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tion that proved to be useful for the glass structure understand-
ing.24,25 This will also offer the opportunity to investigate the per-
formances of the Gauge Including Projector Augmented Wave (GI-
PAW)26 formalism to reproduce experimental data when heavy
atoms such as Te are present in the material.

2 Experimental and Theoretical Methods

2.1 Glass Synthesis

Glasses of general formula Ge20Se80−xTex, were synthesized in sil-
ica tube in order to avoid contamination. During the chemical pu-
rification step, Te (6N), Ge (5N) and Se (6N) were weighed in the
adequate proportion. The melted mixtures were distilled through
a filter to a reaction silica tube so as to trap impurities. The re-
action tube was then sealed under vacuum and homogenized at
750 ◦C for 10 hours. Bulk glasses were obtained after quenching
in water and annealing. Their glassy state was confirmed by X-
ray power diffraction (XRD) and differential scanning calorimetry
(DSC). The final glass compositions was checked by EDS (Energy
Dispersive Spectroscopy). They were in agreement with the initial
stoechiometry within the error bar of the measurements that were
equal to 1%. The vitreous transition temperatures were found to
be respectively 165 ◦C (x=0), 165 ◦C (x=10), 170 ◦C (x=20),
157 ◦C (x=60). Note that between x=20 and x=60, there is a
demixing zone, where it is not possible to form glass.

2.2 Solid-State NMR Experiments
77Se (I = 1/2) Hahn echo magic-angle spinning (MAS) NMR ex-
periments were performed on a Bruker Avance 300 spectrometer
(7.1T) operating at a Larmor frequency of 57.3 MHz for 77Se, us-
ing a 4.0 mm Bruker probe. To ensure a complete relaxation of
the 77Se magnetization and quantitative measurements, a recy-
cling delay of 300 s (D1) was used between each of the scans.
The 77Se chemical shift was referenced to H2SeO3 saturated in
water at 1288 ppm. The spinning frequency was set to 14 kHz to
reduce the intensities of the spinning sidebands.

2.3 Molecular dynamics computational details

Car-Parrinello calculations27 were carried out using the CPMD-
3.17.1 code.28–30 We employed the Perdew-Burke-Ernzerhof
(PBE) exchange and correlation (XC) functionals.31 The valence-
core interactions were described by means of norm-conserving
pseudo-potentials according to the Troullier-Martins scheme.32,33

Valence electrons were represented in a plane-wave basis set with
an energy cut-off of 20 Ry and the calculations were done at the
Γ point of the Brillouin zone. The temperature was controlled
using Nosé-Hoover thermostat chains.34,35 An integration step of
7 u.a. (0.17 fs) and a fictitious electronic mass of 850 u.a. were
employed so as to ensure a good control of the conserved quan-
tities all along the trajectories. The in silico glass syntheses were
performed with cubic cells of 18.3 x 18.3 x 18.3 Å3 containing a
total of 215 atoms.

The Ge-Te-Se starting configurations were derived from two in-
dependent GeSe4 grain models, labelled here G1 and G2, built
according to a procedure that was previously demonstrated to
allow to restore the agreement between theoretical and experi-

mental 77Se NMR spectra.24 After a mixing phase of the GeSe4

heterogeneous models for about 50 ps, at 900 K, three different
ways to substitute 10% of the Se atoms by Te were used on G1

and G2 snapshot configurations. These six different selenium-rich
cells, denoted here RSe1−3 and RSe1′−3′ , were then equilibrated in
the liquid state (∼800K) for up to 35 ps and subsequently grad-
ually quenched in plateaus of ∼20 ps, separated by 200 K. The
statistical averages were then collected after reaching the plateau
at 300 K, over more than 20 ps.

2.4 Solid-state NMR computational details

All 77Se NMR parameters were computed using the Gauge In-

cluding Projector Augmented Wave (GIPAW) formalism as imple-
mented in the CASTEP package, version 7.01.36 We used the PBE
XC functionals, on-the-fly generated ultrasoft pseudopotentials
and an expansion of the plane-wave basis sets up to an energy
cutoff of 500 eV (36.7 Ry). The Brillouin zone was sampled using
a 2 x 2 x 2 k-points grid. Those values have been previously found
to give accurate 77Se ssNMR results on GeSe4 glass cells.24

The GIPAW calculations give access to the absolute shielding
tensor (σ) whose diagonalisation of the symmetric part leads to
the three orthogonal principal components. The eigenvalues (σ ii)
were transformed into the three principal chemical shift compo-
nents. They were ordered according to the Haeberlen conven-
tion,37 |σ zz - σ iso| > |σ xx - σ iso |> |σ yy - σ iso | where σ iso =
(σ xx + σ yy + σ zz)/3. The reduced anisotropy (σaniso) and asym-
metry parameters (η) were computed as σaniso = σ zz - σ iso and
η = (σ xx + σ yy)/σaniso. The isotropic chemical shift is defined
as δ iso = σ re f - σ iso, where σ re f is the isotropic chemical shield-
ing of a reference compound. Calculations on the α-selenium
crystalline phase gave σ re f = 1483 ppm. The spectra have been
simulated with the Simpson program,38 that allows an emulation
of the experimental acquisition process and to explicitly take into
account all the pertinent NMR parameters in the process. In or-
der to generate the signal of the various kind of Se environments,
i.e. to obtain the decomposition of the total signal, the selenium
sites were grouped on the basis of their respective coordination
spheres and subsequently processed together with the Simpson
program. Consequently, the signals are obtained by summing the
individual responses of the Se nuclei and their widths is the result
of the chemical shift distributions.

3 Results and Discussion

77Se ssNMR measurements have been performed on glasses for
the parent composition GeSe4 and for Te-containing samples,
namely Ge20Se70Te10, Ge20Se50Te30 and Ge20Se20Te60. A recy-
cling delay of 300 s was used in the experiments, as we have re-
cently shown that very long D1 values were mandatory in order to
obtain quantitative 77Se NMR data.24 Figure 1 contains the Hahn
echo spectra acquired under MAS conditions for three of our com-
positions. Due to the low natural abundance of the 77Se isotope
(7%), the signal/noise of the Ge20Se20Te60 spectrum is too low
to consider the acquired signal as fully quantitative and conse-
quently it will be reported in the ESI section (Figure S1).† For the
other spectra, it is immediately seen that, with respect to GeSe4,
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