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295i NMR study on the stoichiometry of the silicon clathrate NaSiyg
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The 2°Si magic angle spinning NMR spectrum of §$ig exhibits three resonances with large positive
Knight shifts assigned to the inequivald6i, 6¢, and 24&) Si sites in the structure. The integrated intensities
are in the ratiqd 15.7+0.3]:[ 6.5+ 0.6]:[ 23.8+ 0.5]. Along with Rietveld refinement of site occupancies, this
result demonstrates that the compound is the stoichiometric clathrgBNaather than an intermetallic Zintl
compound containing silicon vacancies. The result is important for interpreting superconducting and thermo-
electric characteristics of members of the tetrelide clathrate faf8l§163-182609)00842-3

Group IV (Si, Ge, Sn tetrelide clathrate compounds tion of this observation can be seen from the functional form
(TC’s) (Ref. 1) have been receiving increasing attention dueof the so-called figure of meriZT) that quantifies thermo-
to the discovery of superconductivityT{~4 K) in the electric efficiency:
Na-Ba-Sig series? and by the recognition that their low ther-
mal conductivity and high Seebeck coefficient render them
promising thermopower materials for solid-state refrigeration
applications’ There is also speculation that the predicted ] o
wide band gaps of these materials could render them as usE€ré @ o, « are, respectively, the Seebeck coefficient, the
ful optical materialé. The TC’s are structurally analogous to electrical conductivity, and thermal conductivity of the ma-
ice clathrate hydrates, formed by cagelike structures of watdf"ial andT the absolute temperature. Within this framework,
molecules around included gas or solvent molecules. Th gtals are poor c_an_d|dates owing to their low Seebeck coef-
fullerenelike structural units consist of polyhedra defined b icients and the limitedr/ « ratio. I'nsulators, on the other
five- and six-membered rings. The TC network consists 0pand, have large Seebeck coefficients and low thermal con-

. ; . . ductivities, but are limited by their poor electrical
tiralhedralht/h coo:dllnated_ths_|, tk? e or Sr_:_’ W';h ?”t(f?“ torconductivitie§ Thus semiconducting materials midway be-
alkaline-earth metalgv) within the cages. Two Si clathrate tween metals and insulators are desired. Semiconducting

structures identified to datéd,Siss (Xmax=8) andMyShzs  (jathrates have the additional advantage that the “rattling”
(Ymax=24), are the analogs of clathrate hydrates | and llof gyest atoms in the cages can reduce the thermal conduc-
The structure | compounds of Sn have been shown to beafity component in these materials. This has been the moti-
formulasMgSn,[1,, (M=K, Rb) whereld represents a va- yation for Slack’s introduction of thehonon glass electron
cancy on a framework siteThis stoichiometry shows these crystal (PGEC, Ref. 3concept and subsequent experiments
clathrates to be ionic Zintl compounds, which are semiconon clathrates based on this idea. Vacancies thus provide as
ducting or insulating. In contrast, h&i,s is metallic, indicat-  useful “knobs” for tuning the transport properties of these
ing that it is better described as a “true” clathrate with closematerials. Solid-state magic angle spinniIAS) 2°Si

to ideal framework site occupancy, and with the additionaNMR is an ideal probe of both the framework site occupancy
electrons contributing to its conduction band. Obtaining aand the nature of Si contributions to the electronic states near
correct description of the stoichiometry and the electron octhe Fermi level. We present here results P8 MAS NMR
cupancy is thus critical to understanding and predicting thestudy of NgSise combined with Rietveld refinement of
electronic properties of these materials, including superconx-ray-diffraction data that demonstrate the full framework
ductivity and their thermopower characteristics. One of thesite occupancy, combined with a pseudopotential local-
most remarkable differences between compounds with vadensity approximatioiLDA) study of the band structure in
cancies and ones without is that the former are semiconducthe region of the Fermi level that supports our findings and
ing and the latter are semimetallic. The immediate implica-allows interpretation of the observed NMR shifts.

ZT= 0Tl k.
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6¢c 0 16i ‘ 24k FIG. 2. Room-temperaturdSi MAS NMR spectrum of NgSisg

recorded at an operating field of 9.4 T. The three peaks labeled 6
FIG. 1. The structure | clathrate Ngi,; shown along[100] 16i, and 24 are such that the corresponding integrated intensities
direction. The three inequivalent crystallographic sites 8, and  reflect the three inequivalent crystallographic sites ipNg (Fig.
24k are shown in varying shades of black. The guest atdvasBa,  1). For obtaining the total integrated intensity of each site, the cor-
etc., shown as smaller spheréseside” at the center of the cages responding sidebandgrrows with italicized labe)swere also ac-
formed by silicon. X-ray analysis shows no vacancies in the struccounted for. The small shouldéat ~590 ppm to the 16 peak is
ture. A quantitative’®Si NMR corroborates this finding. This struc- due to a trace of an unidentified impurityee Ref. 1¥. Relaxation
ture is an isomorph of the naturally occurring clathrate hydrate |times were obtained using the standard inversion recovery method.
and the silicate melanophlogite. For the sites 6, 16, and 24 we obtainedT,’'s of 38.1+5.9,
24.3+0.7, and 40.6:0.9 ms, respectively.

The structure of NgBiss (Space grouPm3n) is built up  neqaliic, as  indicated by  previous  conductivity
from two smaller dodecahedra ¢§iand six larger tetrakaid-  heasurementsNMR . shifts of insulating and semiconduct-
ecahedra (i) connected through five-membered rings. Thejg tetrahedrally bound Si compounds occur in the range
voids in the polyhedra provide the sodium atom sites. Thg)~_ 139 ppme The large positive shifts observed for the Si

structure contains three inequivalent Si sités, 16, and  gjtes in NgSiy, are consistent for a compound with conduc-
24k, with symmetries 2, 3, andm, and multiplicities of 6,  tjon pand electrons. This result is also consistent with our

16, and 24; Fig. 1 Samples of NgBiss were synthesized by previous NMR study of thé®Na atoms in the structure.
thermal decomposition of the Zintl phase NaSi in vacuum aP

375°C, NaSi was obtained by treating Na and Si in a sealed ; T T T . T
tantalum capsule at 650 °C.X-ray-diffraction analysis
showed that the sample was essentially phase pure, with}?
<5% wiw (weight %9 of the NgSi, 5 (structure 1) phase.

293i NMR spectra were collected on a 400-MHz Varian
Unity spectrometer operating at 9.4 (Larmor frequency
=79.46 MHz for?°Si). Samples were loaded in a 5-mm sili-
con nitride rotor set at the magic ang4.749 and spun at
12 kHz. Reported®Si NMR shifts are referenced to tetram-
ethylsilane[ TMS: Si(CHg),]. The spectrum shows three
distinct peaks at 617, 653, and 842 ppm, along with their
associated spinning side banddg. 2). From inspection of r
relative peak heights, these resonances are readily assigne! ' ' L . L :
to the three inequivalent silicon sites in the structure:, 16 10 000 % 40 50 60
6c, and 24, respectively. Integration under the main peaks 26 (degrees)
and their associated side bands following a Lorentzian fitting FIG. 3. Rietveld profile fit on x-ray data of N8, (bottom tick

procedure gave the relative intensity ratios B$5.7  1arg. In order to check for purity, reflections for Mijsg were
+0.3]:[6.5+0.6]:[23.8£0.5], in excellent agreement with g5 refinedtop tick marks. Experimental data points are shown as
the results from a Rietveld analysis of the powder X-fay-plusses(+) and theoretical fits are shown as solid curves. Also
diffraction pattern(Fig. 3, Table }. Complete details of the shown below the fit is the difference between the observed and
refinement are presented elsewhere. theoretical patterns. From the refined site occupancies no vacancies

The magnitude and direction of tf&€Si NMR shifts con-  were observed at any of the three crystallographic sites. See Table |
firm that they are Knight shifts and that the compound isfor a direct comparison betweéfSi NMR and x-ray results.

Nagsi46
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TABLE I. Selected refinement details for a direct comparison of x-ray and NMR analysisg8i,ja

Space grouf®m3n; a=10.196 48(2) A:v=1060 A
Radiation wavelength: CK« 1.5406 A; 3288 data points
x?=2.57; residual¢R, and pr)a; 0.0499 and 0.0651

(samples contain@d<5% wiw NaSi;z0)

Total Si/Nafrom Total Si from

Atom X y z Fraction  X-ray analysis NMR analysis
Sil (6c) 1/4 0 1/2 1.01®) 6.07 = 0.05 6.51+ 0.62
Si2 (14) 0.18511) 0.18511) 0.18511) 0.9917) 1595 = 0.11 15.74+ 0.30
Si3 (24&) 0 0.30772) 0.117%2) 0.9916) 23.78 = 0.14 23.76 = 0.48
Nal (2a) 0 0 0 1.0098) 2.02 = 0.02
Na2 (6c) 1/4 1/2 0 0.9897) 5.93 = 0.04

Rp==2|lio—lic|/Z1is, wherel;, andl;; are the observed and calculated intensities at paiespectively,
andR,,={Zw;(l;,—1ic) /2wl 5}, %2 wherew; is the weight assigned at each intensity step.
PContamination is represented in weigit/w) percentage¢see Ref. 1¥.

Two Knight shifted lines, with largé®Na NMR shifts of ~DOS at the Fermi level at each of the three sites is different,
~2000 and~1750 ppm, were observed for Na atoms in theand so there should indeed be a unique NMR signal from
two polyhedral sitesT; relaxation times measured using the €ach of the sites. The Fermi-leveDOS contribution is larg-
inversion recovery technique for thec616, and 24« Si est from Si at the 24 site, so these nuclei ought to have the
sites in this study were 38#0.7, 24.3-0.7, and 40.0

+0.9ms, respectively. 500

40.0L (@) Total electronic DOS of NagSiyg

T

J

The magnitude of thé°Si Knight shiftsK are described > E 1
by the relationshitf - 300[ |
5—*; 20.0f |
8 - !
K== (li(rs)|?) x5, n PN '

0925 3.0 2.0 0.0 70
wherer g describes the Si nuclear positiod$y(rs)|?) in- 0.02 - T - - - y ;
dicates an average over the Fermi surface of the absolute (b) Projected DOS of s orbital at 6¢ site
square of the electronic wave functiomith s character

evaluated at the positions of the Si nuclei, apdis the 0.01
electronic spin susceptibility which in a simple metal is pro-
portional to the electronic density of statédBOS) at the

Fermi level. To investigate trends in the NMR shifts, we .
computed the site- and angular-momentum-projected DOS
using the following procedure. First, we calculated the elec-

0.00 } + } t } t
(c) Projected DOS of s orbital at 16/ site

ts

uni

tronic band structure of N8, within the local-density ap- E‘ 0.01p | i
proximation (LDA), using a plane-wave basis Seaind an p= :
efficient ultrasoft pseudopotentifiWe began by optimizing "‘g MMM 1

0.00 } } } : t +

the framework Si; (i.e., without Na atoms for efficient initial
calculation within an insulating systerand found a unit-cell
constanta,=10.10 A. The Na atoms were then incorporated
at the centers of the polyhedra, the structural model scaled to
the experimental value for N&i,s (ap=10.19A), and the
band structure recalculated. A plane-wave energy cutoff of

11 Ry was used and the Brillouin-zone integrations were R S S S R ¥R Y
performed using a 2X2 k-space grid in the geometry
optimization. A 10< 10X 10 k-space grid was chosen to de-
termine the self-consistent charge density which is input for

the band-strqcture calculatlon_. . . . all the valence bands and over the lower portion of the conduction
The resulting total electronic DOS is shown in Figa#4  pangs. The density-functional theory determirsearbital angular
For calculating the site- and angular-momentum-projectethomentum projected density of states at the siligorée sites, (c)
DOS, we projected the wave function onto a spherical har1g sjtes, andd) 24k sites for NgSis. The top of the framework
monic of s symmetry (s DOS) in nonoverlapping spheres yalence band defines the zero of energy. The remnant of what re-
encompassing each Na and Si atom. $IEOS contribution  mains of the semiconducting gap in Na free Si clathrate is the gap
at each of the three Si sites is shown in Figd)4(d). The  from 0.00 to~0.75 eV. The conduction band begins near 0.75 eV,
results permit us to draw the important conclusion thatsthe and the Fermi level is shown as a vertical dashed line at 1.35 eV.

(d) Projected DOS of s orbital at 24k site

0.01F

Energy (eV)

FIG. 4. (a) The total electronic density of states of J$&¢ over
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largest Knight shift, as is observéHig. 2). The magnitudes sity of states close to the Fermi level. This would explain the
of the s DOS for the other two sites are comparable, with ahigh DOS at the Fermi level and why superconductivity is
slightly larger contribution from li6sites which should have observed in Ba-containing i compounds, but not in
a larger Knight shift than 6 sites. This is reversed compared NagSize. Shimizu et al'® used this observation to interpret
with the experimental result. However, th®OS varies rap-  their 2°Si NMR result. Based on the measurkdrelaxation
idly on a small energy scale and the relative shifts of thie 16times, which increased in the orderk246c>16i, they con-
and & sites are sensitive to small changes in the position ofluded that the*’Si NMR relaxation is dominated by the
the Fermi level. The shift for the Z4site will, however, Fermi contact term, and suggested that tikeaid 16 sites
always remain much larger than for the other two. in N&;BagSiy are more strongly hybridized by guest atom
Although the NgSi,s clathrate sample is metallic, it has OrPitals, particularly Ba 8 states, than are the R4ites. The
not been found to be superconducting above % Buper- 16|_ sites as identified by Shimizet al. are S|gn|f|ca_ntly
conductivity with T, in the 4—6 K range has been reported in shifted (by ~1000 ppm between Ngbiss and NaBasSise.

: . . This shift is not simply explained by a change in thstate
NaBasSiss and in other members of the NBggSisg ; ; :
serie2 Shimuzu et al’s studied the2Si spectrum of DOS for these sites because tha &rbitals from barium do

. . . [ irectl he NMR shif i. H ,
Nay,BasSiysg in a static NMR experiment and reported three not contribute directly to the shift oF'Si. However

broadt— 300 bands that th ianed toi 16 q the presence of barium with additional electrons donated to
2$a8§~.t bpprf)d an tsht .at tlety asggne 't.t0|1 ¢, an h the conduction band will considerably altgf in Eq. (1).
| Sites based on their relative Intensities, as We nave , onciysion, the solid-state MAS NMR spectrum of

done here. The pea|§s assigned todhd 2« sites were not NagSise clathrate clearly shows the three resonances ex-
well resolved, especially at room temperature. Korringa-typ ected for the inequivalent Si sites in this compound. The

relaxa_tion was obse_rved for all three peaks_, confirming th arge positive Knight shifts observed for these lines demon-

metallic nature of.th|s samp_le._ The NMR shifts reported forstrates the metallic nature of the sample. The integrated area
the GC .and 24 sites are S|m|!ar_to_those found here for under each peak, taking account of contributions from spin-

NaB.S!“ﬁ’ however, that for the T6site is much larger, by an ning side bands, shows the ratio of the three sites to be
additional~1000 ppm. [15.7+0.3]:[6.5+0.6]:[23.8:0.5] compared with the

0 lr? thegﬁ theortetioﬁlrl] Stttjhdy of dBa:[(.jODEd 4§i ?a}[ito and 16:6:24 ratio expected for the ideal stoichiometry. This result
shiyama-reported that the conduction-band states are veryg supported by the site occupancies obtained from Rietveld
much altered from undoped gi indicating considerable hy-

bridization b he Si f K quct &nalysis of x-ray powder-diffraction data, and clearly shows
rdization between the Si framework conduction states ang e compound is best formulated as a semimetallic clath-

B.a states._ For.the Na-dgped4§sltudied h_ere, we find a VeTY rate rather than as an ionic Zintl phase with defects in the
different situation. The first few conduction bands of;Siag tetrahedral frameworki.e., NaSi,/J,). Our LDA calcula-
are nearly identical with the conduction bands of the metaly; )< indicate that there is a mu‘é?\ gzréaiestate DOS at the
free Sis framework, but are simply brought closgr in ENergy 7 site compared with the®and 16 sites, consistent with

to the framework valence bands By0.5 eV, consistent with the observed?Si Knight shifts. The NMR spectrum then

a “rigid-band_ model.” In our calculated total electroni_c provides a detailed and useful probe of the local DOS at
DOS for NgSiye, the top of the framework valence band is £ i level, which also determines the observed

at 0 eV, and the dashed line indicates the position of thesuperconductivi&l""leand the thermopower characteristics
Fermi level (1.35 eV\) in the conduction band produced by in these tetrelide clathrates.

the extra eight electrons contributed by the eight Na atoms.
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