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Thermo-Kinetic Anomalies across Rigidity Threshold in GexSe1−x
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We have investigated the glass-transition kinetics of nine Gex Se1−x glasses by differential scanning calorimetry. Relation between the
drive (heating-rate q) and response (heatflow shift ∆H at Tg) is seen to be strictly linear only for GeSe4, known to signify the bulk-rigidity
threshold for this series. From an Arrhenius analysis the activation energies for glassy relaxation are estimated, and point to the existence of
different thermokinetic phases below and above the threshold composition. Series behaviour of the kinetic activation is conciled to a concurring
one seen in the size of cooperatively diffusing regions. The anomalies are attributed to structural crossovers with Ge doping; first from the
parent uniform Se-chains to that of backbones out-branching at corner-shared Ge(Se1/2)4 tetrahedral clusters, and subsequently interconnecting
by edge-shared configurations to realize a random pearl-necklace 3-D covalent network.
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1. Introduction

Chalcogenide glasses make interesting study because they
evolve into continuous random network (CRN) structure1)

by appropriate doping. It was Phillips who first introduced
the notion of highest glass-forming propensity in covalent
networks2, 3) near a mean atomic coordination of 2.4. Con-
currently, Thorpe conceptualized the floppy & rigid vibra-
tion modes4) and the occurrence of a ‘rigidity threshold’
in CRN systems. Angell’s subsequent classification of ki-
netically fragile/strong glass-formers5) is in conformity with
these ideas. In the binary system Gex Se1−x , the elemental
polymeric-Se is cross-linked with the increasing Ge admix-
ture nucleating Ge(Se1/2)4 tetrahedra, that coalesce first into
corner-shared clusters branching out the backbone structural
units, the latter in turn gets networked via the edge-shared
configurations. At the doping fraction xp = 0.2 the mean
coordination 〈r〉 of 2.4(= 2x + 2) is realized in GeSe4.6)

In the glass-transition studies using DSC,7–9) though elab-
orate thermal procedures are employed and their effects on
the transition characteristics reported, an examination of the
drive-response relationship is missing. Moreover, relatively
scarce studies10) relate these characteristics to appropriate
physical parameters. The fact that temperature-scanning ex-
periments are essentially of non-equilibrium kind11) has to be
taken into account while interpreting its thermogram. Exam-
ining glass transition at various heating rates, of materials
covering a breadth of property-values is one way to explore
these issues.

To look at the fine effects of rigidity percolation in caloric
properties of Gex Se1−x , a DSC study on its three close com-
positions across x = 0.2, and six flanking ones away from
the same was performed. Heat flow shift ∆H across Tg was
examined for its linearity vs. the scan rate q. By fitting
Arrhenius dependence to 1/Tg vs. Ln[q], activation energy
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Ea was evaluated for all compositions, and interpreted in the
context of the co-diffusing regions CRR.12) Anomalous com-
positional dependence in these physical attributes is clearly
discernible away from GeSe4.

2. Experimental

Bulk glasses Gex Se1−x for x = 0.15, 0.16, 0.175, 0.19,
0.20, 0.21, 0.23, 0.27, and 0.30 were prepared by standard
melt-quench technique13) from elemental Ge and Se (5N pu-
rity, CERAC). The compositions were confirmed to ±0.2 Ge
at% by inductively coupled plasma-atomic emission spec-
troscopy (ICP-AES) analysis. Amorphous nature of the sam-
ples was verified by XRD, which showed no crystalline Bragg
peaks. Their glassy character was determined using a Differ-
ential Scanning Calorimeter (TA Instruments Model 2910).
The as-quenched samples were well equilibrated at room tem-
perature for 8 to 10 days before performing the DSC scans.

DSC scans at ramps (q) 3, 5, 10, 15, and 20 K/min were
carried out to examine the heating rate systematic. The im-
posed rates were followed by the samples to within 1%. Our
Tg’s determined from the inflexion point in the H vs. T scans
are given in Table 1, with other reported values.14–16)

Table 1 Glass transition temperatures Tg for nine Gex Se1−x compositions.

x(atGe%) Present(5 K/m) Ref. 14) (3 K/m) Ref. 15) Ref. 16) (10 K/m)

15 398.75 408.71 382.50 406.33

16 401.46

17.5 395.37

19 437.70 448.00 - - - - - -

20 448.56 462.28 437.50 456.33

21 467.36 471.21 - - - - - -

23 485.20

27 512.37

30 585.73 598.00 572.50 623.00
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3. Results and Discussion

In Fig. 1(a) we show the heat flow signals for GeSe4 at the
five heating rates, after correcting for the baseline variations.
The curves have been shifted to join at low temperature and
the Tg’s determined are uncertain by ±0.2 K. Recognizing the
heat flow step ∆H at Tg as the material’s caloric response, it is
of interest to see its dependence on the applied excitation viz.,
the heating ramp q. Certainly the heat capacity Cp(= −H/q)

as the intrinsic coupling parameter (in terms of a generalized
susceptibility17, 18) is meaningful only for the linear response
case. For this purpose the heat-flow shift is plotted vs. the
heating ramp in Fig. 1(b). It is straightforward to realize a
systematic behaviour in the GeSe4 data. A uniformly linear
dependence is not so obvious for other compositions. For
GeSe4 this transition parameter can be linearly fitted, while
the non-linearity in ∆H(q)’s for x 	= 0.2 becomes more pro-
nounced for higher q values. Moreover, non-zero extrapola-
tions of these signals for q → 0 determine the accuracy of
the ∆Cp data (= −∆H/q), important to account for the di-
rect use of the values obtained.

Having witnessed an anomalous irregularity away from the
threshold composition, we now examine the conformity of
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Fig. 1 (a) Caloric heat flow vs. temperature across the glass transition for
GeSe4 at five heating ramps (b) heat-flow-shift at Tg vs. the heating rate q
for the nine Gex Se1−x compositions reported, showing remarkable linear-
ity for GeSe4.

the glass-kinetics to the standard Arrhenius formulation. The
1/Tg vs. Ln[q] plotted in Fig. 2(a) can be fairly fitted with
straight lines, with small deviations at the higher ramps. From
the slopes one determines the effective activation energies for
the glass relaxation at the respective compositions, using the
Arrhenius dependence Ln[q] = A − Ea/RTg. The mini-
mum and maximum variations in Tg over the entire ramp-
range were found to be 3 K and 10 K respectively, as shown
in the close-up Fig. 2(c) and 2(d). On careful scrutiny the
straight-line was found to be most optimal for the composi-
tion x = 0.2, while it represented the farther x’s to increas-
ingly lesser degree. This observation, together with the linear
response as emphasised in Fig. 1(a) indicate a saddle-point-
like regularity at xp = 0.2.

The activation Ea so obtained represent the average bar-
riers for the glasses’ relaxation in their configuration space,
defined by multitude of metastable energy minima. Now if
the glass is tough (i.e., less fluffy and thus with fewer such
minima), it undergoes this relaxation rather slowly under ther-
mal excitation,19) or yields poorly to deformation attempted
by a mechanical force, since within it there is scarce empty
space available for the same. Consequently, though the the-
ory of Cohen and Turnbull20) assumes no activation energy
for free volume rearrangement, in glasses a distribution of
hopping barriers and distances is necessitated,21) thereby re-
alizing higher effective energy barriers for the harder glasses.
From the plot of Ea vs. the composition (atomic coordina-
tion 〈r〉 = 2x + 2) in Fig. 3(a), one can clearly delineate
between the strong/fragile glass members of the Gex Se1−x
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Fig. 2 (a) Arrhenius plots with fits for the glass transition kinetics.
Zoomed-in illustration of typical Tg variations with ramp for (b) x = 0.20,
(c) x = 0.175, and (d) x = 0.15 compositions.
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Fig. 3 (a) Activation energy Ea and (b) size of the co-diffusing region VCRR
across the Gex Se1−x series. The delineation of two different phases below
and above xp is clearly brought out.

series. Moreover, it appears that the x < 0.2 range can be
grouped to represent a thermo-kinetic block, different than
the one belonging to 0.2 ≤ x ≤ 0.3. An abrupt rise in char-
acteristic energy near GeSe7 (〈r〉 = 2.3) also indicates the
emergence of a distinct ‘phase’. Again the special xp = 0.2
composition stands out to mark a ‘phase transition’.

In order to consolidate these identifications it is worth-
while to explore the dynamic heterogeneity in the series, in-
tertwined with the temperature-frequency scaling that devel-
ops near the glass transition. As early as 1965 Adam and
Gibbs11) observed that as one approaches Tg from above,
the fast dynamics involving fewer atoms (Johari-Goldstein
β-process22)) decouples from the slow α-relaxations that are
characterized by cooperative motion of groups of 35-to-300
atoms. This diffusive dynamics becomes successively slug-
gish, as the temperature is decreased, eventually giving rise
to a diverging timescale at the Vogel-Fulcher temperature
T0.23, 24) Such co-shifting groups of atoms define a (dynam-
ical) cluster that rearranges its shape (and location) when it
finds a void (free-volume) equal to its size available next to
it.20)

Spatial-fluctuations implying cooperatively rearranging re-
gions25) define a characteristic nano-length ζCRR that deter-
mines the diffusive dynamics of “particles” in the system. In
general this is expected to have higher values for fragile glass-
formers because of their larger dynamical heterogeneity. This
corresponds to larger CRRs for the soft glass, with widely
distributed characteristic energy/time scales manifesting e.g.,
in non-Debyeian relaxation, in dielectric spectral hole burn-

ing, and in multi-dimensional NMR26, 27) Assuming the CRRs
in the glass to have enough number of “particles” (NCRR, of
heat capacity c each) for applying thermodynamic concepts,
their mean temperature fluctuation is28) δT 2 = kBT 2/cNCRR.
For T = Tg this fluctuation is given by the half-width of
the glass transition interval.29) The volume of such a subsys-
tem of “particles” (molar mass M , density ρ) at Tg is then
VCRR = (M/ρNA)NCRR = (4kB M/ρCg)(Tg/∆Tg)

2.
Defining the “particle” to be one Gex Se1−x pseudo atom,

the evaluated VCRR from the data at the heating ramp q =
5 K/min are plotted in Fig. 3(b). The error bars cover
their variation with the q’s, expected because the sampled
timescale τ (q) of the system would also select a CRR(q) by
virtue of the spatio-temporal coupling.29) The CRR subsys-
tem treatment is justified here,28) as N ≥ 35 for all the x’s
shown. Typical N = 35 and ζ = 3

√
3V/4π = 0.63 nm of

CRRs in Ge19Se81 closely resemble those of the Crown glass.
To understand the VCRR(x) as obtained and reconcile it

with the Ea(x), we examine the structural processes under-
way. The stiffness development in Gex Se1−x (with increasing
Ge doping) proceeds through the recession of soft (long &
uniform Se-chains) matrix giving way to rigid clusters whose
internal configuration starts out as corner-shared Ge(Se1/2)4

tetrahedra.30) These ring-clusters grow up to a certain size
and get interconnected via short (Se)m links as xp ≈ 0.2 is
approached, forming a quasi-global network.31) The result is
a relatively compact space filling, with trapped isolated soft
pockets. From activation energy and the CRR size, the evolv-
ing range 0.15 ≤ x < 0.2 appears as an anomalous phase
and the exact xp composition seems to be a regularly disor-
dered one–a.k.a. continuous random network (CRN) having
defects. The extremal behaviour of Ea and VCRR for lower
x’s indicates an excursion riding over the expected gradual
development of structural networking in the system.

Further increase in Ge concentration (x > xp) requires a
metamorphosis of the inter-tetrahedral configuration to the
edge-shared kind, thereby receding the optimized packing.
This simultaneously erodes the connectivity of a structurally
robust GeSe4, making way for another, somewhat softer
material-phase, believed to have the backbone-form32, 33) of
random necklaces with varying-sized blob-pearls compris-
ing of edge-shared Ge(Se1/2)4. For x > xp, though no sig-
nificant changes are observed in Ea, indicating cessation of
the kinetic evolution, the structural de-optimization manifests
in the cooperative dynamics as indicating another distinct
phase. This may well be the recently predicted intermedi-
ate phase, based on theoretical treatment of CRN-variants by
Thorpe and Phillips,34) taking into account the fluctuations
from a mean-field behaviour, and probably manifested in re-
cent high-resolution Raman experiments.35)

The competition between attainment of a rigidly connected
quasi-3D network and its changeover into relatively fragile
quasi-2D network seems to endow the xp = 0.2 composi-
tion with a “saddle point” character, that conforms most to
the Arrhenicity as regards its thermokinetics. Moreover, the
interplay also irons out the irregular drive-response profile ob-
served on either side of xp, resulting in the linearity of heat-
flow-shift at Tg with respect to the heating ramp for GeSe4,
standing out as the ‘inflexion’ composition. Technically, the
linearity of ∆H(q), highlighted for GeSe4 corresponds to its
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coupling parameter ∆Cp(= −∆H/q) being independent of
the driving temperature ramp-rate. In addition, the present
work also opens up the question of whether and how the de-
viations from linearity in the kinematics (drive vs. response)
and kinetics (system vs. probing time) behaviour is related.

4. Conclusion

Glass transition kinetics studies are reported near the me-
chanical threshold xp = 0.2 of Gex Se1−x series, where a
rigidity phase transition has been evident. Anomalies ob-
served in the response-linearity, thermal activation energy,
and dynamical heterogeneity are traced to two distinct phases
ascribed to the composition-ranges below and above xp, by
correlating with the underlying structural attributes. The re-
sults are important in applying theoretical tools to rigidity per-
colation in this system, and in selecting the optimal composi-
tion for applications.
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