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Compton scattering study of the silicon clathrate BgSi,s: Experiment and theory
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The Compton profile of the Ba doped silicon clathréBegSise) has been studied using the high-resolution
Compton scattering technique. The Compton profile is sensitive to the change of wave functions, and the good
agreement between experiment and theory validates a theoretical prediction. A difference Compton profile
between the Ba doped and nondoped clathréBgse) has been experimentally obtained and compared with
that of a first-principles band structure calculation. The experiment and calculation show excellent agreement
with respect to the overall shape in the profile. Analyses of partial density of the €0d&s predict that, by
doping Ba atoms into the Si cages, Ba @ectrons are transferred into Bal ®rbitals that are strongly
hybridized with Si $ orbitals. The hybridized states form a sharp peak of the DOS in close vicinity of the
Fermi level, which plays an important role for the occurrence of superconductivityd8iBa
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I. INTRODUCTION nism accounts for superconductivity in §&e Regarding
. . the electronic structure, first-principles calculatitfi's have
Barium-doped type-I silicon clathrates have attracted CONpredicted high DOS aEr in NayBasSiys and BaSiz The
siderable attention since the discovery of superconductivityﬂgh DOS atE; is caused by the strong hybridization of Ba
in NayBagSise ' Although the transition temperatur€, is 54 orpitals with Sjg conduction bands and is presumably
about 4 K, the silicon clathrates have been intensively studagsenial to play another key role for the occurrence of su-
ied in connection with the electron-dopedic@ompounds  narconductivity in the Ba-doped silicon clathrates. On the

with a value ofT, higheithan 30 K Later, the binary com- experimental side, however, there have been only a few pho-
pound Bg-;Siss With T.=8 K has been synthesized under a,emission studidé?7to investigate the electronic structure,

high pressure and high temperature condifidecently, it 5,4 thys the validity of the calculations is still inconclusive
has been reported that superconductivity is expecte@. at ;, -onnection with the predicted high DOS Bt

higher than 10 K at the stoichiometric compositiorsBig.=> The aim of this study is to investigate the electronic struc-
In parallel with the efforts for synthesizing higher quallty_ ture of BaSiss in terms of electron momentum density. In

samples, the mechanism of superconductivity has been inpis haper, we report experimental and theoretical Compton
vestigated. A phonon-mediated Bar(_ieen-Coop_er-Schrleﬁ%rof”es in BaSi,s and its related compounds. The Compton
(BCS scenario has been proposed in connection with theyofiles have been measured by the high-resolution Compton
superconductivity in doped fullerenésn the BCS mecha-  geattering technique, and the theoretical ones have been com-
nism, T, depends on two terms: one Is the.densny of SIateﬁuted from the wave functions obtained by first-principles
(DOY) at the Fermi levelEg) and the other is the electron- band-structure calculations.

phonon coupling factor. The type-I silicon clathrate has a The Compton profile, J(p,), is defined as a one-

Si-sp’ covalent bonding network, which is composed of yimensional projection of the ground-state electron momen-
fullerene-like Sj, dodecahedral and Sitetrakaidecahedral density,n(p),1819

cages’® The high rigidity of the network causes a high De-

bye temperature, which favors the occurrence of supercon-

ductivity in terms of the electron-phonon coupling. Recent J(p,) :JJn(p)dpxdpy, (1)
experiment$1! have pointed out the importance of the vi-

brational coupling between the guest atoms and the hostherep,, p,, andp, are the Cartesian momentum compo-
Si-sp® network. In addition, the observation of Si isotope nents, and the axis is parallel to the scattering vector. In an
effectd? and the analyses of the pressure dependendg of independent-particle model, the momentum density is given
(Ref. 13 provide pieces of evidence that the BCS mechaby
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2 oretical core-electron profité from the experimental total-
: (2)  electron Compton profile. Herd1s)>(4d)9(5s)%(5p)® for
Ba and(1s)%(2s)%(2p)® for Si are treated as the core elec-
where ;(r) is an electron wave functiolf. The summation trons. The profiles were folded to improve the effective stat-
in Eq. (2) extends over all the occupied states. The aredcs after confirming that they appeared symmetric about
under the Compton profile gives the total number of elecf,=0 within error bars. In the data-processing, multiple scat-
tronsN, tering corrections were not employed since the effect on the
. difference profiles are negligible. Simulations with a Monte
f J(p,)dp, = N. 3) Carlo prograr’ showed that the doubIe-Co_mpton-scattering
Y events are about 1.7% of the sum of the single- and double-
scattered events for the samples. The simulated energy pro-
The Compton profile is sensitive to the change of wave funcfile of the double-scattered events are almost identical among
tions, and its measurements provide a testing ground for thehem, and thus the multiple-scattering events are almost can-
oretical wave function&®?! The good agreement between celed out in the difference profiles.
experiment and theory validates the quality of discussions on
the electronic structure based on the theoretical predictions.
Unlike conventional photoemission spectroscopy, Comp- I1l. CALCULATION
ton scattering is very bulk sensitive, and unlike the de Haas— ) ) ) )
van Alphen and angular correlation of positron annihilation 1heoretical Compton profiles of B&i,s and Sie were
radiation measurements it is insensitive to defects and impialculated from the wave functions obtained by the full-
rities in a sample. These notable features provide compld?otential linearized augmented-plane-waveFLAPW)

R . . 5 8,29 \nithi H i H
mentary information on the electronic structure of;8ige. method®?® within the local-density approximatiotLDA).
The local exchange-correlation functional of Vosko,

Wilk, and Nusaif® was employed. The angular momentum
Il. EXPERIMENT in the spherical-wave expansion was truncateld,gt=6 and
Imax=7 for the potential and wave function, respectively. The
cutoff of the plane wave for the wave function was 12 Ry.
WWe took 64k points in the first Brillouin zone for both crys-
tals. In order to obtain the Compton profiles, the momentum
density n(p) was calculated on a mesh up fp|=5 a.u.,

n(p) = (2m =X ‘ f gi(r)explip - r)dr

A sample of Bg_sSiyg Was synthesized by a high pressure
technique® Samples prepared by the same procedure sho
superconductivity belowT.=8 K, and thus the present
sample might have Ba deficiency @=0.5% In order to

g?;ﬁ?etgzri'fﬁirenz;g&?;'Igebits\’\é%enl_ldf&gsgf S!il\?\}iti rﬁg wherep=k+G andG is a reciprocal lattice vector. The two-
metal do inp ha%’ not vet been s ﬁthesized /ﬁ, 2 000d Sud_imensional integration involved in the evaluation of the
ping Y y . 9 ompton profildsee Eq(1)] were carried out by utilizing a

;gtritg l;?/rths é?,mtaf}e d:z)::%err-\goss"i![(i:(?r? 0?22323 ?(J)?u\',[\ilgrS] gfr?\'laSispherical harmonics expansion method. A theoretical Comp-
Zintl phase under high vacuum at 340—4202%The Sis ton profile ofcd-Si was also computed for comparison.

clathrate consists of face sharedy3ind Sjg polyhedra, each
silicon being tetrahedrally coordinated in a manner very
similar to that of the S clathrate, which consists of face
shared Sj, and Sj, polyhedra. The residual amount of Na in ~ The experimental and theoretical results are shown in Fig.
the prepared N&iz3¢ was estimated to be as small as 1. The open circles show the experimental difference Comp-
0.5<x< 1, and homogeneously doped into thgs®iages of ton profile between BasSisg and Sjs and the solid line
Sii3¢ The sample is hereafter called,gi The powder shows the theoretical one between8igs and Sig The area
samples were packed into the sample cases with a thicknessder the experimental Compton profile ofi4giis normal-
of 2 mm. The packing density was about 50%. A cubic-ized to the value for $§, assuming that the shape of both
diamond Si(cd-Si) sample was also measured for compari-profiles are close to each other. The validity of this assump-
son. tion will be discussed in the next paragraph. Under the
The Compton scattering experiment was carried out usingresent normalization, the Na content>sf1 for NaSijzg
a Cauchois-type x-ray spectrometer which was installed atauses the error inJ,,(p,) of 0.3 atp,=0 and the Ba defi-
BLO8W, SPring-&3-25The energy of the incident x rays was ciency of §=0.5 for Ba_,Si,s makes the error of 2.2. These
116 keV and the scattering angle was 165°. The experimererrors are comparable in size to the statistical error bars. The
tal momentum resolution was 0.16 atomic urligsu). The  experiment and theory reveal an excellent agreement on the
Compton profile measurements were performed at room teneverall shape of the profile. The open triangles show the
perature. The data processing to deduce the Compton profiexperimental difference Compton profile betweshSi and
from the raw energy spectrum consists of the following pro-Si;z, Where the areas under both Compton profiles are nor-
cedures: background subtraction; and energy-dependent canalized to the value for @j. The profile is almost flat, indi-
rections for the Compton scattering cross section, the absorpgating that the Compton profiles in both materials are close
tion of incident and scattered x rays in the sample, thdo each other. The broken line is the theoretical difference
efficiency of the analyzer and the detector. A valence-Compton profile betweeod-Si and Sjig, predicting little dif-
electron Compton profile is obtained by subtracting the theference between them.

IV. RESULTS AND DISCUSSION
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FIG. 1. Experimental and theoretical difference Compton pro-BggSiy.
files: The open circles and open triangles show experimental differ-
ence Compton profiles between 355is6 and Sizs and between  gn the energetics and band structures by Adatrad 34 They
cd-Si and Sjz6 The SO!Id line and brol_<en line are theoretical dif- have shown that the total energy difference between the Si
ference Compton profiles between 84 and Sis and between  jathrates and thed-Si is 0.07 eV, that is three times smaller
cd-Si and Sig. The areas under the ;g4 and cd-Si Compton pro- than that between thg-tin andcd phases of Si.
files for the experiment and theory are normalized to that gf Si As seen in Fig. 1, the calculated profiles reproduce well
. . the experimental profiles, demonstrating the usefulness of

_The present experiment and calculation suggest that thge pand-structure calculations. Now we discuss in detail the
directionally-averaged momentum density distributions beyang structures. Figure 2 shows the total DOS qfSBg and
tweencd-Si, S, and Sizgare very close to each other. This gj, - The obtained results are in good agreement with the
is consistent with the fact that all the Si atoms are tetrahepeviously reported resulté:s In Si,s the fundamental gap
drally coordinated and are connected vsffi covalent bond- i 1.15 eV which is larger than thed-Si gap of 0.48 eV
ing in these materials. The momentum density of electrons ignq there is an another band gap in the valence-band region
bonds was theoretically studied by Coulsatral***2and by  from —3.8 to —3.4 eV. In BgSi,, there is a strong DOS peak
Weyrich et al3 They showed that the presence of bondingjy close vicinity of Er.
gives rise to a periodic oscillation and a angular dependence The strong DOS peak neBg presumably comes from the
in the momentum density. Directional averaging, due to POWnypyridized band of the Bacbstates with the $§ conduction
der samples, conceals the angular dependence of the Si nglinsi4.15 |n order to see this point clearly, we present the
work from observation, and thus make only the bond-lengtfhrgjected DOS onto the atomic orbitals at each site. There
aspect of SlSp3 covalent bonding remained. The period in are three Si sites(60), (16i), and (24K) sites; and two Ba
the oscillation depends on the interatomic distance betwee§jies: (2 and(6d) sites. The B&24) site is at the center of
atoms sharing the bond. In the present case, the bond-lengtiif s, cage and the Béd) site is at the center of the Si
for the Sig and Sigg clathrateg2.37 A) are almost same to

that of cd-Si (2.35 A), leading to almost the same shapes in 40 — . . . . ‘
the Compton profile amongd-Si, Sie, and Sjze Such a Si(6c) - 3s !
small difference is consistent with the results of calculations 20 » ]
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FIG. 2. Total DOS of BgSi,g and Sjg. Energy is measured from FIG. 4. Partial DOS of Bgbise. Energy is measured from the
the Fermi levelEg. top of the valence band.
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cage(see Fig. 3 Figure 4 displays the partial DOS for the Si experiments, FLAPW-LDA band-structure calculations on
3s and 3 states and for the Bas@and 5l states at each site. BagSiss, Sisg, andcd-Si have been carried out and the theo-
It is found that the valence bands from —-12.7 to —1.9 eV araetical Compton profiles have been obtained. The experiment
composed of three parts: the Siike states in the lower and calculation show a good level of accord in the overall
energy side, the Sip hybridized states in the middle, and the shapes and the height of the difference Compton profiles
Si p-like states in the higher energy side. The band edge dbetween the Ba doped clathrate and the nondoped clathrate.
the Ba %l states are slightly lower tha®- and much hybrid-  Analyses of partial DOS reveals that the Bd &tates are
ized with the Sip-like conduction bands, forming the strong hybridized with the Si B states, forming the strong peak in
DOS peak in close vicinity oEg. The contribution of the Ba close vicinity of the Fermi level. The Bas6orbitals are
6s states to the DOS ned& is quite small. This indicates nearly empty. This leads to a conclusion that the B&léc-
that most of the § electrons of doped Ba atoms are trans-trons are transferred into the Ba 5rbitals to form a strong
fered into the Ba 8 states to form the strong DOS peak nearhybridization with Si ® orbitals. The hybridized states cause
Eg. The electron transfer from the Ba ® 5d states has been a high DOS at the Fermi level, which favors superconduc-
also found in other Ba compoun&sSuch a high DOS near tivity in BagSiye
Er has been also predicted iAsCqy (A=K, Rb, etc)
fullerence compounds, and plays an important role in the
occurrence of superconductiviydn the other hand, a strong
vibrational coupling between the Ba atoms and the Si cages The computational code of FLAPW calculation including
has been suggested in thegBas compound$ The high  Compton profile calculation was developed by Kodama, Ha-
DOS nealEg and the vibrational coupling between Ba atomsmada, and Yanase. This study was supported in part by
and Si cages are responsible for the superconductivity iGrant-in-Aid for Scientific Researd®\) (N0.1620502Y and
BagSise the COE ResearctNo.13CE2002 of the Ministry of Edu-

In summary, we have measured the Compton profiles ofation, Culture, Sports, Science and Technology of Japan.
BagSise, Sihize and cd-Si powder samples by a high- The Compton scattering experiment was performed with the
resolution Compton scattering technique. In parallel with theapproval of JASRIProposal No. 2002A0576-ND3-hp
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