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The x-ray structure factor for liquid SiO2 has been measured by laser heating of an aerodynamically
levitated droplet. The main structural changes of the melt compared to the room temperature glass are
associated with an increase in the size of the SiO4 tetrahedra, indicating a small reduction in the average
Si-O-Si bond torsion angle and an expansion of the network between 5 and 9 Å. Strong directional bonds
with little high temperature broadening and a high degree of intermediate range order are found to persist
in the liquid state.
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Silica glass formed by quenching a viscous melt has
been the subject of much interest because of its geological
and technological importance. It is also a prototypical
network forming glass whose structure can be understood
in terms of a continuous network of corner shared SiO4

tetrahedra, with a relatively narrow range of bond angle
distributions and a high degree of intermediate range order.
Despite its importance there have been no structural studies
on SiO2 in the liquid state at magmatic temperatures,
although both classical and ab initio molecular dynamics
simulations have been performed [1–3].

Pure silica has a glass transition temperature Tg of
1177 �C (the mean temperature at which this highly vis-
cous liquid solidifies), a relatively high melting point of
1713 �C, and a boiling point of 2950 �C [4]. Performing
accurate diffraction measurements on high temperature
liquids presents many technical difficulties. In recent years
this has been overcome by using levitation techniques, for
example, in the case of liquid Al2O3 [5]. However, unlike
molten alumina, which can be aerodynamically levitated
without any significant sample loss for several hours, mol-
ten silica evaporates very quickly above 1870 �C [6]. For
example, a 3 mm diameter sphere of liquid SiO2 lost
approximately half its mass in 2 min during the experi-
ments performed in this study. Using a combination of
aerodynamic levitation, high-energy x-ray diffraction,
and fast, large area x-ray detectors we have measured the
structure factor for molten silica. The liquid and glass
structure factors are found to be very similar, with an
intense first sharp diffraction peak (FSDP) observed in
the melt spectra. The average size of the SiO4 tetrahedra
are found to increase in the liquid compared to the room
temperature glass, and this is accompanied by a slight
increase of the peak positions between 5 and 9 Å in the
liquid radial distribution function.

Ab initio molecular dynamics (MD) simulations suggest
that the most important aspect between the melt and glassy
states is a transformation in the Si-O-Si bond angle distri-
bution [2]. An increased distribution of large Si-O-Si

angles, and a tail extending to much smaller angles in the
liquid, is only observed when the ionic and covalent char-
acter of the Si-O chemical bond is considered explicitly
and is not seen in classical molecular dynamics simula-
tions. The change in ��Si-O-Si� distribution is accompa-
nied by a high temperature broadening, which appears as a
factor of 2 to 3 increase of the peak widths in the partial
pair distribution functions [2]. Otherwise the ab initio
simulations are in qualitative agreement with classical
simulations [3], which have suggested the persistence of
intermediate range order, signified by a first sharp diffrac-
tion peak, in the high temperature molten state.

The sample environment was controlled using aerody-
namic levitation and a 240 W continuous-wave CO2 laser
beam heating system. Similar techniques have been ap-
plied in prior work [7], but in this experiment we have
integrated the system on a high-energy x-ray diffraction
beam line. The incident energy was calibrated with known
gamma ray sources using a Ge point detector and found to
be 115.12 keV. The advantages of high-energy diffraction
for bulk liquid and glass studies include negligible attenu-
ation and multiple scattering effects on millimeter-sized
samples and the ability to access large momentum transfers
[8]. The levitator was enclosed in a stainless steel chamber
equipped with Kapton windows that transmit x rays with
low attenuation or scattering at this energy. The instrument
was integrated with beam line 11 ID-C at the Advanced
Photon Source. The experiment was performed in trans-
mission geometry and diffraction patterns were collected
using a Mar345 image plate detector mounted orthogonal
to and centered about the x-ray beam to avoid complex
oblique incident effects in the phosphor layer [9]. The
direct beam was blocked with short length of 3 mm di-
ameter tungsten rod that was mounted in front of the image
plate.

Spherical SiO2 samples 3–3.5 mm in diameter were
levitated in a flow of pure oxygen gas and melted with
the laser beam from above. An x-ray beam of 1 mm�
1 mm in size intercepted only the top of the sample, above
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the levitation nozzle. The image plate was exposed for 30 s
to capture the scattered photons from a molten droplet.
This was performed for 10 samples and the runs were
averaged to improve the counting statistics. Background
measurements taken with no sample present and the laser
off were dominated by scattering from levitation gas. No
Bragg peaks from the levitation nozzle were observed in
any spectra. Corrections to the scattered x-ray intensity
were applied using the software FIT2D [10] and the x-ray
structure factor, SX�Q�, was obtained up to Q� 18 �A�1

using the program PDFGETX2 [11]. The measured liquid
and hot glass x-ray structure factors are almost identical
[see Fig. 1 and the supplementary material for the tabulated
S�Q� data [12] ] suggesting that most of the structural
changes occur upon heating the glass, and there is no
abrupt transformation in the average bond angle distribu-
tions upon melting [13,14]. These S�Q�’s are remarkably
similar to the room temperature glass diffraction pattern,
despite a slight broadening of the features, mostly in the
first and second peaks. The main difference between the
liquid and hot glass spectra is the shape of the second peak
in SX�Q�; see the inset of Fig. 1. Also shown is the value of
S�Q � 0� determined by the isothermal compressibility at
Tg. From this figure it is clear that the FSDP is largely
intact in the melt spectra and that there is no significant

change in its position, signifying the presence of a strong
network in the liquid of the same periodicity to that ob-
served in the glass, albeit slightly reduced in intensity.

The apparent temperature of the levitated sample was
measured using an optical pyrometer that was carefully
aligned to view the sample in the region where it was
heated and coincident with the x-ray beam probe. The
measured apparent temperature was corrected to obtain
the true temperature using Wein’s approximation to
Planck’s law. Temperature corrections were made for
(i) reflections from surfaces of two pyrometer lenses,
(ii) reflections from surfaces of a Pyrex window in the
sample chamber, and (iii) the emissivity of the sample
[15]. The calculated emissivity was 0.966 based on an
index of refraction of 1.456. The average true temperature
of the liquid was 2100 �C, and the range of temperatures
between different runs was 1960–2175 �C. The estimated
error due to emissivity and temperature gradients is
	150 �C. A potential source of error in temperature mea-
surement was vaporization of the sample that produced
smoke and condensate on the inside of the chamber win-
dow, which would result in an underestimate of
temperature.

Figure 2 shows the x-ray radial distribution functions,
GX�r�, derived from the measured SX�Q� for liquid and
glassy SiO2 compared to those calculated from published
data from classical and ab initio molecular dynamics
simulations [2,3]. The inversion of SX�Q� to GX�r� was
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FIG. 1. Measured x-ray structure factors for liquid and glassy
SiO2 [13,14]. Inset: The main changes between the hot glass
(dotted line) and liquid (solid line) occur in the shape of the
second peak. The glass at room temperature (dashed line) is also
shown. The star at Q � 0 �A�1, S�0� � 0:0123 represents the
value of the measured isothermal compressibility for the liquid at
Tg [21].
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FIG. 2. X-ray radial distribution functions for liquid (solid
lines) and glassy (dashed lines) SiO2. Top: Experiment.
Middle: Classical molecular dynamics taken from Ref. [3].
Bottom: Ab initio molecular dynamics taken from Ref. [2].
Inset: Shift in experimental data of the Si-O peak.
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performed in an identical manner for both the experimental
and simulation data [16], using densities of 0:0620 �A�3 for
experimental data, 0:0631 �A�3 for the ab initio simulation,
and 0:0662 �A�3 for classical MD simulation [2,3,19]. The
first real peak in the x ray GX�r� is attributed to the Si-O
bond, which elongates upon heating the glass from
1:597	 0:005 �A at 25 �C to 1:626	 0:005 �A at
1600 �C, and it remains at this value in the melt at
2100 �C. This is in excellent agreement with ab initio
molecular dynamics simulations, but is not predicted in
classical simulations. Exarhos et al. [20] have observed a
growth of a broad feature near 900 cm�1 in the Raman
spectra consistent with an increased number of broken Si-
O-Si linkages in the liquid; however, the average coordi-
nation numbers of the glass and liquid are found to be
3:90	 0:20 and 3:88	 0:20, respectively, consistent with
the predominance of SiO4 tetrahedra. The Si-O bond
breaking and reforming in the melt have been used to
explain the viscous flow of high silicic aluminosilicate
magmas, which is consistent with the jumplike diffusion
process observed in ab initio molecular dynamics simula-
tions of pure liquid SiO2 [1,2].

The second peak inGX�r� is dominated by the O-O peak,
which overlaps with the third peak due mainly to Si-Si
correlations. It can be seen from the low-r side of the O-O
peak that it shifts slightly to longer distances in the melt,
and the high-r side of the Si-Si peak remains the same as in
the glass. The decrease in the position of the third peak is
therefore likely to be mainly associated with an increase of
the O-O distance, and there is no clear evidence for a
change in the Si-Si distance. A precise deconvolution of
the O-O and Si-Si peaks from the x-ray data is problematic
since the distributions are unlikely to be Gaussian [21];
however, it is clear that there is little change in the shape of
these peaks between the liquid and glassy functions. It is
more reliable to convert the partial pair distribution func-
tions obtained in the simulations to reproduce the mea-
sured x-ray function, as shown in Fig. 2.

For the O-Si-O bond angle distribution, ab initio MD [2]
has shown that in the range of the most probable bond
angles the average bond length is approximately constant.
This justifies taking the peak positions from the liquid
x-ray radial distribution function to find the average
��O-Si-O�, which is 107� 	 2�, showing that essentially
tetrahedral symmetry is well maintained in the melt.
However, both classical and ab initio simulations [2,3]
show a large broadening of the Si-O, O-O, and Si-Si peaks
between the glass and liquid, which leads to a much
broader ��O-Si-O� and ��Si-O-Si� distributions. These
peaks are much sharper in the experimental data and there
is very little broadening between the glass and liquidGX�r�
functions, indicating the persistence of strong directional
bonds in the melt.

The first determination of the��Si-O-Si� distribution in
glassy SiO2 was made by Mozzi and Warren [22] using
x-ray diffraction data, assuming no correlation exists be-

tween bond length and bond angle. This approach has also
been used by other groups as x-ray instrumentation has
improved (e.g., see Neuefeind et al. [23]). However, ad-
vances in NMR techniques by Clark and co-workers have
recently suggested a strong positive correlation exists be-
tween the��Si-O-Si� and Si-O bond length, in an opposite
sense to that found in crystalline SiO2 polymorphs [24–
26]. These authors report an average��Si-O-Si� of�147�

[24] in reasonable agreement with diffraction data [23]. As
the temperature is increased, infrared absorption measure-
ments on silica glass have shown that the position of the
overtone at �2264 cm�1 reaches a maximum around
950 �C, suggesting that the average Si-O-Si bond angle
reaches a maximum corresponding to a density minimum
at this temperature [27]. At higher temperatures, above Tg,
Raman spectroscopy measurements show the 440 cm�1

band increases in frequency, indicating a decrease in the
average ��Si-O-Si� in the supercooled liquid regime [28].
From the shift in the Si-O peak in GX�r�, assuming the Si-
Si distance is invariant, a decrease in the average
��Si-O-Si� of �9� is found in the melt compared to the
room temperature glass, originating from the increased
size of the tetrahedra alone.

The narrowness of the ��Si-O-Si� distribution has im-
plications for ring topology. An average angle of�147� in
the glass is consistent with a topology dominated by 6-
membered rings and few smaller rings. A significant broad-
ening of the ��Si-O-Si� distribution to incorporate lower
angles would be consistent with an increase in the popu-
lation of 3-membered rings which range from 128� to
136�. Raman spectroscopy measurements by McMillan
et al. [28] have shown that in the supercooled liquid the
606 cm�1 vibrational peak associated with 3-membered
rings becomes more pronounced. Although these effects
are in qualitative agreement with ab initio MD simulations,
which show a skewed correlation towards small bond
angles and short bond lengths in the melt compared to
the glass, the limited change in the average torsion angles
between SiO4 tetrahedra inferred by the x-ray diffraction
data and discussed above indicates that the melt is probably
still dominated by 6-membered rings.

Correlations out to longer distances are shown in Fig. 3.
Although the fine structure for r > 6 �A is almost certainly
spurious, there is a distinct overall shift in intensity to
higher r for the peaks at approximate distances of 5.0,
6.3, 7.5, and 8.7 Å in the function rDX�r� for liquid, where
DX�r� � 4��
GX�r� � 1�. This is consistent with an ex-
pansion of the network at lower densities, not clearly
observed in the MD simulations. The strong FSDP in the
structure factor for the melt and correlations to distances up
to�10 �A indicate the persistence of significant intermedi-
ate range order, as predicted by classical simulations. We
note that the primary local change in the x-ray radial
distribution function for the SiO2 glass at room tempera-
ture and the liquid at 2100 �C is an increase in the size of
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the SiO4 tetrahedra which is analogous to the effect in
liquid water upon heating. The �1:7% increase in the
size of the tetrahedra observed in this study corresponds
to a temperature shift of approximately 50 �C in liquid
water [29].
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FIG. 3. The differential distribution function DX�r� �
4��
GX�r� � 1� multiplied by r [30] highlights the average
deviations in structure from the bulk at longer distances.
Correlations are observed out to 10 Å in the melt. Room
temperature glass (dashed line), hot glass (dotted line), and
liquid (solid line).
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