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Abstract 

The Mixed alkali effect (MAE) is an often studied phenomenon, occurring in material 

containing more than one type of alkali, in which a marked deviation from linear 

compositional dependence is observed.  Previous studies have observed a MAE in 

properties, like the internal friction and dc conductivity, of mixed alkali materials in the 

glassy state.  A MAE has also been observed in the glass transition temperature (Tg) of 

mixed alkali materials, suggesting that the mechanism behind the effect must persist into 

the liquid state.   

In this work, the mixed alkali effect was studied by performing photon correlation 

spectroscopy on eleven different compositions of LixNa1-xPO3 liquid.  This yielded values 

of Tg, fragility index and the non-exponentiality of the relaxation.  All of these properties 

exhibited the non-linear compositional variation characteristic of the MAE, with a 

minimum occurring at the most mixed composition.  The variation in Tg is in agreement 

with literature values.  The variation in fragility index is thought to be an artifact of the 

dip in Tg.  The variation in non-exponentiality is expected as a decrease in non-

exponentiality suggests a greater diversity in relaxation within the liquid.        
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Chapter 1 Introduction 

The mixed alkali effect (MAE) is a curious phenomenon which occurs in alkali 

modified glass containing more than one type of alkali cation.  The MAE is characterized 

by a non-linear variation in observed properties.  This effect was first reported by Webber 

in 1883 (1) and since that time, much effort has gone into studying the effect in glass.  The 

currently accepted theory, the dynamic structure model, provides an adequate explanation 

of the occurrence in glass.  However, there is evidence that a MAE may also occur in the 

liquid state and it is unknown whether the theoretical explanation of the MAE, which is 

based on the assumption that the local structure around an alkali ion remembers which 

alkali was in the site after it has left, is valid in the liquid state.   

The purpose of this work is to use photon correlation spectroscopy to study mixed 

alkali metaphosphate liquids.  It is hoped that a study of the liquid state will yield 

information about liquid state properties which display MAE.  Knowing which properties 

specific to the liquid state display a MAE will add to the available knowledge about the 

MAE and help scientists attempting to explain the phenomenon.   

In chapter 2 some basic concepts of glasses and glass forming liquids are discussed 

as well as the structure and dynamics of alkali metaphosphate glass. 

Chapter 3 is focused on specific examples of glass properties which exhibit a MAE, 

including the mechanical relaxation, DC conductivity and the glass transition 

temperature.  The current theoretical explanation of the MAE, the dynamic structure 

model, is also discussed. 

In chapter 4, the theoretical basis of dynamic light scattering and photon correlation 

spectroscopy is developed.  Chapter 5 focuses on the specifics of this experiment. 
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Chapter 6 contains the results of this study.  Concluding remarks can be found in 

Chapter 7. 



 3

Chapter 2 Glass and Glassforming liquid 

2.1  General Concepts 

Glass is defined as a disordered solid.  This means that structurally glass is like a 

liquid while dynamically it is like a crystal.  The relationship between the structure and 

dynamics of these different types of matter is shown in Figure 2-1. 

 

Figure 2-1: Relationship between order and motion in liquids, crystals and glasses. 

 

A glass is formed by cooling a liquid below its melting temperature, Tm, at a rate 

high enough to ensure that the molecules do not have a chance to reach equilibrium.  In 

this way, the system is able to avoid crystallization.(2)  A liquid cooled below Tm is 

referred to as a supercooled liquid.(3)  Generally, when the temperature of a liquid is 

decreased, the volume of the liquid also decreases.  If crystallization occurs, there is a 

sharp, discontinuous drop in the liquid’s volume at Tm.  Figure 2-2 shows how a liquid’s 

volume at constant pressure changes as a function of temperature.  If crystallization is 
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avoided, the supercooled liquid continues to experience a decrease in volume until the 

temperature reaches Tg where the rate of volume change decreases abruptly.  However, 

unlike crystallization, there is no structural change so the transition from a liquid to a 

glass is not a true phase change. 

 

Figure 2-2: Temperature dependence of a liquid’s volume.  Tg1 and Tg2 represent 2 different glass 

transition temperatures obtained by different cooling rates. 

 

Because of the nature of the glass transition, the temperature at which it occurs is 

dependent upon the rate at which the liquid is cooled.  To form a glass, the constituent 

molecules must be forced to remain in a non-equilibrium position.  A slower cooling rate 

allows the molecules more time to reach an equilibrium position before the liquid is 

further cooled.  Thus, a slower cooling time requires a lower temperature to force the 

molecules to remain in a non-equilibrium position, resulting in a lower Tg.  For an order 

of magnitude change in cooling rate, Tg typically varies by about 4 K. (3, 4)  
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There are many different types of materials that can form a glass.  One way to 

classify these materials is based on the type of interactions the constituent atoms and 

molecules have with each other.  One extreme is the oxide network formers; like SiO2, 

P2O5 and GeO2.  These glasses are made up of covalently bonded atoms which form a 

network structure.  Conversely, the molecules that make up a molecular liquid interact 

through van der Waals forces.  Other glass formers fall in between these two extremes.  

For example, the atoms that make up a polymer interact covalently but form chains rather 

than a three dimensional network. 

 

2.1.1 Structural Relaxation 

As previously mentioned, when transitioning from a liquid to a glass, the liquid 

does not undergo a structural change.  Rather, the molecules slow down until it seems 

that they are no longer moving.  This means the glass transition is observer dependent in 

that it is up to the observer to decide when motion has stopped. 

One common way to define Tg is the temperature at which the structural 

relaxation time, τ, of the liquid is equal to about 100 seconds. (3)  τ is a measure of the 

time it takes the molecules within the liquid to reorganize and is proportional to viscosity.  

At this timescale, molecular motion will appear to an observer to have stopped and the 

material can be treated as a solid. 

The structural relaxation of a supercooled liquid has several characteristic 

properties.  One property is the non-exponential time dependence of the relaxation. This 

non-exponentiality is well approximated by the Kohlrausch-Williams-Watts (KWW) 

relation,(4) 
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Here, τ is the structural relaxation time, fa is the amplitude of the relaxation and β is the 

non-exponentiality or the heterogeneity parameter.     

Since glass is a disordered material, the relaxation of the structure occurs on a 

variety of timescales across the material.  The bulk relaxation is then the collective effect 

of each individual relaxation and 

 
( )βττ ττφ /)'/( ')'()( tt edegt ≈∝ ∫ −

 ,              2-2 

where g(τ) the distribution of relaxation times.  If β equals 1, g(τ) is delta function, 

implying the relaxation is identical throughout the liquid.  If β is less than 1, there is a 

widening of the range of relaxations.  The smallness of β is then a measurement of the 

diversity in structural relaxation within the liquid.   

A second important property of the structural relaxation of supercooled liquids is 

the non-Arrhenius temperature dependence of the relaxation time.  This temperature 

dependence can be approximated by,(4) 

 
⎥
⎦

⎤
⎢
⎣

⎡
−= 0TT
C

oeττ   ,                   2-3 

where C is a constant and T0 is the temperature at which the relaxation time is infinitely 

large. 

The temperature dependence of the relaxation time becomes more Arrhenius as T0 

approaches zero.    

Both the degree of non-exponentiality and the deviation from Arrhenius behavior 

in the relaxation have been shown to relate to the structure of the liquid.  Liquids made up 

of a 3 dimensional network held together by covalent bonds exhibit nearly exponential 
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and Arrhenius behavior.  Conversely, molecular liquids, where the molecules interact 

through the van der Waals force, tend to exhibit large deviations from both exponentiality 

and Arrhenius behavior. (4) 

 

2.1.2 Fragility 

One often cited property of glass forming materials is fragility.  Fragility is a 

measure of how quickly a liquid’s relaxation time (or viscosity) changes with decreasing 

temperature relative to the transition temperature Tg.  If the logarithm of the relaxation 

time is plotted against the inverse temperature scaled to Tg, the fragility can be estimated 

as the slope near T=Tg.  Mathematically fragility (m) is then defined by, (5)  

 

gTTg TTd
dm

→

=
)/(
)log(τ

 .                2-4 

Figure 2-3 shows this behavior for different types of liquids (6).  The fragility 

index can range from about 16 to 200.(5)  Oxide networks form the strongest glasses, 

those with a small fragility, while molecular liquids are the most fragile.  Thus, fragility 

provides a means for connecting the differing structures of glass forming materials with 

the two main properties that characterize the structural relaxation.   
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Figure 2-3: Fragility plot for different glassforming liquids.(6) 

 

Fragility is often interpreted as a measure of the level of cooperativity within the 

relaxation.(6)  Strong liquids are generally thought to have a low level of cooperativity.  In 

the most strong liquids, the oxide network formers, the relaxation consists of the breaking 

and reforming of discrete oxide bonds.  This process has little effect on atoms that are not 

directly involved.  By comparison, fragile glass-formers, like molecular liquids, have a 

high level of cooperativity.  In these liquids, the relaxation consists of weakly interacting 

molecules moving around into other molecules’ space, forcing these other molecules to 

move.  This in turn, forces more molecules to move.  The result is a relaxation in which 

many molecular pieces of the liquid participate.  

In general, there seems to be an inverse relationship between fragility and β.(5)  

This was noted by Böhmer and colleagues who examined data from about 70 different 
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glass formers.  Their results are shown in Figure 2-4.  The general trend seen in Figure 

2-4 is that β decreases as fragility increases.  That is, the relaxation is generally more 

non-exponential when the relaxation is most non-Arrhenius.  

 

Figure 2-4:  Fragility vs β for many glassformers.(5)  The dashed line represents the minimum 

possible fragility. 

  

2.1.3 Ionic Relaxation 

Often, oxide glasses contain mobile cations.  These glasses conduct both above 

and below Tg, which implies that mobile cations are able to relax independently of the 

structural relaxation of the oxide network.  The ionic relaxation time (τo) is defined as(7) 

 
∞

=
εε
σ

τ
o

o
o  ,                 2-5 
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where σo is the dc conductivity and ∞εε o  is the high frequency permittivity.  At low 

temperatures, the ionic relaxation occurs more quickly than the structural relaxation.  As 

temperature increases, these two relaxations become increasingly coupled.  At very high 

temperatures, the two relaxations occur on the same timescale.  This decoupling of the 

two relaxations is illustrated in Figure 2-2 for a fragile glassforming mixture of CaNO3 

and KNO3 salts. 

 

Figure 2-5: Ionic and structural relaxation coupling.  Conductive relaxation time (solid circles) and 

structural relaxation time (open diamonds) vs. temperature for a nitrate salt mixture.(7) 

  

 At high temperatures both relaxation times are comparable, but near Tg the 

conduction relaxation is nearly 4 orders of magnitude shorter than that of the structural 

relaxation. 
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2.2 Alkali metaphosphate Glass 

2.2.1 Structure 

The structure of alkali metaphosphate glass can be understood by examining the 

more general structure of simple phosphate glasses corresponding to the chemical 

formula (M2O)x(P2O5)(1-x), where M is an alkali (Li, Na, K, Rb, Cs, Fr).  The basic 

building block of the structure of this type of glass is a phosphate tetrahedral connected to 

other phosphate tetrahedra through covalently bonded bridging oxygens. (8, 9) 

The different types of phosphate tetrahedral found in alkali phosphate glass are shown in 

Figure 2-6.  These types of tetrahedral are classified using Qn, where n is the number of 

bridging oxygen bonded to each phosphate atom.(11)   

 

 Figure 2-6: Phosphate tetrahedra found in phosphate glass.(8) 

 

If , there is no alkali present and each phosphate atom is bonded to three 

bridging oxygen.  This situation is referred to as Q3.  In the Q3 situation the three bridging 

oxygen cause P2O5 to form a 3-dimensional network.  As alkali oxide is added there is a 

systematic change in structure such that each phosphate atom loses one bridging oxygen 

to become Q2.  This systematic change is illustrated in 

0=x

Figure 2-7. 
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Figure 2-7: Relative amounts of Q2 and Q3.   

If , the material is called an ultraphosphate and structurally consists of a 

combination of Q3 and Q2 phosphate atoms.  The relative amounts of each type of 

phosphate atom are directly related to the amount of alkali present.  When  , the 

material is called a metaphosphate and every phosphate atom is Q2.  The metaphosphate 

structure consists of polymeric chains of PO3.  These chains are weakly cross linked by 

alkali cations.   

5.0<x

5.0=x

 

2.2.2 Dynamics 

The type of alkali atom used to modify phosphate glass has an effect on the glass 

transition temperature.  As shown in Figure 2-8, Tg decreases as the size of the alkali ion 

increases.(10)  This is because larger alkali atoms have the same net charge but end up 

being further away from the metaphosphate chains due to steric effects.  This causes a 
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decrease in the ratio of charge to radius, or field strength, of the cations linking the PO3 

chains and results in a lowering of Tg.   

 

Figure 2-8:  Tg for MPO3 as a function of the size of alkali ion.  Values are shown for M = Li, Na, 

K, Rb and Cs. 
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Chapter 3 The Mixed Alkali Effect 

The mixed alkali effect (MAE) occurs in alkali modified glasses when a fraction of 

one alkali cation is replaced by another species of alkali ion; for example when Na is 

replaced by Li.(12)   When this happens, the structure of the glass is not affected but the 

strength of the cross linking of the phosphate chains does change.  It is natural, therefore, 

to suspect that as an alkali species is substituted with another, properties usually 

associated with the overall structure of the glass will vary linearly with respect to the 

relative amounts of each alkali.  However, some properties such as mechanical 

relaxation, dc conductivity and glass transition temperature exhibit highly nonlinear 

compositional variation.   

The current theory, the dynamic structure model, provides an adequate explanation 

of the MAE in the solid state, but some of the foundational concepts of the theory are 

suspect in the liquid state.  The fact that Tg exhibits a MAE suggests that the mechanism 

behind the effect must persist into the liquid state.   

 

3.1 Observations 

3.1.1 Mechanical 

In a mechanical relaxation experiment the relaxation associated with stress induced 

movements of ions in a glass is observed. (1)  In a typical experiment, a glass sample is 

flexed at a given frequency and the resulting energy loss is measured.  From such an 

experiment one obtains the internal friction of the glass as a function of temperature.  
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Various peaks occur on the spectrum and are associated with the different types of 

molecular interactions occurring within the material.   

 When the internal friction of a single alkali oxide glass is measured, two peaks are 

observed.  One peak corresponds to the relaxation of the oxide network and the other 

corresponds to the relaxation of alkali ions.  When the internal friction of a mixed alkali 

oxide glass is measured an additional peak is seen which grows in intensity with 

increased mixing and shifts to a higher temperature.  When the peak height is plotted as a 

function of composition, as in Figure 3-1, a mixed alkali effect is seen. (13)   

 

Figure 3-1: Intensity of the mixed alkali peak observed in LixNa1-xPO3.(13) 

 

 Both the existence of this mixed alkali peak and the compositional variation of the 

peak intensity suggest that, in the mixed alkali case, another relaxation, caused by the 

interaction of the two alkali ions with each other, occurs. 
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3.1.2 Electrical 

Measurements of D.C. conductivity performed on mixed alkali glasses show that 

the conductivity also displays a MAE.  There is an observed drop in conductivity with 

mixing.  This drop also increases in magnitude as the size difference between the two 

alkali ions increases.(14)  Experimental measurements of D.C. conductivity for a mixed 

alkali metaphosphate glass are shown in Figure 3-2.(14) 

  

 Figure 3-2:  DC conductivity and activation energy for LixRb1-xPO3.
(14)  Squares represent 

conductivity and triangles represent activation energy.  Open symbols are experimental data points while 

filled symbols are predicted values. 

 

3.1.3 Viscoelastic 

Although less studied than the solid state, the mixed alkali effect has also been 

observed in the liquid state of glass forming materials.  For example, Tg tends to decrease 
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with increased mixing.  Figure 3-3 shows values of Tg for LixNa1-xPO3 obtained by 

differential scanning calorimetry. (15)  

  

 Figure 3-3: Tg for LixNa1-xPO3. (15) 

 

3.2 Theoretical Explanation 

When a portion of the alkali in an alkali oxide glass is replaced by another alkali 

species there is no structural change in the material.  This suggests that the MAE must be 

caused by some type of interaction between the two alkali species.  The current 

theoretical explanation for the MAE is the dynamic structure model developed by Bunde 

and Ingram.(16,17,18)  An important key to this model is the idea that an alkali cation, say 

A,  exists in a site within the glass network that is configured as an A-site.  These ions are 

then able to jump from site to site.  In the single alkali case A cations jump to A-sites.  In 

the mixed alkali case, a portion of A is replaced with another alkali species, B, resulting 

in both A and B sites.  This creates separate conduction pathways for each of the cations 
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and accounts for the decrease in the dc conductivity observed in mixed alkali glasses.  

When there are equal numbers of each type present the probability of an ion site 

mismatch is maximized, causing a minimum in the conductivity. 

If an A ion jumps to a B-site, the network around the site undergoes a relaxation to 

convert to an A-site.  The size difference between the two alkali means that the site 

reconfiguration will require either an expansion or contraction of the site.  This 

reconfiguration results in a loss of energy and accounts for the mixed alkali peak in 

mechanical relaxation measurements. 

Since the relative number of each alkali ion is constant, these reconfigurations are 

coupled.  Whenever an A moves to a B-site causing the site to expand, there must be a B 

moving to an A-site causing the opposite conversion.  These two relaxations cancel each 

other out resulting in an overall isochoric process which can be thought of as the 

relaxation of a “mechanical dipole”.(16)  This flexing of the oxide network results in a 

premature loosening of the oxide network which causes the decrease in Tg seen for the 

mixed alkali compositions. 
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Chapter 4 Dynamic Light Scattering 

When light is incident on a medium, the charges inside the material feel a force and 

are accelerated.  These accelerated charges then emit light.  If the entire medium is 

uniform, light is only scattered in the same direction as the beam.  A liquid however, 

contains intrinsic fluctuations in density, which causes fluctuations in the dielectric 

constant of the liquid.  These fluctuations cause a liquid to scatter light in all directions.  

In a dynamic light scattering experiment, the scattered light is detected and used to obtain 

information about the structure or dynamics of the liquid being studied.  

 

4.1 Theory 

As determined by Thompson, when light is incident upon a single charge, the 

electric field of the scattered light at the detector located at R is (19) 

),(
4

)(

0

0
2

tre
R

Ek
E tRki

s
rr r

δε
πε

ω−= .                4-1 

      

Here, 
λ
πnk 2

=  is the wave number of the incident light, R is the distance to the detector, 

n is the index of refraction of the material and ),( trrδε is the spatial and temporal 

fluctuations of the dielectric constant. 

The total electric field at the detector is a superposition of the scattered electric 

field from each charge in the material.  The individual contributions to the total electric 

field differ by only a phase factor, which is the result of the path difference of the 

scattered light.   
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The geometry of the situation is shown in Figure 4-1. 

 

Figure 4-1: Geometry of light scattered from two charges. 

 

The phase factor is defined as 

 
λ

πφ )(2 encepathdiffer
=Δ .                4-2 

As can be seen from Figure 4-1, the relative path difference is 12 rr Δ−Δ , yielding a phase 

factor of 

 rqrkrkrr si
rrrrrr
⋅=⋅−⋅=Δ−Δ=Δ )(2

12λ
πφ                4-3 

where q is the scattering wave vector.  If the scattering is elastic, is kk = and q becomes 

 ⎟
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⎞
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                 4-4 

where α is the angle between the incident and scattered light. 

Taking into account the phase of the scattered light, equation 4-1 becomes, for the 

ith charge 
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Assuming rR >> , is a constant and the total electric field at the detector is kR
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The instantaneous intensity at the detector can be calculated using . 

However, most detectors, like PMT’s, do not detect the instantaneous intensity.  Instead, 

consider the electric field auto correlation, 
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where the brackets represent an ensemble average. 

By substituting  and allowing 21 rrr rrr
−= 2r

r  to be a the origin, equation 4-7 can simplified 

to 
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where V is the scattering volume. 

In a liquid, fluctuations in the dielectric constant are caused by fluctuations in the 

particle density.  Thus 

),()(),( trtr T
rr δρ

ρ
εδε
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where T is temperature and ρ is the particle density.  Equation 4-8 can now be expressed 

as 
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),( trG r is a space and time correlation known as the Van Hove space-time correlation 

function.(19)  

Information about the relaxation of the liquid is contained in the dynamic 

structure factor, ),( ωqS .  The dynamic structure factor is related to the field 

autocorrelation function through the Wiener-Khinchin theorem as(19) 
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4.2 Photon Correlation Spectroscopy 

Changes in )()0( tEE ∗  occur too quickly for detectors, like PMT’s, to measure.  

In photon correlation spectroscopy (PCS), a PMT is used to measure the intensity-

intensity autocorrelation function, )()0( tII  which is mathematically defined as (20) 

∫
+

−
∞→

+=
T

T
T

dtII
T

tII τττ )()(
2
1lim)()0( .             4-12  

Since the total electric field at the detector is a superposition of many statistically 

independent scattering events, the Siegart relation can be applied to connect the intensity-

intensity autocorrelation function to the electric field autocorrelation function as (21) 

22 )()0()()0( tEEItII ss
∗+= ,               4-13      

where I  is the average intensity. 
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In homodyne detection, only scattered light arrives at the detector and equation 4-

10 can be substituted into equation 4-13 to give 

),(1
)()0( 2

hom

2 tqS
I

tII
+= ,                        4-14  

where 
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If instead, the light at the detector is a mixture of both scattered light (Is) and 

unscattered incident light (Ii), the detection mode is called heterodyne and(20) 

 ),(2),(1
)()0(
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+=                           4-16 

Here, sI  is the average intensity of the scattered light, iI  is the average intensity of 

the local oscillator and I is the average intensity observed. 

If iI is much larger than sI , equation 4-16 can be approximated as 

 ),(21
)()0(

22 tqS
I

II

I

tII is

het

+≅ .             4-17 
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Chapter 5 Experimental Methods 

5.1 Sample Preparation 

50 g of both LiPO3 and NaPO3 were obtained through the reaction 

 32332424 NHCONaPOCOMPOHNH ++→+ ,             5-1 

where M is either Na or Li.  NH4H2PO4 (66.986 g, 56.560 g, Sigma Aldich) was 

combined with either Li2CO3 (21.514 g, Fisher) or Na2CO3 (25.978 g, Sigma Aldrich) in 

a Pyrex beaker at about 550oC.   The reaction was allowed to go to completion and the 

resulting crystals were ground into a fine powder with a mortar and pestle.  Mixed alkali 

samples were later made by combining these two single alkali compositions in the 

amounts shown in Table 5-1. 

 

Sample LiPO3 (g)+/- .0001g  NaPO3 (g) +/- .0001 g 

Li0.1Na0.9PO3 0.2147 2.2940 

Li0.2Na0.8PO3 0.4291 2.0377 

Li0.3Na0.7PO3 1.4682 0.5318 

Li0.4Na0.6PO3 0.8599 1.5298 

Li0.5Na0.5PO3 1.0743 1.2740 

Li0.6Na0.4PO3 1.2846 1.0152 

Li0.7Na0.3PO3 1.3254 0.6738 

Li0.8Na0.2PO3 1.7187 0.5058 

Li0.9Na0.1PO3 1.9960 0.2544 

Table 5-1: Amounts of each single alkali metaphosphate used to make the mixed alkali 

compositions. 
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Each sample was placed in a cleaned quartz ampoule.  The ampoule was 

manufactured from standard quartz tubing (8mm OD 6 mm ID) and was cleaned using 

dilute HF, rinsed with distilled water and flame dried under vacuum.   

The ampoule containing the sample was then placed in a furnace (Thermolyne) at 

900oC for at least 2 hours to produce a transparent and bubble-free melt. 

 

5.2 Experiment 

After melting, the ampoule containing the sample was transferred to an optical furnace 

which was preheated to about 450oC.  The optical furnace consists of two stainless steel 

cylinders with an 8 mm hole in the center, running along the length.  The two cylinders 

were separated by 2 mm spacers and heated using an external winding of nichrome wire 

surrounded by ceramic insulation.  A diagram of the optical furnace is shown in Figure 

5-1.  The temperature of the optical furnace was controlled within 0.2 oC by a 

commercial controller (Omega Engineering). 
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Figure 5-1: The optical furnace.  The space between the two cylinders allowed the laser beam to 

pass through the sample. 

 

Photon correlation spectroscopy was then performed for a series of fixed 

temperatures as the liquid was cooled in 5oC increments toward Tg.   Figure 5-2 shows a 

diagram of the setup.  Vertically polarized incident light (532 nm) from a diode-pumped 

solid state laser (Coherent Verdi) was focused onto the sample.  The vertically polarized 

light scattered at 90o was collected by a lens, focused onto a 50 μm pinhole and passed to 

the active area of the photomultiplier tube (EMI 9863).  Photopulses from the PMT were 

discriminated and digitized and then input into a commercial digital correlator 

(correlator.com) which computed the intensity-intensity autocorrelation function, 

2

)()0(

I

tII
.   
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Figure 5-2: Diagram of the experimental setup. 

 

The autocorrelation function is related to the dynamic structure factor as 

 
2

2 ),(1
)()0(

tqSA
I

tII
coh+=  ,               5-2 

where Acoh is an instrumental coherence factor related to the size of the pinhole and the 

distance from the sample to the pinhole and can be calibrated using polystyrene 

spheres.(20)  In an idealized experiment, Acoh = 1.  For the setup used here, 

. 03.071.0 ±=cohA

 

5.3 Data Analysis 

S(q,t) can be approximated by equation 2-1.  This allowed each PCS spectra to be 

analyzed by fitting the measured autocorrelation function to the equation 
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2 )(1

)()0( βτtAe
I

tII −+=                                                      5-3 

where 

 acoh fAA =  .                 5-4 

This fit was accomplished using commercial data analysis software 

(Kaliedagraph) and yielded values for A, τ and β.  Figure 5-3 shows a typically example 

of spectra for a sample containing 80% LiPO3  and 20% NaPO3.  The appendix contains 

the spectra used for each sample and the values obtained from the curve fit.   

 

Figure 5-3: Spectrum obtained for Li0.8Na0.2PO3 

 

As can be seen in Figure 5-3, as temperature increases, τ decreases and the 

correlation function shifts to the left.  When τ is smaller than about 1 ms it is difficult to 
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obtain a fit using 3 parameters.  Since A did not vary with temperature, the average value 

of  A obtained at low temperature was used as a constant to fit spectra taken at high 

temperature. 

Tg was determined for each sample by plotting log(τ) vs 1/T, as shown in Figure 5-4.  A 

line was then fit to the data and extrapolated to τ = 100 sec.   

 

Figure 5-4: log(τ) vs 1/T for Li0.8Na0.2PO3.   Tg is determined by extrapolating the best fit line to  

τ = 100  

 

The fragility index of each sample was determined by plotting log(τ) vs Tg/T, as 

shown in Figure 5-5.  Since  

 
gTT

g TTd
dm →=

)/(
)log(τ

                 5-5 

the slope of a linear fit to the data is the fragility index. 
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Figure 5-5: log(τ) vs. Tg/T for for Li0.8Na0.2PO3.  The slope of the best fit line is the fragility 

index. 

 

Plots of both 1/T vs log(τ) and Tg/T vs log(τ) for every composition studied are provided 

in the appendix. 
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Chapter 6 Results and Discussion 

6.1 Glass Transition Temperature 

Tg for each composition of LixNa(1-x)PO3 was determined by plotting 1/T vs log(τ) 

and extrapolating the best fit line to sec100=τ .  These values, as well as calorimetric 

results obtained by Bandaranayake (15) are shown in Figure 6-1.  The numbers are in good 

agreement which attests to the quality of the samples used in this study. 

 

Figure 6-1: Compositional variation of Tg.  Blue circles represent results of this work.  Red 

squares represent calorimetric data.(15)  The line connecting the two single alkali compositions 

represents the expected variation if only the effect of cation field strength is considered. 

 

As can be seen from Figure 6-1, Tg decreases with increased mixing.  This is 

consistent with the idea that with increased mixing there are more Na sites forced to relax 
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to Li sites and correspondingly more Li sites that must relax to Na sites.  These 

relaxations, as discussed previously, are thought to cause a loosening of the structure 

which results in a lowering of Tg.  This lowering is most pronounced at the most mixed 

composition because greater mixing leads to a greater probability of a mismatch between 

a site and an incoming ion. 

Also of interest is how much Tg varies from the linear dependence that is expected 

if only the effect of cross linking efficiency is considered.  The value was calculated by 

subtracting Tg from the line connecting the two endpoint compositions in Figure 6-1.  As 

shown in Figure 6-2, the compositional variation of the extra decrease in Tg, (ΔTg), is 

similar to the compositional variation in mechanical loss as reported by Van Ass.(20) 

 

Figure 6-2: Compositional variation of ΔTg and mechanical loss peak intensity.   ΔTg values are 

represented by blue circles and mechanical loss peak intensity values, taken from Van Ass(13), are 

represented  by red squares. 
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As earlier discussed, when internal friction measurements are performed on mixed 

alkali metaphosphate glasses, there is an additional loss peak that grows in intensity with 

increased mixing.  This mixed alkali peak is a measure of the energy loss associated with 

the relaxation of the network that occurs with mixing.  Thus the similarity between the 

compositional variation of ΔTg and the height of the internal friction mixed alkali peak 

seen in Figure 6-2 shows that these two quantities are directly related.  This result 

provides more evidence that the mechanical energy associated with mixing is the source 

of the decrease in Tg that accompanies mixing. 

 

6.2 Fragility Index 

The fragility index of each sample was determined by calculating the slope of the 

linear fit to a plot of Tg/T vs log(τ).  The results are shown in Figure 6-3.  In general, the 

fragilities of the mixed alkali compositions were lower than the single alkali 

compositions.   
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Figure 6-3: Compositional variation of fragility index. 

 

This decrease in fragility can be interpreted in several ways.  The traditional 

interpretation of fragility has to do with cooperativity in the relaxation.  As the 

composition becomes more mixed, the liquid tends to separate into Na rich and Li rich 

regions that, due to the mechanical energy mismatch, prefer to remain segregated.  This 

segregation causes a decrease in cooperativity which results in a decrease in fragility.  

The problem with this interpretation is that the idea of a site retaining a memory of its 

cation occupant is suspect in the liquid state.  The network may be moving around so 

quickly that it becomes impossible for a site to remain alkali specific after the alkali ion 

has left.   

Instead, the observed decrease in fragility can be interpreted as an artifact of the 

decrease in Tg observed with alkali mixing.  Figure 6-4 is a plot of the temperature at 
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which certain relaxation times occur as a function of composition.  The temperature 

corresponding to each relaxation time was determined in a manner similar to the one used 

to calculate Tg. 

 

Figure 6-4:  Temperature at which a relaxation time occurs. 

 

 

As τ decreases, the dip in the temperature at which that τ occurs becomes less 

pronounced.  This is because, at high temperatures, the ion motions, which are 

responsible for the dip in Tg, become more coupled with the network.  The result is a 

decrease of the influence of the mechanical dipole relaxation.  This means that the same 

change in T results in a smaller change in τ as the composition becomes more mixed.    

Since fragility, as defined here, is essentially the change in τ over the change in T, it will 

naturally be smaller for the mixed compositions, where the change in τ is smaller. 
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Changes in fragility are usually associated with changes in the structure of the 

network.  Here, the addition of another ion species does not result in a change in the 

network, so it makes sense that the traditional interpretation of fragility may not explain 

what is happening.  Therefore, the second interpretation of the dip in fragility seems to 

make more sense, namely that the definition of fragility is sensitive to the dip in Tg, 

resulting in a decrease in fragility with mixing. 

 

6.3 Non-exponentiality 

The non-exponentiality (β) of the relaxation was determined for each composition 

directly from the correlation function.  For most of the compositions, β was constant with 

respect to temperature.  However, the values of β observed for NaPO3 decreased with 

increasing temperature (decreasing τ).  This is shown in Figure 6-5.  Also shown in this 

figure is the temperature dependence of β for P2O5 obtained in a previous study.(21)   
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Figure 6-5: β vs log(τ).  NaPO3 is represented by red squares and P2O5 is shown represented by blue 

circles(21).  

 

It is interesting that these two extremes in sodium-phosphate composition exhibit 

such differing temperature dependence in β.  The cause and meaning of this temperature 

dependence of β and how that dependence changes as the structure of the liquid changes, 

is an area for further study. 

The compositional variation in β at Tg is shown in Figure 6-6.  There is a slight 

dip in β, from about 0.45 for the single alkali compositions to about 0.35 for the most 

mixed composition. 
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Figure 6-6: Compositional variation of β at Tg. 

 

This dip in β makes sense because β is a measure of the heterogeneity of the 

relaxation.  A β=1 would mean that the relaxation was exactly the same over the entire 

liquid.  As more differing relaxations occur in the liquid, β decreases.  As mixing of Na 

and Li occurs, the relaxation becomes less similar across the liquid and β decreases. 

It is unusual to see a simultaneous decrease in both fragility and β.  As discussed 

previously, there is an established inverse relationship between these two quantities.(5)
  

Generally, strong glasses (small m) have nearly exponential (high β) relaxations while the 

fragile glasses (large m) show highly non-exponential (small β) relaxations.  This 

seeming contradiction is further support for the idea that, in this situation, the observed 

compositional change in fragility should not be interpreted in the traditional manner.  
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Chapter 7 Conclusion 

This study of mixed alkali metaphosphate liquids yielded non-linear composition 

variation for Tg, β and fragility.  The variation in Tg is very similar to the variation others 

have seen in mechanical relaxation, suggesting that the cause of the depression in Tg is 

the same thing that causes the additional internal friction peak seen in mechanical 

relaxation studies.  The relaxation of mechanical dipoles, as proposed in the dynamic 

structure model, causes a loosening of the network structure which results in a lowering 

of Tg.   

The compositional variation in β is a result of an increase in relaxation diversity 

caused by mixing.  The seemingly contradictory depression in fragility is the result of the 

lowering Tg rather than a change in the level of cooperativity.  These results, particularly 

the variation of Tg, are in agreement with the current theoretical explanation of the MAE. 

In future work, alkali other than Na and Li can be used.  It would be particularly 

interesting to see how the change in size difference between the two alkali atoms would 

affect the compositional variation of the properties discussed in here.  The prospect of 

using other alkali ions presents some difficulty because metaphosphates containing the 

larger alkali ions tend to crystallize rather than become a supercooled liquid.  These 

materials are also somewhat more hygroscopic than both NaPO3 and LiPO3, which would 

have to be taken into consideration.   
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Appendix  

 

Temp (oC) A A +/- τ (sec) τ+/- β β +/-
286.1 0.60 0.01 1.62E+00 2.00E-02 0.47 0.01
290.6 0.58 0.01 3.16E-01 3.00E-03 0.43 0.01
295.7 0.58 0.01 5.95E-02 6.00E-04 0.39 0.01
300.6 0.59 0.01 1.65E-02 2.00E-04 0.37 0.01
305.6 0.61 0.01 3.87E-03 1.00E-05 0.37 0.01
310.2 0.59 0.00 5.71E-04 3.00E-04 0.27 0.02
315.0 0.59 0.00 2.80E-04 5.00E-05 0.30 0.02
320.0 0.59 0.00 6.63E-05 1.00E-05 0.29 0.02
325.0 0.59 0.00 3.01E-05 1.00E-05 0.27 0.02  
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Temp (oC) A A +/- τ (sec) τ+/- β β +/-
265.4 0.58 0.01 4.55E+00 1.00E-01 0.40 0.01
270.0 0.58 0.01 8.08E-01 2.00E-02 0.40 0.01
275.0 0.57 0.01 1.33E-01 3.00E-03 0.38 0.01
285.8 0.56 0.01 7.57E-03 2.00E-04 0.40 0.01  
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Temp (oC) A A +/- τ (sec) τ+/- β β +/-
261.2 0.59 0.01 2.32E+00 3.00E-02 0.38 0.01
266.1 0.57 0.01 2.89E-01 5.00E-03 0.40 0.01
271.0 0.56 0.01 5.87E-02 1.00E-03 0.40 0.01
276.0 0.56 0.01 1.79E-02 2.00E-04 0.37 0.01
280.8 0.57 0.00 6.03E-03 1.00E-04 0.35 0.02
285.6 0.57 0.00 2.32E-03 1.00E-04 0.34 0.02
290.5 0.57 0.00 6.60E-04 4.00E-05 0.35 0.02  
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Temp (oC) A A +/- τ (sec) τ+/- β β +/-
251.7 0.57 0.01 2.16E+00 4.00E-02 0.37 0.01
256.1 0.57 0.01 5.92E-01 9.00E-03 0.36 0.01
265.5 0.56 0.01 4.26E-02 6.00E-04 0.37 0.01
270.0 0.56 0.01 1.17E-02 5.00E-04 0.37 0.01
281.0 0.57 0.00 1.49E-03 2.00E-04 0.35 0.03  
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Temp (oC) A A +/- τ (sec) τ+/- β β +/-
251.6 0.60 0.01 1.99E+00 5.00E-02 0.35 0.01
256.5 0.60 0.01 3.82E-01 1.00E-02 0.38 0.01
261.3 0.60 0.01 1.14E-01 3.00E-03 0.39 0.01
266.1 0.60 0.01 3.36E-02 1.00E-04 0.36 0.01
271.1 0.60 0.01 9.59E-03 2.00E-04 0.35 0.01
276.1 0.60 0.00 5.44E-03 -1.20E-04 0.38 0.02
281.1 0.60 0.00 1.20E-03 -3.50E-05 0.33 0.02
285.8 0.60 0.00 3.70E-04 -1.45E-05 0.30 0.02
290.5 0.60 0.00 3.29E-04 -1.30E-05 0.33 0.02  
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Temp (oC) A A +/- τ (sec) τ+/- β β +/-
257.8 0.60 0.01 6.97E-01 1.00E-02 0.36 0.01
262.7 0.58 0.01 1.08E-01 2.00E-03 0.38 0.01
272.3 0.58 0.01 9.55E-03 1.00E-04 0.35 0.01
277.3 0.59 0.01 3.92E-03 6.00E-05 0.34 0.01
282.3 0.59 0.00 1.76E-03 8.00E-05 0.32 0.02
287.3 0.59 0.00 1.18E-03 -1.35E-04 0.33 0.02  
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Temp (oC) A A +/- τ (sec) τ+/- β β +/-
261.2 0.61 0.01 3.81E+00 3.00E-02 0.36 0.01
266.1 0.60 0.01 4.95E-01 7.00E-03 0.36 0.01
271.0 0.62 0.01 2.02E-01 7.00E-03 0.39 0.01
275.9 0.59 0.01 4.16E-02 6.00E-04 0.40 0.01
280.9 0.59 0.01 1.12E-02 2.00E-04 0.38 0.01
285.6 0.60 0.00 3.00E-03 6.00E-05 0.32 0.03
290.5 0.60 0.00 2.43E-03 1.75E-04 0.34 0.03
295.6 0.60 0.00 7.50E-04 9.25E-05 0.33 0.03
300.4 0.60 0.00 1.73E-04 2.40E-05 0.32 0.03
305.2 0.60 0.00 1.29E-04 2.40E-05 0.31 0.03  
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Temp (oC) A A +/- τ (sec) τ+/- β β +/-
276.1 0.60 0.01 3.23E+00 8.00E-02 0.38 0.01
280.9 0.59 0.01 5.84E-01 1.00E-02 0.40 0.01
285.6 0.57 0.01 1.24E-01 3.00E-03 0.41 0.01
290.6 0.56 0.01 3.08E-02 3.00E-03 0.43 0.01
295.6 0.57 0.01 2.26E-02 3.00E-03 0.41 0.01
300.5 0.58 0.00 3.61E-03 2.10E-04 0.36 0.03
305.0 0.58 0.00 1.17E-03 9.50E-05 0.35 0.02
310.1 0.58 0.00 5.53E-04 5.25E-05 0.33 0.02  
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Temp (oC) A A +/- τ (sec) τ+/- β β +/-
285.6 0.60 0.02 3.88E+00 5.00E-02 0.43 0.01
290.5 0.61 0.02 8.64E-01 8.00E-03 0.41 0.01
295.5 0.58 0.02 1.91E-01 2.00E-03 0.45 0.01
300.5 0.56 0.02 4.20E-02 6.00E-04 0.46 0.01
310.0 0.55 0.02 5.61E-03 8.00E-05 0.45 0.01
315.0 0.58 0.00 1.58E-03 1.30E-04 0.36 0.04
320.0 0.58 0.00 6.35E-04 8.80E-05 0.35 0.04
325.0 0.58 0.00 2.91E-04 5.05E-05 0.35 0.04
329.5 0.58 0.00 1.22E-04 5.05E-05 0.34 0.04  
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Temp (oC) A A +/- τ (sec) τ+/- β β +/-
302.2 0.62 0.02 7.05E+00 1.00E-01 0.46 0.02
307.2 0.61 0.02 1.17E+00 2.00E-02 0.43 0.02
312.1 0.63 0.02 3.54E-01 3.00E-03 0.44 0.02
317.1 0.61 0.02 1.82E-01 3.00E-03 0.43 0.02
322.2 0.62 0.02 2.55E-02 7.00E-04 0.45 0.02
326.7 0.55 0.02 4.94E-03 1.00E-05 0.50 0.02
331.7 0.60 0.02 3.65E-03 1.00E-05 0.44 0.02
336.7 0.61 0.00 9.89E-04 2.00E-05 0.35 0.04
341.6 0.61 0.00 2.72E-04 1.00E-05 0.35 0.04  
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Temp (oC) A A +/- τ (sec) τ+/- β β +/-
358.8 0.63 0.02 2.25E+00 8.00E-02 0.41 0.02
363.5 0.56 0.02 2.75E-01 4.00E-03 0.48 0.02
368.2 0.60 0.01 1.15E-01 4.00E-03 0.49 0.02
373.2 0.57 0.01 4.00E-02 2.00E-03 0.44 0.02
377.8 0.56 0.02 1.10E-02 2.00E-03 0.45 0.02
382.7 0.58 0.00 3.55E-03 2.00E-04 0.49 0.04
387.7 0.58 0.00 1.96E-03 3.00E-06 0.40 0.04  
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