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The structure of binary TexSe100-x (0 ≤ x ≤ 35) glasses is studied using high-resolution two-dimensional magicangle-turning phase-adjusted spinning sidebands (2D MATPASS) 77Se and 125Te nuclear magnetic resonance
(NMR) spectroscopy. The 77Se (125Te) isotropic NMR spectra are consistent with the presence of three diﬀerent
kinds of Se (Te) sites, which correspond to Se–Se (Te)–Se, Te–Se (Te)–Se, and Te–Se (Te)–Te environments. The
compositional variation of the relative fractions of the three Se sites indicates that the Se and Te atoms are
randomly distributed to form [Se, Te]n copolymer chains. The 77Se and 125Te NMR isotropic chemical shifts for
Se and Te atoms in isostructural environments are found to display a linear correlation. The systematic compositional variation of the CSA of Se–Se–Se sites can be related to the appearance of Te atoms as next-nearest
neighbors of Se atoms in the [Se, Te]n chains.

1. Introduction
Complex amorphous tellurides in the Ge-Sb-Te and related systems
have found important technological applications in the areas of phase
change memory and infrared photonics [1–3]. Recent studies have
shown that TexSe100-x binary alloys can serve as a model system for the
investigation of phenomena such as semiconductor-to-metal and reversible amorphous-to-crystalline transitions, which are relevant to
phase-change memory applications [1]. Therefore, it is essential to
study the structure of glasses in this system in order to understand the
nature of these phase transitions for future applications.
Se and Te are isoelectronic and the structure of the stable crystalline
polymorphs of both elements consists of polymeric [Se]n or [Te]n helical chains, where Se and Te atoms are twofold coordinated [4,5].
However, these two elements behave quite diﬀerently in their glassforming tendencies. Se can be readily vitriﬁed upon quenching of the
parent melt, while Te can only be vitriﬁed as thin ﬁlms and readily
crystallizes upon supercooling the melt in bulk. This diﬀerence between
Se and Te limits the composition range for bulk glass formation in the
TexSe100−x system to x ≤ 50 [6,7]. The structure of TexSe100−x glasses
have been studied in the past using a wide variety of techniques [8–10].
Although the atom rearrangement in these copolymer chains has been
scrutinized using varies experimental techniques, no consensus has
been reached yet. Itoh used a combination of neutron and X-ray
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diﬀraction and reverse Monte Carlo modeling and proposed a structural
model for the Te40Se60 glass where Se and Te atoms are alternately
connected with the presence of some [Se]n fractions and Te-Te dimers
in [Se, Te]n chains [8]. On the other hand, a recent Raman spectroscopic study suggested that the Se and Te atoms are randomly distributed in the copolymeric [Se, Te]n chains with some preference for
heteropolar bonding [9]. This structural model is similar to that originally proposed by Bureau et al. [10] on the basis of a 77Se magic-angle
spinning (MAS) nuclear magnetic resonance (NMR) spectroscopic
study. These authors reported the composition dependent variation of
the relative fraction of diﬀerent Se environments as obtained from the
simulation of the 77Se MAS NMR spectral line shapes. However, the
experimental conditions utilized by these authors (77Se resonance frequency of 57.3 MHz and spinning speed of 15 kHz) precluded complete
separation of spinning sidebands from isotropic peaks due to the relatively large chemical shift anisotropy (CSA) and chemical shift distribution for 77Se that are characteristic of the constituent Se environments. These authors also reported the 125Te MAS NMR spectra of these
glasses, although the CSA and chemical shift distribution related line
broadening was found to be too large for 125Te to retrieve any information regarding Te speciation [10].
77
Se and 125Te NMR spectroscopy remain challenging in chalcogenide glasses due to the low natural abundance of these nuclides (~7%
each), their long spin-lattice relaxation times, large CSA and chemical
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shift range, which are particularly problematic for 125Te. These issues
result in lengthy data collection and broad and unresolved NMR
spectra. Some of these problems can be alleviated eﬀectively via the
implementation of the two-dimensional magic-angle turning phaseadjusted spinning sidebands (2D MATPASS) NMR technique. The
MATPASS technique can separate the CSA from the isotropic chemical
shift, resulting in increased spectral resolution in the isotropic dimension, while preserving the information contained in the CSA along the
anisotropic dimension [11]. This separation of isotropic and anisotropic
chemical shift interactions results in an isotropic NMR spectrum corresponding to a high-resolution MAS spectrum at inﬁnite spinning
speed, i.e., free of any CSA-related broadening. Moreover, a consideration of CSA in combination with isotropic shift can often provide
unequivocal identiﬁcation of structural units. The isotropic vs anisotropic separation experiment allows the use of high magnetic ﬁelds for
increased sensitivity and resolution without requiring faster spinning
with small sample volume rotors. Finally, the application of the CarrPurcell Meiboom-Gill (CPMG) echo train acquisition of the MATPASS
data can reduce the data collection time signiﬁcantly [11]. In this work,
we report the results of a combined high-resolution 77Se and 125Te 2D
MATPASS/CPMG NMR spectroscopic study of the structure and chemical order in binary TexSe100-x glasses with 0 ≤ x ≤ 35. The compositional evolution of the relative fractions of diﬀerent Se and Te environments as obtained from the corresponding isotropic NMR spectra
provides unique information on the bonding preference of Se and Te
atoms in these glasses. Additionally, the CSA of the Se sites, as obtained
from the anisotropic spectra, reveals the eﬀect of the replacement of Se
next-nearest neighbors with Te.

consisted of 16 hypercomplex t1 increments spanning only half a rotor
period (–τr/4 to +τr/4), each with 360 transients, 13 CPMG echoes per
transient and 30 s recycle delay, for a total experimental duration of
96 h per spectrum. The 2D MAT spectra were sheared to an isotropic/
anisotropic representation in the direct/indirect dimensions during
processing, as detailed in Ref. [11]. The isotropic and anisotropic line
shapes were simulated using DMFit [14]. 77Se and 125Te NMR spectra
were externally referenced by recording the 17O signal of natural
abundance H2O and using the appropriate frequency ratios reported in
the IUPAC recommendations [15]. The chemical shift anisotropy (CSA)
tensors reported here are deﬁned using the Haeberlen convention [16]
as:

δzz − δiso ≥ |δxx − δiso ≥ δyy − δiso |,

δiso =

1
(δzz + δxx + δ yy ),
3

Δ = δzz − δiso,

η=

δ yy − δxx
Δ

,

where δxx, δyy, and δzz are the principle components of the chemical
shift tensor and δiso is the isotropic chemical shift. The magnitude of the
CSA is Δ, and the asymmetry of the CSA is denoted by η.
3. Results and discussion
77
Se isotropic NMR spectra of the TexSe100-x (x = 0 - 35) glasses are
shown in Fig. 1. The 77Se NMR spectrum of glassy Se shows a single
symmetric broad peak with δiso ~ 870 ppm, which can be unambiguously assigned to a Se–Se–Se environment [17,18]. The initial
addition of Te gives rise to a new Se environment, which appears as a
shoulder centered near δiso ~ 750 ppm. Progressive increase in the Te
content results in an increase in the intensity of this shoulder as well as
the appearance of a low-frequency tail centered near δiso ~ 600 ppm,
which becomes prominent in Te-rich compositions (x ≥ 30). These two
isotropic 77Se resonances can be assigned on the basis of a previous
study by Bureau et al. [10] to Se–Se–Te and Te–Se–Te environments,
respectively. Accordingly, the 77Se isotropic NMR spectra were ﬁtted
with three Gaussian peaks to obtain the composition-dependent variation of the relative fractions for the three Se environments (Fig. 1). The
intensity, position and width of these peaks corresponding to the best
ﬁts are listed in Table 1. The δiso for these Se environments display a
nearly linear shift to lower frequency by ~ 100 ppm with the replacement of each Se nearest neighbor by a Te atom (Table 1). This
trend and the absolute values of 77Se δiso are in qualitative agreement
with those reported in previous 77Se MAS NMR studies of binary Se-Te
and ternary Ge-Se-Te glasses as well as with the density functional
theory (DFT) based calculations of 77Se NMR δiso of these Se environments in short Se-Te chain segments terminated by H atoms [10,19].
This trend was attributed in a previous study [19] to the increased
shielding at the central Se site as the more electronegative Se atom pulls
the large electron cloud from the nearest neighbor Te atoms towards
itself. The relative area fractions of these three peaks yield the compositional evolution of the relative fractions of the Se–Se–Se, Se–Se–Te
and Te–Se–Te Se environments (Table 1). This variation is shown in
Fig. 2 and is compared to two diﬀerent structural models, namely the
chain crossing model and the random distribution model, to elucidate
the bonding preference between Se and Te atoms in these glasses.
The chain crossing model assumes a perfectly homogeneous distribution of the Te atoms in the [Se,Te]n copolymeric chains such that
the Te atoms are all separated by equal distance. On the other hand, the
random distribution model assumes a random spatial distribution of Te
atoms in the [Se,Te]n copolymeric chains such that there is no preference between the formation of heteropolar and homopolar bonds for
either Se or Te [10]. It is clear from Fig. 2 that the Se site speciation in

2. Experimental
2.1. Sample synthesis and physical characterization
Binary TexSe100-x glasses with x = 0, 10, 20, 25, 30, 35 were synthesized in ~14 g batches from mixtures of constituent elements (Alfa
Aesar, 99.999%) that were taken in evacuated fused quartz ampoules
and melted at 873 K for 12 h. The melts were then quenched by dipping
the ampoules in ice-water. Chemical analysis of all glasses was carried
out using an electron microprobe (Cameca SE-100) equipped with
wavelength dispersive spectrometers. The compositions of all glasses
were found to be within ± 0.5 at% of nominal and they were chemically homogeneous at the micron-scale.
The density of these TexSe100-x glasses was measured using a
Micrometritic Accupyc II gas expansion pycnometer under helium (6 N
purity) environment. For each measurement, approximately 1.0 g of
glass sample was loaded into a 1 cm3 cup. The reported densities in this
study are averages of 10 consecutive measurements at room temperature.
2.2. NMR spectroscopy
The 2D 77Se and 125Te MATPASS/CPMG NMR spectra for all glasses
were acquired at the National High Magnetic Field Laboratory using a
31 mm bore 19.6T magnet equipped with a Bruker Avance NEO console
operating at the resonance frequency of 158.7 MHz and 262.3 MHz for
77
Se and 125Te, respectively. Glass samples were crushed and packed
into 3.2 mm ZrO2 rotors and were spun at 10 kHz.
The MAT/CPMG pulse sequence [11] was used for 77Se with π/2
and π pulses of 3.0 and 6.0 μs, respectively. The method of States et al.
[12] for hypercomplex data acquisition was applied to the CPMG pulse
phase and the receiver phase. The 2D acquisition consisted of 16 hypercomplex t1 increments each with 36 transients, 81 CPMG echoes per
transient and 75 s recycle delay, for a total experimental duration of
24 h per spectrum. For 125Te, the projection version of the pulse sequence, pjMAT/CPMG [13], was used for covering the wider 125Te
frequency range with all pulses set to 2.7 μs. The 2D acquisition
2
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Fig. 1. Experimental (black solid lines) and simulated (red dashed lines) 77Se isotropic NMR spectra for TexSe100-x glasses. Individual simulation components for
Se–Se–Se, Se–Se–Te and Te–Se–Te sites are denoted in blue, green and pink, respectively. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.).

solutions, the peak positions appear to be invariably located near δiso ~
1100, 1300 and 1500 ppm. Previous 125Te pjMATPASS/CPMG NMR
studies of As-Te glasses suggest that the lowest frequency peak near
1100 ppm corresponds to the Te–Te–Te environment [13]. Consequently, the 125Te δiso at ~ 1300 and 1500 ppm can be assigned to the
Te–Te–Se and Se–Te–Se environments (Fig. 3). An example of such a ﬁt
is shown in Fig. 3 where the relative areas of the three peaks were
constrained to remain close to the expected random distribution. Despite the lower signal:noise ratio relative to the 77Se spectra, the compositional evolution of the 125Te isotropic NMR spectral line shapes is
thus consistent with a random distribution of Te atoms in the glass
structure. It is interesting to note here that the 77Se and 125Te δiso for the
isostructural nearest-neighbor environments of Se and Te atoms are
approximately linearly correlated according to the relation: δiso(125Te)
77
ppm = 1.75* δiso( Se)ppm. Such linear relationships were also reported
in previous NMR studies of organoselenium and organotellurium
compounds as well as of polychalcogenide anions [20].
The molar volume of these TexSe100-x glasses displays a linear increase with increasing Te content (Fig. 4). An extrapolation of this trend
to pure Te shows good agreement with the experimental molar volume
of amorphous Te ﬁlm, as reported in a previous study by Ichikawa [21].
This molar volume trend of TexSe100-x glasses is nearly parallel with
that of crystalline TexSe100-x solid solutions [22]. X-ray diﬀraction

these TexSe100-x glasses shows remarkable agreement with that expected from the random distribution model, which suggests an equal
preference for Se (Te) atoms to form Se–Se (Te–Te) and Se–Te bonds.
This result is in qualitative agreement with previous Raman and 77Se
MAS NMR spectroscopic studies that suggest a nearly random distribution of Se and Te atoms in the structure of these glasses [9,10].
However, it may be noted that these previous studies indicated some
preference for heteropolar bonding, while the Se speciation results
obtained in the present study suggest a perfectly random distribution
within experimental error.
The 125Te isotropic NMR spectra of TexSe100-x glasses with
25 ≤ x ≤ 35 are shown in Fig. 3. The short T2 relaxation time of 125Te
makes it practically impossible to obtain 125Te MATPASS NMR spectra
of glasses with x ≤ 25. It is clear that compared to the 77Se isotropic
NMR spectra in Fig. 1 the 125Te spectral line shapes display poorer
resolution and signal:noise ratio as the latter are severely broadened by
the large chemical shift distribution that is characteristic of the 125Te
nuclide. However, similar to Se, one expects the Te atoms to be present
in three diﬀerent environments, namely Se–Te–Se, Te–Te–Se, and
Te–Te–Te, consistent with the observation that none of the 125Te isotropic NMR line shapes can be ﬁtted well with a single Gaussian peak.
Although attempts at simulation of these line shapes with three peaks
corresponding to the three Te environments did not lead to unique
Table 1
Simulation parameters for
Glass composition
Se–Se–Se
δiso( ± 10 ppm)
peak width ( ± 10 ppm)
relative fraction ( ± 5%)
Te–Se–Se
δiso( ± 10 ppm)
peak width ( ± 10 ppm)
relative fraction ( ± 5%)
Te–Se–Te
δiso( ± 10 ppm)
peak width ( ± 10 ppm)
relative fraction ( ± 5%)

77

Se isotropic NMR line shapes.
Se

Te10Se90

Te20Se80

Te25Se75

Te30Se70

Te35Se65

869
145
100

878
145
81

882
150
65

876
154
56

844
170
48

826
165
39

778
170
19

777
180
30

755
185
37

720
178
43

700
170
49

680
185
5

694
183
7

590
185
9

570
177
12

3
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Fig. 3. Experimental (black solid lines) and simulated (orange dashed lines)
125
Te isotropic NMR spectra for TexSe100-x glasses. Individual simulation components for Se–Te–Se, Se–Te–Te and Te–Te–Te sites are denoted in blue, green
and pink, respectively. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.).

Fig. 4. Molar volume of TexSe100-x bulk glasses (ﬁlled squares) and crystals
(open circles). Straight lines represent the linear least squares ﬁt to the experimental data. The molar volume for amorphous Te ﬁlm (open square) is
from [21], while the data for the crystals are from [22].

Fig. 2. Compositional variation of (a) Se–Se–Se, (b) Se–Se–Te and (c) Te–Se–Te
site fractions obtained from simulations of 77Se isotropic NMR spectra (black
squares). Literature values from a previous 77Se MAS NMR spectroscopic study
(purple triangles) [10], chain crossing model (dashed black line), random distribution model (solid red line), and partially random distribution model with
some preference for heteropolar bonding as reported in [10] (dashed dotted
black line). Solid triangles are data from [10] as determined from 77Se MAS
NMR spectra. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.).

analysis of these crystalline alloys have been shown to be consistent
with Se and Te atoms forming copolymeric [Se,Te]n chains [23].
Therefore, the similar linear compositional variation of the molar volumes of TexSe100-x glasses in Fig. 4 may be interpreted to be indicative
of the presence of similar [Se,Te]n chains in the amorphous state. This
structural scenario is in clear agreement with the NMR results discussed
above.
4
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Fig. 5. Representative experimental 77Se NMR anisotropic spinning sideband intensities (solid lines) for (a) Se–Se–Te and (b) Te–Se–Te sites in TexSe100-x glasses.
Anisotropic slices for these three sites are taken at δiso = 675 and 528 ppm, respectively. Corresponding simulations are shown as dashed lines.

Further insights into the bonding environments in these glasses can
be obtained from a consideration of the CSA parameters. Unfortunately,
Δ and η for the diﬀerent Se and Te sites cannot be readily isolated due to
substantial overlap of the isotropic resonances for the diﬀerent environments, which is particularly severe for the 125Te spectral line
shapes (Fig. 3). However, for the 77Se NMR spectra, we have analyzed
the anisotropic spectral slices taken at the δiso for the Se-Se-Te and TeSe-Te sites where the overlap from the neighboring peaks is minimal.
The spinning sideband intensities of these anisotropic spectra and their
simulations are shown in Fig. 5. The average η for the Se–Se–Te and
Te–Se–Te sites do not show signiﬁcant variation and vary between and
0.75 to 0.90. However, the Δ for these two sites (−180 ppm) is

signiﬁcantly higher than that (−150 ppm) reported in a previous study
[18] for the Se-Se-Se site in glassy Se. Moreover, the Δ values for the SeSe-Se sites decreases systematically from −150 to −170 ppm as δiso
decreases from ~ 880 to 825 ppm, with increasing Te content (Fig. 6).
It is interesting to note that similar trends were also reported in the
literature for the Ge-Se system and were ascribed to the replacement of
Se with Ge as next-nearest neighbors with progressive addition of Ge
[24]. Therefore, it is tempting to speculate that Te has a similar eﬀect
on the Δ and δiso of the Se nuclides in the Se–Se–Se sites. This hypothesis is indeed consistent with the DFT based calculations reported
in a previous study that indicated a lowering of the 77Se δiso of the SeSe-Se site by 30 ppm as a Se next-nearest neighbor is replaced by a Te
5
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Fig. 6. Compositional variation of average 77Se (a) Δ and (b) δiso for Se–Se–Se sites in TexSe100-x glasses (ﬁlled squares). Corresponding variation in GexSe100-x glasses
(open circles), taken from a previous study [24] is shown for comparison.

the 77Se CSA parameters of all Se sites. The 77Se (125Te) δiso values vary
linearly with the number of nearest-neighbor Te (Se) atoms.
Additionally, the 77Se and 125Te δiso for isostructural nearest-neighbor
environments of Se and Te atoms are found to be linearly correlated.
The systematic dependence of Δ and δiso of the Se–Se–Se site with Te
concentration can be attributed to the appearance of Te atoms as nextnearest neighbors.

atom [19].
4. Summary
77
Se and 125Te 2D MATPASS/CPMG NMR spectroscopy can provide
increased site resolution by separating and correlating the isotropic and
the anisotropic chemical shift in two dimensions. The 77Se isotropic
NMR spectra allows for the identiﬁcation of three diﬀerent Se environments, namely Se–Se–Se, Se–Se–Te and Te–Se–Te sites. The
compositional variation of the relative fractions of these sites suggest a
completely random distribution of Se and Te atoms in [Se,Te]n copolymeric chains. Such ﬁnding is also consistent with the compositional
variation of the molar volumes of these glasses. Moreover, the 125Te
isotropic NMR spectral line shapes can be reconstructed by three different Te sites, namely Te–Te–Te, Te–Te–Se and Se–Te–Se sites, with
consistent δiso and peak area ratios constrained by the random distribution model, which indirectly conﬁrms the 77Se NMR results.
Further insights into the local bonding environments are provided by
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