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NMR Studies of Silicon Clathrate Compounds

YUTAKA MANIWA?, HIROKAZU SAKAMOTO?, HIDEKI TOU?,
YUJI AOKI?, HIDEYUKI SATO?, FUMIHIKO SHIMIZU®,
HITOSHI KAWAIJI® and SHOJI YAMANAKA®

4Department of Physics, Tokyo Metropolitan University, Minami-osawa, Hachi-oji,
Tokyo 192-0397, Japan, bDepartment of Mathematics and Physics, National
Defense Academy, Hashirimizu 1-10-20, Yokosuka 239, Japan and Department
of Applied Chemistry, Faculty of Engineering, Hiroshima University,
Higashi-Hiroshima 739-8527, Japan

NMR spectra of 2°Si and '¥"Ba in silicon clathrate compounds, Na,Ba, Sisg, NaySij36 and
BagT, Sigq (Where T'= Au, Ag, and Cu) are reported. We found that the local density of states
at the Fermi level increases with rising superconducting transition temperature. The silicon
S1 site was suggested to hybridize with Ba-orbital in the superconducting clathrate and has a
large local density of states.

Keywords: NMR; silicon clathrate compounds; superconductivity

INTRODUCTION

Silicon clathrate compound, Na,Ba,Si, and Na,Si,;, is one of the most important
classes in various silicon network systems. The structures are given by filling in
space with silicon polyhedra (Siy, Si,, and Si,) which can contain alkali-metals
and / or Ba atoms inside, as illustrated in Fig. 1 for Si,; compound”] Band
calculations'*! made an interesting prediction that the hypothetical undoped Si, is
a semiconductor with a band gap wider by ~0.7¢V than that of diamond structure
Si. Thus, the synthesis of pure Si, crystal is an important target in semiconductor
technology. Another important feature is occurrence of superconductivity in Siy

clathrate®. Because of the structural similarities!" and differences, compared
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FIGURE 1 Structure of Na,BaSi,,, The large sphere are Ba atoms
occupying the center of Si,, polyhedra, and the smaller sphere located at the
center of Si;, polyhedra are Na atoms.  There are three kinds of inequivalent Si
site: S1, 82, and S3. The S2 silicon is connecting two neighboring Si,, cages.
The S2 and S3 sites are belonging to both Si, and Si,, polyhedra. In Ba,Si,,
Na atoms are replaced by Ba atoms.  In Ba,7,Si,, (where 7' = Cu, Ag, and Au),
the 82 silicons are replaced by 7-atoms. In Na,Si,;,, the building blocks are
Si,, and 8i,; polyhedra.

with fullerene networks such as 4,C,, and 4,Ba,C,, superconductors (where 4
= alkali metal), the studies of the electronic structure and superconducting
mechanism in Siy system would lead to a deeper common understanding in
electronic states and superconducting mechanism of covalent network system.
In this point of view, we are investigating systematically the electronic states
both in Si and fullerene networks. Here, we present NMR results on silicon

clathrate compounds.

EXPERIMENTAL RESULTS AND DISCUSSIONS

The samples studied are summarized in Table 1. The crystal structure of

Ba,T,Si., (where = Cu, Ag, and Au) is obtained by replacing the §2-silicons
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TABLE 1. Samples studied and superconducting (SC) transition
temperature, 7., The composition of Ba,T,Si,, (7 = Cu, Ag, and Au) is
nominal.

Sample I, )

Ba,Siy 8.0

Na, ,Ba, (Si, 42

Na, ;Ba, (Sis 35

Na,Si, non-SC (examined down to 2K)
Nay,Si,z6 non-SC (examined down to 0.15K)
Ba,Cu,Si,, non-SC (examined down to 0.15K)
Ba,Ag,Si,, non-SC (examined down to 0.15K)
Ba,Au,Si,, non-SC (examined down to 2K)

T

[ ®Si.NMR at RT
79.5 MHz
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Ba8Si46

Na2.9Ba4.65i46 |

Na0.2Ba5.68i46

NadSil36

Nal98il136

i Ba8Cu6Sid0
Ba8Ag6Si40

Ba8Au6Si40
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FIGURE

3000 2000 1000 0 -1000 -2000
Shift (ppm from pure-Si)

2. Si NMR spectra of silicon clathrate compounds listed in
TableI.  The intensity ratio is not correct.
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by T-atoms from the Si, structure. Superconductivity is observed only in Si
compounds containing Ba atoms. The ¥Si-NMR and “’Ba-NMR spectra were
taken using conventional pulse NMR technique at a magnetic field of 9.4 T. The
experimental details have been described in a previous paper’. Figure 2 shows
the ®Si-NMR spectra at room temperature (RT). The NMR frequency shift was
measured from that of a semiconducting silicon powder. The shift is sum of
orbital shift (chemical shift) and Knight shift, X. It is important to note that the
Knight shift is proportional to spin susceptibility at each atomic site and almost
temperature (7)-independent in the case of metal. Therefore, Knight shift in
metal is given by

K~ 1~ n(E),

where n(E;) and y; are the electronic density of states at the Fermi level and Pauli
spin susceptibility, respectively™.

In the previous NMR studies’*), the orbital shift (where K = 0) was estimated
to be —300ppm from the pure silicon for Si,; compounds and NaSi,;s. If this
value is applied to the present data, the ®Si-NMR spectra suggest that all the
materials studied here are metallic at each silicon site. We also notice that the
superconducting compounds show a S1 signal with a large Knight shift (~2000
ppm), along with S2 and S3 signals with the smaller Knight shift of ~900 ppm.
The site assignment to the inequivalent silicon atoms is found from Figures 1 and
2. The center of gravity of **Si Knight shift of nonsuperconductiong Na,,Si,
which is 1029 ppm at 4.2K, is comparable to those of superconducting Si,,
compounds, for example 1248 ppm at 4.2K in Na, ;Ba, ¢Si .

Figure 3 shows '’Ba-NMR spectra at 4.2K where the shift was measured from
Ba(NQ,), solution (1M) at RT. The “’Ba Knight shift, given by shift from that
of Ba(NO,), solution, is found to increase with rising 7.

From these spectra, we know that the 7, rises with increasing n(E;) at Ba site
(and silicon site). Furthermore, an importance of S1 site having large density of

states is suggested for the occurrence of superconductivity. The band calculation
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by Saito & Oshiyama showed that the large density of states at the Fermi level™
responsible for the superconductivity results from the hybridization between Ba 4-
orbital and silicon orbitals. In this connection, we speculate the S1 site strongly
hybridizes with Ba-orbital. Because Ba atoms mainly occupy centers of Si,,
cages in an ideal stoichiometry sample, Na,Ba,Si,,, a phonon mode responsible for
the superconductivity would be a kind of “breathing mode” of Si,, cages.

1 1 T AR 5
94T
42K
Na,,Ba, Si, ]
E | NeBasi,00)
£ 1
E-y ]
2
:'é B Na, ,Ba, Si,
[ Ba,Si, ]
PN U I S PSS W | do o Ly
-5000 0 5000 10000 15000 20000

Shift (ppm from Ba(NO,),)

FIGURE 3 ""Ba-NMR in silicon clathrate compounds listed in Table I. The
NMR spectra of Ba,7,Si,, are not included, because the spectra are very broad
(more than 4.5x10* ppm (~2MHz)), probably due to a large quadrupcle
interaction.



Downloaded by [University of Haifa Library] at 09:02 16 August 2012

502/{1306) YUTAKA MANIWA et al.

Acknowledgments

This work was supported in part by the Grant-in Aid for Scientific Research on
the Priority Area “Fullerenes and Nanotubes” by the Ministry of Education,
Science and Culture of Japan.

References

n
2]
[3]
{41
{51
(6]
(7

(8]

C. Cros et al., J. Solid State Chem. 2, 570 (1970).

S.Yamanaka et al., Fullerene Sci. and Technol. 3, 21 (1995).

H. Kawaji et al., Phys. Rev. Lett. 74, 1427 {1995).

S. Saito & A. Oshiyama, Phys. Rev., B51, 2628 (1995).

G.B. Adams et al., Phys. Rev. B49, 8048 (1994).

F. Shimizu et al., Phys. Rev. B54, 13242 (1996).

for example, C. P. Slichter, Principle of Magnetic Resonance, (Springer-Verlag, Berlin
1990).

Y. Maniwa et al., Molecular Nanostructures, edited by H. Kuzmany, J. Fink, M.
Mehring and S. Roth (World Scientific, Singapore New Jersey London HongKong
1998) p.47.





