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Abstract. The effect of charge polydispersity (CPD) on structural ordering of dilute charged 
aqueous colloidal suspensions is investigated using Monte Carlosimulations as a function of 
impurity-ion concentration (n, )  and CPD. The behaviours of the pair correlation function, 
mean square displacement and total interaction energy as functions of CPD and n, are 
investigated to identify different phases. Crystalline order is found to transform into a glasn- 
like order beyond a critical CPU. Both the crystalline and glassy orders are found to melt 
when n, is increased. The transitions beween the crystalline, glassy and liquid-like phases 
are characterized. The phase diagram as a function of CPD and n,is reported. Colloidal crystals 
with finite CPD are found to melt at n, lower than that corresponding to the monodisoerse 
(zero-cpD) suspension. The behaviour of the phase boundaries is discussed. 

1. Introduction 

Unlike atomic systems, even the so-called monodisperse colloids have a certain degree 
of size and charge polydispersity. The effect of size polydispersity (SPD) on concentrated 
ordered colloids (both charged and uncharged) has been investigated extensively [I-51. 
Monte Carlo (MC) simulations [3,4] and density-functional theory of freezing [Z] predict 
that crystallization disappears beyond a critical SPD, consistent with the simple model of 
Pusey [l] for hard-sphere systems. The effect of SPD on the structure factor, S(Q),  has 
also beeninvestigated [SI. In  concentrated suspensions, as hard-sphere interactionsplay 
a significant role in determining the structure, SPD influences the ordering more strongly 
than does charge polydispersity (CPD) [6]. However, in the deionized dilute charged 
colloids, where interparticle separation is typically several times the actual diameter, 
crystalline [7], liquid-like [8, 91 and glass-like [10-12] structural ordering is believed to 
arise due to the electrostatic interactions between charged species [13]. As the actual 
diameter does not play any role in determining the structure, the SPD has no effect on 
theordering,asexpected[14]. Instead, itisreasonable toexpectc~~toplayanimportant 
role in disrupting the crystalline order as the effective hard-sphere diameter is deter- 
mined by the charge on the particle. Recently we havedemonstrated UsingMcsimulation 
that CPD beyond a criticalvaluecausescrystalline order to disappear, resulting in aglassy 
state [15]. Crystalline order of monodisperse colloids can also be made to disappear if 
the impurity-ion concentration n, is increased in the suspension, causing melting of 
crystalline order into liquid-like order to occur. This happens due to the change in the 
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inverse Debye screening length [16,17] as a function of Iti. Recently Kesavamoorthy et 
al[18] have measured the structure factor of dilute aqueous suspensions of polystyrene 
colloids close to the crystal-liquid interface, and reported that the height of the first peak 
in S(Q),  S,,, is 2.1 at melting, which i s  much lower than the corresponding value in 
atomicsystems (Sma - 2.85). It has been conjectured that the lower value may arise due 
toc~~,ass~~isshowntohavelittleeffectonS(Q)[18]fordilutesuspensions. However, 
this has been confirmed neither experimentally nor theoretically, In view of these 
observations and conjectures, it is important to investigate the complete phase diagram 
of charge-polydisperse colloids in the CPD versus q plane. 

In the present work we use the MC technique to simulate dilute aqueous charge- 
polydisperse colloidal suspensions. Although this technique lacks a strict or rigorous 
sense of timescale, we believe that it can still provide valuable insight into the properties 
of crystalline/glassy(amorphous)/liquid-like states of charge-polydisperse colloids. The 
effects of CPD on the crystallization and melting transition are investigated. From the 
simulations carried out for various values of CPD and 4, the pair correlation function 
g(r) and its Fourier transform S(Q),  the mean-square displacement (MSD), structural 
parameter R, (R, = gmin/gmsir where gmi. is the value of the first minimum and g,, is first 
peak height ing(r)) and total interaction energy UTare computed. From the behaviour 
of the above parameters, the crystalline, glassy and liquid-like phases are identified and 
the resulting phase diagram of charge-polydisperse colloids in the CPD versus ni plane is 
rcported. 
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2. Simulation details 

MC simulations based on the Metropolis algorithm [19] for a canonical ensemble (con- 
stant NVT, where N ,  V and Tare respectively the number of particles, the volume and 
the temperature) are carried out with periodic boundary conditions to simulate an 
aqueous colloidal suspension of polystyrene particles of diameter d (109 nm) interacting 
via a size-corrected Yukawa pair potential 

L'(rii) = ZiZje2[4  exp(Kd)/(2 + Kd)'] exp(-Krii)/cri;. (1) 
Here Zi and 2, are the charges (expressed in units of electronic charge e)  on particles 
iandjrespectivelywith acentre-to-centredistanceofr,;;Kistheinverse Debyescreening 
length given as K 2  = 4ne2(np2 + ni)/&kBT where 2 is the average charge, ka the Boltz- 
mann constant, 8 the dielectric constant of water, T the temperature (298 K) and ni the 
monovalent impurity-ion concentration. 2 is taken to be 600, which is the same as the 
value reported in [lo]. In order to simulate a charge-polydisperse system, charges on 
the particles are assigned randomly from a symmetric rectangular distribution with 
mean 2 and width 2A. The CPD is definedas the ratio of standard deviation to themean, 

containingNparticles(N = 250),oflengthL,whichisfixedusingtherelationL3 = N/np 
to get the required particle concentration np. Starting configurations are always chosen 
as body-centred cubic (acc) sinee at low volume fractions only the BCC structure has 
been found to be stable [7]. A step size of 0.5d is chosen such that trial rejection ratio 
is around 50%. The total interaction energy, UT, is monitored to find out whether 
equilibrium has been reached or not. Approximately 6 x lo5 configurations are dis- 
carded initially during which the system evolves to equilibrium. 

(z - z?)l/z/z which in this ca& is A / f i F . ~  S ~ ~ & ~ ~ < ~ ~ ~ ~ ~ ~ d ~ " ~  -i<-i~c&c cell, 
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A binary or a polydisperse system is often described in terms of number-number, 
charge-charge and number-charge correlations (Bhatia-Thomton structure functions) 
[20]. The experimentally measured scattered intensity is expressed in terms of these 
functions and form factors of the particles. As the system considered here consists of 
particles of identical size, but having different charges, the corresponding form factors 
for light scattering, which depend only on the size of the particles [9, 111, are also 
identical. Thiscauses the terms corresponding to the charge-charge and number-charge 
structure functions to drop out from the expression of intensity or total structure factor 
[20], leaving only the term containing the number-number structure function. Hence, 
it is sufficient to describe the system in terms of number-number structure functions, 
S(Q). This S(Q) is calculated by Fourier transforming the number-number pair cor- 
relation functiong(r), which is obtained with an interval Ar = 0.1 d using the standard 
method [21], after reaching equilibrium, and averaging is done over 350 Monte Carlo 
steps (MCS). A MCS is defined as a set of N configurations during which on average each 
particle gets a chance to move. 

Diffusion of particles is widely different in the suspensions with crystalline, glassy or 
Liquid-like orders. In a polydisperse system it is expected to depend on the mass and 
size of the particle and also on the interaction with neighbours, which is determined by 
its charge. Although the mass and the size of all the particles are the same, differently 
charged particles may still diffuse differently. However, it is still meaningful to obtain 
an average MSD, which represents the diffusion in the polydisperse system. The average 
MSD is obtained using the expression 

where ri(m) is the position of ith particle after m MCS and the overbar denotes the 
averaging over initial configurations n. 

Particle concentration is chosen to be 1.33 x 10l2 cm-3 (volume fraction, QI - 0.001) 
because a dilute monodisperse colloidal suspension with liquid-like order at a similar 
concentration has been investigated experimentally as well as using MC simulations [13]. 
In order to see any possible system size effect, simulations are also carried out with N = 
432 for various values of CPD at zero ni. It is found that the results are essentially the 
same within statistical accuracy [U]. This is because of the strong screening, which 
causes theinteraction potentialatthecellboundary todrop by threeordersofmagnitude 
as compared to that at the nearest-neighbour separation. In order to see the sensitivity 
of the results to charge distribution, a Gaussian distribution has also been tried for a 
few values of CPD and ni. The resulting structures were the same as those obtained using 
a rectangular distribution. 

3. Results and discussion 

As mentioned earlier, it is possible to make crystalline order disappear either by increas- 
ing polydispersity [15], which induces randomness in the system, or by increasing 
impurity-ion concentration [16, 171, which results in melting. Based on the behaviour 
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Table 1. Criteria for identifyingcrptalline (C). glassy (G) and liquid-like (L) states 

State Structural ordering&) Behaviour of MSD as a function of MCS 

C Long-range order 

G Short/medium-range order Tendency towards saturation of MSD and root 

L Short-range order 

Saturation of MSD and mot MSD =$ (I 

MSD Q U 

MSD varies linearly with time and root MSD 
may exceed a depending on time 

a = n;"'is the average interparticle separation 

3 

- 
' 2  
n 

1 

0 
0 5 10 15 20 25 30 

r/d 
Flgure 1. Pair correlation function for suspension FigureZ. Mean-square displacement as afunction 
with different charge pdydispersities and of MCS for the suspension with the same par- 
impurity-ion concentrations for system withn, = ameters as in figure 1. The cuwes labelled C, 0 
1.33 x 10"cm". and L represent crystalline. glassy and liquid-like 

states respectively. Note the diffusive behaviour 
of the liquid-like state and the tendency towards 
saturation of the glassy and crystalline orders. 

of particle diffusion and the range of structural ordering, crystalline, glassy and liquid- 
like states can be identified as given in table 1. Similar criteria for the identification of 
structural ordering on the basis of the behaviour of MSD with time have frequently been 
used earlier also [=I. 

Figure 1 shows the structure (pair correlation function) for deionized (ai = 0) mono- 
disperse suspension and those obtained for a suspension either with finite impurity or 
with finite CPD. Note that the Bcc-like ordering (full curve) is destroyed either due to 
the presence of impurities at a concentration of 1.5nPZ (chain curve) or due to the CPD 
of 28% (broken curve). The behaviour of the MSD as a function of MCS for these 
suspensions (the corresponding g(r) curves are shown in figure 1) is shown in figure 2.  
From the disappearance of the characteristic crystalline peaks (chain curve in figure 1) 
and from the linear dependence of the MSD on MCS (chain curve in figure 2) ,  it is 
straightforward to identify the system withn, = 1.5nPZwith a tiquid-like order. Similarly 
the disordered state at 28% CPD ( broken curve in figure 1) can be assigned to a 
glassy order from the tendency of the MSD towards saturation (the slope, d(rZ)/d(Mcs), 
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continuously decreases as a function of MCS and reaches a value close to that for a 
crystalline state) (broken curve in figure 2). 

Although the g(r) curves of the glassy and liquid-like ordered suspensions are 
qualitatively similar, it is worth pointing out the important differences between the two. 
Notice from figure 1 that the position of the first peak in g ( r )  is shifted to lower r in the 
case of liquid-like order (chain curve) as compared to that of the crystalline g(r), whereas 
it remains unshifted in the glassy state (broken curve). The liquid-like ordering is 
obtained by increasing q from 0 to 1.5np& whereas the glass is obtained by varying CPD 
from 0 to 28%. In the first case the Debye screening length (K-') decreases whereas in 
the latter case it remains constant and is the same as that in the crystalline order. The 
particles are more effectively screened whenn,is increased and hence they can approach 
closer, causing the peak in g(r) to shift to lower r. The effect of ni on the liquid-like 
ordering of a colloidal suspension interacting via a screened Coulomb potential has 
been investigated theoretically by Tata er a1 [U] using the rescaled mean spherical 
approximation (RMSA). The behaviour of the peak position with 4 obtained using the 
RMSA is qualitatively the same as observed in the present simulation. The distance of 
closest approach, i.e. the largest r for which g(r )  remains zero, which is smaller in the 
case of a liquid than it is in the crystalline order, also arises due to the change in K .  On 
the other hand, the decrease in the distance of closest approach for the glassy order 
compared to that for the crystalline order arises because of the approach of particles 
with charges 2, < Zcloser to another particle also with Z, < 2. 

3.1. Crystalline to glass (e-+ G) transition 

It is evident from figures 1 and 2 that the C+ G transition occurs at some CPD lower 
than 28%. In order to find out precisely the value of CPD at which the crystalline order 
disappears, simulations are carried out for different CPD values. Figure 3 shows the MSD 
at the end of M (M = 500) MCS as a function of CPD. Note that the MSD in suspensions 
with CPD > 26% are significantly higher than that in the systems with smaller CPD. As it 
is known that diffusion in glasses (non-crystalline solids) is much higher than that in 
crystalline counterparts, it is reasonable to assign the discontinuous increase in (rL) 
around 26% CPD to the C+ G transition [15]. The g(r )  for a suspension with 28% CPD 
shown in figure 1 corresponds to a glassy structure just after this transition. For the sake 
of comparison, the effect of CPD on the diffusion of particles in a liquid-like ordered 
suspension (ni = 2.6nPZ) is also shown in figure 3 as triangles. Note that the effect Of CPD 
is weak and without any discontinuity and the (r&) is typically an order of magnitude 
larger compared to that in the solid, as expected. In order to discover how the critical 
CPD, at which thecrystalline order disappears, varies with np, simulationsare also carried 
out with np = 1.33 x 1013 (p - lo-*) and the results are shown in figure 3. Note 
that the critical CPD increases from 26% to 32% when np is increased tenfold. As 
expected, the (r&) is correspondingly lower for larger np because the interparticle 
separation scales like n;'/3. The increase in the critical CPD as np is increased can be 
understood as follows. As mentioned earlier in the case of dilute suspensions, instead 
of actual size, the effective hard-sphere diameter h,  which is governed by the charge on 
the particle, determines the structural ordering. In this context it is meaningful to 
calculate effective hard-sphere diameters and effective size polydispersity (ESPD) for 
different CPD values. The largest r until which g(r) remains zero in a monodisperse 
system represents the distance of closest approach for two particles and is taken to be 
h for a particle with charge 2. The corresponding h(2)  for a particle with any arbitrary 
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Figure3. MSD at the end of M ( M  = 500) M a  as a 
function of CPD for different particle Mncen- 
aations: (e) np = 1.33 X 10” cm-’; ( X )  ne = 
1.33 x lo” an-’. The discontinuous increase in 
MSD at 26% for lower np and at 32% for higher np 
is associated with the C- G tmsition. The effect 
of CrD on liquid-like (L) order obtained at n. = 
1.33 x 10” and n, = 2.63nJ is also shown 
as triangles for the sake of comparison. Straight 
lines drawn through the points are guides to the 
eye. 

ni / n p f  
Figure 4. (a )  MSD at the end of M ( M  = 500) M a  
and (b) structural parameter R, as function of n, 
tor different CPD for system withn, = 1.33 X 10” 

drawn through the points are guides to the eye. 
Note that both ( r & )  an<R, exhibit discontinuoug 
increase at n, = 1.45%Z for 0 CPD and at 0.9n,Z 
for24%CPDassociatedwiththeC+ L transition. 

cm? (e)OCPD;~A)24%CrD.Thesmoothcurves 

charge Zisobtainedusingtheprocedure describedearlier [15]. It is found that,although 
the critical CPD increases when np is increased, the corresponding ESPD (17 5 1%) 
remains unchanged across the C-+ G transition. This critical ESPD may be compared 
with the value of 12% predicted for hard-sphere systems using a simple model [l]. The 
agreement appears fair in view of the simplicity of the procedure used to estimate h(Z).  
Although in any such procedure one tries to estimate h, the presence of the interaction 
potential beyond h makes the actual system different from a true hard-sphere system. 
It is important to mention why the g(r )  of this glassy state does not exhibit a split second 
peak, which is often seen in simple monatomic solids, in metallic glasses and even in 
binary colloids [ll]. It is known that splitting arises due to two topologically different 
positions of second neighbours and also leads to a split second peak in S ( Q ) .  As more 
and more components constitute the glass, one does not expect to Continue to observe 
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a split second peak. The splitting can get smeared out in a multicomponent system 
provided the randomness is beyond a certain critical value, which is dictated by the 
critical CPD or SPD of the system. If one rapidly cools the liquid with cPD or SPD to less 
than the critical value, the resulting glass can exhibit a split second peak in g(r),  but for 
liquids with CPD or SPD greater than the critical value, quenching yields a glassy state, 
which is expected to show a smooth second peak in g(r).  

3.2. Melting of charge-polydisperse colloidal crystal (C+ L) 
The appearance of crystalline order in colloidal suspensions is known to occur due to 
the competition between interaction energy and thermal energy. It is convenient to 
define a dimensionless parameter r = UJkJas the ratio of the interaction energy, Us, 
at average interparticle separation a (a = and the thermal energy kBT. Meltingof 
colloidal crystaloccurs when risless thanacriticalvalue r,, which dependsonn, [24,25]. 
Unlike atomic systems, where one varies r by varying the temperature, in aqueous 
colloidal suspensions it is possible to vary r at fixed T by changing ni or n,. The change 
in U, is achieved by varying the inverse Debye screening length K, which depends on ni 
and n,. As the range of T variation is rather limited in aqueous colloidal suspensions, 
the relevant parameter for investigating melting/freezing of colloidal suspensions is the 
impurity-ion concentration. Previous investigations of melting/freezing have been done 
either using only a bare Yukawa potential (without goemetric factor in equation (1)) 
[25] or at zero ni [24] with variation in r achieved by changing n, (this is equivalent to 
dilution or compression). Instead, we have investigated melting as function of n,, which 
is actually the parameter varied in all the experimental investigations, and also the effect 
of CPD on melting. In order to identify the melting transition uniquely, mean square 
displacement and structural parameter R, (which represents the degree of structural 
correlation, a large value of R, implying weaker structural correlation) are obtained for 
different values of ni. Figure 4 shows (r$) and R, as functions of ni for a monodisperse 
suspension as well as for the one with finite CPD. Note that for the monodisperse 
suspension both (&)and R, increase discontinuously at 1.45nPZ, which could be unam- 
biguously associated with the melting of crystalline order into a liquid-like order. Note 
that at melting R, 5 0.2, which is the same as that obtained from computer simulation 
of Lennard-Jones systems by Raveche ef a1 [26] and subsequently used for identifying 
melting/freezing in aqueous colloidal suspensions [24]. Figure 4 also shows the effect of 
CPD on melting of a charge-polydisperse colloidal crystal. Similar to the monodisperse 
suspension, the system with 24% CPD exhibits a discontinuous increase in (r$) and R, 
across melting, but the magnitude of the jump is somewhat smaller. Note that R, = 0.2 
for the melting of the polydisperse system also. It is important to point out that in this 
casemeltingoccursatni = 0.9n2instead of 1.45n~correspondingto themonodisperse 
system. Also the effect of CPD is greater in the crystalline phase than in the liquid phase 
(curve drawn through points corresponding to zero and 24% CPD approach each other 
in the liquid phase whereas those in the crystalline phase are separated). 

The Hansen-Verlet criterion for freezing [27] and Lindemann criterion for melting 
[28] have been extensively used to identify mekindfreezing in computer experiments 
[29]. The applicability of these criteria to colloidal suspensions has also often been re- 
examined [18,24, U]. Molecular dynamics experiments [25] confirm that the Hansen- 
Verlet criterion, i.e. liquid freezes into crystalline solid when the height of the first peak 
in the structure factor is around 2.85, does apply in the case of colloidal suspensions; 
however, Kesavamoorthy eral[l8] have reportedSW - 2.1 close to the colloidal-liquid/ 
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Figure 5.  Height of first peak m slructure 
factor S,, as a function of n, lor different 
CQD: (0) 0 CPD: (A) 24% CPD. Smooth 
curvesdrawnthrough thepointsareguides 
to the eye. Note that the discontinuous 

I . 5  change in S,, assofiated with the C- L 2.5M 0 1 2 3 transition occurs at the same n, as in figure 
4. 
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Figure 6. (a )  The strucrural parameter R, 
and(b)them~at lheendofM(M=SLW) 
Ma as a function of n, for glasslike ordered 
suspension with34WeD. Note thechange 
in dopeof Raas well as (r:) at around n, = 
1.45nPZ indicating glass (G) to liquid (L) 
transition. 

w 

12 -- . a,-*- 
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8 -  
G o  
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Figure 7. The phase diagram (CPD versus n,) for the 
charge-polydisperse system wilh np = 1.33 X 10" cm-'. 
Symbols U, 0 and A represent crystalline (C), glassy 
(G) and liquid-like (L) regions respectively. The broken 
curves representing the phase boundaries are guides to 
the eye. The equivalent temperature T' corresponding 
ton,isalsomarkedon theyaxis(see text). 

colloidal-crystal coexistence boundary. It was conjectured that the CPD in the colloidal 
suspension could be the reason for S,, being low. In order to see the effect of CPD on 
S,, across melting, we calculate S(Q) by Fourier transformingg(r). Figure 5 shows the 
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dependence of S,,, on ni for a monodisperse suspension and that for a suspension with 
largest possible CPD (24%) for which a crystallineorder can exist. Note the discontinuities 
across the melting transition and S,,, beiug as high as 2.5 in the monodisperse as well as 
charge-polydisperse liquids; hence CPD cannot account for the lowering of S,,, to 2.1 at 
freezing; one has to look for other possible reasons. 

Melting is often investigated in the context of the Lindemann criterion, which states 
that solids should melt when the ratio of root MSD to the lattice spacing exceeds a certain 
value W. For atomic systems the value of Wis 0.1; however, for colloidal crystals [24] it 
has been reported to be 0.23. The present simulation results yield W = 0.28 k 0.05 
consistent with that reported earlier. Recently the effect of finite system sue on the MSD 
of crystals using Lennard-Jones, Yukawa (uncorrected for size) and I-" interactions has 
been investigated in the context of the use of Lindemaun criterion for melting [30]; 
however, such studies are not available for the size-corrected Yukawa potential. In view 
of this, the value of W at melting, obtained in the present work using finite system size, 
could be slightly different from that corresponding to an infinite system. A much larger 
value of W essentially implies that colloidal crystals can sustain much larger amplitudes 
of motion of particles than in atomic solids. The larger value in colloids could be due to 
the shallowness of the potential well formed by neighbours (because interaction is soft 
and softness is determined by Debye screening length), which is different from the case 
in atomic solids. 

3.3. Melting of glass (G+ L)  

In analogy with the melting of crystalline order, it is resonable to expect a glassy order 
to melt upon increasing the impurity-ion concentration. As both the glassy and the 
liquid-like states are disordered, one does not expect sharp discontinuities in R, and 
(I&) in this case, as noted earlier for melting of colloidal crystals. Figure 6 shows these 
quantities as a function of ni for a suspension with 34% CPD. Note the change of slope in 
R, and (&)around ni = 1.45nP2 which could be associated with the melting of glass. A 
similar change of slope in R, as a function of temperature, to which a Lennard-Jones 
liquid is quenched, has been used earlier to identify the glass transition by Wendt and 
Abraham [31]. The value of Rg at which the glass transition took place was found to 
be 0.14 whereas the present results for charge-polydisperse glass yield a value -0.3. 
Similarly, glasses obtained by rapid cooling of liquid exhibited S,, > 2.85 or equiv- 
alently g,,, > 2.55 [31], whereas is found to be only 2.22 for a charge-polydisperse 
glass. The value of Rg = 0.14 at the glass transition being lower thanR, = 0.2 at freezing 
(into crystalline order) is understandable as the glass transition temperature T, is always 
lower than the freezing temperature T,. The same argument holds for S,, > 2.85 or 
g,, > 2.55 for glasses produced by quenching. The value of R, or g, in the case of 
charge-polydisperse glass being significantly different from those in quenched glasses 
suggests that the two types of glasses are fundamentally different. At CPD > 26% the 
simulations show that BCC structure is unstable and the system evolves into a glassy 
structure. This suggests that the CPD glass is more stable than the corresponding 6cc 
crystalline state. In order to confirm whether a CPD glass is in a true ground state or not, 
one has to demonstrate that the free energy of the disordered structure (glass) is lower 
than those of various possible crystalline phases, which is rather time-consuming. As 
mentioned in section 3.1, the charge-polydisperse system can be mapped onto an 
effective hard-sphere system. Different charges on the particleslead to avanety of hdrd- 
sphere diameters. Incompatibility of packing (i.e. size-mismatch frustration) of these 
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hard spheres in a crystalline state leads to a glassy order. Thus a charge-polydisperse 
glass can be considered somewhat analogous to a spin glass, which also has frustrated 
spins due to random interaction. Apart from the conventional method of quenching of 
the liquid-like phase, CPD and similarly SPD provides another way of obtaining the glassy 
state; however, this route is not available in the case of atomic systems. 

B V R Tata and A K Arora 

3.4. Phase diagram 

Having identified the crystalline (C), liquid-like (L) and glassy (G) phases and having 
characterized the transitions between these, one can now construct the phase diagram 
of a charge-polydisperse colloidal system, which is shown in figure 7. Note that it consists 
of three regions, viz. the crystalline phase for low CPD and low ni, a glassy state for high 
~~~andlown~andaliquid-likeregio~~forhighn~. A~thevariationofn~causesthenearest- 
neighbour interaction energy U. to change, one can define a reduced temperature T* = 
k,T/U,, which expresses the thermal energy in units of the interaction energy. The 
reducedtemperature T *  thusobtainedisalsomarkedontheyaxisinfigure7. However, 
there is no thermodynamic parameter analogous to the CPD. 

Note fromfigure? the behaviourofthecrystal-liquidphase boundary, whichsuggests 
that melting of colloidal crystals with finite CPD occurs at a lower ni than that cor- 
responding toamonodispersesuspension. Thiscan be understoodifone uses theconcept 
of reduced temperature T*. A decrease in ni implies an increase in U,, or equivalently 
a decrease in T * ;  the present results suggest that the melting occurs at a lower T* for a 
system with finite CPD. As noted earlier, the value of R, at melting being independent 
of CPD implies that a colloidal crystal melts when structural correlations become weaker 
than a certain value irrespective of the CPD. In a suspension with finite CPD, apart from 
the thermal fluctuations ( -kBT)  the randomness due to charge also contributes to R,, 
and hence at finite CPD melting can occur when the thermal contribution to randomness 
issmaller inmagnitude, i.e. at alower T*.  Furthermore, note that theglass-liquidphase 
boundary shows a rising trend when CPD is increased. It is reasonable to expect that the 
glass obtained with higher and higher CPD beyond the critical CPD will be more stable 
against the formation of a crystalline state. The better stability of the glassy order away 
fromtheC+Gboundarymakesitmeltathigher T*.TheboundaryforC+ Gtransition 
at finite ni isobtained by smoothly joining the C +  L boundary to the point of the critical 
CPD corresponding to the C+ G transition at zero ni. It is worth mentioning that the 
phase boundaries shown in figure 7 represent the points of instability of crystalline phase 
to the formation of liquid or glassy phases. It is likely that the reverse transitions may 
not take place at the same points in the phase diagram (hysteresis effects). 

Finally, it would be of further interest to investigate the order of the C + G transition 
and also to explore any possible regions of coexistence. Investigations of these aspects 
of the phase transition would require much larger system size, typically a thousand 
particles or above. 

4. Conclusions 

To conclude, crystalline order of a dilute aqueous colloidal suspension can be made to 
disappear either by increasing n, (liquid-like order) or by increasing the polydispersity 
ofthechargeon theparticle(glassyorder).AlthoughthecriticalcPDforC-, Gtransition 
depends on the volume fraction, the polydispersity of effective hard-sphere diameter 
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remains essentially constant. Melting of colloidal crystals occurs when UT - 25kBT. A 
charge-polydisperse system melts at lower impurity concentration than a monodisperse 
system. The structural parameter Rg, which is a measure of randomness in the system 
(both thermal as well as that arising due to CPD), remains constant across melting. The 
large magnitude of MSD in colloidal crystals close to melting compared to that in atomic 
systems is probably due to the softness of the potential. 
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