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Erbium L;-edge extended x-ray absorption fine structure (EXAFS) measurements were performed
on rare earth doped fluorosilicate and fluoroborate glasses and glass ceramics. The well known
nucleating effects of erbium ions for the crystallization of cubic lead fluoride (based on x-ray
diffraction measurements) and the fact that the rare earth ions are present in the crystalline phase (as
indicated by Er’* emission spectra) seem in contradiction with the present EXAFS analysis, which
indicates a lack of medium range structural ordering around the Er** ions and suggests that the lead
fluoride crystallization does not occur in the nearest neighbor distance of the rare earth ion.
Molecular dynamics simulations of the devitrification process of a lead fluoride glass doped with
Er** ions were performed, and results indicate that Er** ions lower the devitrification temperature of
PbF,, in good agreement with the experimental results. The genuine role of Er’* ions in the
devitrification process of PbF, has been investigated. Although Er** ions could indeed act as seeds
for crystallization, as experiments suggest, molecular dynamics simulation results corroborate the
experimental EXAFS observation that the devitrification does not occur at its nearest neighbor
distance. © 2008 American Institute of Physics. [DOI: 10.1063/1.2943672]

I. INTRODUCTION position, associated with the fact that these ions seem to be
concentrated inside the crystalline phase, it has been pro-
posed that the rare earth ion acts as a nucleating agent for the
B-PbF, phase. Recent research® has indicated that the ten-
dency of formation of PbF,:Er solid solutions can be attrib-
uted as a possible explanation for the devitrification trends
and it has also been observed that other halides do not act in

a similar way as fluorides.” Nevertheless the experimental

The devitrification trends of erbium-doped oxyfluoride
glasses containing PbF, have attracted the interest of scien-
tific community due to the well known ease of control of the
crystalline phase formation.'™ This interest can be attributed
to two factors. On one hand the erbium ions seem to ease the
selective devitrification of B-PbF, nanoparticles in the trans-
parent glassy matrix, decreasing the amorphous to crystalline

phase transition, giving rise to transparent glass ceramics. On
the other hand, the rare earth ions have been found inside
these nanocrystals. The optical properties of the rare earth in
the crystalline matrix, with well defined emission lines (in
contrast to the inhomogeneously broadened emission spectra
of these ions in an amorphous matrix), are largely favored in
a heavy metal fluoride crystal due to the low phonon energy
found in this media. Optical amplifiers, lasers, and other op-
toelectronic devices are examples of technologies that ex-
plore the potential use of these systems.

Due to the decrease of the devitrification temperature
induced by the presence of rare earth ions in the glass com-

¥Author to whom correspondence should be addressed. Electronic mail:
mauricio.maps @gmail.com.

Ypresent address: Department of Materials, University of Oxford, Parks
Road, Oxford, OX1 3PH, United Kingdom.

0021-9606/2008/128(24)/244516/6/$23.00

128, 244516-1

observations gathered up to now were not capable to de-
scribe unambiguously why and how some rare earth fluo-
rides act in the devitrification dynamics. Recently,8 molecu-
lar dynamics (MD) simulations have shown that the presence
of erbium ions in a PbF, glass leads to a decrease on the
devitrification temperature, in accord with experimental evi-
dences. Moreover, an important conclusion could be drawn
from these simulations: the devitrification does not start in
the close vicinity of the rare earth ion, i.e., in its first or
second coordination shell. Instead, the devitrification was
found to begin in further distances from the rare earth. In this
work we present new experimental and theoretical evidences
that, in fact, the devitrification in the close vicinity of the rare
earth is less complete and that considerable ordering effect is
observed only at distances larger than 6 A from the rare
earth ions.

© 2008 American Institute of Physics
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TABLE I. Composition, heat treatment, and labels used for the fluorosilicate
and fluoroborate glasses and glass ceramics.

Composition (mol) Heat treatment Label

0.4S510,-0.3PbF,-0.3CdF, As quenched glass S
440 °C, 30 min ST1

440 °C, 60 min ST2

(0.4S510,-0.3PbF,-0.3CdF,)( 9o(ErF3);  As quenched glass  SEr
440 °C, 30 min SErT1

440 °C, 60 min SErT2

0.4B,0;—-0.3PbF,-0.3CdF, As quenched glass B
470 °C, 20 min BTI

470 °C, 60 min BT2

(0.4B,03-0.3PbF,-0.3CdF,)( 99(ErF3)oo;  As quenched glass BEr
470 °C, 20 min BErT1

470 °C, 60 min BErT2

Il. EXPERIMENTAL
A. Glasses and glass ceramic preparation

Pure and erbium-doped oxyfluoride glasses of molar
compositions  0.4Si0,—-0.3PbF,-0.3CdF, (“S” sample),
(0.4510,-0.3PbF,—0.3CdF,) 99(ErF3)g0; (“SEr” sample),
0.4B,0;—-0.3PbF,—0.3CdF, (“B” sample), and (0.4B,0;
—0.3PbF,-0.3CdF,)( 99(ErF3)go; (“BEr” sample) were ob-
tained by quenching of the melts on brass molds, as reported
in detail in our previous works."” The vitrification process
was confirmed by the absence of x-ray diffraction (XRD)
Bragg peaks and the occurrence of glass-transition tempera-
ture on differential scanning calorimetry analysis. Fluorosili-
cate and fluoroborate glass ceramics were obtained by heat
treatment at 440 °C for 30 and 60 min and at 470 °C for 20
and 60 min, respectively.l’2 The heat-treated samples will
hereafter be labeled with “T1” and “T2” according to the
time of heat treatment, “T1” used for the samples treated for
shorter time, and “T2” for those treated for longer time.
Table I summarizes the compositions, heat treatments, and
labels used in this work.

B. EXAFS

Extended x-ray absorption fine structure (EXAFS) spec-
tra were obtained in the D44 beamline of the DCI storage
ring (1.85 GeV, 250 mA) at LURE, France, at the Er L,
edge. The x-ray absorption spectra were collected at ambient
temperature in the fluorescence mode, using a monoelement
fluorescence detector Si(Li). Spectra were obtained with an
energy step of 2 eV and a counting time of 5 s. EXAFS data
analysis was performed with the Michalowicz’s “EXAFS
POUR LE MAC” software.” After absorption background sub-
traction by a linear function from the rough data, EXAFS
signal was calculated using the Lengeler—Eisenberger
method'” and converted to a function of wave vector kxk.
The data were Fourier transformed over the k range of
2.5-13 A~!, using k> weight and a Kaiser window with 7
=2.5 leading to a spectrum scaled in distances (angstroms).
Then the peaks in the Fourier transforms corresponding to a
coordination shell were filtered and transformed back to
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k-space. The resulting EXAFS-filtered signal was treated as a
sum of sinusoidal wave functions using the single scattering
approximation 8

Ni _ 20_2 i .
22 Wi 2Rk f, (1, k)sin[2kR; + D(k)],

1

kx(k) =S5 2

(1)

where N, is the number of atoms in the coordination shell at
average interatomic distance R; from the absorbing atom, o;
is the Debye—Waller factor, which takes into account the
static and thermal structural disordering, A(k) is the photo-
electron mean free path (\=k/I'), and f;; (,k) and ®; (k)
are the amplitude and the phase functions for this coordina-
tion shell, which have been obtained experimentally from the
reference ErF; compound. Finally, a least squares fitting was
implemented on the Fourier-filtered signal obtained for the
glasses and glass ceramics, leading to the determination of
the structural parameters R, N, and o corresponding to the
respective coordination shells of the absorbing atoms. Typi-
cal accuracy in the determination of these parameters is 10%
for N, 20% for o, and 1% for the interatomic distances. The
reliability of the fit is given by the value of the residual
function defined as

— 2iki[)(expt(ki) - Xth(ki)]2
z“ik)(expt(ki)z

)

lll. MD SIMULATIONS

The classical MD simulations of the Er:PbF, system,
performed using the DL_POLY program,l2 were based on a
model where the interactions between two ions i and j were
described by the Buckingham potential U(r) as follows:

ZiZ-e2 =TI Ci'
U(r)z_'L"'AijeXp(—L)_—GL, (3)
ij Pij Tij

where r;; represents the distance between the ions i and j, A;;
stands for the short range repulsive coefficient, C;; is an in-
teraction parameter, and p;; is an adjustable constant. The
parameters concerning the interactions Pb—Pb, Pb-F, Er-F,
and F-F were obtained from previous studies.”* ™' For the
long range electrostatic interactions, the Ewald sum tech-
nique was used.

The simulation details were described in Ref. 8. Neu-
trally charged face-centered cubic Er:PbF, systems of about
2590 particles, containing one and four erbium atoms (called
PFEI and PFE4, respectively) and some fluorine or lead va-
cancies, were melted at 3000 K and thermalized during a
50 ps run. The cells were then cooled down to 300 K at the
rate of g=—20 K/ps and the glasses obtained were thermal-
ized during a 50 ps run. Devitrification was attained by heat-
ing the glass at a rate of g=+0.2 K/ps from 300 to 490 K.
Total enthalpy, radial distribution functions, XRD curves,
and diffusion coefficients were calculated, and simulation
cell snapshots were monitored.®
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FIG. 1. XRD patterns for the fluorosilicate and fluoroborate glasses and
glass ceramics (see Table I for compositions and heat treatments).

IV. RESULTS

A. Experimental

Figure 1 shows the XRD curves for the samples of the
fluorosilicate systems, the results from the fluoroborates be-
ing comparable."” Cubic lead fluoride [B-PbF, (Ref. 17)] is
the main crystalline form obtained from heat treatment of the
samples. The presence of Er’* ions in the glass matrix in-
creases the crystallization trend. XRD curves indicate that
the crystalline phase is observed only under a longer heat
treatment for the nondoped samples, ST2, while, in the
doped sample, the presence of B-PbF, crystallites was de-
tected on the SEr glass. Under the first heat treatment,
SErT1, the devitrification is already well accomplished.

The presence of erbium in the crystalline phase can be
proposed based on the changes of the Bragg peak positions,
leading to a larger PbF, cubic cell parameter. Additionally
the near infrared Er’** emission spectra change from the
Vi 13/2—>4I 15 broad transition, due to the statistical distribu-
tion of sites in the glasses, to well resolved lines character-
istic of the glass ceramics.

Figure 2(a) shows the EXAFS ky(k) spectra obtained at
the Er Ly edge of the samples. Figure 2(b) shows the corre-
sponding Fourier transform |F(r)| curves of the EXAFS sig-
nals. The peaks around 1.9 A on the |F(r)| curves, uncor-
rected for phase shift, correspond to the first Er coordination
shell composed of fluorine anions, as will be discussed be-
low. These |F(r)| curves, which express the short range or-
dering, do not show for all samples any structure indicating a
medium range ordering.

Quantitative simulations of the inverse-Fourier trans-

J. Chem. Phys. 128, 244516 (2008)
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FIG. 2. (a) EXAFS ky(k) spectra obtained at the Er L; edge of the samples
and (b) the corresponding Fourier transform |F(r)| curves of the EXAFS
signals.

formed mean peak in |F(r)|, filtered between 1.40 and
2.35 A for the fluorosilicate samples and 1.47-2.27 A for
the fluoroborate samples, are reproduced in Fig. 3. For ex-
ample, simulations for the SEr and BEr samples are shown in
this figure, and the structural parameters obtained from the
simulations of all samples are listed in Table II. In the glasses
and glass ceramics studied, the first Er coordination shell
does not change considerably from that of the reference com-
pound ErF;, where the erbium atoms are surrounded by eight
fluorine neighbors at a distance of 2.29 A

B. MD simulations

The calculation of the total enthalpy, radial distribution
functions, XRD curves, diffusion coefficients, and simulation
cell snapshots of the systems PFEl and PFE4 showed that
the crystallization temperature of PbF, decreases with the
increase of Er3* ions.? Moreover, in the simulation model,
the devitrification of the PFE4 system occurs in a tempera-
ture range between 380 and 390 K.

The simulation cell of the devitrified PFE4 system, at
390 K, is shown in Fig. 4(a). The cell was divided in eight
subcells, labeled by (+++), (++-), (+-+), and so forth,
depending on their position with respect to the origin of the
cell, as indicated in Fig. 4(b). The diffraction intensity at
each subcell of PFE4 has been calculated separately, using
the Debye formula,® and the results are reported in Fig. 4(c).
Despite the fact that each subcell is at least partly crystal-
lized, indicated by the diffraction peaks, the diffracted inten-
sity varies from one subcell to another one. The homoge-
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FIG. 3. Simulations of the inverse-Fourier transformed mean peak in |F(r)]
(first coordination shell) for the fluoroborate (BEr) and fluorosilicate (SEr)
glassy samples.

neous crystallization of the system is not related to the
location of Er** ions inside the subcells since the subcells
containing Er’* ions are those with less ordering.

Partial radial distribution functions, g,s(r), were calcu-
lated for each crystallization stage, starting from the glass at
370 K. As shown in our previous work, Pb—F radial distri-
bution functions confirmed the devitrification of the cubic
B-PbF, structure.® Figure 5 shows the Er—Pb radial distribu-
tion functions for the PFE4 glass at 370 K and for the devit-
rifying system at 380, 390, and 400 K. The first peak at
around 4 A indicates the first Pb neighbors surrounding the
rare earth ions. It is clear from this figure that the first Er—Pb
shell does not change significantly from the glass to the crys-
tallized material. On the other hand, crystallization is evi-
denced at longer distances by the intensification, upon devit-
rification, of the peaks at around 5.8 and 7.2 A.

From the atomic coordinates provided by the MD simu-
lations, it is possible to simulate the respective EXAFS spec-
tra. MD/EXAFS spectra are obtained using the FEFF6
plrogram,]9 in which the MD coordinates are used in the

J. Chem. Phys. 128, 244516 (2008)
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FIG. 4. (a) Snapshot (x-y axis) of PFE4 after the devitrification process at
390 K. (b) Representation of the simulation cell divided in eight subcells.
(c) Diffraction intensity on each subcell at 390 K from high to low: (———),
(==+), (+—=), (+—=+), (++-), (=+-), (—=++), and (+++). The
subcells (—+—), (—++), and (+++) are the ones containing at least one
Er atom.

ATOMS card of the feff.inp input file. To obtain the local
environment of the absorbing atom, each of the four Er atom
in the MD simulation shell was chosen as the central position
{0,0,0} and the surrounding atom positions were determined
by the MD configuration with respect to the central absorb-
ing atom. The FEFF program calculates the scattering geom-

TABLE II. Structural parameters obtained from the Er L;-edge EXAFS analysis.

SEr SErT1 SErT2 BEr BE:T1 BEIT2
N 8.3 7.5 8.3 75 8.2 7.2
o (A) 0.109 0.104 0.111 0.112 0.106 0.100
R (A) 225 226 226 225 227 227
AE, (eV) 0.7 1.1 1.1 -0.9 -0.4 0.1
p 1.8%X1073 8.8 107 24x1073 9.8X107* 5.1x1073 1.8%X1073
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FIG. 5. Er-Pb radial distribution functions for the PFE4 glass at 370 K (a)
and for the devitrifying system at 380 K (b), 390 K (c), and 400 K (d).

etries within a given radius around the absorbing atom, con-
sidering all possible single and multiple scattering paths. The
total x(k) function is then computed as a sum over all scat-
tering paths. The y(k) function obtained for each Er atom in
the MD simulation shell, at a given temperature, was then
averaged and the MD/EXAFS data, Fourier transformed us-
ing k* weight and a Kaiser window with 7=2.5 leading to a
spectrum scaled in distances (angstroms) in the same way as
the experimental ones. Figures 6(a)-6(d) show the magni-
tude of the Fourier transformed MD/EXAFS signal obtained
for the PFE4 glass at 370 K [Fig. 6(a)] and for the devitri-
fying system at 380 K (b), 390 K (¢), and 400 K (d). As in
the case of the experimental data, these |F(r)| curves does
not show, for all samples, any structure indicating a signifi-
cant medium range ordering, such as a second coordination
shell surrounding the Er atoms. In order to make clear what
kind of EXAFS signal would be expected if the environment
of the Er ions was crystalline, a MD simulation was per-
formed in a fcc B-PbF, structure with a lead atom position
occupied by an erbium atom. The 50 ps MD simulation run
was performed at 300 K in the NVT (constant particle num-
ber, volume, and temperature) ensemble and thermalized
during another 50 ps in the NVE (constant particle number,
volume, and energy) ensemble. The Fourier transformed
MD/EXAFS signal obtained for this short range crystalline
Er environment is shown in Fig. 6(e). The effects of the
cationic ordering in the close vicinity of the Er atom are
reflected by the peak centered at 3.9 10\, i.e., the second Er
coordination shell, formed by the lead atoms.

V. DISCUSSION

Erbium ions are often described as nucleating agents for
the B-PbF, crystallization (based on XRD experiments, as

J. Chem. Phys. 128, 244516 (2008)
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FIG. 6. The magnitude of the Fourier transformed Er L;-edge EXAFS signal
calculated from the MD configurations obtained for the PFE4 glass, aver-
aged over the four Er atoms, at 370 K (a), and for the devitrifying system at
380 K (b), 390 K (c), and 400 K (d). The Fourier transformed EXAFS
signal in (e) is related to a single Er atom occupying a lead crystallographic
position in the fcc crystalline B-PbF, matrix.

shown above), explaining their presence in the crystalline
phase (as, for instance, indicated by Er** emission spectra
experiments). The description of Er’* as a nucleating agent
seems to imply that the nucleation of PbF, starts around Er**
ions. However, EXAFS analysis indicates that except from
the first coordination shell of the Er atoms composed by
fluorine ions, no structural ordering is observed as a second
coordination shell.

In fact, if the devitrification occurred in a very close
distance from the rare earth ion, i.e., the Er ions acting as a
nucleating agent for the heterogeneous crystallization, ret-
rodiffusion of Pb scatterers would have been observed on the
EXAFS spectra, as a second peak on the Fourier transformed
signal [see Fig. 6(e)]. Figure 2 does not show this feature,
which indicates that the lead fluoride crystallization does not
occur in the close vicinity of the rare earth ion.

The simulation results”® indicate that while the devitrifi-
cation temperature T, depends on the number of Er** incor-
porated in the glasses (higher Er** content, lower T,), the
devitrification seems to be less efficient around the doping
ions. In fact, the evolution of the ggpp(r) curves during de-
vitrification, obtained by MD simulations and depicted in
Fig. 5, shows clearly that the short range order around the
doping ions (R<5 A) does not reveal any structural change
upon crystallization. On the other hand, the main structural
features concerning crystallization around the Er ions are lo-
cated at distances larger than 6 A, the main peak appearing
at distances larger than 7 A. Due to the finite mean free path
of the photoelectron that limits the EXAFS technique to local
order configurations typically shorter than 6 A, the distances
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from the rare earth ions at which the crystallization occurs do
not allow the detection of this structural evolution. Our MD
simulations were able to reproduce this behavior with accu-
racy, as shown in Fig. 5.

A close report between MD simulations and EXAFS
technique could be drawn by the use of the MD configura-
tions to simulate EXAFS y(k) functions. Despite the fact that
some ordering is indeed observed around 4 A in the MD/
EXAFS data of Figs. 6(a)-6(d), related to the lead atoms
around the central Er atoms, the agreement with the experi-
mental result, as shown in Fig. 2(b), is noteworthy.

As it is well known, the damping effects of the thermal
motions on the EXAFS equation [represented, in part, by the
Debye-Waller factor o; in Eq. (1)] limit the backscattering
effects perceived by the absorbing atoms, which make the
detection of the second coordination shell in the Fourier
transformed EXAFS x(k) signal difficult. However, it must
be kept in mind that the MD configuration used in the MD/
EXAFS calculations represents an instantaneous, static pic-
ture of the system at that temperature, in comparison to the
dynamical, ambient temperature system, from which the ex-
perimental data were extracted. In other words, the MD/
EXAFS spectra of Figs. 6(a)-6(e), obtained via MD configu-
rations, are not affected by thermal vibrations. Our MD/
EXAFS results show that the thermal effect is not the factor
that limits the experimental observation of structural order-
ing around the Er atoms only to the first fluorine coordina-
tion shell. In this case, the intensity degree of the peak at
around 4 A, representing the second coordination shell in the
Fourier transformed EXAFS signals [Fig. 2, 5, and 6(e)], is
dependent mainly on the statistical disorder of the scatterer
Pb atoms. Actually, the peak observed at around 4 A in the
Fourier transformed EXAFS signal of Fig. 6(e) corroborates
our assumptions that, had the devitrification started in the
close vicinity of the Er atom and the cationic crystallo-
graphic positions statistically occupied around the rare earth,
the presence of a second coordination shell formed by the
lead atoms would be identified by the EXAFS analysis. In-
deed, this MD/EXAFS data treatment reinforces the conclu-
sions drawn by the experimental EXAFS observations and
corroborates the lack of structural ordering in the close vi-
cinity of Er atoms computed by the MD simulations.

Several factors are yet unclear and must be evaluated to
draw a precise conclusion about the genuine role of Er** ions
in the devitrification process of PbF,. One of these factors,
which is yet to be tested experimentally and theoretically, is
the possibility of an amorphous-amorphous phase separation
induced by the rare earth ion, creating nanosized PbF,-rich
regions around the rare earth. In this case, the lack of the
structural evolution during crystallization could be attributed
to the fact that the devitrification itself occurs not in the
immediate neighborhood of the rare earth ion but in the in-
terface between the two amorphous phases, leaving the rare
earth trapped inside the crystal, but with a considerable dis-
order in its close vicinity due to the direction of the crystal-
line growth.

J. Chem. Phys. 128, 244516 (2008)

VI. CONCLUSION

In this work, MD simulations were performed on the
devitrification properties of Er-doped lead fluoride glass, and
the results were unambiguously confirmed by Er L;-edge
EXAFS measurements. The fact that the crystallization of
B-PbF, does not occur at the immediate neighborhood of the
rare earth ion is in contradiction with the widely spread
theory that these trivalent ions act as a nucleating agent for
this crystalline phase. Experimental and theoretical results
indicate that the erbium ions indeed act on the crystallization
behavior of fluoride and oxyfluoride glasses, but simply in-
ducing a decrease of the crystallization temperature that
should reflect the tendency to form a PbF,—ErF; solid solu-
tion. The nucleation role of these ions on the heterogeneous
crystallization of the glasses was not confirmed by the EX-
AFS measurements and by the MD simulations presented
due to the lack of cationic structural ordering around the rare
earth. The use of MD configurations to simulate EXAFS
spectra is well suited for examining the convergence of both
theoretical and experimental techniques and was used in this
work to confirm that the lack of structural short-range order-
ing around the Er atoms, observed by MD and EXAFS, is
not an issue of thermal damping effects.
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