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The viscoelastic relaxation of glass-forming �Na2O�x�P2O5�1−x liquids was measured by photon correlation
spectroscopy at temperatures near the glass transition for compositions extending from pure phosphorus pen-
toxide to the metaphosphate �x=0.5�. Over this compositional range, alkali addition produces a continuous
depolymerization of the covalently bonded structure from one of a three-dimensional network to that of
polymer chains. Substantial increases in the fragility accompany the depolymerization and are shown to be
identical to those seen in certain ion-free chalcogenide glass formers suggesting the time scale for viscoelastic
relaxation in network-forming liquids is controlled only by the topology of the covalent structure. The relax-
ation is nonexponential and the stretching exponent shows a complex variation with regards to both compo-
sition and temperature that is believed to arise from a decoupling of ionic motions from those of the network
occurring as the glass transition is approached.
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I. INTRODUCTION

Although most liquids crystallize when cooled, it appears
that all liquids have the potential to form a noncrystalline
solid if cooled rapidly enough. For this reason, the glass
transition remains an active area of research.1–3 Over the
years, numerous experimental studies and many theoretical
descriptions have appeared that have done much to provide
insight on the nature of this ergodic-to-nonergodic
transition.4–7 Central to many of these studies is the devel-
opment of an understanding of the viscoelastic properties of
the supercooled, disordered, liquid whose viscosity can, in
many instances, increase tenfold for only a mere 5 K de-
crease in temperature near the transition. The viscoelastic
relaxation of the liquid is simultaneously nonexponential and
non-Arrhenius and readily characterized by the time-
dependent dynamic structure factor �obtained for a specific
scattering wave vector q�. The dynamic structure factor dis-
plays a two-step decay4 in which fast, localized motions ��
relaxation or Johari-Goldstein secondary relaxation8� are
separated from the collective, viscoelastic �VE� flow �� re-
laxation� by a plateau known as the nonergodic level. The
slower VE relaxation is nonexponential and well approxi-
mated by a stretched exponential

Sq�t� = fq exp�− �t/���� , �1�

where � is the stretching exponent, fq the nonergodic level,
and the average VE relaxation time is given as �avg= ��1/��

� �,
where ��z� is the gamma function. Above the transition, the
liquid is ergodic and Sq�t� decays to zero in the long-time
limit. Below the transition, the � relaxation becomes arrested
and ensemble-averaged measurements of Sq�t� exhibit a non-
zero constant �fq� at long times. Although the term “noner-
godic level” was introduced in mode coupling theory de-
scriptions of the glass transition, here it is synonymous with
the fraction of Sq�t� that decays by viscoelastic flow.

The VE relaxation time generally follows a non-Arrhenius
temperature dependence and is often described by a modified
Arrhenius law

�avg = �o exp�B/�T − To�� . �2�

Although the VE relaxation is only truly arrested at To, it is
conventional to assign the glass transition, Tg, to the tem-
perature at which the VE relaxation time is on the order of
100 s.

A major advance in understanding the nature of the glass
transition was the introduction over 20 years ago of the con-
cept of fragility9,10 which has since developed into a guiding
paradigm for interpreting the relationships between dynam-
ics of a supercooled liquid and its incipient glass structure.
For fragile liquids, To�Tg and the relaxation time increases
most sharply just near Tg. These materials are populated by
many simple molecular liquids held together by van der
Waals forces that form nondirectional bonds. In these mate-
rials, the relatively weak and isotropic forces lend them-
selves to flow that is believed to involve a highly cooperative
rearrangement of molecular units. At the opposite extreme
are strong liquids which display a nearly Arrhenius behavior
with To�Tg. These strong liquids are most typified by
network-forming oxides that form a continuous network of
covalent bonds with discrete coordination and in which flow
is believed to stem from the random breaking and reforma-
tion of bonds for which cooperativity is largely absent. The
rapidness with which the VE relaxation time increases near
Tg is often characterized by the fragility index11

m = d log10 �avg/d�Tg/T��T→Tg
, �3�

which has provided a convenient measure of the fragility for
a diverse population of glass-forming liquids.

Since its introduction, many have explored potential cor-
relations of structural, kinetic, and thermodynamic quantities
to the fragility.10,11 Angell10 noted that the excess heat capac-
ity of the liquid �relative to the glass� was generally larger
for fragile liquids than for strong liquids. Bohmer et al.11

analyzed a large volume of literature data to demonstrate that
fragile liquids generally display a greater degree of nonex-
ponentiality at Tg �i.e., smaller �� than strong liquids, sug-
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gesting that nonexponentiality stems from a broadened dis-
tribution of relaxation rates bred by the greater level of
cooperativity involved in viscous flow. In addition, Novikov
and Sokolov12 and Scopigno et al.,13 respectively, high-
lighted correlations of the fragility to the Poisson ratio and
the Debye-Waller factor seen in the solid phase. Lastly, we
recently reported14 a correlation of fragility to the nonergodic
level found in the liquid phase as measured directly by
dynamic light scattering.

While the establishment of such global correlations is in-
sightful, in most all cases, there are materials that, for what-
ever reason, fail to conform. As an example, Angell10 noted
that alcohols violated the correlation of fragility with excess
heat capacity. Similarly, the correlations observed by No-
vikov and Sokolov12 and Scopigno et al.13 appear to be un-
successful when larger data sets are included.15–17 In an ef-
fort to better understand the connections between structure
and dynamics, we believe it is fruitful to investigate the con-
nection directly by studying a single glass-forming system
for which the structure is well-characterized and can be sys-
tematically altered to produce significant changes in fragility.
Here, we report findings of a unique study of the liquid dy-
namics in glass-forming sodium ultraphosphate liquids near
Tg obtained by photon correlation spectroscopy.

Amorphous P2O5 forms a three-dimensional covalent net-
work with three bridging oxygens per phosphate unit
�a fourth oxygen is double bonded� and the network can be
depolymerized18,19 in a systematic manner by addition of an
alkali oxide �Na2O�. In this sense, the depolymerization is
similar to that occurring in network-forming chalcogenide
glasses composed of covalently bonded mixtures of Se, As,
and Ge whose average bond coordination can be varied from
upwards of �r�=2.7 �three-dimensional networks� to �r�=2
�polymer chains� merely by manipulation of the
composition.20–23 Studies of the chalcogenides have been
driven in part by theoretical considerations24,25 of random
covalent networks that predict a special rigidity percolation
to occur at �rc�=2.4 where the number of constraints bal-
ances the number of degrees of freedom. Since that predic-
tion, several studies have observed anomalies in the chalco-
genides near �rc� including a minimum in the excess heat
capacity21 and a shallow minimum in the fragility.22

Interestingly, despite the presence of alkali ions which
arise as a by-product of the depolymerization of the phos-
phate network, we observe changes of the fragility with re-
spect to �r� in the ultraphosphate liquids that are identical to
that observed for the ion-free chalcogenides, including a
shallow minimum near the rigidity percolation threshold.
This common evolution of the fragility in these network-
forming systems is evidence that the fragility is predomi-
nantly controlled by the covalent network irrespective of the
degree of ionic cross linking that may form. The presence of
the alkali ions does, however, influence both the nonexpo-
nentiality and the nonergodic level.

II. EXPERIMENT

Samples of �Na2O�x�P2O5�1−x were obtained by two
routes. P2O5 is notoriously hygroscopic and for compositions

below 35 mol %, P2O5 �99.99%� was sublimed at 320 °C
under vacuum and mixed with NaPO3 in a glove box. The
mixture was loaded into a precleaned silica ampoule and
flame sealed under vacuum �approximately 60 mTorr�.
Samples were then melted at 900 °C for 2–4 h before con-
ducting light-scattering studies. For compositions of
35 mol % and higher, moisture is less problematic18 and
samples were obtained by reacting Na2CO3 with NH4H2PO4
and remelting in an open silica ampoule.

In some instances, notably at high phosphate content, a
slight film formed on the interior wall of the ampoule during
the melting procedure. This film was not visible by the naked
eye, but became evident when the sample was placed in the
focused beam of the laser. Although the film did diminish as
procedures to eliminate water improved, it might also be the
result of a reaction of silica with P2O5 gas occurring during
the melting process. In a study of lanthanum phosphates,
Park and Kreidler26 reported mass changes during the melt-
ing of lanthanum pentaphosphate �La2O3:5P2O5� which
were attributed to a reaction of P2O5 vapor with silica: silica
acting as a sink for P2O5�g�. This reaction could potentially
alter the composition of our sample. However, if we reason
that the reaction ceases when a film of, say, 0.1 �m has
formed, we estimate �based on the dimensions of our am-
poule and the volume of sample� that the loss of P2O5
amounts to only 0.03 wt % and would have a negligible
effect on our compositions. After melting, the lower section
of the ampoule that comprises the liquid was gently torched
to remove any residue forming on the interior wall. This was
successful for all but pure P2O5 which became highly un-
stable when torched and prone to explode.

Photon correlation spectroscopy was performed at se-
lected temperatures above Tg. Vertically polarized incident
light �532 nm� was provided by a diode-pumped solid-state
laser and focused into the ampoule interior. The vertically
polarized component of the light scattered at a 90° scattering
angle was imaged onto a pinhole �50 �m� and allowed to
diffract through some distance onto the photocathode of a
low-noise photomultiplier tube. The diffraction by the pin-
hole in relation to the area of the photocathode determines a
signal-to-noise ratio for detecting intensity fluctuations
known as the coherence factor,27 Acoh. The coherence factor
was calibrated separately by scattering from a aqueous sus-
pension of polystyrene spheres �0.1 �m diameter� under
identical optical conditions. After conditioning, the intensity
signal from the photomultiplier tube was processed by a
commercial correlator to produce the intensity autocorrela-
tion function, C�t�, which is related to the dynamic structure
factor as28

C�t� = 1 + Acoh�Sq�t��2.

Temperature control of the sample was obtained with a
home-built optical furnace consisting of a stainless-steel cyl-
inder, bored vertically to accommodate the ampoule, whose
temperature was actively controlled to 	0.1 K by an elec-
trical heating coil.
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III. RESULTS AND DISCUSSION

The inset to Fig. 1 shows a typical set of intensity auto-
correlation functions obtained for a liquid containing
30 mol % Na2O at several temperatures near Tg. Data such
as these were collected for all compositions studied and were
individually fit to Eq. �1� to obtain relevant parameters: fq, �,
and �avg. From �avg�T�, an Arrhenius plot could then be con-
structed �see inset� and an extrapolation to �avg=100 s was
performed to determine the glass transition temperature of
each composition. Values of Tg determined in this manner
are shown in Fig. 1 together with data from the literature.29,30

Reasonable agreement is found throughout the entire compo-
sitional range and is evidence for the integrity of the sample
preparation techniques as regards the elimination of water.

The variation of Tg with alkali addition shows a rapid
decrease to a minimum near 20 mol % Na2O followed by a
slight increase. This compositional dependence has been dis-
cussed by others19,31 and is believed to result from the par-
ticular coordination demands of the alkali ion. Alkali addi-
tion depolymerizes the covalent network, but at
compositions below about 20 mol %, the added alkali as-
sumes isolated positions within the network, owing to an
excess of terminal oxygens available to satisfy the coordina-
tion need of the ion. Above about 20 mol %, the ion’s de-
mand for coordination begins to exceed the available num-
bers of terminal oxygens. In this instance, the ions are forced
to share terminal oxygens and begin to produce a level of
cross linking between sections of the covalent network.19 As
a result, the cohesion lost by depolymerization is partially
offset by the formation of active ionic cross links and the
glass transition temperature increases.

Armed now with the Tg, we can plot the relaxation times
in the form of a fragility plot.10 This is done in Fig. 2 where
data from all the compositions studied are included. For
each, the fragility was determined from the slope of the line
that passes through 100 s at Tg /T=1 and which best accom-
modates those data points lying within the practical limits

��avg�100 �s–10 s� of our photon correlation spectros-
copy window. We observe a nearly systematic increase in the
fragility with alkali addition that is not surprising given the
systematic depolymerization of the covalent network that oc-
curs. Nevertheless, to gain further insight, we have plotted
the fragility index as a function of the bond coordination �r�.
This is shown in Fig. 3, together with data for the chalco-
genide glasses reported by Bohmer.21,22 For the ultraphos-
phates, the structure is well characterized and NMR studies19

have documented how the conversion from phosphate units
with three bridging oxygens to two bridging oxygens occurs
in a systematic manner consistent with statistical consider-
ations. This allows the bond coordination to be determined19

for a given mol % Na2O as �r�=2�x / �1−x��+3��1−2x� / �1
−x��.

A remarkable coincidence between the evolution of fra-
gility of both the chalcogenides and the ultraphosphates as a
function of the bond coordination is evident. Both begin near
m=80 for the structures composed of polymeric covalent
chains ��r�=2� and decrease to a shallow local minimum
near �rc�=2.4 before increasing slightly. Data for the chalco-
genides terminate at �r�=2.7 due to limitations in its glass
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FIG. 1. Variation of the glass transition temperature with alkali
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verse temperature for a liquid with x=0.30 demonstrating the deter-
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formation, but for ultraphosphates, the fragility then contin-
ues to decrease reaching a value of m=20	1 seen for pure
P2O5. The near equivalence for these two systems indicates
that, although the ultraphosphates possess a varying degree
of ionic bonding, the fragility in these network-forming sys-
tems is dominated entirely by the bond density of the cova-
lent network alone.

Next, we turn attention to the nonexponentiality of the
relaxation as conveyed by the smallness of the stretching
exponent, �, obtained in curve fitting Eq. �1�. Figure 4 dis-
plays the values of � obtained as a function of the relaxation
time. In Fig. 4, we see a complex evolution of the nonexpo-
nentiality both as Tg is approached and as alkali is added. For
compositions up to about 30 mol %, � decreases as Tg �i.e.,
�avg=100 s� is approached. Such temperature dependence is
often reported in the literature32 and is in fact similar to that
seen in the mechanical relaxation22 of the chalcogenides.
However, for compositions greater than about 40 mol %
Na2O, the temperature dependence of � reverses and in-
creases on approach to Tg. In the inset to Fig. 4, we have
plotted the slope �d� /d log10 �avg� as a function of the bond
coordination and note that the slope passes through zero �a
situation of thermorheological simplicity� near the rigidity
percolation threshold.

While there are some instances of � increasing as Tg is
approached scattered in the literature, this is rarely
observed32 and requires some discussion. One clue to the
diversity of slope found in Fig. 4 may be seen in how all the
compositions tend toward a common value of ��0.5 as Tg
is approached. Recall that the smallness of � is commonly
associated with the degree of cooperativity in the relaxation
and has been shown to generally decrease with increasing
fragility.11 Far from Tg, we see that increasing levels of alkali
produce a lowering of the � and an increase in cooperativity
consistent with the increasing fragility. This lowering of �
indicates a broadening of the distribution of relaxation times
present throughout regions of the material created by the
increased mixing of Na with PO4 units leading to greater

diversity of local environments: alkali-rich regions domi-
nated by ionic cross links and alkali-lean regions composed
mainly of covalent structure. However, as Tg is approached,
this correspondence between � and m disappears and the
presence or absence of alkali ions becomes inconsequential
to the observed value of �.

Far above Tg, added alkali promote increased cooperativ-
ity. But what is it that would serve to “turn off” this cooper-
ativity as Tg is approached? The answer we believe lies in
the concept of decoupling.33,34 Many have noted that near Tg,
the motion of mobile ions in a glass-forming liquid becomes
decoupled from the viscoelastic relaxation.33 Indeed, while
the viscoelastic relaxation is arrested at Tg, ion motion con-
tinues to occur in the solid where ions migrate along the
preferential pathways formed by charge-compensating sites
�here the nonbridging oxygens� of the glass network.35 How-
ever, as T increases in the liquid, the relaxation times of both
the ion motion and the VE relaxation tend to converge.33

Thus we believe the complex pattern shown in Fig. 4 is a
consequence of this decoupling process. At high T, network
and ions are coupled. Details of the VE relaxation are then
sensitive to ion movements and the response becomes broad-
ened relative to the broadening that would have been present
for an ion-free network alone. However, as T approaches Tg,
the ion motion becomes progressively decoupled and the VE
relaxation becomes progressively insensitive to ion move-
ments. The broadening then begins to mimic that of an ion-
free network.

Finally, we consider our last fitting parameter, the noner-
godic level. Accurate determination of this parameter is more
difficult than the other two as it is not only dependent on
calibration of the coherence factor but can also be compro-
mised by stray, elastically scattered light whose intensity can
lead to heterodyne28 detection and an artificial lowering of
the amplitude of the intensity autocorrelation. Recent im-
provements in sample preparation resulted in clearly defined
scattering volumes free of stray light with the exception of
P2O5 for which the C�t� was obtained with a small quantity
�intensity comparable to that from the scattering volume� of
diffuse scattering from the ampoule wall. In Fig. 5, we plot
the nonergodic level observed near Tg for our ultraphosphate
samples along with values reported previously14 for other
glass-forming liquids including two network-forming oxides
�B2O3 and As2O3� and several molecular liquids �orthoter-
phenyl, salol, and 0.4Ca�NO3�2 -0.6KNO3 as well as values
observed for a hard-sphere liquid in molecular-dynamics
simulations. In the previous study,14 we highlighted the in-
teresting correlation between the nonergodic level and the
inverse fragility �as depicted by the dashed line�; a correla-
tion that is congruent with a similar correlation13,36,37 re-
ported for the Debye-Waller factor of the solid phase. The
implication of this correlation is that as fragility increases, a
greater portion of the structure decays in the form of fast,
localized relaxations with the partition between fast and slow
decays approaching about 50% in the high fragility limit.

For ultraphosphates with less than about 35 mol % Na2O,
the nonergodic level conforms to our previous trend. How-
ever, at higher alkali contents, there is a noticeable deviation
in which the nonergodic level exceeds the original correla-
tion �dashed line� by roughly 15%. Apparently, the correla-
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tion is flawed, but what is the source for this deviation? We
believe the answer lies in the changes in ion coordination
discussed earlier with regards to the glass transition tempera-
ture. Recall that below 20 mol %, alkali enters the covalent
network as isolated ions which are ineffective at cross link-
ing the covalent network while at higher concentrations, the
coordination demands of the cation exceed the available ter-
minal oxygens and alkali becomes more effective in cross
linking the depolymerized covalent network. In Fig. 5, we
see that at compositions below 20 mol %, where alkali are
ineffective in cross linking, the depolymerization results in a
lowering of fq in agreement with our previous trend. Recall
also that the fragility index �the independent variable in Fig.
5� was insensitive to cross linking and found to only depend
on the polymerization of the covalent network. We might
reason then that had cross linking not developed alongside
the depolymerization, fq might have followed our previously
observed trend. But cross linking does become effective
above 20 mol % and we believe generates greater cohesion
of the liquid producing not only an increase in the glass
transition temperature but also a reduction of the faster lo-
calized relaxations and thus a lifting of the nonergodic level
from the anticipated trend in Fig. 5. In the future, we hope to
apply photon-correlation spectroscopy to chalcogenide liq-
uids in an effort to resolve this issue.

IV. CONCLUSIONS

Let us conclude by drawing together all our findings to
construct a physical picture behind the time evolution of the
dynamic structure factor. We begin by examining the physi-
cal meaning of Sq�t�. The dynamic structure factor discussed
here is the spatial Fourier transform of the van Hove corre-
lation function, G�r , t�, which itself is the ensemble-averaged
correlation of density fluctuations in space and time28

G�r�,t� =
�
��0,0�
��r�,t��

�
��2 . �4�

Physically, G�r , t� is a measure of the likelihood that, given
there is a density fluctuation at the origin at t=0, there will

also exist a fluctuation some distance r away at a later time.
Hence,

Sq�t� =
�
�q�0�
�q�t��

�
�q�2 , �5�

where


�q�t� =	 
��r�,t�e−iq� ·r�d3r� . �6�

In any scattering experiment, the inverse of the scattering
wave vector, q−1, sets a relevant length scale over which the
density fluctuations are monitored. For visible light. this
length scale is roughly 103 Å and for P2O5 with a density of
about 2.5 g /cm3,19 corresponds to a region of space contain-
ing on the order of 107 molecular units. Thus, we may view
Sq�t� as a measure of the temporal probability that two fluc-
tuations of size q−1�103 Å separated by a distance of q−1

�103 Å will remain correlated over time.
To assemble the features of Sq�t�, we imagine frames of a

motion picture of the liquid played out over time. Our first
frame captures the system in a particular initial configuration
correlated with itself in the next instant and so Sq�t� begins at
unity. Vibrational motions are present everywhere occurring
on a time scale �vib. The positions of the atomic centers make
small excursions about their equilibrium positions and pro-
duce a small erosion of the initial correlation resulting in a
small decrease in Sq�t� as shown schematically in Fig. 6.

At longer times, the equilibrium positions of the vibrating
atoms begin to execute small excursions which are attributed
either to the anharmonicity of the elastic potential37 or, in the
case of a van der Waals liquid, a cage effect4 wherein atoms
make excursions within a cage formed by the nearest-
neighbor coordination shell. In any event, this fast, localized
motion �Johari-Goldstein secondary relaxation� again results
in a further loss of correlation with a decrease in Sq�t� occur-
ring at some time scale �� and represents the first step in the
two-step decay discussed in Sec. I. At this point, the level of
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Sq�t� is fq, the nonergodic level, which is frozen in below Tg
but which above Tg eventually decays on the VE time scale,
�avg�
���.

In our discussion regarding Fig. 5, we have argued that
the nonergodic level represents a measure of the overall co-
hesion present in the liquid �originating both from covalent
bonds and active ion cross links�. One sees that the strongest
glass-forming liquids �the limit of m is 16� exhibit values of
fq approaching 0.95. As bonds are progressively removed
from the covalent network, rigidity is reduced and the fast
localized motions are amplified resulting in a decrease of the
nonergodic level. Indeed, below the rigidity threshold, the
once-percolated network vanishes and floppy modes24 begin
to appear. When ions are present, the cohesion lost by depo-
lymerization is partially restored by ionic cross linking.

Between �� and �� resides the ion motions associated with
ion conduction. In ion-conducting glasses, ions spend most
of their time near a charge-compensating site �here the non-
bridging oxygen� “wiggling” about.38 Every once in a while,
they hop to another site �on a time scale ��� a short
��5 Å� distance away and are replaced by yet another ion.
This hopping process itself occurs very rapidly and �� is
really a measure of the waiting time between hops.

But what effect does this short-range ion hopping produce
with regards to Sq�t�? We argue that there would be no sepa-
rate relaxation seen in Sq�t� associated with the roughly 5 Å
scale ion hopping in our situation where q−1�103 Å. This is
particularly true in the situation of highly decoupled motion
in which the charge-compensating sites �affixed to the net-
work� may undergo the fast localized �Johari-Goldstein� mo-
tions on time scales of ��, but are otherwise stable on time

scales of order ��. Ion hopping merely replaces one wiggling
ion at a given fixed site by another identically wiggling ion.
Viewed on a 103 Å length scale, the level of correlation is
no more eroded after the hop than before and hence there is
no decay in Sq�t� associated with ionic hopping.

However, when ion motion becomes coupled with the VE
relaxation, ion hopping begins to lose its discrete character.
Ions and network begin to rearrange in a concerted fashion.
Cooperatively is enhanced and the result is the appearance of
a more nonexponential VE decay with a corresponding de-
crease in the stretching exponent.

V. SUMMARY

The VE relaxation in network-forming ultraphosphate liq-
uids displays a rich variation with alkali composition. The
fragility of these liquids mimics that of ion-free chalcogenide
liquids suggesting that fragility is controlled entirely by the
covalent structure regardless of ionic cross linking. Despite
this, the shape of the relaxation is sensitive to ion content
provided ion motions are sufficiently coupled. The amplitude
of the � relaxation appears to be determined by the overall
cohesion of the network and decreases with increasing
depolymerization.
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