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Abstract
Wepresent here the results of the x-rayfluorescence (XRF), x-ray photoelectron spectroscopy (XPS),
Field Emission Scanning ElectronMicroscopy (FESEM) andEnergyDispersive Analysis of x-rays
(EDAX), x-ray Reflectivity (XRR), Secondary IonMass spectroscopy (SIMS) and x-rayDiffraction
(XRD) studies of silicafilms spin-coated from aTetraethylOrthosilicate (TEOS) precursor on native
and hydrophilized Al substrates. It is observed that the substrates aremainly porous (porosity∼33%)
AlO(OH), there is a diffuse interlayer of highly porous (porosity∼90%)AlO(OH), essentially a
modification of the substrate, and a top layer of silica composed of nanocrystals with in-plane
dimensions of 100–300 nmand thickness of 2.5 nmwith a sharply defined silica-hydrated alumina
interface. The silica nanocrystals were found in themetastable high pressure cristobalite phases with
the tetragonal orα-phase co-existing in its low (0.77GPa) and high (9GPa) pressure structures. This
indicates a high normal stress developed from the confinement and provides a basis for the
quantitative assessment of the confinement force, which comes out to be higher in value than the van
derWaals force but weaker than theHydrogen bonding force.

1. Introduction

Observation of the evolution of order in simple and complex fluids [1–5] under confinement, as obtained in thin
films of thesematerials, and the striking changes in the physical properties due to such ordering have opened
some new areas of research,most notably in the thermal properties of such ‘nanoconfined liquids’[6, 7]. The
most important physical quantity to emerge from the studies is the ‘confinement force’[8]working along the
direction of confinement and increasing with the decrease in the film thickness [9]. The effect of this force on
liquids and other soft, amorphousmaterials is, as expected, a preferred blocking of degrees of freedom in that
direction that lowers the entropy, giving rise to the observed evolution of order.

Similarly, the effect of the confinement on the growth of crystalline phases has generated intense interest
during the last decade [10–13]. Some studies have focused on the growth of nanocrystals, especially crystalline
nanorods of selectedmetal oxides, confined in oriented nanoporousmatrices, where the pores have high aspect
ratios and are organized in arrays [10, 11]. Themajor results of these efforts are the growth of new polymorphic
phases and the stabilization of intermediatemetastable phases, both controlled by pore-size and orientation of
the pores relative to substrates that are epitaxiallymatchedwith the crystalline phases of the nanorods. Besides
confinement as themajor determinant of the stabilization ofmetastable phases, the very high surface-to-volume
ratio of the nanopores supplies a large free energy to enable the growth of phases not achieved in the bulk.

For growth of a crystal on aflat surface, the role of a nanofilm of the liquid (solution ormelt)providing
material for the growth, confined between the crystal and the substrate has been investigated through in silico
studies [12]. Viscosity of thisfilmwas found to ensure continuous formation of the crystal whereas the attraction
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between the crystal and substrate surfacesmake discontinuous cavities in the liquidfilm. Surface force
measurements between two similar surfaces with afilm of salt solution confined between them indicated an
internal repulsive force to developwhen the film thickness goes below 1μm,which leads to ametastable
amorphous and viscous phase [13].

In contrast to these studies on growth under confinement between identical or at least strongly interacting
interfaces, wewould like to probe the apparently simpler case of confinement between the air-film andfilm-
substrate interfaces. This involves structural investigations onmaterials with known crystalline phases grown
fromprecursors, on a suitable substrate, as ultrathin films of gradually decreasing thickness. This is required to
(1) seewhether novel crystalline phases appear during growth under nanoconfinement and, equally or even
more important (2) an estimate of the energy corresponding to the confinement force. The latter is estimable
from either the bulk growth conditions, in particular the temperature and pressure, of knownphases thatmay
appear during growth under confinement, or from the bond enthalpy of such phases.We are initiating the study
on growth of crystalline phases of silica under nanoconfinement to probe both these aspects.

Oxidesof Si are themost abundantminerals in theEarth crust but in anumberof crystalline andamorphous forms
includingquartz, tridymite, cristobalite, coesite, stishovite, and several otherswith avery rich andcomplexphase space
[14–17]. Thebasic constituent in almost all theseminerals is the tetrahedral SiO4unit arranged indifferentwaysbut the
complexity arises fromthe fact that thebond lengths and thebondanglesmayvary considerably to allow for a varietyof
packing.Compared to the extensive studieson thebulkphases of silica, thedataonnanostructure is sparse.However, a
recent studyon the formationofnanoparticles in thedominantα-quartzphaseunder ambient conditionshas shown
efficiencyof confinement ingenerating this silicaphase that canbegrownonlyunderhigh temperature andpressure
[18].Wehave commenceda similar seriesof studiesherewith thickness in thenanometer scale.

We have spin-coated the silicafilms froma solution of a silica precursor and a suitable reductant on native
and hydrophilized Al surfaces as Al3+ ions have been shown to play a role in the transition of the high
temperature phases of silica [19].While the substrates were found to be porous hydrated aluminawith a highly
porousmodified layer on top, the silicafilm in both cases was found to be composed of isolated nanocrystals
with very high in-plane/out-of-plane aspect ratio. Theywere found in high pressure and low density cristobalite
phaseswhere the tetragonal orα-phase co-existing in its low (0.77GPa) and high (9GPa) pressure structure and
at the ambient conditions. The crystal domain size∼147Å as extracted from the peaks. Comparisonwith the
bulk conditions of growth of cristobalite phases gives an idea of the lower limit of the energy corresponding to
the confinement force.

2. Experimental details

2.1. Silicafilmpreparation
Silica was prepared by the reduction of the silica precursor TetraethylOrthosilicate (TEOS) bymethanol in
presence of acetic acid as stabilizer against SiOx precipitate. 3 ml of TEOSwas dissolved in 30 ml ofmethanol
and a fewdrops of acetic acidwere added. This solutionwas stirred for 2 h under ambient conditions at the rate
of 600 rpm. Then 10ml of the solutionwas spin-coated on the native Al substrate at the rate of 3000 rpm for 25 s
and dried overnight to obtain the thin film on native Al substrate (sample 1).

Tomake silica thin film on hydrophilized Al (sample 2), the Al substrate wasfirst treatedwith (N/20)NaOH
and dried. The same procedure is then followed for obtaining the film.

2.2. X-rayfluorescence spectroscopy
Thequalitative elemental analysis of thehydrophilizedfilmwasdoneby x-rayfluorescence (XRF) spectroscopy.XRF
spectroscopyof the silicafilmonhydrophilizedAl substratewas doneusingAxiosPanalyticalXRFSpectrometer.

2.3. X-ray photoelectron spectroscopy
The elemental composition and the electronic states of the elements present in the native sample (sample 1)were
determined by x-ray photoelectron spectroscopy (XPS). XPS of the samplewas performed in a PHI 5000
VERSAPROBE II scanningmicroprobe (Physical Electronics, USA)withAl Kα (1486.6 eV) x-ray source
operating at 15 kV and 25W, andwith probe size of 10μm.CollectedXPS peak profiles werefit with the
required combinations ofGaussian functions.

2.4. Field emission scanning electronmicroscopy
Themorphology of synthesized thin filmswas studied by FESEM (Model Supra VP35, Carl Zeiss, Germany) at
an applied high tension of 10 keV to obtain images at 50000×and 65000×for sample 1 and sample 2,
respectively. The typical elemental composition of the thin filmswas obtained by energy dispersive analysis of
x-rays (EDAX) in the same instrument.
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2.5. X-ray reflectivity
The x-ray Reflectivity data of the samples were collected using theCuKα (wavelengthλ=1.54Å) radiation
froma sealed tube source in a RigakuDiffractometer for the thickness, average electron density and roughness
measurements.

2.6. Secondary ionmass spectroscopy
Secondary ionmass spectroscopy (SIMS) for the surface analysis of the samples was carried out using a
quadruplemass spectrometer-based SIMS instrument (HIDENAnalytical Ltd, UK). The base pressure was of
the order of 2.3×10–7mbar. The samples were investigatedwith 3 keVO2+ primary ionswith 23 nA current.

2.7. X-ray diffraction
The structure and the crystallographic phase determination of the thinfilm samples were done using x-ray
diffraction. The x-ray diffraction patterns of the filmswere recorded inULTIMA IV x-rayDiffractometer
(Rigaku) operating at 40 kV and 40mAusingCuK α radiation. TheXRDdatawere recordedwith step size
20mdeg (2θ) and step time 1 s from10° to 90° for thesefilms.

Figure 1.X-Ray Fluorescence (XRF) Spectra of Sample 2 showing presence of Al, Si, O, and trace amount ofNa.

Figure 2.X-ray photoelectron spectra of silica coated native Al substrate on its surface at (a) 2p state of Al (b) 1 s state ofO (c) 2p state
of Si. Individual peaks fit withGaussian functions in green and the overall peak profilesfit with the convolution of the functions (red).
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Table 1.Electronic states of elements in silicafilm and native
aluminium substrate from spectroscopy.

State Binding energy (eV) Assignment

Al 2p 72.969, 74.67 Al 2p3/2 (73.0 eV),
Al 2p1/2 (72.7 eV)
Al2O3(74.6 eV)

O1 s 532.62 O1 s (532.9 eV in SiO2)
Si 2p 99.52, 104.17 Si 2p3/2 (99.4 eV in Si element),

Si 2p (103.5 eV in SiO2)

Table 2.Parameters of the two-layermodel used to calculate the
reflectivity profile of sample 2.

Thickness (nm)
Average electron

density (εnm−3)
Interfacial

roughness (nm)

2.56 400 1.5

8.90 16 0.3

Figure 3. Field Emission Scanning ElectronMicroscopy images of silica spin-coated on (a)native and (b) hydrophilized Al substrates.
Log-log plots of counts of holes (pores) of different areas in the (c)native Al and (d)hydrophilized Al substrate as functions of the hole
area.
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3. Experimental results

3.1. X-rayfluorescence andphotoelectron spectroscopy:film composition
XRF spectra shows the presence of Al, O,Na and Si. The presence of silica is confirmed from theXRF spectra and
shown infigure 1. The trace amount ofNa observed comes from theNaOHused to hydrophilize the Al substrate
(table 1).

Collected XPS peak profiles werefit with the required combinations ofGaussian functions.
Figure 2 and table 2 summarize the results of XPS analysis. The data shows peaks in the 70–80 eV, 530–533

eV and 90–105 eV ranges, corresponding to the 2p band of Al, 1 s band ofO and 2p band of Si respectively. The
two peaks in the first range, namely 72.969 eV and 74.67 eV can be assigned toAl 2p3/2 in pure Almetal state and
Al2O3 respectively, providing evidence of the formation of a layer of Aluminiumoxide on the Al substrate. In the
second range, the peak at 532.6 eV corresponds to theO 1 s state in SiO2 in the cristobalite phases and in the third

Figure 4.EnergyDispersive Analysis of x-rays (EDAX) spectroscopy of (a) silica spin-coated on hydrophilized Al substrate with (b)
showing the element analysis of the spotmarked in (a).
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range, the two peaks at 99.52 eV and 104.17 eV correspond to, respectively, the Si 2p3/2 of elemental Si and Si 2p
state of SiO2 cristobalite phase [20].

3.2. Field emission scanning electronmicroscopy: in-planemorphology
Images obtained fromFESEMof samples 1 and 2 are shown infigure 3(a) and (b), respectively. Both show
scattered nanocrystals on a highly porous background. The images were analysed using the ImageJ Freeware of
theNationalHealth Service (NHS), USA. The dimensions of the crystals of sample 1 lie between 100 nmand
300 nm,while those of sample 2 lie between 200 nmand 400 nm. The results of EDAX carried out on a spot
located on a randomly selected nanocrystal (a) of sample 2 are shown in (b) offigure 4. As expected, the
dominant composition is Al indicating the substrate. However, the next strongest signals are fromSi andO,
confirming the composition of the nanocrystals to be some oxide of silicon.

It is apparent from the FESEM images that the Al substrates in both samples have high porosity. In fact, the
porosity is around 70% in both cases. Also, the area of the pores falls within the 14000 nm2

–100000 nm2 range
with thosewith the lowest area having the dominant (∼80%) fraction. The probability P (given by the counts in

Figure 5.X-ray reflectivity profile (data in open black circles, a) and ElectronDensity Profile (line, b) of silicafilm on hydrophilized
substrate built from the thickness and average electron density (aed) values (table 2) from the two-layermodel that generates the
reflectivity profile (open red circles) in (a). The porosity profile in (b) is generated by considering the aed offilm to be that of silica
(600ε/Å3) and that of the interlayer and substrate to be that of AlO(OH) (150ε/Å3).
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figure 3(c) and (d)) of a pore having areaA has a functional dependence onA given byP=kAp, with p=−2.41
for sample 1, and p=−2.29 for sample 2.

3.3. X-ray reflectivity: electron density profile alongfilm thickness
Specular reflectivity profile, i.e., Reflectivity as a function of qz (component of scattering vector normal to sample
surface, qz=(4π/λ)sinθ, θ=incident angle) of the sample on hydrophilized Al substrate is shown (black open
circles) infigure 5(a). A two-layermodel with the parameters given in table 2, used in the Parratt analysis scheme
[21], generated the profile shown in red open circles in thisfigure, is satisfactory within the data quality. The
electron density profile of the three-layermodel, with average electron density (aed) and thickness values from
table 2, is shown infigure 5(b). The interfacial roughness (ρ) denotes thewidth of the error function used to
model the interface. The aed of the substrate and thefilm-substrate ρ came out to be 100 εnm−3 and 2 nm,
respectively.

3.4. Secondary ionmass spectroscopy: distribution profile
The results of SIMS studies on sample 1 (native) and sample 2 (hydrophilized) are summarized infigure 6(a) and
(b) respectively. Due to the lack offlatness of the sample surfaces, the craters created by the ion beam could not
bemeasured accurately and thus the spectra are plotted against the time of irradiation of the samples by the ion
beams (inms) instead of the depth of themass species from the surface. The depth is proportional to the time.

From figure 6(a) it is shown that silica layer sits on the top of the native Al substrate with a depleted layer
beneathmixed the alumina (Al2O3) layer which is obvious fromXPS study. Fromfigure 6(b) for the
hydrophilized substrate there is penetration of the silica and extendedmixingwith the alumina. The presence of
sodium in the substrate due to the use ofNa for the preparation of hydrophilized Al substrate.

Figure 6. Secondary IonMass Spectroscopy of the samples (a) silica on native Al and (b) silica on hydrophilized Al. Al, Si signals are
shown in case of native sample and alongwith themNa signal is shown in case of hydrophilized sample.
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3.5. X-ray diffraction: crystalline phases
Fromfigure 7 for thefilm on the native Al substrate, the strong Bragg peaks in the XRDpattern comes from the
cubic Al with a=b=c=4.0634Å. Theweak but clear peaks (inset) at 22.365˚ and 24.125˚ could be assigned
to the reflections from the (100) plane of the low-pressure (0.77GPa) [14] and from the (101) plane of the high-
pressure (9GPa) [16]α-cristobalite phase of silica, respectively. Both phases have tetragonal structures with
a=b=4.898Å, and c=6.130Å for the high pressureα-cristobalite phase and a=b=4.898Å, c=6.768Å
for the lowpressureα-cristobalite phase. This result of the XRD analysis of sample 1 is summarized in the
table 3.

On the other hand for thefilm on hydrophilized Al substrate, themain peaks infigure 8 are due toAlO(OH)
in an orthorhombic phasewith a=4.7128Å, b=4.2221Å, c=2.8315Å. The presence of the 0.77GPa and the
9GPaα-cristobalite phases are reproduced by the presence of the (100) and (101) reflections (inset),
respectively. The presence of these phases are confirmed infigure 9 by the higher order reflections peaks at
58.151° (301) (inset c) and 69.479° (221) (inset d) corresponding to the 0.77GPa and 9GPa structures,
respectively. These XRD results for the hydrophilized sample or sample 2 are summarized in table 4.

4.Discussions

4.1. Film composition and structure
XREF, XPS, FESEM, EDAX, XRD and SIMSwefind that the sample consists of silica nanocrystals of in-plane
dimensions of 100–400 nmand aspect ratio 2–3, sitting on a substrate. The substrate is composed alumina,most
probably hydrated, having a porosity of nearly 0.7, as averaged over the normal to the substrate (FESEMhas very
poor resolution along this direction), andwith a distribution of pore sizes dominated strongly by the smallest
pores of diameter (∼ 130 nm).

FromXRR,we find that the sample can bemodeled as a two-layer film sitting on aAlO(OH) substrate with
33%porosity, where the top layer electron densitymatches with silica with 33%porosity and a large roughness,
of nearly half the layer thickness, beween the layer and air, both consistent with isolated nanocrystals. The
thickness of this layer∼2.5 nm, hence the nanocrystals have very high (40–160) length-to-thickness ratios. The
next layer has a thickness∼8.9 nm and its electron densitymatches withAlO(OH)with 90%porosity. It has a
sharp interface with the silica layer and a very diffuse interface with the substrate. Hence the porosity of this layer
and that of the substrate average out along the normal to yield the value given by FESEM.

Wehave summarized these results in the schematicmodel presented infigure 10. It is clear that the second
layer obtained fromXRR is in fact a highly porous diffusemodification of the Al substrate, itselfmodified to
hydrated alumina. The silica nanocrystals have a dimension of only a few lattice constants normal to the
substrate.

4.2. The cristobalite phase
Cristobalite is one of themost widely studied silica phases or, to bemore precise, family of phases.However, the
cristobalite phase space is itself quite complicated due to existence ofmetastable phaseswith a continuous range

Figure 7.X-ray diffraction pattern recorded for silicafilm onnative Al substrate. Inset: assigned peaks of the cristobalite from (100)
and (101) plane repectively. See text for details.
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Table 3.Assigned x-ray diffraction peaks of the silica film on native Al substrate.

Sample name Main Bragg peaks (Substrate)
Peaks of cristobalite

Peak position (2θ) Assignments/crystallograpghic plane PhasesOf cristobalite Unit cell parameters

SilicaOnNative Main peaks are predominantly due to Al, Cubic phase. 22.365° (100) Lowpressureα-cristobalite phase, Tetragonal a=b=4.898Å,
Al (Sample 1) a=b=c=4.0634Å c=6.768Å

24.125° (101) High pressureα-cristobalite phase, Tetragonal a=b=4.599Å,
c=6.130Å
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of lattice parameters over a large range of temperature and pressure. Again it has been predicted [22] and found
[16] that some of the transitions among the cristobalite phases depend on the compression rate.

The stable ambient pressure (∼ 0.1GPa), high temperature (1743K) phase is the cubicβ-cristobalite phase
with eight SiO4 tetrahedra in its unit cell. This phase becomesmetastable as the temperature is lowered till, at
around 440K [19], it goes into themetastable tetragonalα-cristobalite phasewith amuch smaller unit cell
having four SiO4 tetrahedra.

Theα-cristobalite phase has a continuous range of structures over pressures ranging fromambient to 1.8
GPawhere the Si-O bond length remains constant at around 1.6Å and the Si-O-Si bond angles of the SiO4

tetrahedra varyingwithin 108° and 111° but the Si-O-Si bond angle between two corner-sharing tetrahedra
varying continuously from146.49° to 140.4° thus changing the packing [14]. Under slow compression, at
around 1.8GPaα-cristobalite transforms to another stable phase, themonoclinic cristobalite-II [22]. However,
under fast compression, theα-cristobalite phase could bemaintained till 10GPawith a inter-tetrahedral Si-O-Si
angle further reduced to 127.8° at 9.1GPa [16].

In our silica film,we have found theα-cristobalite phases that form in bulk at 0.77 and at 9.1GPa and at
around 440K. The corresponding cell volumes are 162.4 Å3 and 129.6 Å3, the aspect ratios (c/a) are 1.38 and
1.33, and the inter-tetrahedral Si-O-Si angles are 142.1° and 127.8°. Hence the effect of confinement is seen to be
like producing a very high pressure andmoderately high temperature environment. It is also apparent that there
is an enormous pressure gradient present in the film (∼ 9GPa over 200Å). Since the aspect ratio is not changing
significantly over this huge pressure range, this pressure ismost probably equally active over all the cell faces. It is
also to be noted that confinement is giving rise tometastable phases of silica, similar to its effect in giving rise to a
one-dimensionally ordered,metastable phase in polystyrene [4].

Figure 8.X-ray diffraction pattern for the silica on hydrophilized Al substrate. Inset: assigned peaks of cristobalite from (100) and
(101) plane repectively. See text for details.

Figure 9.Close-up views of assigned peaks of cristobalite on hydrophilized Al substrate at 58.151˚(301) (Inset c) and 68.479˚ (221)
(Inset d). See text for details.
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Table 4.Assigned x-ray diffraction peaks of the silica film on hydrophilized Al substrate.

Sample name Main Bragg peaks (Substrate)
Peaks of cristobalite

Peak position (2θ) Assignments crystallograpghic plane Phases Unit cell parameters

Silica on hydrophilized Al substrate Main peaks are due to 22.68° (100) Lowpressureα-cristobalite phase, Tetragonal a=b=4.898Å,
(Sample 2) c=6.768Å

AlO(OH), 24.368° (101) High pressureα-cristobalite phase, Tetragonal a=b=4.599Å,
c=6.130Å

Orthorhombic phase, 58.151° (301) Lowpressureα-cristobalite phase, Tetragonal a=b=4.898Å,
a=4.7128Å c=6.768Å
b= 4.2221Å 69.479° (221) High pressureα-cristobalite phase, Tetragonal a=b=4.599Å,
c= 2.8315Å c=6.130Å
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4.3. The confinement force: probable cause and estimate
Aswe have found, the silica nanocrystals formed in the spin-coating process have large dimensions in the plane
of the substrate but thickness only about a few times the lattice constants of the silica crystalline phases. Also, the
interface between these crystals and the substrate is very sharp. The very high degree of confinement normal to
the substrate and the high potential barrier presented by the sharp interface lead to a large confinement force.

Two other points are to be noted. The high porosity of themodifiedAlO(OH) substrate gives rise to a very
large interfacial free energy [11]. This can add to the free energy equivalent of a high pressure and temperature
ambience. Again, the lattice constants of AlO(OH) (in contrast to Al) being closer to those of the cristobalite
phases, ismore likely to reduce the interfacial stress. This gains relevance from the fact that the high pressure
phase, with lattice constants closer to AlO(OH), is observed only on the hydrophilized substrate.

From the structural data of the phases, especially that corresponding to the bulkα-cristobalite phase at
9.1GPa, we can estimate the average forces acting on the ab, bc, and ca faces to be around 1.9 pN, 2.5 pN, and
2.5 pN, respectively. This is about an order lower than the hydrogen bonding force between a host and a guest
molecule [23]. In absence of directmeasurement of van derWaals force between silica crystallites, we can
compare the energy of van derWaals interaction between silica particles across water (∼ 10–23 J− 10–22 J) and a
rough estimate of the energy corresponding to the confinement force (∼ 10–21 J) andfind the latter to be about
one order ofmagnitude higher than the former.

5. Conclusions and outlook

Wehave carried out x-ray Fluorescence Spectroscopy, x-ray Photoelectron Spectroscopy, Field Emission
Scanning ElectronMicroscopy and EnergyDispersive Analysis of x-rays, x-ray Reflectivity, Secondary IonMass
Spectroscopy, and x-rayDiffraction studies on silica films spin-coated on native and hydrophilized Al substrates
under ambient conditions fromTEOS precursor reduced bymethanol. Each sample was found to consist of a
layer of ultrathin nanocrystals of silica on a highly porous layer of hydrated alumina, amodification of a porous
AlO(OH) substrate.Weak but clear peaks of silica were observed that could be assigned to the high temperature
and high pressuremetastableα-cristobalite phasewith structures corresponding to those at 0.77 and 9.0GPa.
These observations provide uswith a quantitative estimate of the confinement force, whose value falls between
those of the van derWaals force and theHydrogen bonding force.
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