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Electronic structures of NagSiyg and BagSiyg
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The effects of Na and Ba atoms doped into silicon clathrate compoungSiNand BgSiss, on their
energy-band modification have been studied. Both Na and Ba atoms occupy center sites of dodecaqpdral (Si
and tetrakaidecahedral cages,fiirrespective of the structure of clathrate compounds. Their electronic
structures are calculated within the framework of density functional theory. §SiNelathrate, the Na state
is weakly hybridized with the i conduction-band state. This weak hybridization results in almost rigid
energy-band modification of pristine,gi In BagSiyg clathrate, the conduction band is strongly modified by the
Ba state. The Fermi level of BSi,s is located closely to a strong peak of the density of states at the
conduction-band edge. Such modification causes the superconductive nature observed in the silicon clathrate
doped with Ba.

The existence of two forms of silicon clathrate,gsand  served in this silicon clathrate compound a type-1l supercon-
Sis, (often referred to as $jg), has been known for three or ductivity with the critical temperatureT() of approximately
more decadesThus far, these compounds have been paid n® K, which is higher than that of NBagSiys by 4 K. To the
particular attention except for their crystal structures anduthors’ best knowledge, this critical temperature is the high-
chemical properties, because little has been known abo@st in silicon clathrate compounds reported so far.
their electronic properties and their synthesis was difficult. The electronic structure of a silicon clathrate compound
Since one of the authors has discovered the superconductigo-doped with Ba and Na, NBasSiss, has been studied
ity in a metal-doped Si clathrate, B%\/Shs,z the Si clath- using tr_]e first-principles calculation by Sa_|to ar)d Qshlyémg.
rates have provoked the interest of many researchers. TH&SSUMING that Ba atoms are to be retained inside thg Si

interest in Si clathrates may be divided into two viewpoints.C29€ and that Na atoms are to be inserted into theusit,
One is the similarity to g compounds and to their related they reported that the conduction band is strongly altered and

. . L the Fermi-level density of states of MNeesSi,s becomes
carbon fullerene materiafsSince pristine and metal-doped higher than expected from a simple filling model of the pris-

Ceo have been found to exhibit many interesting properties ijne sj,. They also supposed that this band modification is
terms of geometrical as well as electronic structdrés Sig mainly due to the strong hybridization between thgg Si
clathrate, consisting of fullerene units of,$and Sh,.,° is  states and the Badsstates. This high density of states is
expected to demonstrate similar interesting properties. ACtupresumed to be the reason for the superconductivity ob-
ally, superconductivity of metal-doped ,§iclathrate has served in NaBasSisq. In contrast to NgBagSiss, No super-
been found, which has been attributed to its cage structureonductive nature has been found ing8ag, even at 2 K4
characteristic of ¢ compounds. The other viewpoint is a in which Na atoms occupy the two inequivalent sites, i.e., the
wider energy-band gap of pristine silicon clathrates. It iscenter of the Si and the Siy cages. There has been no
theoretically calculated to have about a 0.7 eV larger gapeport, however, clarifying the electronic structures of the
than a cubic diamond siliconc-Si).>~® This widening of  binary systems such as p&i,s and BgSis. In this report

the band gap is almost the same extent as compared withe investigate the electronic structures of these binary sys-
silicon dots and porous Si, the widening of which is believedtems in order to clarify the difference of the Fermi-level
to be caused by the quantum effect. Hence, these silicodensity of states in these clathrate compounds and the result-
compounds are potential candidates for optoelectronicsng superconductive properties. The nondoped pristing Si
high-power devices, and so on. crystal is also studied as reference material.

The silicon clathrates have been chemically synthesized The first-principles calculations for the periodic boundary
from Zintl phase compounds such as NaSi and Ra3P1?  systems are carried out by means of #einitio pseudopo-
While various synthesis methods have been devised, it is stitential theory within the local density approximati@rDA ).
difficult for the silicon clathrate compounds to be synthe-We use thecAsTEP codé® in order to solve the pseudopo-
sized in a controllable manner to obtain the desired crystalential Schrdinger equation self-consistently. We adopt the
structure and chemical composition. Recently, one of the audltrasoft pseudopotential proposed by Vander8iltThe
thors succeeded in the synthesis of barium-doped binary siliwave functions are expanded on plane-wave basis sets with
con clathrate compounds (B3ise) utilizing high pressures the kinetic energy cutoff of 300 eV for all the systems stud-
of up to about 4 GP& The researchers involved also ob- ied. The Perdew-Zunger parametrizafibof the LDA is em-
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TABLE I. Crystal structure and inequivalent atomic positions fo 8hd BgSi,s deduced via geometry
optimization. The notation of atomic positions follows that of the International Tables for Crystallography.
Experimental values of metal-doped clathrate compoundsB&, ;Sisg) are also listed in the final column.

In the present calculation for N&i,s, We use the same values as those ofSg under the assumption that
the Ba atoms are completely substituted by Na atoms.

Sigs BagSiss Expt. % K. dBay 6Sisg

Symmetry Pm3n(223) Pm3n(223) Pm3n(223)
Lattice constant (A) 10.069 10.192 10.278
Si: ¢(6) x=1/4; y=0; z=1/2 x=1/4; y=0; z=1/2 x=1/4; y=0; z=1/2
Si: i(16) X,y,z=0.184 X,y,z=0.185 X,y,z=0.184(1)
Si: k(24) x=0; y=0.308 x=0; y=0.308 x=0; y=0.305(1)

z=0.117 z=0.120 z=0.121(2)
Ba: a(2) - X,y,z=0 X,y,z=0
Ba: d(6) - x=1/4; y=1/2; z=0 x=1/4; y=1/2; z=0

%Reference 18.

ployed. As for the Brillouin zone sampling, we adopt 10 jows: (i) The fundamental-gap value of §iis larger than
specialk points for the pristine g and 20 points for both  that of cd-Si by about 0.7 eV(ii) The total width of the
NagSiss and BaSiss. The crystal structures and inequivalent valence band is narrower than thataaf-Si by about 0.9 eV.
atomic positions used in the present calculations are listed ifjii) A new gap is formed within the valence band. These
Table I. The atomistic structures of pristinggand BaSi,s  unique properties of & band structure can be attributed to
listed in the table are deduced via geometry optimization. Alkhe existence of five-membered rings, since Si dbitals

of the lattice constants calculated here are found to bgannot form a complete antibonding state, unlike the six-
slightly smaller than those of the experimental values. Thisnembered rings id-Si do.

fact is not SUrpriSing if On.e- uses the LDA apprOXimation. The e|ght valence electrons from Na atoms inBN@G
The calculated atomic positions of g&i,5, however, agree [Fig. 2(b)] and sixteen electrons from Ba atoms ingBag

well with the experimental values of §Bay sSiss.*® In the  [Fig. 2(c)] contribute to form the conduction-band edge. This
following calculations for NgSis,s, we use the same lattice

constant as that of B8i,s and assume that the Ba atoms are
completely substituted by Na atoms. The two inequivalent
center sites, one in the Siand the other in the §j cages,
are not distinguished, and both sites are filled with Na or Ba
in respective clathrate compounds.

The high-resolution transmission electron microscopic
(HRTEM) image of the BgSisg prepared by the new high-
pressure synthetic method is shown in Fig. 1, together with
the schematic diagram of the crystal structure and a multi-
slice simulation image. The multislice simulation depicted in
Fig. 1(b) was carried out along tHa.00] direction of BgSisg

with the use of the calculated atomic configurations listed in " ‘~A‘.-:‘\‘_' E: .:: -:" \ ':(:
Table I, assuming a sample th|c!<ness'of 200 A and a defo- SN A TN - :-A ".(_J.’)... <
cus level of 10 A. From the viewpoint of the polyhedral ey N Nl ’:J\)\gtiya ol g
space filling in Sjg structure, the tetrakaidecahedron,(Bis PO LD .{: ;:‘; o
a major unit. The HRTEM image clearly exhibits a cage e A R\ T AT A T,
structure of the Sj, tetrakaidecahedron, and also shows the o g foon v o NN N N WAL
arrangement of these cages in the crystal lattice. A computer- PN TN (5. <> {“ o

. .. . . . N s Ny sony
simulated atomistic structure inserted in the right hand cor- e i PR TR A s’
ner in Fig. Xc) is in good agreement with the observed im- » RO N SO NSRS ’:’J’.r;
age. These results are strong proof that the calculated atomic RO B AV P AN o SN

positions agree well with those of B3iss prepared by the

new high-pressure synthetic method. . FIG. 1. A TEM image of BgSiss synthesized under a high

The band structure and density of states foryessyre of 5 GPda) The schematic diagram of the crystal struc-
Sigs, NagSiss, and BaSigs are shown in Fig. 2. The total yre of BaSi,;. Ba atoms represented by large spheres occupy the
energy difference of pristine Gifrom thecd-Siis only 0.09  center of tetrakaidecahedron and dodecahedimriThe multislice
eV/atom, which agrees well with other theoretical simulation image fof100] BagSiss with a specimen thickness of
predictions> 8 The band structure of the pristine,SiFig. 200 A and defocus of 10 A (c) The HRTEM image obtained
2(a)] has been well characterized on the basis of theoreticalith an acceleration voltage of 400 kV. The inset shown in the right
calculations82° We summarize the present results as fol-corner is the computer-simulated image.



PRB 61 BRIEF REPORTS 9861

states. In contrast, the conduction-band density of states of
2 BagSi,g is strongly modified from that of the pristine ,8i
O S e = The increase in the density of states at the conduction-band
2 i 1 edge is remarkable. The Fermi level of 34 is located
S closely to this strong peak as shown in Figc)2 This is
ﬁ -4 = - T caused by the strong hybridization between the Ba states and
2 5 _9 1 the Sjg conduction band as suggested previously in
@ —a Nay,BagSiss by Saito and Oshiyanma.Compared with the
8 i T Na,BasSisg, Ba states in binary B&i g are supposed to con-
-10 -$< o4 si.T tribute more strongly to increase the Fermi-level density of
12 - (Ia) 1546 states. Thus, we can assume a highgin BagSisg than in
X RM T RO 10 20 30 40 Na,BasSiss. It has been revealed experimentally that the

DOS (states/eV cell) critical temperature of superconductivity in &g is higher

—t— than that of NgBagSisg by about 4 K.

The difference between Na and Ba atoms in terms of en-
ergy state hybridization in the Qiclathrate can be also per-
ceived from different valence-electron density distributions
in NagSiyg and BaSiyg. The contour maps of the valence-
electron densities of @, NaSi,, and BgSi,g on the
(100 plane are shown in Fig. 3. The center site of each
figure corresponds to the center of thegSiage. Both in
NagSiss and BgSisg, no critical differences have been ob-
served in the electron density distributions, depending on
metal-occupying sitehe centers of the §jor Sk, cages.

Energy (eV)

(b) NagSiyel-
1 1 | ]

10 20 30 40 There is, however, a distinct difference in the charge distri-
DOS (states/eV cell) butions around the metal sites betweery8lg [Fig. 3(b)]
2 e and BaSi,s [Fig. 3(€)]. In BasSiyg, the charge distribution
0 = __//’_;_3;__ around the Ba site is relatively smoothed out and the inter-
action of Ba with the S framework seems to be strong. In
24 T T contrast, the charge distribution around the Na site is much
S 4 _} 4 more localized in NgSi,s. Therefore, the Ba state is ex-
< pected to be hybridized more strongly with the ,Si
? == T conduction-band state than the Na state. From the electronic
g 8% é §——— 1 structure calculations of A;Cso (A=K, Rb, etc.)?1??
10 4 1 1 these fullerene compounds exhibit a hi§iEF), which is
_ known to be critical for the occurrence of the superconduc-
12 T (O BaSier tivity. The strong hybridization of the Ba state with theSi
Xx RM T RO 10 20 30 4 conduction-band state and the hiykEg) play a key role in

DOS (states/eV cell) the supercondu_c_tivity of barium-doped silicon clathrgte com-
pounds. In addition, present results can also explain the ab-
FIG. 2. Band structures and density of states (®rSis, (b)  sence of the superconductive behavior in8lg. There has
NagSise, and(c) BagSiss. Density of states are calculated using 0.1 been no report on the experimental determination of charge
eV Gaussian broadening of the band structure_. Energy is m?asur?ﬁstributions in silicon clathrate compounds doped with Na
:3{2 d”;)e fg,ogrt:; \é?éigfwel'gggd(g mee Zﬁg;:;l 'elgeglg"’:";lge‘;e'or Ba. Based on the present study, these experiments, for
y horiz ines. (@), y lev X . : >
from the simple filling of the conduction band of;$by 8 electrons which thezgnaxw_num en_tropy methaMEM) may be a pow
. . SF-Na erful tool,” are interesting.
for NagSise and 16 electrons for B&i,s are denoted by > and . .
ESFBa raspectivel In summary, we have studied the electronic structures of
P pectively. . . o .
NagSisge and BagSiss within the framework of density-
functional theory to elucidate the effect of Na and Ba as a
has a strong effect on the fundamental-energy-gap narrowingopant on the energy-band modification in the silicon clath-
in these metal-doped clathrates in comparison with the prisrate compounds. A high-resolution TEM observation of
tine Siy; because of the enhancement of screening effect®agSisg has verified the atomic positions that were used for
Notice that the density of states of §&i,s is almost similar  the present calculation. In N&i,s, the Na state is found to
to that of the pristine Si, in not only the valence band but be weakly hybridized with the & conduction-band state,
also the conduction band. Moreover, the Fermi-level densityvhich results in almost rigid energy-band modification of the
of statesN(Eg), of NgSi,s is almost the same as expected pristine Sjg. In contrast, the conduction band is strongly
from the simple filling of the conduction band of,Swith modified in BgSi,s. The Fermi level of BgSi,g is found to
eight electrongFig. 2(a)]. These findings manifest that Na be close to a peak of the density of states, which should be a
states are weakly hybridized with the,Stonduction-band  critical behavior aspect for the superconductivity observed in
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(a)Siye (b)NagSi,, (c)Ba,Si

FIG. 3. Contour maps of the valence-electron densitie$abfSi,, (b) NagSisg, and (c) BagSisg on the (100 plane. Each contour
represents 1% (1/1.74? times the density of the neighboring contours. The maximum contour of the density is setto 1 elegtrom/A
(a), the core regions of silicon atoms forming half hexagons are indicated on both sides of the figure by the letters “Si.” The center of the
figure corresponds to the center hole of thg, 8age. The Si-Si bonds perpendicular to ¢80 plane correspond to spherical regions with
relatively high electron density above and below the centetb)rand (c), sodium and barium atom sites are denoted by the letters “Na”
and “Ba,” respectively.

Ba-doped silicon clathrates. It is expected that the electronic The HRTEM observation of B&i, was performed by K.
density of states around the Fermi level increases with the BElanafusa Sumitomo Metal Industries, Ltd.We would like
concentration in Ba-doped silicon clathrate compounds. Conto thank S. Munetoh, S. Shibagaki, and Dr. K. Kamei for
sidering the absence of the superconductve behavior ihelpful discussions. Special thanks are due from one of the
NagSisg, We also suggest that the estimation of Fermi den-authors, K. M., to Dr. N. Sano and L. M. Parish for a critical
sity of states from the band-structure calculation and theeading of the manuscript. The author’'s gratitude also goes
analysis based on the BCS theory are quite effective for preto Dr. S. Kobayashi for his encouragement with this re-
dicting the superconductivity in silicon clathrate compounds search.
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