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Abstract
In this letter, we report on the superconductivity of the type III helical cubic
clathrate Ba24Si100. The onset of the superconducting transition is observed at
Tc = 1.55 ± 0.05 K. This is the first observation of a Si-based superconductor
having both sp2 and sp3 bondings. The magnetic superconducting state is
investigated from the determination of the critical fields Hc1 and Hc2 by ac
susceptibility measurements. We find that Ba24Si100 is a type II superconductor
with moderate electron–phonon coupling. The comparison with the other
superconducting clathrate Ba8Si46, based only on sp3 silicon atoms and which
superconducts at 8 K, points out that the presence of sp2 Si bondings in Ba24Si100

is an important parameter to take into account for explaining the moderate
electron–phonon coupling and the lower superconducting critical temperature
in Ba24Si100.

(Some figures in this article are in colour only in the electronic version)

In 1965, Cros et al [1, 2] discovered new allotropic forms of Si composed of nanocages
allowing for the intercalation of alkaline elements: the clathrate compounds. Two different
kinds of clathrate structures were found: the type I (e.g.: Na8Si46) and the type II structure
(e.g.: NaxSi136 with 0 � x � 24). The unit cell of the first structure is composed of two cages
of Si20 and six cages of Si24, while the unit cell of the second one is composed of 16 Si20

cages and eight Si28 cages. Guest atoms (Na, K, Rb, I, . . .) are endohedrally intercalated in the
silicon cages. These compounds can be viewed as an expanded sp3 silicon network including
a high density of pentagonal cycles (up to 87%). This predominance of odd cycles gives rise
to a narrower electronic density of states (DOS) and phonon DOS compared with the case of
diamond Si [3–5].

Over the past few years, compounds with clathrate structures have been the focus of
much attention due to their good thermoelectric properties [6], their promising mechanical
properties [7], their potential for optoelectronic applications correlated to their wide
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bandgap [8] and the recent discovery of superconductivity in type I Ba intercalated Si
clathrates [9–11], with a maximum superconducting critical temperature obtained for pure
Ba8Si46 (Tc

∼= 8–9 K) [10]. The discovery of a superconducting transition in these doped
column-IV sp3 semiconductors bears much analogy with the superconducting transition in
boron-doped diamond [12, 13].

Only recently, the full intercalation of Ba in type I Si-based clathrate compounds
has been achieved under high pressure (3 GPa) and high temperature (HP–HT) conditions
(800 ◦C) [10, 11]. At lower pressure, around 1.5 GPa and high temperature, a new type of
clathrate (type III)3, Ba24Si100, was also obtained [14], which is isotypic with Ba24Ge100 [16].

This new type of clathrate structure is closely related to the type I structure as shown in
figure 3 of [16]. The unit cell contains three different kinds of cages surrounding the Ba guest
atoms: eight ‘closed’ Si20 cages, twelve ‘open’ Si20 cages and four cages composed of eight
silicon atoms [14, 16]. It should be noted that the Si atoms forming this last class of cages
have sp2 bonding. Therefore in each unit cell 68 Si atoms have sp3 bonding while 32 Si atoms
have sp2 bonding. Thus, contrary to the type I clathrate which is only composed of sp3 silicon
atoms, this type III clathrate structure possesses both sp2 and sp3 bondings.

Because superconductivity with strong covalent bonding is atypical, the study of such
kinds of superconducting compounds is of great interest [11, 17, 18]. Within this class of
compounds, we find the alkali-doped fullerenes, MgB2 or the highly B-doped diamond [12, 13]
and Si-based superconductors.

Among the Ba-based silicide compounds, it should be noted that only type I Ba-based
clathrate compounds [9–11] and the metastable trigonal phase of BaSi2 (synthesized under
high temperature–high pressure conditions) are superconducting [19] and both possess a sp3

Si lattice. The two other forms of BaSi2, the orthorhombic and the cubic ones, have sp2 Si
bonds, are n-type semiconductors and do not superconduct [19–21].

Among the other Si-based superconducting phases, only CoSi2 contains sp3 Si
bonds [22, 23], while other phases are based on Si sp2 bonding schemes [21, 24–26]. Indeed,
this is notably the case for LaSi2 [25], the various superconducting phases of CaSi2 [21] and
the high pressure crystallographic forms of silicon [24]. The case of hexagonal NbSi2 and
TaSi2 is still unclear although these phases seem to have silicon sp2 bondings [21, 26]. The
case of V3Si is different, giving the fact that the appearance of superconductivity is essentially
due to the high density of states at the Fermi level coming from the vanadium atoms [21].

Recently, superconductivity has been found in an isostructural compound of Ba24Si100,
namely Ba24Ge100 (called Ba6Ge25 in [27]) at about 0.24 K [27]. The study of this compound
under pressure reveals an anomalous increase of Tc up to 3.8 K at a pressure of 2.8 GPa.
However, in the first study of Ba24Si100, no superconducting transition has been found down to
2 K [14]. Very recently, a note (note 25 of [28]) in a paper concerning a Raman spectroscopy
study of Ba24Si100 under high pressure reports superconductivity in this type III clathrate at
1.4 K [28].

In this letter, we confirm the existence of type II superconductivity with Tc = 1.55±0.05 K
in Ba24Si100. The superconductivity phase diagram has been determined, i.e. the temperature
dependence of the two critical fields Hc1 and Hc2. To our knowledge, this is the first Si-based
superconductor having both sp2 and sp3 bondings.

Powder mixtures of BaSi2 (CERAC, 98%) and Si (Aldrich 99.9995%) corresponding to a
Ba24Si100 composition were treated in a high pressure belt-type apparatus. The powders were
mixed together and then compacted in small pellets (4 mm diameter) and placed inside a closed

3 Two different notations have been proposed for Ba24Si100 and its isotypes: type III [14] and type I′ or IX [15]. We
have chosen to follow the type III one to emphasize the analogies with the type I and II clathrates.
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Figure 1. Experimental XRD pattern of Ba24Si100 (symbols) at room temperature. The black solid
line is the Rietveld fitting using the structural model proposed by Fukuoka et al [14] and considering
the presence of 6% in mass of cubic BaSi2 and 7% of Si. The lower solid line is the difference
curve (observed minus calculated). Tick marks correspond to Bragg reflections of Ba24Si100 (first
row), Si (second row) and BaSi2 (third row).

h-BN crucible which was introduced inside a graphite tube furnace. The whole assembly was
then inserted in the pyrophyllite high pressure gasket. The HP–HT synthesis was performed
under a pressure of 1.1 GPa at 650 ◦C for 1 h. This synthesis temperature is lower than the
one in [14] (800 ◦C). We observe that in such a case, (i) the pressure domain of the synthesis
is narrower than at 800 ◦C and (ii) the amount of secondary phases is higher at 650 ◦C than
at 800 ◦C. If the pressure is slightly increased to 1.2–1.3 GPa, an additive impurity phase
appears: the type I clathrate Ba8Si46. X-ray diffraction (XRD) patterns were collected using a
Siemens D-500 powder diffractometer working in Bragg–Brentano geometry at the Kα1,2 Cu
wavelengths from 2θ = 10◦ to 120◦ with a step of 0.02◦. From the Rietveld refinement of
the x-ray diffraction (XRD) pattern (figure 1), we have determined that our samples contain
about 7% in mass of Si and 6% of cubic BaSi2. The cubic lattice parameter for our Ba24Si100

sample has been found to be equal to 14.0630(±0.0003) Å, which is close to 14.0685 Å
found by Fukuoka and co-workers [14]. It should be noted that both impurity phases are not
superconducting at room pressure [19, 20, 24].

Investigation of the superconducting properties of Ba24Si100 was performed using two
low temperature SQUID magnetometers developed at the CRTBT in Grenoble. A bulk
polycrystalline Ba24Si100 sample of about 5.6 mg mass with fine grains was studied. The
form of the sample was roughly a half-disc, and measurements were made parallel to the
long axis. We estimate the demagnetization factor ‘N’ for this direction to be about 1–2 in
CGS units. For the temperature-dependent magnetic measurements, both magnetization (M)
with 5 Oe magnetic field (H ) and ac magnetic susceptibility χac were measured. We used a
frequency of 1.1 Hz and field less than 1 Oe for the χac measurements.

To determine the superconducting critical fields Hc1 and notably Hc2, the field dependence
of the magnetization was measured. However, magnetization measurements at high magnetic
fields were too noisy to permit us to determine Hc2. Therefore, in order to have better precision
for allowing the determination of Hc2 without ambiguity, we performed field dependent
measurements of χac between T = 0.075 and 1.4 K.
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Figure 2. Thermal variation of the dc magnetization M and of the ac magnetic susceptibility χac.
The dc magnetization has been measured both with zero-field cooling (ZFC) and with field cooling
(FC) procedures. χ ′ and χ ′′ are respectively the real and the imaginary parts of χac. The onset of
the superconducting transition is shown in the inset.

From the thermal variation of the magnetization measured in a 5 Oe magnetic field and of
χac (figure 2), a huge drop of the diamagnetic susceptibility is observed below 1.55 K. This is the
signature of a superconducting transition with a critical onset temperature at Tc = 1.55±0.05 K
(see the inset of figure 2). This value is a little bit higher than the 1.4 K value reported by
Tanigaki et al evoked in note 25 of [28]. This slight difference of 0.15 K between both Tc values
could be explained by very small differences in Ba contents between the two Ba24Si100 samples.
Indeed, similar behaviour has been observed in Ba8Si46 for which the presence of Ba vacancies
in the small Si20 cages implies a decrease of its Tc [29]. Within a standard BCS approach to
superconductivity, usually used for all the Si-based superconductors, we can deduce the value
of the superconducting gap at 0 K from the critical temperature Tc using the well known
relation [30] 2� (T → 0 K) = 3.52 kBTc. We find � (T → 0 K) = 0.235 meV. Tunnelling
experiments are under way for checking this estimation of the value of the superconducting
gap.

The field-cooled (FC) magnetization shows a relatively large flux expulsion (Meissner
effect) of nearly 18%. Evidence of the type II superconducting state can be seen in figure 3
where we have plotted M versus H for T = 75 and 400 mK. At small fields, shielding is 100%
and M versus H is approximately linear. At large fields, flux penetrates in the form of vortices
and |M| decreases. At 400 mK, we estimate Hc1 as the field where flux first penetrates into
the sample, and the magnetization departs from linearity which occurs at an applied field of
approximately 9 ± 1 Oe, as seen in the inset of figure 3. Thus, this gives a value of Hc1 of
approximately 12 ± 2 Oe for the extrapolation at T = 0 K, when corrections are made for
demagnetization effects.

The value of the zero-field-cooled magnetization (ZFC) measured at 0.4 K is very close to
the one expected if the entire sample is supposed to be superconducting (figure 2). Indeed, for a
perfect diamagnetic compound,we have χ = −1/(4π−N) emu cm−3 and therefore we expect



Letter to the Editor L315

0,0

-0,1

-0,2

-0,3

-0,4

 
  

0 20 40
-0,5

-0,4

-0,3

-0,2

-0,1

0,0

T = 400 mK

H
c1

 ~ 9 Oe

Magnetic Field (Oe)

M
ag

n
et

iz
at

io
n

 (
em

u
/g

)

M
ag

n
et

iz
at

io
n

 (
em

u
/g

)

400 mK
75 mK

0 500 1000 1500 2000
Magnetic Field (Oe)

Figure 3. Field variation of the dc magnetization for T = 75 and 400 mK. Inset: close-up view
of the field variation of the dc magnetization at low magnetic field for T = 400 mK (second
set of measurements at 400 mK with a smaller magnetic field step). The lower critical field Hc1
is determined from the departure from linearity at low field, which occurs at an applied field of
approximately 9 Oe. When corrections are made for demagnetization effects, we estimate Hc1 to
be approximately 12 Oe for T → 0 K.

χ to lie between −0.086 (for N = 1) and −0.094 emu cm−3 (for N = 2). From the comparison
with the experimental value χ = −0.08 emu cm−3 (with a Ba24Si100 density of 3.64 g cm−3),
we can estimate that about 90% of the sample is superconducting, which is in good agreement
with the XRD estimation of the Ba24Si100 content of our sample. Therefore, from the above
considerations, we can unambiguously attribute this type II bulk superconductivity with a Tc

onset at 1.55 ± 0.05 K to the Ba24Si100 clathrate phase.
In order to determine the upper critical field Hc2, the field dependence of the ac

susceptibility has been measured for different temperatures: 0.075, 0.4, 0.8, 1, 1.1, 1.2, 1.3
and 1.4 K (for clarity, only some temperatures are shown in figure 4). In figure 4 (upper part),
we have determined Hc2 from the value of the magnetic field for which χ ′′, the imaginary
part of χac, collapses to zero. For T = 75 mK (not shown), we find Hc2

∼= 3500 ± 200 Oe.
Thus, using this method for determining Hc2 at each temperature, we obtain the temperature
variation of Hc2 shown in figure 5, which is the typical variation expected for a normal type II
superconductor.

For temperature close to Tc, Hc2 decreases almost linearly with temperature with a slope
H ′

c2 = −dHc2/dT equal to 0.27 T K−1 for Ba24Si100 (figure 5) which is considerably smaller
than H ′

c2
∼= 1.5–2.9 T K−1 found for the isostructural compound Ba24Ge100 [27]. Concerning

the case of Ba8Si46, H ′
c2 is not known, but from Tc = 8 K and Hc2 = 6.5 T determined for this

compound [10, 31] we can reasonably estimate that H ′
c2

∼= 0.8–1 T K−1. This is also much
higher than for Ba24Si100.

From the estimates of Hc1 and Hc2, we can determine the penetration depth λ and the
coherence length ξ for T → 0 K using the Ginzburg–Landau equations [32]:

µ0 Hc2 = φ0/2πξ2 (1)
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Figure 4. Bottom: field variation of the ac magnetic susceptibility χac for different temperatures.
Top: zoom showing the extrapolation to zero of the imaginary part of χac used to determine the
critical field Hc2 (marked by vertical arrows).

and

µ0 Hc1 = φ0 ln(κ)/4πλ2 (2)

where κ = λ/ξ is the Ginzburg–Landau parameter and φ0 = π h̄c/e is the quantum flux.
Thus, for T → 0 K, from Hc1(T → 0 K) ∼= 12 Oe and Hc2(T → 0 K) ∼= 3500 Oe, we

find λ ∼= 6500 Å and ξ ∼= 310 Å. Hence, we obtain κ ∼= 21. These values can be compared
with Ba8Si46 where λ ∼= 4000 Å, ξ ∼= 72 Å and κ ∼= 56 [31]. We have then for these two
compounds the same order of magnitude for λ while ξ is four times smaller for Ba8Si46. We can
also remark that in the isostructural compound Ba24Ge100 ξ is similar (ξ ∼= 280–350 Å) [27]
to the value for Ba24Si100.

In the framework of a BCS model for superconductivity,we can now estimate the electron–
phonon coupling strength λe−ph in Ba24Si100 from the McMillan formula [33]:

Tc = (θD/1.45) exp(−1.04(1 + λe−ph)/λe−ph − µ∗(1 + 0.62λe−ph))

where θD is the Debye temperature and µ∗ is the effective electron–electron repulsive
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Figure 5. Temperature variation of the upper critical field Hc2.

Table 1. Fundamental superconducting parameters of barium-based type III and type I group IV
clathrates. See the text for details.

Compound Tc (K) λe−ph λ (Å) ξ (Å)

Ba8Si46 [17, 31] 8.0 1.05 4000 72
Ba24Si100 (This work) 1.55 ± 0.05 0.4–0.7 6500 310
Ba24Ge100 [27] 0.24 0.31 — 280–350

interaction. If we make the reasonable assumptions that θD is about 350–400 KNote 4 and
µ∗ is comprised between 0.1 (value estimated for Ba24Ge100 [27]) and 0.24 (value estimated
for Ba8Si46 [17, 18]), we find that λe−ph = 0.4–0.7. This range for the electron–phonon
coupling falls between the values found for Ba24Ge100 (λe−ph = 0.31 from [27]) and Ba8Si46

(λe−ph = 1.05 from [17]), as is also the case for Tc. This means that both type III structure
compounds, Ba24Si100 and Ba24Ge100, are in the moderate electron–phonon coupling regime
(Ba24Ge100 being rather closer to the weak electron–phonon limit), compared to the type I
structure of Ba8Si46, which shows a strong coupling. All these values are summarized in
table 1. However, no further conclusion can be drawn due to the difference between the
crystallographic structures of Ba24Si100 and Ba8Si46.

It has been already proposed that both the strong electron–phonon coupling inside the Si24

cages [5] and sp3 bonding [17] were essential, in addition to the high electron density of states
at the Fermi level, for explaining the superconducting properties of Ba8Si46 and notably its
relatively high Tc. In Ba24Si100, the Si24 cages, analogous to the ones of Ba8Si46, disappear
to form cubic Si8 cages composed of sp2 silicon bonds and open Si20 cages [14]. To better
understand the implication of the sp2 bondings in the electron–phonon coupling and to confirm

4 Our assumption seems reasonable because the phonon modes experimentally measured by Raman spectroscopy are
in the same frequency range in Ba8Si46 and in Ba24Si100; moreover, θD = 370 K in Ba8Si46 (evaluated by specific heat
measurements, see [18]); therefore, θD should have the same magnitude in Ba24Si100. Note also that the estimation
of λe−ph from Tc using the McMillan formula is not very sensitive to the value of θD.
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the weaker electron–phonon coupling in Ba24Si100 compared to Ba8Si46, further studies would
be of great interest. This will help us to understand the superconducting properties in both
silicon clathrate systems: the sp3 case of Ba8Si46 and the mixed sp2/sp3 case of Ba24Si100.

On the other hand, in the carbon-based superconductors, it seems that the most important
effect explaining the Tc evolution between sp2 and sp3 systems (considering the same density
of states at the Fermi level) is the larger electron–phonon coupling in the sp3 C-diamond case
compared to the sp2 graphite case [13]. Thus, our results on the silicon system point out
the importance of the dominance of sp3 bonding in the quest for new carbon nanocage-based
superconductors with potential high critical superconducting temperatures [7, 17].

In summary, in this letter, we report on the superconductivity of the type III helical cubic
clathrate Ba24Si100. The onset of the superconducting transition occurs at Tc

∼= 1.55 K.
This is the first observation of a Si-based superconductor having both sp2 and sp3 bondings.
The investigation of the magnetic superconducting state shows that Ba24Si100 is a type II
superconductor. The critical magnetic fields Hc1 and Hc2 were measured to be Hc1(0 K) ∼=
12 Oe and Hc2(0 K) ∼= 3500 Oe. The London penetration depth λ (∼6500 Å) has the same
order of magnitude as the one determined for Ba8Si46, while the coherence length (∼310 Å)
is smaller in Ba24Si100 than in Ba8Si46, and is closer to that found in the isotypic Ba24Ge100

compound. Our estimate of the electron–phonon coupling reveals that Ba24Si100 is a moderate
phonon-mediated BCS superconductor.

This work was supported by the French Ministère Délégué à la Recherche et aux Nouvelles
Technologies grants ACI-2003 No NR0122 and ACI-2003 No JC2077, as well as by Université
Claude Bernard Lyon I grant No BQR-2003. The authors wish to thank Dr X Blase, J-P Brison
and A Sulpice for useful discussions and also R Vera, who made XRD measurements in the
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Note added. Very recently, after submission of our letter, the group of Professor Tanigaki confirmed superconductivity
at Tc = 1.4 K in Ba24Si100 by resistivity and specific heat measurements at the ISIC 13 conference, 6–9 June 2005,
Clermont-Ferrand, France.
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[3] Mélinon P et al 1998 Phys. Rev. B 58 12590
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