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Attraction-driven disorder in a hard-core colloidal monolayer
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Monte Carlo simulation techniques were employed to explore the effect of short-range attraction on
the orientational ordering in a two-dimensional assembly of monodisperse spherical particles. We
find that if the range of square-well attraction is approximately 15% of the particle diameter, the
dense attractive fluid shows the same ordering behavior as the same density fluid composed of
purely repulsive hard spheres. Fluids with an attraction range larger than 15% show an enhanced
tendency to crystallization, while disorder occurs for fluids with an attractive range shorter than 15%
of the particle diameter. A possible link with the existence of “repulsive” and “attractive” states in
dense colloidal systems is discussed. 2@04 American Institute of Physics.
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I. INTRODUCTION and then to a stable colloid crystal phase, the answer to the

During the past few decades, systems composed of har&]_uestio_n could be vital_in understanding th_e nature _of the
core particlegplatelets, spheres, rodsave been the subject "€Pulsive” and “attracﬂve" glassy and solid states in a
of continuous and intense reseatcfiSuch stable interest is dense colloidal .mattéP.’. .

a recognition of an outstanding role played by hard-core 10 tackle this question, we performed a computer simu-
models in many different areas of applied and basic sciencéation 'study of eqU|I|br|um-.fI.U|d states in dense col!0|dal sys-
including nanostructured and granular matertdisunda- ~ t€MS just befor_e the transition to a metastable—flu!d state. To
mental problems of self-organization and phase transifiéns, Mimic the colloid/polymer mixture, a HC model with an ef-
random close packingetc. One of the earliest applications fective square-wellSW) attraction was used. In particular,
of hard-core (HC) particles concerns colloifsRecently, We explored the effects of the range of SW interparticle at-
there has been renewed interest to a hard-core modeling §@ction on the particle coordination and ordering in a two-
colloidal matter due to the peculiar sensitivity of the suspendimensional(2-D) colloidal fluid. We have restricted the
sion’s coexistence properties to the range of effective attrad?resent study to a 2-D model, not only because of reasons of
tion experienced by colloid particles when a nonadsorbing‘Simp"City and easier visualization. Besides the fundamental
polymer is added:® The range of this attraction is associ- Importance(character of the melting transition, eiahe 2-D
ated with the radius of gyration of the polymer and, in prac-model is equivalent, in some sense, to a monolayer of spheri-
tice, can be varied by changing the size of the polymer. If thecal particles, and in such a way is directly related to issues of
range of attraction is comparatively long, with respect to thePractical importance that include the existence of adsorbed
colloid particle core diametei), a colloidal substance can monolayers of colloidal particlééand the formation of or-
exisf in gaseous, liquid, and solid phases, analogous to aflered or glassy surface phaSesbserved in 3-D colloidal
atomic substance, although a system of purely repulsive HSUspensions under confinement.

colloids does not show the liquid phase. As the range of So far, to the our the best of knowledge, it is believed
induced attraction between particles decreases, the suspdhat an equilibrium 2-D system of monodisperse spherical
sion’s triple point is approached and, when the attractiorparticles whose interaction has an attractive part, should pos-
range becomes less than about 30% othe colloidal liquid ~ s€s a higher degree of order than a system with a purely
phase disappears, and again, similarly to purely repulsive HEepulsive interactiofl.In this paper, we show that the results
colloids, only a stable fluid phase remains in attractiveobtained for the SW model with a varying range of attraction
colloids! The question is as follows: how different are theseare far from obvious. Starting with an attraction range of
“repulsive” (no polymer addedand “attractive” (with short ~ 30% of o, we find that by turning on the attractive SW in-
polymer addel equilibrium colloidal fluids? Since when teraction, the degree of order in equilibrium fluid is im-
compressed, both repulsive and attractive colloidal fluids unproved compared to what is observed for an unperturbed

dergo a transition, first to a metastakdgassy colloid phase (purely repulsive HC fluid of the same density. As the at-
traction well shrinks, the former effect becomes weaker and

a N for an attraction range of approximately 15% ®f the at-
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YAlso at the Institute for Condensed Matter Physics, National Academy ottraCt'V_e SW quu_j shows t_he same ordermg_ behavior as the
Sciencies, Lviv, 76011, Ukraine. repulsive HC fluid. Reducing the SW attraction range further
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leads to the opposite trend: the turning on an attractive inter- 1.0 i i .
action results in a losgmelting of particle coordination | HCFwezing™= 1 1= HC Melting
within the fluid monolayer formed by particles that are ex- . : !
periencing SW attraction in comparison to those with a 087 —-T—_Lfé )
purely repulsive HC interaction. ] —¢—4=0.30 g
. . . . —>—38=0.20 o)
The remainder of this paper is organized as follows. The 064 —t—8=0152 z
definitions of the model and properties that are calculated as —y =00 8
well as the brief description of the simulation procedure are - 2
outlined in the following section. Section Il contains our 0.4 I
main results and a discussion of the conclusions that can be / E
drawn from them. Finally, in Sec. IV we summarize the pa- T
per and outline some remarks and speculations. 0.2 fi
|
1. BASIC DEFINITIONS AND SIMULATION DETAILS 0.0 ' . ' E.
To be specific, our study deals with a collection Mf 0.60 0.65 0.70
spherical particles of diameter spread into a monolayer of o

area S, with packing fraction ¢=Nwo?/4S. Since the ' _ _ '
spheres are confined to move in a plane, we can treat tHdG: 1. Orientational order paramete; versus packing fractionp at a

. . . ., _fixed attraction strengtfi* = 1.5. Data correspond to the attractive SW fluid
particles as hard disks. Then, to characterize the partICIev_vith several attraction range®=0.3, 0.2, 0.152, 0.1, and 0.05, as indicated

particle interaction potential, we introduce the SW attractionin the figure. For comparison, the data for a repulsive HC fluid are presented

which is superimposed on a HC repulsion as follows: as well(filled symbol3. Inset: s versus attraction rang@at a fixed pack-
u(ry=», r<o, ing fraction $=0.697; the notations are the same as on the main part of the
figure. Lines are guides to the eye.
=—¢, o=1r<0+95, (1)
=0, r=0+9, 1 _
where € denotes the attractive well depth, aAdts width, he= N—E e'%k|, (2
i.e., the characteristic attraction ring outside the repulsive nn Ik

core o. Without loss of generality, we assumee=1 in the  wherej runs over all disks in the systerk,runs over all
remainder of the text. We have carried out a series of canonitgeometric” nearest neighborén) of disk j, each obtained
cal and grand canonical Monte Carlo computer simulationshrough the Voronoi analysfsandN,,, is the total number of
for purely repulsive HC disks, i.e., assumieg0, 6=0 and  such nearest neighbors in the system. The audglds de-
for disks with an attractive interaction whes0 andé#0. A fined between some fixed reference axis in the system and
square simulation cell with periodic boundary conditions andthe vectorg“bonds”) connecting nearest neighbgrandk.
Iength sideL=20 for both _ensembles was employed. The”L RESULTS AND DISCUSSION
particles numbelN was varied from run to run to cover a
range of values of the packing paramefert is known that Figure 1 displays the set afg profiles versus particle
there is a pronounced system-size effect in the simulations gfacking ¢ for the HC and SW fluids. In the case of the HC
2-D melting transitiorf. The use of a relatively modest sys- fluid, which is the natural reference system in our study, the
tem size in our study is justified by our primary interest inrelationship between the orientational order and density
the prefreezing, i.e., equilibrium-fluid phase, and not in theseems to be well understood in the literattifthe data gen-
transition region. Furthermore, we are interested in the qualierated for a reference HC system in our study, displayed in
tative changes of the ordering behavior in the systems config. 1, show that the fluid—solid transition in the repulsive
posed of the same number of particles, i.e., the same sizdC fluid, as follows from our simulations, is similar to that
systems, but with different interaction parameters. found by other author$The latter may serve as a simple test
A standard Metropolis algorithm was applied to obtainof the computational procedure applied then to a system
the ensemble averages of the dense equilibrium fluid. Theomposed of particles with an attractive SW interaction as
results from the simulation runs were equilibrated for at leastvell as a test of a system size effect on the data collected for
2% 10’ iterative steps. The productive runs were averaged a SW fluid.
least over 600 configurations, each relaxed by iférations. The main result of this letter follows from the analysis of
The acceptation rate was fixed between 20% and 30%. the evolution of bond-orientational order paramefgras we
Order within a monolayer formed from identical par- gradually change the range of the attractive interacifon
ticles can take the form of translational and/or bond-from §=0.3 to 0.05. The attraction strength determined by
orientational order. Translational order can be studiedhe reduced paramet&F =kT/e in all cases remains fixed at
through the radial distribution function and is not an issue ofT* =1.5. This value ofT* is well above the 2-D fluid—solid
the present study. A quantitative measure of bondcoexistence liné,i.e., the SW fluid is maintained in a pre-
orientational(hexagonal order is provided by the so-called freezing equilibrium-fluid state. As can be seen from Fig. 1,
“global” bond-orientational order parameteys, that was depending on the range of attracti6nthere are three differ-
evaluated during the simulation runs using the followingent types of behavior of the orientational order parameter
definition? eV in an attractive SW fluid when compared to the orien-
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tational order paramete;fg'c of the reference HC fluid at the 1.0

same packing fractiog. First, turning on an attractive inter- ] C—15=0.05
1004 - HC

action with a range’=0.3 leads to a significant increase of
orientational order in the SW quidwgw in a prefreezing
equilibrium-fluid phase exhibits a magnitude that is compa-
rable to that ofyiC shown in a crystalline phase. Second,
reducing the range of SW attractidfrom 6=0.3 to 0.2
causesys" to decline, and when the range of attraction is
reduced to5~0.15, the orientational order in an attractive
SW fluid practically follows the same scenario as the one
observed for a reference HC fluid. Third, whérs further
reduced(from 6~0.15 to 0.1 and 0.05parametews" con-
tinues to decrease, assuming values that are far lower than
those observed for a purely repulsive counterpagt?, at
the same densities.

The inset of Fig. 1 presents the values assumed by the ¢
bond-c_)rlentatlonal order pa}ramet%.versus th,e range_Of FIG. 2. The same as in Fig. 1, but at different attraction strengths for an
attraction & for the SW fluid at a fixed packing fraction aractive sw fluid-T* =1 (dashed ling T*=1.5 (solid ling), and T* =2
$=0.697, that is just before the freezing point of the HC (dotted ling. The three groups of curves correspond to the different attrac-
ﬂuid, and Corresponds to an equ”ibrium_ﬂuid phase for antion range§:5:0.3, 0.1.52, and 0.05 with the_ same nota'tions as in Fig. 1.
atractive SW lid;the lattr is ensured by the comparisor[*e2€001 O e v 2, s severiaia rons poyons at pck
with the phase diagram fluid simulated by Bolhetsal” The  eye.
plot shows that the dense SW fluid wi#+0.3 exhibits a
very high degree of hexagonal ordering. However, as the
range of induced attraction decreases, the SW fluid loses igualitative difference in the particle coordination within
“global” sixfold coordination, and when the attraction range monolayers formed from the SW fluid with an attraction
becomes extremely shor6=0.05, the attractive SW fluid range that is large(6=0.3), and shorte(6=0.05 than the
shows a very low “global” hexagonal order. crossover rangé~0.15. If the attraction range is larger, al-

So far, we have analyzed the ordering phenomena in afost all of the polygons are already hexagons, i.e., nearly all
attractive SW fluid with different attraction rangésbut at ~ particles are six-coordinated, and the number of defges
the same attraction strengii. Figure 2 showsjg vs ¢ at  ticles not having six neighborsés very small. In contrast, in
reduced temperaturds =1 (dashed linesand T* =2 (dot- @ monolayer formed from a SW fluid with a shorter attraction
ted lineg that are lower and higher, respectively, theh  range, about 30% of the particles are involved into odd-fold
= 1.5 discussed in Fig. Gshown by solid lines in Fig.2By  (pentagon and heptagpoonfigurations. The reference fluid
decreasing the attraction strengdtincreasing the tempera- of purely repulsive HC particles and SW fluid wih=0.152
ture), as expected, the SW fluid, irrespective of the range ofire practically identical, both having about 20% of the par-
the attraction, shows a tendency to approach the thermodyicles that belong to defects.
namic state of the unperturbed HC fluid. However, this oc-  The corresponding sequences of the defect maps and the
curs in two different waysi) if >0.15(8=0.3 in Fig. 2, individual particle trajectories, for the conditions discussed
this is accompanied by a decreasejgf which is consistent in the previous paragraph, are shown in Fig. 3. A structural
with a melting of existing ordered domains, similar to whatanalysis reveals that the monolayer formed from the SW
occurs in a simpléargonlike fluid; (i) if §<0.15(6=0.05 fluid with 6=0.3 is a nearly defect free and crystalline do-
in Fig. 2), this is accompanied by an increase/gf, i.e., the  mains are already present; very few defects occur in the form
SW fluid with a short-ranged attractive interaction become®f isolated or closely bound pairs. As the attraction range is
more ordered when the strength of attraction diminishes, iieduced, the defect structure becomes more complicated in-
apparent contradiction with intuition. On the other hand, agrolving chains foré=0.15, and grain boundaries and defect
the attraction strength increases, the orientational order p#&lusters for6=0.05. What we observe is a result of an in-
rameter for the SW fluid, irrespective of the range of attrac-creased particle motion due to the greater free volume in the
tion, assumes the values that move away from the orients8ystemi* when the attraction range becomes shorter. How-
tional order observed in the reference HC fluid. Howevergver, in the first stage, when the range is reduced i#e10.3
again it occurs in two different waysi) for a SW fluid with ~ to 0.15, the particle motion is preferentially vibrational in-
5=0.3, order paramete continues to grow, indicating a side hexagonal cagéspots and chains on the trajectory plot
smooth expansion of the region with sixfold coordination toare rather thick When the range is further reduced from
the lower densities(ii) for a SW fluid with =0.05, the = 6=0.15 to 0.05, the traces of one-dimensional stringlike and
quantitative changes ifi; are not so apparent, although the rotational collective particle motion appé€ar.
tendency to low ordering persists.

The inset of Fig. 2 shows histograms of the fraction oflV. SUMMARY AND OUTLOOK
particles that belong to five-, six- and sevenfold Voronoi  Summarizing, we presented here the results of MC simu-
polygons, at$p=0.697 andT* =1. One can clearly see the lations of the ordering behavior within a monolayer of
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FIG. 3. The Voronoi analysifleft) and trajectory plotgright) obtained with the MC algorithm for 1000 consecutive iterations before equilibration, for an
attractive SW fluid with different attraction range®=0.3 (a), 0.152(b), and 0.05c). All data correspond to packing fractie®=0.697 and attraction strength
T*=1. The empty circules represent particles with a hexagon arrangement, while circules with solid and hollow dots correspond to partcicles Burrounded
five- and seven-sided Voronoi polygons, respectively. The data for a repulsive HC fluid are practically identical to &l 1&2 (b).

spherical particles interacting via an attractive SW potentiafreezing density. To quantify the order within the monolayer,
with an attraction rangé varying from 0.3 to 0.05. All simu- the “global” bond-orientational parametefs was evaluated

lations have been performed at the densities that correspomtliring simulation runs. We find that if the range of square-
to the equilibrium-fluid phase, i.e., at the densities lower tharwell attraction is approximately 15% of the particle diameter,
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the dense attractive fluid shows the same ordering behavighe attractive SW modelwith 5=0.152 if “attraction” is
as the same density fluid composed of purely repulsive hargssociated with the entropically driven hexagonal self-
spheres. Fluids with an attraction range larger than 15%acking(self-depletionin a fluid of dense HC disks. In other
show an enhanced tendency to crystallization, while disordef, .45 5=0.152 for a 2-D hexagonal configuration is exactly
occurs for fluids with an attractive range shorter than 15% ofpo o5int where the nearest neighbors distance coincides with
the particle diameter. the ran f attraction. I8 smaller then neighbors are forced

It is worthwhile to mention that the same density refer- € range ot attraction. 1a smafier then neignbors are force

1o get closer, which destroygg; if Jis larger, on the other

ence HC fluid with no attraction does not represent the lim _ . : : .
iting cased—0, but marks a crossover between two classeg'and' the attractive zone keeps neighboring particle rings
’ together enhancing. The results of Figs. 1 and 2 seem to

of attractive SW fluids that clearly is demonstrated by the Upbort this sugaestion: two model fluids. one attractive SW
data presented in the inset of Fig. 2. One class of attractivﬁu%pwith 50 359 and a.nother urely re lesive HC fluid. in
fluids prefers the strong hexagon@drystalline ordering d Ib fluid oh P byh P hibi . "I
while another exhibits a very low hexagonal coordinatian ‘S gnsg equil n:th‘r:-hw ' P Aajs. . ot I ex hl it verygmgs\;
glass-forming fluigl. This crossover occurs if the attraction O -orientational behavior. Itionally, the attractive

range assume values of the orderésf0.15. Notice that the f'“"?' t\.N'th fwo.li shfws ? We‘;l‘( :dfeper}Qencde agam;t the
existence of two distinct 3-D colloidal fluids in an attraction Y2/'ation of an attraction strength. It confirmed experimen-

range equivalent to 0:35>0.05 has been predicted by tally,l this wom::d dbe an :mﬁfrta?:] obstervatl?r:hth?t,ttfort_ex-”
Tejero et al” By means of a perturbation theory analysis, 2MP'€; May Shed some fight on the hature of the “aftraclive

“ R ” H H 0,11
these authors have shown that in such an attraction rangar;nd repulsive” states infmetastablgcolloidal matter.

there are two different types of phase diagrams: the first witrt1 timilr:y, the reslutl;c]s pres?nted |nr:h|s Stu% can belllmpor—
only one stable fluid—solid transitidmith metastable fluid— anttor tne general theory of amorphous Solids as wetl, since

fluid and solid—solid coexistengewhile the second is char- :he prfoblerrc; prestlanted hers 'S cICoser related W'tth the;ogma—
acterized by a solid—solid transition with a critical point and lon of random close packingRCP arrangements in 2-

a solid—solid—fluid triple point. Based on the results of ourSyStemS' Recently, the concept of RCP, which has been used

study, we can speculate that the first type of the phase did®> @ paradigm model for amorphous materials, has been put

gram in a 2-D fluid is associated with an attraction rangeInto doubt, because if one increases the packing, the degree

6>0.15, while the second will occur #<0.15. Partially, this of order rises. At the supposed value of the density for the
is alrea’dy confirmed by computer simulations of iBoIhuisRCP’ still there is a certain degree of order. The simulations
et al® where both the 3-D and 2-D solid—solid transition in adiscussed here can be thought of as an algorithm to produce

SW model have been detected and both occur if the width Ogifferent degrees of order with the same packing fraction.
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