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Electronic structure of alkali-metal-doped M gSi,g (M =Na,K) clathrates
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We present x-ray fluorescence measurements of alkali-metal-doped clathg8as &d NgSi,s. We
compare SKf3; 3 (3p— 1s transition) and SilL , 3 (3s—2p transition x-ray emission spectra with full poten-
tial linearized augmented plane wave band structure calculations £or 18 Si,s, and KsSiss. A rigid band
model according to which almost complete charge transfer from Na to Si takes placgSinNs confirmed
experimentally.
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Interest in silicon and germanium clathrates has been rainder active vacuum for 1 h. The tube was then closed under
inforced recently by the discovery of superconductivity invacuum and heated at 445°C for 20 h to produce the Si
M,Na Sise (M=Na,K) with T.=3.5-4K (Refs. 1 and 2  clathrate. The purity of the samples was verified by x-ray
and BaSiys (T.=8 K). Electronic band structure calcula- powder diffraction and the occupancy of the alkali metal was
tions suggest that the indirect band gap iggSiathrate is  determined from Rietveld analysis. No traces of starting ma-
about 1.9 eV, which is 0.7 eV larger than that of crystallineterials or metal impurities were found.
silicon (c-Si) with cubic diamondlike structur&This makes The first principles full-potential linear-augmented plane
silicon clathrates promising candidates for optoelectronicajyave method FLAPW) (Ref. 16 was used to calculate the
applications’ It has been shown recently that semiconductorg|ectronic band structure of §i NagSisg, and KgSis. The
clathrates also have thermoelectric propeftasd can form calculations were performed using the Perdew-Viamg-
three-dimensional arrays of nanosized qlusfers. parametrization of the Ceperley-Adler free electron gas

Silicon clathrates are networks of Si cages and can b, nange-correlation potential in the local density approxi-

considered as the Si analog to fullereneggfQvith silicon mation(LDA) (see Ref. 18 A plane wave cutoffK,..) was
substituting the carbon. The Si cages in clathrate structureaﬂ|Oser| from the conditioRec /K. =8.0 whereRm is the
MT / Bmax™— ©-Y, MT

. 3 . . . _
share faces to satisfy thep b_ondlng. A” Si ato_ms in clath atomic muffin-tin radius. The expansion of the spherical har-
rates are tetrahedrally coordinated with the Si atoms occupy-

- ; ; monics of the wave function in the interstitial region is trun-
ing thg centers of sllghtly imperfect tetrahedrons._ Although8ated atl a,=10. A 384 k-point grid (in the first Brillouin
pure silicon and germanium clathrates are predicted to b
locally stable, experiments have been able to synthesize tfPN® and the crystal symmetrm3n were used for the
metal-doped clathrate compounds only. The interaction be?@nd structure calculations of iand N@Sise. Theoretical
tween the metallic impurity atoms inside the clathrate andPPtimized lattice constants of giand NaSiye of 10.19 and
the semiconductor skeleton modifies the electronic structur&0-1735A for K;Siyg were used in the calculations.
of the clathrates. A charge-balanced Zintl-phase model has The siliconL; 3 (3s3d—2p transition soft x-ray emis-
been suggested for these compounds with the giadisali ~ Sion spectrdXES) were measured at Beamline 8.0.1 of the
metal or alkaline earthdonating its charge to the host frame. Advanced Light Source at Lawrence Berkeley National
This model was confirmed by band structure calculations of-aboratory employing the x-ray fluorescence endstaffon.
NagSiss,® KgGeys,® and NaBagSiyg.° Recent experiments, The excitation is nonresonant since t_he energy of_the incident
however, have raised the question whether the guest is clogéi0tons(118 eV) is well above the silicoh. absorption edge
to being neutral in some casEs?? In order to estimate the (around 101 eY. The siliconL, 3 XES were measured with a
validity of the rigid band model, we have carried out x-ray 600 lines/mm grating, which translates to an energy resolu-
emission measurements of crystalline(§Si), KgSiss, and ~ tion of 0.1 eV. N
NagSiss. The experimental results are in a good agreement Silicon K3, 5 (3p—1s transition fluorescence spectra
with the band structure calculations and indicate that a comwere measured using a Johann-type fluorescence vacuum
plete charge transfer from Na or K to Si takes place inSPectrometer with position-sensitive detectohe sample
NagSise Or KgSiyg, respectively. was excited by Pd x rays and a quarta Q1 0) single crystal
Samples of Sk and NaSiys were prepared by methods curved to 1400 mm radius was serving as crystal monochro-
similar to those described previousf7*® Metal silicides(K mator. The spectra were measured with an energy resolution
and Na precursors were synthesized by reacting stoichioof 0.2—0.3 eV.(The x-ray tube was operated at 30 keV and
metric amounts of appropriate alkali metal with Si in an50 mA)
evacuated and sealed stainless steel vessel at 600 °C for 3 h.The densities of(occupied electronjcstates(DOS) of
The metal silicide product was then wrapped with tantalunSisg, NagSisg, and KgSisg Obtained from FLAPW calcula-
foil and transferred to a Pyrex or quartz tube under inertions are shown in Fig. 1. The main features of total and
atmosphere and continued to be heated in a furnace to 360 @&artial density of state€DOS) are very similar for all three
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XES of ¢-Si and N@Sigs. In order to display thé& 3, ; spectra on

FIG. 1. Total and partial density of stateé®0OS) for Sijs and  the same energy scale lags, the energy of the SKa; , (1740 eV,

clathrates NgSise and KgSigg. 2Py 37— 1s transition) has been subtracted from the origikgB; 5
emission energy.

compounds. Differences occur mainly in the degree of filling
of the energy bands by valence electrons and the energylace and the rigid band model is a valid model for describ-
position with respect to the Fermi level. For,Sihe valence ing the electronic structure of these clathrates. We define the
band is completely filled and the conduction band is emptyigid band as a rigid shift of the Fermi level from the pristine
giving rise to its insulating or intrinsic semiconducting be- Siss to NgSiye When filling empty bands with electrons from
havior. In the cases of N8i,s and KgSisg the additional the Na atom. No rehybridization has taken place.
sodium and potassium electrons fill the next energy band and The spectroscopic results are in accord with recent NMR
the Fermi level is overlapping the conduction band providingstudies on NgSiss (Ref. 22 and KgSise. > These results also
the metallic properties of this doped clathrate. Similar behavsupport large charge transfer from the alkali metal to the Si
ior has been observed in calculated band structures gf Geframework. This is particularly true in the case 0§,
and KsGey (Ref. 10 and NgSis and BaSis.?t When  where the chemical shift of K is very close to that of the
comparing features in different calculations, it is important toion.>®> Moreover, the Knight shift of the Si atoms is larger
also compare the number kfpoint sets since a low number indicating metallic character on the framework.
can account for some structure in the DOS calculations. The SiKpg;zand SiL, 3 x-ray emission, as studied experimen-
conduction-band density of states does not show strontplly in the present work, correspond tg-3>1s and 33d
modifications upon the inclusion of metal atoms. This is due—2p;,, 3> dipole transitions, respectively. Since a final state
to weak hybridization between the ,Siconduction-band in the x-ray emission process in Si contains a hole in the
states and Na and K states and indicates that metal-metal amdlence band, one can expect the spectra to reflect the
metal-Si interactions are ionic and that Na and K act as elegground-state Si 8 and Si 3 partial densities of states fol-
tron donors. Therefore alkali-metal doping introduces a narlowing the final-state rulé* Figure 2 displays the Si,a
row band labeled ab in Fig. 1. This band—directly below emission spectra of crystalline silicéc-Si) and Si-clathrates
the Fermi level—is separated by an energy gap from théNagSiss and KzSise) as solid dots. Three main features la-
main density of electronic statéfeaturesA,B, andC) and beled A,B, and C are observed in both, crystalline Si and
should give rise to a spectroscopically observable feature. Itslathrates and are due to transitions fremd-, and sd-ike
origin is in the lowest conduction band in the undopegh Si bands, respectively. The featule discussed above has its
clathrate. Our calculations also indicate that a significanspectroscopic counterpart in the additional feature that is
charge transfer from Na or K to the Si skeleton is takingpresent at 99 eV and label&l FeatureD is present only in
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the clathrates spectra. It results from transitions of the lowestlo not couple to the conduction electrons. Our findings fur-
conduction band, introduced due to charge transfer from theher indicate that Na is almost fully ionized in (NagdSiss,
metal atoms and corresponding to featlreén Fig. 1. The  which is in disagreement with the model described above.
spectroscopic presence of this band demonstrates go@h the other hand, according to the present data and recent
agreement between experiment and density of state calculgheoretical calculationd, the electronic structure of
tion; and that the. rigid band. model is a good description. (Na,K)gSiss can be described by that of Siwith an inclu-
Figure 2 also includes SXj3, 5 fluorescence spectra of sjon of a simple rise of the Fermi level due to additional Na
crystalline silicon(c-Si) and NaSis. Since the emission gjectrongwhich is referred to in the rigid band modeThis
(peakA) originally occurs at 1835 eV, the emission energy g ggests that a qualitative analysis of transport properties of
has been reduced by 1740 €8l Ka 5! 2p1p,57—1S tran-  clathrates can be performed upon the bands of the isolated Si
sition) in order to displayK 8, sandL 3 spectra in the same  frame, which does not contradict with the model suggested
energy window. The charge transfer pe&K is present for y gjack.
NagSiss but not as prominently resolved as in the case of the * 1o suymmarize we have studied the effect of doping clath-
L3 emission. - o . rate cages with alkali metals using first-principles FLAPW
Recently Slack**®has proposed a new criterion for find- pand structure calculations and soft x-ray fluorescence mea-
ing better thermoelectric materials. According to this argu-grements. The electronic band structure of;Big and
ment, cage compounds with a large unit cell containing enk_s;, - is found to be very similar to that of the dopant-free
capsulated atoms tha_t can “rattle” |nS|de_the voids will havc_asi46 except for some occupied states directly below the
a low conductivity. This favorable scenario does not apply ifFermi level that are energetically separated and give rise to
the modes effective in scattering phonons also scatter the, aqditional spectroscopic featue Additional electrons

conduction electrons and decrease the electric conductivityyom Na and K atoms occupy the conduction states providing
Conclusively a material is desirable in which the encapsuipe metallic properties of N&izs and KeSiy.

lated atoms scatter phonons but not conduction electrons and

it is likely to have high electric conductivity and low thermal  This work was supported by the University of
conductivity. Slack refers to such hypothetical material asSaskatchewan’s President's NSERC fund, the Russian Foun-
phonon-glass and an electron-crysteGEQ. Slack’s crite-  dation for Basic ResearctProjects No. 00-15-96575and

rion assumes that the electric conductivity is caused by théhe NATO Collaborative Linkage Grant. The Advanced Light
host electrons and those orbitals overlapping with the dopingource at Lawrence Berkeley National Laboratory is sup-
atoms do not affect the transport coefficients strongly. Thigorted by the U.S. Department of Ener@yontract No. DE-
leads us to conclude that doping atoms are not ionized andC03-76SF00098
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