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We report boron isotope effect on the E2g phonon mode by micro-Raman spectroscopy on the ternary
Mg1−xAlxB2 system, synthesized with pure isotopes 10B and 11B. The isotope coefficient on the E2g mode
frequency is nearly 0.5 in the wide range of Al, with a tendency to decrease at MgB2 �x=0�. The intraband
electron-phonon �e-ph� coupling relative to the sigma band has been extracted from the E2g line-shape param-
eters. By tuning the Fermi energy near the electronic topological transition �ETT�, where the sigma Fermi
surface changes from two-dimensional to three-dimensional topology �in range 0�x�0.28�, the E2g mode
shows the Kohn anomaly accompanied with a splitting into a hard and a soft component. The results suggest
that the intraband hardly plays any role to control the high Tc of Mg1−xAlxB2 The common physical features of
diborides with the multigap FeAs-based superconductors and cuprates are discussed.
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I. INTRODUCTION

High Tc superconductivity, where a macroscopic quantum
condensate overcomes the decoherence effects of tempera-
ture, shows up in three different systems: cuprates, diborides,
and iron pnictides. The physical features determining the
common quantum mechanism for high Tc can be unveiled by
the few common features:

first, they are multilayer materials made of active metal-
lic layers �boron layers in diborides,1,2 CuO2 layers in
cuprates,3–7 and FeAs4/4 layers in iron pnictides,8,9� sepa-
rated by spacer layers. The active �spacer� layers contribute
�do not contribute� to the electronic states at the Fermi level;

second, the high Tc phase shows up by fine tuning of the
chemical potential in a regime where electronic states with
different spatial distribution and/or symmetry coexist at the
Fermi level, giving rise to an anisotropic multigap
superconductivity;7

third, the high Tc phase occurs in a regime at the edge
of mesoscopic phase separation �MePhS� with competing
phases.

In all these systems �diborides,2 cuprates,6 and iron
pnictides9� the chemical potential is tuned in the proximity of
an electronic topological transition �ETT�, where a phase
separation is expected to occur in the presence of disorder.10

The high Tc superconducting diborides, where both the �
holes and � electrons coexist at the Fermi level, have been
the first clear case of multiband anisotropic superconductiv-
ity �for a review see Ref. 7�. In this system the duality of the
electron gas at the Fermi level is provided the � electrons
and the � electrons. In the MgB2 �T�40 K� the Fermi level
in below the � band edge breaking the standard BCS ap-
proximation of a large Fermi energy for the s holes, a small
variation of the chemical potential moves the Fermi level
near an electronic topological transition,7,10 where the �
Fermi surface changes its dimensionality from two-
dimensional �2D� to three-dimensional �3D�, called a type
�II� ETT.7,9 While a strong electron phonon coupling with a

Kohn anomaly �giving a phonon softening� is expected for
the 2D Fermi surface topology,11 a suppression of this cou-
pling is expected in the 3D regime.

In the standard BCS superconductivity mechanism
phonons couple to charge carriers to give the Cooper pairs.
For the simplest case of a single effective phonon frequency
� involved in the pairing the McMillan’s formula predicts
KBTc=��e�̃. The isotope effect of superconducting critical
temperature Tc is described in terms of the isotope coefficient
�IC� � defined by the relation Tc�M−� where M is the ionic
mass. Under the assumption that the shift 	Tc induced by
isotopic substitution �M→M�� is small compared to Tc, one
can write �=− M

	M

	Tc

Tc
, where 	M =M −M� is the difference

between the two isotopic mass. The presence of an isotope
effect on the critical temperature Tc is usually considered to
be a measure to the contribution of phonons to the pairing
mechanism. In the simplest case �neglecting repulsive Cou-
lomb pseudopotential, or the relative weight of different
electron-phonon coupling strengths or the presence of mag-
netic impurities, or proximity effect or nonadiabaticity in the
system, and finally magnetic or electronic pairing mecha-
nisms� the isotope coefficient will be the same as the isotope
coefficient on the phonon mode ��M−�p with �p=0.5, in the
simple harmonic approximation.

Soon after the discovery of superconductivity in MgB2, a
finite boron isotope effect of Tc, measured by Bud’ko et al.12

and Hinks et al.,13 has been used as support for a phonon
mediated superconductivity in the MgB2.14–16 Indeed a
strong coupling of the B-B bond-stretching E2g phonons to
the B2p� hole bonding states �2D Fermi surface� has been
assumed to be responsible for the remarkable superconduc-
tivity in MgB2. However the measured isotope coefficient on
the Tc is ��0.3, less than 0.5 that is the expected value in
standard BCS superconductors with negligible Coulomb re-
pulsion. Initially the reduction of the isotope effect was as-
signed to anharmonicity and the effect of Coulomb
repulsion.17 Recent experimental results and theoretical
analysis indicate that anharmonicity plays only a marginal
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role leaving the isotope effect as the most important unre-
solved issue in the physics of MgB2.18

Various nonconventional mechanisms have been invoked
so far for high Tc in diborides: bipolaron superconductivity,19

and electronic mechanisms such as the resonating valence
bond mechanism,20 the electron-hole asymmetry,21 the pair-
ing mediated by collective electronic excitations,22 charge
density excitations.23,24 A two component scenario has been
proposed �including pairing mediated by acoustic
plasmons25,26� where the key term for high Tc is the ex-
changelike interband pairing27–29 i.e., the direct exchange of
pairs between the two components with a “Feshbach
resonance”30–32 as discussed in Ref. 7. The Feshbach reso-
nance can be described as the direct exchange of pairs of
particles in a first band and pairs of particles in a second
band, where the two bands differ for spatial locations, sym-
metry and intraband e-ph coupling. The exchange pairing has
a Feshbach resonance where pairs in a large Fermi surface
resonate with second pairs in a second band where the Fermi
level is near an ETT.7 The system will show a crossover from
a BCS-like to Bose-like scenario where the bipolaron states
in the second band are degenerate with the Fermi level in the
first band. Therefore in diborides the high Tc would be con-
trolled by the exchangelike interband pairing between the
strongly bound hole pairs in the � band �that could be de-
scribed as bipolarons formed by the large phonon mediated
intraband pairing� and the electron pairs in the � band, In
this proposal the variation of the electron phonon coupling in
the intraband pairing in the � band is very important but the
exchange pairing is expected to be the driving term raising
Tc.

The experimental method to test these theoretical models
is to measure the response of the superconducting phase tun-
ing the chemical potential. In fact the electron-phonon cou-
pling is strongly sensitive to the relative position of the
chemical potential and the ETT in the � band.11 The first
method that enabled tuning the chemical potential has been
the external pressure. The response of the system to pressure
has provided experimental evidence of the proximity to an
ETT.33 The second method has been the chemical substitu-
tion in the spacer layers, but unfortunately substitutions in
the Mg site appeared to be difficult, in many case unsuccess-
ful or ambiguous. The most successful of these attempts is
the Al substitution for Mg, reported by several groups,34–42

that allows the tuning of the chemical potential from above
to below the edge of the � band, while changing the super-
lattice misfit strain between the hcp Al/Mg layers and the
honeycomb boron layers that can be measured via the tensile
microstrain in the boron lattice.1

It is now well established that the Mg1−xAlxB2 ternary
system is a two-band and two-gap superconductor43–47 where
the Tc decreases by increasing the Al content from 40 K in
MgB2 to the disappearance of superconductivity for x=0.57.
The E2g phonon frequency shows a large softening going
from AlB2 to MgB2.48–51 The theoretical calculation of the
electron-phonon interaction as a function of x has been pre-
sented by several authors52,53 and the evolution of the elec-
tronic structure with x has been probed by x-ray absorption
and optical spectroscopy.54

A key point of the physics of the high Tc superconductiv-
ity in diborides is that MgB2, where the highest Tc is

reached, is at the edge of a catastrophe. In fact for small
variations of the chemical potential34 or pressure33 the sys-
tem shows a structural phase separation. For example in the
case of aluminum for magnesium substitution a first struc-
tural phase separation region is detected by x-ray diffraction
�XRD� in the range 0�x�0.25 detected in the early times34

has been well confirmed by high resolution x-rays
diffraction.2 However in this range of doping the transport
data55 show a single superconducting phase with a single
critical temperature indicating that the structural phase sepa-
ration occurs on a smaller scale than the superconducting
coherence length.

In this work we have investigated a very large number of
Mg1−xAlx

10B2 and Mg1−xAlx
11B2 samples2 using micro-

Raman spectroscopy to investigate the evolution of electron-
phonon interaction and the phase separation with Al doping.
We have investigated the isotope pure samples as a function
of chemical potential to detect a possible anomaly of the
isotope coefficient on the phonon frequency �p and the varia-
tion of E2g phonon line-shape in order to detect: �1� the phase
separation observed in high resolution x-ray diffraction but
not in the superconducting critical temperature and �2� the
evolution of electron-phonon interaction.

We show here that the E2g phonon frequency follows the
harmonic mass law in almost all the Al content range �0
�x�0.57�. The maximum Tc is found to be at the boundary
of a mesoscopic phase separation and decreases entering in
the phase separation regime. The extracted electron-phonon
coupling strength as a function of x shows a large increase
where the chemical potential is tuned near the type �II� ETT,
on the contrary it shows negligible variations where the
chemical potential is tuned near the type �I� ETT in the
sigma band. The results suggest that the intraband electron-
phonon mechanism is not the only term controlling the high
Tc superconductivity in the diborides, in contrast to the com-
monly accepted assumption that the Tc is mainly determined
by the electron-phonon pairing strength in the sigma band.

II. EXPERIMENTAL METHODS

We have synthesized several polycrystalline samples in a
wide range of Al content, from the pure MgB2 to the ternary
system with x=0.57, by direct reaction method of the el-
emental magnesium, aluminum, and boron �10B / 11B� �Eagle
Picher 99% purity�.55 The starting powders were mixed in
the stoichiometric ratio and pressed into a pellet. The pellets
were enclosed in a tantalum crucible, sealed by arc welding
under argon atmosphere, and then heated for 1 h at 800 °C
and 2 h at 950 °C. The samples have been cooled to room
temperature with a 4 K/m rate. Several pieces in each pellet
were analyzed by XRD to look for any Al gradient or extrin-
sic inhomogeneities. We have obtained a very good repro-
ducibility of the samples with no extrinsic inhomogeneities.
The superconducting properties of all the samples were in-
vestigated by susceptibility measurements.

We have collected micro-Raman spectra on the isotopi-
cally substituted samples. The Raman spectra have been
measured in the back-scattering geometry, using a T64000
Jobin-Yvon triple spectrometer with a charge-coupled device
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camera. The explored Raman shift range is between 50 and
1200 cm−1. The 488.0 and 531.1 nm laser lines have been
focused on 1–2 
m large crystallites and the power was
kept below 0.1 mW to avoid heating by the beam. For each
sample several measurements have been performed on dif-
ferent microcrystallites choosing different region of the
samples. The spectra have been collected at room tempera-
ture in a wide range of Al content �0�x�0.57�.

III. RESULTS AND DISCUSSION

The micro-Raman spectra of Mg1−xAlx
11B2 �filled dots�

and Mg1−xAlx
10B2 �open symbols� samples are reported in

Fig. 1�a� after background subtraction. A clear phonon iso-
tope shift is observed. To visualize the shift properly we plot
the spectra of Mg1−xAlx

10B2 samples as a function of Raman
shift multiplied by the factor �10 /11�0.3 in panel �b� of Fig. 1
in order to compare the isotope shift of the Raman active
phonon with the isotope shift of the superconducting critical
temperature in pure MgB2 showing an isotope coefficient
0.3.12,13 In panel �c� the spectra of Mg1−xAlx

10B2 samples
are plot as a function of Raman shift multiplied by the factor
�10 /11�0.5 according to the harmonic mass law. The spectra
for the two isotopically substituted sample sets are almost
coincident in Fig. 1�c�, showing that the Raman response to

isotopic substitution scales according to the harmonic mass
law, with a slight deviation at very low Al content.

In the data it is possible to distinguish two phonon com-
ponents: the Raman active E2g in-plane stretching mode of
the boron atoms, and the silent B1g activated by disorder that
involves vibrations of the boron atoms along the off plane
direction. Increasing the Al content the structural disorder
increases2 enhancing the contribution of the B1g mode to the
Raman spectra. At the same time, we observe a linewidth
narrowing and energy hardening of the E2g mode with in-
creasing Al substitution, in agreement with previous
results.48–50 In the range 0�x�0.28 the E2g mode split into
two E2g contributions �a hard mode and a soft mode� induced
by the mesoscopic phase separation,2 in agreement with dif-
fraction data showing the splitting of the c axis.2

The Raman spectra have been fitted with a three compo-
nent model to represent the B1g and the two �soft and hard�
E2g components, as it is shown in Fig. 2. The relative weight
of the soft and hard E2g components has been reported in
Fig. 12a of Ref. 2. In Fig. 3�a� we report the evolution of the
values of the E2g phonon frequency as a function of Al con-
tent for samples synthesized with 10B �open symbols� and
11B �filled dots� and their weighted average �solid, 11B, and
dashed, 10B, line� of the energy of the E2g phonon, with the
weighting given by the relative intensities of the “hard” and
“soft” components. Figure 3�b� shows the isotope shift in-

FIG. 1. Comparison between
Raman spectra on Mg1−xAlx

11B2

�filled dots� and Mg1−xAlx
10B2

�open symbols� samples for 0�x
�0.57 �panel a�. The energy scale
of the Raman spectra of
Mg1−xAlx

10B2 �filled dots� is mul-
tiplied by the factor �10 /11�0.3

�panel b� and by the factor
�10 /11�0.5 �panel c�.
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duced on the E2g phonon �p=ln��10 /�11� / ln�11 /10� hard
and soft frequencies between samples synthesized with dif-
ferent isotopes of boron. The phonon isotope coefficient plot-
ted as a function of x, shows that the average phonon isotope
coefficient is �p=0.5 within the error bars in the full Al
substitution range. However the data for the soft mode show
some possible deviations at very low doping, in fact there the
error bars are much larger and the data could be consistent
also with a phonon isotope coefficient as small as �p=0.3 at
very low Al doping.

The E2g phonon mode undergoes a substantial variation in
terms of a weighted average, with the weighting given by the

relative intensities of the “hard” and “soft” components, of
the frequency �Fig. 3�a�� and width �see Fig. 11b in Ref. 2�
below 28% of Al content. The investigation of a large num-
ber of samples allows us to identify the phase separation
regime between 0% and 28% of Al content indicated by the
splitting of the E2g mode below x=0.28 in a hard and a soft
mode with the relative probability plotted in Fig. 3�b�.

The linewidth of the profiles of the soft and hard E2g
Raman lines, in the phase separation regime, show a full
width at half maximum �FWHM� around 200 and 150 cm−1,
respectively. So while the width decreases abruptly out of the
phase separation region where the topology of the � Fermi
surface is 3D. The relative probability of the two E2g contri-
butions �Fig. 12�a� in Ref. 2� shows that the weight of the
soft E2g mode decreases on increasing the Al content, while
the weight of the hard E2g mode increases. The phase sepa-
ration indicated by the splitting of the Raman E2g mode is in
agreement with the phase separation identified by the split-
ting of the �002� reflection peak in the x-ray diffraction data
reported recently2 confirming the early results.34 Goncharov
et al.33 have shown that a similar phase separation is induced
by nonhydrostatic pressure. They have studied the variation
of the Raman spectra and x-ray diffraction data applying
either a hydrostatic or a nonhydrostatic pressure on MgB2.

FIG. 2. Typical fit with three components of the Raman data of
Mg1−xAlx

11B2 �filled dots� and Mg1−xAlx
10B2 �open symbols�

samples �the Raman shift of Mg1−xAlx
10B2 is multiplied by the

factor �10 /11�. The dashed lines represent the B1g contribution, the
solid line the soft E2g contribution and the dotted line the hard E2g

contribution for aluminum concentration 20%, 10%, and 6% show-
ing the increasing intensity of the hard E2g component with increas-
ing Al concentration.

FIG. 3. �Panel a� The frequency of the hard and soft components
of the E2g mode for 10B �open circles� and for 11B �filled dots� is
reported. The energy hardening of the E2g-mode with increasing Al
substitution is shown. The splitting of the hard and soft E2g mode
�phase separation� occurs between 0% and 25% of Al content. The
weighted average of the E2g frequency weighted by relative inten-
sity of the “hard” and “soft” components are plotted for the 11B
systems �solid line� and 10B systems �dashed line�. �Panel b� The
isotope coefficient of the phonon mode as a function of x. The open
symbols correspond to the low energy �soft� mode, while the filled
dots to the high energy �hard� mode.
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Applying the nonhydrostatic pressure they have found a
splitting of the Raman E2g mode, together with a splitting of
the �002� XRD reflections peaks. Therefore we can deduce
that the variation of the chemical pressure induced by the Al
substitution for Mg induces a similar effect as nonhydrostatic
pressure. The substitution of Al for Mg in the spacer layers
intercalated between the superconducting boron layers
changes the misfit strain between the two types of layers
forming the superlattice. Therefore we can conclude that the
variation of the misfit strain has a similar effect on the split-
ting of phonon modes as the nonhydrostatic pressure.

In Mg1.xAlxB2 we observe the splitting of the phonon
mode but we have not been able to detect the splitting of the
superconducting transition into two different critical
temperatures55 in agreement with previous works,34,39,44,56,57

therefore we can identify the present phase separation as a
mesoscopic phase separation forming a granular supercon-
ductor.

Let us now compare the present results with the case of
the Mg1−xScxB2 system showing the macroscopic phase
separation in the range 0�x�0.1.58 In this case for x
�0.13 the � Fermi surface has a 3D topology and the Kohn
anomaly is suppressed as indicated by the hardening and
narrowing of the E2g phonon mode. In this case the chemical
substitution of Sc3+ for Mg2+ ions induces a variation of the
chemical potential �the charge transfer between different lay-
ers� but since the Mg2+ and Sc3+ ions have the same ionic
radius the misfit strain remains constant. Therefore the Sc
substitution changes the charge density with a minimum lat-
tice disorder. In the case of Mg1−xScxB2 we observe a split-
ting of the superconducting critical temperature indicating
two different material phases with different Tc �Ref. 58� and
therefore we can conclude that there is a macroscopic phase
separation.

The phase separation occurring where the chemical poten-
tial is driven at the type �II� ETT in the boron layers is
determined by the presence of two types of local perturba-
tions in the spacers: �a� the local random coulomb fields,
determined the random distribution of ions with different
ionic charge �Al3+ and Mg2+� and �b� the local lattice distor-
tions due to coexistence of ions with different ionic radius.
Therefore the large miscibility gap58 around the ETT in the
case of Mg1−xScxB2 between x=0 and x=0.15 with the for-
mation of a macroscopic phase separation between the x=0
and the x=0.15 phase is associated with the case where the
role of the local random Coulomb fields is dominant while
role of the local lattice distortions is negligible. On the con-
trary the mesoscopic phase separation observed here, in the
AlxMg1−xB2 system, is associated with the case where both
the local lattice distortions in the spacer layers, acting as
point impurities for the elastic strain field, and charge impu-
rities, acting as sources of the random coulomb fields for
charge ordering, are of relevance.

The variation of the strength of the intraband electron-
phonon coupling �e-ph� can be extracted from the E2g
softening15 and linewidth narrowing.11 The E2g softening as a
function of x has been predicted by different authors.52,53,59

Taking into account that transport data show a single critical
temperature in we have related Tc with a weighted average of
the energy of the E2g phonon, with the weighting given by

the relative intensities of the “hard” and “soft” components.
The weighted average of the energy �panel a� and the
FWHM �panel b� of the E2g phonon are plotted in Fig. 4 as a
function of the a axis measured by x-ray diffraction in fact
the phonon energy is expected to shift with the in-plane lat-
tice compression. The variation of the E2g mode ��a� due
only to the lattice compression for a covalent material in the
absence of anomalous electron-phonon coupling variations is
shown in Fig. 4�a� by a dashed line ��a�. The anomalous
large e-ph coupling between the � holes and the optical E2g
phonon can be derived from the ratio between the square of
the expected linear behavior ��a� and the square of the mea-
sured frequency that is plotted in Fig. 5�a� as a function of a
axis.

Moreover the e-ph coupling is related with the ratio be-
tween the full width at half maximum 
 and the energy of
the E2g mode reported in Fig. 5�b�. The frequency hardening
and the linewidth narrowing of the Raman E2g mode indi-
cates a clear decrease of the electron-phonon intraband cou-
pling in the � band going from MgB2 to the doped samples.

The experimental softening of the E2g mode is reported as
a function of Al substitution in Fig. 6�a� in order to compare
the experimental results with the predicted softening based
on phonon and electronic band structure calculations of Pro-
feta et al.,52 Zhang,53 and De la Peña-Seaman et al.59 The
results show that there is clear disagreement between the

FIG. 4. �a� Energy of the E2g mode as a function of the a axis
going from the AlB2 to MgB2 samples. The dashed line shows the
expected behavior due to lattice expansion for a metallic covalent
material. The open circles represent the weighted average energy of
the E2g mode for the Al doped system. �b� The linewidth of the E2g

phonon mode as a function of the a-axis. The open circles represent
the weighted average of the E2g linewidth for the Al doped system.
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experimental data and the theoretical predictions. The data
show a relevant softening occurring only at x=0.33 �at the
type II ETT, the opening of a neck�. On the contrary theo-
retical calculations predict a relevant softening also at x
=0.57 �at the type I ETT, the sigma band edge�.

The intraband electron phonon coupling � for the � band
holes has been extracted from the Raman data of the E2g
mode is plotted in Fig. 6�b�. The electron phonon coupling
has been extracted from the line-shape parameters,
�=2.955�
 /�, according with Ref. 11, and the softening of
the E2g mode, �= ��� /��−1�3 /4 according with Ref. 15. In
Fig. 6�b� we plot the calculated effective electron-phonon
coupling ��= �� / �1+��� determined from phonon softening
and phonon broadening. The value of the coupling extracted
from the E2g phonon frequency and linewidth roughly agree.
These results are compared with the experimental measure of

the effective experimental coupling �̃exp=−ln�KBTc /��E2g
�

obtained from the experimental Tc and average phonon E2g

frequency. The McMillan’s equation �̃exp= ���−
�� where

� is the effective Coulomb repulsion is valid for ��1.25.

In the range 0�x�0.25 ����̃exp so that 
��0 therefore a
phonon mediated pairing is possible and the effective Cou-
lomb repulsion decreases with x up to reach zero for x=0.3.
On the contrary for higher Al substitution, x�0.25, where

����̃exp the electron-phonon coupling cannot give account

of the actual critical temperature �it will require an attractive
Coulomb pseudopotential�. In this range the measured criti-
cal temperature is considerably higher than the one calcu-
lated on the basis of the variation of the intraband e-ph cou-
pling in the � band. Therefore the results reported here
suggest that the intraband el-ph coupling seems not to be the
only driving mechanism for high Tc in the Mg1−xAlxB2 sys-
tem and support a joint role of an electronic or exchangelike
pairing mechanism.

IV. CONCLUSION

In conclusion we have reported the micro-Raman study of
the boron isotope effect on the E2g phonon mode in
Mg1−xAlxB2 system in a wide range of Al content �0�x
�0.57�. We have found that the isotope coefficient of the E2g
phonon mode follows the normal mass law for most of the Al
content. Only at very low Al concentration the phonon iso-
tope coefficient ��0.4−0.3 deviate slightly from the har-
monic mass law.

FIG. 5. �a� Ratio between the expected frequency due to the
variation of the lattice compression and the measured E2g phonon
frequency as a function of the a axis in the Mg1−xAlxB2 system. �b�
Ratio between the linewidth and the energy of the E2g phonon mode
as a function of a axis. The black squares correspond to the soft E2g

contribution, while the black disks to the hard E2g contribution. The
calculated mean values are reported in open circles.

FIG. 6. �a� The measured E2g phonon frequency �E2g
normal-

ized for the frequency shift due to lattice a-axis compression �E2g
in the Mg1−xAlxB2 system �filled dots�. The experimental softening
of the E2g mode frequency as a function of Al substitution is com-
pared with calculations of Profeta et al. �Ref. 52� �open squares�,
Zhang et al. �Ref. 53� �open circles�, and De la Peña-Seaman et al.
�Ref. 59� �filled triangles� �b� The electron-phonon coupling ��

=� / �1+�� calculated from the softening �Ref. 15� �open circles�
and widening �Ref. 11� �open squares� of the E2g mode. The experi-
mental effective coupling −1 / ln�KBTc /��E2g

� �filled circles� ob-
tained from the ratio between the superconducting critical tempera-
ture Tc measured by susceptibility measurements �Ref. 55� and the
average E2g phonon frequency.
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In agreement with previous work2,33 we have detected the
mesoscopic phase separation that occurs in this system near
the electronic topological transition of the Fermi surface in
the presence of impurities. It is interesting to underline the
coexistence in this system of different structural phases while
the superconducting phase shows a single superconducting
Tc similarly to other high Tc superconductor.

Moreover we have reported the measured softening and
widening of the E2g mode, i.e., the Kohn anomaly at the
electronic topological transition from a 3D to a 2D Fermi
surface in the isotopically pure samples. From the softening
and the widening of the E2g mode we have calculated the
electron-phonon coupling for increasing Al concentration.
The comparison of the E2g experimental softening with the-
oretical predictions52,53,59 show large disagreement. The ef-
fective electron phonon coupling deduced from transport and
Raman data, within the standard BCS scheme, decreases
much more slowly with x than the effective electron phonon
coupling variation with x, deduced from the Khon anomaly
on the phonon spectrum.

Finally we think that these results support the idea that a
strong electron-phonon coupling in the � band giving bipo-
laronlike pairs for 0�x�0.3 coexist the exchangelike pair-
ing mechanism between pairs in the � band and in the �

band. It is possible that this nonstandard BCS mechanism,
involving exchangelike pairing in anisotropic multigap su-
perconductors and in the diborides,31 is the driving mecha-
nism for high Tc superconductivity also in other quite differ-
ent materials: cuprate perovskites60–63 and in the recently
discovered iron pnictides �or FeAs multilayer�
superconductors.8,9 The convergence toward this unitary sce-
nario for the pairing mechanism in high Tc superconductors
is based on the common features64–70 appearing in quite dif-
ferent systems. We have shown here that diborides share,
with other high Tc superconductors, the typical feature of
being in a region near the edge of phase separation. It is
possible that this is at the quantum critical point of a first
order phase transition3,9,68 driven by two variables, first, the
electronic doping in the active planes and, second, the elastic
misfit strain between the planes in the multilayer.
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