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Dynamic light scattering in mixed alkali metaphosphate glass
forming liquids
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We report the first ever photon correlation spectroscopy performed on single alkali and mixed alkali
metaphosphate glasses at refractory temperatures above the glass transition. We find not only a
significant decrease in the glass transition temperature but also a decrease in fragility for the mixed
alkali composition as compared with the single akali glasses. We argue that structural relaxation in
these polymeric oxide glasses is largely controlled by the cross linking cations and that the changes
in fragility that we observed are a reflection of changes in the cooperativity of structural relaxation
wrought by the substantial decrease in the ion mobility that accompanies the mixing of alkali
ions. © 2006 American Institute of Physics. �DOI: 10.1063/1.2210936�
INTRODUCTION

Many liquids, if cooled under the proper conditions, can
be transformed into an amorphous solid �i.e., a glass�. The
proper conditions are those cooling rates and/or external
pressures required to circumvent crystallization. In the pro-
cess, the relaxation time � increases to dramatic levels such
that at some glass transition temperature Tg, arbitrarily de-
fined by either �=100 s or the shear viscosity �=1013 P, the
structural relaxation of the liquid ceases to be visible to or-
dinary time scales.1–3

Two distinctive features characterize this structural re-
laxation in glass forming liquids. The first is the temperature
dependence of the relaxation time, which often exhibits a
non-Arrhenius dependence of the form1

� = �o exp� E

k�T − To�� . �1�

This specific form implies a divergence of the relaxation
time at some finite temperature To.

The second characteristic of the structural relaxation is
its nonexponential time dependence. Although a partial de-
cay of the liquid structure occurs at nanosecond time scales
�associated with a so-called “cage effect”4�, the remainder of
the structure decays in a nonexponential fashion which is
often described by a stretched exponential,

��t� = f� exp�− �t/���� . �2�

In this way, the stretching exponent � becomes a measure of
the deviation from exponential decay. The parameter f� is
known as the nonergodicity parameter4 as it is a measure of
the liquid structure which becomes arrested at Tg.

An important advance in our understanding of the glass
transition is that these two characteristics are further related
to chemical properties of the glass forming material. Glass
forming materials are commonly categorized according to
their fragility.5 The fragility is often defined simply by the
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temperature dependence of the relaxation time near the glass
transition temperature and is approximated6 as

m = � d log �

d�Tg/T�
�

T→Tg

. �3�

To some extent, the fragility is a measure of the strength
of chemical bonding between glass forming molecules.
Strong glass formers exhibit a nearly Arrhenius temperature
dependence �To�0� and are typified by network forming
oxide glasses �SiO2,GeO2�. At the opposite extreme are
fragile glass formers which show highly non-Arrhenius tem-
perature dependence. These materials are typically simple
molecular liquids in which weaker van der Waals or ionic
interactions contribute to cohesion.

The fragility also appears to be connected to the nonex-
ponential decay. In a review of published literature, Boehmer
et al.6 demonstrated a distinct correlation between the
stretching exponent �measured near Tg� and the fragility.
Strong glass formers appear to be most nearly exponential in
their time-dependent relaxation, while fragile glass formers
typically display the greatest degree of nonexponentiality.
Recently, the origins of nonexponential decay have been at-
tributed to the presence of dynamic heterogeneities in the
liquid.7–9

However, it is not entirely clear what fragility best rep-
resents. On the one hand, it is associated with the strength of
chemical bonding between constituent molecules of the liq-
uid; on the other hand it is associated with the presence of
dynamic heterogeneities. Adam and Gibbs10 have long since
suggested that the non-Arrhenius behavior of Eq. �1� stems
from the temperature-dependent growth of smallest-sized co-
operatively rearranging regions �CCRs� in the liquid. While
not well defined, CCRs represent a minimum region of the
fluid which can undergo rearrangements to arrive at a
uniquely different configuration. Strong bonds in the oxide
glasses carry with them high restrictions on accessible con-
figurations. Thus, these liquids possess rather large CCRs in
comparison to the fragile glasses in which weaker bonding

promotes less restriction of the configuration space. Hence in
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the viewpoint of the Adam and Gibbs model, strong glasses
owe their near-Arrhenius temperature dependence to a
smaller level of cooperativity present in the relaxation pro-
cess as compared to fragile glass formers.

Despite the structural arrest that accompanies the glass
transition, there remains subtler forms of localized relaxation
in the solid, below Tg. Included among these are localized �
relaxations seen by dielectric studies11 �chiefly in non-ionic,
fragile materials� and mechanical and electrical relaxations
associated with the diffusion of mobile ions in ion-
conducting �typically network forming� glasses.12 These lo-
cal relaxations are often said to be “decoupled”13 from the
main viscoelastic relaxation of the liquid, in the sense that
their characteristic relaxation time is much shorter than that
of the main, viscoelastic relaxation.

It is well known that the addition of alkali oxide to an
oxide glass can lead to either the formation or disruption of
network bridging oxide bonds.14 In the liquid state, these
chemical modifications are directly reflected by variations in
the glass transition temperature: Tg generally increasing with
increased network formation. The addition of alkali oxide
also leads to the production of mobile ions which conduct
through the amorphous network. This conductivity is readily
measured and reveals that the motion of the mobile ions is
largely uninfluenced by either the nature of the network
�GeO2, SiO2, B2O3, etc.� or by the type of conducting ion
�Li, Na, etc.�. Successful models of the conduction are based
upon an activated hopping process wherein the ion sur-
mounts a local energy barrier �with a random distribution of
energies� in order to move from one charge- compensating
site to a neighboring site.15,16 This hopping is also accompa-
nied by corresponding mechanical loss in which the network
performs a necessary reconfiguration of the site to accommo-
date the incoming or outgoing ion.17,18

Although these sub-Tg, ionic relaxations occur on a more
local scale than the viscoelastic relaxation which accompa-
nies the liquid-glass transition, they too can exhibit dramatic
effects. This is particularly evident when roughly half of the
mobile ions �say, A=Li� are replaced by another ion �say,
B=Na�. Instead of varying in a linear manner between the
two single alkali situations, the dc conductivity �a measure of
overall ion mobility� is significantly decreased, often by sev-
eral orders of magnitude, as mixing ensues. Simultaneously,
a new peak emerges in the mechanical loss whose magnitude
increases with increased mixing of the two ions.12

Currently, this mixed alkali effect �MAE� is thought to
result from the unique interplay between the ions and the
network. It is thought that there exists a greater energy re-
quirement for the network to reconfigure from a site formerly
occupied by one ion �say, A� to that of a site appropriate to
the other ion �B�. As a result, this energy mismatch effec-
tively creates a blocking of conduction pathways leading to a
substantial reduction in overall ion conduction.18

While much of the investigation of the MAE has been
devoted to solids below Tg, a few Brillouin light scattering
studies have looked at how the mixing of alkali ions influ-

ences the viscoelastic relaxation in the liquid above Tg. In
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addition to Brillouin studies of the viscoelastic relaxation in
silicates19 and borates20 is our own previous study performed
on alkali phosphates.21

The scattering of light from intrinsic density fluctuations
of a liquid are described by a classical hydrodynamic
theory.22 The frequency-dependent dynamic structure factor
is comprised of a narrow central Rayleigh line, associated
with the decay of density fluctuations occurring through ther-
mal diffusion, and two shifted Brillouin peaks associated
with propagating modes. In the case of supercooled liquids, a
second central mode develops as a direct result of structural
relaxation.23,24 Its linewidth is inversely proportional to the
viscoelastic relaxation time and narrows dramatically near
Tg.

In the Brillouin study of alkali silicates, Masnik et al.19

observed a peak in the temperature dependence of the kine-
matic viscosity that was associated with the diffusion of cat-
ions in the melt. Upon mixing alkali, an additional peak with
a higher activation energy became evident. This additional
peak is the high frequency corollary to the mixed alkali peak
seen by mechanical loss measurements conducted in the
10 Hz regime. In the Brillouin study of alkali borate glasses,
Wilmer et al.20 reported data obtained at only two tempera-
tures, both of which indicated a mixed alkali effect in the
sense that the linewidth of the Brillouin mode narrowed
somewhat for the mixed alkali �MA� composition with re-
spect to either single alkali �SA� sample.

Different to these earlier studies, our own Brillouin study
of alkali metaphosphate glasses attempted to also character-
ize the nonexponentiality ��� of the main viscoelastic
relaxation.21 We did this by combining our measurements of
the longitudinal elastic modulus with literature data for the
temperature-dependent viscosity together with an additional
assumption of time-temperature superposition to obtain the
frequency-dependent elastic modulus. By comparing these
moduli to tables25 of the frequency-dependent form of the
nonexponential relaxation of Eq. �2�, we were able to esti-
mate the � parameter.

Although our previous study indicated a MAE associ-
ated with the stretching parameter �� was larger ��=0.4� for
the MA composition relative to either SA composition ��
=0.3��, these findings are tenuous. They reflect not only the
ad hoc assumption of time-temperature superpositioning but
also are sensitive to the accuracy of estimating the tempera-
ture dependence of the relaxation time from fits of Eq. �1� to
available viscosity data.26,27

Here, we report a reexamination of these same alkali
metaphosphate glasses using photon correlation spectros-
copy. Unlike the Brillouin technique, photon correlation
spectroscopy �PCS� provides a direct measure of the time-
dependent relaxation at selected fixed temperatures which
can be readily fitted by Eq. �2� to obtain both � and, from the
temperature dependence of �, the fragility. Our new study
finds a similar MAE for both the glass transition temperature
and the fragility as reported previously but a somewhat dif-
ferent MAE for the stretching parameter. Our findings em-
phasize the significance of ionic mobility in determining the

viscoelastic relaxation of these metaphosphate melts.
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EXPERIMENT

Single alkali glass samples of LiPO3 and NaPO3 were
obtained by first reacting ammonium dihydrogen phosphate
with the relevant alkali carbonate �Li2CO3 or Na2CO3� in a
Pyrex beaker at moderate temperatures �550 °C� to obtain a
crystalline form of the metaphosphate. This was then ground
to a fine powder. Glass samples appropriate for light scatter-
ing studies were produced by melting the powder directly in
a quartz light scattering cell at high temperatures �900 °C�.
The quartz cell was manufactured from standard quartz tub-
ing �8 mm diam�, which was carefully cleaned with a diluted
solution of HF acid followed by water rinse and baked dry.
After melting the glass, the cell was attached to a vacuum
line to remove unwanted gas bubbles. The mixed alkali
metaphosphate �0.5Li–0.5Na�PO3 was similarly obtained by
melting a mixture of the two single alkali powders. In this
way, samples free of parasitic particulates were obtained
without the need of additional filtration.

After melting and degassing, each sample was trans-
ferred to a preheated optical furnace. The furnace was con-
structed of brass heated by an external winding of Nichrome
wire.

Temperature control of approximately ±0.3 °C was ob-
tained by a commercial controller �Omega Engineering�. In-
cident light from a diode-pumped solid state laser �Coherent
Verdi� operating at a single wavelength of 532 nm was fo-
cused into the light scattering cell, and the light scattered at
90° was then collected by a lens, passed through a line filter
�linewidth�10 nm� to remove unwanted blackbody radia-
tion originating from the furnace, and focused onto a 50 �m
pinhole. The pinhole is situated approximately 50 cm from
the active area of a photomultiplier tube �EMI 9863�. This
pinhole arrangement defines the coherence factor28 �effec-
tively a signal-to-noise ratio� for the collection of the scat-
tered light and was calibrated to be Acoh=0.70�±0.03� for
scattering from an aqueous solution of polystyrene spheres.29

Photopulses from the photomultiplier tube �PMT� were
then discriminated and digitized before being fed into a com-
mercial digital correlator �Correlator.Com� which computed
the intensity-intensity autocorrelation function �ACF�,

gT
�2��t� =

	I�0�I�t�

	I
2 . �4�

This experimentally obtained ACF is further related22 to the
dynamic structure factor of the liquid by

gT
�2��t� = 1 + Acoh�S�q,t��2. �5�

For each sample, spectra were collected at several tempera-
tures starting from the highest temperature for which a decay
in the ACF could be observed ���10 �s� to a temperature
just above Tg where the relaxation time reached approxi-
mately 10 s.

RESULTS

Figure 1 displays the intensity ACF measured for each of
the glasses at a temperature near their respective Tg for
which the relaxation time is approximately 100 ms. With the

exception of the NaPO3 composition, spectra obtained at

oaded 09 Nov 2010 to 147.134.103.47. Redistribution subject to AIP lic
other temperatures appeared similar, albeit shifted along the
horizontal axis. It is clear from the shapes of these three
curves that each possesses a different stretching exponent �.
One also can see from the figure that the nonergodic level
remains constant, f�=0.60±0.03, for all three ionic compo-
sitions. This level represents the incipient structure which
freezes in at Tg. The value observed here is comparable to
other glass forming liquids that we have previously
examined29 �f�=0.56 for fragile orthoterphenyl and f�

=0.75 for intermediate boron trioxide�. Interestingly, the
level we observe in the metaphosphate glasses is insensitive
to the mixing of the alkali ions. This would suggest that the
slower, viscoelastic decay is not inherently associated with
the motion of the mobile ions.

Figure 2 shows the temperature dependence of the relax-
ation time �� in Eq. �2�� for both SA and the MA composi-
tions. Two features are apparent from the figure. First, the
glass transition temperature �taken here to correspond to �

FIG. 1. Intensity-intensity autocorrelation function for light scattered at 90°
from each of the three metaphosphate melts discussed in the text at the
temperatures indicated. Inset shows the same autocorrelation function for
LiPO3 at selected temperatures �from left to right: 665.6, 657.2, 646.8, 638,
and 633.5 K�.

FIG. 2. The relaxation time determined from fitting of Eq. �2� plotted
against inverse temperature for the three metaphosphate melts. The dashed
lines indicate the limiting slope near Tg which was used �Eq. �3�� to deter-

mine the fragility.
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=100 s� nicely reproduces the MAE seen previously.21 The
Tg are estimated to be 608 K for LiPO3, 565 K for NaPO3,
and 514 K for the MA composition. A second feature evident
from Fig. 2 is the variation in the slopes of the curves near Tg

which suggests a decrease of the fragility index for the MA
glass over either SA composition. The fragilities that we es-
timate from the slopes according to Eq. �3� are m=92�±7�
for LiPO3, m=85�±3� for NaPO3, and m=74�±7� for the MA
composition. These values of fragility mimic the trend of
those determined by previous fits of Eq. �1� to the viscosity
data.26,27 However, the values of m found here for the two
SA compositions are somewhat lower than those �m=120 for
both LiPO3 and NaPO3� obtained previously.

Finally, in Fig. 3, we examine the last of the parameters
in Eq. �2�. We have found that the best way to compare the
stretching exponent between the three compositions is to plot
� against the logarithm of the relaxation time. In this way,
the � parameters are compared for situations in which the
relaxation occurs at a common time scale, partly compensat-
ing for the window effect in the curve fitting. In Fig. 3 we
find a slight indication for a MAE in the stretching near Tg.
The value of � in the limit of Tg �the same quantity used in
analysis by Boehmer et al.� �Tg

is reduced for the MA com-
position ��Tg

=0.35±0.03� relative to either of the SA glasses
��Tg

�0.48±0.03�. However, while � remains temperature
independent for both LiPO3 and the MA glass, the NaPO3

glass exhibited a systematic broadening of the relaxation
function with increasing temperature.

Nevertheless, while a MAE is seen in both the fragility
and the �Tg

, the change in these two quantities runs contra-
dictory to the correlation previously advanced by Boehmer
et al.6 for a wide variety of glass forming materials.

DISCUSSION

In attempting to interpret these results we must be mind-
ful of the polymeric nature inherent in these metaphosphate
glasses. Previous studies of the structural and dynamic prop-
erties of phosphate glasses have been summarized in reviews
by both Martin30 and Brow.31 Although vitreous P2O5 is

FIG. 3. The stretching exponent determined from fitting of Eq. �2� plotted
against the relaxation time. The dashed lines indicate the apparent trends for
this parameter. The solid symbol is introduced only for clarity.
comprised of a continuous random network of P covalently
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connected by bridging oxygens, at the metaphosphate com-
position the addition of alkali oxides results in the transfor-
mation of the covalent structure to one involving only long,
polymeric chains of repeated PO3 units. Each PO3 unit has
two nonbridging oxygens which share a single valence elec-
tron. These chains remain intact above Tg and move much in
the fashion of the more common organic polymer liquids.
The motion of the chains is further inhibited by cross links
formed between neighboring chains by the presence of the
surrounding interstitial alkali cations.31 Therefore, it is rea-
sonably easy to understand how these oxide glass formers
can possess considerable fragility �m�100� as compared to
prototypical oxide glasses such as SiO2 or GeO2 which form
continuous covalent networks.

Turning to Fig. 2, we see that for the SA glasses alone
there is a pronounced shift in the transition temperature upon
replacing all the Li cations by Na cations. The Tg of NaPO3

is approximately 43 K less than that of LiPO3. This lowering
of the glass transition temperature in the alkali metaphos-
phates is well known and continues for the remaining cations
in the alkali series �K, Rb, Cs�. The quantity kTg is a measure
of the cohesive energy of the cross links, and Eisenberg
et al.32 have shown that the decrease in the glass transition
temperature closely tracks the decreasing field strength �ratio
of ion charge to its radius� of the interstitial cations. Hence,
as the field strength is decreased, the cross linking of the
polymer chains also decreases with the result that the Tg

occurs at a lower temperature.
This explanation by itself does not account for the fur-

ther decrease of Tg found for the MA glass. Based only on
the discussion in the previous paragraph, one would merely
anticipate the mixing of cations to result in an overall level
of cross linking that is intermediate between either SA glass.
Thus one would anticipate the glass transition temperature of
the MA to also fall in between those of either SA glass.
Instead, the Tg of the MA drops well below that of either SA
composition. How is this achieved?

We propose that, in addition to the field strength of the
cations, one must also consider the cation mobility in assess-
ing the efficacy of the cations in establishing cross links be-
tween the polymer chains. We note that in all these glasses,
the ion motion is substantially decoupled13 from the struc-
tural relaxation of the polymer chains. That is, the character-
istic time scale for ionic diffusion through the glass matrix is
considerably shorter �by several orders of magnitude� than
the time scale required for structural rearrangements of the
polymer chains. Thus if we picture the entire system �chains
and cations� in reference to the slower time scale of the vis-
coelastic relaxation, that is, the glass transition, the ions
would appear fluidlike in comparison, coursing rapidly
through the filamentary interstices between the sluggish
polymer chains. Unlike a static interstitial ion, which would
promote highly directional cross links between neighboring
nonbridging oxygens, this “ionic fluid” would produce �on
the time scale of the viscoelastic relaxation� cross linking
that more resembles the nondirectional character of interac-

tions found in van der Waals liquids. Thus one might then
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anticipate a distinct correlation between the degree of coop-
erativity in the structural relaxation of the phosphate chains
and the level of ionic decoupling.

With the perspective on the role of ion mobility in the
overall effectiveness of cross linking the phosphate chains,
we can now suggest an explanation for the decreased fragil-
ity of the MA composition over either SA glass. As discussed
in the introduction, the hallmark of the MAE lies in the dra-
matic decrease in ionic mobility which occurs when roughly
half the alkali ions are replaced by another ion species. Con-
sequently, the ionic motion in the MA glass is less decoupled
from the structural relaxation. The slower movement of ions
leads to more directional cross linking of the chains and a
lesser degree of cooperativity in the microscopic relaxation
process with the result that the fragility is diminished.

While the precise mechanism is unclear, it is evident that
these changes in the ion mobility must also influence the
cohesive energy of the cross links to produce the lowering of
Tg which we observe. Presumably, when the ions are highly
mobile, they more evenly distribute their influence over all
the nonbridging oxygens inhibiting the relaxation of the
polymer segments in a uniform manner. When the mobility
falls, as it does in the MA glass, the ion is confined to more
local regions and its cross linking influence is reduced in
comparison to that of the SA situation.

Finally, we consider the apparent MAE of �Tg
. We note

that the current opinion about the origins of the nonexponen-
tial relaxation is that it arises as a result of the distribution of
relaxation time scales corresponding to dynamic heterogene-
ities present in the glass forming liquid.7–9 The stretching
exponent is an indirect measure of this heterogeneity. How-
ever, although �Tg

does generally tend to track changes in the
fragility,6 no physical reason has yet been advanced that nec-
essarily ties these two properties together. We note that the
mixing of alkali ions naturally leads to the formation of two
distinct coordination environments for the cations which
could be interpreted as a form of dynamic heterogeneity as
each environment relaxes microscopically with a different
activation energy depending upon what species of cation just
arrived and what species just left the site. This would then
account for the slight decrease in �Tg

which we observe.

CONCLUSIONS

In conclusion, our PCS study of the structural relaxation
of polymeric oxide glasses demonstrates the important role
of ionic mobility in determining both the cross linking effi-

ciency and the overall cooperativity of the microscopic re-
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laxation process. We find that on the time scale of the vis-
coelastic relaxation, the flow of the highly mobile cations
enhances the cross linking and the degree of cooperativity.
Hence, the reduction of ionic mobility that occurs when al-
kalies are mixed results in a decrease in both the glass tran-
sition temperature and the fragility.
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