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Here, we report on the in situ synchrotron inelastic x-ray scattering spectra of Na-borate glasses at high
pressure up to 25 GPa. The pressure-induced boron coordination transformation from �3�B to �4�B is linear with
pressure characterized by a single value of �� �3�B /�P�T. Previous studies of Li-borate and pure-borate glasses
show a nonlinear transformation with multiple �� �3�B /�P�T values for different pressure ranges, revealing the
important role cation field strength plays in densification and pressure-induced structural changes. Considering
the distribution of the energy difference between low- and high-pressure states ���� in the energy landscape
and the variance of the ratio �� to its pressure gradient ���� /�P�T as a measure of network flexibility with
pressure, an amorphous system with a large variance in �� at 1 atm and/or a small ���� /�P�T may undergo a
gradual coordination transformation �e.g., Na borates�. In contrast, a system with the opposite behavior �e.g., Li
borates� undergoes an abrupt coordination transformation. The results and concepts of this study thus can shed
light on opportunities to study the effect of composition on the nature of densification in low-z oxide and other
archetypal glasses and melts.
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I. INTRODUCTION

The nature of pressure-induced structural changes in
amorphous materials remains unsolved in modern physical
chemistry, condensed-matter physics, glass sciences, and
earth science. While the structural transition in crystalline
solids with pressure is described mostly by the first-order
phase transition, in amorphous oxides they are usually char-
acterized by gradual or abrupt changes in atomic structures
such as coordination number �e.g., Refs. 1–15�. An atomistic
prediction using a conceptual model to account for the extent
of gradual transition �i.e., the degree of pressure rigidity—
defined later� is unavailable for many important glass-
forming systems. Experimental studies of pressure-induced
structural changes in glasses with high atomic numbers
�large x-ray scattering factors� have been available as a result
of advances in high-pressure elastic hard x-ray and neutron-
scattering techniques.8,16,17 The situation for glasses compris-
ing low-z elements is limited, until recently,18 due to the lack
of suitable experimental probes. Conventional probes of
low-z glasses such as elastic x-ray scattering, x-ray spectros-
copy with soft x-ray, and vibrational spectroscopy have lim-
ited usefulness and neutron scattering has only been success-
ful at relatively low pressures �below 6–8 GPa�. Solid-state
NMR is useful for investigating element-specific local struc-
tures in glasses quenched from melts at high pressure;1,5,19–23

however, in situ high-pressure NMR for solids with a suffi-
cient resolution is currently unavailable. The inherent diffi-
culties of current technology pose major challenges for prob-
ing structural changes in low-z glasses over wide pressure
ranges.

High-pressure quenched glasses may potentially yield
new classes of materials with enhanced chemical and me-

chanical properties. Na borates are important model low-z
oxide glass-forming liquids, with applications such as tech-
nologically important glasses.24–26 Borate glasses are in gen-
eral one of the prototypical amorphous oxides, along with
silica and germanates, and thus pressure-induced coordina-
tion transformation of the system can provide much needed
insights into the fundamental knowledge behind the struc-
tural evolution of multicomponent covalent oxide glasses
with pressure. Pressure-induced bonding transitions in bo-
rates can be a useful model for structural changes in oxide
melts with pressure, giving insight into the nonlinear pres-
sure dependence of their macroscopic transport properties in
the earth’s interior.27,28 This sheds light on a previously un-
known structure-property relation in oxide glasses at high
pressure. Despite the importance of Na-borate glasses, no
high-pressure experimental data have been available.

Among the many composition controls on the structure of
glasses, the cation field strength �i.e., charge/ionic radii� of
network-modifying cations �e.g., Li+, Na+, and K+� drasti-
cally affects their configurational thermodynamic and trans-
port properties of silicates at constant ratio of network-
modifying cations/network formers.29 While the cation field
strength is likely to play an important role in the pressure-
induced densification in oxide glasses, its effect on the den-
sification in borates and other prototypical oxides has not yet
been explored. Inelastic x-ray scattering �IXS� �or x-ray
Raman-scattering� technique using third-generation synchro-
tron light sources has been successfully applied to probe the
details of electronic bonding structures around low-z ele-
ments in diverse molecules and crystals.2,30–35 It has been
recently demonstrated that IXS technique combined with ad-
vanced x-ray optics and the diamond-anvil cell �DAC�
technique32,34,35 can yield a new opportunity to study the
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bonding changes in low-z amorphous systems at high
pressure.2,31,36 Here, we explore the pressure-induced bond-
ing changes in Na-borate glasses using IXS. With the aid of
our previous studies on other borate glasses,2,31 we elucidate
the marked difference in densification behavior with varying
cation field strength. We account for these differences with a
conceptual model that utilizes pressure flexibility �the resis-
tance to structural changes with increased pressurization� de-
fined by the variance of the ratio of energy difference be-
tween high- and low-pressure states to its pressure gradient.
We also briefly discuss the atomistic origins of the pressure
rigidity in amorphous systems in general.

II. EXPERIMENTS

Sample preparation and synchrotron inelastic x-ray scattering

Na-diborate glass �Na2O:B2O3=1:2 ,NB2� was synthe-
sized by fusing B2O3 glass and Na2CO3 mixtures at 1100 K
for 20 min and subsequent quenching. The glass was loaded
into the sample chamber of a Be gasket in a DAC with a few
ruby spheres �near the center and edge� as a pressure cali-
brant without a pressure medium. Diamonds with flat culets
of 250 �m were used. The thickness of the sample in the
gasket ranged between approximately 80 and 30 �m �de-
creasing with increasing pressure�. This sample cell allowed
us to achieve pressures of 25 GPa with a pressure difference
at this highest pressure of approximately 3–4 GPa between
the center and the edge of the cell. The boron K-edge IXS
spectra were collected at 13ID-C of the GSECARS beamline
at the Advanced Photon Source. The spectra are collected by
scanning the incident-beam energy relative to the analyzer at
a scattering angle of 17° with a linear array of six spherical
Si�660� analyzers.35 The elastic energy �E0� is 9.6845 keV
and the x-ray beam size was approximately 80 �m horizon-
tally and 20 �m vertically. The spectrum at 1 atm was ob-
tained by directly mounting a glass chip at the center of the
goniometer. The raw IXS spectra were background sub-
tracted and normalized to the continuum energy tail above
approximately 210 eV, which apparently leads to form pla-
teaus in the spectra above approximately 205 eV. The con-
tinuum tail with plateau is thus not likely due to unknown
scattering contribution of boron atom that can complicate the
quantification of boron fraction �see below�.

III. RESULTS AND DISCUSSION

Figure 1 shows the IXS spectra of NB2 with varying pres-
sure. As reported previously, a �� feature at approximately
194 eV and broad �� at 203 eV are due to an electron tran-
sition from 1s to an unoccupied antibonding 2pz and a tran-
sition from a 1s to an unoccupied B-O �� antibonding or-
bital, respectively, in tricoordinated boron �3�B. A feature due
to the presence of �4�B appears between 198 and 200 eV,
which corresponds to a transition from 1s to a 2p /2s ��

antibonding orbital.37,38 With increasing pressure, the ��

peak intensity ��3�B� decreases while the �� feature associ-
ated with �4�B increases, which is consistent with the general
trend reported for pure-borate and Li-borate glasses.2,31

Figure 2 shows the variation in the �3�B fraction in alkali-
borate glasses with pressure. The fractions of �4�B and �3�B
are obtained by calculating the ratio of the area under the ��

peak to the total area from 192 to 210 eV and setting the
fraction to 100% at 1 bar. This method has been used suc-
cessfully for model glass and crystalline compounds.37 Lin-
ear backgrounds extending from a �� peak �around 193–194
eV� to 210 eV were subtracted from the spectra shown in
Fig. 1 as suggested by previous B K-edge studies37 to obtain
quantitative fraction of boron coordination environments
�see below for further discussion�. The total intensity of the
spectra �J�total�� from 192 to 210 eV was subsequently ob-
tained. The spectral intensity for �� feature �J����� was ob-
tained by fitting it with a single Gaussian function. The
�J����� / �J�total�� ratio of the sample was further normalized
to the ratio of spectral intensity in the B K-edge of reference
material with 100% �3�B �pure B2O3 glass at 1 atm�. The
�J���� /J�total�� value for pure B2O3 glass is 0.354, which is
consistent with the average value �0.354� predicted from the
borate crystals with only �3�B,39 suggesting the robustness
of the methods used here. The mole fraction of �3�B in
sample borate glass �X��3�Bsample�� is thus expressed as
�J���� /J�total��sample / �J���� /J�total��pure B2O3 glass.
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FIG. 1. �Color online� Boron K-edge inelastic IXS spectra of
Na-diborate �Na2B4O7� glasses with varying pressure, as labeled.
The IXS spectra of Li-borate �red� and pure-borate glasses �blue� at
1 bar have been reported previously and are shown here for com-
parison purposes �Refs. 2 and 31�. The spectra are plotted as the
normalized scattered intensity vs the energy loss �incident energy-
elastic energy�.
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50% fraction of �4�B in NB2 at 1 atm is in agreement with the
value predicted by B-11 NMR.2,26,37 Whereas the slightly
better agreement ��3–4�% deviation from NMR� can be
reached by extending the spectral range above 210 eV as
suggested by the earlier quantification of �3�B fraction in
borosilicate glasses for larger Na2O /B2O3 ratio ��1�,2,37,40

�J���� /J�total��pure B2O3 glass decreases with extension of
spectral range and it further deviates from 0.354. This
strongly suggests that the spectral intensity up to 210 eV is a
reasonable approximation for the quantification of �3�B frac-
tion.

The �4�B proportion increases with pressure up to
84%�4% at 25 GPa almost linearly characterized by a
single value of �� �3�B /�P�T. An abrupt coordination trans-
formation is not observed �Fig. 2�a��. This trend is signifi-
cantly different from those reported for pure-borate and Li-
borate glasses where there are three distinct regions of
�� �3�B /�P�T values: �1� �� �4�B /�P�T �=−�� �3�B /�P�T� is the
smallest in low-pressure ranges �I�, �2� a dramatic coordina-
tion changes �largest �� �4�B /�P�T� are observed in the
intermediate-pressure range �II�, and �3� a considerably
smaller �� �4�B /�P�T in pressure range �III�.31 The varying
behavior of the pressure-induced coordination transformation
in Na-borate glass and other borate glasses demonstrates a
previously unknown effect of cation field strength �in par-
ticular, ionic radii� on the densification behavior of borates.

The difference in densification between Na borates and Li
borates with a crossover pressure �Pc� at approximately 6–8
GPa is also shown �Fig. 2�a�, arrow�. As Li-borate data are
shifted to estimate the possible uncertainty associated with
the pressure gradient in the DAC �red dashed curve, see fig-
ure caption�, the results are not significantly affected by this
change. Below Pc the pressure-induced B coordination trans-
formation is more effective in Na-borate glasses than in Li-
borate glasses, with the situation reversed above Pc. The �3�B
fraction for Na borate at approximately 20 GPa is approxi-
mately 18%, while that for Li borate is approximately 6%.31

We note that the onset of the pressure-induced boron coordi-
nation transformation from �3�B to �4�B in Na borate occurs
under a pressure considerably lower than 6 GPa. More data
points below 6 GPa are necessary to determine the onset
pressure accurately. Figure 2�b� shows the normalized �3�B
fraction in borate glasses, where the �3�B fractions for all
glasses are scaled to be 100% at 1 atm. Again, the densifi-
cation behaviors of pure- and Li-borate glasses are nearly
identical showing a dramatic change around a Pc value of
6–8 GPa, while Na borates show a single densification path-
way.

While further studies are necessary to confirm the atomic
and nanometer-scale origins of the difference in pressure-
induced coordination transformation in alkali borates, it is
clear that the ionic radii and thus the cation field strength and
associated changes in atomic arrangements �e.g., bond length
and angle distribution� play a significant role in the densifi-
cation behavior in alkali borates. There the small ionic radii
of Li+ �0.76 A� may not perturb the densification mechanism
observed for pure-borate glasses. The larger ionic radii of
Na+ �1.02 A� in borates significantly alter the structural tran-
sition with pressure. Whereas Li- and Na-borate glasses have
identical �4�B / �3�B ratios and similar topological structures
�boroxol ring content� at 1 atm, the relative stabilities of �3�B
and �4�B in Li and Na borates diverge significantly at higher
pressure. As discussed earlier,31 �� �4�B /�P�T may be re-
garded as the measure of an energy barrier for the boron
coordination transformation. As the basis of this premise,
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FIG. 2. �Color online� �a� Pressure dependence of the �3�B frac-
tion for Na2B4O7 glass �red� and Li2B4O7 glass �blue�. The red
dashed curve shows the Li-borate data that are shifted to correct for
pressure gradients of 4 GPa at 25 GPa. Here we assume that the
pressure difference between edge and center increases linearly with
pressure. The black dashed lines for I, II, and III represent distinct
pressure ranges with varying �� �4�B /�P�T values. There are two
distinct pressure ranges of densification: above and below the cross-
over pressure. �b� Normalized �3�B fraction in borate glasses. The
�3�B fraction in pure-borate glasses is 100% and that in alkali-
diborate glasses is approximately 50%; however, these fractions are
normalized to the total fraction of �3�B at 1 atm.
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pure- and Li-borate glasses have at least three distinct energy
barriers for coordination transformation and thus multiple
densification mechanisms. For Na-borate glasses, the change
is more gradual with a single structural mechanism for coor-
dination transformation suggesting a single transformation
energy barrier.

To understand the pressure-induced coordination transfor-
mation in amorphous systems, an alternate conceptual model
is needed to account for the difference in the densification
behaviors of Na and Li borates. It is necessary for such
model to describe structural transitions from abrupt to
gradual in terms of the distribution of cluster energy differ-
ence between low- and high-energy cluster states upon com-
pression. For this model it is assumed that the structure of
glasses can be represented by an energy landscape with dis-
tribution of local minima for high-pressure �	� and low-
pressure �
� stable coordination states where the energy of
the �3�B cluster is not constant but rather described by a
distribution that depends on local and medium-range struc-
tures. The energy difference �	−�
 between the two coordi-
nation states with pressure would then be described by a
distribution such as a Gaussian with variance �������2. Such
distribution would result in a variation in the transition pres-
sure �Ptr� where the energy difference between the two states
is 0. Ptr can thus be expressed as the ratio of energy differ-
ence ��	

0 −�

0� at a reference pressure �e.g., 1 atm� to the

isothermal pressure dependence of the difference in the en-
ergy states such that Ptr=−��	

0 −�

0� / ����	−�
� /�P�T. It is

assumed that the cluster energy of each coordination states
increases linearly with pressure and the transition is similar
to the first-order transition in the cold-compressed DAC ex-
periment �see below for further discussion�. With a distribu-
tion of ��, the standard deviation �p=��Ptr� and the Ptr
distribution is thus identical to �(��0 / ���� /�P�T). With a
further assumption that ���� /�P�T is monotonic, �p in-
creases with increasing variance of ��p and decreasing
���� /�P�T. Based on these assumptions, the mole fraction
X
�P� of the coordination state 
 �stable at low pressure� can
now be expressed as

X
�P� = 1 −
1

�p
�2�

�
0

P

exp�− �P� − Ptr�2

2�P
2 �dP�. �1�

Figure 3 shows the variation in X
�P� as a function of
pressure and �p. As �p decreases the coordination transfor-
mation in the glass is more abrupt approaching a first-order
phase as �p goes to zero. For large �p the coordination trans-
formation is more gradual with the coordination transforma-
tion appearing more linear as seen in Na-borate glass. A
small value of �p sharpens the transition about the inflection
point enhancing appearance of three distinct pressure ranges
for �� �4�B /�P�T, as seen in Li-borate and pure-borate
glasses.31 Here, inverse of �p can be regarded as the measure
of an amorphous systems coordination state rigidity with
pressure �defined here as pressure flexibility� that is capable
of accounting for the abrupt or gradual changes in X
�P�. A
glassy system with a large value of �p is thus pressure flex-
ible, implying a more gradual change in the pressure-induced
coordination states. A system with smaller �p may thus be

described as pressure rigid, which would be suitable for de-
scribing an abrupt or polyamorphic transition in a narrow
pressure range. For crystalline materials �p=0 and thus with-
out a variance in ��0 and ����	−�
� /�P�T, X
�P� shows an
abrupt change in the coordination state at Ptr �i.e.,
lim�p=0 X
�P�=1 and 0 if P� Ptr and P� Pt, respectively�.

The above formalism can be used to describe the differ-
ences in the densification behavior between Na-borate and
other borate glasses. Each system can be characterized with a
unique �p where for example the value of �p for Li-borate
glasses is smaller than the value for Na-borate glasses. A
smaller �p value is due to a smaller variance in ��0 and/or a
larger pressure gradient of ��. Since the topological disorder
�and thus the distribution in the energy landscape� in oxide
glasses often increases with increasing cation field strength at
1 atm,41 the smaller �p value for Li-borate and pure-borate
glasses is, therefore, likely due to a larger pressure gradient
of ��. The remarkable difference in densification behaviors
in alkali borates also suggests that borate glasses with larger
ionic radii �e.g., Na+� are more pressure flexible due to a
smaller pressure gradient of ��. Microscopically, the
pressure-induced topological variations in the boroxol rings
�trimember planar ring� and nonrings can play an important
role in their coordination transformation.31 The type of
charge-balancing cations in borate glasses can thus signifi-
cantly affect the stability of the borate topology at high pres-
sure. Therefore, the lower-pressure rigidity in Na borate
compared to Li borate may result from the fact that a larger
ionic radius �Na+� likely reduces the relative stability differ-
ence between the �4�B and �3�B clusters at high pressure. This
leads to a decrease in the pressure gradient of �� and thus
larger �p. Further studies involving varying radii and cation
charge �e.g., K+, Mg2+, and Ca2+� in borate glasses would be
necessary to confirm the systematic effect of composition on
the pressure-induced structural changes. The above concep-
tual model may be used to describe the densification behav-
ior in other cold-compressed noncrystalline systems.
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Whereas the model was derived to explain the pressure de-
pendence for borate glasses, the mathematical model utiliz-
ing pressure rigidity is rather general and can thus be appli-
cable to the other systems. It should be noted that the
experimentally observed X
�P� are not symmetric about Ptr,
suggesting that the Gaussian distribution is an over simplifi-
cation and that more complicating distribution is needed that
considers asymmetrical variations in �� and its pressure gra-
dient. We note that the model is possible mostly because of
the unexpected experimental observation that the trends in
pressure-induced coordination transformation in two alkali-
borate glasses are completely different. This manifests an
experimental verification of the effect of cation field strength
on pressure-induced coordination changes in simple arche-
typal oxide glasses. We finally note that cold compression of
a glass at high pressure could lead to a situation where struc-
tural transition may also be kinetically broadened in addition
to thermodynamic distribution in energy landscape. Kinetic
study of structural relaxation at a single pressure remains to
be explored.42

IV. CONCLUSIONS

In situ high-pressure IXS with advanced x-ray optics and
DAC technology has enabled us to reveal anomalous

pressure-induced structural changes in Na-borate glasses,
which are characterized by a single densification pathway in
stark contrast to the multiple pathways shown in Li- and
pure-borate glasses. The different densification behaviors
among the archetypal-borate glasses are mostly due to the
previously unknown dependence of network flexibility—
defined as the variance of the ratio of �� to its pressure
gradient ���� /�P�T—on cation field strength. The methods
and results of this study provide another insight and oppor-
tunities to study the effect of composition on the nature of
densification in oxide glasses.
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