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Report: Silicon is one of the most common elements on earth. Because of its numerous technological
applications and its presence in most geologically relevant minerals, many studies have been performed
concerning the physical properties of silicon exposed to temperature and pressure. It is well known, that
elemental silicon undergoes several phase transitions under the influence of high pressure. The face centered-
cubic Si-I phase transforms to the tetragonal Si-II phase at 11 GPa. At 13 GPa, Si-II undergoes a transition to
Si-XI which has an orthorombic structure. This phase is followed by a transformation to the simple
hexagonal structure of Si-V at 16 GPa, which remains stable until 38 GPa, where a transitionn to the “open”
orthorombic Si-VI phase occurs [1, 2]. At ambient conditions silicon is sp® hybridised. Under increasing
pressure up to 42 GPa the hybridisation of the bonds changes to sp?, sp and then to a metal-like bond [1].
This drastic change from a semiconductor to a metal over a small pressure range qualifies silicon to
investigate the rehybridisation of atomic orbitals under high pressure.

As shown in a previous study on the clathrate BagSise [3], Xx-ray Raman scattering (XRS) at the Si L,3-edge
is particularly sensitive to the rehybridisation of atomic orbitals and thus a suitable technique to uncover
silicon’s transition from semiconducting to metallic behaviour. Because of the high energy of the in- and
outgoing x-rays, XRS is the only technique to obtain information of low absorption edges, such as the Si L-
edge, under extreme conditions like diamond anvil cells.

The measurements were performed at beamline ID16 at ESRF using the multi analyser spectrometer in
Rowland geometry with 9 Si(660) analyser crystals at a fixed analyser energy of 9.69 keV. The spectrometer
covered a solid angle of 117° to 143° which results in a momentum transfer of the scattered photons of
q=8.46 A" and q=9.41 A" respectively. The energy of the incident photons was tuned to obtain energy losses
from 90 to 115 eV in the vicinity of the Si L,3-edge at 100 eV.

Two diamond anvil cells were used. They were loaded with precharacterized Si powder and a ruby as
pressure marker. The diamond anvil cells were specially designed to provide sufficient angular side-openings



to utilise all analyzer crystals. Due to technical reasons the cells were sent to ESRF with a primary pressure
of about 3.4 GPa. The pressure has been determined by using an optical Raman spectrometer at the ESRF
high pressure lab before and after each measurement. Spectra were taken at the Si L,3-edge at several
pressures ranging from the initial pressure at 3.4 GPa to 21 GPa.

Measured XRS spectra taken at varying
pressures can be seen in figure 1. As reference,
a previously measured spectrum of Si powder
at ambient conditions is also shown. This
spectrum shows a dominant white line which
appears due to an excitonic excitation in pure
Si. This exciton is a characteristic feature for
the semi-conducting behaviour of silicon. The
spectra in the low pressure regime practically
resemble the shape of the reference sample. It
appears, that up to pressures of around 5 GPa,
no significant changes in the shape of the
spectra can be observed. The spectra taken at
6.7 GPa and 11.1 GPa reveal a small decrease
of the white line (region A) and thus a gain in
spectral weight in the energy loss region from
103 to 110 eV (B). This indicates first changes
in the chemical bonding of the Si structure
although the commonalities indicate that the
crystal structure at both pressure points still
was fcc. This shift in the spectral weight may
be associated to a smooth transition in
hybridisation of Si with increasing pressure [4].
A strong reduction of the Si white line is clearly
visible in the spectrum taken at 20.6 GPa. The
excitonic feature disappeared, leaving a broad
shoulder which clearly differs from the
observed spectra in the low pressure regime.
This gives direct evidence of the change in the
hybridisation from a three-dimensional sp* in
the fcc structure of Si-I and Si-II to the one-
dimensional sp hybridised Si-V phase with a
simple hexagonal structure. The disappearance
of the excitonic excitation points out the
transition from a semiconducting to a more
metal-like state.
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figure 1: Measured spectra of the Si L,;-edge at varying

pressures, arranged according to similar shapes.

Calculations are currently in the works to further understand the rehybridisation of silicon under pressure.
Since there is only one spectrum with sufficient statistics in the high pressure regime, further measurements
are needed to confirm the observed changes in spectral shape. Moreover, spectra for the intermediate Si
phases Si-II and Si-XI should be measured to approve the trend of metallisation. These results present the
first direct evidence that the Si phase transitions are triggered by changes of the electronic structure of the

material.
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