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Abstract

We determine the structural origin of an ‘“atomic-spring-like effect” in a glassy silica-

helium composite, which exhibits this mechanical property that reversibly accumulates

and restores energy at the subnanoscale based on a high-pressure experimental pair

distribution function study combined with atom-scale molecular simulations. These

unexpected experimental results were obtained by using a 3 pum-spot size-61 keV X-ray

beam and large area detector and by subtracting the scattered intensity due to helium
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outside the sample from the silica signal at the same focal point for each pressure point.
The compression behaviour of the glassy silica-helium composite is characterized on a
structural level by the change from a uni-to-bi-modal distribution in the inter-tetrahedral
distances in the amorphous isotropic structure of silica. We propose a simple
characterization of this atomic-spring-like glass property using impedance spectroscopy

measurements.

INTRODUCTION
Amorphous materials are structurally complex elements or compounds, some of which
exhibit network glass topologies, with on-going fundamental questions on their local
[?]/intermediate[**] orders, transitions between ‘polyamorphs’[>°] or in the liquid state
[7#]. These features, which are responsible for interesting physical properties, are widely
used in optical and electronic devices as found in the special case of the archetype glassy
silica, g-silica. The pair distribution function method is the technique of choice to resolve
the structural correlations in these materials, but its application to high pressure studies

has to date been limited due to the difficulty of accessing sufficient momentum transfer



for the scattered radiation when using diamond anvil cells. In this study, we have been
able to overcome many of the issues that have limited previous work, and have obtained
accurate x-ray structure factors up to Q =22.5 A-!. This new capability has allowed us to
obtain evidence of a novel structural mechanism that we have associated with an atomic-
spring-like effect in the g-silica—He composite. An atomic-spring could be used in
subnanoscale devices and sensors to measure “nano” forces and would offer an
outstanding energy dissipation mechanism. The g-silica-He composite does not, at first
glance, appear as an appropriate candidate for such an issue as g-silica is not defined as a
porous material and only 0.0084 mol/cm®/GPa of He were found to be inserted in g-silica
at pressures up to 0.13 GPa [9]. However, g-SiO, exhibits a corner-sharing SiO4
tetrahedra local structure which forms voids of n-fold rings (with n > 2, in g-S102 mostly
n=4,5,6,7,8) [*!%1?] the radius of which is large enough for He (rne=1.3 A) to be
inserted under pressure in the most common six-membered units [13], (¥s-fold ring =1.5 A).
This scenario was confirmed and up to 1 mole of He could be inserted experimentally ['*
161 (0.53 mole theoretically)[17] in g-silica under pressure. Interestingly, He as a
pressurization fluid can be considered as a penetrating medium, whereas Ar atoms
(ra=1.88 A), cannot be inserted so that pressurization using this fluid results in the normal

densification of the material under compression. So far, the mechanism of helium



insertion has never been determined, so to gain insight we performed an in situ structural
investigation of helium insertion in g-silica at the beamline ID27 of the European
Synchrotron Radiation Facility (ESRF) based on a high-pressure X-ray pair distribution
function study (HP-PDF).

RESULTS AND DISCUSSION

High-quality PDFs require high-energy photons and access to large scattering angles to
measure data to high values of momentum transfer (Q = 4x sin 6/1) [*'%!8]. In addition,
in order to obtain reliable HP-PDF, Bragg and Compton scattering from the diamond
anvils have to be removed. These surprising experimental results were made possible by
using a large area detector and by subtracting the scattered intensity of the 3 um-spot size-
61 keV X-ray beam due to helium from the g-silica signal at the same focal point [19] for
each pressure point (Figure S1). The raw detector image data are shown, Figure S2, whilst
reduced and corrected data at Patm and 8.8 GPa used for structural modelling are shown
in Figure 1. The X-ray structure factor of g-silica obtained at Patm in the diamond cell up
to Q = 22.5 A! along with the structure factor calculated from an empirical potential
structure refinement (EPSR) model [2>2!] are shown on Figure 1.

The EPSR procedure generates an atomistic structural model subject to more than the
singular constraint of “fitting” the experimental data. Aside from matching the measured
structure factor, the model has to be consistent with the underpinning physical and
chemical requirements of system density and relative atomic sizes that govern the
distances of shortest approach that can be accommodated within the material. When

modelling a covalent glass such as silica, the EPSR procedure also uses Coulomb



interactions between silicon and oxygen sites to maintain the local chemical
stoichiometry of the network, where the silicon atoms are assigned an effective charge of
+4, and each oxygen atom a charge of -2 units. Collectively, these underpinning
constraints limit how the atom-pair structural correlations can be accommodated in the
model, and consequently mean that the refined structure will be unable to perfectly match
the experimental data if they include systematic errors that are inconsistent with these
fundamental criteria. As such, EPSR is a more robust mechanism to extract structural
information from challenging experimental data than a direct rationalisation based on
simply performing a Fourier transform of the measured structure factor to obtain a PDF
assuming that the data have been perfectly collected and normalised. The analysis
framework is in essence ensuring that the models are structural configurations that are
consistent with both the measured structure factor and the a priori assumptions about the
fundamental physical and chemical constraints that govern the system. Specifically, for
the short-range interactions in g-silica, EPSR is only constrained by the Si-O bond length
and the charge imposed requirement for silicon to be surrounded by oxygen atoms (and
vice versa) in preference to directly bonded interactions of Si-Si and O-O type. At the
pressures investigated, there is no reason to assume that the Si-O bond length would be
shorter than the adopted 1.6A average, found in bulk silica at STP, and so the refined
models accommodate the pressure induced changes in the experimental structure factors
through modifications to the angular correlations in the network and the second neighbour
and longer pair correlations. The statistically best defined region of the experimental data,
which dominates the refinement process, corresponds to the medium range network
structure which is most subject to change in the pressure ranges investigated.

Upon increasing pressure, the first sharp peak of the X-ray structure factor of g-silica



decreases in intensity and broadens up to the highest pressure reached, Figure 1b (see also
Figure S3). The comparison of the partial radial distribution functions obtained from the
EPSR model with those simulated by molecular dynamics using the CHIK -potential [22]
show very good agreement and are shown in Figure S4. This consistency between the two
modelling approaches enhances our confidence that the local structure of g-silica derived
by our atomistic structure refinement of the experimental scattering data is robust. In the
EPSR structural model, the helium inserted values Nye’ at each pressure point were fixed
to those determined using a poromechanical model relying on atom-scale Grand
Canonical Monte Carlo simulations [17], see Figure S5. The partial radial distribution
functions for Si-Si, Si-O, O-He obtained from the EPSR model are shown on Figure 2a-
c, respectively. These data provide a means of understanding the structural modifications
induced by the helium insertion at high pressure. The pressure induced changes consist
of: 1) a broadening of the Si-Si distance distribution (inter-tetrahedral distances) between
the first and second coordination shells (Figure 2a), which additionally results in the
appearance of a new contribution, observed above 3 A, in the Si-O RDF (Figure 2b), and
i1) a decrease in the O-He distance distribution with increasing pressure, which becomes
sharper as a result of helium confinement (Figure 2c). Based on the EPSR model, access
to bond angle distributions was possible and the Si-O-Si distributions are shown in Figure
2d. This representation gives the probability of a given bond angle, P(0si-o-si), and is
corrected for solid angle sampling, where the number of angles available at an angle 0 is
proportional to sin 0[>*?%]; the estimation of the mean bond angle values can be obtained
as the sum of these probabilities P(0si-0-si) is equal to 1, so the mean is simply the point
where X(P(0si-0-si)) is 50% (Figure S6). At Patm the Si-O-Si angle was found to have a

mean value of 164° that is in agreement with literature reports from first principles



calculations [*>*°], PDF['®?7] and NMR studies [28]. As already observed in Figure 2a
with the Si-Si distance distribution, increasing pressure results in a change from a uni- to
a bi-modal Si-O-Si bond angle distribution with the mean value decreasing from 164° to
161° at the highest pressure reached.

The pressure dependence of the Si-Si, Si-O and O-He coordination numbers obtained
from the EPSR model is shown on Figure S7. This can be compared with previous high
pressure studies which did not use any pressure transmitting medium and which resulted
in an observed densification of g-silica mainly characterized by an increase in the Si-O
coordination number to 6 for pressure greater than 15 GPa?’. As already mentioned based
on our HP-PDF study, He-insertion prevents the collapse of the framework and the Si-Si,
Si-O first coordination number stay similar in the investigated pressure range. It has to be
noted however that experiments performed without pressure transmitting medium (PTM)
introduces strain into the glass sample and changes the structure in a different way as
pressure is not hydrostatic at all (huge deviatoric stress). Using a non-penetrating PTM
would give the genuine control result of the scattering from an unfilled SiO> glass at the
given pressures, but only if you could be sure that the non-penetrating PTM has been
accurately subtracted in the analysis. All non-penetrating PTMs will have a higher
scattering signal /absorption to that of the He PTM used here making them more difficult
to subtract accurately. Therefore, our present data can only be reliably be compared with
calculations®*!,

In order to understand the change in the local structure of g-silica due to helium insertion
characterized by HP-PDF, it is particularly interesting to note the structural consequences
of compression/gas insertion in microporous silica. In siliceous zeolites, compression

behaviour is generally associated with changes in inter-tetrahedral bridging angles in the



SiO, framework resulting in a strong increase in pore ellipticity [*%]; such a mechanism
can be blocked by gas insertion, which will fill pores and prevent pore collapse [>>]. As
previously mentioned, the local structure of g-silica is defined by corner-sharing SiO4
tetrahedra forming n-fold rings. During He-insertion, He-atoms (rpe=1.3 A) are small
enough: 1) to be inserted under pressure in the most common six-membered rings [13] (7s-
fold ring =1.5 A) and prevent collapse of the framework and ii) to induce a change from uni-
to bi-modal distribution in the inter-tetrahedra distance, which could be considered as a
local distortion of the ring as determined by this HP-PDF study. Compression behaviour
of g-silica in He therefore induces a splitting in the Si-Si distance distribution (Figure2a)
associated with the appearance of a new contribution in the Si-O pair correlations at
approximately 3 A (Figure2b) and induces a bimodal Si-O-Si bond angle distribution
(Figure 2d) which is consistent with the pressure-induced local symmetry breaking
reported by Shi and Tanaka®¢. Figure 3a schematically represents the mechanism of He-
insertion in a six-membered rings, in which insertion of He-atoms acts as an atomic-
spring-like preventing ring collapse and inducing a local distortion under compression.
Note that the He-insertion induced appearance of a local distortion could not be predicted
in the poromechanical model, as such a microscopic change in the local structure would
require density functional theory calculations using a similar g-silica cell dimension as

those of the models used here, which is not currently achievable [6].

In order to characterize He-insertion in g-silica, which is found to exhibit an atomic-
spring-like effect as described above, Sato et al. previously reported microscopic
observation of the system to estimate the equation of state of g-silica in a penetrating (He)

and non-penetrating medium (methanol-ethanol)!®. Later, Weigel et al. [*’] used the



Clausius-Mossotti relationship to estimate the helium inserted values Nue” based on the
measurement of the refractive index in g-silica, studied by Brillouin spectroscopy [**].
Due to the relationship between refractive index, dielectric permittivity and complex
impedance, the spring glass properties of the g-silica-He composite can be determined by
impedance spectroscopy (Figure S10). Figure 3b shows the pressure dependence of the
relative impedance data (Z/Z)) obtained for g-silica in a penetrating (He), i.e. atomic-
spring-like, and non-penetrating medium (gasoline F) up to 1.6 GPa during
compression/decompression. It is interesting to note first that both data exhibit an
equation of state-like profile with Z/Z, values higher in He than those in gasoline. Data
are perfectly reproducible under decompression and this is consistent with a reversible
mechanism of He insertion/removal. Additionally, relative impedance values for a
penetrating/non penetrating medium at the highest pressure reached, i.e. ~ 0.957/0.932,
are in qualitative agreement with those reported for V/Vy (~ 0.975/0.95); notably, the
impedance difference value is similar to that of the volume difference between the two
sets of data in a penetrating/non penetrating medium (~2.5%). Impedance spectroscopy
measurements probe an absence of change in the electron density of state in g-silica
within this pressure-range, which depends therefore only on the volume; this is why one

can understand such similarities between Z/Zy and V/V, data. Note that estimated values



of the relative volume based on impedance measurement are probably more accurate than
those estimated by microscopic observation due to a greater sensitivity and resolution.
CONCLUSIONS

The present study has determined the structural mechanism linked to He-insertion in g-
silica based on an EPSR model, which was only possible with accurate high-pressure X-
ray structure factors. The “atomic-spring mechanical property” should arise from the
reversible elastic distortion of the glass network due to the presence of helium, mainly in
six-membered rings of SiO4 tetrahedra, under pressure. We have shown the reversibility
of the behaviour in Figure 3c based on impedance spectroscopy measurements. This
reversibility was already observed by Sato et al.!*, Weigel et al. based on Brillouin®’” and
Raman spectroscopy measurements®’. Admittedly this study does not provide X-ray
PDF derived structural evidence of the associated elastic behaviour, and in light of this,
perhaps the term “spring-like” would be a more appropriate description. As previously
mentioned, from a poromechanical perspective, up to 0.5 mole of He can be inserted in
the most common six-membered rings, both preventing the collapse of the ring due to
atomic-spring-like effect and inducing a local distortion in the isotropic glass matrix. Such
a composite can easily be achieved and characterized as shown by the present example

of impedance spectroscopy measurements.
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We expect that the present finding will stimulate further investigation in order to use such

an effect in applications in sub-nanoscale devices and sensors which would enable to

measure infinitesimal forces and would offer an exceptional energy dissipation

mechanism. Such a strategy could potentially provide, for example, an interesting

approach from the perspective of energy storage capacity.

Supporting Information

The Supporting Information describes the methods used in the present study
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Figure 2. Pressure dependence of the partial radial distribution functions from EPSR
model of g-silica-He composite: (a) gsi-si(7), (b) gsi-o(r), (¢) go-ue(r); arrows either show
the appearance of a bi-modal distribution or of a new contribution, and (d) Pressure

dependence of Si-O-Si bond angle distribution functions.
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Figure 3. Atomic-spring-like effect in g-silica. Mechanism of He-insertion in an example
of a six-membered rings obtained (a) at Patm and at (b) 8.8 GPa from PDF data, in which
the presence of He-atoms acts as an atomic-spring preventing ring collapse and inducing
uninomodal (d)-to-bimodal (dp + 8, dp-8) distribution of the inter-tetrahedral distance;
red, blue and white spheres represent Si and O and He atoms respectively (c) Pressure

dependence of the relative impedance measurements (obtained at 2 MHz) of g-silica with

a penetrating medium (He) and on a non-penetrating medium (Gasoline F).
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Methods
High-Pressure Pair Distribution Function Study

The g-silica sample consists of a 54 um thick Suprasil F300 platelet containing less than 1ppm
OH (Heraeus Quartzglass, Germany), which was measured as a function of pressure up to 8.8
GPa using a diamond anvil cell (DAC) at room temperature with a helium pressure transmitting
medium and a ruby sphere to measure pressure calibration!, Figure Si(left). Scattering
Geometry of the HP-PDF study, Figure S1(right), is also shown in order to identify the
constrained geometry using a DAC governed by the opening angle of the diamonds and their
backing discs. In this experiment Boehler-Almax 80° (40)- large aperture angle diamonds were

specifically used to access sufficient momentum transfer for the scattered radiation.

An X-ray energy of 61keV and a Perkin-Elmer flat panel large area detector was used on the
ID27 instrument at the ESRF.
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Figure S1. (left) g-silica-He loaded DAC. g-silica, ruby sphere and He are shown. (right)
Scattering geometry of the HP-PDF study.

We used Fit2D to mask the diamond Bragg spots and other obvious spurious aberrations in the
data for the X-ray beam passing through the DAC and the sample (Fig S2(a)) and offset from
the sample (Fig S2 (b)) as a background. It was then used to generate the scattering as a function
of (azimuthally averaged) 26 for each dataset. These data were then normalised using
GudrunX?,

We emphasise that the diamond Bragg spots were removed by generously masking out those
regions on the detector where they occurred such that the background was largely featureless.
A background measurement was taken at each pressure to account for any change of DAC
geometry with pressure and the same mask was used for all datasets. The background

subtraction will also remove the diamond Compton contribution.

Fit2D accounts for polarization and Gudrun accounts for absorption and multiple scattering of
the sample. Sample absorption and multiple scattering were most likely very small and likely
to be smoothly varying with 20 and unlikely to contribute any ‘features’. They might not be so
small for the diamonds, but this would be the same for both measurements. Note that the
difference plot, Figure S2c, exhibits non-concentric circles which arise from the shadowing of
the various apertures in the set-up (gasket hole, backing discs etc.) and are the result of moving
the DAC between the measurements in Figure S2(a) and Figure S2(b). Therefore, we only

included the parts of the detector where the subtracted data were the cleanest (note that the mask
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was the same for every measurement). In order to validate such a procedure, which could show
some artifacts at high Q, the Empirical Potential Structure Refinement models below were run
using the entire Q-range (to 22.5 A™) and with a reduced Q-range up to 15 A applied to the

input experimental data.

o o

Si0,

Diamond Diamond

Sio,

Difference

Figure S2. a-silica-He intensity profile of a 2-dimensional diffraction pattern of a 3 um-spot
size-61 KeV beam from (a), g-silica + Helium, (b) Helium, (c) difference, (d) intensity of the
g-silica-He x-ray total scattering.

Empirical Potential Structure Refinement (EPSR)

EPSR uses a simple Lennard-Jones + Coulomb pair-wise potential to restrain the model, as well
as the data. The L-J parameters were chosen to mimic the Van der Waals radii and were fixed
at the same value for all pressures. The coulomb charges were +2 (Si), -1 (O) and 0 (He).

S3



1.96 GPa 42 GP =
Exp L . a Ny
1+ EPSR 0.5 | J EPSR
Res. | | Res.
i |
. __ oo} ||
o a
~— 0O —
U'Jx rn"
05} |
T 10F
0 5 10 15 20 0 5 10 15 20
Q (A" Q (A7)
Exp. I
6.64 GPa EPSR
Res.
|
or |
o
-
>
[72]
At
0 5 10 15 20

QA"

Figure S3. g-silica-He composite structure factor Sx(Q) (black). (a) at 1.96 GPa, (b) at 4.2
GPaand (c) at 6.64 GPa; red and blue lines show calculated EPSR model and the difference

between calculated and experimental data, respectively.

The comparison of the obtained partial radial distribution functions obtained from the EPSR
model with those simulated by molecular dynamics using the CHIK-potential® show a near

perfect agreement, Figure S4.

sS4



up()

2

0

ap()

-2

0

Si-O

- 6 -
a
[ N
Si-Si =
o
0 2 4 6 8 10 0
1 (A)
1 c
1 0-0
0 2 4 6 8 10
r(A)

Figure S4. Comparison of the partial radial distribution functions obtained from molecular
dynamics (black) and those from EPSR model for g-silica at Patm (red) (a) Si-Si, (b) Si-O, (c)

0-0

In the EPSR structural model, the helium inserted values Nwe” at each pressure points were

fixed to those determined using a poromechanical model*, Figure S5.
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Figure S5. Helium inserted values Nne" (He-atoms/nm?®) obtained from a poromechanical

model*. Blue circles are the pressures in this PDF study

1.00

0.75

& 0GPa
—e— 196 GPa
—®—42GPa
—e—6.64 GPa
—e—88CGPa

120 140

eSi-O-Si(o)

160

180

Figure S6. Sum of Si-O-Si bond angle distributions P(6si.o-si). Estimation of the mean bond

angle values can be obtained as the sum of these probabilities P(0si-o-si) is equal to 1, so the

mean is simply the point where X(P(Bsi-0-si)) is 50%.

Si-Si Coordination

0O-He Coordination

[
o

N
»

12

10

—O0GPa

——1.96 GPa|
L 4.20 GPa

——6.64 GPa|

——8.80GPa
0 1 2
0

S6

Si-0 Coordination

28

24|
20}

16
12

—0GPa

—1.96 GPa

4.20 GPa
——6.64 GPa
——8.80 GPa




Figure S7. Pressure dependence of Si-Si, Si-O and O-He coordination number determined in

this study

As the data in Figure S2 do show some artifacts at high-Q which probably arise from a not-
quite perfect background subtraction, the full set of EPSR models were re-run with the reduced
Q-range of 15 A1 which was applied to the input experimental data. The X-ray structure factor
of g-silica obtained at Patm in the diamond cell up to Q = 15 A-! along with the structure factor

calculated from EPSR model are shown on Figure S8.

Reduced Q-range (15 A1) data and EPSR models:

1.5
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= 00} ‘ / J : %
w - w
05
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Figure S8. g-silica-He composite structure factor Sx(Q) (black) limited to 15 A: (a), at Patm,
(b), at 8.8 GPa; red and blue lines show calculated EPSR model and the difference between

calculated and experimental data, respectively.

The partial radial distribution functions for Si-Si, Si-O, O-He, as well as the Si-O-Si bond angle
distributions obtained from the EPSR model (using a Q-max of 15 A for the experimental
data) are shown on Figure S8a-d, respectively and are in perfect agreement with our original
results (using a Q-max of 22.5 A ). As explained above, this confirms i) that our analysis using
EPSR largely ignores these high-Q data with their associated low statistics and ii) completely
validate the results of this HP-PDF study.
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Figure S9. Pressure dependence of the partial radial distribution functions from EPSR model
of g-silica-He composite obtained from Sx(Q) limited to 15 A™: (a) gsi-si(r), (b) gsi-o(r), (C) go-
He(r); arrows either show the appearance of a bi-modal distribution or of a new contribution,

and (d) Pressure dependence of Si-O-Si bond angle distribution functions.
High-Pressure Impedance Spectroscopy Study

The Clausius-Mossotti relationship for a-silica-He composite can be written as:

2
nc—1
3¢ 2 Nsio, ®sio, + NyeQpe

€o0: permittivity of free space

n= ngfsioz : refractive index of the composite

Nsio,, Nye: density values of SiO2 and He

Asio,» Xsio,- Polarizability of Si0, and He

Impedance measurements as a function of frequency 100 kHZ-3 MHz were performed up to
1.6 GPa on g-silica (Suprasil F300) disk of (dimensions) metallized with gold on both faces,

Figure S9, with a Rhode Schwartz impedance analyzer on the third stage of a Unipress gas
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compressor using either a penetrating (He), i.e. atomic-spring-like, and a non- penetrating

medium (gasoline F). The pressure was measured with a manganin gauge.

Figure S10. g-silica disk used for impedance measurements
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