
LETTERS

nature materials | VOL 2 | OCTOBER 2003 | www.nature.com/naturematerials 653

The silicon clathrates—materials composed of metal-doped Si20

dodecahedra—were identified as the first superconductors based
on pure silicon networks1,2. The mechanism of superconductivity

in these materials can be obtained by studying their phonon modes, as
modified by isotope substitution, and specific-heat measurements.
Here,we present experimental studies that provide strong evidence that
superconductivity in Ba8Si46 is explained in the framework of phonon-
mediated Bardeen–Cooper–Schriefer theory. Analyses using the
McMillan approximation3,4 of the Eliashberg equation indicate that 
the superconducting mechanism is in the medium coupling regime,but
at the high-end limit.The large density of states at the Fermi level,which
arises from hybridization of the Si20 cluster and Ba orbitals, is
responsible for the unexpectedly high superconducting temperature.
The temperature evolution of the specific heat unambiguously shows
that this is an s-wave symmetry superconductor.

Syntheses with isotope elements have been key research areas for
determining the mechanism of superconductivity.After what became
known as the ‘Woodstock time’ of physics of high-superconducing-
temperature (Tc) cuprates5 followed by charge-transfer organic
complexes6 in the early 1980s, cluster C60 materials have emerged as a
new type of superconductor7 with relatively high Tc ranging from8,9

2 K to 30 K. In the mid 1990s, clathrates composed of similar pure 
Si20 dodecahedra with appropriate doping were identified as the 
first superconductor based on pure silicon networks1. New-layered
superconductors, HfN and MgB2, have now been discovered10,11.
Important information concerning the mechanism of
superconductivity in many of these materials has been obtained 
by studying their phonon modes,as modified by isotope substitution,
and related specific heat measurements; for cuprates12, organic
complexes13, C60 (refs 14–16), HfN (ref. 17), and MgB2

(ref. 18). Although an unexpectedly high Tc has been observed 
in the first pure silicon polyhedral-network Si46 clathrates, isotope
experiments have not yet been carried out.

This is because the production of sufficiently high-quality samples
with accurate composition for experimental observation of the
expected naive superconducting isotope shift was very difficult due to
pure,stable 30Si not being readily been available.Furthermore,it was not

possible to control the stoichiometry in the Na2Ba6Si46 superconductor
that was first discovered1.Fortunately,progress in the synthesis of a new
silicon-network Ba8Si46 superconductor under high pressure2 has
enabled precise control of the stoichiometry, and strong demand from
the field of isotope engineering for semiconductors19,20 has also spurred
on efforts that have led to the successful separation of such stable Si
isotopes. The combination of these developments has finally made the
long-sought scientific key experiments for superconductivity using the
two high-quality Ba8Si46 superconductors comprising of 97.97% 30Si
and 92.2% 28Si, seven years after its discovery. In this paper we report on
the superconductivity isotope shift of Ba8 Si46 together with the related
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Figure 1 Raman spectra of Ba8
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30Si46 and Ba8Au6
28Si40.The arrows indicate

the positions of vibrational peaks.
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phonon modes and specific heats;all these experiments unambiguously
clarify its superconductivity mechanism.

Ba8Si46 was synthesized from pure Ba and natural or isotopically
enriched 30Si at 800 K under 3 GPa. The samples denoted as Ba8

28Si46

were prepared from natural-abundance Si with isotopic composition of
92.2% 28Si, 4.7% 29Si and 3.1% 30Si with an average mass 28.11, whereas
the isotopic composition of Ba8

30Si46 is 0.82% 28Si, 1.21% 29Si and
97.97% 30Si with an average mass of 29.97.Rietveld analyses of the X-ray
diffraction data measured at SPring-8 (the synchrotron source in Japan)
with a Cerius2 analytical package program confirmed that both Ba8

28Si46

and Ba8
30Si46 were highly crystalline with a quality sufficient for

observation of isotope effects. Structural refinement has shown Rp

factors and lattice constant a0 values to be 4.12% and 10.328 Å for
Ba8

28Si46,and 5.89% and 10.335Å for Ba8
30Si46, in the Pm3

–
n space group.

Room-temperature Raman spectra of Ba8
28Si46 and the isotopic

composition Ba8
30Si46 are shown in Fig. 1. Five distinctive peaks at 191,

252, 310, 345 and 437 cm–1 were observed clearly for Ba8
28Si46 with a

Jobin Yvon T6400 spectrometer. Because these features are very similar
to the previous observation21 of the peaks at 255.9, 313.1, 345.2, 415.6,
442.1 and 453.8 cm–1 for Na8

28Si46, the broad peak observed at 437 cm–1

in the present study is considered to be deconvoluted to the three 415.6,
442.1 and 453.8 cm–1 peaks.Among the five peaks identified for Ba8Si46,
four at 191,310,345 and 437cm–1 show clear Si isotope shifts in the range
of 0.95–0.98.These shifts are in good agreement with an estimate based
on the simple harmonic approximation (28m/30m)1/2 = 0.97, where
28m = 28.11 and 30m = 29.97 are the average masses of Si isotope
elements. In contrast, the peak at 252 cm–1 does not show any shifts.
Consequently, we can assign the four shifted peaks to the Si vibrational
modes and the non-shifted peak centred at 252 cm–1 to the Ba mode.

Considering the fact that the superconductivity is extremely
depressed by a small amount of substitution of Au at the 6c crystal site,
and only the 437 cm–1 peak shifts by this substitution22, it seems likely
that the 437 cm–1 phonon may play the most important role by having
Cooper pairing. However, as is described later, instead of using this
special phonon mode, we used the lower and the upper limits of the

phonon frequencies experimentally observed ranging from 191–437cm–1

for analysis, to rule out the ambiguity of the associated phonon
frequencies experimentally determined for discussion. The highest
limit would be the 437 cm–1 (629 K) phonon mode in the Raman data
because the 521cm–1 of the bulk 28Si high-frequency optical phonon can
be regarded as the upper bound for the Ba8Si46 phonons.

SQUID (semiconducting quantum interference device, Quantum
Design PPMS 7) measurements with a low magnetic field of 1 Oe were
used to determine Tcs of Ba8

28Si46 and Ba8
30Si46. As seen in Fig. 2,

Tc = 8.07 K of Ba8
28Si46 decreases to Tc = 8.02 K for Ba8

30Si46 when we use
the onset as the transition temperature.Taking a different criterion,such
as the maximum slope or the halfway point, the shift might become
slightly larger. Careful handling of the data has given a value of
∆Tc = 0.04–0.06 K. This reduction in Tc value leads to the
superconducting isotope coefficient of α=0.12–0.23 from the equation
α = ln(1–∆Tc/Tc)/ln[M(28Si46)/M(30Si46)], where M denotes the mass in
the unit cell. From the fact that the value of α is much smaller than the
expected 0.5 in Bardeen–Cooper–Schriefer (BCS) theory, we used 
the McMillan equation3,one of the most useful solutions of Eliashberg’s
equation for interpretation:

Tc = [<ω>/1.20]exp{–[1.04(1+ λ)]/[λ – µ*(1 + 0.62λ)]},
where the electron-boson mass-renormalization parameter λ = VNEF

with the coupling constant V and the density of state at the Fermi level
NEF; µ* is the Coulomb pseudopotential. Then α can be extracted from
α = {∂Tc}/∂lnM} = 0.5{1 – [µ*ln<θ>/1.20Tc]}2(1 + 0.62λ)/(1 + λ}.
Inserting the values of Tc = 8.07 K and α = 0.08–0.12, as well as the
phonon mode ranging from 191 cm–1 (275 K) to 437 cm–1 (629 K),
experimentally estimated from our Raman analyses described earlier,
into these equations, λ = 0.79–1.2 and µ* = 0.23–0.31 are obtained by
these two simultaneous equations. These resulting parameters are still
within the values of conventional superconductors, although the latter
parameter µ* is at the high end of the limit. It is noted that the measured
isotope effect on Si46 lattice is a partial isotope effect4, as the Ba
vavefunctions may be strongly involved in the formation of the Fermi
surfaces as discussed later.Analyses including the mass of Ba modify the
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Figure 2 Diamagnetic susceptibilities of Ba8
30Si46 and Ba8

28Si46 measured by SQUID
under 1 Oe magnetic field after zero-field cooling.
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Figure 3 The temperature evolution of the specific heat C of Ba8Si46 scaled by γTc.
The inset shows the fitting curves using exponential and Tn functions below the
superconducting transition.
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estimation of λ and µ* to slightly smaller values within the criteria of the
discussion; this factor will be interesting to study in future experiments.

To obtain more accurate information on the mechanism of
superconductivity, we carried out specific-heat measurements from
room temperature to 2 K on Ba8Si46 having a natural abundance of 28Si.
The experimental data were analysed using both the Debye and Einstein
terms. In particular, the important Sommerfeld parameter γ and the
low-temperature phonon coefficient A were obtained by handling the
data in a standard method using C/T = γ + AT2, where C is the specific
heat capacity,at low temperatures.The Debye temperature of θD =370K
was extracted from A = 2.04 mJ mol–1 K–4.From the observed γ value of
144 mJ mol–1 K–2, the density of states at the Fermi level NEF can be
estimated to be 31 states per eV per Si46-unit from the relationship of
NEF = 3γ/2π2kB

2, where kB is Boltzmann’s constant, which is higher than
those of A3C60 van der Waals-type cluster superconductors ranging
generally from 10–20 states per eV per C60-unit.

The density of states, NEF, at the Fermi level of Ba8Si46 has also been
estimated from the magnetic susceptibility measurements using
SQUID. Assuming that the orbital diamagnetic susceptibility (Landau
part) is quenched, subtraction of the core-level diamagnetic part
χdia =–3.2 ×10–7 e.m.u.g–1 (estimated from the experimental value of the
diamagnetic Ba8Cu4Si42) from the total magnetic susceptibility χtotal

leads to the Pauli paramagnetic susceptibility χPauli =8.0×10–7 e.m.u.g–1.
From this estimate,NEF is determined to be 28 states per eV per Si46-unit,
being in good agreement with the result of specific-heat measurements.
Actually, the Wilson factor R = [π2kB

2/(3µB
2)][χPauli/γ] is 0.9, and this

suggests that electron–electron correlations are not very strong in 
this material.

The jump at the superconducting transition temperature shows an
apparent energy gap under the superconducting state,and the change in
the scaled value of ∆C/(γTc) at the transition temperature, as well as 
the evolution of heat capacity as a function of temperature after the
superconducting transition, supplies important information about 
the nature of the superconducting mechanism. As shown in Fig. 3, the
scaled specific heat capacity jump is 1.52 and this is slightly larger than
the expected value of 1.43 from the weak coupling BCS theory, but not
far from those of other conventional superconductors such as Hg, Pb
and Nb3Sn. The temperature evolution of the specific heat after the
superconducting transition follows the exponential decay as seen in the
inset of Fig. 3, and this shows that Ba8Si46 is categorized as an s-wave
superconductor. The 2∆ energy gap can also be estimated to be 5 meV
and its scaled value of 2∆/(kBTc) is 3.60, being very close to the upper
limit of 3.52 from the conventional BCS theory.

So far, two types of polyhedra-network systems have been reported
for superconductors; one is the covalent-network Si46 and the other the
van der Waals-network C60 polyhedra. Therefore, it is worthwhile to
compare the features between these two superconductors. As was
described, the situation observed in this covalent-network material is
different from the one encountered for the van der Waals-network type
C60 superconductors. The striking contrast is the configuration of the
wave functions constructing the Fermi surface. As was suggested by 
X-ray absorption and emission experiments23 and band caluculations24,
the high NEF value in Ba8Si46 is ascribed to the band modification
through hybridization of Ba 5p/5dorbitals with dodecahedra Si20 cluster

orbitals. Only alkali metal (A)-doping does not lead A8Si46 to a
superconducting state. On the other hand, the scenario of the C60

superconductivity is based on the role of the triply degenerate pure 
t1u-derived C60 band, which can change a Mott insulating state with
relatively large on-site Coulomb repulsion energy to a metallic state with
high NEF.As a result,the hybridization with Ba orbitals loses this intrinsic
characteristic by broadening the band width,in turn reducing Tc values.
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