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Peierls or Jahn-Teller effect in endohedrally doped silicon clathrates: An EXAFS study
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The effect of doping silicon clathrate structures with sodium atoms has been investigated experimentally by
x-ray photoemission and x-ray absorption spectroscopies. Both techniques reveal a poor screening of the
sodium atoms inside the silicon cages. We also discuss the sodium state that is intermediate between the
metal-like and the atomlike ones. These results are in agreement with theoretical predictions of Bealkov
and Smelyansky and Tse. In addition, the fine analysis of the extended x-ray absorption fine structure region
reveals unambiguously a large displacement+@2 A) of the sodium atom with respect to the center of the
silicon cage. This displacement is higher than the one predicted by a simple Jahn-Teller effect and is discussed
in terms of sodium pairing. The formation of dimers with covalent bonding is compared to the Peierls distor-
tion in a monodimensional network.

. INTRODUCTION emphasized*® Since the McMillan equation fol, (Ref.
36) reveals that highl, is promoted by a high Debye fre-
Covalent cagelike assembled crystals have been studiegliency, superconductivity is favored in carbon-cage as-
both experimentalfj® and theoretically®=32 These struc- sembled materials with respect to silicon ones. In addition,
tures form large polyhedral cavities that can accommodatée Jahn-Teller distortion is enhanced in small clusters hav-
templating guest species allowing a wide variety of noveling asp® hybridization(such as in clathrajé® Thus, carbon
compounds. A well-known example is commog,@ristine:  clathrates could be interesting candidates for new High-
a fcc arrangement of 4 fullerenest Owing to the particular  superconductors. Unfortunately, such structures, which are
hybridization in G, the cages are weakly bound by van derprobably stable, to our knowledge, have not been yet re-
Waals interaction and pristine and keep a large memory oported. In this paper, we report the observation of a Peierls-
the G, molecular characté?®® In silicon or germanium Jahn-Teller distortion in Ng® Si-34 from a careful analysis
clathrates, the building block polyhedra share their face®f the EXAFS regionextended x-ray absorption fine struc-
leading to a rigid lattice. In these clathrates, atoms are fourture) at the NaK edge. In addition, the XANE$x-ray ab-
fold coordinated just as they are in the diamond phasesorption near-edge structyreegion analysis and additional
While, in pristine the pentagorge., carbon fivefold rings ~ X-ray photoemission spectroscop¥PS) measurements re-
are isolated, clathrates are formed by fullerenes having iso/€al the absence of an ionic state for the alkali in agreement
lated hexagons, and consequently fused pentagons. This Wgth other results. The semi-metal-like state is corroborated
required since fused hexagons introduce a significant by the poor screening of the photoelectron observed in XPS
bonding as in graphene that is not energetically favorable i&nd XANES. In addition, the measurement of the Fermi level
silicon and germanium. Among the huge fullerene family,position with respect to the valence-band minimum is in
four polyhedra(namely, Sjy, Shs, She, and Sjg) are po- agreement with theoretical results.
tential candidates to form an infinite periodic lattice by com-

bining togethef In fact, two clathrates are commonly ob- Il. CLATHRATE: JAHN-TELLER EFFECT

served labeled Si-46 and Si-34. The Si-46 is formed by a AND CONDUCTION MECHANISMS

simple cubic arrangement of ;giand Sj, polyhedra, while ] ) ] )

S|_34 is formed by a fCC arrangement sz(sand StS poly_ F|gure 1 ShOWS the Si-34 a.nd Q@S|'34 |attlceS. The

hedra. The Si-34 lattice structure is analogous to the comwhole symmetry of the crystal 8d3m as in diamond, Si-2.
mon diamond where each Si atom has been replaced bylaolated Sjy and Sig polyhedra, which form the Si-34 lat-
Si,g polyhedron. Both pristine and clathrate exhibit super-tice, have thd, and T4 point symmetry, respectively. It has
conductivity when selected additional atoms are placed be3deen established that both types of polyhedron are unstable
tween the cages or within the cadés?’ It is admitted owing to a large Jahn-Teller interactidhin a weak electron
that the conventional-mediated Bardeen-Cooper-Schrefferorrelation picturely Si,g has a degenerate electronic eigen-
mechanisms could explain the observed superconductivitystate at the Fermi leveh triplet occupied by only four elec-

In addition, a connection between Jahn-Teller distortion entrons. This and the presence of an empty singlet state lying
ergies and highF, superconductivity has been a few tenths of eV above the triplet suggests that thg Si

0163-1829/2000/624)/1655011)/$15.00 PRB 61 16 550 ©2000 The American Physical Society



PRB 61 PEIERLS OR JAHN-TELLER EFFECT IN . .. 16 551

cage can be viewed as a closed-shell structure with a large

gap if each atom adopts a ABconformation as in clathrates.
Likewise, in the same scheme,&has an open shell with a
fourfold degenerated HOMO occupied by two electrons.
Thus, the equilibrium geometry of this molecule cannot be
icosahedral. In the lattice, the geometry of both polyhedra is
slightly deformed. In order to characterize the distortion of
the polyhedron, we have calculated from our experimental
x-ray powder diffraction’XRD) the coordinance shells from
the center of either polyhedroifable ). These parameters
will be used as input for the interpretation of the EXAFS
measurements as discussed below. |p@&i-34 each hexa-
kaidecahedron is fully occupied by one sodium atom. Owing
to the whole lattice symmetry, the sodium network forms a
giant diamond lattice where each sodium atom has four so-
FIG. 1. Si-34 clathrate projected along tfie11] direction.(@  dium neighbors @y.n.=6.34 A) (Fig. 2. This particular
The structure skeleton with visible cages is shaleft pane). The ~ sodium concentration corresponds to the expected insulator-
empty clathrate is showt®) (right pane) with the silicon atoms in ~ to-metalliclike transition experimentally observed by differ-
dark color.(b) (right pane) shown is the Ng@ Si-34 structure with  ent techniques. In fact, an insulator-to-metal transition is ob-
the sodium atoms in gray color. The left panelbf shows the two  served in Ng@ Si-34 clathrates compounds when the guest
elemental cells forming the clathrate: Na@Sand Na@$Sk. In atom concentration increases significantty>8). The tran-
Nag@ Si-34, the Sh cages are emptyNa atoms have been placed sition mechanism is still debated owing to the weak interac-
at the center of the caggs. tion between sodium and silicon. First-principles calculations
rule out the hypothesis of a degenerated semiconductor
where electrons could be thermally excited into the conduc-
tion band®! Smelyansky and Tse have found that the bottom

TABLE I. Selected crystallographic data for M@ Si-34 and distances between the center of the cage
(labeledX) and the silicon shellsly,_s; belonging to both polyhedra Siand Sig, respectively(right
pane). The left panel gives the average distance assuming pdifeantd T structures for Sp and Skg,

respectively.
Name Clathrate
notation Na@ Si-34
Space group Fd3m origin at center &
Lattice constant 14.65 A
Position &.y.2)
(S (x,x,x),x=1/8
(Si)(x,x,x),x=0.781
(Si)(x,x,2),x=0.817z=0.629
(Na) (x,x,Xx),x=3/8
(Na) (x,X,X),x=0 (in Na,,@ Si-34)
Expected free S Siyg In the Si-34 clathrate

without Jahn-Teller distortion

dys=3.91 A ,N=12
dx.s=3.95 A ,N=28 dy=3.96 A ,N=4
dy.si=3.98 A ,N=12

mean deviation 0.03 A

Expected free $j Siy In the Si-34 clathrate
without Jahn-Teller distortion

dX-Si:3'l7 A ,N:2
dys=3.31 A ,N=20 dys=3.27 A ,N=6
dy.s=3.36 A ,N=12

mean deviation 0.05 A
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IIl. EXPERIMENTAL PROCEDURE
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We have used the same @ Si-34 clathrate samples for

»
1
\ o
s

!’ﬁ’ e “. all experiments, i.e., XRD, inelastic neutron scatterihg,
» L .
0‘;‘.-;"v;—;~ XPS, XANES, and EXAFS. The last three will be reported
© ‘:f":'-;,v « 1 ® : here. The samples are powders with a mean grain size of the
'v\‘; r~:) .‘,’0;"‘,; order of a few micrometers and were obtained by thermal
*"’ : 0‘“;'.';'-‘,'# T e decomposition of NaSi under vacuum (F0Torr) in the
3 B ¥
Ou_‘\' “"(.' @) Y %;'* 4 temperature range 670-710 K. We are not able to produce
g Q‘"") ;af o> pure Si-34 and we have used a sample containing a poor
P Geo- o ,-'~ e concentration of sodium i-34,x<1) as a template
OGP NP C { ) tration of sod @Si-34,x<1 templat
.‘g‘_ 31 of pure Si-34. This concentration is not enough to affect
ogP 58 significantly the region close to the conduction-band mini-
™o > © a mum.

The powder(300 meshis mounted on gallium or indium
substrates in order to minimize the charge space effect dur-
ing XPS, Auger, or x-ray absorption spectroscofgi€AS).

The powder is shared out of the substrate in order to get a
continuous thin film. The samples are chemically etched by
immersion in HF solution and blown dry with nitrogen prior
their introduction in the XPS or XAS devices. This proce-
dure is essential to removing any Si-O bond located at the
surface of the grains.

The spectrometer is a dual XPS/Auger camera Nanoscan-
100-type microprobe operating at a base pressure less than
4x10 1° Torr. The sample area analyzed in XPS mode is
about a few mriL. The XPS is performed using an Kla
x-ray (1486.6 eV. The resolution was fixed at 1 eV for the
core level. Clathrate samples are compared to a nearly intrin-
sic Si (100 crystal (p>400 () cm n-type at room tempera-
ture, labeled “Si-2") or to fine silicon powden99 999%

FIG. 2. Na@ Si-34 lattice (a) The lattice with all silicon atoms ~ PUIity).
boundedyb) the same lattice with all the sodium atoms bound. The ~Si K-edge absorption spectra of crystalline ,i&Si-34,
sodium lattice forms a giant diamond lattice witly,n.=6.43 A. Nag@Si-34, and Si-2 were recorded collecting the total
(Na atoms have been placed at the center of the gages. drain current and/or the fluorescence emission as a function

of the photon energy. The measurements were performed on
of the conduction band is flat and mainly occupied by the Ne& beam line SA32located at the 800-MeV positron storage
3s density of states. This band is empty, half occupied, anding SuperACO in Orsay, FrangeThe x-ray beam was
fully occupied in Si-34, Na@Si-34, and Ng@Si-34, re- Mmonochromatized by an InSEL11) double-crystal mono-
spectively. Due to its symmetry, this band is threefold dechromator(0.7 eV reso_lutlo_m Several scans were colleqted
generated al’ point. Consequently, it is expected that a0 ensure the true esnmayon of the systematlc_ errors in the
Jahn-Teller effect lifts this degeneratylUsing quantum mo- Parameters to be determined. Energy calibration was done
lecular dynamics associated to a modified tight bindingUsing the absorption edge at 1839 eV for Si-2. All samples
scheme, Demkoet al®” have studied this Jahn-Teller effect. Were analyzed using the same standard procedure. Some as-
They found in Na@ Si-34 a splitting between the levelsiat ~ Pects of the XANES and EXAFS regions at thelSiedge
point of 0.065 eV. Thus, the N@Si-34 is, in a simple will pe dlscus%ed here. More details will be given in a forth-
scheme, an insulator since the bottom of the conduction barféPMing paper. _ .
remains fully occupied. In addition, Smelyansky and3*fse ~ Na K-edge absorption spectra of M@Si-34 have been
have observed that the band located just above theecorded at three temperatures 20 K, 100 K, and 300 K m_the
conduction-band minimuniCBM) at I" point (without tak- quorescci\ce mode. The x-ray beam was monochromatized
ing into account the Jahn-Teller splittinghifts lower in en- by a (1010) beryls double-crystal monochromat@.4 eV
ergy as the sodium concentration increases,@&i-34, 0  resolution. A low-temperature measurement is useful since
<x<8). Finally, the separation between this band and théhe Na-Si coupling factor is weak and the Debye-Waller con-
CBM is estimated at 0.06 eV, which is of the same order oftribution is expected to be large. For example, iry@eSi-34
magnitude as the expected Jahn-Teller gap. The conductiode have found a vibrational Einstein-like mode located at
mechanism in Ng@ Si-34 is still debated. While Demkov 6.6 meV leading to an Einstein temperature of around 76
et al¥” suggest a correlation-induced metal, where electron¥.*® Since the sodium atom is located into a nearly spherical
are excited over the Jahn-Teller gap, Smelyansky and' Tsesphere of Si atoms, its mean position into the polyhedron
argue that the concave curvature of the levels lying at thelepends on the mean-vibrational amplitufl€). Conse-
bottom of the conduction bands explains the poor conductivguently, its true position is better determined as far as the
ity owing to the weak density of states near the Fermi levellattice temperature is lower than the Einstein temperature.
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Si;s and Ngg core level lines have been deduced from the
derivative of the Si and N&-edge absorption in XAS ex-
periment, respectively. The general principle of Si or Na
K-edge absorption spectroscopy is to excite the occupied
core shell Sjg or Na4 electron towards the empty conduc-
tion band. In intrinsic semiconductors, XAS spectroscopy
probes the core level line related to the conduction band
minimum (CBM). This is expected to be true for Si-2 and
Na, @ Si-34 since both are insulators. Following theoretical — Na.@Si-34
predictions®*"the Fermi level in Ng@ Si-34 is pulled up in § : 1
the conduction band, and the core level line will be rather
related to the Fermi level. It is worthwhile to compare our 1835 1840 1845 1850 1855 1860 1865 1870
data with other sodium statéstom, free ion, et¢.in order to Energy (eV)
characterize the electronic state. For this purpose, we have ti
estimate the difference between the Fermi level and/or the
CBM and the vacuum level. In Si-2, this difference just co-
incides with the electron affinit{4 eV). For clathrate, this is
more complicated. In a previous pagemve have mentioned
a band-gap opening in the clathrdtie9 eV and 1.2 eV for
Si-34 and Si-2, respectively According to the effective =
mass theory where the CBM shift is on the same order of
magnitude as the valence-band maxim{(vBM) shift*! we
can expect a decrease of the electron affinity in the clathrate
Its value will be close to (4 0.7/2)=3.65 eV. Such a value
will be used for scaling the core level line to the vacuum . . . . . ‘ .
level. Since XAS SpeCtrOSCOpy prObeS the core level related 1834 1835 1836 1837 1838 1839 1840 1841 1842
to the CBM, the binding energy to the vacuum level of,Na Energy (eV)
in NaCl is obtained just adding the electron affinity of the

NaCl crystal(0.9 eV) to our experimental data. FIG. 3. (a) Si K-edge x-ray absorption spect4ANES region
Nay core level line has been deduced from both XAS andy various silicon samplesa) (c),(d) identify different resonances.

XPS spectra. For XAS spectra, the scaling of the core levely) The s, core level line in Si-O bondb) The core line obtained

line related to the vacuum level will be discussed later. Infrom the derivative of curves in pan@ around the edge energy.

XPS spectroscopy, the core level line is related to the Fermi this case, the energy is related to the vacuum lésed text

level. We follow Siegbahret al®® and assume that in the

XPS device, the difference between the Fermi level and th%nergy with respect to Si-2. Since §@Si-34 core level line

vacuum level is given by the work functidd eV typically). is shifted by about 0.250.1 eV with respect to N&@ Si-34,
The choice of the reference level is less clear owing to thg, o expect that the Fermi level in \@ Si-34 lies at 0.25 eV
unknown contact potentials and especially the nature of thgp,ve the CBM. This value is not so far from the absolute

[ ——Na,@5i-34 ]

Intensity (arb. units)

A Si-2
—N al@ Si-34
"""""""""""""""""""""""""""" —Na,@8i-347 ey

Intensity (arb. units)

Schottky barrier. precision of our device. It is still well reproducible and
seems accurate. Finally, the corrected values related to the
IV. XANES/XPS SPECTROSCOPIES vacuum level are 1839404=1843.0 eV and 1838:63.65

A. Fermi level position and Si. core level line =1842.25-0.2 eV for Si-2 and Si-34, respectively.

Figure 3a) shows the SK-edge normalized XAS spectra
of Na; @ Si-34, Ng@ Si-34, and Si-2, respectively. We have
measured the Si-2 reference samgkngle crystal or pow- Figures 4a) and 4b) show the Ng core level lines in
den just before and after the measurement of the clathrat®laCl and Ng@ Si-34 deduced from XAS spectroscopy. The
ones, allowing the correction of a possible energy drift dur-energy is related to the vacuum level with the procedure
ing the experiment. Nevertheless, no significant shift hasnentioned above. For @ Si-34, the raw position related
been found within our precisiofbess than 0.1 e\ The pres- to the Fermi level is corrected by adding the estimated elec-
ence of SiQ contamination can be excluded from the ab-tron affinity in the clathraté3.65 eV} minus the separation
sence of any significant contribution located at 1847 eV. Thébetween the Fermi level and the CB¥.25 e\j. Table I
resonancelabeled a located near 1843 eV appears in all gives the position of the Nacore level lines in other sodium
samples, while the on@abeled ¢ located near 1852 eV in compounds for comparison. Figur&cshows the Ng, core
Na, @ Si-34 and Si-2 is shiftedabeled d towards high en- level lines in NaCl and Ng@ Si-34 deduced from XPS spec-
ergy in Ng@Si-34. This resonance is comparable introscopy. Both spectroscopies show a;Neore level state
Na, @ Si-34 and the diamond phase and is attributed tdying at higher energy than the one observed in N&@e
simple/multiple scattering effects in the intermediateTable Il). The discrepancy between NaCl values in XAS and
XANES/EXAFS regiort® Figure 3b) shows the derivative XPS can be attributed to the dubiousness of theNare
of the absorption threshold in these samples.@&i-34 and level state position in XPS spectroscopy and absolute cali-
Nag@ Si-34 core level lines are slightly shifted towards low bration in XAS3°

B. Sodium state
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FIG. 4. (a) SodiumK-edge absorption spectXANES region in NaCl (dashed linpand Ng@ Si-34(full line) recorded collecting the
total drain current. The shoulder marked by a star is interpreted as an artifact of the measurement: it has no physical interpretation and it is
not observed on spectra recorded collecting the fluorescence intéhsithe core level lines obtained from the derivative of the cufags
In this case, the energy is related to the vacuum léset text (c) The core level lines obtained by XPS spectroscopy.

V. EXAFS Debye temperature. The set of experimental data 20 K,

100 K, and 300 K is then fitted using the-errIT code®

) ) Mathematically, we have only three fitting variables to opti-
Na K-edge x-ray absorption spectra of J@Si-34 re-  yize k2 (k): the Debye temperature, the amplitude reduc-

corded at three temperatures 20 K, 100 K, and 300 K argy, taciors2, and theE, threshold. In addition, these vari-

reported in Fig. 5. In order to extract the EXAFS oscillation bles must be constrained through physical arguments
from the absorption spectra the atomic absorption was mod® (i) The E, threshold is expected to be the same for. the

eled by a third-order polynomial expression and the normal;[hree experimental spectrd £ 20 K, 100 K, and 300 K

ization was done using the Lengeler-Eisenberg algorithm. "> .
EXAFS oscillations were expressed in terms of the photo- (1) XAFS spectra are referenced to the threshold Fermi

electron wave numbek=(1/4)2m(E—E,), wherem is level. This value is determined with the self-consistent field
the electron mass arfl, is chosen at the inflection point of (SCP Procedure on a cluster of 86 atoms centered on the Na
the threshold. atom within a fraction of eV. Consequently, we have con-
Even though the crystallographical structure of pure sili-Strained the range of variation &, in the fit to be between
con clathrate is perfectly known, ambiguities on the sodiumt1 eV and—1 eV. We have also calculated the XAFS spec-
position inside the $j polyhedra are still of actuality. §  tra from the standard overlapped atom potentials where the
polyhedra are composed of four hexagonal fagesagonal precision is lower than in the case of a self-consistent calcu-
symmetry and 12 pentagonal faces. In such a structure, wéation but for which the computing time is drastically re-
are able to accurately calculate the sodium-silicon bondluced. The error in the position of the Fermi level is in that
length (R;) and the coordination numberBl) whatever the last case of about 3 eV.
sodium position is in the $j polyhedra. Then we can com- (i) S is the same for all the experimental spectra and
pute single and multiple scattering paths contributing to thevas arbitrarily seS3=1. Remember tha®; and the Debye
EXAFS signal and adjust some fitting parameters. temperature are strongly correlated and this arbitrary choice
The contributions of single and multiple scattering pathscan have some incidence in the value of this last variable.
to the EXAFS signal are calculated within the framework of  (iv) The sodium atom can be displaced away from the
ab initio self-consistent real space multiple-scatteritefF  center of the cage towards the center of an hexagon where
code(FEFFS.* For this purpose, we take a cluster formed bythe electron density cloud is the smalléise., we minimize
a sodium atom surrounded by 99 silicon atoms and consideghe sodium-silicon overlappingWe note this displacement
the most significant 160 single and multiscattering pathwaysas AR.
We have checked that the number of pathways is significa- (v) The Debye temperature is not well defined but can be
tive enough to reproduce the EXAFS signal. As a prelimi-estimated in a certain range. In an earlier paper, from neutron
nary, we calculate the XAFS spectra without introducing theinelastic scattering performed in the same samples, we have

A. Data analysis

TABLE II. Na, core level line for different sodium states. The free ion state is from Ref. 45. Atomiclike
and standard values in bulk pha&ec) are from Ref. 47.

Nay ¢ Na, bulk metal Ng, free ion Na, in NaCl Na in Nag@ Si-34
(our work (our work
1079.1 eV 1074 eV 1088.2 eV 1074.4 éXAS) 1077.8 eV(XAS)

1075.4 eV(XPS) 1077.2 eV(XPS)
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FIG. 5. NaK-edge x-ray absorption spectra of J@Si-34 re- 0.04 T=300K T=300K
corded at 20 K, 100 K, and 300 K. f ..
0.00{
found a localized vibrating mode corresponding to the cou- -0.04
pling between the sodium atom and the silicon host
(hwyna-si=6.6 meV). This mode corresponds to a typical 2 5 6 7 8 4 5 6 7 8
Einstein temperatur@z= 79 K (using the Debye approxima- k(A"

tion 6p=4/30g=106 K). This value corresponds to the ex-
pected lower limit in our fit. On the contrary, we assume that . . i
the Debye frequency cannot exceed the one of the silicon FIG. 6. Experimental EXAFSx(k), data for N3@Si-34 re

A . oo corded at 20 K, 100 K, and 300 K comparedr&rF-FEFFITSIMU-
host, which is not so far from the classical S#g=640 K. lation (continuous ling for a sodium displacemerid) AR=0.85 A

From the SCF calculation, we fqund a s.trong correlationand(b) AR=1 A. (a) and(b) Self-consistent and standard calcula-
between theE, threshold andAR. SinceE, is constrained tions, respectivelysee text The number of independent points is

within the accuracy of the used modeke assumptiofii)], 15 and the fit parameters are the Debye temperaiige the re-
AR is also constrained in a certain range. Moreover, Wejyced amplitude factos2, and the threshold enerdg,. For the
found also a better fitmeasured by?) whenEy is in the  seif-consistent calculation, the fit parameters @re20 K, Op
range+1 eV to —1 eV. Furthermore, the fit gave the same =386 K, E;=—1 eV, S$3=1; T=100 K, ©,=386 K, Eo=—1
Debye temperature for all experimental specifa=@0 K, eV, S3=1; andT=300 K, ©,=386 K, E,=—1 eV, S5=1. For
100 K, and 300 K. We emphasize that the physical robust-the standard calculation, the fit parameters Bxe20 K, ©5=190
ness of this fit comforts us on the physical meaning of thek, E,=—1.2 eV, S3=1; T=100 K, =260 K, E,=—2 eV,
sodium displacement. On the contrary, we are less confider®=1; andT=300 K, =400 K, E,=—2 eV, S5=1.
on the physical meaning and accuracy of the Debye tempera-
ture, first because of the complexity of the geometry aroundhe sodium atom with respect to the cage center was fixed to
the Na atom when displaced and second because of th®R=0.85 A andAR=1 A for self-consistent scattering and
strong coupling withS3 and with the normalization proce- overlapped atom potentials, respectively. We note that the
dure. amplitude of the signal is strongly affected by the tempera-
We now return to the assumption labeléd). In fact, ture indicating a softening of the Debye temperature with
other displacement directions of the sodium atom should notespect on the one of the silicon host. In spite of the noise
be, a priori, disregarded. However, a complete study of alllevel, some high Fourier frequencies can be identified as
the parameters needs a prohibitive computer time with recharacteristic of the clathrate lattice. The EXAFS fits are
gards to a self-consistent scattering potential calculationrather salient in the range=3.85-7 A™*, where the signal
Consequently, in some parts of our study, we have used tHé dominated by the contribution of the atoms belonging to
overlapped potential method, which needs a much reducedte Shg cage and become more tenuous at highewhen
computer time. Even if both methods achieve a similar fit,using self-consistent calculations, the best fit is obtained with
the accuracy in\R is reduced in the last one and we cannota single Debye temperatuf®, =386 K for the three experi-
use a single Debye temperature at all measured temperatur@ental spectra, while standard overlapped potentials calcula-
Nevertheless, a slight variation of the Debye temperaturéon needs a spread of Debye temperafug, =190 K (T
versus the experimental temperature could be interpreted as20 K), ©p=260 K (T=100 K), =400 K (T=300 K)].
an artifact introduced by some partial anharmonicity and/ofOne has to mention that such simulation might be signifi-
anisotropy in the sodium-silicon vibration motion. cantly improved if we introduce a slight variation of the
silicon-silicon distanceglimited to 0.02 A. We do not dis-
cuss this case since the physical meaning could be ques-
tioned owing to the increase of the number of fitting vari-
Figure 6 displays the raw EXAFS signal and theianel  ables.
6a: fits using self-consistent scattering potential; panel 6b: The reader may well ask about the confidence range of the
fits using standard overlapped atom potentialstained at sodium atom displacement determination. Figure 7 displays
20 K, 100 K, and 300 K, respectively. The displacement ofthe comparison between experimental and calculat@dd

B. Results
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FIG. 7. Experimental EXAFSy(k), data for Ng@ Si-34 re-
corded at 20 K compared teerF-FEFFIT simulation (continuous
line) for various sodium displacementR=0 A, AR=0.2 A AR
=0.5A AR=1 A AR=1.2 A. The fit parameters af®,=190 K,
Eo=—1.2 eV, Si=1. We have calculated XAFS spectrum from
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FIG. 8. Scaled measure of the goodness of fit paramgétdor
both SCF and standard calculations of the EXAFS signal. White
circles display SCF calculations when the sodium atom moves to-
wards the center of an hexagon. Dark cirdléark diamond, respec-
tively) display the results using overlapped atom calculations when
the sodium atom moves towards the center of a hex&gemntagon,
respectively. The best fits are obtained betweaR=0.8 A and
AR=1.1 A for the displacement towards the hexagons. We have to
notice thaty? diverges whem\R is lower than 0.5 A and greater
than 1.3 A .

VI. DISCUSSION

A. Silicon state

Two effects are remarkable: the softening of the, 8n-
ergy in both clathrates with respect to the.Sinergy in Si-2
and the energy shift between N& Si-34 and Ng@ Si-34.
Since the core level binding energy is a difference in total

the stapdard overlapped atom.potentials. We.clear.ly observed énergy between the ground and excited states, it is useful to
better fit for AR=1 A. The amplitude of the sodium displacement giscyss the core level shift in terms of initial and final states.

is shown in the right panel with the sodium radius equal to theThe so called initial state “

atomic value.

for several values of the sodium displacemeREO,
AR=0.2 A, AR=05 A, AR=1 A, andAR=1.2 A) from

chemical effect” is the modifica-

tion of the electrostatic environment arising from the field of

surrounding atoms or ions. The final state arises from the
screening effect of the core hole by the surrounding atom

the center of the Si cage towards the center of one of theloud. Such a core hole is created during the photoelectron

hexagonal faces. We should note that the vallBs=0 and

ejection. In most of the silicon compounds, theg Store

AR=0.2 A correspond to the expected structure derivedeVel line appears at higher energy than in $847 eV for
from x-ray diffraction analysis and from calculations basedSi-O, see Fig. @]. The low core level line energy observed

on a Jahn-Teller deformation model, respectively.

in the nearly pure clathrate is consistent with earlier mea-

We notice that the modeling of the data with displacemengurements performed on the valence band. It has been found

values ofAR=0, AR=0.2 A, AR=0.5 A, andAR=1.2 A

that the Sjg is shifted about 1.5 eV towards low energy in

gives rise to poor fits of the experimental data, even whelgomparison with the §i in Si-2. Owing to the screening of
allowing a large variation of the fitting parameters. We haveSiis core level by the electron outer shell, the total observed

also tried to optimize the sodium displacem@rR for other

shift (1843-1842.250.75+0.2 €V) is lower than in 3 va-

directions of displacemenfor instance, the sodium atom lence electron. Due to the insulating character in

moves towards the center of a pentagbnt the fitting is

Na, @ Si-34, we are not able to precisely calculate the posi-

always significantly poore(Fig. 8. Figures 7 and 8 show tion of the Fermi level. In Ng@ Si-34, as mentioned above,
that the best fit is obtained for a displacement towards théhe Sis shift can be understood as a partial filling of the

hexagon center of arounriR=1 A andAR=0.85 A from

bottom of the conduction band. The Fermi level will be lo-

overlapped atom potential and self-consistent calculationgated at 0.25 eV above the CBM. This value can be com-

respectively. From these curves, we estimate the valweRof
to be 0.9+0.2 A,

pared to the conduction-band energy dispersion near the
Fermi level given by Smelyansky and T8eThese authors

In Conc|usi0n“‘:5 we have shown that sodium atoms are notcalculated a Sepal’ation of about 0.25 eV, which is consistent

located at the center of Ripolyhedra in Na@ Si-34 and that

with our data.

the experimental EXAFS signal can be perfectly simulated

considering a sodium displacement of 8@.2 A from the

B. Sodium state

cage center towards the center of the hexagonal faces of the Na;¢ core level line in Na@ Si-34(1077.2 eV and 1077.8

Sipg cages.

eV related to the vacuum level by XPS and XAS spec-
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troscopies, respectivelys just located above the values for relaxation energy in silicon is due to the high number of
the metallic state and beneath the atomic-state values. Suchvalence electronsn=4) as compared to the alkaline metals
value is not so far from the one observed in NaCl. However(n=1).
we can rule out the possibility of having the sodium atom in  Since in the clathrate cas® coincides with the Na-Si
an ionic state in the clathrate. In fact, Ndree ion state has distance, the poor screening observed is probably due to the
the highest energ1088.2 eV(Ref. 46, see Table I since large distance between the sodium and the silicon atoms
the core level shifts between the atom and free ion is mainly~3.96 A) (Ref. 52 as compared to the Na-Na distance in
governed by an initial state contribution due to the-Bs  the metal(3.66 A) and to the Si-Si distance in the clathrate
Slater repulsion energi8—9 e\).*2 On the contrary in alkali lattice (about 2.38 A. Our data validates a sodium state,
halide, the core level is lower than in the free ion owing towhich is intermediate between the atomliken insulatoy
the Madelung contributiofaround 9 eV, which counterbal- and the metal-like behavior. We can estimate the relaxation
ances the §-3s Slater repulsion enerdi. Since the silicon for the sodium atom in the clathrate in the following way. A
atoms are not ionized in the clathratbere aresp® hybrid- ~ sodium atom in substitution inside a silicon network will be
ized), the Madelung contribution must vanish in the clath-located at 2.35 A from silicon neighbors while in the clath-
rate. In addition, the Coulomb energy is weak since the disrate, it is located at a distané®not far away from the $§
tance between sodium and silicon atofabout 4 A is  cage radiug3.95 A). Let us adjust the formula first by a
greater than the one in Na@2.82 A). Thus, the residual scaling law between the cage radius and the Si-Si distance
Madelung energy is not able to counterbalance the stron(2.35 A). This correction gives rise to a relaxation
Slater energy. A sodium ionized state in the clathrate would Escreening Of about 4.4 eV. Such a value should be com-
be not too far from the free ion stat@088.2 eV, which is  pared to the experimental relaxation energy, which is the
totally in disagreement with our experimental results. Con-difference between the free atom and the clathrate core level
sequently, the ionic state of Na in N@ Si-34 is not consis- lines (1079.+1077.2=1.9 eV and 1079.21077.8=1.2 eV
tent with our results. This conclusion is in agreement withfor XPS and XAS, respectively The model overestimates
nuclear magnetic resonance spectrosééﬁfl_ AEgcreeningSince the screening of the sodium atom is lower
Now, let us examine the possibility of a metallic state. Inthan the one calculated for a silicon atom in the clathrate
sodium metal, the core level shift between the atom and thiattice.
solid is mainly due to the final state. Using a self-consistent
atom-jellium model, Lang and Williani® have shown that
the core level shift of a sodium atom chemisorbed onto a
pure jellium is about 4.5 eV for the final state and around The more intriguing result of this work is the large dis-
—0.5 eV for the initial state. This explains roughly the shift placement of the sodium atom inside the cage. Sodium atoms
between the atom and the soli6l1 eV, see Table)l Since move away from the center of the,$icage of about 1 A,
we found that the Ng in the clathrate is located above the Which is considerably greater than the prediction of Demkov
metal-like [1074 eV (Ref. 49] and beneath the atomiclike €t al. (0.2 A) .37 First, let us examine the implications of the
state[1079.1 eV(Ref. 49], we can believe that the screening sodium displacement on the site symmetry. Owing to the
effect is less efficient than in the metal. This final state coulddisplacement in a direction perpendicular to the hexagon
be calculated following different ways. Since silicon atomsplane, the site symmetry was reduced frégto Cs, . This
form a dielectric medium surrounding the sodium atom, wdust coincides with the prediction of Demkost al. who
use the classical dielectric screening approaah estimate  mention this new symmetry after the Jahn-Teller reconstruc-
the extra-atomic screening amplitude in the clathrate latticetion. Nevertheless, these authors have calculated the Jahn-
The charge in the screening cloud is{1/ep)e, whereegis ~ Teller distortion in Na@ Si-34 where only half of the &
the static dielectric constant amdthe unit of charge. In the polyhedron are occupied by interstitial sodium. The alter-
silicon, the charge cloudeg=11.7) is high enough to screen nance between empty and occupied cages changes the so-
the core hole. An order of magnitude for the core level shiftdium lattice symmetry £43m). However, in such a lattice,
AEgcreeningis Obtained from the Coulomb interaction lead- sodium atoms are totally isolated from each other and cannot
ing to>° form clusters. As mentioned previously eachgSiage in
Nag@ Si-34 is fully occupied by one sodium atom. Owing to
the whole lattice symmetry, the sodium network forms a gi-
1 1\e? ant diamond lattice where each sodium atom has four neigh-
AEscreer1ing:§< 1- )E’ 1) bors dya.na=6.34 A, when sodium atoms are in the center
of the Sjpg cage$ (see Fig. 2 If the sodium atom moves
away from the center of the cage, it appears as a dimerization
where R is a parameter that depends on the characteristias shown in Fig. 9. The formation of dimers can be explained
screening radius, the Thomas Fermi wave vettemd the by considering pairwise interactions. The strong interaction
plasma frequency. is probably spin-spin-type originated from an unpairesl 3
Such classical formula has been successfully applied telectron in the cage. Thus, a partial covalent bonding in Na
estimate the screening effect in most of the semiconductongill be responsible for an insulator state. In an earlier work,
and could be qualitatively extended to alkali metals whereHasegaweet al>® have mentioned a similar behavior in en-
AEgcreeningdiverges(i.e., 1l,=0). For example, using the dohedral metallofullerenes Y@& Using scanning tunnel-
previous formula, the extrarelaxation energy is found at 7.5ng microscopy, these authors have found that Ygg&@ol-
eV and 5 eV for silicon and sodium, respectively. The strongecules preferentially form a dimer. They have attributed this

C. Jahn-Teller and Peierls distortion

€0
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Na, is 1.63A,=3.08 A (Ref. 58, whereay, is the hydrogen
radius. Assuming that the sodium lattice is “dipped” in a
dielectric mediume., the equilibrium state of the quasi-
“~ dimer will be given just by scaling the hydrogen radius
ud AH eff= AHEeff 2
and the Na-Na quasidimer distance
1.638,=3.08X e.; A. (3

The dielectric medium can be estimated from the com-
parison between the energy screening given by (Egand
our experimental value deduced from XAR\E¢ eening
=1.2 eV) and XPS QEg; cening=1.9 €V), respectively,

i
1__
€eff

From these formula, we can dedugg; and the distance

FIG. 9. Abutting Sjg cages with sodium located &) the center ~ Of the quasidimer Na We find €.;=1.7, €e1y=1.2, and
and (b) after Peierls distortion. The two Gicages share a hexago- Unana=5.24+0.8 A, dyan=3.70£0.8 A, from XAS and
nal face(marked by arrows (c) and(d) The sodium lattice before XPS data, respectively. These rough estimations are not so
and after Peierls distortion, respectively. The sodium pairing formfar from the expected Na-Na distance in the quasidi®&4
long chains. A). Nevertheless, we must keep in mind that this dielectric

medium has not a real physical meaning but just introduces a

dimerization to the spin-spin interaction. The sodium latticequalitative interaction between sodium and the silicon host
symmetry breakdown presents some similarities with thdattice.
Peierls transitiori? Formally, the Peierls instability appears
in one-dimensional metals and results from the competition
between the elastic energy and the energy gain due to the

appearance of an energy gap just at the Fermi level. In our X-ray absorption spectroscopy performed ony@e5i-34
case, the whole sodium lattice symmetry remains constan€/athrate has shown a dimerization of the sodium atoms that

involving dimer chains in the three-space direction. We no-can be assimilated to a Peierls distortion of the alkali lattice
tice that Peierls instability has been suggested in covilentassisted by the Jahn-Teller effect, which is due to the com-
and lamellar structure¥:5’ bination of the true Jahn-Teller effect and the spin pairwise

We expect that the gap is probably larger than the calculnteractions. This dimerization is probably responsible for
lated Jahn-Teller gap since the spin-spin pairing localizeghe nearly insulating state observed ingt@Si-34. The con-
strongly the Na 8 electrons. In addition, the rigidity of the duction mechanisms suggested by Demko@l. who intro-
silicon network prevents any distortion of the network while duced the concept of Mott correlation induced metal seems a
Ceo in doped pristine could be distorted by the Jahn-TellePromising method and must be investigated theoretically. In
effect. Thus, in the Ng@ Si-34 case the whole distortion is SUch a way, this dimerization could be emphasized by quan-
borne by sodium atoms. The Na-Na distance in the quastUm moleculgr dynamics eﬁectg espemal!y for the partlcular
dimer is (6.34-2x1=4.34 A), which is much longer than casé Ng@Si-34. Moreover, an increase in the sodium con-
the one of the free Nadimer(3.08 A). The relative increases Centration just above=8 could destroy the Peierls gap ow-
of the Na-Na distance inside the clathrate with respect to théng to the F43m) symmetry breakdown and thus favor a
Na-Na distance in the free dimer, is attributed to the repulimetallic state. In addition, we have shown that the Fermi
sion interaction involved in the sodium-silicon overlapping.level is pulled up in the conduction band in )@Si-34. Its
Nevertheless, we can roughly estimate this bond length in aposition is in good agreement with first-principles calcula-
effective medium framework. The covalent bonding in freetions of Smelyansky and Tse.

1 2

AEscreeningzi
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