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NMR Studies of Silicon Clathrate Compounds 

YUTAKA MANIWA", HIROKAZU SAKAMOTOa, HIDEKI TOU", 

HITOSHI KAWAJI' and SHOJI YAMANAKA' 
YUJI AOKI~ ,  HIDEYUKI SATO~, FUMIHIKO SHIMIZU~, 

"Department qf Physics, Tokyo Metropolitun University, Minami-osawa, Huchi-oji, 
?ilkyo 192-0397, Jupan, bDepartment of Mathematics and Physics, National 

Defense Academy, Hashirimizu 1-10-20, Yokosuka 239, Japan and 'Department 
of Applied Chemistry, Fuculty of Engineering, Hiroshima University, 

ffigushi- Hiroshinzcr 739-8527, Japan 

NMR spectra of '%i and "'Ba in silicon clathrate compounds, Na,BaySi4h, Na,Si136 and 
BaxTxSi4h (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 
SI 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, N@a& and Na$i,,,, is one of the most important 

classes in various silicon network systems. The structures are given by filling in 

space with silicon polyhedra (Si2,,, S i ,  and Si2J which can contain alkali-metals 
and / or Ba atoms inside, as illustrated in Fig. 1 for S i  compound["31. Band 

calculations[4J] made an interesting prediction that the hypothetical undoped S& is 

a semiconductor with a band gap wider by -0.7eV than that of diamond structure 

Si. Thus, the synthesis of pure S& crystal is an important target in semiconductor 
technology. Another important feature is occurrence of superconductivity in Si, 

clathratd3I. Because of the structural similarities['] and differences, compared 

[ I30 I ]/497 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
9:

02
 1

6 
A

ug
us

t 2
01

2 



498/[ 13021 YUTAKA MANIWA et al. 

FIGURE 1 Structure of NaBa,Si,. 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: Sl ,  S2, 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 Baas&,, 
Na atoms are replaced by Ba atoms. In Ba,T,Si, (where 1'= Cu, Ag, and .4u), 
the S2 silicons are replaced by 7'-atoms. In NGSi,,,, the building blocks are 
Si,, and Si,, polyhedra. 

with hllerene networks such as A&, and A,Ba,C,, superconductors (where A 

= alkali metal), the studies of the electronic structure and superconducting 

mechanism in Si, 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 

clethrate compounds 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

The samples studied are summarized in Table I 

Ba,T& (where T =  Cu, Ag, and Au) is obtained by replacing the S2-silicons 

The crystal structure of 
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NMR STUDIES OF SILICON CLATHRATE COMPOUNDS [ 1303]/499 

TABLE I. Samples studied and superconducting (SC) transition 
The composition of Ba,T6Si (T = C y  A& and Au) is temperature, c. 

nominal. 

Sample T, 6 
BhSi, 8.0 
Na, 2B% 6% 4.2 
N%$a46Si46 3.5 
N4Si136 
Na,,Si,,, 
Ba,Cu,Si, 
B%&Si* 
Ba,Au6Si, 

non-SC (examined down to 2K) 
non-SC (examined down to 0.15K) 
non-SC (examined down to 0.15K) 
non-SC (examined down to 0.15K) 
non-SC (examined down to ZK) 

l " " l " " l " " ~ " " I ' ~ ' ~  

Si-NMRat RT 
79.5 M H Z  

- - 29 

- 

l , , , , l , , , , l , , , , l , , , , ~ , , , ,  

3000 2000 1000 0 -1000 -2000 
Shift @pm f3om pure-Si) 

FIGURE 2. =Si NMR spectra of silicon clathrate compounds listed in 
Table I. The intensity ratio is not correct. 
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by T-atoms from the S i ,  st~chm. Superconductivity is observed only in Si, 

compounds containing Ba atoms. The % i - M  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 %i-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, K. It is important to note that the 

Knight shift is proportional to spin susceptibility at each atomic site and almost 

temperature (ohdependent in the case of metal. Therefore, Knight shift in 

metal is given by 

K- XP - 
where a) and xp are the electronic density of states at the Fermi level and Pauli 

spin susceptibility, respective1y"l. 

In the previous NMR studies'"'], the orbital shift [where K = 0) was estimated 

to be -300ppm &om the pure silicon for Sb compounds and Na,,Sil3,. If this 
value is applied to the present data, the ?Si-NMR spectra suggest that all the 

materials studied h m  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 fiom Figures 1 and 

2. The center of gravity of '9Si Knight shift of nonsuperconductiong Na,,Si,,, 
which is 1029 ppm at 4 . 2 y  is comparable to those of superconducting S& 

compounds, for example 1248 ppm at 4 . X  in N@a,,Si,"'. 

Figure 3 shows "%a-Nh4R spectra at 4% where the shift was measured from 
Ba(N0,h solution (1M) at RT. The "%I Knight shift, given by shift from that 

of Ba(NO,), solution, is found to increase with rising T.. 
From these spectra, we know that the T. rises with increasing n(&) at Ba site 

(and silicon site). Furthermore, M 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 8t Oshiyama showed that the large density of states at the Fenni 

responsible for the superconductivity results &om the hybridization between Ba d- 

orbital and silicon ohitals. 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, N%Ba$i&, a phonon mode responsible for 
the superconductivity would be a kind of "breathing mode" of Size cages. 

I . . . . l . . . . I . . . . l . . . . I . . . . J  
-5000 0 5000 loo00 15000 2oooO 

Shift (ppm firom Ba(NO,),) 

FIGURE 3 "'Ba-NMR in silicon clathrate compounds listed in Table I. The 
NMR spectra of Ba,T,Si, are not included, because the spectra are very broad 
(more than 4.5~10' ppm (-2MHz)), probably due to a large quadrupole 
interaction. 
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