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Raman scattering from vibrational modes in Sjg clathrates

S. L. Fang, L. Grigorian, and P. C. Eklund
Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506-0055

G. Dresselhaus and M. S. Dresselhaus
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

H. Kawaji and S. Yamanaka
Department of Applied Chemistry, Faculty of Engineering, Hiroshima University, Higashi-Hiroshima 739, Japan
(Received 15 January 1997; revised manuscript received 7 November 1997

Room-temperature Raman-scattering spectra are reported for the type-ll supercondy&aySij (M
=Na,K) that were recently shown to exhiliit’s ~3.5 K. These spectra are compared to those gBiaand
K;Siyg clathrates that exhibit normal metallic behavior down to 2 K. In thg Sistem, fifteen of the eighteen
Si related first-order Raman frequencies predicted by group theory have been detected, and the frequencies are
found to be sensitive to the particular dopants. The Raman linewidths observed fogBlagSij; system are
comparable to those observed for Nag and K;Si,e. The data, taken collectively, suggest that the line
broadening in the metallic Si clathrates is due to important contributions from both the electron-phonon
interaction as well as from a random filling of the Si cages and charge-transfer disorder.
[S0163-182698)01810-4

INTRODUCTION tions and the physical properties are strongly related to those
of the individual cageqdor molecules Nevertheless, the
In this paper we report Raman-scattering results on thalkali-metal doped g, materials are superconducting, for ex-
vibrational modes of Si clathrates. This work was motivatedample, for the stoichiometried 3Cqp, M=K (T,=19.3 K),
by the recent reports by Yamanaka and co-workers of supeM =Rb (T.=29.6 K) 89 In the Si clathrates, however, the

conductivity in theM,Ba,Si,s (M=Na, K) compounds that polyhedra share pentagonal and hexagonal faces aqd form a
were reported to exhibit superconductivity with a transitioncovalently bonded lattice. Reasonably broad electronic bands

temperaturd’, ~3.5 K12 We discuss room-temperature and a'e therefore anticipated. TH\sﬂxSi@, cla_thrate compound_s

10 K Raman spectra obtained on superconductiggcBith- &€ generally found to form metallic “I_me” compounds in
rate samples. The results are compared to those on metalli#Nichx=8, 7, 5 for Na, K, Rb, respectivefyThe observed

but not superconducting, giclathrates. So far, little experi- x dependence for these line compound st0|ch|ometr|e_s was
mental information on the electronic and phonon dynamic roposed to be related to the size of fideatoms, but this

of these materials is known, and the effect of doping on the as never been e>_<pla|ned theorehcélly:
. . A second family of clathratesM,Sij36 can also be
lattice dynamics has also not yet been explored.

The sil lathrat a51.Si d M.Si formed in whichx can be varied over a wide range for a
(M—SaSIléccl)‘\?b Cai drg;wg?emf?r(:rs]ynt)r(]eléfz:dnin 16 GEagn q particular choice ofM. This Si clathrate system has been

. ; . shown experimentally to be generally metallic for 10, and
studied extensively by Hageriiier and co-workers:* The semicondﬂcting f015<<y10.4 Tr?e structﬁre for the $j clath-
crystal structure of these compounds consists of polyhedrgleg is similar, but distinct from the iclathrates, involv-

Si cages that form around metal atoms during synthesis. ng]g a periodic lattice of S and Sjg cages.

distinct cages are found in the ,giclathrates. One is @ "Recently, the energetics and band structures of the Si
dodecahedron (&) with 12 pentagonal faces, and the other

is a tetrakaidecahedron (i with 12 pentagonal and 2 op- -

posing hexagonal faces. As shown in Fig. 1, these polyhedra I /»/Q\.-\ Ba

share faces forming a three-dimensional isotragi¢ cova- el -TQ\}\ﬁ.l/./ T

lent network. As in the diamond $icc lattice), all Si atoms el | YA /‘\\././(\g»\\}—./\’\

are tetrahedrally coordinated. The structures of the Si clath- sl >

rates, zeolites, gas hydrate8, and endohedral fullerene

solids’ also employ large polyhedra as the basic building

blocks. The Si clathrates and gas hydrates are similar to e

fullerene solids as the polyhedral building blocks exhibit

only pentagonal and hexagonal faces. A significant differ-

ence between the Si clathrates and fullerene solids is their

solid state, intercage bonding. In fullerene solids, the poly- FIG. 1. Simple cubic structure of MaSi,s. Only the Si poly-
hedra are held together by weak van der Waals-type interadedra for the front face are shown.
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clathrates(without alkali metals have been examinéd. It correlations between the Raman-scattering spectra and the
was predicted that the energy of these “empty” structures issuperconducting properties of the Si clathrate samples.
only slightly above that of the ground-state diamond struc-
ture (by about 0.07 eV/atojn Furthermore, both the empty
(x=0) Siyg and Sjz¢ theoretical crystals were found to ex-
hibit an indirect band gap of about 1.9 eV, i.e., about 0.7 €V The preparation of Ba-doped $iclathrates has been de-
larger than that of Si in the diamond structure, and compascribed in detail elsewhefe-’ Briefly, two Zintl phases of
rable to the experimentally observed optical band gap of pothe silicides BaSiandMSi (M =Na or K), were mixed sto-
rous Si(Ref. 1] that is thought to stem from quantum con- ichiometrically and placed in a Ta tube that was vacuum
finement effects. The Si clathrate structures suggest agealed in a stainless-steel cylinder. The mixture was heated at
alternative approach to Si band-gap engineering, and theg®0 °C for several days to obtain a third metal silicide
clathrates may become an important new class oNaBaSij,. The silicide was then evacuated at elevated tem-
semiconductors? perature(500 °Q under vacuum. As a result, part of tike
The effects of doping Si clathrates with alkali metals haveatoms were removed, and theSilathrate containing/l and
also been investigated theoreticaiyThe calculations show Ba in the cages is formed. X-ray structural analysis
that the metal atoms donate electrons to the conductio(Rietveld was performed and the results indicate that Ba
bands and these doped clathrates are therefore metallic. Fiftoms occupy the cavities of the larges Siages(tetrakaid-
thermore, since the metal atoms are located inside the silicogcahedrpandM atoms reside mainly inside the smallepSi
cages, the Si clathrates are very stable in air and even in acighges(dodecahedded'” Some cages could be empty, de-
solutions® Three groups have studied theoretically the strucpending on the conditions of sample preparation. Chemical
tural and vibrational properties of the Si clathrateg§and  analysis indicated that the samples used for this work are
Siss assuming that the cages are emidty® Their results  Na, ,Bas (Siss and K, B, Sise. Both samples were charac-
are discussed below. terized by x-ray-powder diffraction, electrical resistivity
Recently, Yamanaka and co-workers reported bulk supemeasurements, and temperature-dependent magnetization
conductivity in the Sjg clathrates, NadBa,sSiys and  measurements. THE, for the two samples studied here are
K dBay sSise. > These materials were reported to be type-113.5 K (Na, Bas (Sise) and 3.2 K (K, Ba, ¢Sise). For com-
superconductors with a critical temperatlig-3.5 K. Elec-  parison, we also collected Raman-scattering spectra of semi-
trical resistivities of Ba-doped clathrates aboVg were  conducting NaSijss and metallic NgSiss and K;Sigg
found to be almost constarff0—-30 nfl cm) up to room  samples. These samples were prepared at the University of
temperature and are of the same order as those found fefentucky as follows. First, silicon powder was loaded with a
nonsuperconductingT(>2 K) NagSiss and K;Sis.>**"Soon  |arge excess of Néor K) in a sealed stainless-steel ampoule
after this report, Saito and Oshiyama calculated the banfbcated in vacuum in a sealed quartz tube and heated to
structure for the ideal stoichiometry pBagSiss and found a 600 °C. This resulted in the formation of the compound NaSi
strong hybridization between the,gband and a barium or- (KSi) and excess elemental Ni&). This mixture was heated
bital, resulting in a very high density of states at the Fermiunder ~10 2 Torr dynamic vacuum at about 330 °C for a
level, N(eg) ~ 48 states /eV® This electronic effect was pro- period of several days, decomposing the silicides and yield-
posed to be important for the superconductivity in thg; Si ing Si,s or Siis, depending on the decomposition tempera-
clathrates® ture. Rietveld analysis showed that the polycrystalline pow-
In the conventional Bardeen-Cooper-Schrieffer theory forders exhibited structures consistent with those reported by
phonon-mediated superconductivity, the critical temperatur&asperet al2 A small amount of diamond-phaskec) Si was
for superconductivity T.) can be estimated as also found to be present in the §&,q sample.
We have measured the dc magnetic susceptibjifty) of
NagSiye and K;Sizg Samples in an external magnetic field of
(1) 10 Oe with a Quantum Design MPMS superconducting
quantum interference device magnetometer. No diamagnetic
signal indicative of superconductivity was observed down to
where O is the Debye frequency and is the electron- 2 K (the lowest attainable temperaturés far as we know,
phonon coupling constant. Furthermokecan be written as this observation is the first direct measuremeny¢T) for
the product ofN(e) andV, whereN(eg) is the density of essentially single-phase &, and K;Siyg samples in
electron states at the Fermi level, avids the average elec- search of superconductivity. Earlier, magnetic susceptibility
tron pairing interaction. This formula suggests that there areneasurements with a Faraday balance had been carried out
three ways to engineer an increase in Teof a material with mixed-phase samples of the &35 phase (Xx
system: to stiffen the lattice and thereby increase the Debye:19), diamond-phase Si, and a significaninspecifiegl
frequency, increase the pairing interaction, or increas@mount of NgSis phase, and thejy(T) results also showed
N(eg). From this perspective, the report of superconductiv-no evidence for superconductivity down to 2'K.
ity in Si clathrates is interesting, since tfg, in this class of Raman-scattering experiments were carried out in the
solids is expected to be relatively high, aNdeg) has also  Brewster backscattering geometry on characterized pellet-
been shown theoretically to be large for Ba as the dopanized powders using the 5145 A line of an argon-ion laser.
Other dopant elements may also further enhancthrough  Using a mortar and pestle, the Si clathrate powders were
an increase iMN(eg). The physics ol remains to be eluci- mixed with 20 wt % KBr and then pressed into small pellets.
dated. The motivation of this work is to investigate possibleA cylindrical lens was employed to create an illuminated

EXPERIMENTAL DETAILS

1
Te= 1.13®Dexp( -],
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TABLE 1. Crystallographic description fo,BasSiss based on  theoretical analysis for thileal composition MBagSisg was
Rietveld refinement. carried out. The results of the group theoretical analysis for
the IR-allowed and Raman-allowed vibrational modes are
shown in Table I, where the ungerade)(and gerade d)
modes are IR and Raman active, respectivély.

Space Groug?m3n (Oy)

Atomic position X y z

— 1 1 For a formula unit ofM,B&sSiss there are 354 atoms
6 Siin 6 (c) a 0 p =172 degrees of freedom. In a first-ordene-phonohnpro-
16 Siin 16 ) a a a cess only 13Ty, (3) modes are IR active, where th8)
24 Siin 24 ) 0 b ¢ indicates that thesg=0 T,, phonon modes are triply de-
2Min2 (a) ? ? 0 generate(q is the phonon wave vectprin addition to the
6 Ba in 6 (d) i 3 0

one triply degenerat@,, acoustic(w~0) mode, there are 12
otherT,, IR-active optical phonons. The first-order Raman-

) active modes are determined by group theory to have
stripe (0.2X2 mnF) on the sample surface. Low laser flux 3A14(1)+8E4(2)+9T,4(3) symmetries. Based on group
(20 mW/mn?) was used in order to prevent damage to theiheoretical arguments, th&;; modes should be polarized,
samples. A 0.46 mf/5 single grating spectrometélobin-  anq theE, andT,, modes should be unpolarized in isotropic
Yvon HR460 equipped with a charge-coupled-device detecyye||ordered samples, i.e., samples that are unoriented, poly-
tor cooled by liquid nitrogen was used to collect the Ramargyystalline grains exhibiting good crystallographic order.
spectra. The system spectral resolution is about 2'cfRo-  One of the &, modes is associated with Ba displacements
larization analysis of the scattered light was carried out using,nq would be expected to have a low frequency. Thig,9

a polaroid sheet and a subsequent polarization scrambler {3odes have one mode at very low frequency associategd with

remove instrument polarization effects. Ba displacements and 8 modes associated with Si displace-
ments that should be found at much higher frequencies, rela-
RESULTS AND DISCUSSION tively. The remaining degrees of freedom are associated with

silent optical phonons that are neither Raman nor IR active at
The Sig lattice (Fig. 1) is a simple cubidso lattice with  q=0.

a space group symmetiym3n.* In the figure, the specific The room-temperature Raman spectra for the 3.5 K super-
structure is forM ;BasSise, Where the Ba atom@r presum-  conductors Ng,Bas ¢Siss and K, Bay ¢Sise and for the me-
ably B&* ions) occupy the larger $i cages: For clarity, tallic NagSis and K;Siys are shown in Figs. @) and 2b),
only the atoms associated with cages located on one face eéspectively. The results of a Lorentzian lineshape analysis
the primitive cell are shown. The structure of thgeSilath-  are also shown. The data are represented by the points and
rate may be explained by arranging the polyhedra in the folthe solid line is the fit to the spectrum. Individual Lorentz-
lowing way. A Sio dodecahedron is centered at each sc latians are shown below the experimental spectrum. In all
tice point and all eight dodecahedra in the unit cell arecases, a smooth polynomial background has been subtracted
oriented in the same way. A second dodecahedron, rotatefglom the data for clarity. Since some of the modes are unre-
90° relative to the first, is placed at the body center of thesolved in the spectra of NaBas ¢Sisg and K, JBay oSisg, We
cube. To make the solid fully fourfold coordinated, six addi- have fitted these spectra in a manner consistent with the re-
tional atoms are present in the unit cell. They generate sixults obtained for NsSi,s where the Raman bands are better
Siy, tetrakaidecahedra that fill the space not occupied by theesolved. Furthermore, it should be emphasized that the Ba-
dodecahedra. A crystallographic description for thedoped samples exhibited superconductivity bele®.5 K.
M,BaSiye clathrates is given in Table |. There are threeNote that the Raman band positions and widths in Fi¢s. 2
inequivalent atomic sites in them3n structure for the sili- and Zb) are sensitive to the particular alkali-metal dopant
con atoms: 6 Si atoms @ &), 16 Si atoms @ 16i§, and (i.e., Na and K. Twenty Raman frequencies are predicted by
24 Si atoms @ 24kK). The corresponding site symmetries group theory and eighteen of them are associated with Si
for the three silicon sites areD,y, C;, and Cg, displacements. We have observed 12 distinct Raman bands
respectively’® The barium atoms occupy the @)(site with  for Nay -Bas ¢Sise, 13 for K, $Ba, oSise 15 for NaSise and
D,gq symmetry, which is at the center of the,Sietrakaid- 15 for K;Si,g at room temperature. Since the eighteen Si
ecahedron. The alkali-met®d atoms occupy the 2a) sites  modes should be found at relatively higher frequencies, we
with T,, symmetry that are located at the center of thg Si assume that the modes observed here are related to Si. These
dodecahedra. Based on this symmetry information, groufRaman bands are somewhat broad. In some cases, these

TABLE II. Vibrational irreducible representations for BagSisg.

No. of atoms Designation Irreducible representations
2M a Tyt Toy
6 Ba d AggtEq+Tig+ Tog+2T1y+ Ty,
6 Si c Aoyt Eg+TigtTog+ 2T+ Ty

16 Si
24 Sj

Aoyt Aggt+ 2B+ 3T g+ 3T g+ Axy+Agy+ 2B+ 3T+ 3Ty,
2R5q T 2Axg+AE G+ AT g+ 4T g+ Agy+Agy + 2B+ 5T, + 5Ty,

=~
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broad bands may contain unresolved Raman lines. The stron-
gest bands in the spectra of the two superconducting samples
appear close in frequency-(500—520 cm?) to strong lines
observed in possible minority phases, i.e., silicides and Si in
the diamond structure. For example, in the, Cda,Si, sil-
icides, a strong Raman line has been reported in the range of
510-515 cm?, exhibiting a weakx dependenc& and in
silicon (diamond structunea single, Raman-allowed line is
found at 520 cm®. Therefore, the assignment for the strong
band at 500.0 cm for K, (Ba, sSiss as well as the strong
band at 520.5 cm' for Nay.Bas¢Siss to a Si clathrate
modes) is not made in this work. In support of this view is
the absence of any bands in the range 500—550'émthe
NagSisg and K;Siyg spectralFig. 2(b)]. Consistent with the
x-ray data, the weak band at 520 chin NagSiyg is assigned
to a small amount of Sidiamond structurein the sample. It
is also interesting to note that no bands near 520'care
/ detected in the Raman spectra of semiconductingshia, >
TV m’ ] ‘T ( )Grouhp thleory indice:jtes tga;t fﬁr the inci(;ient re]:Ieclzttjric flield
20Fs Arg E) in the plane of incidencdl), theA;, modes should only
TZM J\ﬁg be observable in thél, 1) polarizationggeometry when both
the incident and scattered electric vectors are parallel to the
P e ——— plane of incidence. However, our polarization measurements
200 300 400 500
I show that none of the observed Raman modes are strongly
(a) Raman Shift (cm ) . .
polarized. Three possible reasons can be propadedhe
A1y modes are relatively weak and not observed at(a),
the A;; modes are very much broadened by electron-phonon
interaction and thus are not observal§®,the Raman polar-
ization selection rules for th&;; modes are relaxed because
of Ba and/or(Na, K) doping disorder. The latter, we feel, is
the more likely explanation, ad;; modes tend to be the
most intense modes for many solids. Raman scattering may
thus be much more sensitive than x-ray-powder diffraction to
random cage filling in the clathrates.
The results of a Lorentzian lineshape analyfisquency
and linewidth for the Raman spectra of the Si clathrates
shown in Figs. 2a) and Zb) are listed in Table Ill. The
similarity among the four spectra should be noted, especially
in the region of 250—480 cit. We have attempted to cor-
relate the modes observed in these fou Sbmpounds in
Table Ill. As mentioned earlier, three groups have calculated
the =0 Raman frequencies of the,Siclathrate structure
with emptycages, i.e., the “undoped” latticé 6 Only Me-
non and co-worker$ performed the calculations on the op-

Raman Intensity

29 EQ T29 EQTZQ

Raman Intensity

,/"}\JL/ T\\‘T i J T 7” > T timized (i.e., “relaxed”) structures. They used a generalized
tight-binding molecular dynamics method. The other two
Teo & Tl TQQE"’A‘Q//////\\] calculations were for unrelaxed structures. Altetral. used
Tea Mg Too & Taghioy the semiempirical force-constant schethand Kahn and Lu

T used the OY) tight-binding density-matrix approaciThey

all find 18 Raman-active and 10 infrared-active modes,
(b) Raman Shift (om) which have R\;4(1)+7E4(2)+8T,4(3)+ 10T, symme-
tries. However, their calculated frequencies do not agree very

FIG. 2. (a) Raman spectra of NaBas Sizs and Ky B2, eSizs at weélI W|t|r|1| eaghlvotggr, or wnE the data as can bt|>e Zeen in
T=300 K. The data are represented by the points and the solid Iin%a es filan - Since we observe very noticeable, dopant-

are the fit to the spectrum. The arrows indicate the Raman frequerfficPeNndent changes in the Raman frequencies of these super-
cies calculated by Albeet al. (Ref. 15. The “R” indicates the conducting and metallic clathrates, it is clear that the empty
resolution of the systentb) Raman spectra of NSiss and K;Sijg lattice model . needs improvement. A more sophisticated
at T=300 K. The data are represented by the points and the soligh€ory, including structural relaxation, charge transfer be-
lines are the fit to the spectrum. The arrows indicate the Ramafiveen the dopantM) and the Si cages, and Bi-interac-
frequencies calculated by Albest al. The peak marked with &is  tions appear to be necessary to quantitatively understand our
an artifact identified with a plasma line from the Ar ion laser. data.
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TABLE lll. Raman mode frequenciesw) and widths (I') for superconducting NgBas ¢Siyg and
K, oBau oSise, @and metallic NgSiyg and K;Sise. Modes appear in the same row are considered to be related.

Nag 2Bas 6Siss K2 dBay oSise K2 oBay 6Sige” NagSiss K7Slse
1) r [ r ® r ® r ) r
(em™  (em™)  (em™)  (em™) (em™)  (em™H)  (em™)  (emH)  (em™h)  (cmD
106.2 3.2 105.6 3.2
125.0 5.0 128.7 3.1 123.1 4.2 115.8 4.3
129.8 4.4
138.1 31 137.8 3.0
141.0 7.3 144.6 35
151.7 6.7 157.7 3.2 161.3 3.1
163.5 6.8 166.7 134 174.3 54 175.2 4.2
277.9 38.9 255.9 11.8
316.9 23.0 281.0 12.1 280.7 8.7 3131 20.2 283.1 9.0
328.8 4.5 295.0 7.8 296.3 4.0 328.9 7.7 313.2 12.7
347.4 14.6 338.1 8.2 322.8 9.1
336.9 14.3 318.6 12.9 324.4 5.9 345.2 4.5 333.1 23.5
359.6 9.0 331.1 33.0 364.9 5.2 347.6 14.4
364.8 20.1 357.7 8.1 360.3 5.2 378.4 6.2 362.5 18.4
374.9 16.2 364.5 6.7 367.7 4.4 405.3 10.1 376.5 19.1
378.9 7.9 382.9 5.1 415.6 8.2 398.2 13.7
421.6 41.1 419.3 39.6 425.2 38.9 442.1 8.7 448.5 10.1
435.3 15.9 437.0 16.0 447.9 16.9 453.8 19.2 456.8 7.9

495.8 32.8

aAll data for T=300 K except for the KBa, ,Siss data identified with &*) for T=10 K.

As can be seen in Fig.(@ the twoT=300 K spectra for as shown in Table Ill. The question is whether or not this
the superconducting clathrates are quite similar, albeit thshift, or the broader linewidths observed in the,dBeg ¢Sisg
Raman lines in the NgBas¢Sisg spectrum are, in many clathrate, tell us anything about the superconducting pairing
cases, noticeably up-shifted relative to their spectral countemechanism, as discussed below.
parts in K jBas ¢Sisg. The shift is not rigid for every mode, Since the T.'s for both of the Ng-BasgSiys and

TABLE IV. The calculated Raman-active mode frequendirsunits of cmi) and associated irreducible
representations for empty giat the zone center, by Kahn and Lu, Albethal, and Menon and co-workers.

Kahn and Lu(Ref. 14 Alben et al. (Ref. 15 Menon and co-workergRef. 16
Energy Mode Energy Mode Energy Mode
595.8 Eq 536 Eq 508 Eq
592.5 Ay 513 Eq 492 Ay
591.8 Tog 509 A 492 Tag
588.3 Tag 502 Tag 489 Eq
582.5 Eq 497 Tog 485 Tog
578.2 Tog 496 Eq 477 Tog
563.7 Eq 493 Tog 471 Eq
512.2 A 455 Agg 431 Agg
501.3 Tog 444 Eq 418 Eq
499.9 Eq 435 Tog 415 Tog
392.0 Ay 355 Ay 328 Ay
348.3 Eq 332 Eq 297 Eq
347.5 Tag 317 Tag 291 Tag
241.7 Eq 231 Tog 212 Eq
167.0 Tog 226 Eq 184 Tog
161.3 Tog 201 Tog 170 Tog
143.3 E 168 E 141 E

109.8 Tag 120 Tag 106 Tag
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K, $Bay oSiys are essentially equét-3.5 K) and Raman spec- the line broadening. Ideally, we should determine the Raman
tra similar to these materials are also observed fogSNg  linewidths for the semiconducting, empty caggs8iathrate,
and KSiyq [Fig. 2(b)], it seems unlikely that the difference in calculate the line broadeningl’; [Eq. (2)] for all the modes,
Ramanfrequenciesobserved is due to the electron-phononand compare.N(eg) for the superconducting samples with
interaction (i.e., frequency renormalizatipn The doping- that for the metallic samples. Practically speaking, Raman
dependent differences observed for the Raman bands mata for the empty cage Siare not available, and further-
Nay ,Bas ¢Sisg and their counterparts in JBa, oSisg [Fig.  more we have not observed all the twenty modes predicted
2(a)] may be due to several other factors. First, theviSi- by group theory. So this comparison cannot be made. Fur-
interaction may be responsible, as the mass of K is almost thermore, we cannot separate the electron-phonon contribu-
factor of two larger than Na. Second, there is a doping detion to AT’; from that due to an extrinsic mechanism, such as
pendence of the Si-Si bondlengths as evidenced in the latticdoping disorder. This materials problem also precludes an
constant’ X-ray-diffraction data reveal that the lattice con- experimental determination for N(gg) in all samples, ex-
stant for K, Ba, oSiss (10.273 A is slightly larger than that cept for the NgSiys sample that should not exhibit doping
of Nay,Bas Siss (10.261 A, consistent with the largem disorder.
atom (ion) sizel? This lattice expansion should weaken the  Extrinsic mechanisms also can broaden the Raman lines,
Si-Si bonds, consistent with the observed red shift in theand should be considered. One such mechanism is disorder-
Raman spectrum of the K-doped sample relative to that ofnduced broadening. In this case, the disorder breaks down
the Na-doped sample. Finally, the atomic radius of227  theI'-point phonon ~0) selection ruldi.e., that only zero
A) is larger than that of Né1.54 A), suggesting that a stron- wave vector phonons participate in the first-order scattgring
ger charge transfer should occur between Mhatoms and In this case, other phonons with small, but nonzgneector
the Si cages in Ba Sise. As a result, a higher concentration and slightly different frequency may also contribute to the
of electrons in antibonding band states of the Si network ilRaman line, thereby inducing line broadening. In the
anticipated in the KBa,Siys clathrate, and one could expect samples considered here, x-ray-diffraction data reveal no sig-
to observe weakened Si-Si bonds and a concomitant dowmificant difference in the diffraction peak width, suggesting
shift in the phonon mode frequencies. Clearly, better theorethat both samples exhibit more or less the same crystalline
ical calculations are needed to identify which of these physiorder. However, the Raman-scattering probe may indeed be
cal processes are the most important, or if some othemore sensitive than x-ray diffraction to disorder in these
mechanism is responsible. clathrates, particularly if the disorder in the clathrate system
Another intriguing difference in the room-temperatureis simply a random occupation of the cages with dopant spe-
Raman spectra of the superconducting clathrates is the irzies rather than, for example, broken bonds or missing atoms
creased linewidths observed for several lines in then the Si cage structure. In other words, although the Si su-
Nag Bas ¢Sisg  Spectrum over their counterparts in perstructure can be in reasonably good order, a significant
K, JBa, Siys (see Table lll. In general, the linewidth of a number of the Sj cages may be missing an alkali meisl)
Raman-active phonon band is inversely proportional to theatom (or ion), and/or, significant doping of the larger,5i
phonon lifetime. Two intrinsic contributions to the phonon cages byM atoms(ions) may also occur. Furthermore, sev-
lifetime are normally important: an anharmonic interactioneral experiment$®?>2¢including recent NMR studie¥,
(or phonon-phonon scatteripgand the electron-phonon in- suggest that not all the Na in &a Siyg is ionized. This
teraction(or electron-phonon scatteringThe latter is more implies that Na may be present in both the neutral hiad
important in metals than semiconductors, as significanthcharged N& forms. Because of charge transfer to the Si
more free electrons are available to scatter phonons in structure, these two valence possibilities also introduce a
metal. The Raman linewidth broadening contributia") disorder-induced line broadening as well, i.e., charge-transfer
due to the electron-phonon interaction can be related to thdisorder. This random doping of the Si cages might be ex-
electron-phonon coupling constantvia®* pected to induce considerable local strain in the Si super-
structure, leading to a disorder-induced, line broadening of
predominantly Si-displacement phonon modes. Along these
' 2 lines, it should be remembered that a significant doping dif-
ference occurs in the two superconducting clathrate samples
where w; is the unrenormalized discrete phonon frequencystudied here. The measured sample stoichiometfies
for theith phonon modeC;=d; /7, andd, is the degeneracy Nay,Bas¢Siss, KsgBayoSiye) indicate that the Na-doped
of theith mode. According to Eq2), the Raman line broad- sample should have only one tenth of the small cageg)(Si
ening observed in the NaBas ¢Sisg Sample might be attrib- filled by M atoms, as compared to a fully occupied set of
uted to an increased electron-phonon coupling that decreas&g, cages in the K-doped sample. Furthermore, as the K-
the phonon lifetime and increases the Raman linewidthsdoped sample has 2.9 K atoms per formula unit, presumably,
However, two factors argue against this interpretation for thehe excess 0.9 K ions per formula unit reside in the larger
linebroadening(1) since theT.'s of these two materials are Si,, cages in competition with the Ba dopant. The Na-doped
comparable, it is difficult to make a convincing argument forBa-clathrate sample is expected to exhibit stronger doping
enhanced electron-phonon coupling in one clathrate sampldisorder via incomplete filling of the §jcages, whereas this
over the other,(2) comparable Raman linewidths are ob- disorder should be all but missing in the K-doped sample. On
served in the nonsuperconducting ¢Sag and K;Si,s  this basis, one would expect broader lines in the Na-doped
samples[Fig. 2(b)]. We feel that an extrinsic mechanism, Ba clathrate, as observed here. The observed line broadening
such as doping disorder must also play an important role ifmn the Na-doped Ba clathrate may be due to doping disorder
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in the smaller Sj, cages rather than to electron-phonon cou-
pling. This line of reasoning can be applied to the metallic
line compounds N#Bisg and K;Siyg. In NggSiyg, all the cages
are full, and we therefore expect the electron-phonon and
phonon-phonon broadening mechanisms to be dominant.
However, in KSisg one out of eight cages is empty. There-
fore, in addition to these two intrinsic broadening mecha-
nisms, we anticipate a third important extrinsic, disorder-
induced mechanism in §Siye. This proposal is consistent
with the spectra shown in Fig.(l), where the Raman line-
widths in the NgSiyg spectrum are, overall, noticeably nar-
rower than in the KSisg Spectrum.

Futhermore, increasing tHé concentration in the lattice
increases the free electron concentration and increases th SN
electron-phonon scattering rate. The charge transfer from P S B N IR S
alkali-metal atoms to Si cages in the,Stlathrate system is 0 M0
supported by theoretical calculatiolfs,NMR data on Raman Shift (cm )
NaBa,Siss sample?® and electron paramagnetic resonance Fig. 3. Raman spectra of §Ba, ¢Siss at T=300 K (top) and
studies on the related )8i; ¢ clathrate systen??Thus, for  T=10K (bottom. The data are represented by the points and the
the Na-doped Ba-clathrate sample, which chemical analysisolid line is the fit to the spectrum.
indicates has considerably le&4 dopant, we anticipate a
lower conduction electron concentration than in the K-dopedhat of the NgSi,s and K;Si,g materials that are not super-
Ba-clathrate sample, and therefore narrower Raman linesonducting(at least down to 2 K The most important line
should be observed. This prediction is contrary to what isoroadening mechanism in the Ba-containing clathrate ap-
observed here, and so it appears we can rule out the electropears to be due to doping disorder in thg,8ages. Our data
phonon interaction as the largest line broadening contribueannot explain why superconductivity is observed-at5 K
tion. in the M, Ba, Siyg materials, but not observed in p&i,s and

In order to see the contribution of the phonon-phononkSi
interaction in the Raman line broadening in Si clathrates, we Many of the mode frequencies in the i8a, ¢Si,s Sample
measured Raman spectrum of §8a, oSise at 10 K(Fig. 3.  were found to be downshifted relative to their counterparts in
Most of the frequencies upshift with decreasing temperaturéhe Ng ,Bas ¢Siyg Sample. Various mechanisms for this have
as expected for a simple lattice contraction on cooling. It isbeen proposed. Further theoretical calculations on the pho-
found that most of the modes observed at 10 K are narroweafon modes in these materials are needed to understand the
compared to those observed at 300 K, indicating thatioping-induced effects observed in this study.
phonon-phonon interaction is an another important factor for
the Raman line broadening at room temperature. The fre- ACKNOWLEDGMENTS
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