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Chalcogenide glasses



Des verres pour l’infrarouge

§ Large optical transparency from the UV to the far-infrared

§ Thermo mechanical properties of glasses:
shape into optical fiber, planar guides, lenses, spheres…

§ Lasers sources
§ Space optics
§ Night vision camera
§ IR Sensing 
§ thermoelectricity
§ Photoelectricity
§ DVD Technology
§...

Chalcogenide glasses

§ Potential applications
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Their structural organisation are not so well known, 
Even for simple binary systems



d1

d2

Structure of Se and Te

Se, Te

d1 (Å) d2 (Å) d2/ d1

Se 2.374 3.426 1.443

Te 2.834 3.491 1.231

• Se → excellent glass former

• Te: not a glass former

Se, Te: isotypic structures (Hex.)



Se crystal to glass

Localised (4e-)5p

Lone pairs

Groupe VI

s p

Crystal Glass

Se melting : 217°C

Viscous liquid

Easy glass forming

Se chains : 
easy rotation 
and bending

s

s

s



d2

d1

a

c

Te structure and bonding

Crystalline structure of metallic Te

p metallic bonding

RIGIDITY

• Pure Te → no glass

• Te is not a glass former

• Tm = 450°C, fluid melt

seven order of magnitude in conductivity between Se and Te

d1 (Å) d2 (Å) d2/ d1

Se 2.374 3.426 1.443

Te 2.834 3.491 1.231



Se : a key atom in chalcogenide glass

• Good glass former
– low phonon characteristics
– technical glasses such as AMTIR (Amorphous 

materials Inc)
– GASIR (Umicore IR Glasses) based on 

combination of Se, Ge, As, Sb.
– TAS (Te/As/Se) DIAFIR

• local probes for NMR spectroscopy



1)  1D spaghetti-type, such as vitreous Se

As
Se

3) 3D glasses, such as GeSe4

2)  2D  distorted planar glasses such as As2Se3

Ge
Se

Se chain reticulation



Binary As-Se and Ge-Se systems

"chains crossing model”: 

As and Ge atoms are homogeneously distributed on the network.

Þ the polyedra are linked by Se chains

Þ Se chains have the same length. 

“Clustering model” :

Þ Cluster rich in shared polyedra

Þ The “excess” of Se form chains or rings

“random distribution”:

Þ In between the above extreme situations

Þ polyedra and Se chains are randomly distributed

Network built with AsSe3 pyramids or GeSe4 tetraedra



Study of the AsxSe1-x binary system

10

In the range 0 <x< 0.4, from Se to As2Se3,
previous investigations are consistent indicating that the AsxSe1-x glass structure
follows the CCM.

In the range 0.4 <x< 0.6 from As2Se3 to As3Se2,
It is less clear. Some previous studies suggest that the structure follows the CCM
assuming that the glass network progressively become more and more over
constrained with As-As bonds. Other authors suggest the existence of cages.

Let us discuss the physical
and structural properties
of a unique set of glasses



• High purity elements (5-6N)
• Under vacuum (10-4-10-5mbar) in a silica set-up
• Purification processing

– Chalcogenide distillation
– Glass distillation
– Oxides and hydrogen getters (Al, TeCl4)

• Thermal treatment: rocking furnace at 700-900°C-
10h

• Quenching and annealing 
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Chalcogenide glass synthesis



Glass transition temperature -Tg
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• 0<x<0.4, the increase of Tg agrees with the increase of the reticulation of the
network according the CCM.

• 0.4<x<0.6, the decrease of Tg also agrees with the existence of As-As weaker
homopolar bond in the CCM.

0<x<0.4 0.4<x<0.6

As2Se3



Young’s and shear moduli -E and G
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Elastic moduli calculated from
the longitudinal (Vl) and transverse (Vt)
ultrasonic wave velocities
with a piezoelectric transducers.

E = ρ (3 Vl
2-4 Vt

2)/((Vl/Vt)2-1)                       

G = ρ Vt
2

E and G are related to the density of the mean bonding energy

The maxima at x= 0.4, are in agreement with the Tg changes

As2Se3

Se
As3Se2



Density- ρ
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• 0<x<0.4, the increase of ρ agrees with the increase of structural reticulation following
the CCM.

• 0.4<x<0.6, one would have rather expected a growth of ρ with the CCM with the higher
content of threefold coordinated As.

0<x<0.4 0.4<x<0.6
As2Se3



Poisson’s ratio-v

ν = E/(2G)-1
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• 0<x<0.4, the decrease of ν agrees with the increase of structural reticulation following
the CCM
• 0.4<x<0.6, the increase of ν clearly disagrees with the CCM which predicts a continuous
increase of the reticulation beyond x=0.4

ν gives account of the 
reticulation of glass 
network

low reticulation 

higher reticulation 

[T. Rouxel, Phys. Rev. lett. (2008)]

0<x<0.4 0.4<x<0.6



Tg, density and elastic moduli

l Tg, density and elastic moduli of AsxSe1-x glasses exhibit an
extremum at x = 0.4 (corresponding to r=2.4)

l The increases of this physical properties from x=0 to x=0.4 are in
agreement with the CCM which is commonly assumed to describe
these glass structures.

l The decreases of this physical properties for x>0.4 has to be
explained. In particular the decreases of the density and the Poisson
ratio are not consistent with the CCM.

l These properties are typically connected to the bonding energy and
the network reticulation.



Experimental mean bonding energy-U0ex

Finally, the experimental mean bonding energy changes follow the same trend than
the elastic moduli

*V0 is the atomic volume at equilibrium, m1 and n1 are the exponents of the power law describing the attractive and
the repulsive terms. m1n1/9 ≈ 1 in chalcogenide glasses
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U0ex=9EV0/(3m1n1(1-2v))*

[T. Rouxel, C. R. Mec. 334, 743 (2006)]



calculated mean bonding energy-U0th

Four types of As

According to the Chain Crossing Model, theoretical U0:

0<x<0.40, U0= USe-Se + (3 UAs-Se – 2.5 USe-Se) x;

0.40<x<0.60, U0 = 2UAs-Se – UAs-As + (2.5 UAs-As – 2 UAs-Se) x.

Three types of Se.

For further explanation on the calculation : [G. Yang et al., Phys. Rev. B. 82, 19 (2010)]



calculated mean bonding energy-U0th

U01 = 223+123.5x kJ/mol (x ≤ 0. 40)
U01 = 252+51x kJ/mol (x > 0.40)

[E. V. Shkol’nikov, Sov. J. Glass Phys. Chem. 11, 40 
(1985)]

U02 = 184.2+71.74x kJ/mol (x ≤ 0. 40)
U02= 220.5-18.87x kJ/mol (x > 0.40)

[L. Pauling, The Nature of the Chemical Bond (Cornell 
University Press, Ithaca, NY, 1960)]
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• 0<x<0.4, the CCM enables to give account of the experimental increase of the mean
bonding energy

• 0.4<x<0.6, the calculation based on the CCM including As-As bonds do not able to give
account of the decrease of the mean bonding energy



Mean bonding energy

The mean bonding energy calculation based on the CCM is in a good agreement with
the evolution of the physical properties from x=0 (Se) to x=0.4 (As2Se3).

On the other hand, the same calculation fails to explain the physical behavior of the
glasses with x>0.4, especially the density and the poisson’s ratio.

To better understand the structure of this glass 77Se NMR experiments have been carried
out and will be discussed in the following sections.



77Se NMR in solid state materials

- Signal broadening by Chemical Shift Anisotropy and disorder

Þ Hahn spin full echo sequence

- Long spin-lattice relaxation time

Þ Recycle time equal to 30 s

- Low sensibility

Þ Up to 10000 scans 

 

time consuming experiments (up to 80 hours)

spin Resonance
frequency
(MHz)

Natural
abundance
(%)

Absolute
sensibility

77Se 1/2 57.3 7.6 5.25.10-4



77Se NMR in the crystalline pure selenium

6008001000
Chemical shift (ppm)

Experimental 

Calculated

Calculated 
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Se
Coherent with the structural data : 

- a unique Se crystallographic site (792 ppm), 

- with a complex local symmetry. 

Static

MAS 10 kHz

Confirmed our ability to record some reliable 77Se spectra in solid state materials



Three types of line are evidenced at 850 ppm (a lines)

550 ppm (b lines)

380 ppm (c lines) 

pure g-Se

g-AsSe9

g-AsSe4.5

g-AsSe3.3

g-As2Se3

-40004008001200
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Chemical shift 

Solid State Sciences 5 (2003) 219–224
www.elsevier.com/locate/ssscie

Solid state 77Se NMR investigations on arsenic-selenium glasses
and crystals

Bruno Bureau a,∗, Johann Troles a, Marie LeFloch a, Frédéric Smektala a, Gilles Silly b,
Jacques Lucas a

a Laboratoire des verres et céramiques, UMR-CNRS 6512, université de Rennes 1, campus de Beaulieu, 35042 Rennes cedex, France
b Laboratoire de physique de l’état condensé, UMR-CNRS 6087, université du Maine, 72017 Le Mans cedex, France

Received 28 May 2002; accepted 24 June 2002

Dedicated to Sten Andersson for his scientific contribution to Solid State and Structural Chemistry

Abstract

Some resolved solid state 77Se NMR spectra are presented in the AsxSe1−x glass family at ambient temperature. They exhibit three
different kinds of Se environments. A comparison with the parent crystalline phases permits to assign the lines to Se-Se-Se, Se-Se-As and
As-Se-As Se atom neighborhoods. The measurements of the relative intensities of the lines prove the validity of the intermediate range order
structural model known as the “chains crossing model” which is based on AsSe3 pyramids homogeneously distributed among the divalent
Se atoms network. In particular, any scenario involving a selenium clustering process is refuted.
 2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.

Keywords: Chalcogenide glasses; 77Se; Solid State NMR; Structural investigations

1. Introduction

The arsenide chalcogenide AsxSe1−x glasses (g-Asx-
Se1−x ) possess important potential applications as semi-
conductors [1], non-linear and infra-red optical compounds
[2–5]. Nevertheless, their structures have been quite rarely
investigated during the past decades. Previous studies [6–
11] have permitted to describe precisely the short range
order which is controlled by a chemical ordering process
which privileges the heteropolar bonds. For the Se-enriched
glasses, x ! 0.4, on the one hand As and Se atoms tend to
form Se triangular base pyramids with an As atom at the
summit [6]. On the other hand, the divalent Se atoms in ex-
cess tend to form chains or rings of variable length. Con-
sequently, depending on their composition, the network of
these glasses is expected to be built up with AsSe3 pyramids
more or less connected to each other by chains of Se atoms.
Two theories directly related to the way the pyramids

are spread over the network were proposed to describe
the medium range order for the Se-enriched chalcogenide
glasses. The first model is the more simple and intuitive one,

* Corresponding author.
E-mail address: bruno.bureau@univ-rennes1.fr (B. Bureau).

known as the “chains crossing model”. It consists in con-
sidering that the As atoms are homogeneously distributed
among the network. Then, the Se chains are cross-linking
the AsSe3 pyramids and the mean number of Se between two
pyramids depends on the initial composition: the richer the
composition in Se, the longer are the chains. It is in favour of
the largest distances between As atoms. The second model,
so-called the “outrigger raft model” proposed by Griffiths et
al. [12] would reckon the existence of clusters of corner or
edge shared pyramids diluted in a chalcogenide matrix con-
stituted by Se chains or rings [13,14].
Then, it appears that the Se atoms play a crucial role in

the connectivity of the AsSe3 pyramids in the glass network.
A similar phenomena was encountered in fluoride glasses
[15] were the network is built of fluorine octahedra centred
on transition metal ions connected by corners. In this latter
case 19F (I = 1/2) high resolution solid state NMR has been
proved to be a powerful tool to investigate the connectivity
of the glass by probing the anion site. Three ranges of
isotropic chemical shift values were evidenced according
to the F− ion is shared between two octahedra, belongs
to only one octahedron or is in an interstitial position.
77Se nuclei possesses also a nuclear spin I = 1/2. The
isotropic component of the chemical shift interaction tensor

1293-2558/03/$ – see front matter  2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
doi:10.1016/S1293-2558(02)00102-4



Assignment  of the NMR lines
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ß ß
a lines attributed to Se-Se-Se c lines attributed to As-Se-As

Þ b lines attributed to As-Se-Se

Vitreous and crystalline pure Se Vitreous and crystalline As2Se3



ß
a, b and c line integrated intensities

Þ As-Se-As, Se-Se-Se, As-Se-Se rates

“Chains crossing model” in AsxSe1-x

AsSe4.5 spectrum reconstruction

-800-4000400800120016002000

Experimetal spectrum

Calculated spectrum

b line

a line

AsSe3
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As-Se-
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Se-Se-As

Se-Se-Se



“Chains crossing model” in AsxSe1-x

The a, b and c line intensities fit well the, Se-Se-Se, As-Se-Se, As-Se-As
rates expected with the “chains crossing model”.



Repeating the spin-echo… until there is no signal left
The Carr-Purcell-Meiboom-Gill CPMG experiment

If T2 permits, repeating the spin-echo (30-200x) experiment improves the sensitivity !

FFT

M.Deschamps, C.Roiland, B.Bureau, G.Yang, L.Le Pollès, D.Massiot, Solid State NMR, 40,2, 72-77(2011)

Ø More sensitivity
Ø Reduced experimental time
Ø Use longer T1 to detect
slow relaxing components

The CPMG sequence can be directly Fourier trans- formed to yield a spikelet spectrum



2D CPMG,
using the spins behaviors during the echo train

2D FFT

Create an indirect T2 CPMG dimension,
by aligning the echoes in the time domain before applying a 2D FFT

J.W. Wiench, V.S.-Y. Lin, M. Pruski, J. Magn. Reson. 193 (2008) 233–242 

The direct dimension yields a spectrum directly 
comparable to the spin echo MAS spectrum 

The T2 CPMG indirect dimension 
give account of the J-couplings 



2D CPMG: “J-resolved”

- The poorer the composition in Se and the weaker the J coupling in the second dimension.

- Help at distinguishing three kind of broad line around 800 ppm, 550 ppm, 380 ppm



1D CPMG 77Se experiments

7T (low field) , 3.2mm MAS probe (high spinning speed)
→ Very small spinning sidebands at 20 kHz MAS
(sidebands every 350 ppm, undetected except for AsSeAs specy)

Quantitative spectra:
→ 1day of NMR time with 300s relaxation delay for complete relaxation

Interpretation of 77Se NMR spectra using MAPLE to fit several spectra simultaneously, using the areas 
of the CPMG spikelets

Same NMR parameters for each species: AsSeAs, AsSeSe and SeSeSe

As2Se3 = 100% AsSeAs Gaussian line with two spinning sidebands
(7-8% of the intensity of the main peak)



As2Se3 CPMG spectrum

AsSe3

Fitted together with previously 
fixed parameters for the 
AsSeAs line

AsSe4.5

AsSe6



77Se solid state NMR 1D

Integrated intensities of the three Se sites
from the reconstruction of NMR spectra
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for AsSe3, and other Se-rich glasses, this equilibrium has to considered:

2 AsSeSeAs ↔ AsSeAs + AsSeSeSeAs 
This chain length distribution explains the discrepancy with the basic CCM
that was not pointed out by the data previously published 

The integrated intensities
expected with the CCM

B. Bureau, J. Troles, M. Le Floch, F. Smektala, G. Silly, J. Lucas, Solid State Sci. 5 (2003) 219–224
M.Deschamps, C.Roiland, B.Bureau, G.Yang, L.Le Pollès, D.Massiot, Solid State NMR, 40,2, 72-77(2011)

Nevertheless, 1D/2D NMR spectra reveals that the network reticulation increases,
which is in full agreement with the measured physical properties.



77Se NMR spectra 
for whole AsxSe1-x
glassy system at 

room temperature

77Se solid state NMR for x>0.4

new spectra for As-
rich glasses.

new lines, not 
expected at all at  

such chemical shift 
values !



77Se solid state NMR 1D

77Se NMR spectra for 
whole AsxSe1-x glassy 
system and crystals 
As4Se4 and As4Se3 at 
room temperature

The new lines have to 
be attributed to As4Se4

and As4Se3 cages

G Yang, B Bureau, et al. Phys Rev B 82, 19 195206, pp8 (2010)



77Se chemical shift calculation

Chemical shift were calculated from the structural 
data with CASTEP* using the GIPAW methods

Experimental and calculated  data are in good 
agreement

Confirm that As4Se4 and As4Se3 molecules give rise 
to NMR signal around 800 ppm, close to pure-Se

K. Sykina,  G. Yang, L. Le Pollès, E.  Le Fur, C. Roiland, C. Pickard, B. Bureau, E Furet  PCCP  2013

As4Se4

As4Se3

*S. J. Clark, M. D. Segall, C. J. Pickard, et al., Zeitschrift für Kristallographie 2005, 220, 567–570.



Raman spectra

Raman spectra for AsxSe1-x
glassy system

at room temperature

As4Se4As4

Confirms the existence of 
the cages in the As-rich 
glass structures

Also shown the existence of 
As4 molecules

As4Se3



In the Se-rich region : evolution from a 1-D chain structure to a 2-D pyramidal 
network following (more or less) the CCM

transitions to a lower dimension structure composed of a pyramidal backbone 
mixing with an increasing number of 0D molecular inclusions 

Conclusions on AsxSe1-x



recent refinement on the AsxSe1-x

Structure of Arsenic Selenide Glasses Studied by NMR: Selenium
Chain Length Distributions and the Flory Model
Michael̈ Deschamps,*,† Cećile Genevois,† Shuo Cui,‡ Claire Roiland,‡ Laurent LePolles̀,‡ Eric Furet,‡

Dominique Massiot,† and Bruno Bureau‡

†CNRS, CEMHTI UPR3079, Univ. Orleáns, F-45071 Orleáns, France
‡Institut des Sciences Chimiques de Rennes, UMR-CNRS 6226, Universite ́ de Rennes 1, 35042 Rennes cedex, France

*S Supporting Information

ABSTRACT: Five homogeneous arsenic selenide glasses with target com-
positions As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6 were studied quantitatively
by 77Se Carr−Purcell−Meiboom−Gill magic-angle spinning NMR and trans-
mission electron microscopy−energy-dispersive X-ray spectroscopy. The
entire set of NMR spectra is simultaneously fitted with six distinct
environments taking into account the effect of first and second neighbors on
the position of the 77Se resonance. The selenium chains are bound at each
end to trivalent arsenic atoms, and the chain length distribution can be
modeled with the Flory theory, which is well-known in polymer science and
is used here for the first time to model the probability of finding each
selenium environment in a selenide glass. No arsenic homopolar bond is
detected in our experiments.

■ INTRODUCTION
Chalcogenide glasses exhibit a wide range of physical properties
such as infrared transparency, high refractive indices, and
reversible amorphous-to-crystal transitions and can be easily
shaped into optical devices.1−6 Among them, the arsenic selenide
glasses AsxSe1−x are considered to be a promising family because
glassy As2Se3 is a good candidate for all-optical switching

7 or for
use as a mid-infrared laser source;8 in addition, arsenic selenide
glasses can be used for optic fibers.9 Recent studies also
investigated the possibility of preparing these glasses using
microwave heating.10

Numerous attempts were made to draw a link between the
changes in the physical properties of arsenic selenide and the
evolution of its molecular structure as the arsenic content varies,
both at room temperature11,12 and when the temperature is
increased,13 during aging of the glass,14 or when irradiated with a
laser.15 To gain some insight into the arsenic selenide glass
structures, recent studies relied on molecular dynamics16−18

combined with anomalous X-ray scattering19 or 77Se solid-state
NMR20−23 to characterize the environments and connectivity of
selenium and arsenic atoms. Many of these studies hint toward
the existence of a small amount of As−As homopolar bond12,16

with tetravalent arsenic atoms linked to two arsenic and two
selenium atoms.19 Moreover, 77Se NMR spectroscopy can
quantify three distinct selenium environments (selenium atoms
linked to two, one, or zero arsenic atoms) and shows that there is
some disorder in the distribution of the lengths of the selenium
chains that link arsenic atoms together, as opposed to what is
inferred in the chain-crossing model (i.e., when the selenium
chains are of similar lengths).20,23 Interestingly, it was suggested
that the Flory model,24 which describes the distribution of chain

lengths in organic polymers, could be applied to inorganic
polymers (mostly silicates) because the underlying chemical
phenomena share striking similarities, especially for glasses with
covalent bonds and no ionic species.25−27 The Flory theory
provides a very simple model for the probability, P(n), of finding
a chain of length n, which is equal to npn−1(1− p)2, where p is the
probability to form a linkage between two monomers and the
average chain length is given by 1 + p/1 − p. Moreover, Flory
distributions are characterized by a single parameter p and not
two as is the case for Gaussian distributions (which may not
correctly reproduce the chain length distributions for arsenic-rich
glasses with short chain lengths) or three for skewed Gaussian
distributions. Therefore, the Flory framework was applied here as
a model for the distribution of chain lengths.

77Se is a spin 1/2 nucleus with a 7.63% natural abundance, a
gyromagnetic ratio equal to 19% of γ(1H), and a fairly large
chemical shift range over 3000 ppm.28,29 However, as many
diluted spin-1/2, it usually features long longitudinal relaxation
times around hundreds of seconds, which may affect the
measured proportions of each selenium environment.23 Usually,
three selenium environments are distinguished depending upon
the nature of the two atoms (arsenic or selenium) they are
connected with.20 However, as the 77Se atoms are excessively
sensitive to their environments, it is often observed that the
chemical shifts of these broad lines vary with the composition of
the sample,20 precluding any simultaneous fitting of series of
NMR spectra. Such an effect results from a dependence of the
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Published: May 11, 2015
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chemical shift with the nature of the second neighbors, as was
observed in 29Si NMR studies of silicate glasses for example.30,31

In the present study, we recorded quantitative natural abundance
77Se NMR spectra of a series of five chalcogenide glasses with
targeted compositions As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6
and fitted them with a 6-component model (shown in Figure 1

and detailed in Table 1) to take into account, for the first time, the
nature of the second neighbors, while limiting the number of

assumptions in the fitting procedure. This allowed us to extract
the positions and widths of the six environments and, using
Flory’s chain length distributions, to first ascertain the validity of
such a model and second to retrieve key parameters such as the
average chain length and the shape of their distribution.

■ MATERIALS AND METHODS
Synthesis. Rawmaterials with 99.999% elemental abundance

were used for the preparation of the AsxSe1−x glasses. Arsenic and
selenium were further purified of the remaining oxygen by the
volatilization technique using the difference in vapor pressures,
which is greater for oxides than for metals, to remove the oxide
species. Hence, the selenium and arsenic were heated for several
hours under vacuum at 250 and 290 °C, respectively. After
this treatment, the required amounts of selenium and arsenic
were sealed in a silica tube under vacuum. The mixtures were
maintained at 650 °C for a further 12 h in a rocking furnace to
ensure a good mixing and homogenization of the liquid. To
condense the largest possible amount of vapor, the temperature
was reduced to 500 °C for 1 h. The samples were then quenched
in air and annealed near the glass transition temperatures (Tg) to
reduce the mechanical stresses resulting from the rapid cooling.
XRD and differential scanning calorimetry (DSC) confirmed the
glassy nature of our samples. The glass transition temperatures
were measured at 90 °C (AsSe6, x = 0.143), 100 °C (AsSe4.5, x =
0.182), 120 °C (AsSe3, x = 0.25), 145 °C (AsSe2, x = 0.333), and
185 °C (As2Se3, x = 0.4). These temperatures are never reached
while spinning the sample in the MAS rotor.

EDX and TEM Analysis. An energy dispersive X-ray
spectroscopy instrument (EDX) coupled to a CM20 trans-
mission electron microscopy instrument (TEM), operating at
80 kV, was used to measure the chemical composition of each
sample. A holder cooled by liquid nitrogen has permitted to work
with a temperature below−120 °C and thus to never attempt the
transition temperature (Tg) of the glasses. EDX spectra were
acquired during 20 s and with an electron probe 40 nm in
diameter. The five glass samples were analyzed, and the com-
positions are shown in Table 2. For each glass, the composition
was measured 10 times in different regions, and the molar
fraction of arsenic is the mean of these values, while the error bars
for the arsenic mole percent were determined from the standard
deviation of the ensemble of measurements.

Solid-State NMR Experiments.Most of our 77Se (I = 1/2)
magic-angle spinning (MAS) NMR experiments were performed
on a Bruker Avance 300 spectrometer (7.1T) operating at a
Larmor frequency of 57.3 MHz for 77Se, using a 3.2 mm double-
resonance Bruker probehead. The 77Se chemical shift was
referenced to H2SeO3 saturated in water at 1288 ppm. The
spinning frequency was set to 20 kHz to reduce the intensities of
the spinning sidebands. Only two sidebands are predicted with
previous CSA measurements20 and observed experimentally
at this magnetic field, as its estimated magnitude of around
150−300 ppm corresponds to 9−18 kHz at this field. The
linewidths of the Gaussian peaks stemmed from the distribution
of isotropic chemical shifts, which comes from the structural
disorder observed in the vitreous state. Therefore, whole echoes
can be acquired and Fourier transformed to increase the S/N
ratio and to obtain a pure absorption line shape.32,33

The sensitivity of the NMR experiment can be enhanced by
using a Carr−Purcell−Meiboom−Gill (CPMG) train of rotor-
synchronized 180° pulses, in a manner similar to that which our
group has used in the past.23 After the 90° pulse, the receiver
recorded a series of nCPMG = 32 echoes every 600 μs. To ensure

Figure 1. Six distinct environments can be distinguished for selenium
atoms in arsenic selenide glasses by 77Se NMR, taking into account the
nature of the first and second neighbors. Selenium atoms are shown in
yellow and arsenic in black. Three environments (a, b, and c) can be
distinguished for selenium atoms (in blue) belonging to the middle of a
chain; two environments (d and e) for end-of-chain selenium atoms
(purple); and one environment for selenium atoms between two arsenic
atoms (in red). Their respective NMR contributions are shown in panel g.

Table 1. Simultaneous Fit of the Five 77Se NMR Spectra of
Glassy As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6 Provided
NMR Parameters for Each of the Six Environments Described
in Figure 1

environment type
chemical shift

(ppm)

Gaussian peak
width at half-

maximum (ppm)

+1/−1 spinning
sidebands

intensities (in %
of the n = 0
spinning
sideband)

Se2−Se−Se2 (a) δSeSeSe + 2Δ = 864 σSeSeSe = 179 6.6% 6.2%
As−Se−Se−Se2 (b) δSeSeSe + Δ = 830
As−Se−Se−Se−As
(c)

δSeSeSe = 796 obtained from
glassy Se

As−Se−Se2 (d) δAsSeSe + Δ = 592 σAsSeSe = 296 4.7% 4.7%
As−Se−Se−As (e) δAsSeSe = 558 calculated from

ref 20
As−Se−As (f) δAsSeAs = 396 σAsSeAs = 292 9.4% 8.0%

fitted from the
series of spectra
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- Taking a special care to the relaxation time (300s)
- Also considering the spinning side bands for the reconstruction
- Taking into account Se second neighboors for the reconstruction
- Using Flory model* to give account of the chain lengths between reticulation 

*The probabilities, P(n), of finding a chain of length n was set to P(n)= npn−1(1 − p)2 where p is a fitting parameter, and the 
proportions of each environment (a to f) were calculated accordingly 
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complete relaxation of the 77Se magnetization and quantitative
measurements, a recycling delay of 300 s was used between each
of the 256 scans, resulting in an overall experimental time of 22 h
per experiment. The RF field was set to 50 kHz (corresponding
to 900 ppm and ensuring that the whole spectrum was irradiated
correctly). The processing and reconstruction of the 1D 77Se
CPMG spikelet-spectra were performed with the Dmfit
software.34

To suppress the spinning sidebands and confirm that only one
type of selenium environment was detected in glassy As2Se3, its
CPMG spectrum was recorded at a lower magnetic field (4.7 T,
or 200 MHz for 1H, Bruker WB spectrometer) and a much faster
spinning speed (50 kHz) in a 1.3 mm double-resonance probe,
using a 90 kHz RF field (90° pulse length of 2.75 μs) and the
same experimental parameters as used on the 300 MHz
spectrometer, except that 4096 scans were recorded to improve
the signal-to-noise ratio as the sample was much smaller; the
total experimental time was approximately equal to 2 weeks
(Figure S1 from the Supporting Information). MATPASS-CPMG
is also another alternative to obtain sideband-free spectra.35

The simultaneous fit of the five spectra with normalized
intensities was performed with the mathematical software Maple,
which is a trademark of Waterloo Maple Inc. The fit was made by
the minimization of a χ2 function calculated for the five experi-
mental spectra. The contribution of each environment was
simulated with three Gaussian lines, corresponding to the n = 0,
n = +1, and n = −1 spinning sidebands, their relative intensities
were obtained from the 77Se NMR spectrum of glassy selenium
for the environments a, b, and c, fitted from the series of spectra
for the f sites and calculated with Dmfit from the values measured
in previous works for environments d and e.36 It must be noted
that fitting the spinning sideband intensities from the series of
77Se spectra lead to similar results, provided their intensities are
set equal, as expected for a small anisotropy-to-MAS-rate ratio.37

The probabilities, P(n), of finding a chain of length n was set to
npn−1(1 − p)2 where p is a fitting parameter, and the proportions
of each environment (a to f) were calculated accordingly, for
example, a chain of length n = 5 giving rise to two environments
of type e, two of type b, and one of type a. The maximum chain
length was set to 20, and no chain longer than 20 was needed to
reproduce the NMR spectra. The starting values for p were
calculated from the average chain length nav = 1 + p/1− p (which
is calculated from the analytical expression of P(n)), i.e., 1, 1.3, 2, 3,
and 4 for As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6 respectively. The
positions and widths of each environment were fitted from
the five 77Se NMR spectra, using as parameters three distinct
chemical shifts δAsSeAs, δAsSeSe, and δSeSeSe and widths σAsSeAs,

σAsSeSe, and σSeSeSe, depending upon the nature of the first
neighbors. The nature of the second neighbors was taken into
account with a single fitting parameter Δ, fitted to 34 ppm,
describing the shift observed when the second neighbor is
changed from As to Se. Interestingly, no significant improvement

Table 2. Molar Fraction of Arsenic Obtained from EDX, Theoretical (Calculated from EDX Assuming a Random Distribution of
Selenium Atoms and Trivalent Arsenic Atoms Bound to Selenium Atoms), and Measured Average Chain Lengths for Each Glass,
Obtained from the Simultaneous Fit of Their 77Se NMR Spectraa

glass As mol % (EDX)

average chain length
theoretical − Flory model

and NMR As mol % (NMR) p AsSeAs AsSeSe SeSeSe

AsSe6 12.5 ± 1.5% 4.7 4.2 13.8% 0.61 4% 41% 55%
AsSe4.5 19 ± 1% 2.8 3.1 17.7% 0.51 7% 49% 44%
AsSe3 24 ± 2% 2.1 2.1 24.5% 0.35 20% 55% 25%
AsSe2 34 ± 1% 1.3 1.4 32.7% 0.16 52% 42% 6%
As2Se3 40 ± 2% 1 1 40% 100%

aThe arsenic mole fraction inferred from the NMR results (assuming no As−As homopolar bonds are formed) is shown with the fitting parameter p
and the proportions of AsSeAs, AsSeSe, and SeSeSe environments. Only one environment is detected for the As2Se3 glass, as shown in its spectrum
at low field−high MAS rate, shown in the Supporting Information Figure S1. The decomposition of the five 77Se NMR spectra and the contributions
of AseAs, AsSeSe, and SeSeSe environments are shown in the Supporting Information Figure S2.

Figure 2. 77Se CPMG-NMR spectra of five arsenic selenide glasses, with
increasing amounts of arsenic, recorded at 7 T and aMAS rate of 20 kHz,
fitted using six distinct environments (as shown in Figure 1). Only the f
environment is detected in As2Se3, and the fit was not improved by
introducing an additional contribution from environment e. More-
over, the NMR spectrum of glassy As2Se3 at a MAS rate of 50 kHz and a
lower magnetic field (4.7 T instead of 7 T) shows only one Gaussian
line.
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of the fit was observed when distinct values of Δ were used for
each environment.

■ RESULTS AND DISCUSSION
The results of the simultaneous fitting of the five 77Se spectra are
summarized in Tables 1 and 2. The fitted spectra are shown in
Figure 2 with the contributions of the six selenium environments,
and the chain lengths distribution are shown in Figure 3. Using
our Flory model for the chain length distribution and six environ-
ments for selenium allowed us to nicely fit the five spectra. First,
this is not the case when the “chain-crossing model” is used, i.e.,
when all the chains are assumed to have the same length
(the corresponding fit is shown in the Supporting Information,
Figure S2). This is clearly seen in the 77Se spectrum of AsSe3: if
the “chain-crossing model” was valid, all the selenium chains
would be made of two selenium atoms, all selenium atoms would
be of type e, and the spectrum should contain only one peak.
Second, introducing Δ, the effect of the substitution of an

arsenic to a selenium as second neighbor on the chemical shift,
had a strong effect on the fit quality, and this effect did not
depend upon the nature of the first neighbor or the number of
second neighbors substituted from arsenic to selenium. This
confirms what was generally observed in selenide glasses: fitting
with three lines lead to chemical shifts varying with the
composition; therefore, simultaneous fits of series of spectra
were impossible.36 No improvement of the fit was observed when

the widths of the Gaussian line were let to depend upon the
nature of the second neighbor, and we did not consider the
influence of the second neighbor on the linewidths. If one
compares our values to previously published results, the chemical
shift for a selenium atom surrounded by only selenium atoms in
the middle of a chain of length larger than five is found at
864 ppm, very close to previously measured values for glassy
selenium at 865 ppm.21,38 Adding one arsenic atom as second
neighbor will lower the chemical shift by 34 ppm, leading to
chemical shifts of 830 and 796 ppm for selenium with one and
two arsenic as second neighbors, respectively. The width at half-
maximum of the a, b, and c Gaussian peaks was found to be
179 ppm, lower than the previously measured values which were
probably affected by the presence of spinning sidebands.21

This value is itself lower than the widths of the three other
environments (296 for d and e and 292 ppm for f), indicating the
geometrical disorder (resulting from the distribution of bond
lengths and angles) for the selenium atoms belonging to the
middle of the chains is smaller than for those that are close to
trivalent arsenic atoms. The arsenic atoms may therefore act as
reticulation centers in this polymer-like network and create larger
geometric constraints around them, resulting in the larger
linewidths for the associated d, e, and f environments. The
positions of the d and e environments, or the end-of-chain
selenium atoms, are located at 558 and 592 ppm, in accordance
with our previous work,23 but with chemical shifts slightly lower

Figure 3. Distributions of chain lengths obtained from the fit of the series of five 77Se NMR spectra, using a Flory distribution function where the
probability to find a chain of length n is equal to npn−1(1− p)2 and p is a fitting parameter related to the average chain length by nav = 1 + p/1− p. The nav
values obtained from the fit are shown on the graphs in green and are very close to the expected values, i.e., 4.2 instead of 4.7 for the glass with targeted
composition AsSe6, 3.1 instead of 2.8 for AsSe4.5, 2.1 as expected for AsSe3, and 1.4 instead of 1.3 for AsSe2. Even if the average chain length is rather
small, longer chain lengths can be observed, and chain lengths with probabilities lower than 0.1% were not shown in the graphs.
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The Flory model can be applied to arsenic selenide to retrieve information on the distribution of chain length,
The Flory theory was originally introduced to describe polymers

P=0.61

P=0.16

P=0.35

P=0.51
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Some resolved solid state 77Se NMR spectra are presented in the TexSe1-x vitreous system at ambient
temperature. They exhibit three different kinds of Se lines assigned to the following Se atom neighborhoods:
Se-Se-Se, Se-Se-Te, and Te-Se-Te. Different models were considered to describe the way the Se and Te
atoms are linked into the chains: clustering process, homogeneous distribution, random distribution. Finally,
thanks to the measurements of the relative intensities of the lines, it appears that Se and Te atoms are mainly
randomly distributed with a small preference for heteropolar bonds. The 125Te spectra are also shown but
their resolution is too weak to be informative concerning the vitreous network.

1. Introduction

Compared to oxide-based glasses, vitreous materials involving
chalcogens form an original family of glasses which have
received attention, mainly because of their transmission in the
mid infrared. These low phonon materials have to be considered
as heavy anion glasses since sulfur (S), selenium (Se), and also
tellurium (Te) are the main constituents of their compositions.
This situation leads to fundamental vibrational modes shifted
far in the IR, rending these glasses interesting for the fabrication
of thermal imaging systems.1 Some selected compositions of
these low phonon glasses are very resistant to devitrification
and can be drawn into optical fibers which offer an exceptional
spectral window.2-5 It must be noticed that these chalcogenide
glasses contain large polarizable atoms associated with external
lone pair electrons and are prone to exceptional nonlinear optical
properties when irradiated by an electromagnetic field. Then,
they are also serious candidates for fast switching and signal
regeneration devices for telecommunications.6-8
A good knowledge of the glass structure is essential to

understand some mechanical, optical, and chemical properties
of such materials, and the difficulties associated with the
disordered nature of the glassy state are a real challenge. To
achieve this goal, it appears essential to understand the behavior
of the Se and Te atoms into the binary TexSe1-x vitreous system.
Recently, similar works have been carried out for the AsxSe1-x
and GexSe1-x glasses.9-12 These studies related to binary systems
have to be considered also as a first step toward a better
understanding of more complicated glassy network such as
TeAsSe and GeAsSe systems, for example. In the TexSe1-x
glasses, Te and Se atoms are both 2-fold coordinated, and then
the network is assumed to be built of chains. Thus, 77Se together
with 125Te NMR experiments are potentially very informative
to model this vitreous structural network. As far as Se-containing
glasses are concerned, 77Se NMR spectroscopy appears to be a
powerful method to obtain indications on the local Se environ-
ment, which contributes to reinforce the construction of
structural models.9-14 Nevertheless, the 77Se natural abundance

(7.58%), its low relative sensitivity (6.93× 10-3), together with
its long longitudinal relaxation time make these NMR experi-
ments time-consuming and rend this nucleus very rarely studied
in solid-state inorganic materials.9-14
The isotropic component of the 77Se chemical shift interaction

tensor δiso is very sensitive to the neighborhood of the Se atoms,
and values lying from -900 ppm to +2430 ppm can be
measured.14 It will be shown that these experiments allow us
to find evidence for three Se environments which are well
characterized and quantified, leading to a precise description
of the glassy network. These results are coupled with 125Te NMR
experiments, which are unfortunately not very informative.
Nevertheless, such 125Te acquisition in solid-state inorganic
materials remains quite rare,15-20 and the recorded spectra will
also be shown in the TexSe1-x glasses and in the crystalline
phase of pure Te (c-Te).

2. Experimental Section

2.1. Materials. The glasses are prepared from ultrapure
elements with 99.999% elemental purity. Selenium is purified
of remaining oxygen by distillation under vacuum at 250 °C
and tellurium by surface cleaning treatment. The required
amounts of Se and Te are heated at 600 °C for 12 h in an
evacuated silica ampule, then placed in a rocking furnace for
homogenization. The ampules are then quenched in air and
annealed near glass transition temperatures (Tg) to reduce the
mechanical stresses occur by the fast cooling. Note that the
synthesis was performed using an ampule with lower diameter
than usual (about 5 mm) to ensure a homogeneous vitrification
of the mixture due to faster heat transfer during quenching. The
glassy nature was confirmed by X-ray diffraction and differential
scanning calorimetry (DSC). The values of Tg are 45 °C (pure
g-Se), 55 °C (SeTe9), 66 °C (SeTe4), 67 °C (SeTe3), 69 °C
(TeSe2), and 72 °C (TeSe). Beyond this stoichiometry, it has
not been possible to fabricate vitreous samples in the given
quenching conditions.
2.2. NMR Measurements. The 77Se and 125Te (I ) 1/2)

NMR spectra were recorded at room temperature on an ASX
300 Bruker spectrometer operating respectively at 57.3 and 94.8
MHz with a 4 mm MAS probe spinning at 15 kHz. The spectra
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tion are given in Table 2. The three contributions remain at the
same chemical shift values for all glasses, confirming the
presence of three types of Se neighborhoods. It appears that
the changes in relative intensities are in agreement with the
above assignments: the higher Te content in the glass composi-
tion produces a higher intensity of the b and c line and a lower
intensity of the a line (see Table 2).
Concerning the 125Te, the spectra recorded in the glasses are

too unresolved to be informative (Figure 4). Moreover, given
the large chemical shift anisotropy, the glass spectra undergo
overlapping of the spinning sidebands. The barycenters of these
broad lines are shifted toward 0 ppm (position of c-Te) for the
richer in tellurium glass compositions.

4. Discussion

In view of the lack of information provided by 125Te spectra,
the discussion is based on the 77Se results. In view of the
previous similar works on GexSe1-x and AsxSe1-x vitreous
systems, two structural models have to be considered for the
Se-enriched compositions.9,10
The first model reckoned the existence of clusters constituted

of GeSe4 tetrahedra gathered and shared by bridging Se,
releasing the surplus Se to form chains or rings.9 For TexSe1-x
glasses, the equivalent model would lead to pieces of -Te-
Se-Te-Se- chains on one hand (Te atoms being 2-fold
coordinated) coexisting with Se-Se-Se chains on the other
hand, and the glass formula could be rewritten as TeSe1-x/x )
TeSeSe1-2x/x. Then we would obtain 100‚x/(1 - x) of Te-Se-
Te, 100‚(1-2x)/(1 - x) of Se-Se-Se, and no Se-Se-Te. This
network description is clearly unsuitable since the NMR spectra
exhibit three lines with integrated intensities very far from the
above percentages. Another way to view the clustering process
would be to consider a total phase separation between Te atoms
and Se atoms, providing 100% of Se-Se-Se, regardless of the x
values. Once again, this network description is in total disagree-
ment with the experimental data.
The second model, known as the “chains crossing model”,

was well adapted to give account of the AsxSe1-x vitreous
network.10 It consists of considering that the As atoms are
homogeneously distributed throughout the network. In the
present case, it would give rise to Te atoms connected to each
other by pieces of Se chains having the same length. The number
of Se between two Te depends on the initial compositions: the
richer the composition in Se, the longer are the chains. For
example, TeSe2 is built up with -Te-Se-Se-Te- patterns,
TeSe3 with -Te-Se-Se-Se-Te-, etc. Note that this model
is in favor of the largest average distances between Te atoms
and privilege thus exclusively heteropolar bonds. From pure
Se to TeSe2 (x ) 0 to x ) 0.33) the glass formula can be

TABLE 2: Parameters Used for the Glass Sepctrum Reconstructionsa

name Se TeSe9 TeSe4 TeSe3 TeSe2 TeSe
x values (TexSe1-x) 0 0.1 0.2 0.25 0.33 0.5
compositions 100% Se

0% Te
90% Se
10% Te

80% Se
20% Te

75% Se
25% Te

66% Se
33% Te

50% Se
50% Te

lines a b c a b c a b c a b c a b c a b c
chemical shifts ((10 ppm) 65 - - 80 700 - 880 700 510 880 700 500 860 690 500 900 710 510
relative intensities ((5%) 100 0 0 75 25 0 55 40 5 45 50 5 30 55 15 15 45 40

aThree type of lines, noted a, b and c, are evidenced and attributed as explained in the text.

Figure 2. 77Se NMR MAS (15 kHz) spectra of TexSe1-x glasses
exhibiting three types of line labeled a, b, and c, respectively, assigned
to Se-Se-Se, Se-Se-Te, and Te-Se-Te.

Figure 3. Reconstruction of the 77Se MAS (15 kHz) spectrum of TeSe4
glass with three Gaussian contributions. The integrated intensities of
the three lines give the proportion of the Se-Se-Se, Se-Se-Te, and Te-
Se-Te in the glass.

Figure 4. 125Te NMR MAS (15 kHz) spectra of TexSe1-x glasses. The
unresolved broad line shifts toward δTec for the richer composition in
Te.
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rewritten as TexSe1-x ) TeSe2Se1-3x/x, and only two types of
Se atoms are expected: 200x/(1 - x) of Te-Se-Se and 100(1 -
3x)/(1 - x) of Se-Se-Se. Then, from TeSe2 to TeSe, Se-Se-Se
should vanish and the rate of Te-Se-Te increases linearly to
the detriment of the Te-Se-Se rate. Figure 5 shows a large
discrepancy between experiments and these calculated intensi-
ties, disqualifying consequently the “chains crossing model”.
A third scenario consists of a random distribution of Te and

Se atoms into the chains. This kind of behavior has already
been considered in high-temperature liquid phases of AsxSe1-x
glasses.12 In our case the calculations are easy since Te and Se
are both 2-fold coordinated. Then, for TexSe1-x the probabilities
to have Te-Se-Te, Se-Se-Te, and Se-Se-Se are, respectively,
100x2, 200x‚(1 - x), and 100(1 - x)2. Figure 5 shows that the
agreement is better than with the previous model but still far

from being perfect. Indeed, the experimental data have inter-
mediate positions between both previous models.
So it appears that a compromise has to be found between an

ideal dilution and a random distribution of Te and Se atoms.
For this, instead of considering that the probability to meet Te
connected to Se is simply given by P(x) ) x, as in the above
random distribution, we have improved the model by consider-
ing this probability equal to a second degree polynomial Pk(x).
Here, k is a parameter defined as Pk(0.5) ) k that has to be fit
with the experimental data. Knowing that P(0) ) 0 and P(1) )
1, we thus obtain Pk(x) ) x[(0.5 - k)/0.25x + (k - 0.25)/0.25].
This polynomial is the simplest mathematical law to express a
probability in agreement with the above schedule of conditions.
The k value express the probability to have Te connected to Se
in an equimolar mixture (x ) 0.5). Consequently for k > 0.5,
heteropolar bonds (Te-Se) are privileged, and for k < 0.5,
homopolar bonds (Se-Se) are privileged. For k ) 0.5, the
previous perfect random distribution is retrieved: P0.5(x) ) x.
In Figure 6, Pk(x) is plotted for k ) 0.5 and k ) 0.65. Indeed,
as shown in Figure 7, the best fit between experiments and
calculation is obtained for k ) 0.65. The rates of Se for each

Figure 5. Comparison between the a, b, and c line-normalized
intensities (respectively Figure 5a, 5b, and 5c) and the expected
Se-Se-Se, Te-Se-Se, and Te-Se-Te ratios with the “chain-crossing
model” (long dashed lines) and a random distribution (short dashed
lines). The experimental data have intermediate positions between the
both models.

Figure 6. Plot of the Pk(x) polynomial expression Pk(x) ) x[(0.5 -
k)/0.25x + (k - 0.25/0.25] for k ) 0.5 and 0.65. This polynomial
expresses the probabilities to have a Te atom connected to a Se atom.
P0.5(x) ) x is a straight line meaning that the probability is directly
equal to the Te rate in the composition as expected with a perfect
random distribution of the both types of atom. P0.65(x) is a second degree
polynomial that enables to privilege the heteropolar Se-Te bonds
compared to a pure random distribution.

Figure 7. Comparison between the a, b, and c line-normalized
intensities (respectively, square, circle, and triangle) and the calculated
Se-Se-Se, Te-Se-Se, and Te-Se-Te percentages calculated using P0.65-
(x): 100P0.652(x) for the Te-Se-Te line intensity, 200P0.65(x)(1 - P0.65-
(x)) for Se-Se-Te, and 100(1 - P0.65(x))2 for Se-Se-Se.
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Figure 6. Plot of the Pk(x) polynomial expression Pk(x) ) x[(0.5 -
k)/0.25x + (k - 0.25/0.25] for k ) 0.5 and 0.65. This polynomial
expresses the probabilities to have a Te atom connected to a Se atom.
P0.5(x) ) x is a straight line meaning that the probability is directly
equal to the Te rate in the composition as expected with a perfect
random distribution of the both types of atom. P0.65(x) is a second degree
polynomial that enables to privilege the heteropolar Se-Te bonds
compared to a pure random distribution.

Figure 7. Comparison between the a, b, and c line-normalized
intensities (respectively, square, circle, and triangle) and the calculated
Se-Se-Se, Te-Se-Se, and Te-Se-Te percentages calculated using P0.65-
(x): 100P0.652(x) for the Te-Se-Te line intensity, 200P0.65(x)(1 - P0.65-
(x)) for Se-Se-Te, and 100(1 - P0.65(x))2 for Se-Se-Se.
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rewritten as TexSe1-x ) TeSe2Se1-3x/x, and only two types of
Se atoms are expected: 200x/(1 - x) of Te-Se-Se and 100(1 -
3x)/(1 - x) of Se-Se-Se. Then, from TeSe2 to TeSe, Se-Se-Se
should vanish and the rate of Te-Se-Te increases linearly to
the detriment of the Te-Se-Se rate. Figure 5 shows a large
discrepancy between experiments and these calculated intensi-
ties, disqualifying consequently the “chains crossing model”.
A third scenario consists of a random distribution of Te and

Se atoms into the chains. This kind of behavior has already
been considered in high-temperature liquid phases of AsxSe1-x
glasses.12 In our case the calculations are easy since Te and Se
are both 2-fold coordinated. Then, for TexSe1-x the probabilities
to have Te-Se-Te, Se-Se-Te, and Se-Se-Se are, respectively,
100x2, 200x‚(1 - x), and 100(1 - x)2. Figure 5 shows that the
agreement is better than with the previous model but still far

from being perfect. Indeed, the experimental data have inter-
mediate positions between both previous models.
So it appears that a compromise has to be found between an

ideal dilution and a random distribution of Te and Se atoms.
For this, instead of considering that the probability to meet Te
connected to Se is simply given by P(x) ) x, as in the above
random distribution, we have improved the model by consider-
ing this probability equal to a second degree polynomial Pk(x).
Here, k is a parameter defined as Pk(0.5) ) k that has to be fit
with the experimental data. Knowing that P(0) ) 0 and P(1) )
1, we thus obtain Pk(x) ) x[(0.5 - k)/0.25x + (k - 0.25)/0.25].
This polynomial is the simplest mathematical law to express a
probability in agreement with the above schedule of conditions.
The k value express the probability to have Te connected to Se
in an equimolar mixture (x ) 0.5). Consequently for k > 0.5,
heteropolar bonds (Te-Se) are privileged, and for k < 0.5,
homopolar bonds (Se-Se) are privileged. For k ) 0.5, the
previous perfect random distribution is retrieved: P0.5(x) ) x.
In Figure 6, Pk(x) is plotted for k ) 0.5 and k ) 0.65. Indeed,
as shown in Figure 7, the best fit between experiments and
calculation is obtained for k ) 0.65. The rates of Se for each

Figure 5. Comparison between the a, b, and c line-normalized
intensities (respectively Figure 5a, 5b, and 5c) and the expected
Se-Se-Se, Te-Se-Se, and Te-Se-Te ratios with the “chain-crossing
model” (long dashed lines) and a random distribution (short dashed
lines). The experimental data have intermediate positions between the
both models.

Figure 6. Plot of the Pk(x) polynomial expression Pk(x) ) x[(0.5 -
k)/0.25x + (k - 0.25/0.25] for k ) 0.5 and 0.65. This polynomial
expresses the probabilities to have a Te atom connected to a Se atom.
P0.5(x) ) x is a straight line meaning that the probability is directly
equal to the Te rate in the composition as expected with a perfect
random distribution of the both types of atom. P0.65(x) is a second degree
polynomial that enables to privilege the heteropolar Se-Te bonds
compared to a pure random distribution.

Figure 7. Comparison between the a, b, and c line-normalized
intensities (respectively, square, circle, and triangle) and the calculated
Se-Se-Se, Te-Se-Se, and Te-Se-Te percentages calculated using P0.65-
(x): 100P0.652(x) for the Te-Se-Te line intensity, 200P0.65(x)(1 - P0.65-
(x)) for Se-Se-Te, and 100(1 - P0.65(x))2 for Se-Se-Se.
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homopolar bonds (Se-Se) are privileged. For k ) 0.5, the
previous perfect random distribution is retrieved: P0.5(x) ) x.
In Figure 6, Pk(x) is plotted for k ) 0.5 and k ) 0.65. Indeed,
as shown in Figure 7, the best fit between experiments and
calculation is obtained for k ) 0.65. The rates of Se for each

Figure 5. Comparison between the a, b, and c line-normalized
intensities (respectively Figure 5a, 5b, and 5c) and the expected
Se-Se-Se, Te-Se-Se, and Te-Se-Te ratios with the “chain-crossing
model” (long dashed lines) and a random distribution (short dashed
lines). The experimental data have intermediate positions between the
both models.

Figure 6. Plot of the Pk(x) polynomial expression Pk(x) ) x[(0.5 -
k)/0.25x + (k - 0.25/0.25] for k ) 0.5 and 0.65. This polynomial
expresses the probabilities to have a Te atom connected to a Se atom.
P0.5(x) ) x is a straight line meaning that the probability is directly
equal to the Te rate in the composition as expected with a perfect
random distribution of the both types of atom. P0.65(x) is a second degree
polynomial that enables to privilege the heteropolar Se-Te bonds
compared to a pure random distribution.

Figure 7. Comparison between the a, b, and c line-normalized
intensities (respectively, square, circle, and triangle) and the calculated
Se-Se-Se, Te-Se-Se, and Te-Se-Te percentages calculated using P0.65-
(x): 100P0.652(x) for the Te-Se-Te line intensity, 200P0.65(x)(1 - P0.65-
(x)) for Se-Se-Te, and 100(1 - P0.65(x))2 for Se-Se-Se.
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type are given by 100P0.652(x) for Te-Se-Te, 200P0.65(x)‚(1 -
P0.65(x)) for Se-Se-Te, and 100(1 - P0.65(x))2 for Se-Se-Se. The
good agreement observed in Figure 7 means that for a mixture
containing the same amount of Se and Te atoms (x ) 0.5), the
probability to have Te around Se is 65% and only 35% for Se.
Finally, the Te and Se linking is mainly governed by a random
process where the heteropolar bonds have nevertheless to be
privileged.
This conclusion implies that direct Te-Te bonds have to be

assumed, especially for the richer composition in tellurium.
Unfortunately, the weak resolution of the 125Te spectra do not
permit to directly quantify the amount of such bonds. Neverthe-
less, from the 77Se results it is possible to evaluate the rate of
Te atoms that are connected to other Te atoms. For example,
the TeSe glass spectrum reconstruction led to 15% for Se-Se-
Se, 45% for Se-Se-Te, and 40% for Te-Se-Te (Table 2).
Moreover, each Se-Se-Se does not see any Te in infinite ...Se-
Se-Se-Se... strings, 45% of Se-Se-Te provide 45/2% of Te in
...Te-Se-Se-Te-Se-Se-Te... strings, and 40% of Te-Se-
Te give 40% of Te in ...Te-Se-Te-Se... sequences. So, the
glass formula as obtained from the NMR measurements is
Te0,625Se instead of TeSe, meaning that about 37.5% of the Te
atoms introduced in the initial glass composition are not only
connected to Se atoms but are also linked to at least one Te.
This rate falls to 15% for TeSe2 (using the same reasoning),
10% for TeSe3, and becomes null for TeSe4. These calculations
are coherent with Figure 4 where it is shown that the 125Te broad
line is shifted toward the chemical shift of the c-Te phase when
the Te rate increases in the initial composition. As an example,
a TeSe glass network model is proposed in Figure 8 using the
above discussion results. As depicted by the selenium-tellurium
sequence, a large amount of Te-Te bonds have to be introduced
in order to respect the NMR data.
The differences between the electronic and bonding behaviors

of both crystals, c-Se and c-Te, have been clearly pointed out
by their respective NMR spectra presented in Figure 1 (see
discussion in section 3 and in ref 25). Consequently, from our
point of view, the introduction of ...Te-Te... fragments inside
the chains of the glass network seems inconsistent with the
strong bonding existing in the c-Te, which is attributed to the
addition of σ bonds plus delocalized metallic π bonding. Clearly,
the Te chains have a high probability to phase separate and, in

agreement with the above NMR results, Te phase separation is
expected beyond the composition limit Te0,625Se, namely
TeSe1,6. X-ray examination of the TeSe composition does not
provide clear information on the presence of an additional c-Te
due to phase separation. On the other hand, the “TeSe glass” is
prepared in very fast quenching conditions, and it is highly
probable that the excess of tellurium, compared to the formula
predicted by NMR, is distributed as nanoparticles distributed
in the glassy matrix. In other words, “TeSe glass” is probably
a glass ceramic containing very fine grains difficult to detect
by X-ray. Following this hypothesis, the model depicted in
Figure 8 is valid except that the Te-Te fragments are now out
of the chains and spread over in the glassy matrix. The
examination of the Tg evaluation is also consistent with the Te-
rich glasses having a very close Tg. It is also clear that the phase
separation limit is dependent on the quenching conditions.

5. Conclusion

In the present work, the 125Te and 77Se solid-state NMR
spectra are shown in the TexSe1-x vitreous system. The 77Se
NMR spectra are unable to discriminate between three types of
Se neighborhoods in the TexSe1-x glass family at room tem-
perature: Te-Se-Te, Se-Se-Te, and Se-Se-Se. Different models
were considered to describe the structure: clustering process,
homogeneous distribution, random distribution. Finally, it
appears that Te and Se atoms are rather randomly distributed
into the chains with nevertheless a preference for heteropolar
bonds. There remains some doubt on the possibility that a small
tellurium fragment could phase separate as nanoparticles beyond
the TeSe1,6, which is given by the NMR results as a kind of
limit to the combination of tellurium and selenium atoms.
Generally speaking, the 77Se NMR spectra are very fruitful to
understand the cross-behavior of Te and Se atoms. Compared
to previous studies, the conclusion is different since for AsxSe1-x
glasses it has been shown that the AsSe3 entities are homoge-
neously distributed (“chain-crossing model”),10 whereas for
GexSe1-x the presence of clusters constituted of GeSe4 tetrahedra
have to be considered.9 These pioneer results on binary systems
led to very fruitful information that will be essential for the
future works on the ternary glasses such as TeAsSe or GeAsSe
systems.

Figure 8. Reconstruction of the TeSe vitreous network. From the same amount of c-Te and c-Se (Figure 8a) in the glass composition, the NMR
data foresee the presence of the sequences depicted Figure 8b. Figure 8c is then an example of linking of pieces of the previous sequences that give
rise to numerous unavoidable Te-Te bonds. For the richer compositions in Te, the Te-Te fragments are assumed to be rather out of the chains
and spread in the glassy matrix.
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are coherent with Figure 4 where it is shown that the 125Te broad
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the chains of the glass network seems inconsistent with the
strong bonding existing in the c-Te, which is attributed to the
addition of σ bonds plus delocalized metallic π bonding. Clearly,
the Te chains have a high probability to phase separate and, in
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due to phase separation. On the other hand, the “TeSe glass” is
prepared in very fast quenching conditions, and it is highly
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Chemometric methods applied to solid state NMR ?

- Multivariate resolution

- 2D correlation maps



multivariate curve resolution

Group of techniques which help resolve mixtures by determining the number of constituents, their response
profiles (spectra, pH profiles, time profiles, elution profiles) and their estimated concentrations, when no
prior information is available about the nature and composition of these mixtures.
Keywords: Partial Least Square (PLS) regression, Principle Component Analysis …

Journal of Chemometrics, 1995, 9, 31-58; Chemomet.Intel. Lab. Systems, 1995, 30, 133-146 
Journal of Chemometrics, 2001, 15, 749-7; Analytica Chimica Acta, 2003, 500,195-210 
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metals, to remove the oxide species. Hence, the selenium and arsenic
were heated for several hours under vacuum at 250 and 290 °C,
respectively. After this treatment, the required amounts of selenium
and arsenic were sealed in a silica tube under vacuum. The mixtures
were maintained at 650 °C for a further 12 h in a rocking furnace to
ensure a good mixing and homogenization of the liquid. To condense
the largest possible amount of vapor, the temperature was reduced to
500 °C for 1 h. The samples were then quenched in air and annealed
near the glass transition temperatures (Tg) to reduce the mechanical
stresses resulting from the rapid cooling. X-ray Diffraction (XRD) and
differential scanning calorimetry (DSC) confirmed the glassy nature
of our samples. The glass transition temperatures were measured at
90 °C (AsSe6, x = 0.143), 100 °C (AsSe4.5, x = 0.182), 120 °C (AsSe3,
x = 0.25), 145 °C (AsSe2, x = 0.333), and 185 °C (As2Se3, x = 0.4).
The actual final compositions of the synthesized glasses have been
checked by Energy Dispersive Spectroscopy (EDS).

2.2. Experimental techniques

Raman scattering measurements were carried out using a LabRam
High Resolution spectrometer (Horiba Yobin Yvon), 600 g/mm grating
and 10x objective. A 785 nm laser (Sacher Lasertechnik) was used
for scattering excitation. Raman spectrawere recorded at room temper-
ature with 3 s exposition and 20 accumulations. Experimental spectra
were reduced according to the relation proposed by Shuker and
Gammon [27] and baseline corrected.

The 77Se (I = 1/2) magic angle spinning (MAS) NMR experiments
were performed on a Bruker Avance 300 spectrometer (7.1T)
operating at a Larmor frequency of 57.3 MHz for 77Se, using a 3.2 mm
double-resonance Bruker probehead. The spinning frequency was set to
20 kHz to reduce the intensities of the spinning sidebands. The linewidths
of the Gaussian peaks stemmed from the distribution of isotropic
chemical shifts, which comes from the structural disorder observed in
the vitreous state. Therefore, whole echoes can be acquired and Fourier
transformed in order to increase the Signal to Noise ratio and to obtain
a pure absorption lineshape [28,29]. The sensitivity of the NMR experi-
ments can be enhanced by using a Carr–Purcell–Meiboom–Gill (CPMG)
train of rotor-synchronized 180° pulses, in a similar manner to what our
group had done before [19,20]. After the 90° pulse, the receiver recorded
a series of nCPMG=32 echoes every 600 μs. To ensure complete relaxation
of the 77Se magnetization and quantitative measurements, a recycling
delay of 300 s was used between each of the 256 scans, resulting in an
overall experimental time of 22 h per experiment. The radiofrequency
field was set to 50 kHz (corresponding to 900 ppm and ensuring that
the whole spectrum was irradiated correctly).

Two chemometric methods were used to simplify the results and
make them easy interpretable.

First,MCR is automatedmixture analysismethod used to resolvemix-
tures of unknown responses and provide more physically-interpretable
results than, e.g., PCA (Principal Component Analysis). Such an algo-
rithm with successive approximations can take some time to complete
and has some ambiguity, but can operate with complicated mixtures of
unknown components. The goal is the determination of both the
concentration profiles and pure component spectra. This technique is
also known as Self Modeling Curve Resolution (SMCR). More details
one can found in [30].

Second, correlation spectroscopy is based on the idea that a pure
variable for a certain component has contributions from only one of
the components in the mixture. As such, its intensities are proportional
to the actual concentrations and can be used to resolve a data set into
pure component spectra and their contributions. For more mathemati-
cal details, see [31] and also [32].

MCR included in the Solo+MIA chemometric software (Eigenvector
Research Inc., USA) was used for analysis of the sets of Raman and 77Se
MAS NMR spectra. In order to balance the data variance and obtain
more realistic results fused spectra of 77Se MAS NMR and Raman

scattering were used for MCR analysis in one compositional dependent
data set. The objective of MCR is to extract concentration profiles and
pure component spectra. It is expected that data can be decomposed
as non-negative concentrations times non-negative spectra, which is
fulfilled in our case.

Correlation map between 77Se MAS NMR and Raman scattering
spectra and resolved maps of components were computed using the
Correlation Spectroscopy module of the same chemometric software
as MCR. Synchronous covariance was used as a dispersion algorithm,
the z origin was set to zero and appropriate offsets of x and y axes
(40 in our case) were set to reduce the influence of noise in the correla-
tion map, 100 contour levels were used to obtain a well resolved map.
Pure variables, indicated by a maximum of z value, were removed step
by step from the correlation map and resolved maps of components
were obtained.

3. Results

The 77Se and Raman spectra of the six Se-rich AsxSe1 − x glasses are
gathered on Fig. 1a and b respectively. These spectra have been record-
ed from the same set of glassy samples. Despites their good signal-to-
noise ratios, and as previously noticed [16–20] they present a lack of
resolution justifying the use of unsupervised method of analysis. The
first stage of the work was to link the two types of data through
correlation maps. Indeed such mapping is expected to help identify
the different contributions hidden under the broad bands by creating

Fig. 1. 77Se solid state NMR (a) and Raman spectra (b) of the AsxSe1 − x glasses with
0 b x b 0.4.
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the glass composition is enriched in selenium, the components labeled 1
gradually become predominant, to the detriment of the components 2
which progressively disappear. The third components, labeled 3,
increase, reach a maximum for intermediate composition, and then
disappear again. Once again, these observations are valid for both
NMR and Raman.

The structure of the AsxSe1 − x glasses has been studied during the
last decade, in particular by 77Se solid state NMR [16–20]. Especially, it
has been very recently evidenced that second neighbours play an
important role on the 77Se chemical shift values [20]. Based on this pre-
vious study, the assignment of the NMR lines resulting from the MCR is
quite straightforward. Thus, the line at 880 ppm, that is the contribution
1, is clearly due to selenium in the middle of chains or rings, Se-Se-Se-
Se-Se. Such a line was identified at 864 ppm in [20]. At the opposite,
the broad line centered on 400 ppm (contribution 2) has to be assigned
to selenium bridging two AsSe3 pyramids, that is to say selenium in an
As-Se-As environment (396 ppm in [20]).

In the middle, the contribution 3 can easily be reconstructed with
two Gaussian lines as depicted in Fig. 6. The broader at 580 ppm has
to be assigned to selenium bonded to one Se and to one As, that is Se-
Se-As, as for example on the As-Se-Se-As dimers linking two AsSe3 pyr-
amids. Indeed, an equivalent contribution had been identified between
558 and 592 ppm in [20]. It is interesting to evidence the smaller line at
800 ppm in Fig. 6, which is close to the predominant line at 880 ppm.
Such a contribution had also been pointed out in [20], which was

attributed to selenium bonded to two selenium atoms as first neigh-
bours and with arsenic atoms as second neighbours, namely As-Se-Se-
Se-As, since selenium as second neighbour is expected to shift the line
towards higher chemical shifts. The intensity ratio of the two lines is in-
dependent of the composition and can be fittedwith two Gaussian lines
with relative areas of 23% for As-Se-Se-Se-As and 77% for As-Se-Se-As,
corresponding to the spectrum of a glass that would have an average
selenium chain length between 2 and 3 (i.e. with a composition
between AsSe3 and AsSe4.5).

To summarize, contribution 1 corresponds to pure Se, contribution 2
seems to arise from a glass with As2Se3 composition and contribution 3
in the middle gathers the As-Se-Se-As (AsSe3) and the AS-Se-Se-Se-As
(AsSe4.5) sequences which becomes predominant only for intermediate
compositions. The evolutions of the relative intensities given in Fig. 5
agree well the above assignment. It is interesting to note that MCR
allows us to easily isolate the two limits in the composition range,
namely pure Se and As2Se3, and yields a third, unique component to
model the entire spectrum (contribution 3).

Regarding the Raman scattering data, the sharp component 1 has
been assigned to vibration modes of the pure Se glass [9,18]. Indeed,
the shape and the position of the component 1 clearly looks like the
g-Se Raman spectrum displayed in Fig. 1b. Therefore, the correlation
represented by component 1, obtained by statistical analysis in the
correlation map (see Fig. 2b) and by MCR makes perfect sense.

The Raman spectrum displayed by component 2 can been
decomposed into two contributions as shown in Fig. 2c. This component
is very similar to the vibration modes found in the As2Se3 glass (see the
As2Se3 Raman spectrum given in Fig. 1b), and is assigned to the contri-
bution of AsSe3 pyramids directly connected to each other's. Therefore,
both Raman and NMR spectra confirms the link between component 2
and the presence of AsSe3 units connected together.

The conclusion is less straightforward for component 3 of the Raman
spectra. The correlationmap (Fig. 2d) andMCR (Fig. 6b) yield a compo-
nent with four individual contributions at 222, 240, 259 and 272 cm−1.
Unlike components 1 and 2, these new ones are difficult to assign to
known vibration modes in Raman spectroscopy. On the other hand,
the correlation map of Fig. 2d enables us to connect the NMR line at
800 ppm to the vibration modes at 222 and 272 cm−1, and the NMR
line at 578 ppm to the vibration modes at 240 and 259 cm−1. These
correlations are well supported by the relative intensities of the lines.
Indeed the relative weight of the NMR line at 800 ppm is 23% (resp.
77% for the line at 578 ppm) and the relative intensities of the correlated
lines at 222 and 272 cm−1 are 22% vs. 78% for the lines at 240 and
259 cm−1. Based on these observations, it is quite logical to correlate
the vibrationmodes at 222 and 272 cm−1 to As-Se-Se-Se-As sequences,

Fig. 4. Shape of the three MCR components labeled 1, 2 and 3 obtained the for NMR
reconstruction (a) and the Raman reconstruction (b).

Fig. 5. Evolution of the relative integrated intensities of the three components working for
NMR and Raman reconstructions.
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chemical shift with the nature of the second neighbors, as was
observed in 29Si NMR studies of silicate glasses for example.30,31

In the present study, we recorded quantitative natural abundance
77Se NMR spectra of a series of five chalcogenide glasses with
targeted compositions As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6
and fitted them with a 6-component model (shown in Figure 1

and detailed in Table 1) to take into account, for the first time, the
nature of the second neighbors, while limiting the number of

assumptions in the fitting procedure. This allowed us to extract
the positions and widths of the six environments and, using
Flory’s chain length distributions, to first ascertain the validity of
such a model and second to retrieve key parameters such as the
average chain length and the shape of their distribution.

■ MATERIALS AND METHODS
Synthesis. Rawmaterials with 99.999% elemental abundance

were used for the preparation of the AsxSe1−x glasses. Arsenic and
selenium were further purified of the remaining oxygen by the
volatilization technique using the difference in vapor pressures,
which is greater for oxides than for metals, to remove the oxide
species. Hence, the selenium and arsenic were heated for several
hours under vacuum at 250 and 290 °C, respectively. After
this treatment, the required amounts of selenium and arsenic
were sealed in a silica tube under vacuum. The mixtures were
maintained at 650 °C for a further 12 h in a rocking furnace to
ensure a good mixing and homogenization of the liquid. To
condense the largest possible amount of vapor, the temperature
was reduced to 500 °C for 1 h. The samples were then quenched
in air and annealed near the glass transition temperatures (Tg) to
reduce the mechanical stresses resulting from the rapid cooling.
XRD and differential scanning calorimetry (DSC) confirmed the
glassy nature of our samples. The glass transition temperatures
were measured at 90 °C (AsSe6, x = 0.143), 100 °C (AsSe4.5, x =
0.182), 120 °C (AsSe3, x = 0.25), 145 °C (AsSe2, x = 0.333), and
185 °C (As2Se3, x = 0.4). These temperatures are never reached
while spinning the sample in the MAS rotor.

EDX and TEM Analysis. An energy dispersive X-ray
spectroscopy instrument (EDX) coupled to a CM20 trans-
mission electron microscopy instrument (TEM), operating at
80 kV, was used to measure the chemical composition of each
sample. A holder cooled by liquid nitrogen has permitted to work
with a temperature below−120 °C and thus to never attempt the
transition temperature (Tg) of the glasses. EDX spectra were
acquired during 20 s and with an electron probe 40 nm in
diameter. The five glass samples were analyzed, and the com-
positions are shown in Table 2. For each glass, the composition
was measured 10 times in different regions, and the molar
fraction of arsenic is the mean of these values, while the error bars
for the arsenic mole percent were determined from the standard
deviation of the ensemble of measurements.

Solid-State NMR Experiments.Most of our 77Se (I = 1/2)
magic-angle spinning (MAS) NMR experiments were performed
on a Bruker Avance 300 spectrometer (7.1T) operating at a
Larmor frequency of 57.3 MHz for 77Se, using a 3.2 mm double-
resonance Bruker probehead. The 77Se chemical shift was
referenced to H2SeO3 saturated in water at 1288 ppm. The
spinning frequency was set to 20 kHz to reduce the intensities of
the spinning sidebands. Only two sidebands are predicted with
previous CSA measurements20 and observed experimentally
at this magnetic field, as its estimated magnitude of around
150−300 ppm corresponds to 9−18 kHz at this field. The
linewidths of the Gaussian peaks stemmed from the distribution
of isotropic chemical shifts, which comes from the structural
disorder observed in the vitreous state. Therefore, whole echoes
can be acquired and Fourier transformed to increase the S/N
ratio and to obtain a pure absorption line shape.32,33

The sensitivity of the NMR experiment can be enhanced by
using a Carr−Purcell−Meiboom−Gill (CPMG) train of rotor-
synchronized 180° pulses, in a manner similar to that which our
group has used in the past.23 After the 90° pulse, the receiver
recorded a series of nCPMG = 32 echoes every 600 μs. To ensure

Figure 1. Six distinct environments can be distinguished for selenium
atoms in arsenic selenide glasses by 77Se NMR, taking into account the
nature of the first and second neighbors. Selenium atoms are shown in
yellow and arsenic in black. Three environments (a, b, and c) can be
distinguished for selenium atoms (in blue) belonging to the middle of a
chain; two environments (d and e) for end-of-chain selenium atoms
(purple); and one environment for selenium atoms between two arsenic
atoms (in red). Their respective NMR contributions are shown in panel g.

Table 1. Simultaneous Fit of the Five 77Se NMR Spectra of
Glassy As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6 Provided
NMR Parameters for Each of the Six Environments Described
in Figure 1

environment type
chemical shift

(ppm)

Gaussian peak
width at half-

maximum (ppm)

+1/−1 spinning
sidebands

intensities (in %
of the n = 0
spinning
sideband)

Se2−Se−Se2 (a) δSeSeSe + 2Δ = 864 σSeSeSe = 179 6.6% 6.2%
As−Se−Se−Se2 (b) δSeSeSe + Δ = 830
As−Se−Se−Se−As
(c)

δSeSeSe = 796 obtained from
glassy Se

As−Se−Se2 (d) δAsSeSe + Δ = 592 σAsSeSe = 296 4.7% 4.7%
As−Se−Se−As (e) δAsSeSe = 558 calculated from

ref 20
As−Se−As (f) δAsSeAs = 396 σAsSeAs = 292 9.4% 8.0%

fitted from the
series of spectra
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chemical shift with the nature of the second neighbors, as was
observed in 29Si NMR studies of silicate glasses for example.30,31

In the present study, we recorded quantitative natural abundance
77Se NMR spectra of a series of five chalcogenide glasses with
targeted compositions As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6
and fitted them with a 6-component model (shown in Figure 1

and detailed in Table 1) to take into account, for the first time, the
nature of the second neighbors, while limiting the number of

assumptions in the fitting procedure. This allowed us to extract
the positions and widths of the six environments and, using
Flory’s chain length distributions, to first ascertain the validity of
such a model and second to retrieve key parameters such as the
average chain length and the shape of their distribution.

■ MATERIALS AND METHODS
Synthesis. Rawmaterials with 99.999% elemental abundance

were used for the preparation of the AsxSe1−x glasses. Arsenic and
selenium were further purified of the remaining oxygen by the
volatilization technique using the difference in vapor pressures,
which is greater for oxides than for metals, to remove the oxide
species. Hence, the selenium and arsenic were heated for several
hours under vacuum at 250 and 290 °C, respectively. After
this treatment, the required amounts of selenium and arsenic
were sealed in a silica tube under vacuum. The mixtures were
maintained at 650 °C for a further 12 h in a rocking furnace to
ensure a good mixing and homogenization of the liquid. To
condense the largest possible amount of vapor, the temperature
was reduced to 500 °C for 1 h. The samples were then quenched
in air and annealed near the glass transition temperatures (Tg) to
reduce the mechanical stresses resulting from the rapid cooling.
XRD and differential scanning calorimetry (DSC) confirmed the
glassy nature of our samples. The glass transition temperatures
were measured at 90 °C (AsSe6, x = 0.143), 100 °C (AsSe4.5, x =
0.182), 120 °C (AsSe3, x = 0.25), 145 °C (AsSe2, x = 0.333), and
185 °C (As2Se3, x = 0.4). These temperatures are never reached
while spinning the sample in the MAS rotor.

EDX and TEM Analysis. An energy dispersive X-ray
spectroscopy instrument (EDX) coupled to a CM20 trans-
mission electron microscopy instrument (TEM), operating at
80 kV, was used to measure the chemical composition of each
sample. A holder cooled by liquid nitrogen has permitted to work
with a temperature below−120 °C and thus to never attempt the
transition temperature (Tg) of the glasses. EDX spectra were
acquired during 20 s and with an electron probe 40 nm in
diameter. The five glass samples were analyzed, and the com-
positions are shown in Table 2. For each glass, the composition
was measured 10 times in different regions, and the molar
fraction of arsenic is the mean of these values, while the error bars
for the arsenic mole percent were determined from the standard
deviation of the ensemble of measurements.

Solid-State NMR Experiments.Most of our 77Se (I = 1/2)
magic-angle spinning (MAS) NMR experiments were performed
on a Bruker Avance 300 spectrometer (7.1T) operating at a
Larmor frequency of 57.3 MHz for 77Se, using a 3.2 mm double-
resonance Bruker probehead. The 77Se chemical shift was
referenced to H2SeO3 saturated in water at 1288 ppm. The
spinning frequency was set to 20 kHz to reduce the intensities of
the spinning sidebands. Only two sidebands are predicted with
previous CSA measurements20 and observed experimentally
at this magnetic field, as its estimated magnitude of around
150−300 ppm corresponds to 9−18 kHz at this field. The
linewidths of the Gaussian peaks stemmed from the distribution
of isotropic chemical shifts, which comes from the structural
disorder observed in the vitreous state. Therefore, whole echoes
can be acquired and Fourier transformed to increase the S/N
ratio and to obtain a pure absorption line shape.32,33

The sensitivity of the NMR experiment can be enhanced by
using a Carr−Purcell−Meiboom−Gill (CPMG) train of rotor-
synchronized 180° pulses, in a manner similar to that which our
group has used in the past.23 After the 90° pulse, the receiver
recorded a series of nCPMG = 32 echoes every 600 μs. To ensure

Figure 1. Six distinct environments can be distinguished for selenium
atoms in arsenic selenide glasses by 77Se NMR, taking into account the
nature of the first and second neighbors. Selenium atoms are shown in
yellow and arsenic in black. Three environments (a, b, and c) can be
distinguished for selenium atoms (in blue) belonging to the middle of a
chain; two environments (d and e) for end-of-chain selenium atoms
(purple); and one environment for selenium atoms between two arsenic
atoms (in red). Their respective NMR contributions are shown in panel g.

Table 1. Simultaneous Fit of the Five 77Se NMR Spectra of
Glassy As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6 Provided
NMR Parameters for Each of the Six Environments Described
in Figure 1

environment type
chemical shift

(ppm)

Gaussian peak
width at half-

maximum (ppm)

+1/−1 spinning
sidebands

intensities (in %
of the n = 0
spinning
sideband)

Se2−Se−Se2 (a) δSeSeSe + 2Δ = 864 σSeSeSe = 179 6.6% 6.2%
As−Se−Se−Se2 (b) δSeSeSe + Δ = 830
As−Se−Se−Se−As
(c)

δSeSeSe = 796 obtained from
glassy Se

As−Se−Se2 (d) δAsSeSe + Δ = 592 σAsSeSe = 296 4.7% 4.7%
As−Se−Se−As (e) δAsSeSe = 558 calculated from

ref 20
As−Se−As (f) δAsSeAs = 396 σAsSeAs = 292 9.4% 8.0%

fitted from the
series of spectra
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chemical shift with the nature of the second neighbors, as was
observed in 29Si NMR studies of silicate glasses for example.30,31

In the present study, we recorded quantitative natural abundance
77Se NMR spectra of a series of five chalcogenide glasses with
targeted compositions As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6
and fitted them with a 6-component model (shown in Figure 1

and detailed in Table 1) to take into account, for the first time, the
nature of the second neighbors, while limiting the number of

assumptions in the fitting procedure. This allowed us to extract
the positions and widths of the six environments and, using
Flory’s chain length distributions, to first ascertain the validity of
such a model and second to retrieve key parameters such as the
average chain length and the shape of their distribution.

■ MATERIALS AND METHODS
Synthesis. Rawmaterials with 99.999% elemental abundance

were used for the preparation of the AsxSe1−x glasses. Arsenic and
selenium were further purified of the remaining oxygen by the
volatilization technique using the difference in vapor pressures,
which is greater for oxides than for metals, to remove the oxide
species. Hence, the selenium and arsenic were heated for several
hours under vacuum at 250 and 290 °C, respectively. After
this treatment, the required amounts of selenium and arsenic
were sealed in a silica tube under vacuum. The mixtures were
maintained at 650 °C for a further 12 h in a rocking furnace to
ensure a good mixing and homogenization of the liquid. To
condense the largest possible amount of vapor, the temperature
was reduced to 500 °C for 1 h. The samples were then quenched
in air and annealed near the glass transition temperatures (Tg) to
reduce the mechanical stresses resulting from the rapid cooling.
XRD and differential scanning calorimetry (DSC) confirmed the
glassy nature of our samples. The glass transition temperatures
were measured at 90 °C (AsSe6, x = 0.143), 100 °C (AsSe4.5, x =
0.182), 120 °C (AsSe3, x = 0.25), 145 °C (AsSe2, x = 0.333), and
185 °C (As2Se3, x = 0.4). These temperatures are never reached
while spinning the sample in the MAS rotor.

EDX and TEM Analysis. An energy dispersive X-ray
spectroscopy instrument (EDX) coupled to a CM20 trans-
mission electron microscopy instrument (TEM), operating at
80 kV, was used to measure the chemical composition of each
sample. A holder cooled by liquid nitrogen has permitted to work
with a temperature below−120 °C and thus to never attempt the
transition temperature (Tg) of the glasses. EDX spectra were
acquired during 20 s and with an electron probe 40 nm in
diameter. The five glass samples were analyzed, and the com-
positions are shown in Table 2. For each glass, the composition
was measured 10 times in different regions, and the molar
fraction of arsenic is the mean of these values, while the error bars
for the arsenic mole percent were determined from the standard
deviation of the ensemble of measurements.

Solid-State NMR Experiments.Most of our 77Se (I = 1/2)
magic-angle spinning (MAS) NMR experiments were performed
on a Bruker Avance 300 spectrometer (7.1T) operating at a
Larmor frequency of 57.3 MHz for 77Se, using a 3.2 mm double-
resonance Bruker probehead. The 77Se chemical shift was
referenced to H2SeO3 saturated in water at 1288 ppm. The
spinning frequency was set to 20 kHz to reduce the intensities of
the spinning sidebands. Only two sidebands are predicted with
previous CSA measurements20 and observed experimentally
at this magnetic field, as its estimated magnitude of around
150−300 ppm corresponds to 9−18 kHz at this field. The
linewidths of the Gaussian peaks stemmed from the distribution
of isotropic chemical shifts, which comes from the structural
disorder observed in the vitreous state. Therefore, whole echoes
can be acquired and Fourier transformed to increase the S/N
ratio and to obtain a pure absorption line shape.32,33

The sensitivity of the NMR experiment can be enhanced by
using a Carr−Purcell−Meiboom−Gill (CPMG) train of rotor-
synchronized 180° pulses, in a manner similar to that which our
group has used in the past.23 After the 90° pulse, the receiver
recorded a series of nCPMG = 32 echoes every 600 μs. To ensure

Figure 1. Six distinct environments can be distinguished for selenium
atoms in arsenic selenide glasses by 77Se NMR, taking into account the
nature of the first and second neighbors. Selenium atoms are shown in
yellow and arsenic in black. Three environments (a, b, and c) can be
distinguished for selenium atoms (in blue) belonging to the middle of a
chain; two environments (d and e) for end-of-chain selenium atoms
(purple); and one environment for selenium atoms between two arsenic
atoms (in red). Their respective NMR contributions are shown in panel g.

Table 1. Simultaneous Fit of the Five 77Se NMR Spectra of
Glassy As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6 Provided
NMR Parameters for Each of the Six Environments Described
in Figure 1

environment type
chemical shift

(ppm)

Gaussian peak
width at half-

maximum (ppm)

+1/−1 spinning
sidebands

intensities (in %
of the n = 0
spinning
sideband)

Se2−Se−Se2 (a) δSeSeSe + 2Δ = 864 σSeSeSe = 179 6.6% 6.2%
As−Se−Se−Se2 (b) δSeSeSe + Δ = 830
As−Se−Se−Se−As
(c)

δSeSeSe = 796 obtained from
glassy Se

As−Se−Se2 (d) δAsSeSe + Δ = 592 σAsSeSe = 296 4.7% 4.7%
As−Se−Se−As (e) δAsSeSe = 558 calculated from

ref 20
As−Se−As (f) δAsSeAs = 396 σAsSeAs = 292 9.4% 8.0%

fitted from the
series of spectra
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chemical shift with the nature of the second neighbors, as was
observed in 29Si NMR studies of silicate glasses for example.30,31

In the present study, we recorded quantitative natural abundance
77Se NMR spectra of a series of five chalcogenide glasses with
targeted compositions As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6
and fitted them with a 6-component model (shown in Figure 1

and detailed in Table 1) to take into account, for the first time, the
nature of the second neighbors, while limiting the number of

assumptions in the fitting procedure. This allowed us to extract
the positions and widths of the six environments and, using
Flory’s chain length distributions, to first ascertain the validity of
such a model and second to retrieve key parameters such as the
average chain length and the shape of their distribution.

■ MATERIALS AND METHODS
Synthesis. Rawmaterials with 99.999% elemental abundance

were used for the preparation of the AsxSe1−x glasses. Arsenic and
selenium were further purified of the remaining oxygen by the
volatilization technique using the difference in vapor pressures,
which is greater for oxides than for metals, to remove the oxide
species. Hence, the selenium and arsenic were heated for several
hours under vacuum at 250 and 290 °C, respectively. After
this treatment, the required amounts of selenium and arsenic
were sealed in a silica tube under vacuum. The mixtures were
maintained at 650 °C for a further 12 h in a rocking furnace to
ensure a good mixing and homogenization of the liquid. To
condense the largest possible amount of vapor, the temperature
was reduced to 500 °C for 1 h. The samples were then quenched
in air and annealed near the glass transition temperatures (Tg) to
reduce the mechanical stresses resulting from the rapid cooling.
XRD and differential scanning calorimetry (DSC) confirmed the
glassy nature of our samples. The glass transition temperatures
were measured at 90 °C (AsSe6, x = 0.143), 100 °C (AsSe4.5, x =
0.182), 120 °C (AsSe3, x = 0.25), 145 °C (AsSe2, x = 0.333), and
185 °C (As2Se3, x = 0.4). These temperatures are never reached
while spinning the sample in the MAS rotor.

EDX and TEM Analysis. An energy dispersive X-ray
spectroscopy instrument (EDX) coupled to a CM20 trans-
mission electron microscopy instrument (TEM), operating at
80 kV, was used to measure the chemical composition of each
sample. A holder cooled by liquid nitrogen has permitted to work
with a temperature below−120 °C and thus to never attempt the
transition temperature (Tg) of the glasses. EDX spectra were
acquired during 20 s and with an electron probe 40 nm in
diameter. The five glass samples were analyzed, and the com-
positions are shown in Table 2. For each glass, the composition
was measured 10 times in different regions, and the molar
fraction of arsenic is the mean of these values, while the error bars
for the arsenic mole percent were determined from the standard
deviation of the ensemble of measurements.

Solid-State NMR Experiments.Most of our 77Se (I = 1/2)
magic-angle spinning (MAS) NMR experiments were performed
on a Bruker Avance 300 spectrometer (7.1T) operating at a
Larmor frequency of 57.3 MHz for 77Se, using a 3.2 mm double-
resonance Bruker probehead. The 77Se chemical shift was
referenced to H2SeO3 saturated in water at 1288 ppm. The
spinning frequency was set to 20 kHz to reduce the intensities of
the spinning sidebands. Only two sidebands are predicted with
previous CSA measurements20 and observed experimentally
at this magnetic field, as its estimated magnitude of around
150−300 ppm corresponds to 9−18 kHz at this field. The
linewidths of the Gaussian peaks stemmed from the distribution
of isotropic chemical shifts, which comes from the structural
disorder observed in the vitreous state. Therefore, whole echoes
can be acquired and Fourier transformed to increase the S/N
ratio and to obtain a pure absorption line shape.32,33

The sensitivity of the NMR experiment can be enhanced by
using a Carr−Purcell−Meiboom−Gill (CPMG) train of rotor-
synchronized 180° pulses, in a manner similar to that which our
group has used in the past.23 After the 90° pulse, the receiver
recorded a series of nCPMG = 32 echoes every 600 μs. To ensure

Figure 1. Six distinct environments can be distinguished for selenium
atoms in arsenic selenide glasses by 77Se NMR, taking into account the
nature of the first and second neighbors. Selenium atoms are shown in
yellow and arsenic in black. Three environments (a, b, and c) can be
distinguished for selenium atoms (in blue) belonging to the middle of a
chain; two environments (d and e) for end-of-chain selenium atoms
(purple); and one environment for selenium atoms between two arsenic
atoms (in red). Their respective NMR contributions are shown in panel g.

Table 1. Simultaneous Fit of the Five 77Se NMR Spectra of
Glassy As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6 Provided
NMR Parameters for Each of the Six Environments Described
in Figure 1

environment type
chemical shift

(ppm)

Gaussian peak
width at half-

maximum (ppm)

+1/−1 spinning
sidebands

intensities (in %
of the n = 0
spinning
sideband)

Se2−Se−Se2 (a) δSeSeSe + 2Δ = 864 σSeSeSe = 179 6.6% 6.2%
As−Se−Se−Se2 (b) δSeSeSe + Δ = 830
As−Se−Se−Se−As
(c)

δSeSeSe = 796 obtained from
glassy Se

As−Se−Se2 (d) δAsSeSe + Δ = 592 σAsSeSe = 296 4.7% 4.7%
As−Se−Se−As (e) δAsSeSe = 558 calculated from

ref 20
As−Se−As (f) δAsSeAs = 396 σAsSeAs = 292 9.4% 8.0%

fitted from the
series of spectra
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the glass composition is enriched in selenium, the components labeled 1
gradually become predominant, to the detriment of the components 2
which progressively disappear. The third components, labeled 3,
increase, reach a maximum for intermediate composition, and then
disappear again. Once again, these observations are valid for both
NMR and Raman.

The structure of the AsxSe1 − x glasses has been studied during the
last decade, in particular by 77Se solid state NMR [16–20]. Especially, it
has been very recently evidenced that second neighbours play an
important role on the 77Se chemical shift values [20]. Based on this pre-
vious study, the assignment of the NMR lines resulting from the MCR is
quite straightforward. Thus, the line at 880 ppm, that is the contribution
1, is clearly due to selenium in the middle of chains or rings, Se-Se-Se-
Se-Se. Such a line was identified at 864 ppm in [20]. At the opposite,
the broad line centered on 400 ppm (contribution 2) has to be assigned
to selenium bridging two AsSe3 pyramids, that is to say selenium in an
As-Se-As environment (396 ppm in [20]).

In the middle, the contribution 3 can easily be reconstructed with
two Gaussian lines as depicted in Fig. 6. The broader at 580 ppm has
to be assigned to selenium bonded to one Se and to one As, that is Se-
Se-As, as for example on the As-Se-Se-As dimers linking two AsSe3 pyr-
amids. Indeed, an equivalent contribution had been identified between
558 and 592 ppm in [20]. It is interesting to evidence the smaller line at
800 ppm in Fig. 6, which is close to the predominant line at 880 ppm.
Such a contribution had also been pointed out in [20], which was

attributed to selenium bonded to two selenium atoms as first neigh-
bours and with arsenic atoms as second neighbours, namely As-Se-Se-
Se-As, since selenium as second neighbour is expected to shift the line
towards higher chemical shifts. The intensity ratio of the two lines is in-
dependent of the composition and can be fittedwith two Gaussian lines
with relative areas of 23% for As-Se-Se-Se-As and 77% for As-Se-Se-As,
corresponding to the spectrum of a glass that would have an average
selenium chain length between 2 and 3 (i.e. with a composition
between AsSe3 and AsSe4.5).

To summarize, contribution 1 corresponds to pure Se, contribution 2
seems to arise from a glass with As2Se3 composition and contribution 3
in the middle gathers the As-Se-Se-As (AsSe3) and the AS-Se-Se-Se-As
(AsSe4.5) sequences which becomes predominant only for intermediate
compositions. The evolutions of the relative intensities given in Fig. 5
agree well the above assignment. It is interesting to note that MCR
allows us to easily isolate the two limits in the composition range,
namely pure Se and As2Se3, and yields a third, unique component to
model the entire spectrum (contribution 3).

Regarding the Raman scattering data, the sharp component 1 has
been assigned to vibration modes of the pure Se glass [9,18]. Indeed,
the shape and the position of the component 1 clearly looks like the
g-Se Raman spectrum displayed in Fig. 1b. Therefore, the correlation
represented by component 1, obtained by statistical analysis in the
correlation map (see Fig. 2b) and by MCR makes perfect sense.

The Raman spectrum displayed by component 2 can been
decomposed into two contributions as shown in Fig. 2c. This component
is very similar to the vibration modes found in the As2Se3 glass (see the
As2Se3 Raman spectrum given in Fig. 1b), and is assigned to the contri-
bution of AsSe3 pyramids directly connected to each other's. Therefore,
both Raman and NMR spectra confirms the link between component 2
and the presence of AsSe3 units connected together.

The conclusion is less straightforward for component 3 of the Raman
spectra. The correlationmap (Fig. 2d) andMCR (Fig. 6b) yield a compo-
nent with four individual contributions at 222, 240, 259 and 272 cm−1.
Unlike components 1 and 2, these new ones are difficult to assign to
known vibration modes in Raman spectroscopy. On the other hand,
the correlation map of Fig. 2d enables us to connect the NMR line at
800 ppm to the vibration modes at 222 and 272 cm−1, and the NMR
line at 578 ppm to the vibration modes at 240 and 259 cm−1. These
correlations are well supported by the relative intensities of the lines.
Indeed the relative weight of the NMR line at 800 ppm is 23% (resp.
77% for the line at 578 ppm) and the relative intensities of the correlated
lines at 222 and 272 cm−1 are 22% vs. 78% for the lines at 240 and
259 cm−1. Based on these observations, it is quite logical to correlate
the vibrationmodes at 222 and 272 cm−1 to As-Se-Se-Se-As sequences,

Fig. 4. Shape of the three MCR components labeled 1, 2 and 3 obtained the for NMR
reconstruction (a) and the Raman reconstruction (b).

Fig. 5. Evolution of the relative integrated intensities of the three components working for
NMR and Raman reconstructions.
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and the lines at 240 and 259 cm−1 to As-Se-Se-As dimers vibration
modes, providing a unique way to understand the molecular units
responsible for specific Raman signals, demonstrating the potential
of such a mathematical analysis on datasets obtained with multiple
spectroscopic methods. The present paper also shows that it is relevant
to seek for correlations between Raman vibrational modes and solid
state NMR resonance although the both technics are based on totally
different spectroscopic principles. Such correlations have also been
evidenced recently on phosphate glasses [33].

5. Conclusions

First, it is demonstrated that Correlation map and MCR analysis of
Raman and NMR data yields fruitful information, especially from the
NMR spectra. It provides a minimal set of spectral components, which
can be used to simultaneously fit NMR and Raman datasets obtained
on a series of glasses with variable compositions. This glassy system
has already been deeply studied by NMR and the resulting components
can readily be understood in the light of previous studies, which
required more sophisticated tools and approaches, being costly in
both experimental or computing time and expertise.

Moreover, the simultaneous analysis of NMR and Raman datasets
showed how the strong correlation between both spectroscopic

components could be used to, first, better understand the structure of
glasses, and second, shed light on unassigned features. This approach
has proved particularly useful to help for assignment of some Raman vi-
brationmodes, thanks to correlationwith chemical groups identified by
NMR.
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With their intensities
chemical shift with the nature of the second neighbors, as was
observed in 29Si NMR studies of silicate glasses for example.30,31

In the present study, we recorded quantitative natural abundance
77Se NMR spectra of a series of five chalcogenide glasses with
targeted compositions As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6
and fitted them with a 6-component model (shown in Figure 1

and detailed in Table 1) to take into account, for the first time, the
nature of the second neighbors, while limiting the number of

assumptions in the fitting procedure. This allowed us to extract
the positions and widths of the six environments and, using
Flory’s chain length distributions, to first ascertain the validity of
such a model and second to retrieve key parameters such as the
average chain length and the shape of their distribution.

■ MATERIALS AND METHODS
Synthesis. Rawmaterials with 99.999% elemental abundance

were used for the preparation of the AsxSe1−x glasses. Arsenic and
selenium were further purified of the remaining oxygen by the
volatilization technique using the difference in vapor pressures,
which is greater for oxides than for metals, to remove the oxide
species. Hence, the selenium and arsenic were heated for several
hours under vacuum at 250 and 290 °C, respectively. After
this treatment, the required amounts of selenium and arsenic
were sealed in a silica tube under vacuum. The mixtures were
maintained at 650 °C for a further 12 h in a rocking furnace to
ensure a good mixing and homogenization of the liquid. To
condense the largest possible amount of vapor, the temperature
was reduced to 500 °C for 1 h. The samples were then quenched
in air and annealed near the glass transition temperatures (Tg) to
reduce the mechanical stresses resulting from the rapid cooling.
XRD and differential scanning calorimetry (DSC) confirmed the
glassy nature of our samples. The glass transition temperatures
were measured at 90 °C (AsSe6, x = 0.143), 100 °C (AsSe4.5, x =
0.182), 120 °C (AsSe3, x = 0.25), 145 °C (AsSe2, x = 0.333), and
185 °C (As2Se3, x = 0.4). These temperatures are never reached
while spinning the sample in the MAS rotor.

EDX and TEM Analysis. An energy dispersive X-ray
spectroscopy instrument (EDX) coupled to a CM20 trans-
mission electron microscopy instrument (TEM), operating at
80 kV, was used to measure the chemical composition of each
sample. A holder cooled by liquid nitrogen has permitted to work
with a temperature below−120 °C and thus to never attempt the
transition temperature (Tg) of the glasses. EDX spectra were
acquired during 20 s and with an electron probe 40 nm in
diameter. The five glass samples were analyzed, and the com-
positions are shown in Table 2. For each glass, the composition
was measured 10 times in different regions, and the molar
fraction of arsenic is the mean of these values, while the error bars
for the arsenic mole percent were determined from the standard
deviation of the ensemble of measurements.

Solid-State NMR Experiments.Most of our 77Se (I = 1/2)
magic-angle spinning (MAS) NMR experiments were performed
on a Bruker Avance 300 spectrometer (7.1T) operating at a
Larmor frequency of 57.3 MHz for 77Se, using a 3.2 mm double-
resonance Bruker probehead. The 77Se chemical shift was
referenced to H2SeO3 saturated in water at 1288 ppm. The
spinning frequency was set to 20 kHz to reduce the intensities of
the spinning sidebands. Only two sidebands are predicted with
previous CSA measurements20 and observed experimentally
at this magnetic field, as its estimated magnitude of around
150−300 ppm corresponds to 9−18 kHz at this field. The
linewidths of the Gaussian peaks stemmed from the distribution
of isotropic chemical shifts, which comes from the structural
disorder observed in the vitreous state. Therefore, whole echoes
can be acquired and Fourier transformed to increase the S/N
ratio and to obtain a pure absorption line shape.32,33

The sensitivity of the NMR experiment can be enhanced by
using a Carr−Purcell−Meiboom−Gill (CPMG) train of rotor-
synchronized 180° pulses, in a manner similar to that which our
group has used in the past.23 After the 90° pulse, the receiver
recorded a series of nCPMG = 32 echoes every 600 μs. To ensure

Figure 1. Six distinct environments can be distinguished for selenium
atoms in arsenic selenide glasses by 77Se NMR, taking into account the
nature of the first and second neighbors. Selenium atoms are shown in
yellow and arsenic in black. Three environments (a, b, and c) can be
distinguished for selenium atoms (in blue) belonging to the middle of a
chain; two environments (d and e) for end-of-chain selenium atoms
(purple); and one environment for selenium atoms between two arsenic
atoms (in red). Their respective NMR contributions are shown in panel g.

Table 1. Simultaneous Fit of the Five 77Se NMR Spectra of
Glassy As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6 Provided
NMR Parameters for Each of the Six Environments Described
in Figure 1

environment type
chemical shift

(ppm)

Gaussian peak
width at half-

maximum (ppm)

+1/−1 spinning
sidebands

intensities (in %
of the n = 0
spinning
sideband)

Se2−Se−Se2 (a) δSeSeSe + 2Δ = 864 σSeSeSe = 179 6.6% 6.2%
As−Se−Se−Se2 (b) δSeSeSe + Δ = 830
As−Se−Se−Se−As
(c)

δSeSeSe = 796 obtained from
glassy Se

As−Se−Se2 (d) δAsSeSe + Δ = 592 σAsSeSe = 296 4.7% 4.7%
As−Se−Se−As (e) δAsSeSe = 558 calculated from

ref 20
As−Se−As (f) δAsSeAs = 396 σAsSeAs = 292 9.4% 8.0%

fitted from the
series of spectra
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chemical shift with the nature of the second neighbors, as was
observed in 29Si NMR studies of silicate glasses for example.30,31

In the present study, we recorded quantitative natural abundance
77Se NMR spectra of a series of five chalcogenide glasses with
targeted compositions As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6
and fitted them with a 6-component model (shown in Figure 1

and detailed in Table 1) to take into account, for the first time, the
nature of the second neighbors, while limiting the number of

assumptions in the fitting procedure. This allowed us to extract
the positions and widths of the six environments and, using
Flory’s chain length distributions, to first ascertain the validity of
such a model and second to retrieve key parameters such as the
average chain length and the shape of their distribution.

■ MATERIALS AND METHODS
Synthesis. Rawmaterials with 99.999% elemental abundance

were used for the preparation of the AsxSe1−x glasses. Arsenic and
selenium were further purified of the remaining oxygen by the
volatilization technique using the difference in vapor pressures,
which is greater for oxides than for metals, to remove the oxide
species. Hence, the selenium and arsenic were heated for several
hours under vacuum at 250 and 290 °C, respectively. After
this treatment, the required amounts of selenium and arsenic
were sealed in a silica tube under vacuum. The mixtures were
maintained at 650 °C for a further 12 h in a rocking furnace to
ensure a good mixing and homogenization of the liquid. To
condense the largest possible amount of vapor, the temperature
was reduced to 500 °C for 1 h. The samples were then quenched
in air and annealed near the glass transition temperatures (Tg) to
reduce the mechanical stresses resulting from the rapid cooling.
XRD and differential scanning calorimetry (DSC) confirmed the
glassy nature of our samples. The glass transition temperatures
were measured at 90 °C (AsSe6, x = 0.143), 100 °C (AsSe4.5, x =
0.182), 120 °C (AsSe3, x = 0.25), 145 °C (AsSe2, x = 0.333), and
185 °C (As2Se3, x = 0.4). These temperatures are never reached
while spinning the sample in the MAS rotor.

EDX and TEM Analysis. An energy dispersive X-ray
spectroscopy instrument (EDX) coupled to a CM20 trans-
mission electron microscopy instrument (TEM), operating at
80 kV, was used to measure the chemical composition of each
sample. A holder cooled by liquid nitrogen has permitted to work
with a temperature below−120 °C and thus to never attempt the
transition temperature (Tg) of the glasses. EDX spectra were
acquired during 20 s and with an electron probe 40 nm in
diameter. The five glass samples were analyzed, and the com-
positions are shown in Table 2. For each glass, the composition
was measured 10 times in different regions, and the molar
fraction of arsenic is the mean of these values, while the error bars
for the arsenic mole percent were determined from the standard
deviation of the ensemble of measurements.

Solid-State NMR Experiments.Most of our 77Se (I = 1/2)
magic-angle spinning (MAS) NMR experiments were performed
on a Bruker Avance 300 spectrometer (7.1T) operating at a
Larmor frequency of 57.3 MHz for 77Se, using a 3.2 mm double-
resonance Bruker probehead. The 77Se chemical shift was
referenced to H2SeO3 saturated in water at 1288 ppm. The
spinning frequency was set to 20 kHz to reduce the intensities of
the spinning sidebands. Only two sidebands are predicted with
previous CSA measurements20 and observed experimentally
at this magnetic field, as its estimated magnitude of around
150−300 ppm corresponds to 9−18 kHz at this field. The
linewidths of the Gaussian peaks stemmed from the distribution
of isotropic chemical shifts, which comes from the structural
disorder observed in the vitreous state. Therefore, whole echoes
can be acquired and Fourier transformed to increase the S/N
ratio and to obtain a pure absorption line shape.32,33

The sensitivity of the NMR experiment can be enhanced by
using a Carr−Purcell−Meiboom−Gill (CPMG) train of rotor-
synchronized 180° pulses, in a manner similar to that which our
group has used in the past.23 After the 90° pulse, the receiver
recorded a series of nCPMG = 32 echoes every 600 μs. To ensure

Figure 1. Six distinct environments can be distinguished for selenium
atoms in arsenic selenide glasses by 77Se NMR, taking into account the
nature of the first and second neighbors. Selenium atoms are shown in
yellow and arsenic in black. Three environments (a, b, and c) can be
distinguished for selenium atoms (in blue) belonging to the middle of a
chain; two environments (d and e) for end-of-chain selenium atoms
(purple); and one environment for selenium atoms between two arsenic
atoms (in red). Their respective NMR contributions are shown in panel g.

Table 1. Simultaneous Fit of the Five 77Se NMR Spectra of
Glassy As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6 Provided
NMR Parameters for Each of the Six Environments Described
in Figure 1

environment type
chemical shift

(ppm)

Gaussian peak
width at half-

maximum (ppm)

+1/−1 spinning
sidebands

intensities (in %
of the n = 0
spinning
sideband)

Se2−Se−Se2 (a) δSeSeSe + 2Δ = 864 σSeSeSe = 179 6.6% 6.2%
As−Se−Se−Se2 (b) δSeSeSe + Δ = 830
As−Se−Se−Se−As
(c)

δSeSeSe = 796 obtained from
glassy Se

As−Se−Se2 (d) δAsSeSe + Δ = 592 σAsSeSe = 296 4.7% 4.7%
As−Se−Se−As (e) δAsSeSe = 558 calculated from

ref 20
As−Se−As (f) δAsSeAs = 396 σAsSeAs = 292 9.4% 8.0%

fitted from the
series of spectra
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metals, to remove the oxide species. Hence, the selenium and arsenic
were heated for several hours under vacuum at 250 and 290 °C,
respectively. After this treatment, the required amounts of selenium
and arsenic were sealed in a silica tube under vacuum. The mixtures
were maintained at 650 °C for a further 12 h in a rocking furnace to
ensure a good mixing and homogenization of the liquid. To condense
the largest possible amount of vapor, the temperature was reduced to
500 °C for 1 h. The samples were then quenched in air and annealed
near the glass transition temperatures (Tg) to reduce the mechanical
stresses resulting from the rapid cooling. X-ray Diffraction (XRD) and
differential scanning calorimetry (DSC) confirmed the glassy nature
of our samples. The glass transition temperatures were measured at
90 °C (AsSe6, x = 0.143), 100 °C (AsSe4.5, x = 0.182), 120 °C (AsSe3,
x = 0.25), 145 °C (AsSe2, x = 0.333), and 185 °C (As2Se3, x = 0.4).
The actual final compositions of the synthesized glasses have been
checked by Energy Dispersive Spectroscopy (EDS).

2.2. Experimental techniques

Raman scattering measurements were carried out using a LabRam
High Resolution spectrometer (Horiba Yobin Yvon), 600 g/mm grating
and 10x objective. A 785 nm laser (Sacher Lasertechnik) was used
for scattering excitation. Raman spectrawere recorded at room temper-
ature with 3 s exposition and 20 accumulations. Experimental spectra
were reduced according to the relation proposed by Shuker and
Gammon [27] and baseline corrected.

The 77Se (I = 1/2) magic angle spinning (MAS) NMR experiments
were performed on a Bruker Avance 300 spectrometer (7.1T)
operating at a Larmor frequency of 57.3 MHz for 77Se, using a 3.2 mm
double-resonance Bruker probehead. The spinning frequency was set to
20 kHz to reduce the intensities of the spinning sidebands. The linewidths
of the Gaussian peaks stemmed from the distribution of isotropic
chemical shifts, which comes from the structural disorder observed in
the vitreous state. Therefore, whole echoes can be acquired and Fourier
transformed in order to increase the Signal to Noise ratio and to obtain
a pure absorption lineshape [28,29]. The sensitivity of the NMR experi-
ments can be enhanced by using a Carr–Purcell–Meiboom–Gill (CPMG)
train of rotor-synchronized 180° pulses, in a similar manner to what our
group had done before [19,20]. After the 90° pulse, the receiver recorded
a series of nCPMG=32 echoes every 600 μs. To ensure complete relaxation
of the 77Se magnetization and quantitative measurements, a recycling
delay of 300 s was used between each of the 256 scans, resulting in an
overall experimental time of 22 h per experiment. The radiofrequency
field was set to 50 kHz (corresponding to 900 ppm and ensuring that
the whole spectrum was irradiated correctly).

Two chemometric methods were used to simplify the results and
make them easy interpretable.

First,MCR is automatedmixture analysismethod used to resolvemix-
tures of unknown responses and provide more physically-interpretable
results than, e.g., PCA (Principal Component Analysis). Such an algo-
rithm with successive approximations can take some time to complete
and has some ambiguity, but can operate with complicated mixtures of
unknown components. The goal is the determination of both the
concentration profiles and pure component spectra. This technique is
also known as Self Modeling Curve Resolution (SMCR). More details
one can found in [30].

Second, correlation spectroscopy is based on the idea that a pure
variable for a certain component has contributions from only one of
the components in the mixture. As such, its intensities are proportional
to the actual concentrations and can be used to resolve a data set into
pure component spectra and their contributions. For more mathemati-
cal details, see [31] and also [32].

MCR included in the Solo+MIA chemometric software (Eigenvector
Research Inc., USA) was used for analysis of the sets of Raman and 77Se
MAS NMR spectra. In order to balance the data variance and obtain
more realistic results fused spectra of 77Se MAS NMR and Raman

scattering were used for MCR analysis in one compositional dependent
data set. The objective of MCR is to extract concentration profiles and
pure component spectra. It is expected that data can be decomposed
as non-negative concentrations times non-negative spectra, which is
fulfilled in our case.

Correlation map between 77Se MAS NMR and Raman scattering
spectra and resolved maps of components were computed using the
Correlation Spectroscopy module of the same chemometric software
as MCR. Synchronous covariance was used as a dispersion algorithm,
the z origin was set to zero and appropriate offsets of x and y axes
(40 in our case) were set to reduce the influence of noise in the correla-
tion map, 100 contour levels were used to obtain a well resolved map.
Pure variables, indicated by a maximum of z value, were removed step
by step from the correlation map and resolved maps of components
were obtained.

3. Results

The 77Se and Raman spectra of the six Se-rich AsxSe1 − x glasses are
gathered on Fig. 1a and b respectively. These spectra have been record-
ed from the same set of glassy samples. Despites their good signal-to-
noise ratios, and as previously noticed [16–20] they present a lack of
resolution justifying the use of unsupervised method of analysis. The
first stage of the work was to link the two types of data through
correlation maps. Indeed such mapping is expected to help identify
the different contributions hidden under the broad bands by creating

Fig. 1. 77Se solid state NMR (a) and Raman spectra (b) of the AsxSe1 − x glasses with
0 b x b 0.4.
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chemical shift with the nature of the second neighbors, as was
observed in 29Si NMR studies of silicate glasses for example.30,31

In the present study, we recorded quantitative natural abundance
77Se NMR spectra of a series of five chalcogenide glasses with
targeted compositions As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6
and fitted them with a 6-component model (shown in Figure 1

and detailed in Table 1) to take into account, for the first time, the
nature of the second neighbors, while limiting the number of

assumptions in the fitting procedure. This allowed us to extract
the positions and widths of the six environments and, using
Flory’s chain length distributions, to first ascertain the validity of
such a model and second to retrieve key parameters such as the
average chain length and the shape of their distribution.

■ MATERIALS AND METHODS
Synthesis. Rawmaterials with 99.999% elemental abundance

were used for the preparation of the AsxSe1−x glasses. Arsenic and
selenium were further purified of the remaining oxygen by the
volatilization technique using the difference in vapor pressures,
which is greater for oxides than for metals, to remove the oxide
species. Hence, the selenium and arsenic were heated for several
hours under vacuum at 250 and 290 °C, respectively. After
this treatment, the required amounts of selenium and arsenic
were sealed in a silica tube under vacuum. The mixtures were
maintained at 650 °C for a further 12 h in a rocking furnace to
ensure a good mixing and homogenization of the liquid. To
condense the largest possible amount of vapor, the temperature
was reduced to 500 °C for 1 h. The samples were then quenched
in air and annealed near the glass transition temperatures (Tg) to
reduce the mechanical stresses resulting from the rapid cooling.
XRD and differential scanning calorimetry (DSC) confirmed the
glassy nature of our samples. The glass transition temperatures
were measured at 90 °C (AsSe6, x = 0.143), 100 °C (AsSe4.5, x =
0.182), 120 °C (AsSe3, x = 0.25), 145 °C (AsSe2, x = 0.333), and
185 °C (As2Se3, x = 0.4). These temperatures are never reached
while spinning the sample in the MAS rotor.

EDX and TEM Analysis. An energy dispersive X-ray
spectroscopy instrument (EDX) coupled to a CM20 trans-
mission electron microscopy instrument (TEM), operating at
80 kV, was used to measure the chemical composition of each
sample. A holder cooled by liquid nitrogen has permitted to work
with a temperature below−120 °C and thus to never attempt the
transition temperature (Tg) of the glasses. EDX spectra were
acquired during 20 s and with an electron probe 40 nm in
diameter. The five glass samples were analyzed, and the com-
positions are shown in Table 2. For each glass, the composition
was measured 10 times in different regions, and the molar
fraction of arsenic is the mean of these values, while the error bars
for the arsenic mole percent were determined from the standard
deviation of the ensemble of measurements.

Solid-State NMR Experiments.Most of our 77Se (I = 1/2)
magic-angle spinning (MAS) NMR experiments were performed
on a Bruker Avance 300 spectrometer (7.1T) operating at a
Larmor frequency of 57.3 MHz for 77Se, using a 3.2 mm double-
resonance Bruker probehead. The 77Se chemical shift was
referenced to H2SeO3 saturated in water at 1288 ppm. The
spinning frequency was set to 20 kHz to reduce the intensities of
the spinning sidebands. Only two sidebands are predicted with
previous CSA measurements20 and observed experimentally
at this magnetic field, as its estimated magnitude of around
150−300 ppm corresponds to 9−18 kHz at this field. The
linewidths of the Gaussian peaks stemmed from the distribution
of isotropic chemical shifts, which comes from the structural
disorder observed in the vitreous state. Therefore, whole echoes
can be acquired and Fourier transformed to increase the S/N
ratio and to obtain a pure absorption line shape.32,33

The sensitivity of the NMR experiment can be enhanced by
using a Carr−Purcell−Meiboom−Gill (CPMG) train of rotor-
synchronized 180° pulses, in a manner similar to that which our
group has used in the past.23 After the 90° pulse, the receiver
recorded a series of nCPMG = 32 echoes every 600 μs. To ensure

Figure 1. Six distinct environments can be distinguished for selenium
atoms in arsenic selenide glasses by 77Se NMR, taking into account the
nature of the first and second neighbors. Selenium atoms are shown in
yellow and arsenic in black. Three environments (a, b, and c) can be
distinguished for selenium atoms (in blue) belonging to the middle of a
chain; two environments (d and e) for end-of-chain selenium atoms
(purple); and one environment for selenium atoms between two arsenic
atoms (in red). Their respective NMR contributions are shown in panel g.

Table 1. Simultaneous Fit of the Five 77Se NMR Spectra of
Glassy As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6 Provided
NMR Parameters for Each of the Six Environments Described
in Figure 1

environment type
chemical shift

(ppm)

Gaussian peak
width at half-

maximum (ppm)

+1/−1 spinning
sidebands

intensities (in %
of the n = 0
spinning
sideband)

Se2−Se−Se2 (a) δSeSeSe + 2Δ = 864 σSeSeSe = 179 6.6% 6.2%
As−Se−Se−Se2 (b) δSeSeSe + Δ = 830
As−Se−Se−Se−As
(c)

δSeSeSe = 796 obtained from
glassy Se

As−Se−Se2 (d) δAsSeSe + Δ = 592 σAsSeSe = 296 4.7% 4.7%
As−Se−Se−As (e) δAsSeSe = 558 calculated from

ref 20
As−Se−As (f) δAsSeAs = 396 σAsSeAs = 292 9.4% 8.0%

fitted from the
series of spectra
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chemical shift with the nature of the second neighbors, as was
observed in 29Si NMR studies of silicate glasses for example.30,31

In the present study, we recorded quantitative natural abundance
77Se NMR spectra of a series of five chalcogenide glasses with
targeted compositions As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6
and fitted them with a 6-component model (shown in Figure 1

and detailed in Table 1) to take into account, for the first time, the
nature of the second neighbors, while limiting the number of

assumptions in the fitting procedure. This allowed us to extract
the positions and widths of the six environments and, using
Flory’s chain length distributions, to first ascertain the validity of
such a model and second to retrieve key parameters such as the
average chain length and the shape of their distribution.

■ MATERIALS AND METHODS
Synthesis. Rawmaterials with 99.999% elemental abundance

were used for the preparation of the AsxSe1−x glasses. Arsenic and
selenium were further purified of the remaining oxygen by the
volatilization technique using the difference in vapor pressures,
which is greater for oxides than for metals, to remove the oxide
species. Hence, the selenium and arsenic were heated for several
hours under vacuum at 250 and 290 °C, respectively. After
this treatment, the required amounts of selenium and arsenic
were sealed in a silica tube under vacuum. The mixtures were
maintained at 650 °C for a further 12 h in a rocking furnace to
ensure a good mixing and homogenization of the liquid. To
condense the largest possible amount of vapor, the temperature
was reduced to 500 °C for 1 h. The samples were then quenched
in air and annealed near the glass transition temperatures (Tg) to
reduce the mechanical stresses resulting from the rapid cooling.
XRD and differential scanning calorimetry (DSC) confirmed the
glassy nature of our samples. The glass transition temperatures
were measured at 90 °C (AsSe6, x = 0.143), 100 °C (AsSe4.5, x =
0.182), 120 °C (AsSe3, x = 0.25), 145 °C (AsSe2, x = 0.333), and
185 °C (As2Se3, x = 0.4). These temperatures are never reached
while spinning the sample in the MAS rotor.

EDX and TEM Analysis. An energy dispersive X-ray
spectroscopy instrument (EDX) coupled to a CM20 trans-
mission electron microscopy instrument (TEM), operating at
80 kV, was used to measure the chemical composition of each
sample. A holder cooled by liquid nitrogen has permitted to work
with a temperature below−120 °C and thus to never attempt the
transition temperature (Tg) of the glasses. EDX spectra were
acquired during 20 s and with an electron probe 40 nm in
diameter. The five glass samples were analyzed, and the com-
positions are shown in Table 2. For each glass, the composition
was measured 10 times in different regions, and the molar
fraction of arsenic is the mean of these values, while the error bars
for the arsenic mole percent were determined from the standard
deviation of the ensemble of measurements.

Solid-State NMR Experiments.Most of our 77Se (I = 1/2)
magic-angle spinning (MAS) NMR experiments were performed
on a Bruker Avance 300 spectrometer (7.1T) operating at a
Larmor frequency of 57.3 MHz for 77Se, using a 3.2 mm double-
resonance Bruker probehead. The 77Se chemical shift was
referenced to H2SeO3 saturated in water at 1288 ppm. The
spinning frequency was set to 20 kHz to reduce the intensities of
the spinning sidebands. Only two sidebands are predicted with
previous CSA measurements20 and observed experimentally
at this magnetic field, as its estimated magnitude of around
150−300 ppm corresponds to 9−18 kHz at this field. The
linewidths of the Gaussian peaks stemmed from the distribution
of isotropic chemical shifts, which comes from the structural
disorder observed in the vitreous state. Therefore, whole echoes
can be acquired and Fourier transformed to increase the S/N
ratio and to obtain a pure absorption line shape.32,33

The sensitivity of the NMR experiment can be enhanced by
using a Carr−Purcell−Meiboom−Gill (CPMG) train of rotor-
synchronized 180° pulses, in a manner similar to that which our
group has used in the past.23 After the 90° pulse, the receiver
recorded a series of nCPMG = 32 echoes every 600 μs. To ensure

Figure 1. Six distinct environments can be distinguished for selenium
atoms in arsenic selenide glasses by 77Se NMR, taking into account the
nature of the first and second neighbors. Selenium atoms are shown in
yellow and arsenic in black. Three environments (a, b, and c) can be
distinguished for selenium atoms (in blue) belonging to the middle of a
chain; two environments (d and e) for end-of-chain selenium atoms
(purple); and one environment for selenium atoms between two arsenic
atoms (in red). Their respective NMR contributions are shown in panel g.

Table 1. Simultaneous Fit of the Five 77Se NMR Spectra of
Glassy As2Se3, AsSe2, AsSe3, AsSe4.5, and AsSe6 Provided
NMR Parameters for Each of the Six Environments Described
in Figure 1

environment type
chemical shift

(ppm)

Gaussian peak
width at half-

maximum (ppm)

+1/−1 spinning
sidebands

intensities (in %
of the n = 0
spinning
sideband)

Se2−Se−Se2 (a) δSeSeSe + 2Δ = 864 σSeSeSe = 179 6.6% 6.2%
As−Se−Se−Se2 (b) δSeSeSe + Δ = 830
As−Se−Se−Se−As
(c)

δSeSeSe = 796 obtained from
glassy Se

As−Se−Se2 (d) δAsSeSe + Δ = 592 σAsSeSe = 296 4.7% 4.7%
As−Se−Se−As (e) δAsSeSe = 558 calculated from

ref 20
As−Se−As (f) δAsSeAs = 396 σAsSeAs = 292 9.4% 8.0%

fitted from the
series of spectra
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The GexSe1-x binary system

a breaking point appears, corresponding to GeSe2 composition (r=2,67)

GeSe2 GeSe2

The physical properties vary perfectly linearly around GeSe4 (r=2,4)

GeSe4 GeSe4

The physical changes have probably to be correlated to the presence of direct Ge-Ge 
homopolar bonds



B. Bureau, J. Troles, M. Le Floch, F. Smektala, J. Lucas, J. of Non-Cryst. Solids, 326-327 (2003) 58
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77Se NMR on the GexSe1-x system

-The integrated intensities evolution is monotonous from Se (r=2) to Ge2Se3 (r=2.8)
-The structural network is intermediate between the CCM and the Clustering Model
-No special structural feature is visible for GeSe4 (average coordination number r = 2.4)



77Se enriched sample (100%)

77Se (ppm)

D1 = 60 s

Natural abundance (~7%)

Let’s go further to the GeSe4 description 

The same lineshape, the peak associated to the Se chains is lower.
60 s were required to stabilize the signal.
the magnetization transfer is greatly improved due to the high 
concentration of NMR-active isotope

A series of acquisitions performed: D1 from 60 s to 1200 s.
The signal is stabilized for recycle delays higher to 600 s.

pays attention to the recycle time D1 to get quantitative spectra 



2D correlation spectrum GeSe4Two-dimensional correlation
77Se solid-state NMR



The GeSe4 description 

Car-Parrinello molecular dynamics 
simulations performed using the 
PBE functional, on a cubic 
simulation cell of 18.3 Å3

containing 215 randomly 
distributed atoms *

NMR spectrum has been simulated with the Simpson program*:
- emulate the experimental acquisition process
- takes into account the Chemical Shift Anisotropy and asymmetry parameters
- First, the CSA had been calculated with CASTEP for each Se of the MD box

Se
chains

ES

CS

*M. Bak, J. T. Rasmussen, N. C. Nielsen, Journal of Magnetic Resonance 2000, 147, 296–330

Network connectivity and extended Se chains in the atomic structure
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a b s t r a c t

In order to contribute to the ongoing debate on the atomic structure of Se-rich GexSe1!x glasses, we have
studied the structure of glassy GeSe4 by first-principles molecular dynamics. The Perdew–Burke–Ernzer-
hof generalized gradient approximation has been employed. The nearest-neighbor Se environment is
found to be compatible with the coexistence of a network of GeSe4 tetrahedra and Sen chains, thereby
confirming previous Perdew–Wang results. When comparing PW and PBE results, changes are found in
the Ge–Ge coordination environment and in the number of GeSe4 tetrahedra. In addition, very extended
Sen chains (n > 3, up to n = 12) are present (PBE case).

! 2012 Elsevier B.V. All rights reserved.

1. Introduction

The structure of GexSe1!x glasses in the Se-rich side of the com-
position range is highly contentious [1–7]. To determine the atom-
ic-scale structure of these glasses one has to establish the
connectivity modes between the GeSe4 units and the Se atoms that
are in excess with respect to the x = 0.33 stoichiometric composi-
tion. The key property to capture the difference between proposed
structural models is the relative percentage of coexisting Ge–Se–
Se, Ge–Se–Ge and Se–Se–Se triads, (referred to as AB, AA and BB
units hereafter (Figure 1). By referring to the representative case
of GeSe4, two different models can be envisioned [8]. In the first
model, Ge atoms are connected by Se dimers (AB configurations).
BB and AA configurations are absent since no Se atoms are left
available to form chains longer than Se2 or to link two Ge atoms
as nearest neighbors. In the second model, a very limited number
of AB connections exists since a phase separation occurs between
two coexisting domains having as compositions GeSe2 and Sen,
leading to an equal amount of AA and BB units.

The existence of such a phase separation was invoked to put
forth a bimodal phase percolation model for GexSe1!x glasses in
the 0 6 x 6 1=3 range [1]. The conclusion of this experimental
study, mostly based on 77Se NMR spectroscopy, has been chal-
lenged by a distinct set of analogous 77Se NMR data, indicating that
all three kinds of Se coordination units (Ge–Se–Se, Ge–Se–Ge and
Se–Se–Se) are very much likely to exist [2]. Given the above con-
text, it is useful to seek the contribution of DFT-based atomic-scale
modelling to elucidate the glass topology. First-principles molecu-

lar dynamics, within the Car–Parrinello formalism [9], has pro-
vided a structure of glassy GeSe4 for which the calculated total
structure factor and total pair correlation function agree well with
neutron diffraction experiments [5]. Calculated percentages of AA,
AB and BB favored the predominance of AB units, almost twice as
more numerous as the AA or the BB ones. The coexistence of the
three coordination motifs for Se is also the main outcome of a
first-principles analysis of NMR chemical shifts in glassy GeSe4

[6,7]. By using the calculated isotropic chemical shifts, the experi-
mental 77Se NMR spectra were analyzed to derive the local coordi-
nations and the percentages of AA, BB and AB units (46%, 33% and
21%, respectively). Based on these pieces of evidence, it appears
that a precise understanding of the atomic structure of Se-rich
GexSe1!x glasses is extremely challenging and deserves further
investigations.

This Letter has two main motivations. The first purpose is to ex-
plore whether the possible occurrence of a phase separation in a
DFT model depends on the exchange-correlation (XC) functional
employed. We recall that glassy GeSe4 was modeled in Ref. [5]
within the PW framework by obtaining structural properties in
very good agreement with neutron diffraction data. However, for
liquid and glassy GeSe2 the PW scheme was found to favor a delo-
calized distribution of the valence electron density, resulting in an
insufficiently accurate description of Ge–Ge correlations [10]. This
observation legitimates the selection and the use of an alternative
XC functional, such as the Perdew, Burke and Ernzerhof (PBE) ex-
change-correlation functional. This scheme was constructed to im-
prove upon the PW recipe in several respects related to the
parametrization of the electronic gradients [11,12].

The second purpose of our Letter is to complement and enrich
the structural analysis of glassy GeSe4 provided in Ref. [5]. In

0009-2614/$ - see front matter ! 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cplett.2012.07.077
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GeSe4 NMR spectra reconstruction

Final MD box and 77Se NMR (MAS 23 kHz) spectra simulated for an optimized configuration of the glass at 300 K

- the width of the signal is in fair agreement [~1000 ppm]
- the Se and GeSe2 line positions are in good agreement with the experimental values
- the lineshape lacks the typical double peak feature found in the experimental spectra
- the large fraction of Ge-Se-Se units, resonating around 500 ppm determines almost entirely the lineshape
- the ES signal is also in that range (around 500 ppm), confirming CASTEP calculation on the crystalline
β-GeSe2 phase (K. Sykina et al. PCCP  2013) and  disagreeing previous assignement*

*M. Kibalchenko,  et al., Journal of Physical Chemistry C 2011 115, 7755–7759



G for grain:
Germanium occupy a spherical volume

S for Slab:
Present a higher specific surface area

- experimentally powders of the raw materials are put together in the silica tube.

- Due to the large difference in the melting temperature between  Ge (Tf = 1200K) and Se (Tf = 500K), a solid-liquid 
reactions promote the formation and linking of the GeSe4 tetrahedra.

GeSe4 NMR spectra reconstruction from 
heterogenous starting configurations

This journal is© the Owner Societies 2014 Phys. Chem. Chem. Phys., 2014, 16, 17975--17982 | 17975

Cite this:Phys.Chem.Chem.Phys.,
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A combined 77Se NMR and molecular dynamics
contribution to the structural understanding of
the chalcogenide glasses†

Kateryna Sykina,a Bruno Bureau,b Laurent Le Pollès,b Claire Roiland,b

Michaël Deschamps,c Chris J. Pickardd and Eric Furet*a

Solid-state 77Se NMR measurements, first-principles molecular dynamics and DFT calculations of NMR

parameters were performed to gain insight into the structure of selenium-rich GexSe(1!x) glasses. We

recorded the fully-relaxed NMR spectra on natural abundance and 100% isotopically enriched GeSe4

samples, which led us to reconsider the level of structural heterogeneity in this material. In this paper,

we propose an alternative procedure to initialise molecular dynamics runs for the chalcogenide glasses.

The 77Se NMR spectra calculated on the basis of the structural models deduced from these simulations

are consistent with the experimental spectrum.

Introduction
The chalcogenide glasses are known to exhibit a wide range
of physical properties (high linear and nonlinear refractive
indices, large infrared transparency windows, reversible
amorphous-to-crystal transition, etc.), some of which being
unique to them such as various light-induced phenomena.1

Due to the weak stoichiometric constraints on amorphous
materials, these electrical, mechanical or optical properties
may be easily tuned by composition modulation. These features
have paved the way to a large spectrum of technological
applications including non-volatile memories, optical data
storage, infrared lenses and fibers, gratings, and planar wave-
guides.2 Recently, they have also been considered as viable
materials to build thermoelectrical devices.3 Despite their large
domain of technological applications, chalcogenide glass

structures are not so well-known because most of experimental
data obtained from spectroscopic tools are not straightforward
to interpret. Even for glasses in the prototypical binary Ge–Se
system that have been intensively studied using various experi-
mental characterization techniques,4–7 the debate continues.

In recent years, solid-state 77Se NMR investigations have
been carried out in order to get a better understanding of the
structure of GexSe(1!x) glasses. In the specific case of the GeSe4

composition which is known to be the best glass former of the
Ge–Se system, and moreover to correspond to a structural
threshold in Thorpe’s counting scheme,8 significant progress
has been made by Bureau et al.7,9 and Sen et al.10–12 Their
results have allowed the unambiguous elimination of the
homogeneous model called the chain crossing model (CCM)
in which the glass structure is built up from evenly distributed
GeSe4/2 tetrahedra and Se chains whose lengths increase with
chalcogen content. In the case of g-GeSe4, this model predicts
the existence of selenium dimers connecting the GeSe4 tetra-
hedra, leading therefore to the following theoretical percent-
ages for the Se environments: 0 (Se–Se–Se); 0 (Ge–Se–Ge) and
100% (Ge–Se–Se) and hence would lead to a single peak in the
77Se NMR spectrum which is in contradiction to the observed
double peak measured by Bureau et al.7,9 and Sen et al.10–12

Nowadays, two different models are discussed to describe
the structure of selenium-rich GexSe(1!x) glasses (x o 1/3).
In their investigation, Bureau et al. concluded that the fraction
of Ge–Se–Se might be neglected, leading to a bimodal percola-
tion model (BP) in which a phase separation occurs at a local
scale between g-Se and g-GeSe2 domains.7,9 In the GeSe2 phase,
GeSe4/2 tetrahedra share selenium atoms through corners (CS)
or edges (ES), leading to a significant amount of Ge–Se–Ge
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Let’s go further to the GeSe4 description 

H S                     G

Se-Se-Se 29 35                      38

Ge-Se-Ge 29 33                     33

CS 19 23                      22

ES 10 10                      11

Ge-Se-Se 38 28                      25

Other ~4 ~3

From H (homogoneous)  to S (Slab) and G (Grain):
the Se-Se-Se and the Ge-Se-Ge rates increase (+9% and +4%)
the Ge-Se-Se rate decreases (-13%)

Nevertheless, pourcentages do not move dramatically and remain on the 
same range than those get on previous works … 
(C. Massobrio PRB 2009, S. Sen et al JPCC 2010 and Edwards JNCS 2012)

… is there any effect on the simulated NMR spectra ?



Let’s go further to the GeSe4 description 

H

The simulated spectra obtained from the Grain MD file
give a very good account of the experimental spectrum.

The evolution of the lineshape is partially due to the balance between the three kinds of Se 
neighborhoods, but mostly due to the anistotropy which shaped each individual line 

77Se (ppm)

difficult to anticipate the results without full calculation and simulation with 
CASTEP and Simpson 



Conclusion on NMR

One has to be very carefull with longitudinal relaxation effects, 

Strong overlapping between the different contribution due to anistropic effects.

Difficult to anticipate  and rationalise the isotropic chemical shift value of 77Se
- Se chains and AsSe cages have the same CS on AsxSe1-x (~800ppm)
- ES  and Ge-Se-Se also on GexSe1-x (~500ppm)

It is essential to carry out full CS calculation (iso and anisotropy) to simulate the 
experimental lineshape, even in glass.

Interestingly, the best result is obtain from the « Grain » MD file which correspond to the 
experimental condition of glass preparation.

The GeSe4 structure contains about 33% of Se embedded in rings or chains

Extended Se-n chains (n > 3, up to n = 12) are observed in the DM boxes



Conclusion on material sciences

For As-Se glasses a clear extremum is observed at r=2.4 (As2Se3) for all the physical
properties.

The physical properties transition are the direct consequences of the strong structural
reorganisation.

For Ge-Se a breaking point is observed at r=2,67 (GeSe2). This observation could be
connected with the emergence of direct Ge-Ge bonds beyond GeSe2.

On the other hand, nothing special happens at r=2,4 (GeSe4).

The physical properties are due to the reticulation between the polyedra rather than to
r which corresponds the mean reticulation of each element.

Anyway GeSe4 (for example) presents strong heterogeneïties, i.e. weak VdW bonds



Alternative way to prepare GeSe4

a laser diode at 785 nm for 80GeSe2–20Ga2Se3 powders. Optical density
filters were used to decrease the laser power to avoid heating at the
focus point of the laser on the sample. The spectral dispersion was less
than 1 cm−1 per CCD pixel. The 77Se (S = 1/2) NMR spectra were
recorded at room temperature on an Avance 300 Bruker spectrometer
operating at 57.28 MHz with a 4 mm MAS probe spinning at 14 kHz.
Full echoes were used to refocus the whole magnetization and
avoid base line distortion. The time delay between the both pulses
corresponds to one rotor rotation period. The recycle time was 300 s
in agreement with recent results showing that long time is essential to
get some quantitative spectra [12].

3. Results and discussions

3.1. Coloration of the powder

The evolution of the color of GeSe4 and 80GeSe2–20Ga2Se3
(Ge23.53Ga11.76Se64.71) components is presented in Fig. 1. One can
see that in the case of the ternary system the color changes from
gray to brick-red after only 30 min of milling (Fig. 1b) which indi-
cates a fast reaction between elements. On the contrary, in the case
of the binary system, the change of the color occurs after around 30
or 50 h of milling (Fig. 1a). This latter result underlines that the
interaction between Germanium and Selenium is slow during me-
chanical milling.

Such a behavior of these two compounds observed in the same
conditions of milling (ball-to-powder ration, rotation speed) indicates
that Gallium plays an accelerator role in the amorphization process.
Taken into account the very low melting point of Gallium (29.76 °C)
and the transformation of the mechanical energy into a thermal one
during milling, the melting of Gallium may be supposed, acting as a
liquid medium which facilitates the diffusion of elements. The very
fast amorphization of the ternary system could be explained by both a
localmelt-quenching of elements and their progressive diffusion during
impacts.

3.2. X-ray diffraction

XRD analyses have been performed on the powder extracted all
along the milling process, as presented in Fig. 2. In both cases, GeSe4
and 80GeSe2–20Ga2Se3, diffraction pattern corresponding to Germani-
um has only been observed. Selenium and Gallium react relatively fast
forming an amorphous powder. Completely amorphous powders have
been obtained after 110 h of milling in the case of GeSe4 composition
and after 50 h for 80GeSe2–20Ga2Se3. This result is in complete agree-
ment with the evolution of the color of the two compounds, which
has already pointed out the much faster interaction of Germanium
and Selenium in the presence of Gallium.

3.3. Differential scanning calorimetry

The evolution of the transition temperature during the milling has
already been discussed in several previous papers [5,6]. In this work
the Tg values have been registered on the powder obtained at the end
of the milling which have been identified as completely amorphous
using XRD analysis. The two Tg are 168 °C for the GeSe4 composition
and 370 °C for the 80GeSe2–20Ga2Se3 one, which are similar to
the values registered for these two glasses obtained by the melt-
quenching method (165 °C for GeSe4 and 370 °C for 80GeSe2–
20Ga2Se3) [13–15].

3.4. Raman spectroscopy

3.4.1. GeSe4
Raman spectroscopy has been used in order to study the structure of

the completely amorphous powder. In Fig. 3, three bands can be identi-
fied at 195 cm−1, 215 cm− l and 260 cm−1. The band at 195 cm−1

corresponds to the A1 breathing mode of corner-sharing (CS) GeSe4/2
tetrahedral units and the band at 215 cm−1 is associated to theA1c breath-
ing like motions (companion peak) of edge-sharing (ES) GeSe4/2 units
[16–18]. The difference in the intensities of these bands indicates that
the structure of the amorphousmaterial ismainly based onCS tetrahedral
units while ES units are presented in a small quantity. The third band at
260 cm−1 corresponds to theA1 and E2modes of Se–Se bonds fromchains
or cycles constitutedof Se atoms [16–19]. This peak indicates thepresence
of Selenium-rich phases in the final structure of GeSe4 glass.

A comparison between this spectrum and the one corresponding to
the same glass made by the melt-quenching method has also been
done. The same bonds are observed on both spectra indicating that
the same structure is reached in both materials synthesized using the
two different methods.

3.4.2. 80GeSe2–20Ga2Se3
Spectra presented in Fig. 4 have been normalized according to the

most intense band (200 cm−1).
One can see that the interaction between the three elements occurs

fast. Already after 1 h of milling, bands associatedwith GeSe4/2 units can
be distinguished together with Se–Se and metal–metal interactions.
With the increase of themilling time, the shape of spectra is not chang-
ing, only the intensity of bands is modified.

Three areas can be identified on the Raman spectra: 75–150 cm−1,
150–230 cm−1 and 230–350 cm−1. In the first domain several distor-
tional vibrations of Ge–Se or Se–Se bonds give such a broad band as in
the case of GeSe4 composition [20,21].

In the second area an intense band centered at 200 cm−1 with two
shoulders at 178 and 215 cm−1 can be distinguished. The peak at
200 cm−1 is associated with the A1 symmetric mode of CS GeSe4/2 units
[20,21]. Two shoulders correspond respectively to the stretching of Ge–
Ge bond in the ethane-like units (Se3/2)Ge–Ge(Se3/2) (178 cm−1) and

a) 1 h          10 h         30 h  50 h        70 h         90 h       110 h 

b) 0 h     30 min    5 h       10 h      20 h      30 h     40 h       50 h

Fig. 1. Evolution of the color of the a) GeSe4 and b) 80GeSe2–20Ga2Se3 powder with the milling duration.
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to the symmetric in phase stretching of ES tetrahedral units (215 cm−1)
[20–22].

Between 230 and 350 cm−1, three bands of low intensity can be ob-
served at 240, 260 and 300 cm−1. The band at 240 cm−1 has been
assigned in previous articles to an out of phase stretching of Se–Se bond
in ES GeSe4/2 tetrahedral units [20,22,23]. Two assignments can be pro-
posed for the broad band centered at 260 cm−1. A strong band at
252 cm−1 observed in glassy Se has been assigned to the A1 stretching
mode of Se8 ring molecules [20]. P. Nemec et al. have assigned a band at
268 cm−1 observed in Ge25Ga5Se70 and Ge30Ga5Se65 glasses to A1

modes of vibration of Se chains [20]. Low intensity peak registered at
300 cm−1 has been assigned to an asymmetric stretching of CS GeSe4/2
units [21].

According to Fig. 4, the intensity of the band associated with the Se–
Se bondvibration (domain 250–290 cm−1) is decreasingwhile themill-
ing time is increasing. This trend indicates that the quantity of Selenium
interacting with metals is increasing. However, the broad signal around
250 cm−1 has not totally disappeared indicating that a Se-rich domain
remains in the final structure of 80GeSe2–20Ga2Se3 glass.

3.5. 77Se NMR

3.5.1. GeSe4
77Se solid state NMR has been used to analyze powder samples

starting by the initial raw Selenium. As one can see in Fig. 5, the peak
centered on 850 ppm and corresponding to Se–Se–Se interactions
presents a relatively large FWHM. In this way commercial Selenium

used for the mechanical alloying appears to be clearly vitreous. At the
beginning of milling, from 10 min to 30 h, a part of Selenium (δiso =
850 ppm) becomes crystalline andwhen the milling time increases, be-
yond 30 h, it goes back amorphous. Other crystalline phases formed in
the very beginning of the milling are distinguished giving rise to sharp
lines between 200 and 700 ppm. Those are different Gex–Sey crystalline
phases containing Se–Se–Ge or Ge–Se–Ge signals. Even if a clear assign-
ment is not easy due to the signal to noise ratio, these sets of sharp lines
look like those of the crystalline β-GeSe2 [18]. These lines disappear for
long milling time. Surprisingly, between 30 and 50 h of milling it is dif-
ficult to detect 77Se lines corresponding to Selenium bonded to
Germanium.

Then, during the last 60 h of milling, the peak corresponding to
amorphous Selenium (Se–Se–Se) is decreasing while Se–Se–Ge/Ge–
Se–Ge peak is increasing in a significant way, as shown in Fig. 6a. The
milling process has been continued up to 185 h in order to observe
the evolution of the Se–Se–Se lines and the way that Se atoms incorpo-
rate the Ge–Se network. After 110 h of milling a saturation threshold of
Se bridging Ge is reached. This result is coherent with the Raman
spectroscopic analysis and confirms previous observations of Se rich
domains in GeSe4 glass, i.e. rings or longer Se chains [24–27].

Spectrum obtained for the completely amorphous powder was also
compared with the curve obtained for glasses synthesized by conven-
tional melt-quenching method at different temperatures (Fig. 6b).
Both curves exhibit the same shape which attests that the same struc-
ture of the glassy systems is reached by two different techniques,
melt-quenching and mechanical alloying. Furthermore, the peak
corresponding to amorphous Se is rather lower in the case of GeSe4
synthesized by mechanical alloying. In that way mechanical alloying

1 h
10 h
30 h
50 h
70 h
90 h

110 h

Ge

a)

50 h

40 h

30 h

20 h

10 h
Ge

b)

Fig. 2. XRD patterns of the a) GeSe4 and b) 80GeSe2–20Ga2Se3 powders obtained after different milling durations.
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Fig. 3. Raman spectra of GeSe4 glass synthesized by melt-quenching method and of the
completely amorphous powder obtained by mechanical milling.

Fig. 4. Raman spectra of the powder obtained after 1, 3, 5, 7, 10, 20 and 50 h of milling
(normalized regarding to the peak at 200 cm−1).
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permits to incorporate more Se in the Ge–Se network, in a comparable
manner to a quenching from a very high temperature.

3.5.2. 80GeSe2–20Ga2Se3
Fig. 7 presents 77Se NMR spectra registered from the raw initial Sele-

niumand on the powder samples obtained after 10min, 30min, 1 h and
50 h of milling.

As in the case of the binary systemGeSe4, Selenium peak (Se–Se–Se,
δiso = 850 ppm) becomes narrower after 10 min of milling showing a
crystallization of the selenium. With increasing milling time, Selenium
returns amorphous and the intensity of its peak is decreasing for
the benefit of the second peak corresponding to the interactions be-
tween Selenium and the two metals (Se–Se–Ge, Ge–Se–Ge, Se–Se–Ga,
Ga–Se–Ga, Ge–Se–Ga, δiso = 405 ppm) [23]. It is worthy to note that
the second peak appears after only 30 min of milling confirming the
rapid initiation of the interaction between all the elements. The compar-
ison between spectra obtained for the completely amorphous powder
and for a 80GeSe2–20Ga2Se3 glass synthesized bymelt-quenching, con-
firms the obtainment of the same structure of samples (Fig. 8a). Indeed,
the same shape of the spectra is observed.

In addition, the deconvolution of the spectrum registered on
the completely amorphous powder has pointed out the presence of

amorphous Selenium which does not react with the other elements
(Fig. 8b). Even if the respective contribution is low (4%), this result has
also been observed using Raman spectroscopy and indicates the pres-
ence of Selenium-richer domains. These latter domains have also been
observed in Selenium-rich glasses such as GeSe4 where the Se–Se–Se
contribution is around 30–40% [24–27]. It is nevertheless quite surpris-
ing to detect amorphous Selenium in the glass composition 80GeSe2–
20Ga2Se3 (Ge23.53Ga11.76Se64.71) where the Se rate is much lower.

4. Conclusion

Glassy powders of GeSe4 and 80GeSe2–20Ga2Se3 compositions have
been obtained bymechanical alloying ofmetallic rawGermanium, Sele-
nium and Gallium. The same thermal (Tg) and spectroscopic (Raman
spectroscopy, 77Se NMR) characteristics have been observed for the
completely amorphous powders that for the respective glasses synthe-
sized by the melt-quenching method.

Using the same conditions of alloying (speed rotation, ball-to-
powder ratio) the necessary milling time to obtain a completely amor-
phous powder has been shortened by a factor of 2 by adding Gallium
to the Ge–Se system. The low melting point of Gallium (29.76 °C) is
reached in themilling jar during alloying and the acceleration of the in-
teraction between Ge and Se elements in the presence of Gamay be due
to a localized and very fastmelt-quenching phenomenon combined to a
diffusion process of elements.

For GeSe4, the crystallization of Selenium and of several Gex–Sey
phases (very probably GeSe2) has been observed under the mechanical
alloying. Amuch longermilling timewas conducted to the amorphization
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Amorphous powders of GeSe4 and 80GeSe2–20Ga2Se3 compositions have been prepared bymechanical alloying
of raw Germanium, Selenium and Gallium. The amorphization process and structural evolution of the powder
duringmechanical alloying have been studied by XRD, DSC, Raman spectroscopy and 77Se NMR. The role of Gal-
lium in the amorphization process has been pointed out. Similar structures and thermal properties of amorphous
powders and respective glasses synthesized by melt-quenching method have been observed.
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1. Introduction

Chalcogenide glasses (ChG) are transparent in near andmid infrared
(IR) ranges and have proven their effectiveness in different fields of
applications as sensors, laser amplifier and especially as lenses for the
night vision devices [1–4]. ChG are usually synthesized under vacuum
in order to avoid their contamination by the molecules that vibrate in
their range of transparency. Nevertheless, the use of ChG is still restrict-
ed by their low mechanical properties and especially their high final
price which is due to the use of expensive purified elements and non-
reusable silica tubes. We have recently demonstrated the feasibility to
obtain bulk ChG by combining mechanical milling and sintering [5,6].
This new technology avoids the use of silica tubes, allows a glass synthe-
sis at room temperature and leads to the production of new composi-
tions and bigger size samples. Moreover, by adjusting sintering
parameters, this process also permits the fast and simultaneous synthe-
sis of glass-ceramics having higher mechanical characteristics than
glasses. The first step of this process consists in making an amorphous
powder by grinding raw metallic elements in a planetary grinder. This
work was focused on the understanding of the amorphization process
and of the structural evolution along the milling using XRD, DSC,
Raman spectroscopy and solid state NMR analyses. Indeed, over the
past 10 years, 77SeNMRwas found to be a very good technique for prob-
ing the structure of ChG [7–11].

2. Experimental procedures

2.1. Glass powder synthesis

Amorphous chalcogenide powder of GeSe4 and 80GeSe2–20Ga2Se3
compositions has been synthesized using the same conditions of
mechanical alloying by introducing stoichiometric amounts of pure
raw metallic Germanium (5 N, Umicore), Selenium (5 N, Umicore)
and Gallium (5 N, Materion) in a tungsten carbide (WC) grinding jar
containing 6 WC milling balls, with a ball-to-powder weight ratio
18.75:1. The jar was introduced into a planetary grinder (Retsch
PM100, Germany). Rotation cycles of 3 min at 300 rpmwere scheduled
with direction reversal and a pause of 3 min between each cycle. The
milling process has been periodically stopped and a small amount of
the powder (~0.1 g) has been taken out for analysis.

2.2. Powder characterizations

X-ray diffraction was carried out on the powder taken out after dif-
ferent milling durations using a Philips PW3710 diffractometer (Cu
Kα1,2 1.5418 Å) in the range of 10–90° (2θ). Thermal properties of the
powders were analyzed by Differential Scanning Calorimetry (DSC)
using 10mg of the sample and a rampof 10 °C/min (DSCQ20; TA Instru-
ments, New Castle, DE). A HR800 (Horiba/Jobin-Yvon) micro-raman
spectrometer was used to collect unpolarized Raman spectra of all
GeSe4 and 80GeSe2–20Ga2Se3 glassy powders in backscattering geome-
try at ambient temperature. These Raman measurements have been
performed with a He–Ne laser at 633 nm for GeSe4 samples and with
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to the symmetric in phase stretching of ES tetrahedral units (215 cm−1)
[20–22].

Between 230 and 350 cm−1, three bands of low intensity can be ob-
served at 240, 260 and 300 cm−1. The band at 240 cm−1 has been
assigned in previous articles to an out of phase stretching of Se–Se bond
in ES GeSe4/2 tetrahedral units [20,22,23]. Two assignments can be pro-
posed for the broad band centered at 260 cm−1. A strong band at
252 cm−1 observed in glassy Se has been assigned to the A1 stretching
mode of Se8 ring molecules [20]. P. Nemec et al. have assigned a band at
268 cm−1 observed in Ge25Ga5Se70 and Ge30Ga5Se65 glasses to A1

modes of vibration of Se chains [20]. Low intensity peak registered at
300 cm−1 has been assigned to an asymmetric stretching of CS GeSe4/2
units [21].

According to Fig. 4, the intensity of the band associated with the Se–
Se bondvibration (domain 250–290 cm−1) is decreasingwhile themill-
ing time is increasing. This trend indicates that the quantity of Selenium
interacting with metals is increasing. However, the broad signal around
250 cm−1 has not totally disappeared indicating that a Se-rich domain
remains in the final structure of 80GeSe2–20Ga2Se3 glass.

3.5. 77Se NMR

3.5.1. GeSe4
77Se solid state NMR has been used to analyze powder samples

starting by the initial raw Selenium. As one can see in Fig. 5, the peak
centered on 850 ppm and corresponding to Se–Se–Se interactions
presents a relatively large FWHM. In this way commercial Selenium

used for the mechanical alloying appears to be clearly vitreous. At the
beginning of milling, from 10 min to 30 h, a part of Selenium (δiso =
850 ppm) becomes crystalline andwhen the milling time increases, be-
yond 30 h, it goes back amorphous. Other crystalline phases formed in
the very beginning of the milling are distinguished giving rise to sharp
lines between 200 and 700 ppm. Those are different Gex–Sey crystalline
phases containing Se–Se–Ge or Ge–Se–Ge signals. Even if a clear assign-
ment is not easy due to the signal to noise ratio, these sets of sharp lines
look like those of the crystalline β-GeSe2 [18]. These lines disappear for
long milling time. Surprisingly, between 30 and 50 h of milling it is dif-
ficult to detect 77Se lines corresponding to Selenium bonded to
Germanium.

Then, during the last 60 h of milling, the peak corresponding to
amorphous Selenium (Se–Se–Se) is decreasing while Se–Se–Ge/Ge–
Se–Ge peak is increasing in a significant way, as shown in Fig. 6a. The
milling process has been continued up to 185 h in order to observe
the evolution of the Se–Se–Se lines and the way that Se atoms incorpo-
rate the Ge–Se network. After 110 h of milling a saturation threshold of
Se bridging Ge is reached. This result is coherent with the Raman
spectroscopic analysis and confirms previous observations of Se rich
domains in GeSe4 glass, i.e. rings or longer Se chains [24–27].

Spectrum obtained for the completely amorphous powder was also
compared with the curve obtained for glasses synthesized by conven-
tional melt-quenching method at different temperatures (Fig. 6b).
Both curves exhibit the same shape which attests that the same struc-
ture of the glassy systems is reached by two different techniques,
melt-quenching and mechanical alloying. Furthermore, the peak
corresponding to amorphous Se is rather lower in the case of GeSe4
synthesized by mechanical alloying. In that way mechanical alloying
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Fig. 2. XRD patterns of the a) GeSe4 and b) 80GeSe2–20Ga2Se3 powders obtained after different milling durations.
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Fig. 3. Raman spectra of GeSe4 glass synthesized by melt-quenching method and of the
completely amorphous powder obtained by mechanical milling.

Fig. 4. Raman spectra of the powder obtained after 1, 3, 5, 7, 10, 20 and 50 h of milling
(normalized regarding to the peak at 200 cm−1).
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Alternative way to prepare GeSe4

a laser diode at 785 nm for 80GeSe2–20Ga2Se3 powders. Optical density
filters were used to decrease the laser power to avoid heating at the
focus point of the laser on the sample. The spectral dispersion was less
than 1 cm−1 per CCD pixel. The 77Se (S = 1/2) NMR spectra were
recorded at room temperature on an Avance 300 Bruker spectrometer
operating at 57.28 MHz with a 4 mm MAS probe spinning at 14 kHz.
Full echoes were used to refocus the whole magnetization and
avoid base line distortion. The time delay between the both pulses
corresponds to one rotor rotation period. The recycle time was 300 s
in agreement with recent results showing that long time is essential to
get some quantitative spectra [12].

3. Results and discussions

3.1. Coloration of the powder

The evolution of the color of GeSe4 and 80GeSe2–20Ga2Se3
(Ge23.53Ga11.76Se64.71) components is presented in Fig. 1. One can
see that in the case of the ternary system the color changes from
gray to brick-red after only 30 min of milling (Fig. 1b) which indi-
cates a fast reaction between elements. On the contrary, in the case
of the binary system, the change of the color occurs after around 30
or 50 h of milling (Fig. 1a). This latter result underlines that the
interaction between Germanium and Selenium is slow during me-
chanical milling.

Such a behavior of these two compounds observed in the same
conditions of milling (ball-to-powder ration, rotation speed) indicates
that Gallium plays an accelerator role in the amorphization process.
Taken into account the very low melting point of Gallium (29.76 °C)
and the transformation of the mechanical energy into a thermal one
during milling, the melting of Gallium may be supposed, acting as a
liquid medium which facilitates the diffusion of elements. The very
fast amorphization of the ternary system could be explained by both a
localmelt-quenching of elements and their progressive diffusion during
impacts.

3.2. X-ray diffraction

XRD analyses have been performed on the powder extracted all
along the milling process, as presented in Fig. 2. In both cases, GeSe4
and 80GeSe2–20Ga2Se3, diffraction pattern corresponding to Germani-
um has only been observed. Selenium and Gallium react relatively fast
forming an amorphous powder. Completely amorphous powders have
been obtained after 110 h of milling in the case of GeSe4 composition
and after 50 h for 80GeSe2–20Ga2Se3. This result is in complete agree-
ment with the evolution of the color of the two compounds, which
has already pointed out the much faster interaction of Germanium
and Selenium in the presence of Gallium.

3.3. Differential scanning calorimetry

The evolution of the transition temperature during the milling has
already been discussed in several previous papers [5,6]. In this work
the Tg values have been registered on the powder obtained at the end
of the milling which have been identified as completely amorphous
using XRD analysis. The two Tg are 168 °C for the GeSe4 composition
and 370 °C for the 80GeSe2–20Ga2Se3 one, which are similar to
the values registered for these two glasses obtained by the melt-
quenching method (165 °C for GeSe4 and 370 °C for 80GeSe2–
20Ga2Se3) [13–15].

3.4. Raman spectroscopy

3.4.1. GeSe4
Raman spectroscopy has been used in order to study the structure of

the completely amorphous powder. In Fig. 3, three bands can be identi-
fied at 195 cm−1, 215 cm− l and 260 cm−1. The band at 195 cm−1

corresponds to the A1 breathing mode of corner-sharing (CS) GeSe4/2
tetrahedral units and the band at 215 cm−1 is associated to theA1c breath-
ing like motions (companion peak) of edge-sharing (ES) GeSe4/2 units
[16–18]. The difference in the intensities of these bands indicates that
the structure of the amorphousmaterial ismainly based onCS tetrahedral
units while ES units are presented in a small quantity. The third band at
260 cm−1 corresponds to theA1 and E2modes of Se–Se bonds fromchains
or cycles constitutedof Se atoms [16–19]. This peak indicates thepresence
of Selenium-rich phases in the final structure of GeSe4 glass.

A comparison between this spectrum and the one corresponding to
the same glass made by the melt-quenching method has also been
done. The same bonds are observed on both spectra indicating that
the same structure is reached in both materials synthesized using the
two different methods.

3.4.2. 80GeSe2–20Ga2Se3
Spectra presented in Fig. 4 have been normalized according to the

most intense band (200 cm−1).
One can see that the interaction between the three elements occurs

fast. Already after 1 h of milling, bands associatedwith GeSe4/2 units can
be distinguished together with Se–Se and metal–metal interactions.
With the increase of themilling time, the shape of spectra is not chang-
ing, only the intensity of bands is modified.

Three areas can be identified on the Raman spectra: 75–150 cm−1,
150–230 cm−1 and 230–350 cm−1. In the first domain several distor-
tional vibrations of Ge–Se or Se–Se bonds give such a broad band as in
the case of GeSe4 composition [20,21].

In the second area an intense band centered at 200 cm−1 with two
shoulders at 178 and 215 cm−1 can be distinguished. The peak at
200 cm−1 is associated with the A1 symmetric mode of CS GeSe4/2 units
[20,21]. Two shoulders correspond respectively to the stretching of Ge–
Ge bond in the ethane-like units (Se3/2)Ge–Ge(Se3/2) (178 cm−1) and

a) 1 h          10 h         30 h  50 h        70 h         90 h       110 h 

b) 0 h     30 min    5 h       10 h      20 h      30 h     40 h       50 h

Fig. 1. Evolution of the color of the a) GeSe4 and b) 80GeSe2–20Ga2Se3 powder with the milling duration.
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permits to incorporate more Se in the Ge–Se network, in a comparable
manner to a quenching from a very high temperature.

3.5.2. 80GeSe2–20Ga2Se3
Fig. 7 presents 77Se NMR spectra registered from the raw initial Sele-

niumand on the powder samples obtained after 10min, 30min, 1 h and
50 h of milling.

As in the case of the binary systemGeSe4, Selenium peak (Se–Se–Se,
δiso = 850 ppm) becomes narrower after 10 min of milling showing a
crystallization of the selenium. With increasing milling time, Selenium
returns amorphous and the intensity of its peak is decreasing for
the benefit of the second peak corresponding to the interactions be-
tween Selenium and the two metals (Se–Se–Ge, Ge–Se–Ge, Se–Se–Ga,
Ga–Se–Ga, Ge–Se–Ga, δiso = 405 ppm) [23]. It is worthy to note that
the second peak appears after only 30 min of milling confirming the
rapid initiation of the interaction between all the elements. The compar-
ison between spectra obtained for the completely amorphous powder
and for a 80GeSe2–20Ga2Se3 glass synthesized bymelt-quenching, con-
firms the obtainment of the same structure of samples (Fig. 8a). Indeed,
the same shape of the spectra is observed.

In addition, the deconvolution of the spectrum registered on
the completely amorphous powder has pointed out the presence of

amorphous Selenium which does not react with the other elements
(Fig. 8b). Even if the respective contribution is low (4%), this result has
also been observed using Raman spectroscopy and indicates the pres-
ence of Selenium-richer domains. These latter domains have also been
observed in Selenium-rich glasses such as GeSe4 where the Se–Se–Se
contribution is around 30–40% [24–27]. It is nevertheless quite surpris-
ing to detect amorphous Selenium in the glass composition 80GeSe2–
20Ga2Se3 (Ge23.53Ga11.76Se64.71) where the Se rate is much lower.

4. Conclusion

Glassy powders of GeSe4 and 80GeSe2–20Ga2Se3 compositions have
been obtained bymechanical alloying ofmetallic rawGermanium, Sele-
nium and Gallium. The same thermal (Tg) and spectroscopic (Raman
spectroscopy, 77Se NMR) characteristics have been observed for the
completely amorphous powders that for the respective glasses synthe-
sized by the melt-quenching method.

Using the same conditions of alloying (speed rotation, ball-to-
powder ratio) the necessary milling time to obtain a completely amor-
phous powder has been shortened by a factor of 2 by adding Gallium
to the Ge–Se system. The low melting point of Gallium (29.76 °C) is
reached in themilling jar during alloying and the acceleration of the in-
teraction between Ge and Se elements in the presence of Gamay be due
to a localized and very fastmelt-quenching phenomenon combined to a
diffusion process of elements.

For GeSe4, the crystallization of Selenium and of several Gex–Sey
phases (very probably GeSe2) has been observed under the mechanical
alloying. Amuch longermilling timewas conducted to the amorphization
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Fig. 5. 77Se solid state NMR spectra of initial raw Selenium and of GeSe4 powder samples
obtained at different milling durations.
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permits to incorporate more Se in the Ge–Se network, in a comparable
manner to a quenching from a very high temperature.

3.5.2. 80GeSe2–20Ga2Se3
Fig. 7 presents 77Se NMR spectra registered from the raw initial Sele-

niumand on the powder samples obtained after 10min, 30min, 1 h and
50 h of milling.

As in the case of the binary systemGeSe4, Selenium peak (Se–Se–Se,
δiso = 850 ppm) becomes narrower after 10 min of milling showing a
crystallization of the selenium. With increasing milling time, Selenium
returns amorphous and the intensity of its peak is decreasing for
the benefit of the second peak corresponding to the interactions be-
tween Selenium and the two metals (Se–Se–Ge, Ge–Se–Ge, Se–Se–Ga,
Ga–Se–Ga, Ge–Se–Ga, δiso = 405 ppm) [23]. It is worthy to note that
the second peak appears after only 30 min of milling confirming the
rapid initiation of the interaction between all the elements. The compar-
ison between spectra obtained for the completely amorphous powder
and for a 80GeSe2–20Ga2Se3 glass synthesized bymelt-quenching, con-
firms the obtainment of the same structure of samples (Fig. 8a). Indeed,
the same shape of the spectra is observed.

In addition, the deconvolution of the spectrum registered on
the completely amorphous powder has pointed out the presence of

amorphous Selenium which does not react with the other elements
(Fig. 8b). Even if the respective contribution is low (4%), this result has
also been observed using Raman spectroscopy and indicates the pres-
ence of Selenium-richer domains. These latter domains have also been
observed in Selenium-rich glasses such as GeSe4 where the Se–Se–Se
contribution is around 30–40% [24–27]. It is nevertheless quite surpris-
ing to detect amorphous Selenium in the glass composition 80GeSe2–
20Ga2Se3 (Ge23.53Ga11.76Se64.71) where the Se rate is much lower.

4. Conclusion

Glassy powders of GeSe4 and 80GeSe2–20Ga2Se3 compositions have
been obtained bymechanical alloying ofmetallic rawGermanium, Sele-
nium and Gallium. The same thermal (Tg) and spectroscopic (Raman
spectroscopy, 77Se NMR) characteristics have been observed for the
completely amorphous powders that for the respective glasses synthe-
sized by the melt-quenching method.

Using the same conditions of alloying (speed rotation, ball-to-
powder ratio) the necessary milling time to obtain a completely amor-
phous powder has been shortened by a factor of 2 by adding Gallium
to the Ge–Se system. The low melting point of Gallium (29.76 °C) is
reached in themilling jar during alloying and the acceleration of the in-
teraction between Ge and Se elements in the presence of Gamay be due
to a localized and very fastmelt-quenching phenomenon combined to a
diffusion process of elements.

For GeSe4, the crystallization of Selenium and of several Gex–Sey
phases (very probably GeSe2) has been observed under the mechanical
alloying. Amuch longermilling timewas conducted to the amorphization
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Melting and Quenching

that in previous 77Se and 125Te NMR investigations devoted to
Se

x

Te(1�x) glasses, Bureau et al39 have achieved a deconvolu-
tion of some 77Se NMR signals on the basis of three line shapes.
These resonances located at 850, 700 and 500 ppm were at-
tributed to Se-Se-Se, Se-Se-Te and Te-Se-Te environments respec-
tively. These results suggest that if sufficient Te-Se-X (X=Se,Te)
units are present in our Ge-Te-Se glasses, a shift of the selenium
chains line may occur, leading to the potential coalescence of all
the peaks into a unique one as proposed above.

Fig. 1

77Se ssNMR spectra (from top to bottom) of GeSe4, Ge20Se70Te10,
Ge20Se50Te30 and Ge20Se20Te60 acquired at 300MHz (7.1 T) using a 4
mm probe and MAS rotation conditions of 14kHz.

In order to check and possibly discriminate between these as-
sumptions, molecular dynamics coupled to 77Se NMR parameters
calculations have been performed to produce in silico samples.
Three different substitutions schemes have been used starting
from two independent GeSe4 trajectories in the liquid state (see
computational details). Examination of the coordination spheres
of the germanium atoms (Figure 2) shows that they almost ex-
clusively obey the 8-N rule and possess four nearest neighbours
disposed in the expected tetrahedral fashion (Figure 3).

Indeed, whatever the model, more than 87% of Ge atoms are
4-fold coordinated and the angle distribution functions always
exhibit a single maximum centered at 109�. Thus, our selenium-
rich models, denoted here R

Se1�3 & R
Se10�30 , show strong similar-

ities with their parent composition and the incorporation of small
amounts of tellurium does not play, per se, a significant role on the
nature of the germanium coordination spheres. Recent molecular
dynamics simulations on Ge20Te80 or on Ge15Te85 have shown, on
the other hand, that the fraction of GeX4 (X=Ge, Te) units were
much lower in theses cases and that a wider spectrum of Ge en-
vironments, ranging from three- to six-fold coordination modes,
were observed.40,41

A closer examination to the nature of the germanium coordina-
tion spheres at 300K in our Ge-Te-Se glasses shows that the num-
ber of Te bonded to Ge is truly low and corresponds almost ex-
clusively to the case of a single Te neighbour (Figure 2). Indeed,

Fig. 2 Distributions of the coordinations modes for the germanium atoms
at 300K, for the G1 (top left) and G2 (top right) binary models, and for
the Te-substituted compositions (bottom). For the sake of clarity, the his-
togram below each GeSe4 model corresponds to the average of the three
Ge-Te-Se derived glasses. The individual histograms of the six Ge-Te-Se
models are given in figure S1 and detailed numerical values in Table S1.†

Fig. 3 Se-Ge-Se angular distribution functions calculated at 300K for the
G1 model (black line) and for our Te-substituted compositions (red line).
For the sake of clarity, the six Ge-Te-Se glasses trajectories have been
concatenated to obtain a single angular distribution function.

the computed fractions of Ge-Te bonds, deduced from Table 1,
range from 6.8 (R

Se1) to 25.7% (R
Se20), while in the randomly sub-

stituted starting configurations (see computational details), the
same quantities were calculated to span values between 37.2 and
53.5%. Also, a non negligible percentages of Ge bonded to up to
three tellurium atoms was found. Consequently, it appears from
our simulations that the tellurium atoms are expelled from the
germanium coordination spheres during the liquid-phase stage.
These results thus suggest a better affinity of selenium towards
germanium with respect to tellurium, that may be related to the
Ge-Te and Ge-Se bond formations.21,42

As for the distribution of the Te atoms in the selenium phase,
our simulations does not show any significant evidence of the
premise of a segregation between the two chalcogens (Figure 4).
It is indeed well known that there is a demixing zone around
the middle of the GeSe4-GeTe4 pseudocomposition line,16 while
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