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INTRODUCTION 

Through theoretical studies, it is now generally accepted that
when an elemental solid is compressed at high pressure in order
to alleviate the electron−electron repulsion electrons will leave
their bonding configuration and populate the interstitial
regions.1,2 The electron transfer is accomplished by the
utilization of more diffuse high-angular momentum atomic
orbitals. A well-known example of that interpretation is the case
of a structural phase transformation observed in elemental Cs
where a 6s → 5d transition occurs, first proposed by
Sterheimer.3 This well-accepted preposition, however, has
never been directly verified by experiment. We present
experimental evidence with computational support of the
electron delocalization in another elemental solid, silicon.
Si has a rich and well-documented high-pressure phase

diagram. Under normal conditions, Si adopts face-centered
cubic (fcc) structure (Si-I, Fd3̅m). When compressed at room
temperature, Si first transforms to a β-tin tetragonal structure
(Si-II, I41/amd) at 11 GPa with a large volume reduction;4 an
orthorhombic structure (Si-XI, Imma) follows at 13 GPa5 and a
subsequent transformation occurs to a simple hexagonal (sh)
phase (Si-V, P6/mmm) at 16 GPa.6,7 Further compression leads
to an “open” orthorhombic structure (Si-VI, Cmca) at 38 GPa,8

followed by a hexagonal closed packed structure (hcp, Si-VII,

P63/mmc) at 42 GPa.7 Dense Si is finally known to further
transform to a cubic close-packed fcc structure (Si-X, Fm3m) at
pressures exceeding 79 GPa.9 Theoretical electron localization
function calculations7 have shown that the structural trans-
formations in Si are accompanied with a continuous change in
the hybridization of Si.1 It has been advanced that to alleviate
the problem of electron repulsion on the atomic sites, the Si 3p-
valence electrons are gradually transferred into the more diffuse
3d-orbitals with increasing pressure. For example, semi-
conducting Si-I becomes metallic in Si-II at 11 GPa. The
delocalization of electrons is concomitant with structural
transformations: from the ambient three-dimensional (sp3)
covalent bond network in Si-I and Si-II to a two-dimensional
(sp2) planar arrangement in Si-XI, to a one-dimensional (sp)
linear network, as observed in Si-V, leading ultimately to a zero-
dimensional metal corresponding to Si-VI.7

To investigate experimentally the change in hybridization of
a compressed solid, the electron density distribution in high-
pressure Si was studied with low-temperature powder X-ray
diffraction using helium as a quasi-hydrostatic pressure
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transmitting medium and the electronic structure was probed
X-ray Raman scattering (XRS) spectroscopy.10 We find that
Si−I directly transforms to the sh−Si V phase at 80 K under
quasi-hydrostatic conditions and a detailed analysis of the high-
pressure X-ray diffraction data by the maximum entropy
method (MEM)11−14 reveals the rehybridization of Si valence
bonding orbtials.1 Modifications of the character of the
unoccupied orbitals as a result of the changes in hybridization
are directly confirmed by in situ XRS.

EXPERIMENTAL SECTION 
Fine Si powder (NIST SRM640c) was loaded together with
helium as a pressure transmitting medium into the gasket of a
diamond anvil cell (DAC) equipped with 350 μm diameter
culet anvils. The gasket material used was hard stainless steel.
The cell was placed in a He-flow cryostat and cooled to 80 K.
Pressure was determined from the shift of the 7D0 − 5F0
fluorescence line of SrB4O7/Sm

2+ using the calibration of
Datchi et al.15 Powder X-ray diffraction images were recorded
on a MAR345 image plate at beamline ID09 at the European
Synchrotron Radiation Facility (ESRF) using X-rays with a
wavelength of 0.41035 Å. Diffraction images were integrated
with FIT2D15 and the resulting powder diffraction patterns
were analyzed by MEM using the RIETAN-2000 software.12−14

The Debye rings show no azimuthal intensity variations hence
the sample was considered free of texture. Rietveld refinements
were first carried out on diffraction patterns to extract structure
factor of all observed Bragg reflections. The parameters varied
during the Rietveld refinements of the diffraction patterns were
the scale factor, profile function, background, lattice constants,
and the overall thermal parameter. MEM-based pattern fitting
(MPF) method implemented in RIETAN-FT12 was then used
to reconstruct the electron density distribution map. MEM
calculations were initiated from a uniform prior density
distribution by dividing the total number of electrons in the
unit cell with a 64 × 64 × 64 pixel mesh. The iterative MEM/
MPF procedure was applied until the agreement factor RI was
minimized. Previously the MEM method has been used
successfully to extract the valence electron maps of solids
under pressure16−19 and is known to be an efficient technique
to minimize artifacts in the electron density map due to
truncation errors by the Fourier transform of the experimental
structure factors.11−14,20,21

High-pressure XRS measurements of elemental Si were
performed at beamline ID16 of ESRF with a 30 μm × 120 μm
(v × h) beam monochromatized with a Si(111) double crystal
and a Si(220) channel cut monochromator. The multianalyzer
crystal spectrometer for nonresonant inelastic scattering22 was
used at fixed analyzer energy of 9.69 keV utilizing spherically
bent Si(660) crystal analyzers in Rowland geometry. The
overall experimental energy resolution was 1 eV. To acquire the
Si LII,III edge energy loss spectra the incident energy was
scanned at fixed analyzer energy. Analyzed X-rays were
detected by a Maxipix 2D detector, which is crucial for
separating the signal from background scattering of the sample
environment. XRS spectra were measured simultaneously at
five different scattering angles between 117 and 143°, resulting
in an average momentum transfer of (8.9 ± 0.5) Å−1. From
scattering at high momentum transfer, the dipole selection rules
are relaxed and nondipolar transitions (p → p) can be probed
contributing to the Si XRS spectrum (see refs 23 and 24).
Measurements were performed at selected pressures within 3 to
21 GPa at room temperature. Several single spectra were

accumulated at each pressure. Because the momentum transfer
dependence of the XRS signal at high momentum transfer is
weak, spectra obtained for different analyzer crystals were
background corrected and summed up yielding the final Si
LII/III-edge spectrum. The data processing procedure is
described in detail elsewhere.25

RESULTS AND DISCUSSION 
The low-temperature X-ray diffraction patterns measured at
15.9, 17.1, 18.7, and 21 GPa at 80 K are shown in Figure 1.

With Si compressed at 80 K, we observed the persistence of an

Figure 1. (a) X-ray diffraction patterns of Si recorded at 15.9, 17.1,
18.7, and 21 GPa at 80 K showing the cubic diamond (Si-I) to
primitive hexagonal phase (Si-V) transition. (b) Pressure volume
relation of Si at 80 K.

X- ray diffraction pattern corresponding to the diamond
structure of Si-I up to around 17 GPa (Figure 1a). An abrupt
structural transition to the sh Si-V was observed upon 
compression above 17 GPa (Figure 1b) with no indication of 
the intermediate Si−II (β-tin) and Si-XI (orthorhombic) phases. 
Results of MEM analyses for X-ray diffraction patterns recorded 
at 14.5, 15.9, and 21 GPa are summarized in Figure 2a−c. 
Comparisons of the theoretical26−31 and derived structure 
factors for the first eight Bragg peaks used in the 



MEM analysis of the Si-V phase at 21 GPa and relative to the
(001) reflection are presented in Figure 2d. In this case, the
agreement between theory and experiment is indeed excellent
and can be certainly considered within the error of the
measurement. The only exception is the (002) reflection where
the extracted structure factor is 15% too high. Therefore, it is
possible to extract reliable structure factors from MEM-
optimized Rietveld refinements of the experimental powder
X-ray diffraction patterns utilizing only a limited number of low
angle Bragg reflections, because the atomic form factors can be
separated into core and valence electron contribution and the
latter is dominating for low angles due to the larger radii of the
valence electron orbitals. A MEM analysis using these structure
factors is capable to describe the change of the electron
topology between the Si-I and Si-V phases, adopting the
diamond and sh structures, respectively.
The corresponding electron density distribution maps

determined by MEM analyses are shown in Figure 3. For the
Si−I phase, the presence of covalent Si−Si bonds is evident
from the increase of electron density between Si atom pairs
along the [011] plane.32 By comparing the electron density
distribution of the Si−Si bonds at 14.5 and 15.9 GPa (Figure
3a,b), the electron density distribution clearly becomes more
diffuse and disperse away from the bond axes. This observation
is consistent with an increased participation of diffuse Si 3d
orbitals in the chemical bonding. The electron topology in the
Si-V phase (sh) at 21 GPa differs significantly from that of the
Si-I phase (Figure 3c). The most dramatic change, shown in the

Figure 2. Comparison of experimental and MEM/MPF fitted powder X-ray diffraction of Si at (a) 14.5, (b) 15.9, and (c) 21 GPa. (d) Comparison
of measured and calculated structure factors of the Bragg reflections used in the MEM analysis of Si-V. Theoretical structure factors for Si-V were
computed using the CRYSTAL09 code27 using a double-ζ plus polarization (6-21G*) basis set28 employing the Perdew−Burke−Ernzerhof hybrid
density functional (PBE0).29 Theoretical structure factors were corrected for temperature effect using the experimental thermal parameter
determined from Rietveld refinement. Theoretical electron densities were calculated with the Vienna Ab initio Simulation Package (VASP)30

employing a plane wave basis set and the projected augmented wave (PAW) potential.31

Figure 3. Electron density maps in the [011] plane of Si-I obtained
from the MEM analysis of the corresponding X-ray diffraction pattern
measured at 14.5 (a) and 15.9 GPa (b). The electron density
distribution map in the [010] plane of Si-V measured at 21 GPa (c) is
compared to the theoretical charge density (d). The contour lines are
from 0 to 2 e/Å3 at intervals of 0.1e/Å3.



[010] plane, is in fact the absence of electron density between
Si atoms within the hexagonal layers in which the Si−Si contact
distance is the shortest. On the contrary, electrons are found to
concentrate between Si atoms between layers aligned along the
crystallographic c-axis. Moreover, pockets of enhanced electron
density are found located at the interstitial sites. This
observation of charge delocalization is in complete agreement
with previous theoretical predictions.2 In fact, the calculated
electron density associated with the Si-V phase, plotted along
the [010] plane, is in semiquantitative agreement with the
experimental density obtained from MEM analyses as shown in
Figure 3d. The result is striking as a very limited number of
low-angle Bragg reflections, eight in this case, have been used to
reconstruct the electron density distribution map. An extended
X-ray diffraction pattern, not possible given our experimental
geometry limiting the accessible reciprocal space, would have
most likely given a better agreement between the experimental
and theoretical results.
To further investigate the changes in the electronic structure

due to orbital rehybridization, XRS measurements in the
vicinity of the Si LII,III-edge (2p) were performed and compared
with ab initio calculations. Si powder together with a small
piece of ruby was loaded into a panoramic DAC33,34 without
pressure transmission medium using a beryllium gasket. The
pressure was measured by the ruby fluorescence method before
and after spectra were acquired. The experimental XRS spectra
of the Si LII/III-edge at different pressures are shown in Figure 4

in the left panel. The spectrum recorded at 3.44 GPa is very
similar to that reported at ambient pressure.23,24 The most
pronounced peak at 101.5 eV is due to strong core-hole
interactions (excitonic excitation) and is a characteristic feature
of the semiconducting behavior of the material.23 It can be
assigned mainly to transitions to the dipole allowed p → s and
d channels.24 The shape of the spectrum for energy losses

above 102.5 eV is dominated by monopole transitions to p-like 
final states. As can be seen, the spectra at 6.7 and 11.1 GPa 
already show a decrease of the main absorption peak which is 
accompanied by peak broadening. The change in the main 
absorption peak indicates increasing metallicity and the 
broadening points to increasing disorder of the system 
approaching the phase transition from Si−I to Si−II. However, 
we cannot exclude broadening due to the pressure gradient in 
the absence of a hydrostatic medium. At 15.1 GPa significant 
changes in the overall spectral shape are observed despite the 
marginal quality of the spectrum measured in the intermediate 
phase. The intensity of the dominant 2p → s and d transitions 
is strongly reduced and the overall spectrum is characterized by 
a smoothly rising intensity. This observation is clearly 
confirmed by the spectrum of Si-V taken at 20.6 GPa. The 
loss of the main absorption peak, characteristic for the 
semiconductor Si-I phase, is indicative of the transformation 
to a state with increasing metallicity.
Calculations of the XRS spectra using the Bethe-Salpeter 

Equation (BSE) method were performed with the OCEAN 
code (obtaining core-level excitations using ab initio methods 
and the NIST BSE solver).35,36 The calculated XRS spectra 
were convoluted with the experimental resolution of 1 eV. The 
results are compared with the observed spectra in Figure 4, 
right panel. The trends in the calculated spectra are in good 
agreement with the experimental data (Figure 4, left). With 
increasing pressure the main absorption peak is strongly 
reduced changing from Si-I to Si-II and spectral weight is 
transferred to energy losses above 102.5 eV. The smooth 
increase in overall shape of XRS spectra for pressures above 11 
GPa is in accordance with the experiment. More detailed 
information is obtained by inspection of the DOS (see Figure 
SI (Supporting Information)).36 The DOS transforms from 
semiconducting to free electron-like. This clearly reveals the 
rising metallicity of the system with increasing pressure. Both 
sets of calculations indicate a complete change in the system’s 
properties occur by the first phase transition from Si-I to Si-II. 
As commented above, the contribution of Si 3d electrons to 
unoccupied states in the metallic phase becomes progressively 
more pronounced as pressure increases. Thus, the width of Si 
3d band is spread over a broader energy range and 
accompanied by a broadening of the unoccupied s states 
close to the Fermi level resulting in a reduction of the intensity 
of the main 2p → d, s transition.

CONCLUSIONS

Experimental and computational evidence demonstrating s, p

Figure 4. (a) XRS spectra of pure silicon taken at different pressures.
(b) Calculations of XRS spectra for different silicon phases
corresponding to conditions at which the experimental data was
taken (see text for details).

→ d rehybridization accompanying the insulator → metal
transition in elemental Si were presented. High-resolution
powder X-ray diffraction, obtained using synchrotron radiation, 
demonstrates the vital role of using a hydrostatic pressure 
transmitting medium and temperature in the study of structural 
phase transitions. The observation the direct transformation 
from the diamond to the sh structure of Si at low temperature 
bypassing the intermediate Si−II and Si-XI phases suggests the 
respective transition activation barriers may be too high to be 
surpassed at low temperatures. A direct diamond → sh 
transition has been predicted in a variable cell constant-pressure 
ab inito molecular dynamics calculation37 under nonequilibrium 
conditions when the pressure was raised from 0 to 30 GPa at 
300 K instantaneously. In contrast, a subsequent study 
employing a meta-dynamics scheme,38 which allows exploration 
of the potential energy surface, recovered the 



observed room temperature diamond → tetragonal →
orthorhombic → sh transformation sequence. The theoretical
results are consistent with the present study. At low
temperature, the small thermal activation energy does not
allow the sampling of all possible transformation pathways and
the phase transition is kinetically controlled. The mechanism
leading to the change in the electron topology from the Si-I to
the Si-V phases reported here is consistent with a previous
MEM analysis of pressure-induced isostructural transition in
the Ba8Si46 clathrate.

17 In the earlier work, the phase transition
of Ba8Si46 was also found to occur close to 17 GPa and the
chemical bonding revealed from the electron density maps
shows the change from s−p to s−p−d hybridization.2,18 The
common transition pressure of 17 GPa in pure silicon and in
Ba8Si46 may not be coincidence but a strong indication that a
change in hybridization will always occur whenever a Si
framework is compressed to this critical pressure (hence
density). In both cases, Si and Ba8Si46, mixings of Si valence 3sp
states with diffuse 3d orbitals help to alleviate the repulsive
interactions between electrons in the Si−Si bonding region
allowing the electron delocalization into the interstitial region.
The metallization due to orbital rehybridization is confirmed by
XRS measurements in combination with ab initio calculations.
In passing, it is noteworthy that elemental Ge also has a fairly
complicated high pressure phase diagram where several stable
or metastable structure may coexist in the same pressure
range.39

ASSOCIATED CONTENT 
 Supporting Information

Details on the Bethe-Salpeter Equation calculations of the Si L-
edge X-ray Raman spectra are described and the calculated 
density of states of the high pressure polymorphs of silicon is 
shown. Figure showing the density of states of the high-
pressure polymorphs of silicon. This material is available free of 
charge Internet.
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(33) R. Lübbers, R.; Grünsteudel, H. F.; Chumakov, A. I.; Wortmann,
G. Density of Phonon States in Iron at High Pressure. Science 2000,
287, 1250−1253.
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