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A B S T R A C T   

The link between the atomic structure and the shear relaxation behavior of PxSe100-x (0≤x≤25) supercooled liquids is investigated using Raman spectroscopy and 
parallel plate rheometry. The P atoms in these glasses form Se=P(Se1/2)3, P(Se1/2)3 and 2/2SeP-PSe2/2 units, which serve as cross-linkers of the [Se]n chain segments. 
The frequency dependence of the storage and loss moduli as well as the relaxation spectra H(τ) indicate that liquids with >85% Se are characterized by the 
coexistence of a slow and a fast relaxation process corresponding to bond scission/renewal and Se chain segmental motion, respectively. On the other hand, liquids 
with ≤85% Se display only the bond scission/renewal process. The H(τ) spectra suggest that the relaxation-time τ distribution for Se chain dynamics is a sensitive 
function of the chain length, while that for bond scission/renewal is controlled by the variety of bond types and structural moieties involved.   

1. Introduction 

The rheological behavior of supercooled glass-forming liquids is 
intimately linked to their viability for various processing techniques [1, 
2]. Thus, a fundamental understanding of the structural control on the 
rheological behavior of glass-forming liquids is of paramount impor
tance in the optimization of the corresponding processing parameters. 
Comprehensive and systematic studies in this direction have recently 
been carried out on a variety of binary chalcogenide glass-formers in the 
As-Se, Ge-Se, Se-Te and As-S systems [3–7]. While the structure of 
glassy/liquid Se consists primarily of two coordinated Se atoms forming 
polymeric [Se]n chains [8], the addition of Ge or As results in progres
sive cross-linking of these chains and a concomitant shortening of the 
segmental chain length [9–11]. Rheological studies of supercooled 
Se-rich liquids using small angle oscillatory shear (SAOS) have shown 
the existence of a slow and a fast relaxation process with widely different 
timescales and relaxation moduli. The slow and fast processes were 
shown to correspond to bond scission/renewal and segmental motion of 
Se chains, respectively [12,13]. Progressive shortening of the Se chain 
length with increasing Ge/As concentration leads to an increase in the 
timescale of the segmental chain motion, as this dynamical process be
comes increasingly dependent on and thus temporally coupled to the 
bond scission/renewal [3,4]. Although all slow relaxation processes 
correlate to the bond scission/renewal event, some variations still exist 
in between systems because different chemical bonds/interactions are 
involved in different structural environments. For instance, the bond 

scission/renewal process in the binary Se-Te system involves not only 
the possible Se-Se, Se-Te, and Te-Te bonds, but also the strong secondary 
bonding interactions between adjacent chains, resulting in a much 
broader relaxation time distribution when compared with the slow 
relaxation process in pure Se [6]. This structural evolution of the 
viscoelastic relaxation ultimately results in the disappearance of the 
segmental chain motion across all binary systems as the Se chain seg
ments become too short (≤ 3 to 5 Se atoms) to sustain the segmental 
motion [3]. At this point the shear relaxation of these liquids is entirely 
controlled by the bond scission-renewal dynamics. While segmental 
chain motion is expected to be a function of the effective chain length, 
the bond scission/renewal is expected to be controlled by the bond types 
associated with the various structural moieties in the liquid. In fact, an 
analysis of the relaxation spectrum derived from the frequency depen
dent shear modulus data has shown that, compared to pure Se, binary 
Se-Te liquids with copolymeric [Se,Te]n chains display a broader dis
tribution of the bond scission/renewal timescales [6]. This result was 
hypothesized to be indicative of the fact that, unlike pure Se consisting 
of only Se-Se bonds, bond scission in Se-Te alloys involves a variety of 
bond types, including Se-Se, Se-Te and Te-Te, as well as the secondary 
bonds involving Te atoms. Here we extend such studies to the super
cooled liquids in the binary P-Se system to systematically investigate the 
effect of a wide variety of different bond types, structural moieties and 
connectivity on the viscoelastic relaxation behavior. 

The P-Se system exhibits an extensive glass formation range which 
can be divided into two regions, the Se-rich region with 0 ≤ x ≤ 54 and 
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P-rich regions with 64 ≤ x ≤ 84. The narrow composition window in 
between these two regions is centered on the P4Se3 stoichiometry, which 
displays high crystallization tendency [14]. The composition-dependent 
structural evolution in the Se-rich and P-rich glass formation regions has 
been extensively investigated by Raman scattering, and solid state 77Se 
and 31P nuclear magnetic resonance (NMR) spectroscopy [15–21]. 
These studies have indicated that the structure of P-Se glasses with P 
content below 30 atom% consists primarily of Se=P(Se1/2)3 tetrahedral 
units and P(Se1/2)3 pyramidal units linked by [Se]n chains. The relative 
fraction of the [Se]n chains decreases with increasing P content and the 
structure changes to a polymeric network consisting predominantly of 
2/2SeP-PSe2/2 and some P(Se1/2)3 units that are connected via short 
Se-Se segments. Finally, at P contents of ≥45 atom% a significant 
amount of embedded P4Se3 molecules appear in these glasses. Previous 
variable-temperature 31P and 77Se NMR spectroscopy studies [22–24] 
showed the presence of two types of dynamical processes in P-Se liquids 
within this composition range: at low P contents (≤25%) the dynamics 
involve Se site exchange between Se-bonded and P-bonded Se via re
action 1 (see below), while at higher P contents (≥30%) the process 
involves the interconversion between different P sites as represented by 
Eqs. (2) and (3) below: 
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)
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Therefore, the liquids in the P-Se system with their rich structural 
complexity lend themselves as ideal candidates for an exploration of the 
effects of the variety in bonding and structural moiety and connectivity 
on the shear relaxation behavior. Here we investigate such effects in a 
detailed rheological study of the shear relaxation behavior of binary P- 
Se supercooled liquids with ≤25 atom% P using small amplitude oscil
latory shear (SAOS) measurements. The glass structure was character
ized using Raman spectroscopy and correlations between glass structure 
and shear relaxation behavior are discussed in detail. 

2. Experimental 

2.1. Sample preparation and characterization 

Binary PxSe100-x glasses with x = 5, 10, 15, 20, 25 were synthesized 
in ~12g batches using the conventional melt-quench method. Elemental 
red phosphorus (Spectrum, 99.999%) and selenium (Alfa Aesar, 
99.999%) were mixed together in stoichiometric ratios and subse
quently flame-sealed in evacuated (10−4 Torr) quartz ampoules. The 
ampoules were then sealed and placed in a rocking furnace, slowly 
heated to 923K over 13 hours and held at this temperature for 36 h to 
ensure melt homogeneity. The melts were subsequently quenched to 
form glass by dipping the ampoules in water. 

The glass transition temperature Tg of these PxSe100-x glasses was 
measured using a Mettler-Toledo DSC1 differential scanning calorim
eter. Approximately 15 mg of powdered glass sample was loaded in a 
hermetically sealed 40 μL aluminum crucible, and scans were performed 
at 10 ◦C/min under a continuously flowing nitrogen environment. Tg 
was determined to within ± 1 ◦C as the onset of the glass transition. The 
unpolarized Raman spectra of all glasses were collected in backscat
tering geometry with a resolution of 1 cm−1, using a Renishaw 1000 
Raman Microscope System equipped with a diode laser operating at a 
wavelength of 785 nm. Backscattered light was detected using a charge- 
coupled device cooled at 200 K. 

2.2. SAOS parallel plate rheometry 

The SAOS and steady shear rheological measurements reported here 

were carried out on either an MCR92 or an MCR302 parallel plate 
rheometer (Anton-Paar) under a constant flow of nitrogen gas, respec
tively. The temperature is controlled by a Peltier heater (up to 200 ◦C) in 
MCR92 and a convection oven (up to 600 ◦C) in MCR302. In both setups, 
the upper plate was used to apply strain and measure torque while the 
bottom plate remained stationary. During each measurement the glass 
sample was first rapidly heated and trimmed at its softening point to 
achieve a sandwich geometry between the upper oscillatory plate and 
lower stationary plate with plate size of 8 mm and 25 mm diameter for 
the SAOS and the steady shear measurements, respectively, with a gap/ 
sample thickness of ~ 1 mm. At each desired measurement temperature, 
the samples were allowed to equilibrate for 5 minutes followed by the 
application of a sinusoidal strain with varying angular frequency ω be
tween 1 to 600 rad/s and the induced torque was recorded to calculate 
the storage and loss moduli Ǵand G̋ as a function of ω. Measurements 
were carried out at multiple temperatures for each sample and master 
curves of G′(ω) and G’’(ω) were constructed using time-temperature 
superposition (TTS). All SAOS measurements are done within the pre
determined linear viscoelastic range. The viscosity of all supercooled 
PxSe100-x liquids was obtained under steady shear condition with sam
ples confined in a ~0.8 mm gap between two plates. At each tempera
ture, the Newtonian viscosity was measured at shear rates γ̇ ranging 
between 0.01/s to 100/s and the average viscosity is reported. 

3. Results and discussion 

The Raman spectra of all PxSe100-x glasses are shown in Fig. 1. The 
compositional evolution of these spectra agrees well with those reported 
on similar compositions in a previous study by Georgiev et al. [15]. The 
most intense band in these spectra centered at ~ 250 cm−1 corresponds 
to Se–Se stretching mode in [Se]n [25]. The bands centered at ~ 330 
cm−1 and 210 cm−1 correspond, respectively, to symmetric and asym
metric stretching of P-Se bonds in the pyramidal P(Se1/2)3 units. On the 
other hand, the vibrational modes of the ethylene-like 2/2SeP-PSe2/2 
units give rise to the bands located at ~ 185 cm−1, 330-350 cm−1 and 
370 cm−1. Finally, the broad band centered at ~ 500 cm−1 corresponds 
to the stretching of the P=Se bonds in the Se=P(Se1/2)3 tetrahedral units 
[15]. It is to be noted here that the Raman spectra in Fig. 1 differ from 
those reported by Georgiev et al. [15] in one important respect. In the 
present study the 185 cm−1 band corresponding to the 2/2SeP-PSe2/2 

Fig. 1. Unpolarized Raman spectra of PxSe100-x glasses showing structural 
assignment of various bands (see text for details). All spectra are normalized to 
the most intense peak at ~ 250 cm−1. 
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units appears clearly for the first time in the Raman spectrum of the 
P15Se85 glass, although it can be argued that the first hint of this band 
can be seen even in the spectrum of the P10Se90 glass (Fig. 1). In contrast, 
this band becomes barely visible for the first time in the Raman spectrum 
of the P20Se80 glass reported by Georgiev et al. [15]. It is unclear 
whether this difference could stem from the fact that the Raman spectra 
of Georgiev et al. were collected using a wavelength of 647 nm, which is 
located close to the optical band gap of amorphous Se and Se-rich 
chalcogenide glasses. However, a recent study by Bytchkov et al. [16] 
based on two-dimensional J-resolved 31P magic-angle-spinning nuclear 
magnetic resonance (NMR) spectroscopy has conclusively shown that 
the 2/2SeP-PSe2/2 units appear in P-Se glasses with >10% P, and a sig
nificant fraction (~ 6-7%) of P atoms resides in these units in the P15Se85 
glass. Therefore, the Raman spectra of PxSe100-x glasses obtained in the 
present study (Fig. 1) are indeed consistent with the 31P NMR results of 
Bytchkov et al. [16]. 

As expected, the intensities of all bands corresponding to the P- 
containing structural moieties exhibit a monotonic increase with respect 
to that the 250 cm−1 band with progressive addition of P to Se (Fig. 1). 
This result demonstrates that addition of P to Se in this composition 
range results in an increasing degree of structural cross-linking and 
concomitant shortening of the average length of the [Se]n chain seg
ments. The increasing structural connectivity and thus rigidity with 
increasing P content are also evident in the corresponding compositional 
variation in the Tg (Fig. 2) and viscosity (Fig. 3) of these liquids [15, 
26–30]. Besides Tg, the high-temperature viscosity determined in the 
present study, as well as the previously reported low-temperature vis
cosity data [30], show that the isothermal viscosity of these liquids 
monotonically increases with increasing P concentration (Figs. 2,3). 
These viscosity data over the entire temperature range shown in Fig. 3 
are fitted to the MYEGA equation [31,32]: 

log η = log10η∞ +
K
T

⋅exp
(

C
T

)

(4)  

where the parameters log10η∞, K, and C are all treated as fitting vari
ables. The fragility index m, where m =

dlog10η
dTg/T |T=Tg

, was subsequently 
calculated from these fitting parameters using the relation [32]: 
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The compositional variation of m thus obtained for these P-Se liquids 
(Fig. 4) displays a sharp decrease with increasing P content up to 15% P, 

which is consistent with the rapid lowering of the Se chain conforma
tional entropy upon cross linking with P atoms [3]. 

The impact of this structural evolution on the rheological behavior is 
apparent in the experimental master curves of Ǵ(ω) and G̋(ω) con
structed using TTS at nearly iso-viscous (~ 109 Pa s) temperatures for all 
PxSe100-x supercooled liquids Fig. 5). In the low frequency regime G′(ω) 
< G’’(ω), and both moduli approximately follow the Maxwell scaling of 
G′(ω) ~ ω2 and G’’(ω) ~ ω. On the other hand, in the high-frequency 
elastic regime G′(ω) approaches its glassy limit G∞, while G’’(ω) de
creases with increasing frequency. The corresponding dynamical vis

cosity η (ω) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
G′ 2

+G′′2
√

ω shows a transition from a frequency-independent 
to a frequency-dependent behavior with increasing ω (Fig. 5). As has 
been shown in previous studies, the region between the low- and high- Fig. 2. Composition dependence of Tg of binary PxSe100-x glasses determined in 

the present study and reported in the literature. 

Fig. 3. Temperature dependence of viscosity η of binary PxSe100-x liquids. Filled 
symbols correspond to data obtained in the present study, while corresponding 
open symbols are data taken from a previous study [30]. Solid lines through the 
datapoints are fits to the MYEGA equation (see Eqn. 4 in text for details). 
Compositions corresponding to the different symbols are explained in 
the legend. 

Fig. 4. Composition dependence of fragility index m of PxSe100-x liquids. Errors 
are within the size of the symbols. Fragility index for pure Se is taken from 
Koštál et al. [36]. 
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frequency regimes for the Se liquid is marked by two crossovers between 
G′ and G’’ and two corresponding transitions in the frequency depen
dence of η (ω) (Fig. 5) [13]. Moreover, at intermediate frequencies G′(ω) 
displays a linear frequency dependence (Fig. 5). The two crossovers 
between G′ and G’’ clearly suggest the presence of two relaxation pro
cesses in liquid Se with characteristic frequencies marked by the loca
tions of these crossovers, which were assigned in previous studies to the 
fast segmental chain motion and the slow bond scission/renewal dy
namics [12,13]. The initial addition of 5 to 10 at.% P to Se appears to 
bring the timescales of these dynamical processes closer i.e. increases 
their temporal coupling to such an extent that the overlapping G’’(ω) 
peaks for the two processes obscure the low-frequency G′- G’’ crossover 
(Fig. 5). However, the underlying existence of the two dynamical pro
cesses can be clearly observed in the two onsets of the frequency 

dependence of η(ω). Furthermore, for these liquids the linear 
frequency-scaling of G′(ω) at intermediate frequencies is also apparent 
in Fig. 5. Such a scaling behavior was observed in previous studies to be 
a characteristic of short chains containing a few molecules in supra
molecular polymeric liquids [33,34]. The increased coupling between 
the chain motion and bond scission/renewal in these P-Se liquids sug
gests that the rigidity constraints imposed on the mobility of the Se chain 
segments due to their cross linking with the P atoms can only be over
come successfully via breaking of the constituent P-Se and Se-Se bonds 
in the structure. Indeed Eqs. (1) and ((2) derived from dynamical NMR 
studies [22–24] could be interpreted as representing the coupling be
tween Se-Se and P-Se bond scission in the structure. Further increase in 
the P content (≥ 15 at.% P) results in a single G′-G’’ crossing charac
teristic of liquids with a single α-relaxation timescale. The disappearance 

Fig. 5. Master curves of the frequency dependence of storage modulus G′ (squares), loss modulus G′ ′ (circles) and viscosity η (triangles) of PxSe100-x supercooled 
liquids with the reference temperature listed alongside the composition in each plot. Data for pure Se, included for comparison, are from Zhu et al. [13]. 
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of the dynamical process corresponding to the fast segmental chain 
motion is consistent with the cross-linking induced shortening of the Se 
chain segments in these liquids with ≥ 15 at.% P to the point that they 
can no longer sustain the fast segmental motion. 

Further insight into the structural control on the dynamics of these 
PxSe100-x liquids can be obtained from the relaxation spectrum i.e. from 
the distribution of the relaxation times H(τ) in these supercooled liquids. 
The H(τ) spectrum can be calculated from the G′(ω) and G′′(ω) data 
following Ninomiya and Ferry’s method [35], 

H(τ) =
G′

(aω) − G′

(ω/a)

2lna

−
a2

(a2 − 1)
2

G′

(a2ω) − G′

(ω/a2) − 2G′

(aω) + 2G′

(ω/a)

2lna
|1/ω=τ  

where a is the frequency increment on a logarithmic scale of the mea
surement. The compositional evolution of the H(τ) spectra for all P-Se 
supercooled liquids is shown in Fig. 6. Two relaxation processes with 
overlapping timescale distributions can be immediately recognized in 
the H(τ) spectra of pure Se and Se-rich compositions with ≤10 at.% P. 
Deconvolution of the H(τ) spectrum of Se shows a broad and intense 
peak at shorter timescales corresponding to the segmental chain motion 
and a weaker and narrower peak centered at longer timescales corre
sponding to bond scission/renewal. The relative peak intensity is 
determined by the probability of the relaxation mechanism, which 

reflects the predominance of the segmental chain motion in Se and 
P5Se95 liquids. The peak corresponding to bond scission/renewal 
broadens and becomes more intense with progressive shortening of the 
Se chain length upon addition of P up to 10 at. %. On the other hand, 
only one relaxation process is evident in the H(τ) spectra of composi
tions with 15-25 at.% P. At this point the Se chain segments in the 
structure are too short to sustain the segmental dynamics and the 
composition-independent H(τ) spectra are dominated by bond scission/ 
renewal. 

The timescale distribution for the segmental chain motion should 
reflect the associated conformational entropy and, thus, would be a 
sensitive function of the effective chain length. This idea is borne out in 
the composition dependence of the corresponding peak full-width-at 
half-maximum (FWHM) in the H(τ) spectra in Fig. 6. The FWHM of 
this peak decreases from ~ 2.0 to ~ 0.8 log units upon increasing the P 
content from 0 to 10 at.%. On the other hand, the timescale distribution 
for the bond scission/renewal dynamics is expected to be controlled by 
the variety of the bond types and structural units. This hypothesis ap
pears to be consistent with the increase in the corresponding peak 
FWHM from ~ 0.35 to ~ 1.23 log units in the H(τ) spectra Fig. 6) as the 
P content is increased from 0 to 10 at. % along with the diversity in the 
bonding and structure, including the appearance of P-Se, P-P and P=Se 
bonds, as well as PSe3/2 pyramids, Se=P(Se1/2)3 tetrahedra and 
ethylene-like 2/2SeP-PSe2/2 units in addition to the Se-Se bonds in Se 
chains. The validity of these hypotheses can be further tested by 

Fig. 6. Relaxation spectra H(τ) of PxSe100-x supercooled liquids. Filled squares are experimental data. Empty squares and circles represent the Gaussian fitting of the 
fast and slow processes, respectively. Solid lines represent the total fit to the experimental data. Data for pure Se is taken from Zhu et al. [13]. 
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comparing the rheological behavior of high-Se liquids with different 
cross-linkers, namely P, Ge and As. Such a comparison between the G′

(ω), G′′(ω) and H(τ) spectra of P5Se95, Ge4Se96 and As5Se95 liquids with 
similar Se chain length and at nearly iso-viscous (~ 109 Pa s) tempera
ture is shown in Fig. 7. The G′(ω) and G′′(ω) data for the Ge4Se96 and 
As5Se95 liquids are taken from a previous study [3,5]. The most note
worthy feature in these spectra is the difference in the separation of the 
timescale between the fast segmental chain motion and the slow bond 
scission/renewal dynamics, which is significantly smaller in the P-Se 
liquid compared to its Ge or As counterparts. This result suggests that the 
temporal coupling between the two relaxation mechanisms is the 
strongest in the P-Se system. As mentioned above, such a strong coupling 
may originate from the presence of the unique speciation equilibria in 
this system, exemplified by Eqs. (1) and ((2) that require the 

involvement and rearrangement of the Se chain segments in the inter
conversion between Se=P(Se1/2)3 or P2(Se1/2)4 and P(Se1/2)3 units. 
Moreover, while the FWHM of the fast process in the H(τ) spectra is 
similar in all cases, that of the slow process (~ 0.86 log units) for the 
P5Se95 liquid is much larger than that for the Ge4Se96 and As5Se95 liquids 
(~ 0.56 log units). The similar FWHM for the chain dynamics in all three 
liquids is not surprising considering the fact that they all have similar Se 
chain lengths. On the other hand, as noted above, the P5Se95 liquid is 
characterized by a wider variety of bonding and structural moieties 
compared to its As and Ge analogues, which are characterized by either 
Ge-Se or As-Se bonds and either GeSe4/2 tetrahedra or AsSe3/2 pyramids. 
This is consistent with the significantly larger FWHM for the bond 
scission/renewal dynamics in the H(τ) spectrum of the P5Se95 liquid 
compared to those for the Ge4Se96 and As5Se95 liquids. 

Fig. 7. Comparisons between binary P5Se95, Ge4Se96 [3] and As5Se95 [5] supercooled liquids with similar [Se]n chain length of (a) master curves of G′ (squares), G′ ′

(circles) and (b) relaxation spectra H(τ). The symbols in (b) have the same meaning as in Fig. 6. 
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4. Conclusions 

The structure of binary PxSe100-x (0 ≤ x ≤ 25) glasses is characterized 
by [Se]n chain segments that are cross-linked by PSe3/2 pyramids, Se=P 
(Se1/2)3 tetrahedra and ethylene-like 2/2SeP-PSe2/2 structural units. The 
structural evolution is consistent with the corresponding variation in 
isothermal viscosity, glass transition temperature Tg and fragility m. 
Similar to their counterparts in the As-Se and Ge-Se systems, the G′(ω) 
and G′′(ω) data for the Se-rich PxSe100-x liquids with x ≤ 10 display the 
presence of two relaxation processes, namely fast segmental Se chain 
motion and slow bond scission/renewal dynamics. The corresponding 
relaxation spectra H(τ) indicate that the distribution of the relaxation 
timescale for chain dynamics is closely related to the Se chain length, 
whereas that for bond scission/renewal is controlled by the variety of 
the bond types and structural moieties involved in the process. Inspec
tion of the H(τ) spectra indicate that these two dynamical processes are 
more strongly coupled in P-Se liquids, compared to their As-Se and Ge- 
Se counterparts with similar Se chain lengths. This unique behavior of P- 
Se liquids is likely due to the causal relationship between the chemical 
exchange between the Se=P(Se1/2)3 or P2(Se1/2)4 and P(Se1/2)3 units 
and the segmental motion of the Se chains. Finally, the segmental chain 
dynamics disappear in liquids with x≥15 as the Se chain length becomes 
too short to sustain such motion. 
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