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Crystallization in quasi-two-dimensional colloidal systems at an air-water interface
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Department of Applied Physics, Hokkaido University, Sapporo 060-8628, Japan
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The crystallization of colloidal particles at an air-water interface is investigated by computer simulations.
We numerically clarify the bond-orientational order paramabgrwith different particle concentrations. In
addition, the profiles of the pair-correlation functig(r), the orientational correlation functiags(r), and the
static structure facta®(q) of this system are calculated. We find the two-stage melting of the colloidal crystal
and the existence of the hexatic phase at intermediate concentf&ik163-651X99)06212-1]

PACS numbds): 82.70.Dd, 82.20.Wt, 64.70.Dv

I. INTRODUCTION Experimental works have been performed on these quasi-
Charge-stabilized colloidal particles have received mucf;[svt\/f(;ide';neglsg??ler?gll:'izlrsgizn{ﬁeagi]r" Zi;??;cg[z]ngf S well
attention in the field of statistical physics, polymer science, POlysty P PP 9y

and chemical engineering]. Many experiments on colloi- at an air-water interface, and observed polymer particles
9 : y exp forming a 2D triangular lattice. Murray and Van WinKl@]

dal suspensions using poly_styrene latex have been P€have shown a melting transition in 2D colloidal suspensions
formed, which dlspl_ay the wide range of structural beh;_iv'of highly charged spheres confined between two flat glass
iors. Wheq the salt ions are added in an elegtrolyte S_°|“t'°,'blates. Zahn, Lenke, and Markt6] have studied paramag-
the repulsive force between charged colloidal particles isetic colloidal particles interacting via dipolar forces in two
screened, and van der Waals attractive force dominates. @mensions, which have different microscopic interactions in
this case, colloidal particles coalesce each other and forffhe experiment. It is predicted by the Kosterlitz-Thouless-
colloidal aggregations. These phenomena have been defalperin-Nelson-Young(KTHNY) theory [1,18—21, that
scribed by a cluster-cluster aggregation mofdl On the  the nature of the melting transition in a 2D system is quite
other hand, the repulsive interaction between colloidal pargifferent from that in a 3D system: The first transition is
ticles becomes large when an aqueous solution is deionizeftom a solid phasewith quasi-long-range positional order
and the colloidal particles are suspended in a solvent. This iand long-range bond-orientational order to iatermediate
an ideal system for studying crystallization and the meltingphasewith short-range positional order and quasi-long-range
transition, because the changes are easily observed with opend-orientational order. The second transition transforms
tical techniques, and the forces between colloidal particlesuch a bond-orientational ordered phase titua phasein
are readily manipulated by controlling the chemistry of anwhich both positional and bond-orientational order are short
aqueous solution. range. Different from 3D system, it is expected that there is
A three-dimensiona(3D) colloidal system has been in- such a characteristic bond-orientational ordered phase called
vestigated to clarify its structure and thermodynamic properthe hexatic phaseHowever, the results of some experiments
ties[1,3-5. The colloidal particles suspended in an aqueousind computer simulations are inconsistent with regard to the
solution acquire charges and interact via an electrostatic p@bove theoretical prediction. These studies raise the issue
tential. As the screening effect is reduced, the repulsivéhat the melting transition in a 2D system is not universal but
range between colloidal particles increases and these paflepends on specific properties such as the interparticle po-
ticles form acolloidal crystal On these systems, there is an tential [11,15. The effect of the confinement of colloidal
order-disorder transition as a function of the particle concenparticles is not fully understood, and detailed investigations
tration ¢ and the ionic strength in an aqueous solution. Rob-of the colloidal system with various interparticle potentials
bins, Kremer, and Gredt3] have clarified the thermody- are required to understand the characteristics of 2D crystal-
namic properties of charge-stabilized colloidal suspensionlzation and the melting transition. Especially, numerical
by molecular dynamic$MD) simulations. Monovoukas and studies for interparticle potential with the realistic colloidal
Gast [4] have investigated the colloidal suspensions ofsystem are strongly needed.
highly charged polystyrene spheres, and compared their ex- In this paper, we perform computer simulations of quasi-
perimentally determined phase diagram with the MD simu-two-dimensional colloidal suspensions trapped at an air-
lations by Robbins, Kremer, and Grds]. These studies water interface. The bond-orientational order parameétgr
reveal that there is a face-centered-culféc) structure with s studied numerically with different particle concentratin
high concentrations, and body-centered-cubize) structure  and the Debye screening length*. We calculate the pair-
with low concentrations in three-dimensional colloidal sys-correlation functiong(r) and the orientational correlation
tems. function gg(r) to characterize the structural ordering of the
Understanding the properties of quasi-two-dimensionatolloidal system. We also clarify the profiles of the structure
colloidal system is very attractive, because the phase behafactor S(q) with different particle concentrations. We ob-
iors of colloidal suspensions under confinement are expectegserve two successive transitions from the solid phase to the
to be drastically different from those in a 3D systggn-17].  fluid phase with an intermediate hexatic phase, in agreement
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FIG. 1. Schematic diagram of the quasi-two-dimensional colloi-
dal system. The colloidal particles are trapped at an air-water inter-

face. R R R R T R R
i 00

with Kosterlitz-Thouless-Halperin-Nelson-Young theory. sl
This paper is organized as follows. In Sec. I, we describe
the model of colloidal particles at an air-water interface. In
Sec. Ill, the numerical results on the bond-orientational order
parameter, the pair-correlation function, and the orientational R R R
correlation function are displayed. We also show the results SRR R
of the structure factoB(q) on these system. Section IV is
devoted to discussions and conclusions. e e

FIG. 2. Snapshots on the equilibrium state of colloidal particles
Il. MODELS at an air-water interface. The Debye screening length is taken

) . i ) to be k=200 nm. (8) Fluid phase ¢=0.005), (b) solid phase
In this section, we describe the model of qua5|-two-(¢zof(02). @ P ¢ ). (®) P

dimensional charged colloidal particles. The electrostatic in-
teractions between colloidal particles have been clarified b¥ions

previous studies, which are derived from the I|near|zeddielectriC constant of watee in Eq. (1) are taken to ber

Poisson-Boltzmann equatiofi3,23. Figure 1 shows the _ 550 ande=80, respectively. The surface charge of col-

schemgtlc diagram of _charged colloidal partlcles at an ainjqa) particlesZ and the diameter of a particteare taken as
water interface. In this case, the colloidal particles ar

trapped in a surface energy well at an air-water interf8¢e *2=500 anda= 100 nm, respectively, which are realistic val-
The pair-potentiaV(r) between colloidal particles is given ues for actual colloidal suspensions. .To check the finite size
by [23,24] ef_fect, we _perform calculations with different nu_mber of col-

' loidal particles such abl=1024 and 2048, treating a larger
number of particles than previous studjé®,11,25,26 The
obtained results with different number of particlsshow

V(r)=4 Z%? Efoo 2Jy(2) for 1> good agreement. We perform very long simulation runs to
Gmeeg T Jo S+ (k)3 2 zle " 'T® obtain true thermodynamic equilibrium states. The number
(1) of Monte Carlo step§MCSs is taken to be over 400 000
MCSs for each calculation. Figure 2 shows the snapshot of
whereZ, e, a €, ande are the surface charge of the colloi- the colloidal particles trapped at an air-water interface. Fig-
dal particles, the elementary charge, the diameter of the colires 2a) and Zb) correspond to the system with the particle
loidal particle, the dielectric constant, and the relative dielec€oncentrationp=0.005 and¢=0.02, respectively. The De-
tric constant of the solvent, respectively. Hekgz) is the  bye screening lengtk ! is taken to bex 1=200nm. In
zeroth order Bessel function andis the inverse of the De- Fig. 2(@), the colloidal particles are randomly distributed,
bye screening length. In generaljis a function of the con- indicating that this system belongs to a fluid phase. On the
centration of microions in an aqueous solution. We have teontrary, the colloidal particles form a triangular lattice in
mention that Eq(1) includes arad hocapproximation since Fig. 2(b). This is a typical example of a colloidal crystal
it consists of the Debye-Hikel potential for pointlike par- formed on the quasi-two-dimensional system.
ticles, and the hardcore interactions for distancesa are The bond-orientational order parametkg was initially
incorporated. This pair potenti®(r) is dominated by expo- introduced by Nelson and Halperin to characterize the struc-
nential decay due to the screened Coulomb contribution atral order in a two-dimensional syste@7]. The value of
smallr, and by algebraic decay from dipole-dipole contribu-®¢ is defined by[26]
tion at larger [24].

In the following, the temperaturg and the relative

o0 for r<a,

1 N 1 Nbond

Il. COLLOIDAL CRYSTALLIZATION be= NmE:l Nbondn; exp(6ibpmp) |, (2

We perform Monte Carlo simulation on the quasi-two-
dimensional colloidal system described in Sec. Il. At first,where the angular brackets indicate the configurational aver-
equilibrium configurations of colloidal particles are calcu- age andé,,, is the angle between some fixed axég., x
lated under periodic boundary condition in thandy direc-  axis) and the bond joining thenth particle with anothenth
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FIG. 3. The squared bond-orientational order-paramigbgt? 4r 1
=|®4(¢)|? of the colloidal particles at an air-water interface. Filled sl ¢=0.014 _
squares and filled circles denote the results for the screening length o
«x~1=200 and 300 nm, respectively. Solid lines are only guides to % 2 .
the eye.
1F 4
particle, lying within a radius ]me, wherep,, is the local 0 . . .
density of colloidal particles at the neighbor of the particle 0 5 10 15

m. Here Ny,,q denotes the number of th@-n bond. The rom)

quantity|®¢|? is very sensitive to the structural order of the  FIG. 4. The pair-correlation functiog(r) of the colloidal par-
system. When the system belongs to a fluid phase and thetieles at an air-water interface. The surface charge of colloidal par-
is no structural order, the value ¢fb4|?> becomes|®4|?  ticlesZ and the screening length™ ' are taken to b&=500 and
<1. On the other hanqu>6|2 takes the value such as « !=200nm, respectively. The particle concentratibis taken as
|®¢|2~1 when the colloidal particles form a crystal with the ¢=0.008, 0.01, and 0.014.
hexagonal ordeftriangular lattice. ) _ )
From the obtained equilibrium states, we study the conWhere the local bond-orientational order paramefg(r) is
centration dependence of the bond-orientational order padiven by
rameter®g=d4( ). Figure 3 shows the concentration de-

N
pendence of the squared bond-orientational order parameter (T )= iﬂd exp(6i 6,1,) )
|®¢|? for the colloidal particles trapped at an air-water inter- O™ Npong i mn’

face. The filled squares and circles show the results with the
screening lengthc~*=200 and 300 nm, respectively. The Here the index counts themth particle’s nearest neighbors.
solid lines are only guides to the eye. We can see that thBigure 4 indicates the pair-correlation functigir) on the
value of| 4|2 becomes zero at small particle concentration,quasi-two-dimensional colloidal system at an air-water inter-
indicating that the system belongs to a fluid phase. Withface. The ordinate shows the valueggf), and the abscissa
increasing the particle concentratiah the value of|®4|2  indicates the distancein units of um. In Fig. 4, we show
becomes larger which shows that the colloidal particles selfthe calculated results with the particle concentrati¢n
assembly form a crystal lattice. =0.008, 0.01, and 0.014, respectively. The Debye screening
For further investigation on the structure and the physicalengthx~* and the surface charge of the colloidal particles
properties of these system, the pair-correlation funatigr) are taken to bec1=200nm andZ=500. We can see that
and the orientational correlation functigg(r) are investi- the envelope ofg(r) with ¢=0.008 and¢=0.01 decays
gated numerically6,11]. The pair-correlation functiog(r) exponentially. These results indicate that there is no transla-
is defined as tional order on the system. On the contrary, the calculated
result ofg(r) with ¢=0.014 shows th€quasijlong-range
, , 1 translational order and the crystallization of colloidal par-
g(r)=(5(r") a(r —r)>=<?§m: n;m Al m)8(rn=1) | ticles at an air-water interface. This feature qualitatively
(3)  agrees well with the previous experiment on colloidal par-
ticles at an air-water interfade].
wherer,, is the positional vector of a particlm and the Figure 5a) shows the orientational correlation function
angle brackets imply the averaging over all angles|t|) gg(r) on the quasi-two-dimensional colloidal system. Figure
and different samples. The profile g{r) displays the exis- 5(a) represents the calculated resultsgaf{r) with particle
tence(or nonexistenceof the translational order on the sys- concentrationsp=0.008, 0.01, and 0.014, respectively. At
tem. The orientational order parametgy(r) is defined as  $=0.008, the envelope ajgz(r) decays exponentially and
. , becomes zero at—oo, indicating that there is no bond-
_ (P () ge(r' —1)) (4)  Orientational order. It is striking thags(r) at ¢=0.01 and
{8 s(r' =)y ¢=0.014 in Fig. %a) take nonzero values at>10um. At

N N

gs(r)
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FIG. 5. (a) The orientational correlation functiogg(r) of the ts- X d . s toge
colloidal particles at an air-water interface. The surface charge of g
colloidal particlesZ and the screening length™* are taken to be 2r - + .
Z=500 andx =200 nm, respectively. The particle concentration ‘ V2 * § "
¢ is taken asp=0.008, 0.01, and 0.014b) A logarithmic plot of e . ¢+ + -
the orientational correlation functiogg(r) with ¢=0.01. Straight i oy Y + + . Y7
line shows the power-law decay suchas™ Y & L A + . s
N
Lo -¥ o~ 4
¢=0.014,gg(r) takes a constant value at-, which im- 2 . $ e, £
plies that there is a bond-orientational order with these sys- o Ny . 8
tem. Figure %) shows a logarithmic plot of the orientational alr. L e, <
correlation functiongg(r) with ¢=0.01, where the straight B L TR R
line indicates a power-law decay suchoas 4. From these -4 2 0 3 4
results, we can see good agreement with the theoretical pre- g, (m’)

diction [18-21].
The structure facto8(q) is given by

1
S=y2 2 exia-(rn—ra)}, (6)

FIG. 6. The structure factd®(q) of the colloidal system at an
air-water interface. The screening length! is taken to bex ™ ?
=200nm. (a) Fluid phase $=0.008), (b) hexatic phase ¢
=0.01), (c) solid phase ¢$=0.014).

indicate the wave vectay, where the value o$(q) is larger

whereq=(qy,q,) andr,, are the wave vector and the posi- than a threshold value. In Fig(@, we can see the definite

tional vector of the particlem, respectively. Figures (6),

Bragg peaks with sixfold symmetry, reflecting the formation

6(b), and &c) correspond to the calculated results of theof the colloidal crystal. In contrast to Fig(®, there is no

structure factoiS(q) with the concentratiorh=0.008, 0.01,
and 0.014, respectively. The screening length is « 1

=200nm, and the wave vectarin Eq. (6) are taken in the
range of G<|a,, |gy/<4.0um™% Solid circles in Fig. 6

sharp Bragg peak and the isotropic profile is observed in Fig.
6(a), indicating that the colloidal crystal is melting in this
concentration(fluid phase. In Fig. 6b), we can see the an-
isotropic profiles with sixfold symmetry, and no definite
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10 - . - T - T » . - larger concentration, however, there (guasijlong-range
translational order and bond-orientational order, which indi-
cates crystallization on these systems. In the intermediate
concentration, the orientational correlation functigp(r)
shows a power-law decay such gg(r)er Y% We have
also studied the structure fact8(q) numerically. There is
no sharp Bragg peak and the isotropic profile is observed for
the fluid phase at smallep, which shows that the colloidal
crystal is melting in this concentration. There are definite
Bragg peaks for the solid phase at largemhich reflects the
formation of the colloidal crystal. In the intermediate con-
centration, we observe anisotropic profiles with sixfold sym-
metry and no definite Bragg peak. These results demonstrate
. . ' ' . that the two-dimensional colloidal crystal at an air-water in-
290 29.1 29.2 293 294 295 terface shows a two-stage melting, and there is a character-
E istic bond-orientational order called the hexatic phase at an
intermediate concentration, in good agreement with the pre-
diction by KTHNY theory[1,18-21.
We discuss the relationship between the calculated results
of the bond-orientational order parametbg= d4() and
e two-stage melting transition described above. In Fig. 3,
e value of ®¢|? increases rapidly from zero gt= ¢, and
increases slowly ath= ¢,(> ¢4). This corresponds to the
&act that the two-stage melting occurs at the concentrations
= ¢, and p= ¢, (see Figs. 4—6 which implies that the
bond-orientational order parametéry=dg(¢) is a useful
guantity to observe the two-stage melting on these system. It
is well known that there is a finite-size effect in actual com-
puter simulations as well as experimefp&l]. For under-
standing of two-dimensional melting transition, it is better to
perform computer simulations with larger number of par-
ticles and this is a future problem. In Rg8] the fluid phase
and the solid phase at an air-water interface have been stud-
IV. CONCLUSIONS ied in the experiment, but the existence of the intermediate
In this paper, we have performed computer simulations of®%@tic phase has not been investigated yet. Experimental
quasi-two-dimensional colloidal suspensions at an air-wateriudies of the hexatic phase on the colloidal particles at an
interface. The bond-orientational order parametsy has air-water interface are desired, to compare with our numeri-
been clarified numerically to characterize the structural ordef@! results and obtain a deep understanding of colloidal sys-

of these colloidal systems, with different particle concentraleM N aqueous solutions. These results give new insight into

tion ¢ and the screening length 1. The value of|®g|2 reqent studies on colloidal crystallization in restricted geom-
becomes zero at small particle concentratipnin a fluid ~ €tes-
phase. The value dibg|? increases at larger concentration

¢, reflecting the colloidal crystallization. In addition, we

have clarified the pair-correlation functigfr) and the ori- This work was supported in part by a Grant-in-Aid from
entational correlation functiogg(r) on these colloidal sys- the Japan Ministry of Education, Science, and Culture for
tems. We have observed that bailr) and gg(r) decay Scientific Research. The authors thank the Supercomputer
exponentially for smaller concentration, where there is noCenter, Institute of Solid State Physics, University of Tokyo
translational or orientational order in these systems. Fofor the use of the facilities.

P(E’)

FIG. 7. The probability distributiof?(E’) as a function of the
renormalized total energ’ =E/NkgT.

Bragg peak. Figure(6) displays that there is no translational
order, but the orientational order still remains. These result
coincide with the Kaosterlitz-Thouless-Halperin-Nelson-
Young (KTHNY) theory[1,18—-21. To our knowledge, this
is the first calculation showing the hexatic phase of charge
colloidal particles trapped at an air-water interfaEe. (1)].
We also numerically study the probability distribution of the
total energyP(E) near the melting transitiof28]. Figure 7
shows the profile oP(E) at the concentratiop=0.01. It
shows a single peak on the energy dependenc® (&),
which supports the theoretical prediction by KTNHY that
these melting transitions are continuous.
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