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The electronic structure of warm dense silicon dioxide has been investigated by X-ray absorption near
edge spectroscopy. An ultrafast optical laser pulse was used to isochorically heat a thin silicon dioxide
sample, and measured spectra were compared with simulations generated by molecular dynamics and
density functional theory. In comparison with the room temperature spectrum, two novel features were
observed: a peak below the band gap and absorption within the band gap. This behavior was also observed
in the simulations. From consideration of the calculated spectra, the peak below the gap is attributed to
valence electrons that have been promoted to the conduction band, while absorption within the gap is

attributed to broken Si-O bonds.

PACS: 79.20.Ds, 52.50.Jm, 71.22.+1, 78.70.Dm

Warm and dense matter may be defined by temperatures
of ~10*-10° K and near solid densities [1]. The theoretical
description under such conditions is difficult because it falls
between the traditional and well understood density and
temperature phase space of plasma physics and condensed
matter. The study of materials in the warm dense matter
regime has implications for planetary interiors [2] and
inertial confinement fusion [3].

Silicon dioxide is a major constituent of the earth’s crust
and mantle. It is also a common material for optics, and
optical damage can be initiated at “warm” conditions
caused by the laser-matter interaction at high intensities.
Additionally, optical waveguides have been written in fused
silica by intense femtosecond optical pulses [4]. The
mechanism is understood to involve the formation of a
localized plasma followed by a micro-explosion inside the
glass. Specifically at fluences below 8 J/cm’, smooth
waveguides are formed, while at higher fluence rough
waveguides are produced. From ex situ Raman scattering
measurements, an increase in 3- and 4-membered rings in
the silica network is inferred to be the result of the high
intensity interaction. As illustrated by the work reported
here, ultrafast spectroscopy of transient warm dense silicon
dioxide could provide information about the electronic and
ionic states underlying the mechanisms of optical damage
and waveguide writing by femtosecond lasers.

X-ray Absorption Near-Edge Spectroscopy (XANES)
probes the unoccupied electronic density of states (DOS).
This technique has been applied to studies of warm dense
aluminum [5, 6, 7], iron [8, 9], and copper [10]. In
aluminum, a broadening of the K edge and a smoothing of
the aluminum absorption spectrum were observed as the
solid sample becomes a liquid and then a plasma. By
comparing the experimental spectra with ab intio
calculations, it was shown that the slope of the absorption
edge was connected to the electron distribution function
and temperature, and the broadening of the structure above
edge was correlated with a loss of order in the high
temperature liquid. In the case of aluminum, either heated
by protons or compressed by a shock, -electron-ion
equilibrium was assumed, T. = T; because the relative
timescales were 10’s of picoseconds. On the other hand,
heating with an ultrafast (~100 fs) optical pulse results in a
non-equilibrium condition, T, > T;. In aluminum, short
range disordering was observed following the laser pulse
[7]. From the XANES spectrum of warm dense copper,
temperatures of about 1 eV were determined, and the
electron-phonon coupling could be inferred from the
temporal evolution of the electron temperature [10].
Electron-phonon coupling has also been extensively
modeled in metals [11], and measured in proton heated
carbon [12] and shock compressed silicon [13]. Electron-



phonon coupling is dependent on the details of the
electronic structure and vibrational spectrum. It can vary by
two orders of magnitude, resulting in electron-ion
equilibration times of warm dense matter from a few ps in
the case of copper to a hundred ps for carbon.

In SiO,, previous electron spin resonance experiments
have shown that ultrafast laser pulses can induce E’ center
defects [14]. In an E’ center, a Si atom is bonded to three
oxygen atoms with a dangling sp’ orbital. Using ab initio
molecular dynamics (MD) simulations, Boero et al. [15]
modeled the femtosecond laser irradiation by considering
initial conditions of high T. and ambient T;. At 25,000 K
T., Si-Si bonds were observed and displaced O atoms
appear in three-membered rings.

Most recently, Denoeud et al. [16] used silicon K-edge
XANES to study shock compressed SiO; at 1-5 g/cm® and
temperatures up to 5 eV. DFT calculations agreed well with
the measured spectra and indicated a pseudo-gap
corresponding to either a semimetal or a significant metallic
component of warm dense SiO,. The pseudo-gap was
associated with a loss of Si and O correlation.

Here, we present a novel study of the electronic structure
of warm dense silicon dioxide created by ultrafast laser
excitation and probed by time-resolved XANES. MD and
DFT simulations are used to support the interpretation of
the experimental spectra. This leads to conclusions about
the modification of bonding following an ultrafast laser
excitation.

The experiments were performed at Beamline 6.0.2 at the
Advanced Light Source synchrotron facility at Lawrence
Berkeley National Laboratory. The experimental setup is
shown in Fig. 1. The sample is 400 nm thick amorphous
Si0,. The sample is deposited from crystalline material via
e-beam evaporation to a room temperature substrate,
resulting in an amorphous structure [17]. The sample is
then attached to a supporting mesh. A 150 fs, ~10 mJ
Ti:sapphire laser pulse is focused to a 250 or 400 pm
(fwhm) diameter spot at the sample depending on the
required fluence. Silicon dioxide is an insulator whose band
gap, in both amorphous and crystalline phases, is 8.9 eV
[18,19]. This greatly exceeds the energy of the optical
photons, 1.5 eV. The absorption of the optical photons
occurs through multi-photon absorption exciting electrons
from the valence band to the conduction band, free carrier
absorption of electrons once in the valence band and
plasma absorption after the conduction electrons reach a
density approaching the critical density, n. [20]. At the
beginning of the laser pulse multi-photon absorption is
expected to predominate, while at the end of the pulse,

interaction with the plasma should be most important. The
optical absorption of the sample was measured at 800 nm
by using an integrating sphere to collect the reflected and
transmitted portions of the laser beam. The absorption was
observed to increase roughly linearly from 6 % at low
fluence (2.5 J/em®) to 25 % at high fluence (15 J/em?). It
should be noted that the measured absorption is averaged
over the temporal and spatial profile of the laser pulse and
sample thickness. The excitation of the sample at the front
and back surfaces varies according to the optical
absorption. Since the sample remains mostly transparent, it
is expected to be heated relatively uniformly across its
thickness, although there may be increased variation
because of the non-linear absorption mechanisms. The laser
intensity also had transverse non-uniformity within the x-
ray probe area, this is determined by observing the
distribution of laser intensities within the x-ray beam. The
absorbed fluences given below are average values, where
0. is 10 % above and 6. is 35 % below the stated values.
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FIG. 1. (Color Online) The experimental setup at the
Advanced Light Source beamline 6.0.2.

The SiO, sample is probed by a 70 ps duration,
polychromatic x-ray pulse tuned to the oxygen K-edge. The
x-ray bandwidth, ~25 eV, was limited by the grating
dispersion onto the streak camera slit. Consequently three
spectral windows with different central photon energies
were stitched together to produce the complete spectra
shown below. The spectra have been confirmed with lower
resolution spectra in which no stitching was preformed. A
pair of slits reduces the x-ray spot size to either 150 x 150
um’ or 150 x 250 pum?’, in order that an area of relatively
uniform fluence is sampled within the laser spot. The X-
rays transmitted through the sample are dispersed by a
variable line spaced grating spectrometer [21] and focused
horizontally onto an x-ray streak camera [22]. The XANES
spectra have an energy resolution of 0.6 eV determined
mainly by the dispersion of the spectrometer and the spatial
resolution of the streak camera. The x-rays impinge on the
streak camera photocathode at 20 degrees angle of
incidence, which improves the quantum efficiency with
respect to normal incidence. A timing fiducial is provided
by a portion of the laser beam, which is frequency tripled in



BBO crystals. This fiducial allows for calibration of the
time-axis and correction of temporal jitter. The time
resolution of the streak camera is 2 ps, which is primarily
limited by the anode slit width and the secondary electron
energy distribution. After each laser pulse the sample is
translated to avoid the damaged area created by the
previous laser pulse, and single shot spectra are collected at
~1 Hz. Roughly one hundred spectra are averaged for each
laser fluence.
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FIG. 2. The experimental and calculated O 1s XANES

spectrum of SiO, at room temperature, a) and b).

Figure 2a shows the oxygen K-edge XANES spectrum of
SiO, at room temperature. The oxygen absorption edge is
seen at 535 eV as well as two maxima above the edge. The
measured spectrum is in agreement with the spectrum of
vitreous silica [23]. Compared to the spectrum of o-quartz
obtained by electron energy loss spectroscopy and XANES
[24, 25], the second peak of vitreous silica is observed at
lower energy, but the general spectral features are mostly
unchanged. This indicates that the XANES spectrum
reflects the local structure of oxygen bonding. The spectra
do not show the double peak feature characteristic of
stishovite built from SiO4 octahedra [24]. The structure of
both o-quartz and vitreous silica is based on SiO4
tetrahedra connected by corner-shared oxygen atoms. From
multiple scattering calculations, Davoli et al [26]
concluded that the energy separation between the two peaks
is sensitive to the Si-O-Si angle, which effects the local
environment of the oxygen atoms [27]. Amorphous SiO,
has been shown to have a range of bond angles [27], which
contributes to the broadness of the spectral features present
in the experiment.
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FIG. 3. (Color Online) The experimental O 1s XANES
spectra of SiO, at various laser fluences.

Figure 3 shows the experimental oxygen K-edge XANES
spectra at various laser fluences, 2.5, 5.5 and 15 J/em?
corresponding to absorbed energy densities of 1.7, 3.8, 10.5
MJ/kg. The optical — x-ray time delay is integrated from 2
to 20 ps. In comparison with the room temperature
XANES spectrum, four qualitative changes are observed.
The absorption edge is broadened. There is reduced
contrast above the edge. There is absorption within the
band gap. Finally, a peak is seen below the band gap (9 eV
below the edge).

As stated previously, the x-ray streak camera time
resolution is much higher than 20 ps; however, only subtle
changes in the spectra were observed within this range of
time delay. Figure 4 shows the experimental oxygen K-
edge XANES spectra at time delays -2, 0, 2, 4, 8, 14, and
20 ps for a fluence of 5.5 J/cm®. Immediately following the
laser pulse, the 2 ps spectrum exhibits the spectral features
described above. Beyond 2 ps, the temporal evolution of
the spectra show a slight increase in the broadening of the
edge and further reduction of the contrast above the edge.
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FIG. 4. (Color Online) The experimental O 1s XANES
spectra of SiO, at various time delays for a fluence of 5.5
J/em®. Each spectrum is generated by integrating over a 2
ps window that is centered at the stated time delay.

In order to fully interpret the experimental spectra, we
have performed ab initio MD simulations for SiO, at solid
density (2.65 g/cc) and temperatures of 300 K, 5,000 K and
10,000 K using the ABINIT electronic structure code [28,
29]. All calculations are carried out in the framework of the
DFT with the generalized gradient approximation
parameterization of the exchange and correlation [30]. The
PAW (Projector Augmented Wave) [31, 32] atomic data for
Si consists of four outer electrons (3s*3p”) and a cutoff
radius of r.=1.7 bohr and six outer electrons (2s*2p*) and a
cutoff radius of r=1.2 bohr for O. We used an energy cut-
off of 680 eV. To obtain silica structure at a given
temperature, 36 Si and 72 O atoms initially arranged in the
perfect quartz lattice were propagated up to 1 ps using time
steps of 1 fs in the iso-kinetics ensemble. All MD
calculations were performed at the I'-point. To obtain the
optical response in the x-ray domain, we performed a
detailed calculation of the electronic structure using a
3x3x3 Monkhorst-Pack mesh and 2,000 bands. Then we
applied linear response theory to obtain XANES spectra
extending 30 eV above the edge, following the method
described in the references [33, 34]. The XANES spectrum
is obtained in the so-called impurity model, by considering
the absorbing atom in an excited state. The PAW atomic
data for the absorbing atom is generated by using a hole in
the 1s orbital of O. This calculation provides a simple way
for introducing the core electron-hole interaction in the

independent-particle description used here [25]. For each
ionic configuration, this impurity is moved onto several O
atoms in the cell. Each completed spectrum is obtained by
averaging the individual spectra obtained for different
impurity positions in the ionic configurations.

The room temperature theoretical spectrum for a-quartz
is displayed in figure 2b. The calculated spectrum has been
shifted in photon energy to match the position of the
experimental absorption edge and convolved with the
experimental resolution. There is satisfactory agreement
both with the experiment and with previous calculated
room temperature XANES spectra [24]. As previously
noted by Taillefumier et al. [25], the calculated a-quartz
spectral features are slightly contracted and the first
maximum is narrower compared to measured amorphous
Si0,.

Figure 5 displays the calculated O 1s spectra for three
electron temperatures, T;=T,, T.=20,000 K, and T.=30,000
K. In each case, spectra are shown for ion temperatures of
300, 5,000, and 10,000 K. In the calculated spectra, the
same qualitative changes are seen as in the laser heated
spectra. As the ion temperature increases, the edge
broadens, and the contrast above the edge is reduce. As the
electron temperature increases, a peak forms below the
band gap and absorption occurs within the band gap.
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FIG. 5. The calculated O 1s XANES spectra of SiO, at T;=
300 K (a-quartz), 5,000 K and 10,000 K (liquid), where T,
=T; in a) at T,=20,000 K in b), and at T.=30,000 K in c).

Figure 6 displays the radial distribution function, g(r)
calculated for O-O, Si-O and Si-Si, where the different
curves show the equilibrium cases of equal T, and Ti at 300



K, 5,000 K and 10,000 K. The height of the first peak in all
three g(r) curves is reduced dramatically at the elevated
temperatures. For the Si-O g(r), this change may be
interpreted as a result of broken Si-O bonds. In the g(r) for
0-O at 10,000 K a small peak is observed at 1.4 A,
indicative of O atoms directly bonded to other O atoms. In
general, the diminished structure in the g(r) reflects an
increased disorder in the high temperature liquid SiO,.
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FIG. 6. (Color Online) Radial distribution functions, g(r),
for SiO, under the conditions of T, = T; at 300 K, 5,000 K
and 10,000 K for O-0 a), Si-Si b), and Si-O c). The 10,000
K 0-0O g(r) in a) (red dashed line) has be multiplied by 10
to illuminate the peak at 1.4 A.

As previously pointed out in Mancic et al. [5] for the
case of aluminum, the sharpness of the spectral features is
correlated with the degree of local order. As the ionic
temperature increases, the contrast of the minimum above
the edge was reduced when the aluminum became a high
temperature liquid. Similarly in the calculated SiO,
XANES spectra, the absorption edge is broadened and the
structure above the edge becomes less marked as the ion
temperature increases. In the high temperature SiO,
structure, there are broken silicon-oxygen tetrahedra, which
can be seen in figure 6¢ from the decreased height of the
first peak in the Si-O radial distribution function. The
experimental spectra in figure 3 also show this behavior,
with the slope of the edge and the contrast above the edge
decreasing as the laser fluence increases. In addition, figure
4 shows a small reduction in the slope of the edge and the

contrast above the edge with increasing time delay. This
indicates an increase of the ion temperature with increasing
laser fluence as well as some rise in the ion temperature in
the first 20 ps following the laser pulse. The minimum
above the edge is present in all of the experimental laser-
heated spectra as well as in the calculated spectra at 300
and 5,000 K, but missing in the calculation at 10,000 K.
This comparison indicates that the experimental ion
temperatures are less than 10,000 K.

Absorption within the band gap is seen in both the
experimental laser-heated in figure 3 and calculated
XANES spectra at T; of 5,000 and 10,000 K. At low laser
fluence, there is a small absorption in the band gap. At the
higher fluences, this absorption increases. As the
temperature increases, the band gap is filled with defect
states originating from broken Si-O bonds [15]. This loss
of bonding states in the electron structure is reflected in the
ion structure by the reduced height of the first peak of g(r)
for Si-O. The observation of broken Si-O bonds and
increased disorder indicate a possible mechanism for laser-
induced optical damage as well as for laser writing of
waveguides.

The effect of the electron temperature on the SiO,
XANES spectra is now considered. The O 1s XANES
spectra show the unoccupied p-like DOS. For quartz, the
topmost valence band has been assigned to non-bonding
oxygen 2p orbitals [35]. This band is occupied at room
temperature and does not appear on the spectra. As
electronic temperature increases, and this band will start to
be depopulated by the Fermi Dirac function and appear in
the XANES spectrum as a pre-edge peak. When the
electronic temperature increases, the size of the pre-edge
peak increases as the number of empty states rises. There is
also a shift of the pre-edge peak to lower photon energy as
states are depopulated further from the Fermi level. In both
experimental and calculated spectra, this behavior is
observed.

As the structure of SiO, is modified by the ultrafast laser
pulse [14, 15], it is important to consider if different O
bonding geometries may contribute to the pre-edge feature.
A pre-edge peak has been previously measured at 528.3 eV
for vitreous silica and attributed to a ©* state from O-O
bonding [36]. Here, the pre-edge peak is seen at a different
energy, 526 eV. Oxygen atoms in three-membered rings
have been predicted [15], but the XANES spectral signature
of these O atoms is not known. The calculated density of
states below the Fermi level changes at the different
temperatures: 300, 5000 and 10,000 K and may be effected
by the presence of different oxygen structures.



Using a simple formulation for collisions, based upon a
calculated electron-ion collision rate of 2.5 fs [37, 38], the
equilibration time between the electron and ion temperature
is estimated to be 43 ps. Following the formulation given
by Lin et al. [11], the temperature dependent electronic heat
capacity is calculated from the density of states and used to
estimate T, immediately after the laser excitation, giving
T.=20,000, 30,000 and 50,000 for the three absorbed
energy densities. For the measurement at 2-20 ps, the
electron temperature may be higher than the ion one. The
height of the pre-edge peak is a sensitive measure of the
electronic temperature. The calculated absorption spectra
show a defined pre-edge at T.=30,000 K, which is not
present at T,=20,000 K. The calculation underestimates the
band gap as 5.5 eV compared to the known value of 8.9 eV
[18] because of a known limitation of DFT [36]. For this
reason, a direct determination of T, is omitted. Nonetheless,
it is concluded that the warm dense SiO, formed by the
ultrafast laser excitation is observed to be in a non-
equilibrium state with T, > T;.

In conclusion, measurements and calculations have been
performed of the XANES spectrum of warm dense SiO,.
The heated material is seen to have an electronic structure
distinct from the room temperature solid.  Through
comparisons of measured and simulated spectra, the
spectral features are understood and insight into both the
local ionic and electronic behavior is gained. Following the
laser excitation, Si-O bonds are broken, resulting in states
within the band gap that increase with laser fluence.
Spectral features constrain the ionic temperature, while a
peak below the band gap shows unoccupied states in the
valence bands consistent with a high electronic
temperature, indicating the presence of a non-equilibrium
liquid with T>T;. A reduced sharpness of spectral features
reflects an increased disorder in this high temperature
liquid. These XANES measurements provide a detailed
description of how SiO, transforms from an insulator with
well-defined local structure to a high temperature liquid
with reduced Si-O bonding.
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