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Amorphous Ge,Si, Te;_,, glasses are studied as a function of composition by a combination of
experimental and theoretical methods, allowing for a full description of the network structure in
relationship with physico-chemical properties. Calorimetric and thermal measurements reveal that
such glasses display an anomalous behavior across a range of compositions x.; = 7.5% and
<x < X3 = 9%, in which is manifested a deep minimum in molar volume, non-reversing enthalpy,
and liquid fragility. These anomalies allow defining an intermediate phase, where network rigidity
onsets as the content x of Group IV atoms (Ge, Si) are increased. The structural manifestation of
these anomalies is understood from ''”Sn Mossbauer spectroscopy and First Principles Molecular
Dynamics at selected compositions (GeygTegg, Sixglego, and GeigSijglegg). The numerical models
reveal the quite different roles played by the modifier or network cross-linker Ge or Si atoms, Si
being more tetrahedral in sp® geometry, whereas Mossbauer spectroscopy shows that the nature of
chemical bonding is dramatically changed around x ~8%. The precise evolution of the local
structure and chemical bonding ultimately allows understanding the origin of the intermediate phase

in these complex tellurides. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4871780]

. INTRODUCTION

Compositional studies and the investigation of trends in
physico-chemical properties with composition have proven
to be a powerful experimental and theoretical approach in
trying to understand network glasses at a fundamental level.
This usually allows defining the glass formation region
(GFR), where materials can be obtained by a standard melt
quench to yield bulk glasses."” The GFR of chalcogenides
is quite extensive,’ so that a large number of combinations
is possible using atoms from Groups III, IV, and V ele-
ments, which combine short atomic radii, light atomic
masses, low ionicity, and a large number of electron lone-
pairs, the latter property being used for the design of appli-
cations in optoelectronics*® and memory devices.”™ Tt is
also well known that the addition of heavy mass elements
will reduce the GFR' but will increase the infrared trans-
mission'" and will reduce the optical energy gap of the
chalcogen, which is ideal for semiconducting and optical
applications.'>'® The nature of the network structure of
light amorphous chalcogenides, sulfur- or selenium-based,
has been quite successfully described using rigidity
theory,'*™'® which reduces the complex N-body problem to
a connectivity one involving the underlying network topol-
ogy. This allows filtering out unnecessary details, which
ultimately do not affect the compositional trends, while fo-
cusing only on the key microscopic physics governing the
thermal and mechanical properties. This approach has
enabled accurate predictions of glass compositions, where
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elastic phase transitions can be expected,'”'® and many

other physical properties that have a bearing on these elastic
phase transitions have also been investigated in a large

. . _23
number of binary or ternary sulphides'®?® and
selenides,z“’28 as well as oxides?*? and even commercial
glasses.** ™’

According to rigidity theory,'*'® the GFR and glass-
forming ability are determined by comparing the number of
atomic degrees of freedom n; per atom with the number of
interatomic force field constraints n. arising from bond-
stretching (BS) and bond-bending (BB) interactions, which
constrain'”'®%-3 the network structure at a molecular
level. If the number of constraints 7. is less than the avail-
able degrees of freedom (3 in 3D), then the network is
viewed to be “flexible,” because it contains local deforma-
tion modes that give rise to well-identified low frequency
modes in the vibrational density of states.*>*' On the oppo-
site, if n. > 3, the network becomes overconstrained or
“stressed rigid,” this situation being achieved when a high
density of cross-linking atoms has been alloyed into a base
chalcogen network. Interestingly, optimal glasses are identi-
fied with compositions fulfilling exactly n. =3, a condition
that coincides with the isostatic stability criterion enunciated
in the late 19™ century by Lord Maxwell for macroscopic
structures.*” The term of “optimal glasses™®* may be
viewed as a vague notion at a first glance, but it actually
encompasses various kinds of observed phenomena. These
indicate that the glass-forming tendency or glass stability'+
is, indeed, enhanced for such particular isostatic composi-
tions, and are revealed by a minimum with composition in
the critical cooling rate**° to avoid crystallization, or by a
maximum®”*® in the thermal stability AT =T, — T,, where
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T, is the crystallization temperature and T, is the glass tran-
sition temperature.

Building on these elegant ideas, there has been a vast
body of experimental studies, in this context, on sulfide'®%?
and selenide’*® network glasses, and most of them have
shown that anomalies are found in compositional studies at
the location of the isostatic criterion, i.e., when n.=3, a
result that has been associated by Phillips®® and Thorpe'”'®
with a mean-field flexible to stressed rigid transition occur-
ring at a network mean coordination number 7 = 2.4, e.g., at
x=20% Ge content*>** in Ge,Se;_,.

Much less is known on amorphous tellurides, which, fur-
thermore, display reduced GFRs> or, in some selected cases,
no GFR at all, leading to systematic crystallization of the
melts®'? directly upon cooling. This may be related to the
increased tendency of elemental tellurium melt™ to crystal-
lize, as compared to sulfur and selenium, and by the fact that
the heavier chalcogen does not strictly follow the so-called
octet or “8-A bonding rule, A being the number of s and p
electrons. These conditions also prevent estimating 7. and 7
in a simple fashion, and, thus, using directly rigidity theory
to investigate effects of composition in tellurides, given that
the ionocovalent to metallic nature of the bonding reduces its
applicability. Attempts to quantify the number of rigid con-
straints have been made on a heuristic basis’® but results
seem to lead to an obvious disagreement with experi-
ments.”> More recently, a Molecular Dynamics (MD) based
approach has been proposed to address the issue.’® It builds
on the notion of radial and angular excursions®’® to esti-
mate correctly the number of intact BS and BB constraints,
and an application to Ge-Sb-Te ternary alloys ® has shown
that, indeed, the Te-rich compositions should be flexible,
whereas a flexible to rigid transition should be obtained close
to the GeTe,-SbTe, join. However, testing the generality of
the concepts and methods to amorphous binary and ternary
tellurides® has been challenging.

In the present contribution, we investigate the properties
of Ge,Si, Te,_,, glasses as a function of composition x. The
Ge-Si-Te ternary has not received much attention in the liter-
ature, except in the recent years. Feltz and co-workers®®®!
have characterized its glass-forming region, which consists in
a broad region around the GeTe,-SiTe, join. More recently,
Asokan and co-workers have identified that such tellurides
can also be interesting candidates for random access
memories®>®* because they exhibit on- and off-reset states in
electrical switching phenomena that are enhanced at select
compositions. A connection of such electrical properties with
the elastic nature of the network, from flexible to stressed
rigid has been established,65 including an intermediate
phase®® where mechanical properties displayed a plateau-like
behavior.®’

In this paper, experimental measurements, usually
undertaken in selenide and sulfides to detect rigidity transi-
tions, are successfully combined with the constraint count
established in a neat way from MD simulations to extend
results to Tellurides for the first time. The constraint count in
Tellurides differs from the one routinely applied in sulfide
and selenide glasses using the 8-N bonding rule. Results
show that, while Ge and Si are indeed four-fold coordinated,
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their local geometry are quite different and consist princi-
pally of defect octahedral (pyramidal) and tetrahedral units,
respectively. The population of these geometries is computed
using angular excursions and constraints. Such findings are
directly compared to results from Mossbauer spectroscopy,
which provides a quantitative estimate of the sp® coordinated
cations as a function of composition. The structural picture
that emerges from these findings obviously modifies the top-
ological constraint count based on the 8-A" bonding rule
alone,®® and shows an adaptive behavior with a progressive
Ge/Si tetrahedral to pyramidal geometry conversion when
the network stiffens. Experimentally, the flexible to rigid
transition is then detected from calorimetric and volumetric
measurements, which show anomalies (i.e., minima) in the
non-reversing enthalpy AH,, at the glass transition, molar
volume V,,, and fragility M over a finite compositional
interval Ax centered near x=28%. Furthermore, the
square-well like behavior with composition of both AH,,- and
V,, allows for the unambiguous detection of a previously
reported intermediate phase (IP), which is systematically
detected between the flexible and the stressed rigid
phase.®’® The observed IP is quite sharp (Ax < 2%) as
compared to corresponding selenides and sulfides.'® Finally,
we detect important variations in the geometrical motifs (tet-
rahedra, defect octahedra) across the IP, thus indicating that
the onset of stressed rigidity affects not only the local struc-
ture in tellurides, but also the nature of chemical bonding.

Taken together, the results reveal the richness of struc-
tural motifs encountered in these ternary tellurides, but, ulti-
mately, also show that the well-established phenomenology
largely described in lighter chalcogenides (S, Se) extends to
the complex tellurides as also emphasized recently.*’*7!
These new findings, thus, open the perspective that tellurides
from the viewpoint of topology and rigidity can be examined
in much the same fashion as selenides and sulfides. A major
drawback however is the increased crystallization tendency
of tellurium,”® which prevents experimental investigations
into the flexible phase down to x =0, or elemental Te in bulk
glasses. On the theoretical side, one needs to rely on a com-
bination of realistic MD-based structural models and a con-
straint count from radial- and angular excursions in order to
determine in a neat way the mean-field Maxwell rigidity
transition.

The article is organized as follows: in Sec. II, we
describe the experimental methods and techniques, and detail
the First Principles MD (FPMD) simulation schemes. We
provide all the results on structure and topology in Sec. III,
and connect them to experimental observations in Secs. III E
and IV. In Sec. V, we discuss our findings, and analyze the
connection between topology, constraint count, and the
obtained compositional thresholds. Finally, in Sec. VI, we
summarize our results and draw a general perspective on
extending topological rigidity theory to the Tellurides.

Il. METHODS
A. Synthesis of glasses

Elemental of Si, Ge, and Te of 99.999% purity were
reacted at 950 °C for periods ranging from 7 to 14 days. Due
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to the low glass forming tendency of this system, batch sizes
were kept at 0.5 g, which proved to be quite useful to obtain
homogeneous glasses. Fig. 1 summarizes T, data of
Si,Ge, Tejgp_», system after 7 days (blue symbols) and 14
days (red symbols) of reacting starting materials. T,’s
monotonically increase in 6% < x <12% range and decrease
once x > 12%. Slight increases in T,s were observed when
samples were reacted for 14 days. The variation of T, with
composition in the Te-rich domain can be extrapolated down
to T,(x = 0) = Ty = 373 K, a value, which is found to be of
the order of other extrapolations (340K (Ref. 72)).
Stochastic agglomeration theory’>’* leads to the prediction
of the T, variation with composition (solid black line in
Fig. 1) assuming a random crosslinking of Ge/Si atoms is
fulfilled up to nearly x = 8%. At larger modifier content, ran-
dom connections stop as manifested by the deviation of the
T, data with respect to the linear slope prediction.

B. Mossbauer spectroscopy

To the best of our knowledge, previous investigations in
tellurides using this technique have been reported only for
selected compositions of Si-Te glasses’® using '*>Te and '*°I
substitution. Here, one uses !'”Sn Mossbauer spectroscopy.
A '"°Sn source of 23.8keV y rays in a CaSnO matrix was
used to excite the nuclear resonance using a constant acceler-
ation drive. The emitter and glass sample absorber were
cooled to 78 K in a He exchange gas Dewar. For the meas-
urements, the bulk glasses were doped with 1 at. % of isoto-
pically enriched ''”’Sn metal. Observed spectra were
analyzed to extract the isomer shift 6 and quadrupole split-
ting A (see below). These data were compared to reference
compounds having either a perfect tetrahedral geometry
(c-Si, sp3) or an octahedral geometry (c-SnTe, Sn**) for the
Sn probe atoms.

C. Modulated differential scanning calorimetry

Melt fragility M of the Si,Ge, Te; ,, system was
established by recording the complex C, heat flow (real,
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FIG. 1. Glass transition temperature 7, of Ge,Si,Te;_», as a function of
composition x, measured after 7 days (blue) and 14 days (red) of alloying
the starting material. Other data (SijoGe;oTeg) are from Feltz et al.®® The
vertical broken line shows the 7, maximum with nanoscale phase separation
occurring at x > 12%. The solid line represents the predicted slope equation
using stochastic agglomeration theory. Here, Ty represents Ty(x = 0).
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imaginary parts) near T, using a TA Instruments Q2000
MDSC system. A 10mg quantity of a glass sample sealed
in an aluminum pan was cooled starting from T, +50°C
across the glass transition temperature and then heated back
to T, + 50 °C. Such experiments were undertaken at 5 mod-
ulation periods (60s, 80s, 100s, 120 s, and 140 ). It should
be stressed that the choice of the modulation periods limits
the investigation of the relaxation time t to temperatures
that are very close to T, so that only the linear behavior of
the relaxation time in an Arrhenius plot is obtained.
However, using the definition of the fragility”” in this linear
régime

dloggt

M= |—— , 1
|:dTé’/T:|TTg W

where the behavior of the relaxation time with temperature,
7(T), could be used to measure M as a function of composi-
tion x.

Total, reversing and non-reversing heat flow measure-
ments were carried out using the same calorimeter. MDSC
unit was calibrated for temperature and enthalpy using In
and Pb standards, and for heat capacity using a Saphire disk.
Heat flow measurements were carried out at a scan rate of
3°C/min, modulation of amplitude of 1°C and a period of
100s. To correct a finite modulation frequency, a subsequent
cooling cycle was carried out soon after the heating
cycle.”””® The subtraction of the reversing heat flow from
the total heat flow led to the nonreversing heat flow AH,,, fol-
lowing a procedure established previously.”*%°

D. Molar volumes

Mass density measurements were made using 200 mg of
a bulk glass to achieve an accuracy of 0.25%, which led to
the molar volume after inversion. These were performed on
the bulk Si,Ge, Te,_,, glasses using a quartz fiber and a digi-
tal microbalance model B154 from Mettler-Toledo. A bulk
glass specimen typically 200 mg in size was weighed in air
and in 200 proof alcohols, and the density obtained using
Archimedes principle. A single crystal of Si was used to cali-
brate the density of alcohol and a single crystal of Ge used to
check the accuracy of density measurements.

E. First principles molecular dynamics

FPMD simulations have been performed at constant vol-
ume on three systems containing 200 atoms: Si;oGegTeg,
Ge,gTegp, and SirgTegq, the latter binary systems being used
for comparison and reference. The atoms have been posi-
tioned in a periodically repeated cubic cell, whose size
allows recovering the experimental measured volumes of
SijoGegTego (present work, see Table I and Fig. 12 below),
and those reported for the binaries.®'** The electronic struc-
ture has been described within density functional theory
(DFT) and evolved self-consistently during the motion.®* A
generalized gradient approximation is used, using an
improved scheme for the exchange-correlation energy
obtained by Perdew, Burke, and Ernzerhof (PBEsol) that has
previously been used for the study of elemental tellurium,**
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TABLE 1. Calculated structural properties of different binary and ternary
telluride glasses: GeyoTegp, SijoGejgTeso, and SigTegy. Density p used in
the simulation, calculated d; first (i=1) and second (i =2) neighbour peak
positions (in A) of the partial pair correlation function g;(r), together with
obtained first minimum r,, of each g;;(r), and corresponding calculated coor-
dination numbers n;;. Note that the distances in Si,yTeg, are compared to the
experimental data of SijoTeg;.”!

p(A) dt dy o ny;
Ge,oTegg 0.0305 Ge-Ge 2.48 3.72 3.01 0.33
(Ref. 81)
2.50
(Ref. 90)
Ge-Te 2.64 3.93 3.30 3.84
2.60
(Ref. 90)
Te-Te 2.90 4.04 335 194
2.76
(Ref. 90)
Si GeioTesy  0.0286  Ge-Ge  2.53 353 285 020
Present Ge-Te 2.64 3.99 321  3.36
Work Te-Te 2.85 4.10 3.26 1.58
Si-Si 2.42 3.32 2.83 040
Si-Te 2.61 3.99 3.13  3.12
Si-Ge 2.45 4.02 3.08 0.35
SiseTexo 00267  Si-Si 242 345 283 065
(Ref. 82)
2.44
(Ref. 93)
Si-Te 2.58 4.11 3.12 332
2.62
(Ref. 91)
Te-Te 2.87 4.08 334  1.64
2.82 3.65
(Ref. 93) (Ref.91)

and has shown an improved agreement of structural proper-
ties when compared to experimental measurements from
neutron diffraction. Valence electrons have been treated ex-
plicitly, and the wave functions have been expanded at the I
point of the supercell on a plane wave basis set with an
energy cutoff E.=20 Ry. During the Car-Parrinello
Molecular Dynamics simulation, a fictitious electron mass of
2000 a.u. and a time step of Ar = 0.24 fs have been used to
integrate the equations of motion. Temperature control has
been implemented for both the ionic and electronic degrees
of freedom by using Nosé-Hoover thermostats® with a fre-
quency of 800 cm ™.

In addition, an attractive empirical dispersion coefficient
correction®® has been taken into account, following the func-
tional form proposed by Grimme

NoL N o
Egip = =56 Y R_éfdmp(Rij)> 2

i=1 j=i+1""if

where N is the number of atoms of the system, Cj; is the dis-
persion coefficient for atom pair ij, and R;; is the interatomic
distance. A damping function of the form

1
(1 +exp(—d(R;/R. — 1))

Jamp(Rij) = 3)
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is also used in order to avoid singularities at short intera-
tomic distances. Here, R, is a cutoff distance cancelling E s,
for R < R.. Parameters for the (Ge, Te) systems (R, Cj;, d;j)
are given in Ref. 87, and for the ternary and the binary Si-
Te, one, furthermore, has C;=95.43, 176.97, and
129.90eV - A, and R, =3.43, 3.44, and 3.61 A for Si-Si,
Si-Te, and Si-Ge pairs, respectively.®® Additional runs have
been performed on Ge-Te without Eq. (2) for comparison
(see below).

Starting configurations represent a random structure of
(Ge, Si) and Te atoms fulfilling the desired stoichiometry,
and the loss of the memory of the initial configurations has
been achieved through preliminary runs at 2000K and
1500 K over 50 ps. The chosen time interval leads to corre-
sponding mean square displacements of the order of several
cell lengths. After equilibrating the liquid at several tempera-
tures (920K, 820K) over 25-30 ps each, all the systems
have been brought to 300K by two independent quenches
from 820 K.

lll. ASTRUCTURAL MODEL
A. Global structure from FPMD

In Fig. 2, we represent the total pair correlation function
g(r) and the total structure factor Sy(k) for the three simu-
lated glasses of interest. These calculated quantities are com-
pared to available experimental data from neutron and X-ray
diffraction.*>*’

First, we remark that the overall agreement between
simulation and experiment is very good, and certainly
improved when dispersion forces (via an explicit account of
Eq. (2)) are treated during the DFT calculation. In fact, in
GeygTegp, a direct comparison with the experimental data
from Kaban et al.®® shows that while the first peak located at
2.69 A in the experimental pair correlation function g(r) is
quite well reproduced without the Grimme correction (green
curve), the broadening of the first peak and a less structura-
tion (minimum at ~3.3-3.4A) will automatically lead to
coordination numbers that are overestimated with respect
to an experimental estimate®® or a Reverse Monte Carlo
analysis.90 Definitely, the correction (2) improves the struc-
tural description of the short range order.

In real space (Fig. 2(a)), it is found that the structure of
the ternary Si;oGe;gTego (solid and broken curves) is very
close to the one of the binary Si,yTegq as seen from a nearly
identical position and width of the principal peaks, found at
2.61A and 4.10A, and a nearly superimposition of both pair
correlation functions at higher distances. A recent investiga-
tion of the liquid structure (923 K) has shown®? that two typi-
cal peaks are found at 2.44 A and 2.82 A associated with
Si-Te and Te-Te correlations, while the secondary peak is
found at the same distance of 4.10A as in our amorphous
phase. The position of the simulated first peak is also consist-
ent with the one determined (2.62 A) from X-ray diffraction
for glassy SijoTeg;,”"** whereas the secondary peak appears
to be slightly overestimated (3.65-3.70 A (Ref. 91)). The
weak difference between the pair correlation function of
SiroTegy and SijoGegTegy contrasts with the comparison
between the binary Ge,gTegy and the ternary, where
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FIG. 2. (a) Computed total pair correla-
tion function g(r) of GeygTego,
Sij0GegTego, and SirgTeg, (black lines)
at 300K, compared to neutron diffrac-
tion data from Kaban et al®® (red
curve). (b) Computed total structure
factor St (k) for the three systems, com-
pared to X-ray diffraction data from
Schoening89 (SipgTegq, red circles) and
Kaban et al.®® (GeygTego, red curve).
The data of the ternary Si;oGejoTego
system have been duplicated (broken
lines) in order to be directly comparable
to the related binary systems. The green
line in panel (a) is a simulation, which

increased differences appear, and which underscore larger
structural differences, including on the local structure.

A similar situation holds in reciprocal space, where
SijoGeoTegg and SirgTegy have basically an identical total
structure factor Sr(k). However, when partial correlations
are considered between the species (Faber-Ziman partial
structure factors S;;(k)), it can be seen that differences appear
between these two systems (Fig. 3). Given the concentrations
of the species and the involved neutron scattering lengths b;
(4.149, 8.185, and 5.68 fm for Si, Ge, and Te, respectively),
it is first useful to write the total structure factor

Sr(k) = 0.0051(6)Ssis; + 0.1129(7)Ssire + 0.6186(1)Srere
+ 0.0200(7)SGege + 0.2228(6)SGere
+0.02055(1)SGes;- (4)

Thus, S7(k) mostly results from Si-Te, Ge-Te, and Te-Te
partials. In fact, the other pairs (Ge-Ge, Si-Si, Ge-Si) contrib-
ute only about ~5% to Sr(k). A comparison between
SijoGegTego (black lines) and SiygTeg, (red lines) in Fig. 3
shows that important differences appear in the region of

FIG. 3. Calculated partial structure factors Ss;re (k), Sgere (k), and Szere (k) in
GeoSigTegq (black), SirgTegq (red), and Ge,gTegq (blue).

does not take into account the disper-
sion term of Eq. (2).

~2.5A7" for the partial Si-Te, the binary system exhibiting
a smaller separation between the two principal peaks of
Ssire (k) found at 1.7 A~"and 2.9 A~'. Furthermore, the peak
heights are different, the first peak at ~2 Al being higher in
the ternary, whereas the second peak (3 A" is smaller.
However, given the dominant contribution of the Te-Te
structure factor, which is nearly identical for both systems,
ultimately such differences do not appear in the simulated
Sr(k). One can, thus, conclude that intermediate range corre-
lations between Si and Te atoms are indeed different in the
two systems under consideration. The comparison between
Si;0GegTegp (black lines) and Ge,gTego (blue lines) shows
that increased differences emerge in both relevant partials,
Ge-Te and Te-Te, and these differences give rise to those
obtained in the total structure factor (Fig. 2(b)).

In real space, a similar one to one comparison is made
for the partial pair correlation functions g;(r) (Figs. 4 and
5), and corresponding bond lengths are compared and ana-
lyzed (Table I). Obviously, the structural correlations (i.e.,
g;i(r)) involving at least a Te atom (Fig. 4) are very similar
for all the considered systems, e.g., weak differences are
observed when the Te-Te correlation is compared between
the ternary and corresponding binaries. Similarly, the Ge-Te
pair correlation function of Si;ogGe;oTeg is almost identical
to the one calculated for Ge,gTegy. As a result, the calcu-
lated bond distances d; and d,, which correspond to the first
two peaks of each considered function g;(r), are very close
(Table I). The partial Si-Si deserves some additional com-
ments given that the obtained features are very close to
those usually observed in GeSe,. In the latter system, three
distances are usually detected”®*7 in the partial pair correla-
tion function ggeg.(r), which are associated with homopolar
Ge-Ge, edge-sharing (ES) GeSey, tetrahedra and
corner-sharing (CS) tetrahedra (Fig. 6). In the present case,
three typical distances are also obtained in the function
gsisi(r) of Fig. 5. In SijoGejoTegy, the first one at
d,=242A corresponds to the homopolar Si-Si bond that is
also obtained (~2.3A) in the crystalline phase Si,Tes.”
The second distance at d, = 3.32Ain gsisi 18 the one associ-
ated with ES of predominantly teErahedral SiTe4/, motifs,
and, finally, the distance d3 =3.89 A corresponds to CS con-
nections between Si polyhedra. It is useful to anticipate that
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FIG. 4. Te-related partial pair correlation function gg;7., ggere (@) and grere
(b) of amorphous Si;(Ge;oTegq (red), and SiyyTeg and SiooTeg, (black).

=Ge,Si)
N w SN (@) ] (o]

Ox.x (X

o

FIG. 5. Calculated Group I'V-related partial pair correlation function gg;s;, and
26ece Of amorphous SijoGegTego (red), and SiygTegy and GeygTegq (black).
The three typical distances d, d», and dj are indicated (see text for details).
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FIG. 6. Typical local connections between two Si units: CS SiTey,, ES, and
ethylene-like (ET) unit involving a homopolar Si-Si bond.

the well-separated peaks in gg;si(r) should lead to typical
bond angles associated with ES and CS connections, similar
to the case of lighter chalcogenides.””

J. Appl. Phys. 115, 164905 (2014)

In the corresponding SiyoTeg, binary compound, the two
larger distances d, and d; come closer together so that the
two associated typical ES and CS peaks merge into a single
broad one, where the ES contribution appears only as a
shoulder (black curve, Fig. 5). This effect cannot be attrib-
uted to the difference in density between the binary
(p=0.0267A7%) and the ternary (p=0.0286 A% com-
pounds, and must therefore be associated with deeper
changes in the network structure.

B. Neighbors

From the obtained simulated pair correlation functions
(Figs. 4 and 5), we obtain by integrating up to corresponding
first minima r,, (see Table I), the partial coordination num-
bers n;; for the different systems using

T'm

ng; = 47er r*g;(r)dr. Q)

0

It is seen that the dominant contribution to Ge and Si coordi-
nation number arises from the connections with Te atoms
(i.e., nyr, with X =Ge/Si). From such calculated coordina-
tion numbers n;;, we then determine the coordination number
of the species, which are given by

ni = nj; + ngj, ©)

Cilyj = CjMji.

In the ternary Si;oGegTeg glass, it is found that ng, =3.91,
ng;=23.87, and ny, =2.39 indicating that, while Ge and Si
atoms are predominantly in a four-fold coordination, Te has
a slightly higher coordination number than what would be
expected from the simple application of the 8-A/ bonding
rule. Furthermore, although it is found n; ~ 4 for both Ge
and Si, one is not a fully tetrahedral sp® geometry as charac-
terized and discussed below. These numbers are found to be
somewhat lower than those calculated from the correspond-
ing binary glasses since we have obtained ng;=3.97 and
ny,=2.47 for amorphous SirgTegy, and ng,=4.17 and
nr, = 2.90 for Ge,yTegq. As seen from Table I, the difference
in Te coordination arises from increased contributions to
Nrere, and for, e.g., nrege = ngere/4, which results from
larger minima r,, and from a less structured pair correlation
function, i.e., ggere(rm) is larger in GeyoTegy as compared to
Si;0Ge gTego.

C. Bond angle distribution

In Fig. 7, we represent the bond-angle distribution for
the three systems of interest. The binary systems SiygTegq
and Ge,oTeg are found to display already quite a different
behavior for both Te-X-Te and X-Te-X (X = Ge, Si). In fact,
for the SiygTegq system, one finds the silicon atom to be pre-
dominantly in a tetrahedral environment as revealed by a
rather sharp Te-Si-Te distribution, which peaks at an angle
of ~111°, i.e., close to the tetrahedral angle of 109°21’. This
feature is apparently maintained in the ternary Si;oGegTegq
given that both distributions nearly map onto each other. The
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FIG. 7. Computed X-Te-X (a) and Te-X-Te (b) bond angle distribution of
SipoTego, and GeyoTego (black lines) at 300K, compared to corresponding
results in SijoGejgTego (red curves). The inset shows the Si-Te-Si bond
angle distribution of Si;oGejgTego (same as panel a), and is compared to a
reference compound Ge,pSeg (Ge-Se-Ge, broken line%).

same situation holds for the corresponding Te-Ge-Te distri-
bution, which is found to be very similar in both Ge-based
systems, Ge,gTegy and SijgGe gTego. Here, it is seen, how-
ever, that the Ge atom is obtained in both tetrahedral and
defect octahedral (or pyramidal) sites because the distribu-
tion Te-Ge-Te is centered at angles, which are now smaller
than the tetrahedral one, typically 104°. Furthermore, the
small tail obtained at ~160° is also an indication for the
presence of such octahedral geometries as discussed
before.”” % Given the width of the Te-X-Te bond angle dis-
tribution, the exact population of tetrahedral (109°) and
non-tetrahedral (i.e., pyramidal, 98°) Group IV atoms cannot
be estimated on a firm basis by considering the angles
alone. One has to rely on an alternative approach as dis-
cussed below.

The difference between the binary systems and the ter-
nary is substantially increased in the X-Te-X (X =Ge, Si)
bond angle distribution, which shows marked changes when
one considers the Si;oGejgTegy and any of the related
binaries. In the ternary system, a pronounced bimodal distri-
bution sets in (red curve in Fig. 7(a)), with two main contri-
butions at 78° and 98°, the former being identified with ES
connections between Si local geometries. This observation
connects back to the conclusions made from the pair correla-
tion function gg;s;, which shows three typical peaks indica-
tive of homopolar, ES, and CS connections in very much the
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same fashion as for Ge,ySego, which also give rise to a bi-
modal distribution®® for the bond-angle distribution
Ge-Se-Ge (inset of Fig. 7(a)). In the ternary glass, it can be
observed furthermore that the separation of the ES contribu-
tion (which reduces to a shoulder of the main peak in
SiyoTegp) is actually related with the features detected in the
partial gg;s; (Fig. 5) at a distance of 3.3-3.45 A. Consistently,
the ES peak at 3.33A in Si;0GegTegq is found, indeed, to
separate from the main peak at 3.89 A corresponding to CS
connections. This situation contrasts with the one found for
the related binary system (SirgTegg), which displays a
smaller separation between the ES and CS distances (3.48 A
and 3.89 A), and a weaker ES contribution in the Si-Te-Si
bond angle distribution. Finally, it is found that in
SijpGejgTegp, the main peak of the X-Te-X distribution is
shifted from ~98° to ~82° between Si-Te-Si and Ge-Te-Ge.
This obviously means that the Te atom can have two differ-
ent angular environments, depending on the neighboring
atoms, Ge or Si.

D. Tetrahedral fraction from constraints

A global bond-angle distribution Te-X-Te (X = Ge, Si)
does not permit a precise idea about the fraction of tetrahedra
present in the glasses. In Ge-Te binary systems, Akola and
Jones'”’ have assigned tetrahedral character, if all
Ge-centered bond angles are larger than 100° but this must
obviously give rise to some uncertainties given that the cor-
responding typical bond angles involved in the two geome-
tries (90° and 109°) are very close (see, e.g., Fig. 7(b)), and
display rather large distributions leading to a possible over-
lap. Alternatively, Raty and co-workers'®" use a bond-length
argument in Ge,;Sb,Te, by remarking that the fourth neigh-
bor distribution of a central Ge atom is bimodal, and can be
associated with either three- or four-coordinated (tetrahedral)
Ge. On the same issue of the tetrahedral estimate, Caravati
et al."® calculate a local order orientational order parameter
distribution that reveals tetrahedral character'® but the inte-
gration of this distribution, which yields the estimate,
depends unfortunately on the integration boundaries. More
recently, fingerprints for the presence of tetrahedral motifs
have been reported in phase change tellurides from either
simulated Raman spectra'® or X-ray Absorption Near Edge
Structure spectroscopy.'®’

In order to calculate quantitatively the fraction and the
nature of the tetrahedra present in the glasses, we use a differ-
ent approach that builds on constraint counting algorithms in
combination with FPMD simulations.’®® Rather than consid-
ering the typical octahedral and tetrahedral angles, which are
too close, we analyze the angular excursions around a central
atom. In doing so, we have in mind that a tetrahedron is
defined by six rigid angles or n®# = (2r — 3) = 5 independ-
ent constraints'"*® (the sixth angle is determined from the five
independent ones). Over the simulation trajectory and having
defined a set of N neighbors around a central Ge/Si atom,
each of the N, =N(N — 1)/2 angles is then followed individu-
ally.>® This defines a bond-angle distribution P(6), which can
be characterized by a mean 0 and a standard deviation oy,
which represents the second moment of P(0).
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If the number of low standard deviations gy around an
atom is six, one will detect the six rigid angles and identify a
Ge/Si tetrahedron. This analysis is then performed over the
whole system, and then leads to system averages and a pre-
cise fraction 5y of tetrahedra for the considered glass.
Figure 8 shows the results of such an analysis by representing
the system averaged Ge standard deviation (gy) for amor-
phous Si;oGe gTegy. A certain number of Ge atoms display,
indeed, six low standard deviations (blue bars, 1Ge,, 1Ges,
1Gey, ...3Gey) with (gy) ~10°, i.e., much lower than the
other values resulting from angles involving the 5th and the
6th neighbor of the Ge atom (e.g., angle numbers 4, 5, §,
9,...), which have a (gy) about four times larger. Once the
six angular excursions are identified, Figure 8(b) shows
indeed that the associated system-averaged mean angle is
equal to (0) ~ 109° (blue arrows), and a corresponding bond
angle distribution (Fig. 9) peaks at 109°. Both Si-centred and
Ge-centred distribution are similar, and are found to be close
to the corresponding Se-Ge-Se distribution” in the isochem-
ical Ge,pSegq for which ny = 100%.

In the ternary system, the remaining non-tetrahedral
(nT) Ge and Si atoms are found to have only three rigid
angles (red bars) and do not have a well-defined average
angle (0) (Fig. 8(b)). This situation contrasts with the
GeyoTegy glass, which exhibits three angles at ~98° (red
arrows and broken line in Fig. 8(b)), a value close to the one
defining the pyramidal angle obtained®® in amorphous
As,Ses. In fact, an inspection of the resulting bond angle dis-
tributions (Fig. 9) shows that the Ge(nT) distribution is very
close to the one found for As,Ses.

60 T T T T T T T T
de | |Ge| | | |a

<o, > (deg)

0 2 4 6 8 10 12 14
Angle number n (arb.)

FIG. 8. (a) Standard deviation (oy) for arbitrary angle numbers n
(0 <n<N,=15) around Ge atoms in amorphous Si;(Ge;oTegq are split into
two categories: Ge atoms having 6 low gy’s (blue), and Ge atoms having not
such ay’s (red). The arrows indicate the relevant angles ;Ge,(n) serving for
the discussion. Here, m and k < m are the Te neighbors, and labelled accord-
ing to their distance with respect to the central Si atom. (b) Corresponding
Ge-centred angles (0). The broken lines correspond to the results for
Ge,oTego. Blue colored arrows indicate angles, which can be considered as
rigid (because of panel (a)) and these correspond to tetrahedral local geometry.
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FIG. 9. Bond angle distribution of identified Ge (black) and Si (red) tetrahe-
dral (T, broken lines)/non-tetrahedral (nT, solid lines) in amorphous
Sij0GeoTeg according to the constraint analysis of Fig. 8. Reference curves
are shown for the Se-Ge-Se bond angle distribution in the isovalent
Ge,oSego having 100% tetrahera”” (green curve), and for the Se-As-Se bond
angle distribution’® in As,Ses (orange curve), which has a nearly 100% py-
ramidal geometry.

Finally, we estimate from the count of Ge atoms fulfill-
ing the condition of six rigid constraints the fraction of tetra-
hedra in amorphous Si;¢Ge gTegy, and find n; = 33.67%.
Here, Si sites contribute to 42.74% and Ge sites to 24.6%.
These values are lower than those determined for the related
binary systems: 54.6% for Ge,oTegy and 91.8% for SiygTegy.
It should, finally, be also noted that a Ge,yTego system with-
out the Grimme correction taking into account the dispersion
forces lead to systems, which contain less Ge tetrahedra as
one finds 1y = 38.2%. The difference with the computed
nr = 54.6% may arise from bond lengths, which are reduced
when Eq. (2) is used, which promotes an increased tetrahe-
dral bonding, a feature quite well established for various
glass-forming systems, especially when a tetrahedral to octa-
hedral conversion is followed under pressure.'®

E. Tetrahedral fraction from Mossbauer spectroscopy

We compare the findings on the computed tetrahedral
fraction 5y with results from 19Sn Méssbauer spectroscopic
studies conducted on Ge,Si, Te;_,, glasses to probe the local
chemistry of Ge and Si. Here, traces (~1 at. %) of 119gn
have been doped into the glass of interest by reacting isotopi-
cally enriched elemental ''”Sn. There is overwhelming evi-
dence that when Sn is doped in dilute amounts, it replaces
isovalent Si and Ge local environments in the network, and
reproduces their local geometry and chemical bonding.'”’
For the analysis, it is useful to first identify spectra of several
standard compounds having a well-defined valence. When
Sn is in a tetrahedral sp>-bonded state as a dilute substituent
in c¢-Si, one observes a sharp Mossbauer resonance with
unique chemical shift of 6 =1.65 = 0.02 mm/s with respect
to Sn*" as in BaSnO; (Fig. 10), this shift being characteristic
of tetrahedrally coordinated Sn. Similarly, the Sn*" oxida-
tion state is found in crystalline SnTe, which has an octahe-
dral geometry as in GeTe,'® as revealed by a Mossbauer
resonance at an isomer shift of ¢=3.33 = (0.02mm/s.
Furthermore, since there are no vacancies in this perfect
rocksalt-type structure of two Sn- and Te-sublattices,'® no
quadrupole splitting is observed,'®® which indicates neither a
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FIG. 10. ''°Sn Mdssbauer spectra of Sn in c¢-Si (black) and c-SnTe (red).
Note that a resonance is observed at 6 = 1.65 = 0.02 mm/s when Sn is tetra-
hedrally coordinated, and 6 =3.33 =0.02mm/s when Sn is octahedrally
coordinated.

distorted octahedra nor the presence of vacancies in the im-
mediate environment.

Fig. 11 shows the Mossbauer effect observed in the ter-
nary Ge,Si, Te;_,, glasses at selected compositions. Each
line shape can be deconvoluted into a singlet (denoted by
“T”) centered at around o7 ~1.95mm/s and a doublet
(denoted by “DO”) in the dpp ~ 3.19mm/s to 3.27 mm/s
range. When the spectra are compared to the reference com-
pounds of Fig. 10, it becomes clear that the resonance at or
can be identified with tetrahedral (T) sites, whereas the reso-
nance at dpp is obviously linked with the non-tetrahedral
sites. Furthermore, as the DO resonance exhibits a doublet
with a quadrupole splitting A, we are observing a defect
octahedral (DO) site displaying an electric field gradient,'”
i.e., the local pyramidal geometry, which has been previ-
ously detected from the angular excursions (Fig. 8).

An inspection of the effect of the composition shows
that the DO resonance peak integrated intensity increases
with cross-linking concentration x, and exceeds that of the
singlet (T) resonance for Si;(Ge oTegq (Fig. 11(c)). We find
the asymmetry of the doublet at dpp also increases progres-
sively. A Lorentzian fit of the lineshape provides the parame-
ters (Table II), and, ultimately, one obtains the fraction n?p
(integrated intensity) of Sn being at tetrahedral sites.

One notes that the fraction #77 of tetrahedral sites
decreases dramatically (from ~80% to 40%, Table II) within
a few percent change, i.e., from SigGegTegg to SijoGe;gTego,
underscoring major structural changes in the network with a
rapid conversion of Ge/Si tetrahedra into defect-octahedral
(pyramidal) geometries. Between 6% and 10% range, the rate
of change in tetrahedra is about 9.8% per atomic percent (%)
composition. A linear extrapolation indicates that #77 may be
nearly 100% at SiyGe,Teq,. Although one cannot access the
Si versus Ge fraction of tetrahedra, one notes that the total
measured integrated intensity 777 = 40.8% compares rather
well with the calculated fraction 7, = 33.7% obtained for the
simulated model of Si;(Ge;gTego (Sec. III D).

IV. EXPERIMENTAL RESULTS

We now turn to the experimental results permitting the
detection of rigidity transitions, and show that the present
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FIG. 11. '"Sn M&ssbauer spectra of Ge,Si,Tejgp_o, ternary glasses for
selected compositions. Deconvolution into tetrahedral (T, red) and
defect-octahedral (DO, blue).

investigated tellurides display the same phenomenology as
many other reported chalcogenide and oxide glasses.

A. Scanning calorimetry measurements

Fig. 12(a) shows the non-reversing enthalpy (AH,,,) vari-
ation of the Ge Si, Te|go_», glasses as a function of composi-
tion x. It is useful to remind that after synthesis, all samples
were T, cycled by heating above T, at a scan rate of
3°C/min followed by a cooling down at the same scan rate.
From Fig. 12, it can be seen that the AH,,, variation shows a
broad global minimum centered at x ~ 8% after reacting
starting materials for 7 days followed by a steady increase
until x = 12% and a reduction after x > 12%. In addition, the
effect of stress removal can be observed. The non-reversing
enthalpy variation of Si,Ge,Te;_,, measured soon after T,
cycling (red curve, Fig. 12(a)) and after aging for 2 months
(blue curve) shows, indeed, that the AH,, term remains
nearly unchanged in 7.5%<x <9% range. As T, cycling is
performed soon after sample synthesis to remove stress that
may have frozen in due to the quenching process, one thus
realizes that for this particular window in composition, glass
must display a minimum stress.
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FIG. 12. (a) Non-reversing heat flow AH,,, of Si,Ge,Te,_,, ternary glasses
as a function of composition x. The red curve is a measurement after rejune-
vation (7, cycling), whereas the blue curve is a measurement after an ageing
time of 2 months. (b) Molar volume V,, as a function of composition x. The
gray zone indicates the compositional range, where both quantities obvi-
ously minimize, and which can be identified with a stress-free IP. The maxi-
mum observed around 12% can be associated with a nanoscale phase
separation (NSPS, see text for details).

TABLE II. Measured fraction 777 of tetrahedra, and parameters from
Mossbauer spectroscopy for the identified tetrahedral (T) and defect octahe-
dral (DO, pyramidal) resonance peaks. Isomer shift ¢, quadrupole splitting A
(for DO geometry), and full width at half maximum (FWHM) in
Si,Ge, Te; », glasses with changing content.

SigGegTegg SigGegTegy Si 0GeoTego
07" (%) 79.9 60.7 40.8
d(mm/s) T 1.95 1.95 1.93
DO 3.19 3.27 3.25
A (mmy/s) 0.78 0.85 0.73
FWHM (mm/s) T 1.00 1.02 1.00
DO 0.98 0.97 0.96

Fig. 12(b) shows the molar volume measurements of the
Si,Ge,Te;_», ternary glasses, and it is found that molar vol-
umes display an abrupt decrease in the same region as AH,,,.
(7.5%<x <9%), and plateaus out until x ~ 9%. The impor-
tant increase in V,, observed in the 9%<x < 11.5% range is
followed by a sharp decrease thereafter. It should be noted
that within a percent composition change, the variation in
molar volume is quite important, about 5%—6% close to the
x~7.5 %.
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Given that both quantities usually serve as signa-
tures’”® for the onset of rigidity, both trends in
Si,Ge,Te; _», (Fig. 12) indicate that a flexible to rigid transi-
tion is achieved by the addition of Ge/Si cross-links into a
Te-rich amorphous network structure. Furthermore, a
stress-free IP is observed (gray zone) in the 7.5%<x <9%
range. We discuss its origin in Sec. V.

B. Fragility

Figure 13(a) shows the in-phase (Re(C;) and out-of-
phase C, (Im(C;) signals measured for the x = 6% sample of
Si,Ge,Te; ,, ternary at several modulation frequencies.
In-phase C, signal shows a step near the glass transition,
while the out-of-phase C, (Im(C[*,) shows a characteristic
endothermic peak near T,. Both the step and the endothermic
peak shift to higher temperatures as the modulation fre-
quency (w) is increased. The location of the peak in Im(C,)
and the modulation frequency w allow obtaining the relaxa-
tion time (t) of the supercooled liquid given that one has
wt =1 at the peak maximum of Im(C,). From the tempera-
ture dependence of 7 in an Angell plot,'"? and using Eq. (1),
one then extracts the fragility index M as a function of
composition.

Fig. 13(b) shows this fragility index variation in
Ge,Si, Tejgo_2, glasses as a function of x. M values initially
decrease as x is increased and shows a global minimum cen-
tered at x=28.5% with a minimum value of M = 26. This
minimum is obtained in the IP range, similarly to previous
investigations on selenides and sulfides.?*!'>~!1°
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FIG. 13. (a) In-Phase (real) and Out-of-Phase (imaginary) parts of the com-
plex heat capacity C; for a SigGegTegg glass were obtained from MDSC
measurements at a rate of 3 °C/min and a modulation amplitude of 1°C over
five periods (1°C/60s, 805, 100s, 120, 1405s). (b) Fragility index values M
of the present Si,Ge, Te;_», ternary system as a function of composition x.
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V. DISCUSSION

Having in hand both the theoretical and experimental
results, we can now discuss the general behavior of the effect
of the addition of Ge/Si cross-links on the physical properties
of amorphous telluride networks.

A. ldentification of rigidity transitions
1. Rigidity transitions from the experimental data

There is a striking correlation in the variation of AH,,
and that of molar volume V,, in composition x,; = 7.5% <
x < 9% = x., range, where a global minimum in AH,, is
found to coincide with that in molar volumes. The behavior
is characteristic of intermediate phases, where compacted
networks form, i.e., molar volumes show a global mini-
mum.*7*BE T gmall aging!'%''? (as compared to out-
side of the IP window) of glasses in this special phase stems
from the stress-free character of the network as demonstrated
from Raman pressure experiments in selenide glasses.''®

Given the way, the Ge/Si cross-links are added into the
base Te network, one is led to believe that at low x < 7.5%,
glasses are flexible and should be underconstrained (n, < 3).
Since an increase in T, is observed, and since it is well estab-
lished that the glass transition temperature variation is a
measure of network connectivity,”>"''? one can conclude that
the average coordination number will increase with composi-
tion x, leading to an increased stiffening of the network until
the glass becomes rigid at x =x.; ~7.5%. Over the IP com-
positional window Ax = x., — x.1, obviously, small changes
in V,, and AH,,. are obtained (Fig. 12), defining a nearly
square well behavior with composition. As the cross-link
density continues to increase, these networks become
stressed rigid when the Ge/Si concentration becomes larger
than x = x.», ~ 9%, and both AH,,,. and V,,, increase in a dra-
matic fashion for x > x.,.

In addition, we remark that the location of the minimum
in fragility M at x ~ 8.5% is found inside the obtained win-
dow Ax from molar volume and non-reversing heat flow
measurements (Fig. 13). This feature is also a strong argu-
ment in favour of the stress-free IP given that the correlation
between calorimetric, volumetric, and fragility anomalies for
IP compositions has been found for other network glass-
forming systems such as Ge,Se B As Se, M
AsxGexSel,2,,6,26’115 (Fig. 14). In contrast with the lighter
chalcogenides, which exhibit a very low fragility (M ~ 15)
in the IP window'"? and lead to strong glass-forming liquids;
here, the obtained fragilities for Si,Ge,Te; ,, are much
higher, including at the minimum (8.5%), where M ~26.
Broadly speaking, variations of M (x) in present tellurides
are smaller as compared to, e.g., Ge,Se; . melts,113 which
display larger variations of M across the flexible and
stressed rigid phases. An explicit relationship between
enthalpic changes at the glass transition and the fragility has,
furthermore, been established'?° from a Kirkwood-Keating
model of network glasses, showing that the activation energy
for relaxation (or the fragility) is proportional to the
enthalpic changes at the glass transition, and minimize at an
isostatic (n. = 3) composition, where rigidity onsets.
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FIG. 14. Location of fragility minima (filled circles) in chalcogenide net-
work glasses, compared to the location of the non-reversing heat flow win-
dows AH,, (gray) and to the volumetric windows indicating space-filling
tendency (red): present Si,Ge,Te;_5,, Ge,Se; ' Ge, Sy .22 As,Se; 1M
As,Ge,Se_p,. 20113

2. Comparison with previous findings

The detection of an IP is consistent with results reported
by Asokan er al.*’ #6257 on a slightly different composi-
tional join (Si,Ge;sTegs_y, Figure 15), which also exhibit
either minima of the non-reversing heat flow AH,,,, or anoma-
lies in molar volume, and thermal stability AT =T, — T,
maximizing. On the mechanical properties, these authors
notice that the elastic modulus and the hardness are substan-
tially increased and display a threshold behavior, once the
system becomes stressed rigid,%” similarly to what has been
obtained under pressure.** For lower connectivities, both me-
chanical properties saturate in the IP as the network is adapt-
ing to maintain a nearly isostatic character.

3. Rigidity transitions from MD based constraint
counting

In the Si,Ge;sTegs_, system, identification of the
mean-field rigidity transition has been established®®’ from
the 8-V bonding rule (Fig. 15). However, the latter does not
take into account the fact that both T and DO-pyramidal geo-
metries are present, and that they do not involve the same

Si

100-2x

Te 0 30 Ge

FIG. 15. GFR of Si-Ge-Te glasses from Feltz et al.® (gray zone), presently
studied ternary compositions (red), and the ternary compositions
Ge;5Si, Tegs—, studied by Asokan and co-workers® (blue). The yellow
points represent the IP compositions, and the thick black line represents the
GeTey-SiTey join fulfilling the mean-field rigidity transition (n, = 3), if a
8-A bonding rule is assumed.
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number of angular constraints (Fig. 8). We can calculate a

mean-field constraints count per atom by using the
definition'”"'®

S, E+ 2 — 3]

r>2

ne = 7)

c i
2

r>2

where n, is the concentration of an r-fold atom. We combine
the FPMD obtained structural model with constraint count-
ing based on radial and angular excursions, following a
framework established and validated previously.’®® Based
on the previous analysis, we assume that Ge and Si are four-
fold coordinated (Table I) and are found in both tetrahedral
and pyramidal-DO geometry, the population of the former
being characterized by the fractions 17¥ and n%°. The analysis
from the angular standard deviation ¢y (Fig. 8) but also pre-
vious enumerations'*'® show that 5 and 3 BB constraints
can be associated with a T and a DO geometry, respectively.
It is assumed that Te has a coordination number ry, > 2,
consistent with our FPMD calculation (77, =2.39). The fact
that tellurium deviates from the anticipated 8-\ bonding
rule (see, however, Ref. 68), and has r7, > 2 should give rise
to additional BS (rr./2) and BB constraints. However, an
inspection of the excursions (characterized by the standard
deviation gy of the distribution) of the angles defined by the
first three neighbors of a Te atom show that only the angle
defined by the first two neighbors is relevant. Indeed, such
an angle has a small angular excursion, which leads to a
sharp distribution for the angular standard deviation
(Fig. 16), centered at small ¢,0. This allows identifying®’ an
intact BB constraint for the distribution 102, whereas other
angles involving the third neighboring atom of Te obviously
have ineffective angular constraints because they display a
very broad distribution f(gg). One, thus, has for Te,
nP = rr,/2, and n8 = 1.

Using Eq. (7) for the Si,Ge,Te;_,, alloy and the estab-
lished count of constraints and local structure, we can now
write the density of constraints as

ne = x(5+2n%) + x(5 + 2n3) + (1 — 2x) (1 + %) (8)

2 102

c

S

5

2

= 203

A 103

O 1 1
0 10 20 30 40
6, (deg)

FIG. 16. Computed distribution of angular standard deviations gy around a
central “0” Te atom for the first two neighbors (102, red curve) and for the
angles involving a third neighbor (103 and 203, black lines).
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leading to
e = {4)( + ’%(1 - 2x)} + [T+ 41+ nr(x)], )

where we have used 2n;(x) = 7% + n5 that can be deter-
mined from the integrated intensity of the Mossbauer reso-
nance spectra. The two squared brackets refer to BS and BB
contributions, respectively.

Although Mossbauer spectroscopy has been performed
on selected (3) compositions (Table II), it is important to
emphasize that the chemical bonding in the present tellurides
is strongly influenced by the elastic nature of the network. In
fact, the flexible composition (6%) is found to be dominated
by tetrahedra underscoring a sp> geometry, whereas the py-
ramidal geometry is found to be the majority local structure
for the stressed rigid composition (10%). With only three
investigated compositions, we cannot further comment on the
link between the tetrahedral (T) to pyramidal (DO) geometry
conversion and the three elastic phases, but we stress that this
feature is absent in other chalcogenides (S, Se) and may,
thus, be viewed as a typical property of tellurides. In order to
be somewhat more quantitative, we fit the trend in composi-
tion of 777 (Table II) with a linear function, and use it
(7(x)) in Eq. (9) to determine the contribution 755 and n?8
of both BS and BB constraints with composition. Results are
shown in Fig. 17, and it is found that, while the BS density is
increasing with Ge/Si content due to the increased network
connectedness, the contribution of BBs saturates and eventu-
ally decreases at larger compositions, originated by the T to
DO conversion. We view the latter as a manifestation of net-
work adaptation, a way to reduce the number of rigid con-
straints as the fraction of cross-links is steadily increased.
Indeed, it has been stressed that tetrahedra involve five BB
constraints, whereas a DO structure will involve only three
(see Fig. 9). For a given fraction 5 of tetrahedra, the number
of BB constraints per atom is n%% =5n; +3(1 —ny)
=342n7. As nfS is increasing with the Ge/Si content,
glasses can eventually adapt the increasing stress by reducing
the number n?# of angular constraints thanks to the T to DO
conversion (Table II), in a fashion similar to what has been
recently established from MD simulations in oxides."''®

B. Identification of a nanoscale phase separation

The reduction of AH,.(x) and V,(x) at x> 12%
(Fig. 12) are most probably manifestations of nanoscale
phase separation (NSPS) in these ternary glasses as reported
previously for a large number of glasses with rather well
documented features: maximum in AH,,,>>"'?! anomalies in
a variety of mechanical properties,®’'** maximum in glass
transition temperature.'” This latter manifestation is
actually recovered with the observation of a maximum in T,
(Fig. 1) in the present Si,Ge, Te;_,, glasses. The NSPS man-
ifests by a decoupling of Group IV atoms from the network
backbone, which results in the formation of ethylene-like
(ET) units such as Sez,,Ge-GeSes/, in Ge-Se glassesB’121
(Fig. 6). The underlying driving force stems from the highly
stressed rigid nature of the glass structure (usually n. ~ 3.6),
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FIG. 17. Computed number of constraint 7, split into BS and BB contributions
as a function of Ge/Si content x in Si,Ge, Te; _,, glasses, assuming a Te coordi-
nation number of r7, =2.4, and an evolution of tetrahedral fraction 7y (x)
depending on composition following what has been determined in Table II.

which is then unable to maintain homogeneity under the
action of a too large number of bending and stretching inter-
actions so that a phase separation at the nanoscale is pre-
ferred. Upon further addition of Group IV atoms, this NSPS
will hold, but one then reaches the limit of the GFR.

The observation of a nanoscale phase separation
deserves an additional comment. It has been stressed, indeed,
that the anomaly (i.e., the observed maxima that we associate
with NSPS) is simply the result of a chemical threshold.'**
This statement has been made from the observation that in
Ge-Se and Ge-S alloys, the maxima are located close to the
stoichiometric compositions of 33% Ge associated with the
existing crystalline polymorphs GeSe, (Ref. 125) and
GeS,."?® However, the results on the Si,Ge,Te; ». glasses
do not support this view. In fact, the anomaly is obtained at
x ~ 12%, which does not correspond to any reported crystal-
line polymorph for the ternary nor for the related binary
alloys given that only GeTe (Ref. 108) (50% Ge) and Si,Te;
(Ref. 96) (40%) are the known crystalline phases. The possi-
bility of a chemical threshold is also contradicted by the
behavior with composition of other Si based alloys (e.g.,
Si-Se (Ref. 69)), which do, indeed, have a crystalline com-
pound'?’ SiSe, but which do not exhibit any anomaly in T,
or AH,,.%" Raman spectroscopy® and FPMD simulations'>
indicate the absence of homopolar Si-Si bonds, consistent
with our claim that NSPS maximum in T, and presence of
homopolar (ET, Fig. 6) bonds are correlated.

In the present Si-Ge-Te ternary system, it would be inter-
esting to test such conclusions using molecular simulations,
and follow the fraction of, e.g., ET units or the population of
homopolar Ge-Ge and Si-Si bonds and as a function of com-
position.”® Given the size of the system (200 atoms), such a
study is unfortunately beyond the scope of the paper. We note
however from Fig. 5 that Ge-Ge and Si-Si bonds do exist in
the structure for x = 10%, and at a fraction, which is larger
than in the corresponding binary Ge-Te and Si-Te alloys.

VI. CONCLUDING REMARKS

Group IV atoms in a base Te-rich network leads to the
formation of glasses in a limited range of composition for

J. Appl. Phys. 115, 164905 (2014)

the Si,Ge,Te;_,,, in contrast with selenides and sulfides.
The glass-forming region is found between x=6% and
x=15%, and consistent with previous investigations on this
system.®”®> Here, we have combined an experimental probe
with a theoretical study to investigate the effect of
cross-linking on the Te network. FPMD simulations of a
selected composition (Si;gGe gTegg) are performed and com-
pared to the parent binary alloys Ge,oTegy and SirgTego.
Results show that the structure of the ternary compound is
very close to those on the binary SigTegq as revealed from
the calculation of the total structure factor Sy (k) and the pair
correlation function g(r). An increased tendency to form
edge-sharing units is found in the ternary glass, detected
from a typical distance in the partial gg;s;(r) and the bond
angle distribution Si-Te-Si. We introduce a method allowing
for the computation of the fraction of tetrahedra in sp> geom-
etry, and find that fraction (33.67%) to be lowered in the ter-
nary glass, but in excellent agreement with the experimental
estimate (40.8%). The latter was deduced from the integrated
intensity of Mossbauer resonance spectra, which display two
characteristic sites, one associated with the tetrahedral geom-
etry and the other with a defect octahedral (pyramidal) one.
The simulations allow one to calculate the contribution of
the two species (Ge, Si), and it is found that there are nearly
twice Si tetrahedra more (42.74%) than Ge ones (24.6%).
When followed with composition, it is found that the experi-
mental fraction of tetrahedra decreases with Ge/Si content, a
trend that we associate with angular adaptation, similarly to
what has been found in rigidity transitions driven by
pressure.' '

We then investigated the possibility of elastic phases
and rigidity transitions in this ternary glass, similar to what
has been successfully reported for a number of chalcoge-
nides. We found that the addition of the Ge/Si cross-links
leads to a global stiffening of the Te-rich network, which
undergoes two separate transitions defining an intermediate
phase: a flexible to rigid transition at x,; = 7.5% and a rigid
to stressed rigid transition at x., = 9%, both being defined
by an abrupt variation in molar volume and non-reversing
enthalpy. In the intermediate phase, the corresponding glass-
forming melts are, furthermore, found to display a fragility
minimum, which implies that the present IP telluride melts
have a more stronger behavior than glass-forming melts in
the flexible and stressed rigid phase. We use the structural
model obtained from FPMD to establish the exact number of
constraints 7., knowing that (i) not all Group IV atoms are in
sp> geometry, and (ii) an increased coordination number for
the tellurium atom has to be taken into account. Finally, we
identified a nanoscale phase separation in these ternary
Si-Ge-Te glasses, which leads to a maximum in glass transi-
tion temperature, molar volume and non-reversing heat flow,
and precedes the limit of the glass-forming region. This sep-
aration is independently revealed from a pronounced first
peak in the calculated pair correlation function gg.c.(r),
associated with homopolar Ge-Ge bonds.

Given the technological importance of amorphous tel-
lurides, the discovery of an IP (see also Fig. 14) in the pres-
ent system indicates that a certain number of promising
applications can be considered using the standard IP



164905-14 Gunasekera, Boolchand, and Micoulaut

properties. For instance, it is well known that retention loss
of the amorphous phase is a key reliability issue of phase
change material devices,8 which stems from the instability of
the non-equilibrium amorphous phase due to the evolution of
the physical properties with time. The existence of an IP in
Si,Ge,Te; _,, demonstrates that such phases are generic, i.e.,
they are not peculiar to Selenides or Sulfides, but also exist
in Tellurides. The weaker relaxation in IPs may be utilized
in PCM to stabilize device performance. The smaller aging
behavior of the AH,, term is, indeed, a clear indication of the
stability of glassy compositions in the 7.5% < x < 9%
range. This result suggests that atoms change their configura-
tion minimally over time, and may thus maintain important
PCM properties such as resistivity or optical contrast nearly
unchanged.
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