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High-pressure fluorescence line narrowing (HPFLN) has been used to characterize the local structure of
Eu + ions in sodium disilicate glass up to 210 kbar. HPFLN spectra, measured at 77 K, were analyzed using
crystal-field theory. As pressure was increased from ambient to approximately 40 kbar, a redshift of the
Do~ Fo excitation band was accompanied by a simultaneous decrease in the Eu + site crystal-field strength

and a lengthening of the fluorescence lifetime from approximately 2.3 to 2.4 ms. These trends were reversed
above 40 kbar, as crystal-field strength increased with pressure and lifetime decreased linearly to approxi-
mately 1.4 ms at 210 kbar. The Do+—Fo excitation band broadened significantly above 70 kbar and continued
to shift red above 150 kbar. HPFLN results are interpreted in terms of structural changes in the silicate glass
matrix and compression of the Eu bonding environment. Lifetime and intensity changes are attributed to a
pressure-induced increase in the electron-phonon coupling to local vibrations. Pressure-induced crystal-field
effects are used to deduce characteristics of high- and low-crystal-field-strength sites in ambient pressure
glasses. Spectral and lifetime results for the sample released from high pressure show that a new local Eu +

structure is formed during decompression.

I. INTRODUCTION

Inorganic glasses doped with rare-earth or transition-
metal ions continue to be an important class of optical ma-
terials. Although the luminescence properties of these mate-
rials depend intimately on the local structure of the dopant
ions, elucidation of this structure remains challenging. The
lack of periodicity of structure in glass limits the applicabil-
ity of conventional x-ray-diffraction techniques. Newer tech-
niques, including extended x-ray-absorption fine structure
(EXAFS) and neutron scattering, have been successfully
used to obtain information about average bond lengths and
coordination numbers. Ideally, however, site-specific struc-
tural information for the dopant is desired.

Optical spectroscopic methods allow one to probe the lo-
cal environments of dopant ions in a glass. Among these
methods, fluorescence line narrowing (FLN) spectroscopy
has proved useful for obtaining local structure information. '

The disordered structure of the glass leads to site-to-site
variations in the local bonding and electronic energy levels
of dopants and a consequent inhomogeneous broadening of
spectral features. In FLN spectroscopy, the inhomogeneous
broadening is suppressed by using a laser excitation source
with a linewidth that is much narrower than an absorption
band of the dopant. Only dopant ions in sites that permit
absorption resonant with the laser are excited. As a conse-
quence, the resulting fluorescence spectrum is greatly simpli-
fied and ideally represents the contribution from one or a
small number of distinct bonding sites. Tuning of the excita-
tion source over the entire inhomogeneous absorption band
permits the sampling of all bonding sites. Crystal-field analy-
sis of FLN spectra can be used to develop quantitative pa-
rameters related to the local structure. These parameters can

then be used to analyze geometrical models of the ensemble
of bonding environments occupied by a dopant in a glass. In
practice, accidental degeneracy, phonon-assisted absorption,
and energy transfer can complicate the interpretation of FLN
spectra. These topics are discussed in detail in the text.

In addition to providing the local structural information
useful for modeling and predicting the technological optical
properties of doped glasses, FLN spectroscopy can be used
to probe structural transformations that occur in glass. Dur-
ville et al. and Capobianco et al. , for example, have used
FLN spectroscopy to probe nucleation of crystalline phases
in glasses to produce glass ceramics.

The theme of our work is to use high pressure to system-
atically alter the local structure of luminescent dopants in

insulating crystalline and glassy materials. The basic effect
of compression is to reduce the volume of the material
through distortions of bond lengths and bond angles. Our
goals are to relate local structure to optical properties and to
develop optical methods for probing pressure-induced struc-
tural transformations.

Previous high-pressure optical studies of crystalline mate-
rials have shown that pressure generally leads to an increase
in dopant crystal-field strength and an enhancement of the
nephelauxetic effect. These effects have been exploited to
assist in assigning spectral transitions, to deduce local sym-
metry and to resolve overlapping spectral features. Much of
the recent work has emphasized level crossing in Cr +-doped
crystals ' and covalency and crystal-field effects in a
variety of transition metal' ' and rare-earth-doped
crystals, ' including those doped with Eu +. ' ' In ad-
dition, Chen et al. demonstrated amorphization of Eu(OH)3
at high pressure using Eu + fluorescence spectroscopy.

High-pressure optical studies of transition-metal- or rare-
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earth-doped glasses are far less common due to the more
complicated nature of these systems. The optical absorption
studies by Tischer of Cr +-doped glasses up to 50 kbar indi-
cated that Cr + adopts a nearly regular octahedral bonding
configuration in oxide glasses and that crystal-field strength
and covalency both increase with pressure. ' Tischer and
Drickamer also reported tetrahedral-to-octahedral conver-
sions of Co + and Ni + in silicate and phosphate glasses at
high pressure. More recently, Soga et al. used Eu + fluo-
rescence to study densification effects in borate glasses
quenched from high temperatures and pressures.

In a context independent of the optical materials charac-
terization described above, geologists have long been inter-
ested in the effects of pressure on the phases, structures, and
bonding of minerals, melts, and glasses. The interest has
been prompted by a desire to understand the processes that
occur at the high-temperature and high-pressure conditions
that prevail in the Earth s interior. A variety of techniques,
including infrared ' and Raman spectroscopies,
NMR, and diffraction techniques, ' have been applied
in situ at high pressure or on pressure-quenched samples.
Although the majority of work has considered undoped sys-
tems, a number of studies focusing on optical absorption of
transition metals in naturally occurring or synthetic analogs
of geological materials has been reported. " These studies
have considered the effects of pressure on coordination num-
ber, crystal-field strength, cation partitioning, bulk modulus,
and phase stability. An important finding from the studies of
undoped silica and alkali or alkaline-earth-modified silicates
is the ability of pressure to increase the coordination number
of Si from 4 to 5 and 6.

In this paper we describe an experiment, high-pressure
IIuorescence line narrowing (HPFLN) spectroscopy for
studying the high-pressure properties of glass. The experi-
ment combines the site-selective potential of FLN spectros-
copy with in situ high-pressure characterization. Our goal is
to develop a fluorescence-based probe of pressure-induced
changes in glass structure and at the same time to correlate
these changes with optical properties of luminescent dopants
in an effort to develop structure-property relations for optical
glasses.

We report the results of HPFLN studies of sodium disili-
cate (Na20-2Si02) glass using Eu + as the Iluorescent probe.
Eu + was selected because its nondegenerate Do~ Fo tran-
sition is ideally suited for FLN analysis. ' Sodium disilicate
glass serves as a model composition from both the optical
materials and geological minerals perspectives. We found a
decrease in the Eu +-site crystal-field strength up to -40
kbar followed by an increase in field strength up to 210 kbar.
The changes in crystal-field strength were accompanied by
an increase in fluorescence lifetime up to —40 kbar followed
by a decrease. The increased width of the Do~ Fo band of
Eu + with pressure indicates that Eu + occupies a wider
range of structural sites at high pressure. Spectra obtained on
release of pressure indicate an irreversible distortion of the
Eu + bonding environment. These effects are discussed in
terms of likely pressure-induced structural rearrangements
and coordination changes.

II. EXPERIMENT

A. Sample preparation

The Eu +-glass sample (molar composition
0.94Eu20&-32.86Naz0-66. 15Si02) was prepared in a manner

similar to that used by Cormier et at'. Appropriate amounts
of Eu20s, Na2CO3, and amorphous Si02 (Aldrich) were
ground together using mortar and pestle. The powder was
placed in a platinum crucible and melted at 1300 C for 1 h
in an ambient atmosphere box furnace. The melt was
quenched in de-ionized water, recrushed, and remelted to
ensure homogeneity. The glass product was annealed at
500 'C for 1 h.

B. Diamond anvil cell

Large hydrostatic pressures were generated using a modi-
fied Merrill-Bassett diamond anvil cell (DAC), custom built

by Eire, Inc. Low-fluorescence diamonds with a culet diam-
eter of approximately 0.7 mm were used. The sample cham-
ber consisted of a 250-pm hole drilled in a pre-indented
Inconel gasket. Small pieces of the glass sample (character-
istic dimension 100 pm) were loaded in the sample chamber
along with the ruby chips used as the pressure calibrant. A
4:1 methanol:ethanol solution was used as the pressure
fiuid. " The methanol:ethanol quid remains hydrostatic to
104 kbar, above which small nonisotropic stresses may de-
velop. Nonisotropic stresses can be detected by broadening
of the ruby R lines used in the pressure calibration. No sig-
nificant nonhydrostatic effects were detected over the pres-
sure range encountered in this study. Pressure was increased
at room temperature, and the DAC was allowed to equili-
brate for at least 1 h at each pressure step. Spectroscopic
measurements were carried out at 77 K by submerging the
DAC in liquid nitrogen.

C. Laser spectroscopy

The laser spectroscopy apparatus consisted of a
Q-switched Nd:YAG laser (Continuum NY-61) pumping a
tunable dye laser (Spectra-Physics PDL-3). The dye was a
60:40 mixture of rhodamine 590 and rhodamine 560 (Exci-
ton, Inc.). The dye laser pulse duration was approximately 10
ns and had a width of approximately 0.1 cm '. This system
showed low-amplified spontaneous emission in the tuning
range of this study (570—583 nm).

The DAC was submerged in a custom-built liquid nitro-
gen Dewar equipped with quartz windows (Cryo Industries).
Fluorescence was collected in front-face mode and focused
on the entrance slit of a 1-m monochromator (SPEX 1704).A
slit width of 300 p,m was used in the FLN experiments,
yielding a band pass of approximately 0.24 nm at 600 nm.
The detector was a cooled Hamamatsu 2228 photomultiplier
tube (PMT). A PMT signal was sent to a fast preamplifier,
followed by an amplifier discriminator and photon counter
(EG&,G ORTEC 9301, 9302, and 934, respectively). Alter-
natively, time-resolved FLN spectra were collected by send-
ing the PMT signal directly to a Stanford Research Systems
boxcar integrator (SR250) which allowed control of the sam-
pling gate delay and width. Scans were performed using soft-
ware developed in house. This apparatus was also used to
generate Do~ Fo excitation spectra by fixing the detection
system near the peak of the Do~ F2 emission and then
scanning the dye laser across the absorption band.

Fluorescence decay measurements were performed by
sending the PMT signal directly to a digital storage oscillo-
scope (LeCroy ScopeStation 140) equipped with 10 kA load
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resistor. Decays were measured for different excitation wave-
lengths by monitoring Dp —+ F2 emission at 612 nm. Be-
cause of the weak signals associated with the diamond cell, it
was necessary to detect the strongest part of the fIuorescence
spectrum in all cases, and wide slits (2 mm, 1.6 nm band-
pass) were used. Consequently, our results represent an over-
all decay time at each pressure. Decays were slightly nonex-
ponential in all cases. Lifetimes were calculated in two ways.
First, a single-exponential fit of the slightly nonexponential
data was performed. Second, the integrated area of the nor-
malized decay curves was calculated. The methods yielded
similar lifetimes and showed identical trends. The integrated
areas are reported here.

HcF=X Bk (v)Ct, (8, 4').

The angular Ck (8,$) spherical tensors are directly related to
the spherical harmonics 1'k (8,$) and can be calculated
analytically. The radial BI, terms are the crystal-field pa-
rameters and are normally treated as empirical quantities cal-
culated using experimental energy levels and a fitting proce-
dure. Crystal-field parameters can be predicted from theory
using the relation Bk =A„(v")(1—ok), whe. re (v ) are
related to the radial wave functions, o.j, is a correction factor
accounting for the shielding effects of outerlying 5s and 5p
electrons and Ak are the crystal-field components, defined
as"

AI,
e2 Ck (HJ @,)

4m'
Z'

0 j J
(2)

The sum is over all ligands in a glass or all ions in a host
lattice. Z is the magnitude of each point charge, and R is
the radial distance from the rare-earth ion to point charge j.
It should be noted that because of the uncertainty in the
determination of the radial wave functions, theoretical calcu-
lations of the crystal-field parameters are at best
approximate.

Symmetry of the rare-earth-ion bonding sites is used to
simplify the crystal-field Hamiltonian. Lempicki et al. have
derived energy equations and crystal-field matrix elements
using the operator-equivalent method for Eu + in a number
of site symmetries, neglecting the effects of J mixing. The
crystal-field analysis in this work is based on the equations
of Lempicki et al. for C2„symmetry. C2, is the highest
symmetry that allows complete splitting of all crystal-field
components, and it has been used extensively in the crystal-
field analysis of Eu + in oxide glasses. Arguments for select-

III. CRYSTAL-FIELD ANALYSIS

A. Theory

Crystal-field theory and its application to rare-earth ions
has been described in detail by Wybourne and reviewed by
Morrison and Leavitt. Crystal-field theory treats ions of the
host matrix as point charges in space and assumes that inter-
actions between the rare-earth ion and its ligands are purely
electrostatic. Bond covalency terms are neglected, and nei-
ther the spatial extent of the electron clouds nor orbital over-
lap is formally considered. With these assumptions the elec-
trostatic crystal-field Hamiltonian can be written:

ing C2„symmetry have been described by Brecher and
Riseberg. The relationship between the operator equiva-
lents and spherical-tensor crystal-field parameters is de-
scribed by Morrison and Leavitt.

The fact that J mixing is neglected in our analysis should
be addressed. J mixing refers to the mixing of MJ compo-
nents of electronic states with different J values by the
crystal-field potential. J mixing has often been neglected in
crystal-field analyses of Eu +

energy levels, primarily be-
cause of the large separation (-12 000 cm ') between the
ground-state manifold ( FI) and the first excited state
( Do). Energy-level calculations with and without J mix-
ing in Eu + crystals have shown that reasonable results can
be obtained when J mixing is neglected. J mixing has a
more serious effect on the calculation of the transition inten-
sities. We leave J mixing as a future refinement of our analy-
sis. By neglecting J mixing in this paper, we allow direct
comparison of our high-pressure results with the large body
of previous work in which J mixing is neglected as an ap-
proximation.

B. Determining energy levels from FLN spectra

Simple crystal-field analysis of Eu + bonding requires
knowledge of the energies of the three Stark components of
the F i state and the five components of the F2 state relative
to the ground-state energy. The energies are commonly de-
termined by fitting the Dp~ F, 2 FLN spectra with the
appropriate number of Gaussian line-shape functions. This
method was used in our analysis using commercial nonlinear
least-squares-fitting software.

Several studies have pointed out the presence of a broad-
band background beneath the line-narrowed spectra of Eu +

oxide glasses. ' Belliveau and Simkin attribute the back-
ground to nonresonant excitation of Eu + ions resulting from
a phonon-assisted absorption process. We believe energy
transfer may also contribute to the broadband background,
particularly in our glass, which has a relatively high dopant
concentration (0.94 mol % Eu203).

We have corrected for the energy transfer or phonon-
assisted absorption broadband background beneath the
Dp ~ Fi band in the manner described in detail by Bel-

liveau and Simkin. The method involves using additional
Gaussian bands to account for the broadband background,
particularly when the high-energy side of the D0~ Fp tran-
sition is excited. Although a broadband background beneath
the Dp~ F& bands implies a similar effect associated with
the Dp~ F2 transition, we have not attempted to correct
this band and performed the Dp~ F2 fits with five Gauss-
ians in all cases. The overlap of the Stark components in the
Dp~ F2 band leads to a degree of arbitrariness in the fit-

ting of these energy levels. In order to produce a consistent
set of energy levels at pressure, positions of the five

Dp —+ F2 bands of the previous pressure were used as the
initial values in the Gaussian fits. Using additional Gaussians
to fit this band only increased the arbitrariness, and we found
no physical justification for using more than five bands. This
was especially true for the high-pressure FLN spectra, where
significant Dp~ F2 structure is lost. Consequently, ambi-
guity exists in our fitted energies of the high-pressure
Dp —+ F2 Stark components. This ambiguity resulted in in-
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creased uncertainty in the crystal-field parameters, particu-
larly those of rank k=4 (B4o, B42, and B44).

C. Crystal-field parameter and strength calculations

The crystal-field parameters were calculated using the
operator-equivalent-derived equations of Lempicki et al.
for C2, symmetry (J=l and 2 components only) and the

eight experimental energy levels determined from the FLN
spectra. A fitting procedure based on a simplex algorithm
was used to estimate the crystal-field parameters. The accu-
racy of the fitting procedure was confirmed by successfully
reproducing fitted energy levels reported in the literature. '

Methods for estimating the overall scalar crystal-field
strength (Sc„) were developed by Auzel ' and Leavitt.
The functional form used here is

CO

Q)

'Do 'F2

ex

80nm-

78 nm

77 nm—

1 1
~cF=

3 X 2~ Bao+ 2 g (Re B„+Im B„)
3 k 2k+1 m)p

1/2

76.5 nrll

(3)

Because of the expected uncertainties in our B4 parameters,
we have found it useful to also calculate the k=2 contribu-
tion to the overall crystal-field strength separately:

1 1
~cF =

3
—(B2o+ 2B2z)

1/2

(4)

IV. RESULTS

A. Ambient-pressure FLN spectra
and crystal-field calculations

Figure 1 illustrates a representative set of FLN spectra
collected at ambient pressure and 77 K at a gate delay of 100
p,s. Collecting the spectra at the short gate delay was per-
formed to minimize energy-transfer effects. Despite the
100-p,s gate delay, evidence of energy transfer and phonon-
assisted absorption was still present in the spectra as seen in
the nonresonant Dp —+ Fp emission near 580 nm. The re-
sultant broadband background was accounted for during the
Gaussian fitting procedure as described above.

Table I lists the crystal-field parameters calculated from
the FLN spectra using the operator-equivalent equations of
Lempicki et al. for C2, symmetry. Also listed are the
strength parameters ScF and SCF. Both SCF and Scp de-(2) (2)

creased as the excitation wavelength was lengthened.
Lifetime measurements were performed for a series of

excitation wavelengths while monitoring emission at the
peak of the Dp~ F2 band near 612 nm. A slight lengthen-
ing of the lifetime with increasing excitation wavelength was
observed, which is consistent with the general trend observed
by Brecher and Riseberg. We did not correct for the broad-

Sc„ is a parameter that quantifies the overall crystal-field
strength based primarily on the crystal-held-induced splitting
of the Dp~ F, transition. A similar procedure was used by
Dexpert-Ghys et al. to quantify overall crystal-field strength
in Eu -doped aluminoborosilicate glass. We note that in

order to allow comparison of ScF and Sc„ to values pre-
sented in recent studies, we converted the operator-
equivalent Bk parameter values to the spherical tensor
values prior to the ScF calculations.

560 580
I I

600 620

Wavelength (nm)

I

640 660

FIG. 1. Eu +:sodium disilicate glass FLN spectra at atmospheric
pressure and 77 K. Spectra were collected during a 15-ps gate at a
delay of 100 p,s after the laser excitation pulse. Excitation wave-

length is indicated at the right of each spectrum and with a small
vertical arrow. Spectra are normalized to the Do~ F

& peak inten-

sity.

band background in the lifetime measurements, which ex-
plains why the lifetime trend observed here was less signifi-
cant than that observed by those authors.

B. HPFLN spectra and crystal-field calculations

Three separate pressure runs were performed and FLN
spectra were measured at a total of 18 different pressures.
Over 160 spectra were collected for this sample. Represen-
tative sets of HPFLN spectra are provided in Figs. 2 and 3 at
66 and 210 kbar, respectively. The fluorescence signal was
weak and sensitive to the sample —pump-beam alignment due
to the small sample size (-l00 pm) used with the diamond
cell. Alignment, therefore, had to be carefully optimized at
each pressure. Because of the weakness of the fluorescence
signal, it was impossible to perform the time-resolved, short-
gate-delay measurements, and so the spectra were collected
in a photon counting mode. Consequently, the HPFLN spec-
tra represent all of the photons emitted over a 3-s counting
time and necessarily contain any long-time energy-transfer
effects. In addition, the range of wavelengths used to excite
the sample at each pressure was determined by the signal
strength.

In addition to any alignment and sample size effects, an
actual decrease in the overall fluorescence intensity was ob-
served as the pressure was increased. Factors explaining the
intensity decrease are addressed later. It can be noted here
that the loss of intensity was reversible, as the signal strength
returned when the pressure was released.

The effect of pressure on the Dp+—Fp transition was
assessed by measuring excitation spectra as a function of
pressure. The results are summarized in Fig. 4, where the



52 HIGH-PRESSURE FLUORESCENCE LINE NARROWING OF 15 767

TABLE I. Crystal-field parameters at atmospheric pressure. '

Pressure
(kbar) (nm)

B2o
(cm ') (cm ')

B4o
(cm ')

B42
(cm ')

B44 ScF SCF Lifetime(2)

(cm ') (cm ') (cm ') (~0.05 ms)

atm 576
576.5
577
577.5
578
578.5
579
579.5
580
580.5

—714
-673
-619
-585
-543
-479
—414
-342
—252
—192

376
412
418
432
406
410
404
367
327
211

—94
—111
—110
—118
—119
—111
—121
—112
—115
—96

984
987
995

1006
1014
1012
1013
1076
1113
1037

-539
—584
-460
-409
-322
-259
—85

83
247
348

535
533
515
512
500
477
465
459
453
405

385
369
343
329
305
276
245
208
163
117

2.15

2.11

2.28

2.32

'Rex is the laser excitation wavelength. B& are the operator-equivalent-derived crystal-field parameters based
on Lempicki's equations for C2, symmetry. Sc„and SQ are the overall crystal-field strength parameters
defined in Eqs. (3) and (4) and were computed after converting the listed BI, to their spherical tensor values

(Ref. 56). Lifetime values correspond to the integrated area of the normalized decay curves.

horizontal lines represent the full width of the band at half
peak intensity and the symbols represent the approximate
peak maxima. An initial redshift of approximately 0.012 nm/

kbar was observed as the pressure was increased from 0 to
-47 kbar. The peak position then remained largely un-

changed between 47 and 130 kbar. A further small redshift
was observed as the pressure was increased above 130 kbar.
The bandwidth remained unchanged up to approximately 70
kbar, followed by increased broadening at higher pressures.

In order to compare spectra and parameters at different
ressures, we felt it was necessary to follow the shift in the
D p ~ Fp band. We have attempted to follow the same set

of "sites" during compression by comparing spectra corre-

sponding to the same region in the shifting Dp~ Fp band.
In Fig. 5, for example, the HPFLN spectra approximately
correspond to excitation of the peak of the Dp~ Fp band.
The excitation wavelength is listed with each spectrum. As
can be seen in Fig. 5, compression gradually leads to in-
creased crystal-field splittings, increased linewidths, and the
loss of structure, particularly in the Dp~ F2 band.

Crystal-field parameters were calculated for all excitation
wavelengths at all pressures. Representative results are pre-
sented in Table IE. Also listed are calculations of the overall
crystal-held strengths SCF and SCF and the fluorescence life-
times. The overall crystal-field strength parameter Sc„ is
plotted versus excitation wavelength for a series of pressures

ex

580.5 nm

ex

81.5 nm

80.5 nm

580 nm

579 nm

80 nm

578 nm
579 nm

560 580 600 620

Wavelength (nm)

I

640 660 560 580 600 620 640 660

Wavelength (nm)

FIG. 2. Eu +:sodium disilicate glass HPFLN spectra at 66 kbar
and 77 K. The excitation wavelength is indicated at the right of each
spectrum and with a small vertical arrow. Spectra are normalized to
the Do —+ F& peak intensity.

FIG. 3. Eu +:sodium disilicate glass HPFLN spectra at 210 kbar
and 77 K. The excitation wavelength is indicated at the right of each
spectrum and with a small vertical arrow. Spectra are normalized to
the Do~ F& peak intensity.
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250

200-

atm

150-

(0

100-
CO
Co
Q)

CL

50-

kbar

7 kbar

8 kbar

154 kbar-

0- 190 kbar-

576 577 578 579 580 581 582 583
Wavelength {nm}

560 580 600

Wavelength (nm)

620 640 660

FIG. 4. Peak position (R) and full width at half maximum

(length bar) of the Do~ Fo excitation spectra of Eu +:sodium
disilicate glass at 77 K. Excitation spectra were measured by scan-

ning the dye laser across the Do~ Fo band while monitoring

Do —+ F2 emission at 612 nm. Uncertainties are approximately
~0.2 nm.

FIG. 5. Eu +:sodium disilicate glass HPFLN during compres-
sion at 77 K. Excitation wavelength is indicated at the right of each
spectrum and with a small vertical arrow, and corresponds to the

approximate peak intensity of the Do~ Fo band. Spectra are nor-

malized to the Do~ Fi peak intensity.

in Fig. 6. ScF parameters corresponding to the peak of the
Do+—Fo band are plotted in Fig. 7. The major observation

in Fig. 7 is that as the pressure was increased to -40 kbar, a
decrease in the overall field strength was observed, followed
by a field-strength increase as pressure was increased above
40 kbar. The same trend was observed when corresponding
regions of the Do~ Fo band were excited during the pres-
sure experiments, suggesting that all sites undergo a decrease
followed by an increase in crystal-field strength with pres-
sure.

Pressure had a significant effect on the Do state lifetime.
Representative results are listed in Table II and are illustrated
in Fig. 8. The lifetimes roughly correspond to excitation near
the peak of the Do+ Fo band in each case. We observed an
initial increase in the lifetime from -2.3 ms at ambient pres-
sure to -2.4 ms at 40 kbar. This was followed by a gradual,
approximately linear (—0.0063 ms/kbar) decrease in the life-
time as the pressure was increased from 35 to 210 kbar. The
lifetime at 210 kbar for 580-nm excitation was -1.4 ms.

C. Pressure release

Fluorescence spectra on pressure release indicated that
some irreversible structural change took place during the
pressurization-release cycle. After pressure release, the
sample was allowed to relax for 24 h at room temperature
prior to the fluorescence measurements. Room-temperature
broadband spectra and representative 77-K FLN spectra are
compared for the sample before and after pressurization in
Fig. 9. The most obvious difference in the spectra was the
increased relative intensity of the hypersensitive Do~ F2
emission for the sample pressurized to 210 kbar. The spectra
in Fig. 9 indicate that a permanent distortion towards in-

creased asymmetry of the Eu + bonding sites took place dur-

ing the pressurization-release cycle. In addition to the rela-
tive intensity changes, the lifetimes of the sample released
from high pressure were significantly shorter than those prior
to compression (Table II).

A return of fluorescence intensity was also observed on
pressure release. As discussed above, the overall fluores-
cence signal decreased with increased compression. The in-

tensity effect was reversible, and the signal from the released
sample was similar to that prior to pressurization.

V. DISCUSSION

FLN studies provide a means of investigating variations
in the local bonding environment of Eu + ions in inorganic
glasses. In this discussion, Eu +-site crystal-field strengths,
Do~ Fo band energies, and Do state fluorescence life-

times are used to develop a description of the local Eu +

bonding environment in silicate glasses. In addition,
pressure-induced changes in FLN spectra and structural pa-
rameters are used to improve our understanding of local
structure in both the high-pressure and ambient-pressure
glasses.

The ability to develop unique local structure models using
FLN spectra has been called into question by a number of
researchers. ' In particular, recent simulation studies have
shown that accidental degeneracy may be more significant
than previously considered, with multiple local Eu + bond-
ing geometries yielding the same Do~ Fo energy. We do
not propose unique structural models based on our HPFLN
results. Rather, we provide a qualitative description of the
high- and low-field-strength sites in silicates that we believe
is consistent with a variety of experimental data.
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TABLE II. Representative crystal-field parameters at high pressure. '

Pressure
(kbar)

66

134

210

atm

(release)

~ex
(nm)

577
578
579
580
578
579
580
578
579
580
581
579
580
581
577
578
579
580

B20
(cm ')

—639
—558
—440
—302
—594
—501
—374
—630
—593
—471
—378
—615
—545
—483
—612
—522
—412
—294

(cm ')

417
450
440
340
491
497
449
466
506
487
340
543
540
536
393
423
419
381

B40
(cm ')

—98
—126
—126
—112
—120
—140
—137
—119
—120
—130
—108
—114
—128
—137
—110
—111
—117
—131

B42
(cm ')

1104
1088
1093
1067
1060
1117
1129
1285
1287
1298
1105
1310
1156
1131
1123
1068
1037
1050

(cm ')

—437
—233
—124

211
—268
—151

81
—141

—2
96

476
—23

—109
—108
—276
—274
—118

159

ScF
(cm ')

542
529
498
447
532
532
501
596
581
566
472
601
550
532
541
504
470
455

S(2(

(cm ')

353
318
262
186
340
298
235
354
327
283
220
356
324
296
337
298
247
190

Lifetime
(~0.05 ms)

2.40
2.43
2.50

2.31
2.34

1.83
1.78

1.38
1.43
1.51
1.59
1.66
1.50

'X„ is the laser excitation wavelength. BI, are the operator-equivalent-derived crystal-field parameters based on Lempicki's equations for

Cz, symmetry. ScF and ScF are the overall crystal-field parameters defined in Eqs. (3) and (4) and were computed after converting the listed

Bk to their spherical tensor values (Ref. 56). Lifetime values correspond to the integrated area of the normalized decay curves.

A. Ambient-pressure FLN

The ambient-pressure FLN studies of the Eu +-doped so-
dium disilicate glass yielded results consistent with previous
studies of Eu + ions in silicate glasses. ' ' In addition to
the characteristic oxide glass FLN spectra, the derived
crystal-field parameters and field-strength calculations (Table

I) are similar to literature results. Despite the similarity of
various oxide glass FLN spectra and parameters, no strong
consensus exists on the nature of the local structure around
Eu'+.

Cormier et al. have suggested that no individual struc-
tural factor greatly influences the electronic spectra of doped
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FIG. 6. Overall scalar crystal-field strength ScF [Eq. (4)] as a
function of Do~ Fo excitation wavelength. L, atmospheric pres-
sure; ~, 33 kbar; +, 75 kbar; ~, 113 kbar; V, 190 kbar;, 210
kbar. Uncertainties (not indicated) are approximately ~15 cm

FIG. 7. Overall scalar crystal-field strength SctFl [Eq. (4)] as a
function of pressure. The values were derived from spectra gener-
ated by excitation of the peak of the Do~ Fo band, which shifts
to the red during compression.
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FIG. 8. Lifetimes of the D0 state at 77 K as a function of
pressure. Excitation wavelengths approximately follow the peak of
the Do~ Fo band: 0—33 kbar: X„=579 nm. 47—210
kbar: P „=580nm. D0~ F2 fluorescence was detected at 612
nm. Lifetimes of the slightly nonexponential decays were deter-
mined by integrating the area of the normalized decay curves.

ions in inorganic glasses and that "it is the overall electro-
static and covalent energy of the individual sites together
with the site-to-site variation of this energy which hold the
greatest inhuence. " We believe these two factors, overall
electrostatic energy and overall covalent energy, are linked to
two experimental parameters. Specifically, we assess the
overall electrostatic energy of the Eu + bonding environment
with the field strength parameter Sc„, and we assess overall
Eu-0 bond covalency with the energy of the Dp~ Fp tran-
sition according to the nephelauxetic effect.

It is important to note that we restrict the nephelauxetic
effect analysis to compositionally similar modified silicate
glasses or to different sites within a single glass. The review
by Antic-Fidencev et al. shows clearly that the D p state of
Eu + shows little or no correlation with parameters such as
bond length and coordination number when a variety of crys-
talline hosts are compared. We recognize concerns raised by
these observations, but believe using the Dp+ Fp transi-
tion energy to assess overall Eu-0 bond covalency is reason-
able in our case, since both the nature of the ligands and the
local structure are expected to vary gradually and continu-
ously over different sites within a particular silicate glass.
According to the nephelauxetic effect, therefore, we associ-
ate the low-energy side of the inhomogeneously broadened
Dp+ Fp band with a more covalent Eu-0 environment and

the high-energy side of the band with a less covalent Eu-0
environment.

The correlation between Eu +-site crystal-field strength
and the Dp+—Fp band energy in silicate glasses is well
established. Figure 6 shows that high-energy Dp~ Fp

bands are linked to high-field-strength bonding sites and
low-energy Dp~ Fp bands are linked to low-field-strength
sites. The same trend can be seen in Fig. 6 of the simulated

FIG. 9. Ambient-pressure broadband and FLN spectra before
compression to 210 kbar (dashed curve) and after pressure release
(solid curve). Broadband spectra were measured at 300 K and

k„=465.8 nm. FLN spectra were measured at 77 K and k„=578
and 580 nm, as indicated on the plot. Spectra are normalized to the

Do —& F& peak intensity.

glass study of Cormier et al. , and similar crystal-field
strength conclusions were drawn by Brecher and Riseberg
nearly 20 years ago.

A third feature of the inhomogeneou sly broadened
Dp~ Fp band is the variation of the observed fluorescence

lifetime when different parts of the band are excited. Our
results showed slight lengthening of the lifetimes as
D p ~ Fp excitation was scanned from high to low energy

(Table l). This effect was also demonstrated by Brecher and
Riseberg.

In summary, several overall trends are observed as the
excitation wave1ength is scanned across the inhomoge-
neously broadened Dp~ Fp band 1n s111cate glasses. The
high-energy (short-wavelength) side of the band represents
the high-field sites where bonding is less covalent and the
lifetimes are relatively short. The low-energy (long-
wavelength) side of the band represents the low-field sites
where bonding is more covalent and the lifetimes are rela-
tively long. The issue to be resolved is what local structure
features best explain these observed variations.

An important concept for understanding local Eu + struc-
ture in silicate glasses is the nonbridging oxygen (NBO) con-
centration in the material. NBO's are covalently bonded to
one Si atom (Si-0 ) rather than the two Si atoms (Si-0-Si)
linked by bridging oxygens (BO's). NBO's are formed in a
silicate glass through the incorporation of basic oxides such
as Na20 or Ca0 in the glass matrix. Classic modifier cations
such as Na+ depolymerize the silicate matrix through the
formation of NBO's. The depolymerization has two pri-
mary effects. First, because the ionic interaction between
Na+ and the NBO is weak, NBO's carry more negative
charge and are more polarizable than BO's. Second, local
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network fIexibility is increased because the NBO has one,
rather than two, directional covalent Si-0 bond. Several con-
clusions regarding Eu + local structure and optical properties
can be explained in terms of the local NBO concentration
around Eu +.

Because of their increased partial charge and polarizabil-
ity, NBO's form more covalent bonds with Eu +, leading to a
redshift of the Do~ Fo band. This effect can be considered
in terms of the optical basicity concepts outlined by Duffy
and Ingram. As the concentration of a basic oxide such as
Na20 is increased in silicate glass, the overall basicity of the
glass is increased and the concentration of NBO s is in-
creased. NBO's have a higher microscopic basicity than
BO's, and as a result, Eu-0 bonds are more covalent when
the oxygens are nonbridging. Experimental evidence of the
redshift of the Do~ Fo band with increasing Na20 concen-
tration was presented by Todoroki et al. '

Given the observation that an overall increase in the Na20
concentration shifts the Do+—Fo band to the red, it is rea-
sonable to conclude that within an inhomogeneously broad-
ened Do~ Fo band of a particular silicate glass, the low-
energy (red) side of the band corresponds to sites with a high
local NBO concentration. This result allows conclusions
about the local bonding environment to be drawn. Eu + ions
are generally associated with high coordination numbers. It
has been argued that rare-earth ions exercise a degree of
control over their own bonding environment in glasses and,
in doing so, form quasimolecular complexes by forcing
ligands into a "desired" bonding environment. As con-
cluded by Belliveau and Simkin, this process is more effec-
tive in the presence of a high local concentration of NBO's.
This implies that at sites with a large local NBO concentra-
tion Eu + ions can more effectively satisfy their high coor-
dination requirements.

This conclusion is consistent with the recent EXAFS re-
sults of Ponader and Brown. In that study, average Gd-0
bond lengths were determined for albite, peralkaline, and
sodium trisilicate glasses (note that Gd + and Eu + should
have similar chemical properties). The glass with the highest
theoretical NBO concentration in their study (sodium trisili-
cate) showed the longest Gd-0 bond lengths and highest
coordination numbers (r =2.43 A, CN =8, respectively),
which is consistent with the conclusion that rare-earth ions
can more effectively satisfy their high-coordination-number
requirements in glasses with high local NBO concentrations.
Similar results were observed in the simulations of Cormier
et a/. , where the theoretical NBO concentration was in-
creased by adding Na20. The simulated Eu +-doped sodium
disilicate glass showed longer average bond lengths and
higher average coordination numbers (r =2.60 A, CN=5.92)
than the unmodified Eu +-doped silica glass (r =2 49 A, CN.
=4.20).

These results can be used to conclude that on the average,
the redshifted, low-crystal-field-strength Eu + sites in oxide
glasses are characterized by a relatively large coordination
number of NBO's.

Continuing with these arguments, it can be concluded that
the high-field sites in silicate glasses probably consist of a
lower local concentration of NBO's. Since fewer coordinat-
ing NBO's implies a less covalent Eu-0 coordination sphere,
the Do~ Fo band associated with the high-field sites

should be blueshifted. The study of Todoroki et al. shows a
blueshift of the Do+—Fo band in silicate glasses as the
Na20 concentration is decreased or as the A1203 concentra-
tion is increased, both of which lead to a decrease in the
NBO concentration in the material. ' There is no consensus
on the description of the local bonding environment of Eu +

at the high-field sites in silicate glasses. Brecher and Rise-
berg's model accounts for the observed crystal-field-strength
increase by gradually increasing the oxygen coordination
number from 8 to 9 with a simultaneous lengthening of bond
lengths. Similarly, Mossbauer studies by Tanabe et al. of
the Eu203-A1203-Si02 system suggest large coordination
numbers (8—12) in glasses with high-field-strength Eu +

sites.
Contrary to these high-coordination-number models are

the results of the simulations of Cormier et al. and Ponader
and Brown's EXAFS studies. These results show that in the
silicate glasses with low theoretical NBO concentrations and
high-field-strength bonding sites, shorter bond lengths and
lower coordination numbers are, on the average, observed.
The question to be answered is whether the high-field-
strength sites in silicate glasses have large or small coordi-
nation numbers and long or short Eu-0 bond lengths.
HPFLN results shed light on this subject.

B. HPFLN

We divide the discussion of the high-pressure results into
two pressure regimes: the initial-pressure regime (ambient
pressure to -40 kbar) and the high-pressure regime (-40—
210 kbar).

l. Initial-pressure regime: Ambient pressure to 40 kbar

The initial-pressure regime is characterized by the simul-
taneous observation of a redshift of the Do~ Fo band (Fig.
4), an overall crystal-field strength decrease (Fig. 7), and a
lengthening of the fluorescence lifetimes (Fig. 8). A redshift
of fIuorescence bands with increasing pressure is not unex-
pected, given that the covalent character of the Eu-0 bonds
is expected to increase as bonds are shortened with compres-
sion. The relationship between pressure and field strength,
however, is less predictable. For example, the overall field
strength in Eu +:LaOC1 and Eu +:LaOBr crystals is de-
creased with increasing pressure, ' a result consistent with
the initial pressurization of our glass sample. Eu +:Y202S
and Eu +:Laz02S, however, show increased field strengths
with increasing pressure. While the analogy to field
strengths in Eu +-doped crystal is largely inconclusive, we
note that much larger Do~ Fo redshifts are observed in the
crystals that show a decrease in 5&I; with pressure, an effect
consistent with our observed redshift coincident with the de-
crease in S/I;.

The increase in the observed fIuorescence lifetime is em-
pirically consistent with the observed decrease in the crystal-
field strength. As was noted earlier for the ambient-pressure
silicate glasses, within an inhomogeneously broadened
Do~ Fo band, high-field strength sites are associated with

short lifetimes and low-field strength sites are associated
with long lifetimes. As pressure to 40 kbar decreases the
field strength, the observed lifetime increase is consistent
with ambient-pressure observations.
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Two physical effects could lead to longer lifetimes: a
decrease in the nonradiative decay rate or a decrease in the
radiative decay rate. Previous studies of Eu +-doped oxide
glasses have reported quantum efficiencies close to unity at
ambient pressure, implying that nonradiative decay is neg-
ligible. The fact that our ambient-pressure lifetimes do not
significantly vary between 300 and 77 K supports the con-
clusion that nonradiative decay effects are small. The ob-
served lifetime at ambient pressure therefore approximates
the radiative lifetime. The lifetime lengthening during pres-
surization, therefore, most likely reflects the radiative decay
rate. In the absence of nonradiative decay effects, the life-
time of the Dp state is determined largely by symmetry.
Intraconfigurational f fforc-ed electric-dipole transitions are
strictly forbidden in sites with inversion symmetry and gain
intensity through admixture of opposite-parity states. It is
possible that a small local structural rearrangement towards
centrosymmetry occurs between 0 and 40 kbar. An alterna-
tive explanation is decreased admixture of opposite-parity d
states in this initial-pressure range. Both the symmetry and
decreased admixture effects would decrease the radiative
transition probabilities, leading to longer lifetimes. The latter
explanation is particularly attractive given recent high-
pressure studies ' of crystals containing Sm +, which is
isoelectronic with Eu . These studies show that pressure
increases the energy of the 4f 5d' state relative to the Do
state, resulting in sharp Do~ F~ fiuorescence. Since ff-
transitions are forbidden by the parity selection rule, low
transition probabilities (long lifetimes) are expected. Al-
though the 4f 5d' states in Eu are higher in energy than
they are in divalent Sm +, a pressure-induced energy in-
crease would nevertheless decrease the d-state admixture
with the emitting Dp state, which could explain the ob-
served lifetime lengthening.

The observations in the initial-pressure regime are used to
conclude that only minor structural changes take place be-
tween ambient pressure and 40 kbar. Simple distortions of
the Si-0-Si intertetrahedral angles are the most likely
changes. The lack of significant Dp~ Fp linewidth
broadening in the initial-pressure regime also supports the
conclusion that only minor structural modifications occur.
We conclude that between ambient pressure and 40 kbar,
overall Eu-0 bond covalency is increased and small matrix
modifications lead to slight Eu +-site symmetry changes. It
is also possible that these pressures increase higher-lying
d-state energies relative to the f states. In general, however,
local structure modifications in the initial-pressure regime
are small.

2. High-pressure regime: 40-210 kbar

At approximately 40 kbar, several of the trends observed
in the initial-pressure regime reverse direction and new be-
havior is observed. These results suggest more profound lo-
cal structural changes in the material. As pressure is in-
creased above 40 kbar, simultaneous increases in the overall
crystal-field strength (Fig. 7) and Do~ Fo linewidth (Fig.
4) are observed along with a shortening of the fiuorescence
lifetimes (Fig. 8). Also note that between 40 and 150 kbar,
minimal Do~ Fo shifting is observed (Fig. 4). The fact
that no Dp~ Fp shift occurs in this range suggests that
high-field Eu + sites are being created with pressure. Since

we expect high-field sites to appear on the high-energy (blue)
side of the Dp~ Fp band, their creation opposes the red-
shift observed in the initial pressure regime, and as a result,
the D p+—Fp broadens significantly, but does not shift. Con-
sistent with the proposed formation of high-field sites is the
observed increase in the overall field strength parameter Scz
with pressure above 40 kbar. A mechanism for the formation
of high-field sites is discussed below.

As mentioned in the Introduction, the effect of pressure
on silicate glass structure has been studied by a number of
techniques. One of the main conclusions is that as pressure is
increased, Si undergoes a gradual coordination change to
five- and six-coordinate species. ' ' ' ' A proposed
mechanism for this coordination change in modified silicate
glasses is that the Si coordination number is increased
through consumption of NBO's, lowering the overall NBO
concentration. By analogy with the ambient-pressure
glasses, a decrease in the NBO concentration should lead to
an increase in the Eu +-site crystal-field strength and a blue-
shift or broadening of the Dp+—Fp band. As mentioned in
the previous paragraph, these phenomena are observed in the
HPFLN spectra and spectral parameters. Therefore, our spec-
troscopic results are consistent with the expected Si coordi-
nation changes.

Another feature of the HPFLN spectra is that as pressure
is increased, the fluorescence bands lose definition and dif-
ferent excitation wavelengths yield similar FLN spectra. We
attribute this observation to a pressure-induced increase in
the homogeneous linewidths associated with a given Eu +

ion. Avouris et al. and Morgan et al. ' have shown that
increased crystal-field strengths lead to increased homoge-
neous linewidths. Since pressures above 40 kbar progres-
sively increase the crystal-field strengths, increased homoge-
neous linewidths are expected. This effect is manifested in
increased linewidths at high pressure and decreased site se-
lectivity, since a larger subset of sites is excited by the laser
when large homogeneous linewidths overlap.

Avouris et al. argue that the increased homogeneous line-
width associated with increased crystal-field strength is the
result of increased electron-phonon coupling at the high-field
sites. This conclusion is supported by our high-pressure
fluorescence lifetime data. As seen in Fig. 8, when the pres-
sure is increased above 40 kbar, the lifetimes progressively
shorten. The observed behavior is interpreted in terms of an
increase in the nonradiative decay rate above 40 kbar. Below
40 kbar, the nonradiative decay rate is negligible and the
lifetime is determined by the radiative decay phenomena dis-
cussed above. As pressure is increased, however, nonradia-
tive decay becomes more important as evidenced by the si-
multaneous observation of shorter lifetimes and an overall
decrease of Auorescence signal. The best explanation for this
nonradiative decay is pressure-induced electron-phonon cou-
pling to local vibrations.

It should be noted that increased coupling to local vibra-
tions is expected for shorter Eu-0 bonding. Since Eu-0
bonds are expected to be shortened as pressure is increased,
this result is consistent with expected high-pressure behavior.
This result also leads to an important conclusion about the
high-field sites in the ambient pressure glass. As described
above, two general models have been proposed to describe
the high-field sites: one with large coordination numbers
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and longer Eu-0 bonds, the other with low coordination
numbers and shorter bonds. The HPFLN results in the high-
pressure regime are more consistent with the latter descrip-
tion, where a small number of closely bonded oxygens define
the high-field sites. Thus the HPFLN results are more con-
sistent with the conclusions drawn in simulation and
EXAFS studies.

We have concluded that a characteristic of the high-field
Eu + sites in silicate glasses is a low local NBO concentra-
tion. In an effort to satisfy its overall electrostatic and cova-
lent energy requirements, the Eu + ions draw the few avail-
able NB0's closer than they would be in the high
coordination state. The result is a small number of short,
covalent Eu-0 bonds that provide the local vibrations that
lead to the increased electron-phonon coupling and the short
lifetimes. Despite the presence of these covalent bonds, how-
ever, the overall bonding environment is less covalent than at
the low-field sites, since the remainder of the Eu coordi-
nation sphere is comprised of long, ionic bonds to low-
charge-density bridging oxygens. As a result, blueshifted
Do~ Fo bands are associated with the high-field sites.

We again note that these conclusions represent a descrip-
tion of the average high- and low-field sites. Individual sites
are expected to vary in their local geometry, and we do not
attempt to create a unique structural model. We do, however,
believe that the general trends observed in the FLN data at
ambient and high pressure can be used to draw conclusions
about the average local bonding environment.

C. Structural changes on pressure release

Previous studies of silica and silicate glasses quenched
from high pressures have shown that irreversible structural
changes occur even at room temperature. ' ' Spectra in
Fig. 9 show that the structure on pressure release is different
from both the initial- and high-pressure structures. The short
lifetimes observed on pressure release from 210 kbar initially
suggest that residual high-pressure structure is maintained on
pressure release. At high pressures, however, a low overall
fluorescence signal was observed. The signal after pressure
release returned to approximately its initial value. This sug-
gests that the short lifetime on pressure release is not the
result of nonradiative decay, but instead some structural ef-
fect on the radiative decay rate.

These spectroscopic results are consistent with the high-
pressure Raman studies of Wolf et al. These authors found
that a final release structure in sodium tetrasilicate glass was
formed not during compression, but during decompression.

Specifically, they state that the high coordinate Si species
release to a different distribution of Q" values resulting from
disproportionation reactions. Such a structural change in the
vicinity of a Eu ion is manifested in alteration of the spec-
troscopic properties. Because of the high cation field strength
of Eu +, it is plausible that the Eu + ion itself contributes to
the disproportionation reactions. Both the increased hyper-
sensitive Do—+ F2 transition intensity and the short fluores-
cence lifetimes are suggestive of Eu + bonding sites that are
more severely distorted (asyrrunetric) than those in the glass
originally quenched from the melt at ambient pressure.

VI. CONCLUSION

High-pressure fluorescence line narrowing studies of
Eu +-doped sodium disilicate glass have been carried out at
hydrostatic pressures up to 210 kbar. The gradual evolution
of the FLN spectra was consistent with the gradual structural
changes expected to occur in silicate glasses with pressure.
Increasing pressure to 40 kbar decreased the overall crystal-
field strength at Eu + sites and lengthened the fluorescence
lifetimes, Above 40 kbar, the effect of pressure was to in-
crease the overall crystal-field strength and shorten the life-
times. Pressure results were interpreted in terms of structural
changes and increased electron-phonon coupling to local vi-
brational modes.

The results suggest that high-crystal-field Eu + sites in
glass are associated with a low local concentration of non-
bridging oxygens, low coordination numbers, and short Eu-0
bonds. Conversely, weak field sites are characterized by a
high local concentration of nonbridging oxygens, high coor-
dination numbers, and long Eu-0 bonds.

Given the correlation between crystal-field strength and
fluorescence properties, the ability to tune crystal-field
strength while maintaining a degree of site selectivity makes
HPFLN spectroscopy a useful complement to existing tech-
niques. HPFLN studies of different glass compositions will
improve our understanding of high-pressure melts, which is
critical to our understanding of Earth's chemical evolution.
HPFLN studies will also improve our understanding of
ambient-pressure optical device materials, since a new level
of control over structural properties is provided.
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