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Electron density topology of high-pressure BagSi s from a combined Rietveld and
maximum-entropy analysis
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Under pressure, BagSiye is found to undergo an isostructural transition, as observed by Raman spectroscopy,
extended x-ray-absorption fine structure, and x-ray diffraction. Rietveld analysis of the x-ray diffraction data
shows a homothetic contraction of the host lattice after the structural transition at 17 GPa. Using the Rietveld
and maximum-entropy methods, we have performed an analysis of high resolution x-ray diffraction patterns
collected from ambient to 30 GPa obtained in a diamond anvil cell using He as a quasihydrostatic pressure
transmitting medium. The results indicate unambiguously that the homothetic phase transition at about 17 GPa
is due to an extensive rehybridization of the Si atoms leading to a transfer of valence electrons from the
bonding to the interstitial region. Consequently, the Si—Si bonds are weakened substantially at high density,
leading to an abrupt collapse of the unit cell volume without a change in crystalline structure. The transition
pressure and the change in the chemical bonding are remarkably similar to that observed in elemental Si-V.
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INTRODUCTION

Since the first report on the superconducting behavior of
BagSiye, the properties of this compound and other related
semiconductor clathrates have been studied extensively.!~!3
In addition to presenting a superconducting state, BagSiyg
shows a peculiar physical property: when compressed, as
shown from x-ray diffraction (XRD) measurements, a revers-
ible isostructural phase transition occurs and is characterized
by a sudden reduction in the unit cell volume at about
1417 GPa.'*»!* In contrast to the change of the lattice pa-
rameter, no abrupt change in the atom positions has been
found. Near-edge x-ray-absorption'* and Raman spectros-
copy studies,'® however, have revealed an additional “transi-
tion” for BagSise at about 5 GPa. The physical origin of the
two transitions, at 5 and 14—17 GPa, is still not clearly un-
derstood. The Ba Ly x-ray appearance in near-edge spectros-
copy spectra'® show significant changes in the absorption
edge position at 5 GPa, which might indicate rehybridization
of the Ba atoms. However, except for the large volume col-
lapse, there is no “electronic” or “structural” indication that
may help characterize the second transition at about 17 GPa.
To further explore the subtle changes in structural parameters
and electronic density distribution induced by the application
of high pressure, we have recently carried out high quality
high-pressure angle-dispersive x-ray powder diffraction mea-
surements on BagSise clathrate using He as a hydrostatic
pressure transmitting medium.'* Reliable structural param-
eters including thermal parameters were determined from Ri-
etveld refinements. A significant finding of the previous
study'* is the anomalous behavior of the thermal parameters
observed for Ba and Si atoms. At high pressure, it is gener-
ally expected that the atomic isotropic thermal parameter
should decrease with increasing pressure. On the contrary,
for BagSiye, it was found that for both Si and Ba, the isotro-
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pic thermal parameters increased at 5 GPa, at which pressure
an apparent transition has taken place.! Additionally and
more surprisingly, the Si thermal parameters were found to
increase dramatically at 17 GPa.' It should be emphasized
that the thermal parameters extracted from Rietveld refine-
ments need not truly represent thermally excited vibrational
motions. Sometimes, they serve to mimic and reproduce the
effect of the distribution of electron density around the aver-
age atom position. Thus, a larger thermal parameter could
reflect a static disorder or a genuine change in the electron
density due to rehybridization of the Si atoms. In fact, our
theoretical calculations of the equation of state using a dis-
ordered BagSiy; model with defect sites at the Si-6¢ positions
seem to support the existence of static disorder. As an in-
crease of the thermal parameters was observed on all the Si
sites in BagSig, vacancies in the Si-6c¢ sites alone cannot
entirely explain the experimental observation. Moreover, no
amorphous or crystalline high-pressure Si phases were de-
tected in the XRD patterns.

The goal of this investigation is to differentiate the static
disorder from rehybridization that can occur in high-density
BagSiye. For this purpose, the application of a model-
independent method to extract the electron density directly
from the XRD diffraction data is pursued. Electron density
maps of BagSiye at high pressure are determined from an
analysis using the combined Rietveld and maximum-entropy
methods!>~!? (Rietveld/MEM) of synchrotron radiation pow-
der XRD data. The Rietveld/ MEM analysis has provided in-
sights for the structures and chemical bonding in a variety of
materials. It has been shown, in some cases, that MEM is
superior over the conventional Fourier synthesis in the re-
construction of the electron density map even without disor-
der in the structures.!

©2007 The American Physical Society
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FIG. 1. (Color online) (a)
(Left) Powder x-ray diffraction
patterns of BagSiys at selected
pressures. The symbols denote the
. experimental data; the solid line,
the calculated pattern; the thick
marks, the calculated peak posi-
tions; and the bottom curve, the
difference between observed and
calculated patterns. Note the qual-
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EXPERIMENTAL DETAILS AND MAXIMUM-ENTROPY
METHOD ANALYSIS

Alloy ingots with a composition of BagSiys were prepared
by arc melting pure elements of 99.9999% Si and 99.8% Ba
in a purified argon atmosphere. Structure-1 BagSiye clathrate
sample was synthesized by the high temperature and high-
pressure route, as reported by Yamanaka et al.,”* at 3 GPa
and 1173 K using a multianvil pressure apparatus with 8 mm
cube pressure cells.?! Structure-I Si clathrate has a cubic
space group with symmetry Pm3n, consisting of three
unique Si atoms (Wyckoff positions 6¢, 16/, and 24k) and
two crystallographically distinct types of Ba atoms situated
at Wyckoff symmetry positions 2a and 64.?° The Ba atoms
hence occupy the centers of two small and six large cagelike
units formed by Si atoms in the cubic structure-I clathrate.

High quality angle-dispersive x-ray diffraction (XRD)
measurements at ambient temperature and at high pressure
using a diamond anvil cell with He as the pressure transmit-
ting medium were carried out at BL10XU beamline of
SPring8 (Japan) with a wavelength of 0.4969 A. Using an
image plate detector, a total of 25 diffraction patterns were
recorded from room pressure to approximately 32 GPa.

For the purpose of calculating the charge density distribu-
tions, the measured data were analyzed by the combination
of Rietveld and MEM methods.!>"!° The details of the com-
bined Rietveld/MEM analysis of powder XRD data have
been presented extensively in the literature.!>'* In short,
MEM calculations use scaled, phased, “error-free” structure
factors [F,(hkl)] as inputs for finding the numerical electron
density at grid pixel i (p;) that optimizes the entropy function
S from a prior electron density at pixel i, 7;,

S=-2 p;In(p/7), (1)

subject to the principle of conservation of the total charge
density (n,/V), i.e.,

10 15

P (GPa)

30 ity of the refinement and the fine

details in the high-angle region
(inset). (b) (Right) Change in the
linewidth of selected Bragg reflec-
tions with pressure.

1
ne/V=r_lEPi, (2)
where n is the total number of pixels in unit volume V, and
under to the requirement that the observed and calculated
structure factors agree within the y? test, i.e.,

= lz [Fyem

N hkl

(hkl) = F,(hkD)T* |

a(hkl)? o 3
where N is the number of x-ray diffraction reflections and
o(hkl) is the standard deviation for F,(hkl).

Conventional Rietveld refinements of XRD data are first
used to extract structure factors from the synchrotron powder
diffraction data. For that purpose, we used pseudo-Voigt line
profiles, which reproduce well the x-ray diffraction data re-
corded at high pressure. For MEM refinements to be success-
ful, well resolved XRD patterns are needed, particularly, at
high diffraction angles.

XRD patterns (observed and calculated) of BagSi, mea-
sured at 0.3, 7.8, and 16 GPa are shown in Fig. 1(a). The
difference (residuals) traces illustrate the good quality of
XRD data and refinements. Even at high pressure, the Bragg
reflections at high angles (e.g., 25° <260<30°) are clearly
resolved. Linewidths of three nonoverlapping reflections ob-
tained from the refinements are shown in Fig. 1(b). Impor-
tantly, no deterioration of both the line shape and linewidth
[full width at half maximum (FWHM)] was observed up to
16 GPa, a result of using He as a hydrostatic pressure trans-
mitting medium. At higher pressure, a substantial broadening
of the width of all the Bragg peaks is observed. Moreover,
the FWHM increases with increasing pressure. The abrupt
change in the x-ray diffraction peak profile is obviously in-
trinsic to the phase transition since the He pressure medium
is expected to remain hydrostatic at least up to 30 GPa. It is
worth mentioning that we have assumed that the physical
properties of BagSisg and the observed x-ray diffraction are
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not affected by intercalation of He atoms in BagSi,q at high
pressure, if present at all. Observed structure factors, derived
from the Rietveld analysis [RIETAN-2000 Refs. 16 and 22],
were subsequently used for MEM calculations, as carried out
using PRIMA.!”?? The total number of reflections considered
in the MEM analysis varied from 129 (at 0.3 GPa) to 95 (at
25.8 GPa). Out of the total number, 43 and 40 reflections
were nonoverlapping for 0.3 and 25.8 GPa, respectively. It
should be noted that the relatively short range in sin(6)/N\,
smaller than about 1 A~! in our case, is compensated by the
large number of (kkl) reflections resulting from the large
lattice parameter of cubic structure 1. The reliability factors
R,,, and Ry for the Rietveld refinements were, typically, 1.3%
and 6%, respectively. MEM analyses were initiated from a
uniform prior charge density distribution and performed for a
cubic lattice of 64 X 64 X 64 pixels. MEM analyses were fol-
lowed by iterations of MEM-based pattern fitting'® to mini-
mize the bias to the structural model in the extraction of the
observed structure factors F,(hkl). The iterative procedure
was repeated until the R; factor was minimized, becoming
3% on average, as opposed to 6%, as obtained typically from
a Rietveld refinement only. The weighted reliability factor
(Ryyp) derived from the MEM analysis was in the 2.5%-3.9%
range for the data in the entire pressure measurements do-
main. The electron density maps were generated using pro-
grams LIMNER (Ref. 23) and XCRYSDEN.?*

The use of MEM suffers from a problem inherent to any
other methods used to reconstruct electron density distribu-
tions: the reliability of x-ray diffraction data is undoubtedly
crucial in obtaining accurate electron density distribution in
the vicinity of atomic. Nevertheless, MEM has been shown
to be particularly useful to retrieve information from imper-
fect, i.e., as in being incomplete or/and with noise.!> The
reliability of MEM in generating accurate electron density
distribution has been discussed.>>?® The powder x-ray dif-
fraction data presented here are to be considered “imperfect”
although of best quality, given that they were obtained from
clathrate samples submitted to high pressures, and we ad-
vance that the Rietveld/MEM, as presented in this paper,
should at least give a significant estimation of the evolution
with density of structural parameters and electronic density
distribution. Previously, MEM has been used to extract the
neutron density of proton disordered structure-I hydrate,”’
which has the same structure as the BgSiyq clathrate;?° results
were judged in excellent agreement as compared to those
derived using a more conventional multipole refinement.

RESULTS AND DISCUSSION

The Rietveld/ MEM refinements reproduce structure and
electron density variations which, as we advance, are in re-
lation to the structural changes reported in the two earlier
studies.”!® Before developing an understanding of the
change of electron density topology of BagSis under pres-
sure, it is worthy to study the charge density difference
[Ap=p(P)-p(0)] between the calculated charge density at a
given pressure, p(P), relative to that at the lowest pressure
(0.3 GPa, in our study), p(0), as obtained from MEM analy-
sis. The Ap maps were computed from subtraction of the
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charge density at each grid point used in the MEM analysis.
Therefore, the effect of volume reduction at higher pressures
was not taken into account. The purpose of this comparison
is (i) to establish internal consistency of the electron density
computed using Rietveld/ MEM from the inspection of the
electron density changes as a function of pressure and (ii) to
provide qualitative information on the change of electron
density topology when BagSig is compressed, even without
proper volume normalization.

Regarding the uncertainty of electron density maps con-
structed from the probability distribution as obtained from
the MEM analysis, most of the uncertainty in electron den-
sity arises from (1) using nonideal x-ray diffraction sets ob-
tained from sample nonambient conditions, i.e., at high pres-
sure, (2) sin(#)/\ limited data sets, and (3) the difficulty in
extracting and accounting for structure factors corresponding
to overlapping (hkl) reflections. Additionally, to a lesser ex-
tent, the MEM procedure itself also accounts for part of the
uncertainty.”® The effect of limited reciprocal space covered
by conventional x-ray diffraction data has been discussed by
Merli and Pavese:> a substantial improvement in recovering
good electron density results from MEM has been shown for
x-ray diffraction data for MgO covering values above
sin(6)/x>1 A~!, corresponding to a number of observed re-
flections of about 40. Furthermore, as demonstrated in the
thorough study on MgO, the lack of high-angle data affects
mostly the core electron density and does not alter the va-
lence electron distribution severely.?> For the present case, at
all pressures, the x-ray diffraction data although covering
values corresponding to sin(6)/\>0.5 A, the total number
of observed reflections, typically more than 100 given the
relatively large dimension of the cubic unit cell, were con-
sidered sufficient. At all pressures, we have found a good
agreement between the observed and the calculated (by
Rietveld/ MEM) structure factors for all (hkl) reflections. The
distribution of the normalized residuals, [Fypy(hkl)
—F,(hkl)]/ o,(hkl), indicates that most of the structure fac-
tors reconstructed by the Rietveld/ MEM analysis fall within
about 1.50, as compared to the observed structure factors.
Results for selected pressures (0.3 and 21.8 GPa) are illus-
trated in Fig. 2 (top). All data points corresponding
to a deviation of more than 10% in [Fygu(hkl)
—F,(hkl)]/ F (hkl), as shown in Fig. 2 (bottom), correspond,
in fact, to overlapping (hkl) reflections for which the corre-
sponding F,(hkl) have larger errors. Uncertainties in electron
density reconstructed by MEM have been shown to vary
from 16% to 31% at the smallest electron density regions for
case of the best powder x-ray diffraction data of Si and a
small and incomplete x-ray data set for CuBr, respectively.?
Similarly, for the present study, we estimate the errors in the
calculated Fypp(hkI), both statistical and systematic, to
translate to electron density uncertainties ranging from 5% to
less than 30%, the largest uncertainties being associated with
lowest electron density reconstructed in the atomic bonding
regions and the smallest for those obtained for the largest
“core” electron density in the vicinity of atomic sites. Al-
though the uncertainties associated with the reconstructed
electron density may be considered relatively large, we argue
that a change in electron density can still be observed as a
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21.8 GPa
R=22%;R  =2.3%
98 reflections

FIG. 2. (Top left and top right)
Histogram of normalized structure
factor  residuals,  [Fypm(hkl)
—F(hkl)]/ o,(hkl), for all (hkl)
reflections recorded in BagSiye at
low and high pressures, i.e., 0.3
and 21.8 GPa. (Bottom left
and bottom right) Structure
factor  residuals,  [Fygmp(hkl)

—F,(hkl)]/F,(hkl), as a function

. - 21.8 GPa of scattering angle. All data points
outside the £10% margins corre-
. spond to observed structure fac-
tors F,(hkl) for overlapping (hkl)

- reflections for which the respec-
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function of increasing density induced by the application of
pressure in BagSisg and a comparison between electron den-
sity distributions reconstructed at different pressure is worth
doing, as we present next.

Figure 3 (bottom) shows charge density difference maps
at selected pressures for the (200) plane. The (200) plane
cuts through the middle of the cubic unit cell and displays
the charge density of Ba atoms in the small cages (Ba-S)
together with those of Si atoms at positions 24k (0,y,z) and
6¢ (i ,0, %), which are forming the clathrate framework. Sys-
tematic changes in the charge density differences are ob-
served. The appearance of systematic changes demonstrates
the internal consistency of the charge density derived from
the MEM analysis. At pressures below 9 GPa, electrons are
polarized away from the Ba central sites in the small cages

(L1 l), as indicated by a slight depletion of charge density

(12:1§,3 32, dark) at the Ba 2a sites, into the immediate surround-
ing (Fig. 3, light). There are also significant charge accumu-
lations on the framework Si atoms. From 9 to 16 GPa, again
relative to the 0.3 GPa, a gradual charge transfer is observed
from both the Si and the Ba atoms into the interstitial space.
As only a section of the (200) plane is illustrated in Fig. 3
(bottom), Ba atoms in the large cages (Ba-L), which are
situated at the edges (O,i,%) and (O,%,%), are not readily
visible. To better visualize the change in Ba-L charge den-
sity, the (100) plane is plotted in Fig. 3 (top); in this case, Ba
atoms are located in the middle of the plane. Similarly, a
systematic change in the charge density difference contours
is observed relative to the charge density at 0.3 GPa. The
most noticeable feature is the gradual increase in the charge
accumulation on the Si atoms for pressures up to 7.8 GPa. In
contrast to the situation for Ba-S, there is a significant accu-

T T T T
0.2 0.3 0.4 0.5

sin(e)/ (A")

mulation of electrons at the Ba-L sites. As pressure is in-
creasing over 7.8 GPa, the charge accumulation relative to
the 0.3 GPa distribution at the Si sites starts to diminish. At
16 GPa, the electron distribution at the Si atoms is depleted
quite significantly. It is also evident from the charge density
difference plots that from 9 to 16 GPa, the Si-6¢, Si-24k,
and Ba-L atomic positions become disordered and displaced
from their respective crystallographic symmetry sites. This
observation is consistent with the sudden increase in atomic
thermal parameters determined from previous Rietveld
refinements'# and the observed increase of the Bragg reflec-
tion linewidths at the same pressure range.

A picture of the charge density redistribution in BagSiyg
due to compression emerges from the survey of the charge
difference maps. Ba atoms in the small cages are more sus-
ceptible to sharing valence electrons with cage forming Si
atoms when cubic structure-I BagSiss is compressed. There is
an initial accumulation of electrons on the framework Si at-
oms until 7 GPa. Between 7 and 16 GPa, the charge redis-
tribution on the Si atoms seems to decrease, and then the
electron charge starts to shift away from the Si atoms for
pressures higher than 16 GPa. The electron density of the Ba
atoms in the large cages seems to accumulate and distort
significantly with increase pressure. The distortion of the
electron cloud around the Ba-L atom shows that the electrons
are polarized away from the ideal crystallographic atomic
sites. The analysis of the electron density distribution reveals
that there are clear signs of pressure induced electronic
changes at about 7 GPa and at 16 GPa. As will be further
discussed below, the changes in electron density distribution
are related to the phase transitions observed in BagSiyg.

The electron density maps computed from the Rietveld/
MEM analysis cutting through the two unique Ba atoms
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FIG. 3. (Color online) Plots of Rietveld/MEM charge density difference relative to 0.3 GPa at selected pressures. The color scale is in
e/ A3, Contour lines are drawn at every 0.1 ¢/A3. Note that the charge densities at high pressures are not normalized to the volume change

(see text).

[(100) and (200)] and pairs of Si bonds (in (110)) at 1, 9, 16,
and 22 GPa, bracketing the observed phase transitions at 6—7
and 15-17 GPa, are shown in Figs. 4—6, respectively. The
results are in substantial agreement with the preliminary as-
sessments from the charge density difference plots depicted
in Fig. 3. The contour lines around the two Ba-L atoms lying
on the (100) plane clearly show that at low pressure (1 GPa),
the electron densities are mostly concentrated in close prox-
imity to atom centers. As the pressure increases, e.g., to
9 GPa, the electron density becomes more diffuse and
spreads over into the interstitial space. There is also a strong

(100) 1GPa

FIG. 4. (Color online) Contour plots of the charge density de-
rived from Rietveld/ MEM analysis of BagSisg in the (100) plane at
selected pressures, highlighting the Ba atom in the large cage. The
unit of the contour lines is 0.1 e/A3.

indication that the “effective” size (indicated by the high-
density region) of the Ba was somewhat reduced. Moreover,
the contour lines around the Si atoms become denser, indi-
cating a small increase in charge accumulation. A similar
charge distribution pattern also emerges for the Ba-S atom
lying in the (200) plane when BagSiyg is compressed from
1 to 9 GPa. A substantial charge transfer from the Ba atoms
to the Si framework under ambient pressure is already
present. This observation indicates that Ba-Si interactions are
enhanced upon compression and promote the migration of
Ba valence electrons into empty states of predominant Si

(200) 1GPa

OO000D =M
Aanaaaaoco
morNvMOO®

FIG. 5. (Color online) Contour plots of the charge density de-
rived from Rietveld/ MEM analysis of BagSiye in the (200) plane at
selected pressures, highlighting the Ba atom in the small cage. The
unit of the contour lines is 0.1 e/A3,
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[110]

FIG. 6. Two-dimensional contour plot of the charge density de-
rived from Rietveld/MEM analysis of BagSiyg in the (110) plane at
selected pressures highlighting the Si—Si bonds. The electron den-
sity limits are 0.1 and 2.0 ¢/A? with a contour spacing of 0.1 e/A%.

character. This behavior is consistent with the calculated
electronic band structure of BagSis, which reveals that
strong hybridization of the Ba state with the Sisq conduction
band plays a key role in the superconducting behavior.28-30
The increase of charge density in the interstitial region and at
the Si atoms sites is in accord with the increase of the atomic
thermal parameters determined from the previous study
based on a Rietveld refinement.'*

When BagSiyq is compressed beyond 16 GPa, a dramatic
change in the electron topology around the Ba atoms is ob-
served. The electron density around the Ba atoms, both in the
small and large cages, distorts from the atomiclike spherical
distribution. In the (200) plane (Fig. 5), electrons around the
Ba-S atom extend toward the Si atoms and to the nearest
neighbor Ba-L atoms in adjacent cages. There are signs of
significant overlap of the valence electrons from the Si and
both types of Ba atoms. This is a consequence of the valence
electrons from these atoms being “squeezed” into the inter-
stitial space. A very similar electron density topology is also
observed for the Ba atom in the large cage [the (100) plane
as shown in Fig. 4] although to a lesser extent.

The remaining question is as follows: “Why and where
the electrons have gone as the Si atom sites get depleted at
high pressure?” To answer this point, the electron density
maps at different pressures in the (110) plane are compared
in Fig. 6. The (110) plane was chosen as it shows the pro-
jection of the charge density of the Si bonds between two
connecting symmetry related Si atoms at 16i sites. At 1 GPa,
the electron density is found to concentrate between the Si
atoms, indicating strong genuine o-covalent bonds. As the
pressure is increased, the electron density distribution be-
tween the two bonded Si atoms becomes more diffuse and
delocalized into the open space. A more significant change is
observed at pressure above 16 GPa. The electron density is
no longer concentrated between the Si atoms but is squeezed
into the interstitial space. The electron topology clearly
shows a reduction in the o character of the Si—Si bond and
replacement by mostly m-bonding-like interactions.

The extensive distortion of valence electron density dis-
tribution from 16 to 22 GPa signifies, unambiguously, an

PHYSICAL REVIEW B 76, 174109 (2007)

electron topological transition as the crystal symmetry re-
mains unaltered. The onset of the delocalization of valence
electrons coincides with the sudden increase in the thermal
parameters of Si and Ba atoms at 17 GPa observed in previ-
ous Rietveld refinements.'* Incidentally, the transition pres-
sure of 17 GPa is almost identical to the recently observed
direct transformation from face centered cubic (cF8) Si
(ambient structure) to Si-V (a phase at 17 GPa and room
temperature).>! Under quasihydrostatic conditions at low
temperature, it was found that the ¢F8 Si phase is indeed
metastable. As a matter of consequence, the intermediate
B-tin and orthorhombic high-pressure structures are by-
passed and a phase transformation takes place directly to the
Si—V at 17 GPa. It is worth mentioning that ¢F8 Si is com-
posed of perfect tetrahedrally coordinated Si atoms, whereas
the Si—V phase is metallic and consists of rows of Si linear
chains.? In the latter case, a strong mixing of Si 3d with s-p
valence orbitals results in a transfer of “bonding” valence
electrons into the interstitial space and, as a result, the re-
hybridization leads to weakened Si-Si bonds.>? Therefore,
the phase transition to the Si—V phase is associated with a
very large volume reduction.

A similar scenario can be invoked to rationalize the ob-
served change in electron topology in BagSiys under pres-
sure. As pressure is increased to 7 GPa, the initial response
of the system is to bring the Ba and Si atoms closer. As a
result, there is some enhancement of charge transfer from the
Ba to the Si framework; this results in small charge depletion
in Ba located in small cages and slight charge accumulation
at the Si atoms. As pressure increases further, the electron
density delocalizes into the interstitial region. The
m-bonding-like electron topology derived from Rietveld/
MEM analysis is a clear evidence of strong spd
hybridization.?> The possibility of Ba hybridization in Si
clathrate was already raised.’® Thus, under very high pres-
sure, the Si atoms utilize the more diffuse d states to redis-
tribute the bonding electrons into the more open but less
repulsive space and, at the same time, weaken the Si-Si
bonds, resulting in a contraction of the volume during this
electron topological homothetic phase transition.

The conclusions drawn from the Rietveld/ MEM analysis
are in accord with experimental observations. The explana-
tion of the Raman'® and extended x-ray-absorption fine
structure'® (EXAFS) spectra of BagSiy at the low-pressure
region (below 16 GPa) is similar to that offered in a previous
study. It was shown, from the EXAFS study,'® that the en-
ergy of the Ba Ly absorption edge first increases with pres-
sure and then decreases suddenly, showing a discontinuity at
5 GPa. The increase in the energy of the inflection point of
the white line can be rationalized as the result of charge
transfer of Ba atoms to the Si framework. It should be noted
that both EXAFS and Raman are more sensitive to the
changes in Ba or Ba-Si interactions in the large cages. From
factor group analysis,! it is easy to show that Ba atom vi-
brations in the small cages are not Raman active. Moreover,
it has been suggested that features in the Ba-L-absorption
edge probably only probe changes of the large cages since
there are three times more than small cages.?’ Examination
of the electron density maps in the (100) plane indeed re-
vealed that Ba atoms in large cages start to change the almost
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spherical electron distribution at 6.2 GPa and become more
anisotropic and “spread out” at higher pressures. A more
positively charged Ba atom is expected to increase the exci-
tation energies to the empty states. As suggested earlier,'* a
tighter Ba ion will be less polarizable, thus reducing the in-
tensity of the Raman bands.

In a previous study,'* two explanations were proposed to
rationalize the volume reduction associated with the isostruc-
tural transition at 17 GPa. The observed phase transition in
BagSiyg is first correlated to a similar pressure induced tran-
sition observed in pure cF8 Si to Si—V.*!32 A sudden change
in compressibility and volume contraction during the phase
transition due to the creation of Si vacancies was invoked as
another possible explanation.’> The apparently good agree-
ment between experimental and theoretical equations of state
on a BagSiy; model with Si vacancies in the Si-6c¢ sites
at pressures over 17 GPa lends support to the latter
explanation.35 There are, however, several weaknesses to this
proposal. Rietveld refinements'* show no anomaly in the
atom positions close to and after the phase transition. In ad-
dition, refinement of the Si site occupancies failed to con-
verge to a reasonable structure solution. Moreover, anoma-
lously large thermal parameters were observed at all Si
positions and not restricted to Si at 6¢ sites. The proposed
“disordered” structure mechanism also required the forma-
tion of “excess” Si that was excluded from the sample. As far
as we can tell, there was no significant evidence from the
XRD data to support this suggestion. Furthermore, there is
no sudden change in the background of the powder x-ray
diffraction patterns that might be attributed to the formation
of amorphous silicon nor there are any additional Bragg
peaks that otherwise could be assigned to any high-pressure
phase of Si.

The direct analysis of experimental electron density dis-
tributions indicates that the observed phase transition at
about 16—17 GPa is driven by a sudden change in the elec-
tron density topology due to a substantial rearrangement of
the distribution of the valence electrons and is likely to be
correct, as proposed before.!* This is accompanied with dis-
ordering in the Si sites. The mechanism for this transition
may be classified as a special case of the more general elec-
tron topological transition (ETT). An ETT transition is due
the change in the topology of the Fermi surface due to
changes in the occupations of the filled and empty bands at
the vicinity of the Fermi level without a structural transfor-
mation. The observed redistribution of the electron density is
consistent with the trend in the variation of the atomic ther-
mal parameters with pressure reported recently.!*

CONCLUSIONS

Electron density distribution maps in BagSiy from
0.3 to 23 GPa have been derived from Rietveld/ MEM analy-
sis of high resolution powder XRD patterns. The electron
density maps show substantial changes in the distribution of
the valence charge density at pressure above 17 GPa. Signifi-
cantly, the electrons in the Si—Si bonds are removed from the
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bonding region into the interstitial region. The dramatic
change in the electron density weakens the Si—Si bonds, re-
sulting in a displacive but isostructural phase transition tak-
ing place with a large volume reduction. This electron topo-
logical transition shares the same physical origin with the
cF8 Si— Si-V transition.** In both cases, strong mixings of
Si valence 3sp with diffuse 3d orbitals help alleviate the
repulsive interactions between electrons in the bonding re-
gion by delocalization into the interstitial region. As a con-
sequence, the Si—Si bonds are weakened, resulting in a large
volume collapse accompanying the phase transition. This in-
terpretation also helps explain the Raman'® and EXAFS'3
spectra and the anomalies observed in the atomic thermal
parameters extracted from a previous Rietveld analysis. We
would like to emphasize that the present work constitutes an
attempt in interpreting the observation of a homothetic tran-
sition in Si clathrates by studying the change of electronic
density using MEM under pressure. We recognized that even
with the best effort, the quality of the x-ray diffraction data
obtained from a sample submitted to high pressure with a
diamond anvil cell is somewhat limited and, consequently, it
may not represent the ideal test case for the reconstruction of
accurate of electron density by the Rietveld/ MEM. However,
we believe that the change of the electron density topology
observed in association with the phase transition at 17 GPa is
genuine and correct. In high-pressure studies, the sensitivity
to changes in the experiment is considerably more accurate
than the absolute determination. In principle, this sensitivity
can be evaluated from careful studies under pressure using
the same method on reference samples. This is, however,
very demanding on the synchrotron beam time. In this case,
even if errors in the density maps are large, the change in the
electron topology can be considered as fair enough to guar-
antee the interpretation of the physics on the volume col-
lapse. There is a remaining problem: The observed change in
electron density was not reproduced by first principles elec-
tronic structure studies reported previously. At this moment,
we cannot offer a reasonable solution to resolve this discrep-
ancy. More extended experimental and theoretical studies are
needed to reconcile this apparent discrepancy.
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