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Phonon density of states of silicon clathrates: Characteristic width narrowing effect with respect
to the diamond phase
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The phonon density of states of different silicon clathrate phases is measured by inelastic neutron scattering.
M, @ Si-34 andM,@ Si-46 clathrates with different alkalindi(=Na, K) and compositiox are investigated.
A width-narrowing effect is observed on the phonon spectra with respect to the diamond silicon structure. The
effect of the alkali atom-silicon atom coupling is seen demonstrating the strong interaction between the alkali-
atom and the host silicon cage. Such specific properties of clathrate lattices are interpreted in term of local
icosahedral symmetryS0163-182@9)02415-1

l. INTRODUCTION for example, by Raman spectroscdby! Such studies are
fyndamental to the understanding of the electron-phonon
. : d/or phonon-phonon coupling mechanisms in the super-
over the past decadeFor example, in € solids? the_z poly- . conducting phases. In this paper, we report the first observa-
hedr_a are held together by weak_ van der Waals interactiong,n of the complete phonon density of statgsOS) de-
leading to a strong molecular signature of such polyhedrgyced from inelastic neutron scattering. Two phal&@isA6

into the solid. Other cagelike assembled materials so callegq Si-34 have been studied with various concentrations of
“clathrates” were synthesized thirty years aShey are the  impurity atoms(Na, K). The main result revealed by this
subject of growing interest at the present time mainly relatedtudy is a slight energy shift towards lower frequencies of the
to the observation of superconducting behavior inoptical branches and a shift towards higher frequencies of the
NaBa,@Si-46 clathrate phadeClathrates labeled Si-46 acoustic branches, with respect to the diamond phase. Both
(Pm3n symmetry and Si-34 Fd3m symmetry are built  effects lead to a narrowing of theDOS width in the clath-
from the regular arrangement of a combination of, Sl ) rates as observed for theDOS? In addition, the metal-
and Sy, (Dgq) Or Shg (T4) cages, respectively. Additional silicon coupling in doped clathrates versus the impurity con-
atoms such as alkaline or barium are included in the cagesentration and/or the nature of the impurity is clearly shown
leading to a doped semiconductor behavior. Furthermore, in the experimentap-DOS.

has been pointed out that the electronic structure of pure Si
clathrate seems promising for optoelectronic applicatfons.
Contrary to fullerene-assembled solids, in the clathrate
phases the silicon cages are linked together by strongly co- Figure 1 reports both crystal structure-34 and Si-4%
valent bonding since the polyhedra share pentagonal and comparison with the silicon diamond phase. The cagelike
hexagonal faces. Such lattices, which present a nearly perfeclusters are easily seen in the view labeéeith Fig. 1. The
sp’-hybridized tetrahedral symmetry aieie covalentcrys-  main crystallographic data are also reported on the Table .
tals with expected “broad” bands while fullerene solids Endohedrally doped clathrates M&aSi-34 (Ref. 12 (X
present the molecular signature of the individual cages<12) have been synthesized by thermal decomposition of
Moreover, recent calculations have shown a wide band-gapaSi under vacuum at temperatures between 610 and 710 K.
opening in the electronic density of statesOS) of clath- Upper values ofx (12<x<20) are obtained by reacting
rates, which is partially attributed to the parity of the memberNa,@ Si-34 with sodium vapor in the temperature range
rings>~" In particular, bulk diamond phagabeled Si-2ex-  640—-670 K. Another phas;@Si-46 (M=Na, K) has
hibits even-member rings (§i while clathrate lattices ex- been synthesized by thermal decomposition of NaSKSi)

hibit a large number of odd-member ring87% of Si). under argon atmosphet&Prior to the neutron experiments,
Despite considerable efforts to characterize the vibrationathe samples are carefully characterized using several tech-
modes in such clathrate lattices, the models developed tiques. The crystallinity of the samples has been studied by
date are not able to reproduce the phonon signature obtainedray powder diffraction and high-resolution transmission

Fullerene-assembled solids have been extensively studi

Il. EXPERIMENTAL PROCEDURE
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Clathrate Nay-Si-46 | Clathrate Na,-Si-34 | Diamond phase Si-2 Raman spectra performed on the samples after neutron ex-
periments were measured using a Dilor XY spectrometer and
a laser excitation at 647 nm. Details of the Raman study are
a reported elsewher¥.

The clathrate sample formed by a collection of small
grains(about 300 meshwas pressed between two aluminum
foils. For comparison, we have studied a silicon diamond
b powder having the same granularity. All the samples have
been studied in the temperature range 100-500 K.

IIl. RESULTS
C A. Si-34 phase

Figure 2 shows the comparison betweenphBOS mea-
sured for silicon in the diamond phasgurve a) and
Na,@ Si-34 clathrate phase€ 0.6, see Ng@ Si-34 in Ref.

d 12) (curveb). The spectra reported in Fig. 2 have been ob-
tained at 300 K; however, we have checked that they remain
unchanged, except for a trivial temperature factor, in the
temperature range from 100 up to 500 K. In the particular
case of the clathrate sample used for these measurements
(Na, @ Si-34) 12 the purity is high enouglf0.7% of N3 to
consider the corresponding spectrgaurve b in Fig. 2) as

FIG. 1. Selected views of both clathrate lattices in comparisorrepresentative of a pure silicon clathrate. The signature of the
with the silicon diamond phas@ilabeled Si-2 These lattices are impurity atoms will be discussed below in the case of higher
observed perpendicularly to th@11) plane (for Si-2 and Si-3%  sodium concentration. Finally, it is clear that the neutron
and to the(100 plane(for Si-46), respectively(a) shows the lattice energy loss spectrum of the reference saniBiediamond,
frameworks,(b) shovx{s the s_ilicon_ Iattice_s without a_lka_line atoms, curvea) is quite similar to the theoretically deducpeDOS
(c) shows the N@@Sl-3_4 lattice with sodium atoms |n5lde t_h%Sl (Refs. 16 and 1yfor this phase(Fig. 2. Consequently, we
cages, (d) the Na@Si-46 (left pane) and Na,@Si-34 (right ~ c4n reasonably rule out a significant influence of the mul-
pane). (€) shows the isolated cages which are the elementary brickgyonon processes in our spectra. The low intensity of the
of the clathrate lattices: gj, Sk, (Ieft panel for Si-46 lattickand o\ erse opticallike ban@abeledOM in Fig. 2) compared
Siyg, Shyg (right panel for Si-34 lattice The alkaline atomgNa or 0 the theoreticap-DOS (Fig. 2) with respect to those of the
K) are showed in light color whereas silicon atoms appear in darl% - ) A
color. ransverse acousticlike orfabeledAM in Fig. 2) could be

assigned to the finite value of the momentum transfer.
electron microscopy. The chemical purity has been investi- Both spectra reported in Fig. 2 for Si diamond and Si
gated by x-ray microprobe, flame emission, and x-ray pho¢lathrate(curvesa andb, respectively present similar fea-
toemission(XPS) spectroscopies. The relative amount of so-tures with three regions attributed oM, (A+O)M, and
dium (potassium has been deduced from the Rietveld OM modes'* Nevertheless, one observes a slight shift of the
analysis of the x-ray diffraction data. These measurementsptical branches towards lower energy in the clathrate
have been corroborated by XPS measurements performed ¢484 cm !, 60.0 meVf with respect to the Si diamond one
Nays (Kis) and Sy, core level lines yielding their ratio. The (508 cni't, 63.0 meV. A similar “redshift” is commonly
sodium atoms in the labeled pN@ Si-34 occupy preferen- predicted in silicon glass or in liquid state. However, the
tially the Sig cages whereas the sodium atoms occupy botttoordination numbers in these disordered structures are quite
Si,g and Sjg cages in the labeled Mg Si-34 lattice. In the different from those in the clathrates and they could not be
case of Na@ Si-46 lattice, the sodium atoms occupy bothinvoked to explain the “redshift” observed. One has to re-
Si,q and Sy, cages. The inelastic neutron scattering experi-nark that Si-H bands generally located at 117 ¢éni14.5
ments were performed using the high-flux neutron reactomeV) and 627 cm? (77.8 meV (Ref. 18 are not observed
facilities of the Institut Laue-Langevin in Grenoble. The IN6 in our samples. This is an indication of the very low-
cold-neutron time-focusing spectrometer was used with ahydrogen content adsorbed in the samples. On the other
incident wavelength of 4.12 A(4.8 me\j. The maximum of hand, we observe a shift towards higher energies of the
the momentum transfer is 2.6 A. The intense beam AM:-like band in clathrate (187 cnt, 23.2 meV with re-
(8.9x10* cm 2s71) is extracted by a triple monochro- spect to the Si diamond one (154 c¢h 19.1 meVf. More-
mator crystal assembly and time focused by a Fermi chopever, it seems that the acoustic band in Si-34 clathrate is
per. The time-of-flight path is 248 cm length with an angularnarrower than the one of Si-diamond. Among various plau-
range from 10° up to 114°. The detection is performed withsible explanations, we could mention the isotropy of the
337 elliptical *He detectors. The final spectra were obtainedcages making up the clathrate lattiderinally, both above
after some corrections including background signal and rementioned “redshifts and blueshifts” combined lead to a
moval of the signal of the aluminum cell. After summing significant reduction of the totgl-DOS width in the clath-
over the full angular range, one obtains in the incoherentate compared to the Si diamond. Such a narrowing effect is
approximation a neutron DO'S.Additional backscattered also observed in the-DOS and might be attributed to the
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TABLE I. Main crystallographic data and selected properties of clathrate@\8i-46,Na@ Si-34 and
Si-2 diamond lattices, respectively.

Name Diamond Si-2 Clathrate | Clathrate 1l
Notation Na@ Si-34 Na@ Si-46
Space group Fd3m Fd3m origin at center & PmBm origin at 4 3n
Lattice constant 5.4286 14.62 10.235
Position X,Y,2 XY,z XY,z
X,y,z=1/8 (Si) x,x,x=1/8 (Siy x=1/4; y=0; z=1/2
(Si) x,x,x=0.781 (Si) x,y,z=0.183
(Si) x,y=0.817;z=0.629 (Si) x=0,y=0.310;z=0.116
(Na) x,x,x=0 (Na) x,y,z=0
(Na) x,x,x=3/8 (Na) x=1/4; y=1/2; z=0
Number of positions, (Si) 8,a,43m (Si) 8,2,43m (Si) 6,2,42n
Wyckoff notation, (Si) 32e,3m (Si) 16,3
point symmetry (Si) 96g,m (Si) 24k,m
(Na) 16¢,3m (Na) 2,a,m3
(Na) 8b,43m (Na) 6,d,42m
Zeolite structure type none zeolite ZSM-39 melanophlogite
Type of cages, number per none XS, 2XSiyg
elementary cell & Siyg 6XSiyy,
Schoenflies notation none ,3i512] Si,d 57
Schoenflies notation none ,3i51%64] Si, [ 5%62]
Atomic volume atP=0 Pa  19.997 B 23.31 A3 23.36 A3
Hybridization sp® sp® sp®
Meandg;_g; 2.35A 2.38 A 2.38 A
Mean deviation in % 0 0.91 0.1
Mean fg;_gi.si 109,47° 109,4° 109,9°
Mean deviation in % 0 2.8 25

poor bonding/antibonding states separation in odd membernce between TA and TO modes is correlated to the differ-
rings® In fact, from the differences between silicon clathrateence betweemp-antibonding anc-bonding functions. Since

and diamond phases, we could expect two contributions tthe separation between both functions is strongly affected in
attempt an explanation of the narrowing effect observed irpdd-member rings we expect a strong effect in the Si-34
clathrate. ~ First, the perfect sp®> basis g5 P-DOS compared to the Si-2 one. A quantitative understand-
=2.35 A fsis.5=109.47° in Si-2 is slightly distorted in ing o_f bothOM ar]d AM energy shifts would rquire first-

the clathrate with a weak spread of first bond lengths andprinciples calculations of the phonon spectra while most of

dihedral angles (see Table )l (ds.s=2.38 A, Ads.g; the empirical models limited to the first neighbors and “one
—0.02A , O, 5.6~ 109.4°, A O 1. 3% in Si-34)’ How. Particle” scheme are not suitable. One has to mention that
. y Ugj-sj-Si Gy i-Si-Si .

ever, these distortions are weak compared to the ones Ur measured N&@Si-34 p-DOS presents some striking

amorphous silicor! which still presents broad bands located ergélr%riglgsin\?{iléhstgﬁeﬂ]n: ?ﬁé‘;ﬂ?ﬁ?hgéegcg?gﬂ{ d i':r%ri'j?) 4a
near 21 meV (170 cimt) and 60 meV (484 cm'). A sec- ’

ond effect is the topological disorder due to the presence C&/ownward shift of the optical band of 28 crh (3,5 meV)

dd ber ri in clath Previousl adciniti ith respect to the Si diamond one. Recently, Pedergon
odd-member rings in clathrate. Previously repor@dinitio 5 22 j)oye reported the-DOS calculated for two particular

calculatio_ns and x-ray photqemission spectra recorde_d neLgelike clusters: Siand Sy, for which the initial geom-

the Fermi level revealed a wide gap opening oféHBOS in gty are close to pure and endohedral fullerenes, respectively.
the clathrate compared to the Si-diamond pHasEhe  The main bands are found around 460 <nt57 me\), and
maxima of thes- andp-like bands are located near 8 and 1.5150 cni® (18.6 me, in good agreement with our experi-
eV in Na@Si-34(9.5 and 2.5 eV in Si diamondrespec-  mental resultsAb initio calculations seem to indicate that the
tively. Since the separation between pure bonding and anth-DOS in the silicon clathrate phase is strongly sensitive to
bonding states cannot occur in odd member rings,stbe  the signature of the individual cages.

basis is not complete in clathrate despite a nearly perfect As for the Raman spectra of both Si-2 and Si-34 crystals
tetrahedral symmetry around each Si site. The same problepresented in Fig. 2, they are quite different because of selec-
is encountered in phonon modes. Optical modes are strongljon rules which exist in Raman experiments while the ab-
affected by the ring parity while acoustic modes are rathesence of such rules in inelastic neutron scattering allows the
less sensitive. Albert al?° have pointed out that the differ- complete view of thep-DOS.
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FIG. 3. Phonon density of states deduced from neutron scatter-
ing measurements df) Na;@ Si-46 and(b) Kg@ Si-46.(Na-Si*
and (K-Si)* are the alkaline vibrational modes in Si-46 phase, lo-
cated at 10.3 meV (83 cn) and 12.4 meV (100 cit), respec-
tively.

. ‘ . . tensity of the sodium peak is related to a large neutron scat-
0 20 40 60 80 tering cross sectiondy,=3.28 barn) compared to the po-
o (meV) tassium one ¢x=1.98 barn). In addition, the “alkaline”
vibrational mode is surprisingly located at higher energy for

FIG. 2. Phonon density of states deduced from neutron scatteROtassium (100 e, 124 meV than for sodium
ing and Raman scattering spectra (af silicon diamond andb) (83 cm *, 10.3 meV despite the significantly higher mass
Na, @ Si-34 clathrate phasé:) on curve(b) mark the peaks corre- Of potassium. However, the mass increase is counterbalanced
sponding to the sodiunp-DOS residual contribution. Calculated by a better K-Si bonding in K& Sh, cage since the
phonon frequencies of selected acous#dv() and optical QM) 4s-(3s3p) overlapping of orbitals is much more efficient
modes as well as frequencies calculated at the high-symmetrthan for sodium[3s-(3s3p), respectively. Unfortunately,
pointsI', X, andL by Giannozziet al. (Ref. 16 in the Si-diamond we are not able to produce pure Si-46 phase and conse-
phase are indicated. In addition, the Si-2 diam@®OS calcu-  quently, thep-DOS reported are dominated by the alkaline-
lated by these authors is also reported in dashed(éne silicon interaction responsible for a softening of the optical

modes inM, @ Si-46 with respect to the pure Si-34 phase.

B. Si-46 phase
In addition to the quasi pure Si-34 clathrate phase, we C. Influence of the alkaline
have studied thé13@ Si-46 phase with two different alkali In order to clarify the role of impurities, we studied three

metals:M = Na, K. Both samples have a metalliclike charac-doped clathrates (N@ Si-34)? with x<1,x=8, and x

ter. Since the potassium atom is larger than the sodium one 20, the corresponding neutron scattering spectra of which
(atomic radius 22 A, and 1.54 A for K and Na, respec- are reported in Fig. 4. These values correspond to an evolu-
tively), its 4s orbital extends beyond the silicon cage and thetion from an insulating charactex{ 1) towards a metallic
overlapping is assumed to be more favorable than faNa behavior &= 20), the insulator-metal transition taking place
The neutron energy loss spectra obtained with both samplégsr x=8. The sample withx=20 contains a significant pro-
Nag@ Si-46(curvea) and K@ Si-46(curveb) are presented portion (27%) (Ref. 12 of the other phase N@ Si-46 and

in Fig. 3. The whole spectra is quite different with a signifi- has to be discussed carefully. One observes the appearance
cant “redshift” of the optical band in K@ Si-46 with re-  of a shouldeKlabeled # in the Fig. ¥in the acoustic band as
spect to Ng@ Si-46. A similar effect has been observed inthe sodium concentration increases. This broadening might
Raman spectroscopy by Famg al® Among the plausible e related to two effects. First, the presence of Einstein-like
explanations, we can mention the Si-Si bond softening effeanodes at higher energy. This is consistent with sodium lo-
related with the alkaline-silicon interaction. For such en-cated inside the §j cage. Since the size of the,Stage is
dohedrally doped semiconductor the impurity content as wellower than other cages (Siand Spg), the coupling factor

as the interactions lead to a rise in the position of the Fermjyill be more intense leading to high-frequency modes. Sec-
level into the conduction band as predicted by Demkovond, the shoulder might be also related to ‘4sotropy

et al* This interaction can be observed directly on the im-effect.”’8 In addition, we observe an increase of the sodium
purity atom signature. The sharp peaks labdld-S) and  peak intensity with the concentration without significant
(K-Si) in Fig. 3 correspond to the signature of the impurity shift. The presence of two sodium peaks in the spectrum of
atoms. Such narrow peaks are close to Einstein-like nfdesNa,(@ Si-34 is attributed to the mixing of both Si-34 and
suggesting a narrow electronic density of states as mentionesi-46 phases with non negligible proportions in this sample.
elsewheré&? The energy value of these modes is not affectedThe sodium peak appears at a lower energy in@8i-34

by the relative concentration of the alkaline. The strong in-than in Ng@ Si-46 indicating a coupling factor between Na
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Na,@ Si-34 p-DOS slightly changes versus the sodium con-
centration. It seems that we observe a softening of the pho-
non modes as the sodium concentration increases. This result
is consistent with above mentioned results. ker20, the
p-DOS changes significantly since we have in this case the
superposition of both N&@ Si-34 and Ng@ Si-46 p-DOS.
Nevertheless, we observe similar features between
Nay,,@ Si-34[Fig. 4(c)] and Na@ Si-46[Fig. 4a)]. Conse-
quently, we believe that both clathrate pha$8s34 and
Si-46) present very similap-DOS.

o (cm™)

0 200 400 600

Intensity (arb. units)

0 20 20 60 80
o (meV)

IV. CONCLUSION

We have reported observation of the full vibrational DOS
FIG. 4. Phonon density of states deduced from neutron scattein two silicon clathrate phases. The interaction between the
ing measurements ofa) 95%Na (@ Si-34+5%Ng@Si-46, (b)  impurity atom and the silicon skeleton is clearly evidenced in
98%Na@ Si-34+ 2%Ng@ Si-46, © 73%Ngo@Si-34  the measureg-DOS. The softening of the Si-Si oscillator
+27%N§;@$i-46. Sodium vibrational mode@a-Sj in Si-34 and strength in K@ Si-46 compared to N@ Si-46 is in good
(Na-Sj* in Si-46 phase are located at 6.6 meV (53 cihand agreement with theoretical predictions. Because of the pres-
10.25 meV (82.7 _cml), re;pegtlvely. The band labeled # is also gnce of odd-member rings the phonon-phonon interaction
related to the sodium contribution. leads to anharmonic effects even at room temperature. Thus,
the prediction of thep-DOS requires a complete calculation
and Si smaller in the Si-34 phase than in the Si-46 one. Thisithin a direct first-principle method. Since the clathrate
effect could be related to an increase of the cage size singghase requires a large number of atoms per unit cell, this is a
the sodium occupy $i cages in Na@ Si-34 while they oc- good challenge for new semiempirical approach including
cupy S and S, cages in Na@ Si-46. The behavior of the accurate particle-particle interaction effects.
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