. Lett. 91, 197004 (2003).



52

175.

176.

177.

178.
179.
180.
181.
182.
183.
184.
185.
186.
187.
188.
189.
190.
191.
192.
193.
194.

195.
196.

197.

A. Bianconi, M. Filippi

S. Souma, Y. Machida, T. Sato, T. Takahashi H, Matsui S-C, Wang H, Ding A,
Kaminski J.C, Campuzano S, Sasaki and K, Kadowaki, Nature (London), 423, 65
(2003).

A. Bianconi, and S. Agrestini, “Sc;.Mg.B, tuned at a shape resonance for T,
amplification”, European Patent No. 14477857, European Patent Bull. 2004/34
(18.08.2004).

S. Agrestini, C. Metallo, M. Filippi, L. Simonelli, G. Campi, C. Sanipoli, E.
Liarokapis, S. De Negri, M. Giovannini, A. Saccone, A. Latini, and A. Bianconi,
Phys. Rev. B 70, 134514 (2004).

Y. Bugoslavsky, Y. Miyoshi, G.K. Perkins, A.D. Caplin, L.F. Cohen, A.V.
Pogrebnyakov, and X. X. Xi Phys. Rev. B 69, 132508 (2004).

B. Kang, H.-J. Kim, M.-S. Park, K.-H. Kim, and S.-1. Lee, Phys. Rev. B 69, 144514
(2004).

G.A. Ummarino, R.S.Gonnelli, S. Massidda and A.Bianconi, Physica C 407, 121
(2004).

A. Brinkman, A.A. Golubov and M.Yu. Kupriyanov, Phys. Rev. B 69, 214407
(2004).

S. Tsuda, T. Yokoya, S. Shin, M. Imai, and 1. Hase, Phys. Rev. B 69, 100506
(2004).

S. Tsuda et al. cond-mat/0409219.

S. Shin, T. Kiss, S. Tsuda, T. Yokoya, and C. Chen, T. Togashi, S. Watanabe, S.
Lee, H. Uchiyama, and S. Tajima, Int, Conf. ’Stripes 04" Rome 27 Sept-1 Oct 2004
Book of Abstracts unpublished.

G. Binnig, A. Baratoff, H.E. Hoenig and J. G. Bednorz, Phys. Rev. Lett. 45, 1352
(1980).

D.F. Agterberg, T.M. Rice, and M. Sigrist, Phys. Rev. Lett. 78, 3374 (1997).

D.F. Agterberg, Phys. Rev. B 60, 749 (1999)

M.E. Zhitomirsky, and T. M. Rice, Phys. Rev. Lett. 87, 057001 (2001).

S.V. Shulga, S.L. Drechsler, G. Fuchs, K.H. Muller, K. Winzer, M. Heinecke and
K. Krug, Phys. Rev. Lett. 80, 1730 (1998).

E. Boaknin, M.A. Tanatar, J. Paglione, D. Hawthorn, F. Ronning, R.W. Hill, M.
Sutherland, L. Taillefer, J. Sonier, S.M. Hayden, and J.W. Brill, Phys. Rev. Lett. 90,
117003 (2003).

M. Lifshitz, Soviet Physics JEPT 11, 1130 (1960).

A. Bianconi, in “X-ray and Inner Shell Processes” AIP Conf. Proc. (2002) pp. 13-
18

E. Tiesinga, B.J. Verhaar, and H.T.C. Stoof, Phys. Rev. A 47,4114 (1993)

S. Inouye et al., Nature 392, 151 (1998)

C.A. Regal, M. Greiner, and D.S. Jin, Phys. Rev. Lett. 92, 040403 (2004)

Y. Guo, Y.-F. Zhang, X.-Yu Bao, T.Z, Han, Z. Tang, L.-X Zhang, W.-G. Zu, E.G.
Wang, Q. Niu, Z, Q, Qiu, Y.-F Jia, Z.-X. Zhao, and Q.K. Xue, Science 306, 1915
(2004).

B. Aronsson, T. Lundstrom, and S. Rundquist, Borides, Silicides and Phosphides
Methuem, London (1965).



1.2 Feshbach Shape Resonances in High T. Superconductors 53

198.

199.
200.
201.
202.
203.

204.

205.
206.

207.

J.L. Hoard, and R.E. Hughes, The Chemistry of Boron and its Compounds ] Wiley,
NY (1967).

W. Hoffmann, and W. Janicke, Naturwiss 23, 851 (1935).

V. Russel, R. Hirst, F. Kanda and A. King, Acta Cryst. 6, 870 (1953).

E. Jones and B. Marsh J Am. Chem. Soc. 76, 1434 (1954).

A.F. Goncharov, and V.V. Struzhkin, Physica C 385, 117 (2003).

H. Olijnyk, A.P. Jephcoat, D.L. Novikov, N.E. Christensen, Phys. Rev. B 62, 5508
(2000).

R. de Coss et al. Presented at Int, Conf.”Stripes 04” Rome 2004, unpublished.

G. G. N. Angilella, A. Bianconi, and R. Pucci cond-mat/ 0503544 (22 March 2005)

N. Kristoffel T. Ord, and K. Rago, Europhysics Lett. 61, 109 (2003); N. Kristoffel,
and P. Rubin in “Simmetry and Heterogeneity in High Temperature
Superconductivity” A. Bianconi Ed. Kluwer Academic Publisher Dordrecht (2005).
S.P. Kruchinin, and H. Nagao in “Simmetry and Heterogeneity in High
Temperature Superconductivity” A. Bianconi Ed. Kluwer Academic Publisher
Dordrecht (2005)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


