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Introduction: GexSe{1-x} glasses

• sensitive to the absorption of electromagnetic radiation1

• applications in passive and active optics2

1 A. Zakery and S. R. Elliott, J. Non-Cryst. Solids 330, 1 (2003)
2 K. Shimakawa, A. Kolobov, and S. R. Elliott, Adv. Phys. 44, 475 (1995)



Introduction: GexSe{1-x} glasses

• corner-sharing and edge-sharing tetrahedral arrangements1

• under-coordinated and over-coordinated atoms2

• homopolar bonds1

1 I. Petri, P. S. Salmon, and H. E. Fischer, Phys. Rev. Lett. 84, 2413 (2000)
2 C. Massobrio, M. Celino, P. S. Salmon, R. A. Martin, M. Micoulaut, and A. Pasquarello, Phys. 
Rev. B 79, 174201 (2009)
C. Massobrio and A. Pasquarello, Phys. Rev. B 77, 144207 (2008)



Introduction: GexSe{1-x} glasses

1. bimodal phase: Se-Se-Se bonds and Ge-Se-Ge bonds only1

2. fully bonded with intermediate configurations2

of aggregated tetrahedra for Ge/Se ratio as large as 1/10
therefore corroborates a two phase model.

B. Intermediate phase model

The concept of the intermediate phase !IP" was originally
suggested by Phillips and Thorp as a finite compositional
domain where the glass network is rigid but unstressed.15

Two types of theoretical models have been proposed to ad-
vocate for the IP in the Ge-Se system, a model based on a
constraint counting algorithm11,12 and a model based on a
computer generated network of nodal atoms.14 The core of
both of these models rely on the presence of a high concen-
tration of Se-Se-Ge isostatic structural fragments in order to
account for the “rigid but unstressed” nature of the network,
i.e., the network optimizes the chain length between nodal
Ge atoms such as to minimize local stress. Nevertheless,
while the IP has received a lot of theoretical support11–15,22

the present experimental data appear to conflict with this
model, i.e., the distribution of Se environments observed ex-
perimentally widely differs from that predicted by the IP. An
example is shown in Fig. 11 for the standard GeSe4 compo-

sition. The fraction of Se environments derived from nuclear
magnetic resonance data is compared with that predicted
from the bimodal phase model, the chain crossing model1

and the IP.13 It is shown that the bimodal phase model
closely matches the experimental data while the chain cross-
ing model and the IP model widely differs. In particular, the
IP model predicts 47% of Se-Se-Ge environments while the
nuclear magnetic resonance data does not detect such envi-
ronment within the experimental error of #5%.

Other experimental measurements based on x-ray diffrac-
tion have shown to be consistent with the IP !Ref. 22", how-
ever, a recent comparison of first principle structural models
with neutron and x-ray diffraction data on GeSe2 glass con-
cluded that diffraction probes are not sufficiently selective to
differentiate between a structural model derived from chemi-
cal order and a structural model with a high degree of chemi-
cal disorder.23 Indeed, these results are consistent with some
recent high resolution synchrotron and extended x-ray ab-
sorption fine structure data that could not identify any struc-
tural discontinuity in the region proposed for the IP.24 The
other experimental measurement that is most often invoked
to support the IP is based on quantifying the nonreversible
enthalpy by MDSC.10,24–26 However, that measurement
might also be subjected to a large experimental uncertainty.
Since the seminal crossover experiments of Napolitano and
co-workers,27–29 it is well understood that glass relaxation
involves a wide spectrum of relaxation times. Some struc-
tural domains in the glass relax quickly while some others
relax slowly. It was recently demonstrated that this phenom-
enon is associated with density fluctuations in the glass
structure.30 Usually, the shape of the relaxation time spec-
trum is conveniently described using a single parameter !
that quantifies the nonexponential character of the relaxation
function.31–33 It was shown that the magnitude of ! varies
significantly with composition34,35 as well as the fictive
temperature36,37 of a glass. In particular, it is known to vary
significantly with $r% in chalcogenide glass systems.38 Nev-
ertheless, MDSC experiments are typically performed at a
single modulation frequency of 100 s, which is more or less
equal to the medium relaxation time of a glass at Tg. This
implies that such an MDSC experiment might not capture the
slower relaxation processes during measurements of the non-
reversible enthalpy. Hence, if only a fraction of the distribu-
tion of relaxation times is captured while this distribution
changes with $r%, there is a large potential for uncertainty in
the measurement of the reversibility window associated with
the IP. On the other hand, a parallel calorimetric measure-
ment involving a wide range of time scales such as the de-
termination of the activation energy shows a narrow compo-
sition dependence centered at $r%=2.4 in contrast with the
wider window observed by MDSC. This discrepancy sug-
gests that the observation of the reversibility window might
be associated with an experimental artifact due to the use of
a single modulation frequency.

V. CONCLUSIONS

In covalent network glasses such as chalcogenides, it is
well understood that the local building blocks are based on

Ge
Se:

FIG. 10. !Color online" Schematic representation of the struc-
ture of GexSe1−x glasses following the bimodal phase model based
on intertwined domains of GeSe2 and Sen. The two domains are
linked by Van der Waals interactions but are not covalently bonded.
Se atom in the GeSe2 phase atoms and Se atoms in the Sen phase
are represented in different colors.
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FIG. 11. !Color online" Relative percentage of the three possible
selenium environments in GeSe4 according to the intermediate
phase model !Ref. 13", the chain crossing model !Ref. 1", and the
bimodal phase model proposed here and compared with experimen-
tal percentage obtained by nuclear magnetic resonance.
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1 P. Lucas ..., and B. Bureau, Phys. Rev. B 80, 214114 (2009)
2 E. L. Gjersing, S. Sen, and B. G. Aitken, J. Phys. Chem. C 114, 8601 (2010)



Introduction: GexSe{1-x} glasses

experimental spectra used to justify bimodal phase: Se-Se-Se bonds and Ge-
Se-Ge bonds only1

1 P. Lucas ..., and B. Bureau, Phys. Rev. B 80, 214114 (2009)

II. EXPERIMENT

High-purity GexSe1−x glasses were synthesized using a
high-vacuum procedure. 6N purity starting elements were
introduced in a silica tube and further purified in situ by
distilling high vapor pressure contaminants under a vacuum
of 10−6 Torr. The silica tubes were subsequently sealed un-
der vacuum and introduced into a rocking furnace for ho-
mogenization at 800 °C for 12 h. The melts were then
quenched in water and annealed near Tg. The resulting rods
were sliced into disks and the glass purity was monitored by
Fourier transform infrared transmission.

Glass samples for nuclear magnetic resonance measure-
ments were ground and introduced into an Avance 300
Bruker spectrometer. 77Se nuclear magnetic resonance spec-
tra were recorded from room temperature up to 520 °K in
static mode. A Hahn spin echo sequence was applied and the
whole echo was Fourier transformed in order to increase the
signal to noise ratio and obtain some absorption mode line
shape. The chemical shift was calibrated with a saturated
solution of Me2Se in CDCl3. Due to the low concentration
and sensitivity of 77Se, several thousand scans were accumu-
lated and each spectrum was acquired over several days.

Raman spectra were acquired in a 180° geometry with a
785 nm laser source. The laser power was controlled using
neutral density filters. The laser was focused onto the sample
using a 20X long working distance Mitutoyo objective with a
numerical aperture of 0.42. The signal was discriminated
from the laser excitation light using a Kaiser supernotch filter
followed with a Semrock edge filter. The data was collected
using a Shamrock 303 Spectrograph and a deep depleted
Andor charge coupled device detector. For each sample,
spectra were first recorded at low intensity to ensure that no
measurable changes due to photostructural effects took place
during the measurement. The intensity and collection time
were then progressively increased to optimize the signal to
noise ratio while no visible spectral changes occurred.

Calorimetric measurements were performed with a Q1000
MDSC from TA Instruments. The glass transition tempera-
ture Tg was measured using a 10 °C /min cooling and heat-
ing rate. The activation energy for enthalpy relaxation was
obtained following Moynihan’s method.19,20 Each sample
was heated and equilibrated far above Tg then cooled far
below Tg and reheated at the same rate. The procedure was
repeated for rates ranging from 3 °C /min to 30 °C /min.
The activation energy was estimated from the shift in Tg with
heating rate. The whole sequence of measurements was per-
formed on a series of eight GexSe1−x samples with average
coordination ranging from !r"=2.2 to !r"=2.55. All measure-
ments were performed in standard #nonmodulated$ heating
mode. The temperature was calibrated with an indium stan-
dard and the enthalpy was calibrated with a sapphire stan-
dard. Each sample was about 10–15 mg and held in a her-
metic aluminum pan. An empty aluminum pan was used as a
reference.

III. RESULTS

A. Nuclear magnetic resonance measurements

Room temperature nuclear magnetic resonance spectra of
GexSe1−x glasses in the domain 0!x! 1

3 are presented in

Fig. 1. The spectrum of pure selenium shows a single peak at
850 ppm consistent with the Se-Se-Se environment expected
in selenium chains and rings. Likewise, the GeSe2 spectrum
shows one main peak at 430 ppm consistent with the Ge-
Se-Ge environment expected in a structure composed of cor-
ner and edge sharing tetrahedra. More interestingly, it can be
seen that the intermediate compositions GeSe4 and GeSe9
only display the same two peaks and do not show any addi-
tional signal associated with the Se-Se-Ge environment. By
analogy with the AsxSe1−x system,21 this signal would be
expected to appear approximately in between the two other
peaks. However, the spectra can be properly fitted with only
two lines as shown in Figs. 2#a$ and 2#b$. Reconstructed
spectra using two simulated lines %Fig. 2#a$& result in a close
fit with experimental data well within instrumental oscilla-
tions. Similarly, a reconstructed spectrum based on the addi-
tion of two scaled experimental lines from Se and GeSe2 are
shown in Fig. 2#b$. While the fit is not optimum in some
portion of the spectrum, the reconstruction shows that the
experimental line position of Se and GeSe2 exactly match the
position of the lines present in GeSe4.

Due to the broadness of the experimental nuclear mag-
netic resonance peaks, it is conceivable that an additional
peak could be hidden between the two main lines observed
in the room temperature spectra. In order to investigate this
possibility, high-temperature nuclear magnetic resonance
was performed on the GexSe1−x samples above their respec-
tive Tg. Increased structural mobility above Tg should result
in line narrowing and help provide a greater resolution for
the identification of experimental lines. Figure 3 shows the
high temperature spectra of GeSe4 up to 60 °" above Tg
#experimental limitation$. The series of spectra reveal a sig-
nificant narrowing of the Se line with increasing temperature.
On the other hand, the GeSe2 does not exhibit a significant
change in width. In order to quantify this effect, each spectra
was fitted with simulated nuclear magnetic resonance lines
as described in Fig. 2#a$. The Se line was fitted with a
Lorentzian shape #usually used for liquid state nuclear mag-
netic resonance$, whereas the GeSe2 was fitted with a Gauss-
ian shape. Results of the fit are reported in Table I. The

(ppm )-2400-1600-80008001600240032004000

GeSe2

GeSe9

Pure Se

GeSe4

Se vitreous
line posi!on

GeSe2 line posi!on

FIG. 1. #Color online$ Experimental nuclear magnetic resonance
77Se spectra of Se, GeSe9, GeSe4, and GeSe2. Two types of line
position are evidenced. The line near 850 ppm is attributed to Se
connected to two neighboring Se as in pure vitreous Se. On the
other hand, the line near 430 ppm is assigned to Se connected to
two Ge as first neighbors as in GeSe2.
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Introduction: GexSe{1-x} glasses

experimental spectra used to justify fully bonded model with intermediate 
configurations2

2 E. L. Gjersing, S. Sen, and B. G. Aitken, J. Phys. Chem. C 114, 8601 (2010)



Aim

To provide structural assignments for the experimentally measured NMR 
spectra
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Establishing reliability of calculation
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Calculations
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Calculations
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Conclusion

• one of the experimentally observed peak results from overlapping 
contributions from various bonding configurations

• our interpretation is consistent with the occurrence of Ge-Se-Se linkages

• bimodal description is not necessary
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