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Spatial distribution of rare-earth ions and Ga$S, tetrahedra in chalcogenide glasses studied
via laser spectroscopy and ab initio molecular dynamics simulation
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The spatial distribution of Nd>* ions and Ga$S, tetrahedral units in Nd-doped Ge-As-Ga-S glasses has been
studied by laser spectroscopy and ab initio molecular dynamics (MD) simulations. A sharp increase in Nd**
fluorescence intensities and lifetimes was observed with increasing Ga content, and attributed to the formation
of tightly bound Nd** clusters in Ga-free glasses and the subsequent dissolution of such clusters upon Ga
doping. A large modification in Nd** sites was also identified from low-temperature site-selective excitation
spectra, suggesting preferential spatial correlations between Nd** and GaS, tetrahedra even at low Ga-doping
levels. MD simulations of these materials in the liquid state showed a tendency for Ga cluster formation as well
as spatial correlations between Nd and Ga atoms consistent with the experimental results. On the basis of this
result, a comprehensive structural model for Nd- and Ga-doped sulfide glasses is proposed.
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I. INTRODUCTION

Rare earth (RE)-doped chalcogenide glasses are of great
interest for applications such as fiber-optic amplifiers! for
telecom networks, and planar-waveguide amplifiers® for in-
tegrated optical circuits. In such devices, it is of crucial im-
portance to improve the RE solubility in glasses to achieve
high gain characteristics. This is especially true for planar-
waveguide-type optical amplifiers because of the short inter-
action length of the gain medium.’> Chalcogenide glasses,
however, exhibit low RE solubilities, ~10? ppm (Ref. 4);
therefore strong concentration quenching prevails even at
low RE concentrations.

It is known that poor RE solubility, and subsequent strong
concentration quenching, can be substantially improved by
incorporating Ga into chalcogenide glasses.” However, in
spite of its importance, few studies®’ of the microscopic
mechanism of the Ga-doping effect have yet been made, and
the actual atomistic changes involved are still unknown. This
is presumably due to difficulties associated with the low RE
concentrations involved, as well as the intrinsic disordered
nature of amorphous solids. New approaches are therefore
required to understand the role of Ga on the microscopic
scale. This is essential for further improvement in the perfor-
mance of optical amplifiers or lasers and also for deepening
our understanding of the microscopic behavior of RE-doped
chalcogenide glasses.

In this paper, we report strong evidence for a spatial cor-
relation between RE ions and GaS, tetrehedra in chalcogen-
ide glasses by using laser spectroscopy and ab initio molecu-
lar dynamics (AIMD) simulations. It is argued here that such
a correlation results from the formation of Ga-rich phases in
which RE ions reside homogeneously without clustering.
This microscopic structural model provides insights into the
crucial question of how Ga can improve the solubility and
fluorescence properties of RE ions in chalcogenide glasses.
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II. EXPERIMENTAL AND COMPUTATIONAL METHODS

The base “GAGS” glass compositions investigated
in this study were Gey;sAs(;s-)GaSe; (0=x=3)
[i.e., (GeS,)4(As,S;) for x=0]. Glass samples were fabri-
cated by a conventional melt-quenching method for chalco-
genide glasses.® The time evolution of fluorescence and ex-
citation spectra were obtained using a Ti-sapphire laser
combined with a monochromator, an InGaAs detector, and
an oscilloscope or a lock-in amplifier. Further details of
sample fabrication and optical measurements are described
elsewhere.® The maximum Nd** doping concentration with-
out devitrification was found to be ~0.02 at. % in Ga-free
glass (x=0) and increases with Ga doping; e.g., it is 0.06 and
0.12 at. % for x=0.6 and 1.2 at. %, respectively. Such de-
vitrification is due to either phase separation or crystalliza-
tion and, thus, it can be seen that Ga atoms tend to stabilize
the glass structure against phase transitions induced by RE
doping.

MD simulations were carried out using both the Vienna
Ab initio Simulation Package (VASP), in which theoretical
calculations are based on density functional theory (DFT),?
and the density functional-based tight binding (DFTB) (Ref.
10) method. Models of 100 atoms were simulated using VASP
at constant volume in cubic supercells with periodic bound-
ary conditions. The total energy of the models was calculated
at the gamma point with Gaussian smearing. The projector
augmented-wave method, with the Perdew-Burke-Ernzerhof
exchange-correlation functional, was employed.'"'> The
plane-wave energy cutoff was set at 194 eV. The outer s and
p electrons were treated as valence electrons, while Nd at-
oms were assumed to be in the trivalent ionic state and their
4f states were treated as core states. MD simulations for a
model of 200 atoms were performed using the DFTB
method, which is derived from full DFT by a second-order
expansion of the energy functional around a suitable refer-
ence density.'”> Although DFTB uses more approximations
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FIG. 1. Changes with Ga concentration in the room-temperature
Nd3*:4F3/2 level lifetimes and fluorescence intensities in Nd-doped
GAGS glasses, measured at 1080 nm. The Nd3* concentration was
0.01 at. %. The inset shows the lifetime of the same level for dif-
ferent Nd** concentrations.

than DFT, the accuracy of DFTB is close to full DFT calcu-
lations, as has been shown in various benchmark studies.!*1
Further details of simulation methods for DFTB can be
found elsewhere.!®!® The integration time step was 3 or 5 fs
for VASP and 5 fs for DFTB. The experimental density at
room temperature (2.92 g/cm?) was used in the simulations.
These AIMD simulations have been previously used success-
fully by us to investigate, e.g., defects!” and atomic struc-
tures and crystallization'® in chalcogenide glasses.

III. SPECTROSCOPIC EVIDENCE OF SPATIAL
CORRELATION

A. Fluorescence lifetime and intensity variation

Optical absorption spectra were measured for glasses with
different Ga concentrations. From the measured absorption
cross sections, oscillator strengths for all the ground-state
transitions of Nd** ions were evaluated. The calculated os-
cillator strengths were found to be essentially identical
within experimental error, implying that the radiative transi-
tion probabilities (Ag) of Nd** levels are insensitive to Ga
doping, at least up to 3 at. % of Ga. The *F,-level lifetimes
and fluorescence intensities measured for 1080 nm emission
were also monitored at several different Ga concentrations
while the Nd** concentration (ny,) was kept fixed at
0.01 at. % for comparison (Fig. 1). The lifetime shows an
initial sharp increase and then saturates for Ga concentration
greater than 0.4 at. %. A similar trend is also observed for
the fluorescence intensity change, as shown in Fig. 1. The
origin of these radical increases in lifetimes and fluorescence
intensities can be attributed to the decrease in Nd**-Nd**
energy-transfer rates (Agy), since other important factors af-
fecting measured lifetimes (e.g., radiative transition and mul-
tiphonon relaxation rates) are not sensitive to such small
amounts of Ga doping. The onset of energy transfer for the
Ga-free sample is confirmed from the observed concentration
quenching of the *Fs,-level lifetime, as shown in the inset of
Fig. 1. The main energy-transfer processes responsible for
this concentration quenching can be cross relaxation medi-
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ated by an excitation-migration process.'® Providing Dexter-
type resonant?’ and/or nonresonant?! processes of an electric
dipole-dipole nature are dominant, the energy-transfer rate
should be proportional to R™®, where R is the separation be-
tween donor and acceptor Nd** ions. Hence the essential role
of Ga, deduced from the present results, is to increase the
average atomic distances between nearby Nd3* ions, result-
ing in a subsequent decrease in Agy.

The significance of the results in Fig. 1 is that there is a
striking discrepancy between the magnitude of the lifetime
and fluorescence-intensity variations. Since the measured
fluorescence intensities are proportional to measured life-
times of fluorescent levels under our experimental conditions
(constant Ay and nyy), the fluorescence intensity increase up
to 0.6 at. % of Ga doping is thus expected to be only ~30%
of that of the Ga-free glass, which is much smaller than that
actually observed (~60 times). A convincing structural
model able to explain this result involves the formation of
tightly bound RE clusters (in the Ga-free glass), in which RE
ions are so close that most excited ions are relaxed to lower
states via energy-transfer processes.?> Another striking obser-
vation is that the lowest concentration of Ga (0.03 at. %) is
able to cause an appreciable increase in lifetime (~10%) and
fluorescence intensity (approximately three times) from as
low a concentration of Nd as 0.01 at. %. This result strongly
suggests that incorporated Ga atoms are spatially correlated
with Nd** ions in clusters.®” The hypothesis of such a cor-
relation can be tested by tracking the variations in local
structures around Nd** ions with small amounts of Ga dop-

ing.

B. Site-selective spectroscopy

We have therefore monitored changes in site-selective ex-
citation spectra in order to probe local structural changes
around Nd** ions. To avoid any complexity arising from
thermal excitation of upper Stark sublevels of manifolds, the
sample temperature was kept at 12 K. Figure 2(a) shows
excitation spectra for x=0 and 0.2 at. % Ga-doped glasses
measured at different emission wavelengths.

In the case of the Ga-free glass, all the excitation spectra
measured over the *Fs,,— *I;;, emission band are well re-
solved into two Gaussian peaks, which might correspond to
transitions from the lowest Stark sublevel of the *I,, mani-
fold to two sublevels of the *Fs, manifold (the maximum
number of Stark sublevels for this manifold). From crystal-
field theory,?® the appearance of a maximum number of
peaks could be interpreted as indicating the presence of a
primary Nd3* site with a site symmetry lower than cubic.
Such primary sites have also been identified in other glass
systems.?* In contrast, the 0.2 at. % Ga-doped glass shows
two pronounced changes in the excitation spectra. First, the
spacing between peaks, i.e., the magnitude of the Stark split-
tings, becomes smaller, presumably due to a decrease in the
ligand-field strength experienced by Nd** ions. Second, as
the emission wavelength moves to the higher energy side of
the emission band, more than two peaks are clearly ob-
served; the spectra are well fitted by four Gaussian peaks
rather than two.
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FIG. 2. (a) Excitation spectra of the *F5,, — *I,,/, emission tran-
sitions for two different Ga-dopant concentrations (x) in GAGS
glasses. The Nd** concentration was fixed at 0.01 at. %. Each
spectrum was measured at 12 K and at the different emission wave-
lengths specified. (b) Excitation spectra for Ga-doped glasses mea-
sured at 1080 nm. The arrows indicate the center positions of fitted
Gaussian peaks.

This trend is more clearly revealed by comparing the ex-
citation spectra measured at the peak emission wavelength,
1080 nm, as shown in Fig. 2(b). The implication of this result
is as follows. As expected, there is a large change in ligand
structure around Nd** ions upon Ga doping. This modifica-
tion of Nd* sites is such that two distinguishable sites (in-
ferred from the four peaks) are likely to be formed with
ligand structures different from those in Ga-free glass, as
evidenced from the different peak positions and intensity ra-
tios. Most modification then ends when the Ga concentration
exceeds ~0.6 at. %, as revealed from the close similarity in
excitation spectra between the 0.6 and 3 at. % Ga-doped
glasses. Although not measured at 1080 nm, the spectrum of
the 0.03 at. % Ga-doped glass also shows four such peaks at
emission wavelengths shorter than 1070 nm (not shown), in
contrast to the two peaks observed in the Ga-free glass.
Therefore, it seems reasonable to assume that the variation in
excitation spectra, along with lifetime and emission-intensity
changes, at such low Ga-doping levels is a strong indication
of spatial correlations between Ga and Nd** ions, leading to
Nd** local structural changes as well as a redistribution of
Nd3* ions. This then raises the question of the possible origin
of such correlations. In addition, more specific information
on the Ga and Nd atomic configurations is required to
present a comprehensive atomic structural model for Ga-Nd
co-doped glasses.
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FIG. 3. (Color online) Partial RDF curves for the Ga-Ga pair in
the Ga3Nd liquid at 1300 K. RDF curves obtained from atomic
configurations were averaged over the time intervals indicated in
the figure. Atomic configurations at three different simulation times
are also shown as an example. Blue or yellow balls and sticks
represent Ga or S atoms and their bonding. Other atoms are not
shown for clarity.

IV. AB INITIO MOLECULAR-DYNAMICS SIMULATION
STUDY

A. Spatial correlation between GaS, units

In order to gain an insight into these questions, we have
first carried out AIMD simulations on a number of glass
compositions using the VASP  code, mainly
G623AS8G33865Nd] (Ga3Nd) and G623A85Ga6565Nd1
(Ga6bNd). The average coordination number (CN) of the
amorphous 100-atom models produced by AIMD simulation
is 3.9 for Ge and 3.1 for As atoms, consistent with the 8-N
rule.” More significantly, this simulation reproduced the
fourfold coordination (CN=4.0) of Ga atoms, in agreement
with EXAFS.2° This abnormal CN of Ga, i.e., the formation
of GaS, tetrahedra, has often been invoked to explain the
high RE solubility of Ga-doped glasses.®’

A key finding from these MD simulations is that a strong
tendency for clustering of GaS, tetrahedra was found for
both Ga3Nd and Ga6Nd simulations in the liquid state. Fig-
ure 3 shows snapshots taken at several simulation times for
the Ga3Nd glass as well as radial-distribution function
(RDF) curves for Ga-Ga atom pairs. It can be seen from the
snapshots that Ga atoms in the initial configuration (¢=0) are
almost homogeneously distributed in the liquid and then later
form a pair of Ga tetrahedra (=17 ps), followed by the
formation of a cluster (=24 ps). The evolution of the RDF
curves, averaged over the time intervals given in the figure,
more clearly reveals such a tendency for Ga clustering. The
coordination number for the presumably second-nearest
neighbor of Ga atoms, calculated from the first Ga-Ga cor-
relation peak, turns out to be 1.1, indicating that, during most
of the simulation time after 15 ps, GaS, units tend to remain
close together to form pairs, chains or rings by corner or
edge sharing. This simulation result suggests that the forma-
tion of such clusters is energetically more favorable than
stochastic mixing in the liquid, which might be understood in
a broad sense as indicating phase separation of Ga-rich re-
gions in the liquid.

AIMD simulations using the DFTB method (at 2000 K)
have also been performed for a model with a composition of
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Geg7As817GagS 139 (Gab). In this case, to get statistically more
significant results, we simulated a 200-atom model for a
much longer simulation time (~450 ps) than those using
VASP. The general trend obtained from the DFTB simulations
was basically very similar to the VASP simulation results of a
100-atom model, that is, clusters of Ga tetrahedra were per-
sistently formed and, in many cases, lasted for several tens of
picoseconds in the liquid. The close similarity of results ob-
tained from these two different simulational approaches, with
different system sizes, reinforces our hypothesis of the for-
mation of Ga-rich regions proposed principally from DFT-
based MD simulations.

B. Spatial correlation between Nd and GaS, units

The analysis using partial radial-distribution functions
g(r) for revealing correlations between GaS, units in the pre-
ceding section was not able to provide statistically meaning-
ful outcomes in this case because of the small number of Nd
atoms in the model. Instead, in order to probe the spatial
correlation between Nd and Ga atoms, we analyzed the time-
dependent positions of atoms in the liquid using the distinct
part of the van Hove correlation function [G,(r,)], which is
generally defined as

NNB

N;EE@ 0 80D, (1)

pi=1 j=1

GiP(r.1) =

Here, r{(r) and er(t), respectively, denote the position of
particle i of species « and particle j of species 3 at time 7. N,
and Ng are the number of particles of species « and S, re-
spectlvely At 1=0, G B(r,1) is proportional to the partial
radial-distribution function g ,4(r). This function can provide
information on the relative movement between different
types of atoms, especially the gradual breakup of the initial
structure, during MD simulations.?” If there is any interaction
between two different species of atoms (or two different
structural units), this function may give some indication of
the spatial correlations in terms of a different decay behavior
of an initial partial radial-distribution function as a function
of time.

A central observation from this analysis was that, regard-
less of the choice of initial configuration during the simula-
tion, Nd-Ga pairs in the Ga6bNd liquid show a considerably
slower decay of the first Nd-Ga correlation peak (at ~4 A)
in G,(r,t) compared to any other (non-Ga-S) combination of
atomic pairs. As an example, Fig. 4 shows the evolution of
G,(r,t) at successive time intervals for Nd-As and Nd-Ga
pairs. Such a memory effect in diffusion, even in a highly
mobile liquid, naturally suggests a correlation in the trajec-
tory of Ga and Nd>* ions as a result of an interaction between
them (or their polyhedra), which, when quenched into the
glass, is, in turn, presumably related to the spatial correlation
as observed from spectroscopic measurement.

From our lifetime data shown in Fig. 1, the observed low-
est Ga/Nd ratio for the Ga-Nd correlation to be manifested
was ~3. Taking account of the initial sharp increase in life-
time with Ga doping, the actual Ga-Nd correlation appears to
start for a ratio even much smaller than this. In our MD
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FIG. 4. (Color online) Distinct part of the van Hove correlation
functions for (a) Nd-As and (b) Nd-Ga pairs. These figures were
obtained at four successive time intervals during AIMD simulations
for the Ga6bNd liquid at 1300 K.

simulations, such a correlation was observed only for the
Ga6Nd model, as shown in Fig. 4, while no clear evidence of
a correlation was found in the case of the Ga3Nd model for
which the Ga/Nd ratio is 3. Although this result might indi-
cate a certain degree of dependence of the Ga-Nd correlation
on the Ga/Nd concentration ratio, as observed in
experiment,’ our simulation method is not appropriate to ex-
tract quantitatively meaningful information comparable to
experiments on this behavior due to the limited system size
and time scale employed. Nevertheless, the unique departure
from ordinary decay times observed for the Ga-Nd pair
clearly implies the presence of a microscopic interaction be-
tween Ga and Nd atoms (or their polyhedra), presumably
resulting in the spatial correlation as observed in experi-
ments.

It is interesting to consider the size of systems in MD
simulations necessary directly to observe significant Nd-Ga
correlations, e.g., in partial radial-distribution functions. The
approximate minimum system size can be inferred from the
average Nd-Nd interatomic distances estimated by a micro-
scopic (hopping) model for energy transfer.®?® Providing
only 1% of total Nd** ions are relaxed nonradiatively by
energy transfer (representing Nd and Ga co-doped glasses),
and using a typical critical distance (7 A) for cross relax-
ation and excitation miglration,19 the Nd3* concentration un-
der this condition is approximately ~8X 10! ¢m™ which,
in turn, corresponds to an average interatomic distance of
~23 A. This is clearly too large for the Nd-Ga correlations
directly observed in the small models currently simulated by
our ab initio MD.

V. DISCUSSION

The evolution of radial-distribution functions and van
Hove correlation functions (Fig. 4) suggest that the nature of
spatial correlations might be closely related to the interaction
between near-neighbor atoms, i.e., Ga and Ga (or Nd and
Ga), or more likely their polyhedra, during diffusion in the
liquid. Therefore, it would be interesting to investigate the
dynamical aspects of the bond formation and annihilation
during MD simulations, considering up to second-nearest-
neighbor atoms. As a way of doing this, we have calculated
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TABLE 1. Average bond-duration times (given in fs) for several different types of bonds formed in liquid during MD simulations. The
center atom (S) is bridging the other two atoms, and the bond-duration time was determined when any one of (or both) bonds with these two
atoms are broken. It was then averaged for all this type of bonds formed during MD simulations.

Types of bonds

Model Method Ge-S-Ge As-S-As Ga-S-Ga Ga-S-Ge Ga-S-As Nd-S-Ge Nd-S-As Nd-S-Ga
Ga3Nd DFT 198 165 561 297 252 314 342 409
Ga6bNd DFT 206 216 569 305 257 325 388 518
Gab DFTB 178 156 335 247 260

a bond-duration time (7;) for each type of bond, and aver-
aged this for all of the same types of bonds formed in MD
simulations.?® The average values of 7,s so calculated are
presented in Table I for several different types of bonds.

We can first notice from the first five types of bonds (in-
cluding no Nd atom) in Table I that there is a significant
difference in 7, between Ga-S-Ga and other types of bonds,
e.g., Ge-S-Ge and As-S-As. In the case of models generated
by the DFT method, 7, for the former is about two or three
times longer than those for the latter whereas a less signifi-
cant, but still meaningful, difference was found in DFTB-
based MD simulations. This result clearly indicates that,
once chemical bonds between GaS, tetrahedral units form in
the liquid, they, on average, last much longer than bonds
between other structural units, such as GeS, or AsS;. The
main parameters determining 7, may be the thermal energy
kgT and the bond strength between S and other atoms.
Hence, stronger bonds between Ga and S compared to other
bonds are expected from these results. Such a difference in
the bond strength is then likely to lead to the formation of
clusters of GaS, tetrahedra in that less frequent bond break-
ages of Ga-S-Ga should increase the probability of aggrega-
tion of GaS, units in the liquid, as observed in our MD
simulations. In larger systems, the concentration of Ga at-
oms, as well as their diffusion coefficient, would be other
important factors affecting the degree of clustering in the
liquid; thus a kinetic factor would play an important role in
this case.

A similar explanation might be given to explain the cor-
relation between Ga and Nd atoms, since 7, for Nd-S-Ga is
larger than for other Nd-related bonds, as shown in Table L.
Interestingly, this trend is clearly identified for the Ga6Nd
model, and less significant for Ga3Nd, which is consistent
with the results from the evolution of the van Hove correla-
tion functions. Besides this kinetics-based model, thermody-
namic models, e.g., phase separation, might be considered to
explain the experimentally observed spatial correlations, al-
though our MD simulations are not able to distinguish the
degree of relevance of each model.

Nevertheless, our ab initio MD simulations, as well as
spectroscopic measurements, have revealed an apparent spa-
tial correlation between Ga and Nd atoms. In addition, GaS,
clusters were found to be favorable structural elements con-
stituting the liquid mixture. These two observations make it
possible for us to suggest a reasonable structural model of
how Ga atoms, even a very small portion of them, are able to
facilitate the high solubility of RE ions and enhance their

fluorescence properties. In the case of the Ga-free glass, most
Nd** ions are likely to be in their clusters.?? Provided that
99% of Nd** ions relax nonradiatively by energy transfer,
Nng i approximately ~2.8 X 10?! ¢m™, which corresponds
to an average interatomic distance of ~5 A. This estimated
distance, close to the observed minimum RE-RE distance
found in oxide glasses,’® corresponds approximately to the
Nd-S-Nd configuration. As the Ga concentration increases,
however, these clusters are resolved into Ga-rich regions
rather than Ge-As-rich regions and then become fully dis-
persed once the proportion of such Ga-rich regions reaches a
certain critical value. This structural model, i.e., the forma-
tion of a Ga-rich phase and the preferential dissolution of RE
ions in this region, can be rationalized by the fact that gal-
lium and lanthanum sulfides form stable glasses, known as
GLS, which show a considerably higher RE solubility than
other Ge- or As-based chalcogenide glasses.’!

We have performed EXAFS experiments at all the K
edges of the elements in RE-doped GAGS glasses and at the
Ly edges for RE ions. Although we see changes in the local
structure (e.g., an increase in RE-S distance with Ga-
doping), this technique is not sensitive to next-nearest-
neighbor correlations in glasses, which could otherwise pro-
vide experimental structural evidence for Nd-Nd or Nd-Ga
cluster correlations.

VI. CONCLUSIONS

In summary, a preferential spatial correlation between
Nd** and GaS, units has been proposed to explain significant
changes in spectroscopic properties, as well as in the ligand
structure of Nd>* ions, for low Ga doping in chalcogenide
glasses. Such a correlation, along with a strong tendency for
formation of Ga-tetrahedra clusters, provides a comprehen-
sive atomistic structural model for rare earth and Ga co-
doped chalcogenide glasses.
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