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NMR study in the superconducting silicon clathrate compound NaBa, Siyg
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295j, 2Na, ¥¥Ba, and'®*Ba NMR experiments were carried out in the superconducting silicon clathrate
compound NgBa,Siys to study the electronic states above the superconducting transition temperature. We
observed three distinéfSi signals with different Knight shift2036, 862, and 720 ppm at 90 K with a small
temperature dependence 6fL0%), which were ascribed to inequivalent Si sites in thgs Siructure. The
results indicate that the conduction-electron spin and/or charge density is strongly site-dependent. At all the
atomic sites, the Korringa relation in NMR relaxation was observed, indicative of metallic electronic structure
with moderate electronic correlation. The Na and Ba atoms are partially ionized, Be)\8i,¢, which shows
the noticeable difference from the system of alkali-metal-doped fullerides. The comparison with band calcu-
lations is discussedS0163-1826)06042-Q

[. INTRODUCTION tion on the electronic states M ,Ba Siy has not yet been
made.

The recent discovery of superconductivity in alkali-metal-  In the present work, we carried ofiSi, 2Na, *'Ba, and
doped fulleridelinspired a hope of superconductivity in sili- **Ba NMR experiments in N#a,Si to study the elec-
con clathrate compoundM,Si,; and M,Si;35 (M=alkali  tronic states above the superconducting transition tempera-
meta) whose crystalline structure consists of Si polyhedralture (T;). At all the atomic sites, considerable Knight shift
cages. The physical properties of these fullerene-relatelfs was observed, and NMR spin-lattice relaxation r&fe
compounds were investigated many years a@élthough ~ was found to obey the Korringa relation, which is indicative
the expected high Debye frequency for the tetrahedrally co@f metallic electronic structure. These results verify that the
ordinated Si network should be favorable for the superconSis States at the Fermi level have a large amourg obm-

ductivity of the BCS mechanism, no evidence of the transi;PONent, consistent with the Sp’ hybrid orbital, and indi-
tion was found down to 2 K.More recently, new types of cate that the Na atoms are partially ionized as well as the Ba

silicon clathrate compounds codoped with BA,Ba,Si, atoms. These features are noticeably different from the case

were synthesizefland were found to undergo superconduct-Of alkali-metal-doped fullerides, in which tteecharacter of
ing transition at about 4 K.To our knowledge, this is the
first observation of superconductivity in the system which
consists of thesp® covalent network of silicon.

As shown in Fig. 1, the i structure is given by filling in
space with silicon polyhedra; dodecahed8i,y and tetra-
kaidecahedrgSi,,) are linked to each other, sharing their
pentagonal or hexagonal faces. It was revealed by x-ray
Rietveld analysisthat the Ba atoms occupy the center of the
tetrakaidecahedra, while the Na atoms occupy mainly the
center of the dodecahedra. If all the tetrakaidecahedra and
the dodecahedra were exactly occupied by Ba atoms and Na
atoms, respectively, one would have the composition of
Na,BagSiys.

The fact that the introduction of a Ba atom resulted in the
occurrence of the superconductivity suggests an important
role of the alkaline-earth metalThis point was supported by
a theoretical study. Based on the density-functional theory ¢CS1 @52 @S3
with the local-density approximatiofLDA), an electronic
structure calculation in N8asSiys (Ref. 8 showed that the FIG. 1. The structure of NBagSise. The largest spheres are Ba
strong hybridization of the Ba states with the,Sstates  atoms occupying the center of tetrakaidecahedron, and the smaller
yields high Fermi-level density of stat&f Er), which was  spheres located at the center of the dodecahedron are Na atoms.
supposed to be of essential importance for the supercondutThere are three kinds of inequivalent Si site§1, S2, andS3 (see
tivity. Experimentally, on the other hand, detailed investiga-text).
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FIG. 2. 2°Si NMR spectrum at 90 K. The NMR shift is mea- B, © © o
sured from the resonance in the semiconducting pure Si. The verti- 400 o 7
cal line shows the peak position of each signal of the inequivalent 3500 5'0 160 1'50 2(')0 2\'50 3(') 350

Si sites. The solid lines display the result of fitting by Gaussian
curve (for the S1 andS2 site and Lorentzian ondfor S3 site),
whose areas are in the ratio of 16:6:24.

Temperature (K)

FIG. 3. Temperature variation of the peak positions of the reso-
the conduction-electron wave functions at Fermi level isnance lines of SB1 site (closed circlg, Si-S2 site (square, and
weak'® and the alkali metals are almost completely Si-S3 site(open circlg.
ionized! The small deviation off; TK?Z from the Fermi-
contact value for noninteracting electrons shows that the nofie following analysis, the shif is divided into spin parKq
mal state of NzBa Siss is an ordinary simple metal with and orbital part(chemical shift K, i.e., K=K +K. The

moderate electronic correlation. observation of considerable Knight shifts at the Si sites, as
shown below, verifies that the istates at the Fermi level
Il. EXPERIMENT consist of the Sip® orbital fairly havings character, in con-

. . . trast to fullerene compounds in which the conduction band
The sample was synthesized from two kinds of Z'n“mainly consists of carbosr orbital ®1°
phase compounds of NaSi and Ba3betails of the sample Figure 4 shows the temperature dependenddQifNMR
preparation were described in the previous papErshe spin-lattice relaxation rat€; *, along with that of*'Ba and
powder_s_,ample used contains Bagnpurity phase. .The ZNa, which is discussed later. The relaxation rate was
composition of the clathrate phase actually determined by, iny measured by the conventional saturation recovery
the atomic absorptionwas N 33, sSiss, Where the excess memog. At all the measuring points, magnetization recovery
Na atoms should occupy the tetrakaidecahedra. . . data could be fitted by single exponential curves. It is found
The NMR spectra were taken by a home-built Fouriery yhe Korringa-like relationT,T=const approximately
transform spectrometer at the magnetic field of 3.79 T. 'nholds at each Si site. For Sp® orbital, the contributions
stead of an ordinary NMR glass tube which contains Si and '
Na, Si- and Na-free sample tubes were used. In addition to
the sample containing BaSimpurity phase, we measured Ty
NMR spectra in the Bagistarting material as well, and it 100k
was confirmed that the influence of the impurity on bt :
and®*Ba NMR could be neglected.

lll. RESULTS AND DISCUSSION g 10} //‘{( 3
We shall first discuss the results f61Si NMR experi- Sal

ments. Figure 2 shows the spectrum taken at 90 K. The NMR & a g,
shift was measured with respect to tA%i resonance in E 1k & my,
semiconducting pure Si at room temperat(ur&8 ppm from ; ® 2giq7 ]
TMS). In the Sjg structure, there are three kinds of inequiva- B 28iS2 |
lent Si sites which are the possible origins of distinct NMR © sis3 |
signals, as shown in Fig. 1. We shall call these gro8ps o1b——n e
S2, and S3, whose numbers of sites are in the ratio of 1 10 100 1000
16:6:24.S1 site belongs to the dodecahedraj,Siage and Temperature (K)
gives the direct Si-Si bond between tages;S2 site is not
included in the Sj, cage;S3 site belongs to the gjcage and FIG. 4. Temperature dependence?®8i, >>Na, and'*’Ba NMR

gives the Si-Si bond between ti82 site and the $j cage.  spin-lattice relaxation ra€; *; Si-S1 site(closed circlg, Si-S2 site
The assignment of the spectrum was made on the basis of thequarg, Si-S3 site (open circlg, Ba site(closed trianglg and Na
integrated intensityFig. 2). The positions of the resonance site (open triangle The solid lines which display the relation
lines vary with temperature by 10% as shown in Fig. 3. In T,;T=const are guide for the eyes.
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FIG. 6. ¥'Ba NMR spectrum at 4.2 K measured by the point-
FIG. 5. 2°Si NMR shift as a function of T;T) "2 The symbols  to-point method. The line shape is considered to be the powder
are the same as Fig. 3. The different points for the same kind of Spattern of first-order quadrupolar broadening. The solid line shows

site correspond to different temperatures. the result of fitting, in which the central line is fitted by Gaussian,
and the satellite lines are also broadened by Gaussian with different

from the Fermi-contact, dipole, and orbital interactions to thewidth.

relaxation can be roughly estimat&dThe relaxation rate

due to Fermi-contact interactio ¢ V), is given by Now, we shall turn to the metals encapsulated into the

silicon polyhedra. Uflngl7ike298i nucleus with the spin oé,
_ both of the nuclei of *'‘Ba and“*Na have the spin of=5.
1N _ 3.2.273 2\2 2 2
(T D)s= 5 T ey *([uk(0)[%)[NS(ER) 1%KeT, (1) Figure 6 shows thé*Ba NMR spectrum measured by the

herev. andw are the electronic and nuclear avroma netiCpoint-to-point method at 4.2 K. The line shape is interpreted
w Ye N ! u ray 9 as the powder pattern of a first-order quadrupolar splitting.

ratio, respg9t|vely]uk(0)|2 is the electronic density at the o opseryed peak is mainly due ¥do —3 transition(cen-
atomic position for statk, () means taking the average over y| |ing). By the powder pattern with appropriate Gaussian
the Fermi surface, anbls(Eg) is the Fermi-level density of proadening, we could reproduce the line shape as displayed
states per one spin direction. Neglecting the matrix elementgy the solid line in the figure. From the fitting, we obtained
between the neighborirgp® orbitals, we have the relaxation 176 kHz forVQ:ezq Q/h, whereeqis electric field gradient
rate due to dipole interactiofT; )y, as follows: at Ba nucleus an@Q is electric quadrupole moment of

13Ba. In order to verify this interpretation, we measured

(T1 Daip= s mYavih*(r )2 [Ns(Ep) 1%kgT, (20  ®Ba NMR as well, and the spectrum with similar line shape

was obtained. The ratio of the gyromagnetic ratio'&Ba
where(r %) is the expectation value of ®for thesp® orbital  nucleus to that of**Ba, y;37713s, is 1.12, while the ratio of
averaged over the Fermi surface. By use of the literaturéheir quadrupole moment®Q)37/(eQ)35is 1.7. The fre-
value of [{0)|°’=1.38 (in atomic unit$ which was experi- quency ratio of their peak positions is in good agreement
mentally deduced for the conduction electron of doped Sivith the ratio of y;34y135, indicating that the origin of the
(Ref. 13 and the Hartree-Fock value Qf*3>3p:2_0541 for  shift is magnetic. Further, if we assume the first-order quad-
neutral Si atort? the (T; %), is estimated to be about 180 rupole splitting, the line shape fo7*Ba is found to be repro-
times larger than théT; })y,,. Since the relaxation rate due duced by using the same value for the electric field gradient
to orbital interaction(T; %), is also estimated to be negli- €9: These results confirm the validity of the above interpre-
gible compared with T; %), we can conclude that tfdsi ~ tation.

NMR relaxation is dominated by the Fermi-contact interac- | he Shift of the'*'Ba central line measured with respect
tion to the resonance in Baghgueous solution is 5930 ppm at

For the analysis of the shift, the shifts of the different 4'0235' T?]iqs Yr?(;lijceatialat[%g: E{?zn Jgﬁgﬁi?ﬁ:ﬁgﬂﬁéﬂ ibSelt?]ge
kinds of Si sites at various temperatures are plotted as ppm, 9

: Y I ; . night shift. As shown in Fig. @), the shift of the central
function of (TlT.) In Fig. 5. The data points can be fitted line was found to decrease with increasing temperature be-
well by a straight line. On the assumption of the sam

: ) g 8ME&yeen 4.2 and 30 K. FoNa NMR, the resonance line was
amount ofK, for the different kln(iis of Si sites, the straight ¢ ,nd around 900 ppm with a reference df1INaCl aque-
line in the plgt implies that thé', * obeys the Korringa re- 5 solution. The observed shift is comparable to that of Na
lation, T, TKs=Sa, where S is Korringa’s Fernjg-contact metal, and is evidently beyond a range of the chemical shift
value for noninteracting electrons, being &6 > secK  of 23Na. This also indicates the dominant contribution of the
for ?°Si nucleus, andk is the measure of deviation from the Knight shift for the observed shift. This result shows that
simple Korringa relation. The negative intercept 296  considerable charge density of the conduction electronsvith
ppm isK, and the slope of the line giveg being 1.8. Thus, character remains at the Na site, whereas the LDA
we have the Knight shifks at 90 K, for example, to be calculatioff predicted that the Na site in NBagSiyg is the
2036, 862, and 720 ppm fd81, S2, andS3, respectively. lowest density area of the conduction electrons.

The value ofa is quite close to those of ordinary simple  *'Ba NMR spin-lattice relaxation rafg; * was measured
metals such as alkali metals, indicating that the electroniby saturating the central line. Evidently, the recovery curve
correlation is not very strong. of the central line was not single exponential. For the nucleus
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FIG. 8. Magnetization recovery curves for the central lines of
1000 13Ba NMR (open circlé and**'Ba NMR (closed circl¢ measured
_ A RPN at 4.2 K. The solid lines display the results of fitting by E8). in
g [ 1 the text. The magnetization of tHé’Ba NMR recovers about 1.5
& 9501 ] times faster than that dfBa NMR.
@) [ ]
] [ ]
2 900 | 2 ] For 2°Na NMR, the spin-lattice relaxation rate also obeys
S i ] the Korringa-like relation, approximately. The best fitting of
& _ ] ga-lik pp Y. _ g
£ 850 . the magnetization recovery data was given by single expo-
g ] i _recove g y single exp
% pa 8 () ] nential curves, which indicates that all the resonance lines of
000 R PPN I EPUP R ST U WP 23Na were observed, and that the electric field around the Na
0 20 40 60 80 100 120 140 160 site has nearly cubic symmetry. The deviation factén the
Temperature (K) Korringa relation was estimated to be 1.3 f3fBa and 0.9

for 2Na, provided that the observed shifts from the reference
FIG. 7. Temperature variation of the NMR shift5fBa(a) and ~ samples are entirely equal to the Knight shifts.
2Na (b). The 1¥Ba and®*Na NMR shifts are measured from the ~ From the Knight shift, the contribution from each atomic
resonance lines in Bachnd NaCl aqueous solutions, respectively. state to the Fermi-level density of states can be estimated. On
the assumption of noninteracting conduction electrons, the
of I =3, if the spin-lattice relaxation is governed by a mag-isotropic Knight shiftk is given by
netic interaction, the recovery of nuclear magnetizabib(t)
with timet after the saturation of the central line is described

8w
_ o 2
by the following expressioft Ks=5 ([ud(0)|*)e ueN(Ep), 4

, . whereyy is the Bohr magnetotf If one inserts an electronic
M(t)=Moj1-5exp —5-|-5exp —3-|(» (3  density normalized within the atomic volume into E¢),

! one will have a local density of states at the atomic site
where M, is the magnetization in thermal equilibrium. If n(Eg). Using the above-mentioned value [k0)|°=1.38,
there is a contribution from quadrupolar interaction to thewe haven(Eg)=0.50, 0.22, and 0.18 states/eV site &,
relaxation, the relaxation process should be described by &, andS3, respectively. These estimated values should be
modified expression, while the obtained data could be fittedaken to include both the Sis3and the Si  components. In
by Eq.(3) within the experimental errors, as shown in Fig. 8. this estimation, the hybridizing ratio of the two components

In order to reveal the origin of the relaxation mechanismwas assumed to be the same for all the Si sites. For the Ba
we measured®Ba NMR relaxation rate as well. The recov- site, taking into account only thes6state which is the high-
ery data could be again fitted by E@) as shown in Fig. 8. est occupied state in the free atom, we haf&g)=0.47
We obtained 1.%50.2 for the ratio of the relaxation rates of states/eV site by use of the Hartree-Fock value of
the two isotopes, {1 1) 157/(T1 1) 135 This value is closer to  |(0)|>=4.0878 for the 6 state of B4.'* For the Na site,
that expected for the case of magnetic origin foy, n(Eg) was similarly estimated to be 0.57 states/eV site.
(T1 D13 (T 1D 135= (Y137 7139°=1.25, rather than Summing up thes@(Eg)’s with respect to the unit cell of
(T D1 (T1 D 1=[(eQ) 137 (€Q) 13 °=2.9 for the case NaBasSi,s, Wwe haveN(Eg)=18 states/eV. This value is
of electric-quadrupolar origin. Therefore, we concluded thatconsiderably lower than th&l(Eg) of 47.9 states/eV ob-
the quadrupolar interaction does not give major contributiortained by the LDA calculatiof We believe that this discrep-
to theT; . Because of the poor experimental accuracy, how-ancy could never be explained by the uncertainty in the used
ever, we can't accurately determine the amount of the qua+0)|*s. For instance, if we use tHe{(0)|* of the conduction
drupolar part, so that we tentatively adopted Te"’s deter-  band of Si deduced from an Overhauser experinéwhich
mined by Eq.(3). The temperature dependence '6fBa  is about two times larger than that used above, a smaller
NMR T;! was found to obey the Korringa-like relation, N(Eg) by a factor of about 2 than the above estimates is
though the data points were limited to a range between 4.8btained. Saitet al® pointed out that, in N@BagSiyg, the Ba
and 15 K(Fig. 4). 5d states rather than thes&tates would strongly hybridize
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with the Sjg states, yielding high Fermi-level density of m-electron system on the carbon spheres is solely responsible
states. The discrepancy in the density of states may implfor the superconductivity™® In Na,Ba,Siss, contrastingly,
that the Ba 8l states significantly contribute to ti&(E). since the Na and Ba orbitals are included into the conduction
The above speculation seems to be consistent with thelectron band, they may play a part in the superconductivity
temperature variation of NMR shift as shown in Figs. 3 andin a different manner. Substitution of the Na atom by other
7. The shifts of Si83 and Na sites increase with temperature.a|kali-metal atoms may result in the different superconduct-
This can be explained by an increaseN(Eg) due to the ing properties. KBa,Si,s and RRBa,Siys have been already
thermal expansion of the lattice, usually observed in metalssynthesized,and slightly differentT.'s have been reported.
However, for Sis1, SiS2, and Ba sites, oppositely, the shift |n addition, it was reported that, in NBa,Sisg, the reduction
decreases with increasing temperature. One possible explgf the Na-doping level resulted in the highgy.*®
nation for this variation is due to the temperature-dependent |+ should be noted that the shift of tI&L site is remark-
Pauli susceptibility arising from steep energy dependence Adply larger than those of the other Si sites. P& NMR in
the density of states. The LDA calculation is really predict-nonsuperconducting NSi 5, NOW under investigation, is
ing that the density of states of bEecSiys has steep energy opserved around the frequencies for 82 and S3 site in
dependence around the Fermi level as the consequence of tN%,(BaySi% and not observed around that for ti§& site.
strong hybridization of the Badorbital. If this is the case, Therefore, the remarkably large shift of tB& site may be
the Ba 5l orbital would hybridize with those at §1 and  caused by the hybridization with the Ba orbitals and the ex-
Si-S2 sites stronger than &3 and Na sites. istence of the Si site with such a large shift in,Ba,Sis

In the present work, it was found that N Siss has  might have some relevance to the superconductivity.
metallic electronic structure with moderate electronic corre-

lation. Therefore, the most probable candidate for the mecha-
nism of the superconductivity is naturally considered to be
the BCS mechanism. In addition, it has been confirmed that
the conduction electrons exist at all of the atomic sites with This work was supported in part by a Grant-in-Aid from
quite site-dependent amplitude. In the case of alkali-metalthe Ministry of Education, Science and Culture. This work
doped fullerides, the complete charge transfer from the alkalivas also supported in part by the Fund for Special Research
metal to the fullerene molecule takes plateand the Project at Tokyo Metropolitan University.
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