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Mechanistic understanding of the effect of rigidity percolation on structural relaxation
in supercooled germanium selenide liquids
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High-resolution "'Se nuclear magnetic resonance spectroscopy is used to investigate the rotational dynamics
of Se atoms in Ge,Se;_, supercooled liquids with 5=x=23. The Se atoms in Se-Se-Se linkages are found to
be significantly more mobile compared to those in Ge-Se-Se/Ge linkages. The time scale of the rotational
dynamics of Se-Se-Se linkages and its temperature dependence are nearly identical for liquids with x=17 but
the time scale displays an abrupt increase for the liquids with x=20 and 23, at and above the rigidity perco-
lation threshold. Such a dynamical transition is shown to be consistent with a sudden elastic stiffening of the
atomic network of Ge,Se;(,_, supercooled liquids at the percolation threshold.
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I. INTRODUCTION

The application of the concept of rigidity percolation has
received a great deal of research attention in recent years in
explaining the composition dependence of a wide range of
physical properties in network glasses on the basis of topol-
ogy and connectivity of the network.!~ Initially the rigidity
percolation model was put forward to explain the transition
of an elastic network from floppy to rigid state when the
number of degrees of freedom per atom becomes equal to the
number of interatomic force-field constraints.'=> The network
is floppy when the number of degrees of freedom is higher
than the number of constraints and it is rigid when the re-
verse holds true. The rigidity of the network is therefore
controlled by its connectivity and it can be shown that the
floppy to rigid transition takes place when the average coor-
dination number (r)=2.4 at which point the fraction of
floppy modes goes to zero.!= Phillips was the first to suggest
that the glass-forming tendency of covalently bonded chal-
cogenide networks would be maximized when {ry=2.4.! This
model has since been used extensively to elucidate the com-
positional variation in mechanical, thermodynamic, trans-
port, and electronic properties in covalent amorphous chal-
cogenide networks simply on the basis of {r), irrespective of
the chemical composition. More recently the application of
such models has been extended to oxide glass networks as
well. 1314

It is to be noted that in the original rigidity percolation
model no thermal energy is available to the network to over-
come the interatomic force-field constraints, i.e., the model is
strictly valid only at T=0 K. Therefore, ideally the model
cannot be used to predict temperature-dependent dynamical
properties such as fragility, glass-forming ability, and glass
transition temperature 7,. However, strong correlations be-
tween (r) and such dynamical properties have been experi-
mentally observed in covalent chalcogenide networks in bi-
nary and ternary glass-forming liquids in Ge-As-Se system
that have been linked to the concept of mean-field rigidity
percolation.”!%18  Naumis has recently conjectured that
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floppy modes in networks with (r)<2.4 may provide chan-
nels in the potential-energy landscape for structural rear-
rangements in the liquid that in turn would govern its con-
figurational entropy and fragility.'""!> Recently, Mauro and
co-workers'3-1> have proposed a modified version of the
Naumis model based on temperature dependence of inter-
atomic force-field constraints to explain the composition de-
pendence of fragility and 7, in a variety of oxide and non-
oxide network liquids including those in the binary Ge-Se
system. However, none of these models provides a direct
mechanistic understanding of the dynamical processes at the
atomic scale that are responsible for viscous flow and shear
relaxation and glass transition in networks with widely dif-
ferent (r) values. It also remains an open question whether
such dynamical processes, once identified, would show a
transitional behavior that is coincident with the rigidity per-
colation threshold at (r)=2.4. Here we report the results of a
high-temperature "’Se nuclear magnetic resonance (NMR)
spectroscopic study of Ge,Se; o, glasses and supercooled
liquids with 5=x=23 that has been carried out to investi-
gate the temperature-dependent dynamics of Se atoms near
the glass transition range as a function of (r). Considering Ge
and Se atoms to be four- and two-coordinated, respectively,
the (r) values of these compositions range between 2.10 and
2.46.

II. EXPERIMENTAL

Ge,Se oo, glasses with x=5, 10, 17, 20, and 23 ({r)
=2.10, 2.20, 2.34, 2.40, and 2.46, respectively) were synthe-
sized by melting mixtures of the constituent elements Ge and
Se with =99.995% purity (metals basis) in evacuated
(107% Torr) and flame sealed fused silica ampoules at tem-
peratures ranging between 1000 and 1200 K for at least 24 h
in a rocking furnace. The ampoules were quenched in water
and subsequently annealed for 1 h at the respective 7y’s. T,
was determined to within =2 K by differential scanning
calorimetry using a heating rate of 10 K/min and were found
to be 330 K, 361 K, 411 K, 430 K, and 450 K for glasses
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FIG. 1. ""Se NMR spectra of (a) Ge;oSeqy and (b) GeyySesg
glasses and supercooled liquids, as a function of temperature. The
corresponding temperatures are indicated alongside each spectrum.

with x=5, 10, 17, 20, and 23, respectively. Variable tempera-
ture /’Se NMR experiments were carried out on x=5, 17, 20,
and 23 glasses and supercooled liquids using a Bruker
Avance-500 solid-state NMR spectrometer operating at a
Larmor frequency of 95.4 MHz (11.7 T) and a high-
temperature NMR probe (Doty Inc.). Crushed glass samples
were packed in a boron nitride capsule that was inserted into
a 7 mm SizN, rotor. N, gas boil off from a high-pressure
liquid-nitrogen Dewar was used for temperature control of
the sample. For the Ge,Seq, sample variable temperature
"7Se NMR experiments were carried out on a Chemagnetics
NMR spectrometer with a Chemagnetics magic angle spin-
ning (MAS) probe (4 mm ZrO, rotors) operating at a Larmor
frequency of 95.4 MHz (11.7 T). The temperature of both
probes was calibrated externally using the well-known tem-
perature dependence of the “°’Pb chemical shift of
Pb(NO,),, before and after the ”’Se NMR measurements. '°
For T=1.3T, a Hahn-echo pulse sequence (7/2-7- acqui-
sition) was employed for spectral acquisition with 77/2 pulse
length of 2.6 us and 7=63 us and recycle delays of 60 s.
For spectra collected at 7= 1.37, single pulse experiments
were employed along with shorter delay times of 1 s for
rapid data collection in order to avoid crystallization. Ap-
proximately 1000-1500 free induction decays (FID) were
averaged to obtain each 7’Se spectrum at temperatures below
T, while 150-500 FIDs were averaged to obtain spectra at
T>T,. All "’Se NMR chemical shifts are reported with re-
spect to an external reference of saturated H,SeOj5 liquid.

III. RESULTS AND DISCUSSION

The "’Se NMR spectra of Ge,(Seq glass and supercooled
liquid are shown as an example in Fig. 1(a). The spectrum
acquired at room temperature displays two distinct reso-
nances centered around ~830 and 450 ppm. Previous ''Se
NMR spectroscopic studies based on a wide range of
Ge,Sejgo_, glasses and crystalline model compounds have
unequivocally assigned the 830 and 450 ppm resonances to
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Se environments with two Se nearest neighbors, i.e., Se-
Se-Se sites and to Se environments with one or two Ge near-
est neighbors, i.e., Ge-Se-Se/Ge sites, respectively.’*?> The
full widths at half maximum (FWHM) of these two reso-
nances are found to be ~200 and 500 ppm, respectively.
Simulation of this spectrum with two Gaussian peaks cen-
tered at 830 and 450 ppm indicates that ~38% and 62% of
the Se atoms in this glass belong to the Ge-Se-Se/Ge and
Se-Se-Se sites, respectively, consistent with previous reports.
This ’Se NMR line shape does not change appreciably upon
heating to up to 353 K [Fig. 1(a)]. However, with further
increase in temperature to 383 K (7,=361 K) the FWHM of
the resonance corresponding to the Se-Se-Se sites decreases
rapidly and monotonically until at the highest temperature of
measurement (473 K) it is only ~30 ppm indicating mo-
tional narrowing [Fig. 1(a)]. Motional narrowing of ''Se
NMR signal in binary Ge-Se supercooled liquids at tempera-
tures above T, was also observed in a previous study by
Eckert and co-workers.??

It is important to note that the use of short recycle delay
times for '’Se NMR data collection at 7= 1.37, results in
suppression of the signal from Ge-Se-Se/Ge sites that are
characterized by significantly longer spin-lattice relaxation
times than those of the Se-Se-Se sites, consistent with the
high mobility of the latter (vide infra). However, the inte-
grated area under the Se-Se-Se resonance does not change
appreciably over this temperature range. This result indicates
the lack of any chemical exchange of Se atoms between the
Se-Se-Se and Ge-Se-Se/Ge sites due to bond breaking
events. Therefore, the motional narrowing of the Se-Se-Se
resonance with increasing temperature clearly implies rapid
rotation of the selenium chain segments in the structure of
the supercooled GeySeqq liquid. On the other hand, the Ge-
Se-Se/Ge type selenium environments appear to remain rela-
tively rigid in this temperature range. Similar dynamical be-
havior has recently been reported by Lucas et al.’* in a liquid
of identical composition. In the present study this contrasting
temperature-dependent behavior of the '’Se NMR line
shapes for the two types of Se sites is found to be universal
for all Ge,Se gy, compositions, regardless of the chemistry,
and to be completely reversible upon cooling back down to
ambient temperature. This situation is evident in the "’Se
NMR spectra of Ge,pSegq glass and supercooled liquid col-
lected over a temperature range between ambient and 623 K
as shown in Fig. 1(b). It should also be noted that with in-
creasing temperature the peak position of the Se-Se-Se reso-
nance in the '’Se MAS NMR spectra shifts to lower field or
higher chemical shifts at a rate of ~0.18 ppm/K. Our "'Se
NMR studies on pure Se liquid indicate that such
temperature-dependent chemical shift results from thermal-
expansion effects.

The temperature dependence of the FWHM of the static
spectra for the Se-Se-Se resonance is compared in Fig. 2 for
all Ge,Sejy_, compositions. It is immediately apparent from
this comparison that the three compositions with x=5, 10,
and 17 ({(r)=2.10, 2.20, and 2.34, respectively) display
nearly identical temperature dependence of motional narrow-
ing of the linewidth when the temperature is scaled with
respect to T, (Fig. 2). The narrowing of the linewidth begins
at ~T,(T/T,=1) and continues at a rate of ~2.5 ppm/K to
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FIG. 2. Full width at half maximum of the ”’Se NMR resonance
corresponding to the Se-Se-Se site as a function of temperature
normalized to T, for GesSegs (black circles), GejSeqy (black
squares), Ge|;Segz (light gray diamonds), GeyySegy (dark gray tri-
angles), and Ge,;Se;; (light gray square).

temperatures of at least up to 7/T,~1.2. In stark contrast,
the supercooled GeySegy, and GeySes; liquids with (r)
=2.40 and 2.46, respectively, i.e., with average coordination
numbers at and above the nominal rigidity percolation
threshold, show no detectable narrowing at T, and a signifi-
cantly lower rate of motional narrowing (~1.3 ppm/K) of
the Se-Se-Se linewidth compared to that observed for the
supercooled liquids with (r)=2.34 (Fig. 2). The difference in
the line narrowing behavior is especially evident at 7/T,
~ 1.2 where the Se-Se-Se linewidth for the Ge,;Seg, and
Ge,3Ses; liquids is ~210 ppm while that for the other three
compositions are only ~50 ppm. This large and abrupt
change in the dynamical behavior of selenium chain frag-
ments upon a small change in Ge content from 17 to
20 at. % coincides with the percolation threshold that is pre-
dicted by the rigidity percolation model to be located at x
=20 as discussed above.

Further insight into the nature of the selenium chain dy-
namics associated with the observed motional line narrowing
in the "’Se NMR spectra can be gained by quantitative dy-
namical modeling of the Se-Se-Se resonance line shapes of
the supercooled Ge,Seq,_, liquids. Previous structural stud-
ies have conclusively shown that the linewidths of the "’Se
NMR spectra of Ge,Se;g_, glasses are primarily controlled
by the chemical shift distribution resulting from structural
disorder in glasses.?®?! The time scales of rotational motion
of selenium chain segments responsible for the motional nar-
rowing of the Se-Se-Se resonance can then be estimated by
simulating this line shape using a standard model of random
cross exchange between a sufficiently large number of
“sites” under the line shape. The room-temperature ' Se
NMR line shape corresponding to the Se-Se-Se resonance
was simulated using 30-60 equally spaced “sites” (N) under
a Gaussian envelope centered at 830 ppm. These sites repre-
sent glassy structural disorder in the form Se-Se-Se environ-
ments with a distribution of local geometries that results in a
heterogeneously broadened '’Se NMR line shape. The gen-
eral expression for equation of motion of magnetization
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M (1) for any individual site j with resonance frequency w;
that is exchanging with sites k can be written as?

dM (t
—d]t(_) =iw;M(t) = [M;(1)/T;] + Ek: M (). (1)

In this expression T; is the inverse of the linewidth of site
J without any exchange and Il is the exchange matrix. For
N sites exchanging at a rate of 1/ ng\g, the exchange matrix
I1;,=1/7ymr(1=N&y). Since the probability for exchange of
one site with any one of the other N—1 sites is 1/ ngyr the
off-diagonal elements of this exchange matrix (5;=0) are
one and the diagonal elements are —(N—1) such that
211, =0. The final expression for the line shape g(w) re-
sulting from cross exchange between N distinct sites is given
by: g(w)=1-A(w)™'-W, where 1 is the unit matrix, A(w)
=i(wl-w)-II, w includes the T, term, and W is the initial
probability vector, i.e., populations or relative fractions of
the N sites. In the present case N was varied between 30 and
60, and 1/ myur is the exchange frequency between the N Se
sites. The value of T5; of 0.1 ms was obtained from simula-
tion of the room-temperature spectrum with an exchange fre-
quency (1/7xur) of zero and has been treated as a constant
for all sites in all of the simulations at higher temperatures.
The average rotational exchange time scale myr Was found
to be independent of N in the chosen range 30=N=60. The
motionally narrowed Se-Se-Se line shapes for all Ge,Se go_,
supercooled liquids at temperatures 7=7, were simulated
using a temperature-dependent average exchange rate
1/ memr between the constituent Se-Se-Se sites. The shift in
the Se-Se-Se peak position due to thermal expansion has also
been incorporated into all the simulations. An example of a
comparison between the experimental and simulated ''Se
NMR line shapes for the Se-Se-Se resonance is shown in
Fig. 3 for the Ge;(Seq, glass and the supercooled liquid at
different temperatures.

The T,-scaled temperature dependence of the myyr values
corresponding to the rotational motion of selenium chain
segments obtained from these simulations are compared in
Fig. 4 to that of the shear relaxation time scales 7, for the
four supercooled liquids studied here. The 7., values are
obtained from the viscosity data available in the literature®®
for these compositions using the Maxwell relation: 7,
=17/ G.. In this expression 7 is the shear viscosity and G, is
the infinite frequency shear modulus, taken to be a
temperature-independent constant with values between 4.3
and 6.7 GPa.?’ It is clear from Fig. 4 that the Tyyg time
scales for all Ge,Se;y_, compositions with 23=x=5 are
significantly decoupled from 7., at relatively low tempera-
tures within the range of 1.0=T7,/T=0.75 and the degree of
decoupling rapidly increases with decreasing temperature.
The corresponding activation energy for myr 1S
~79 kJ/mol which is significantly lower than that
(~215-235 kJ/mol) associated with 7y, at temperatures
in the glass transition range. While the magnitude and acti-
vation energy of 7y, progressively change with composi-
tion, the activation energy of myyr remains practically un-
changed for all compositions in this temperature range.
However, such a temporal decoupling between fast motion of
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FIG. 3. Experimental (left) 77Se NMR line shapes correspond-
ing to the Se-Se-Se site in GeySeq, glass and supercooled liquid at
the temperatures indicated and the corresponding simulated line
shapes (right). The corresponding rotational exchange frequencies
(1/mymR) are given alongside each simulated line shape.

selenium chain segments and shear relaxation is not unex-
pected in these systems where the primary or « relaxation
time is presumably controlled by the relaxational processes
of the Ge-Se backbone consisting of corner- and edge-shared
GeSe, tetrahedra.

More interestingly, and consistent with the motional nar-
rowing behavior of the Se-Se-Se resonance mentioned
above, the magnitude of 7y shows an abrupt increase by
~1.5 orders of magnitude for the Ge,,Seg, and Ge,3Ses;
liquids (Fig. 4). It should be noted that mr displays an
Arrhenius behavior in its temperature dependence that can be
expressed as Tayr=Tolexp(Exmr/ ksT)], where Exyg is the
activation energy and 7, is the inverse of the attempt fre-
quency. Since Eyxyr does not change appreciably with com-
position, the abrupt increase in myr Must represent a corre-
sponding increase in 7, in the Ge,Seg, and Ge,3Se;; liquids.
Arrhenius fits to the myyr data indicate that 7, increases from
10133 s for compositions with 17=x=5 to 107120 s for
the GeyoSegy and Gey3Ses; supercooled liquids (Fig. 4).
Therefore, the establishment of rigidity percolation in a net-
work results in a sudden decrease in the attempt frequency
for structural rearrangement processes such as rotational dy-
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FIG. 4. Comparison between 7yyr (Symbols) and 7., (smooth
curves) values for GesSegs (black circles), Ge;oSeqq (black squares),
Ge7Segs (light gray diamonds), Ge,oSegq (dark gray triangles), and
Gey3Seq; (light gray squares) supercooled liquids at different
Ty-scaled temperatures. 7y, curves from bottom to top are in the
order of increasing Ge concentration. 7., values are obtained from
previously published shear viscosity data (Ref. 26) using Maxwell’s
relation (see text for details).

namics of Se-Se-Se linkages as a consequence of an elastic
stiffening of the network. These structural rearrangements
involve hopping over barriers in the potential-energy land-
scape of the supercooled liquid to explore the equilibrium
configurations or “inherent” structures. In this dynamical
scenario that is consistent with the elastic models of viscous
flow, the time scale 7, corresponds to that of local elastic
deformation of the selenium chain segments that is a precur-
sor to their rotational rearrangement and structural
relaxation.?%?

IV. SUMMARY

In summary, the temperature dependence of the ''Se
NMR line shapes of Ge,Sejqo_, supercooled liquids in the
glass transition region indicate that the time scale and its
temperature dependence for the rotational dynamics of sele-
nium chain segments are practically identical for liquids with
5=x=17. However, the time scale of this dynamical pro-
cess slows down abruptly for liquids with x =20, across the
rigidity percolation threshold. The activation energy of the
rotational dynamics remains unchanged but the attempt fre-
quency increases by ~1.5 orders of magnitude signifying a
transition of the covalent atomic network of the Ge,Seqg_,
supercooled liquids at the percolation threshold from a
floppy to a rigid state.
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