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Molecular dynamics simulation of compression-induced solid-to-solid phase transitions
in colloidal monolayers
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The compression of two-dimensional colloidal monolayers, consisting of polystyrene particles trapped at an
oil-water interface and interacting via dipole-dipole potentials, is investigated by the molecular dynamics
technique. In particular, the pair correlation function and global orientational order parameter of the monolay-
ers are calculated as a function of the particle coverage. The simulation results exhibit a sequence of
hexagonal-to-rhombohedral-to-hexagonal phase transitions of the monolayers under anisotropic compression.
The influence of defects in the monolayers on the solid-to-solid phase transitions is also examined. The
simulations show that the stability of the rhombohedral phase is relatively sensitive to lattice defects, while,
under the same conditions, the hexagonal phase is very stable. Finally, the simulation results are compared with
recent experimental observations, and the implications of the present computer simulations for diffusion
mechanisms and protein folding studies are discussed briefly.
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I. INTRODUCTION [7,9,11] found results that were not consistent with the pre-
dictions of the KTHNY theory. In these investigations, the
Colloidal particles occur widely in nature and have manyparticles trapped at a two-dimensional interface were repre-
practical applications in widely diversed technological fields,sented by different interaction potentials. For instance, Kalia
such as inks, detergents, paints, oil recovery, paper and focnd Vashishtd7] used a dipole-dipole interaction potential,
manufacture[1—3]. Recently, it has been shown that the While Frenkel and McTaguf8] and Toxvaerd9] employed
presence of colloidal particles at interfaces can drasticallyhe Lennard-Jones potential to model the particle monolay-
affect the physical properties of the interface, such as th&'S- Zangi and Ric¢l1] used another interaction potential
stability of emulsions and foarmigi—6]. In addition to the designed to have the features inferred by Marcus and Rice

technological importance, monolayers of charged colloida[lﬂ' The a|?ptljlce;tr|]on of thesehdlfferent |_n'iera;ct|on Ipot_entlal_?h
particles trapped at an interfagsuch as air-water or oil- may, In part, be the reason why a consistent conciusion wi

watei have been proposed as analogs to two—dimensionécfgard to the validity of the KTHNY theory has not yet been
ra

condensed-phase atomic systems. Here, the main intereﬁgown [12]. In the experimental study of Armstrongf al.

. . ) . . )], the system of polystyrene particles of 2.8& diam-
;tems from their .ab'“ty tq rephgate melting and crystalliza- eter at the air-water interface showed evidence of defect-
tion phenomena in two dimensiofizg—12).

! . ! . mediated melting and of an intermediate hexatic phase, while
Since Pieranskil13] flr_st found t_hat polystyrene particles melting in their 1.01xm system appeared to proceed by a
are trapped at the air-water interface and form two-yea first-order transition. This would imply that the differ-
dimensional triangular lattices, much attention has beeRnce in melting behavior between the two samples reflects
drawn to the determination of their physical and thermody-gifferences in defect core creation energies which can be
namical properties. Highly uniform microspheres@.1-5 traced to the sphere size.
wm in diameter are commercially available. These particles  |n spite of these controversies, there is no doubt that de-
are large enough to be observable using optical microscopyects will play an important role in the physics of phase
and their positions and trajectories can therefore be easilyransitions. Recently, Aveyaret al. [18] presented detailed
monitored. In addition, the interaction between these parexperimental results on the structural variation of hexagonal
ticles is relatively simple, which makes these systems veryarticle monolayers under compression at air-water and oil-
attractive to theoretical and experimental studies. water interfaces. An interesting result of this work was the
In the 1970s, Kosterlitz and Thoulegk4], Halperin and  observed anisotropic reduction of the lattice constants of the
Nelson[15], and Young 16] (KTHNY) put forward a theory monolayers under compression, i.e., a hexagonal-to-
of defect-mediated melting in which it was proposed that thehombohedral phase transition. In the present study, we are
dissociation of dislocation pairs causes the two-dimensionatoncerned with a theoretical model of the compression of
solid to melt via sequential, continuo(is contrast to first-  such two-dimensional particle monolayers at the oil-water
ordep phase transitions. Subsequently, many computer simunterface. For this purpose, the molecular dynan(igtd)
lation studies, employing the molecular dynamics or Montetechnique was employed in the computer simulations. The
Carlo techniques, were carried out, with some grd@%2]  primary aims are to investigate the conditions for the occur-
claiming support for the KTHNY theory, while others rence of solid-to-solid phase transitions, and to establish the
role that defects play in the structural stability of the mono-
layers. As will become clear in the bulk of the paper, this
*Email address: t.stirner@hull.ac.uk also has important implications for diffusion mechanisms in
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solids and for the study of the surface activity of antibodytions (we will come back to this point in the next sectjon

monolayers. The cell area is determined by the particle covera@e.,
A= mR?N/coverage). The system is then allowed to relax
Il. COMPUTER SIMULATION DETAILS into a local equilibrium configuration before the monolayer

compression begingThis procedure is analogous to the ex-
In our earlier work{19] we have described an MD model periments, where the monolayers were left4ot5 min—1 h
to simulate the compression of monolayers of polystyrengyrior to the start of the measuremeft$,21].) In the experi-
partiCIeS at an oil-water interface in detail. Possible interaCments[ls], the Compression of the m0n0|ayers was aniso-
tion mechanisms between the particles, i.e., charge-charggopic. Hence, in the MD simulations, the distance between
charge-dipole, and dipole-dipole interactions, were distwo parallel sides of the simulation cell is reduced slowly,
cussed. Attention was then focused on a calculation of ththCh Corresponds to an increase in the value of the cover-
surface pressure of the monolayers, and the results wekgye. The coverage is incremented in steps of 0.05, which
compared with the experimental measurements of Aveyarghkes typically 10 000 time steps, with a time step of 40 ns.

etal. [18]. These calculations showed that, for certain ex-The system is then equilibrated fer5000 time steps at each
perimental condition§18], there is a significant contribution yajue of the coverage.

from charge-charge interactions for large particle separa- |n order to characterize the structure of the colloidal

tions. However, it was also demonstraféd] that the short-  monolayers quantitatively, we have evaluated the pair corre-
range particle interactions can be very well approximated byation function[20]

dipole-dipole interactions. Hence, in the present work, we
will focus on dipole-dipole interactions only. A/N N
In Ref.[19], we have derived an expression for the inter- gn=—{ 2 > sr—ry )
action energyE between two parallel point dipoles of mo- N®\ =1 j#i
mentP. Each dipole was assumed to be located on a particle _ )
of radiusR, with the center-to-center separation between thénd the global orientational order paramejtet]
particles being denoted by The final equation is given by

1 13
p? P 2 T @
(2t (£ 2R)—In(r-2R)), (1 B

B 16mer . . . .
e whereA is the area of the simulation cell is the number of

wheree is the permittivity of the dielectric mediurin the ~ Particles,n; is the number of nearest neighbors to particle
present case oil with a value ef=2). The interaction en- Tij(=Ti—T;) i the separation between particieandj, and
ergy in Eq.(1) behaves as 2 for larger and is employed in  @ij iS the angle between;; and an arbitrary fixed axis.
the present MD simulations of the colloidal monolayers atEduation(2) gives the probability of finding a pair of par-
the oil-water interface. In order to make the water—oil—tcles a distance apart, relative to the probability for a com-
particle-monolayer system tractable on a computer, only thgletely randozm distribution_ _at the same particle density. The
interactions between the colloidal particles are evaluated iquantity|®¢|* is very sensitive to the structural order of the
the MD calculations, while the oil phase is simulated by itsSyStem. When the monolayer is in a randgffiuidiike” g
static dielectric constant in the particle interaction energie®hase and there is no strzuctural order, the valugdef

(only the interactions between the particles through the oif<1- On the other handgbs|“ takes a value close to 1, when
phase are considered since the relative permittivity of watet® colloidal particles form a crystal with hexagonal order.
is 78 at room temperature, compared with a relative permit-

tivity of oil of 2). The oil-water interface is assumed to be [ll. RESULTS AND DISCUSSION

planar, since we know from the experimefis3] that the
colloidal particles are trapped in a deep surface potential
well, and that monolayer folding and/or corrugations only The particle configuration after the initial equilibration
occur above the monolayer collapse pressure. In the presephase at a coverage of 0.3 is shown in Fig)1The corre-
study, the particles are large enougparticle radiusR  sponding pair correlation function is shown in Fig. 2. As can
=1.3 um) not to be affected by the Brownian motion. The be seen, there is good local, hexagonal order in the mono-
MD simulations of the monolayer compression are perdayer (the ratios of the lattice constants for the first four
formed forN=1000 colloidal particles in a rectangular cell peaks in Fig. 2 are almost exactly\R:2:\/7 corresponding
with periodic boundary conditions. Convergence tests foito perfect hexagonal packingHowever, the monolayer ex-
this system(i.e., to eliminate finite-size effegtsvere pub- hibits a number of domains of different lattice orientation,
lished previously in Ref{19]. Initially, the particles are dis- with lattice defects occurring predominantly at the grain
tributed randomly within the simulation cell. Similarly, the boundaries. Here, some particles have five and some have
particle velocities are sampled randomly from a Boltzmanrseven nearest neighbors. This is shown schematically in Fig.
distribution[20]. The ratio of the potential to kinetic energy 1(b), which displays the same configuration as Fi@@) Bx-

of the particles was chosen to be relatively latge., 3.77  cept that the particles with five nearest neighbors are labeled
x 10P), in order to obtain acceptable run times of the MD B, the particles with seven nearest neighbors are labisjed
computer program on the machine employed for the calculawhile the particles with six nearest neighbors are lab&ed

A. Compression of particle monolayers
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Active Y Figure 3 shows the pair correlation function for the case
where the monolayer of Fig. 1 has been compressed to a
X coverage of 0.35. The pair correlation function for this cov-
c.C.c ¢ cc cc Cc Cpo Co .CnC erage is similar to that shown in Fig. 2, except that the main
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FIG. 1. (a Initial (relaxed configuration of the particle mono-
layer at the oil-water interfacgparticle radius R=1.3 um;
coverage=0.3). (b) Schematic diagram of the coordination numbers 30 1
of the particles corresponding to the configuratiorian B, C, and =
p p 9 >
N denote particles having five, six, and seven nearest neighbors, | i
p g 9 20
respectively.
It is interesting to note that most defects occur in péérg., 10r ]
pairs ofB’s usually denote edge dislocation¥his indicates Jk
that defect pairs have a lower energy than two isolated de- 0 2 .
fects. Similarly, some particles that do have six nearest 0 5 :/g 15 20

neighbors do not form congruent hexagons with their neigh-
boring unit cells. In addition, the largest, central domain con-  FIG. 3. Pair correlation function of the monolayer shown in Fig.

tains several dislocation&learly visible on inspection of 1 compressed to the particle coverage of 0.35.
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FIG. 4. Pair correlation function of the monolayer shown in Fig.

1 compressed to the particle coverage of 0.45. FIG. 6. Percentage of defectparticles having either five or
seven nearest neighboras a function of coverage for the mono-

layer. In addition, all grain boundaries have disappeared an@ver of Fig. 1.

the monolayer is almost defect free.

The process described immediately abovef a  coverage of~0.55) gives rise to only a slight decrease in the
hexagonal-to-rhombohedral-to-hexagonal phase transison number of defects, mainly because the intermediate rhombo-
then repeated for increasing coverages. This is illustrated inedral phase is already of very high structural quality. We
Fig. 5, which shows the height of the first peak of the pairnote here that the absolute magnitude of the percentage of
correlation functior(corresponding to the number and distri- defects is somewhat arbitrary since it depends on the exact
bution of nearest-neighbor particjess a function of cover- initial particle configuration(which is chosen randomly in
age. Visible in this figure are two distinct maxintat cover-  the present calculationsHowever, the occurrence of two
ages of ~0.45 and 0.55 corresponding to hexagonal consecutive hexagonal-to-rhombohedral-to-hexagonal phase
packing. The third maximungat the initial coverage of 0)3 transitions is independent of the exact choice of initial con-
is much reduced in height compared with the other twofiguration. Similarly, the global orientational order parameter
maxima, due to the large number of defects present in th&r the monolayer, shown in Fig. 7, increases to a value of
monolayer at this coverage. For intermediate coverdiges | ®g/?~0.97 beyond the first rhombohedral-to-hexagonal
tween two maximg the packing is rhombohedral. phase transition point, which reflects the good, long-range

The percentage of defects in the monolayeefined as orientational order of the compressed lattice structure. The
the ratio of the number of particles having either five ormagnitude of®¢|? is mainly affected by two structural char-
seven nearest neighbors to the total number of parjielest ~ acteristics of the monolayer. First, the number of lattice de-
function of coverage is shown in Fig. 6. As mentioned abovefects, i.e., a larger number of defects gives rise to a smaller
the number of defects decreases dramatically at the firstalue of|®¢|? since defects disrupt the order of the triangu-
rhombohedral-to-hexagonal phase transition pGinta cov- lar lattice. Second, the deformation of hexagons, i.e., even
erage of~0.42). In contrast to this, the second compressionfor a monolayer without defects, the deformation of the
induced rhombohedral-to-hexagonal phase transitama hexagons gives rise to a decrease in the valuebgf?. For

example, the low values dibg|? in Fig. 7 for coverages

120
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= 08 r
% 80 |
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o 60| N 06
S )
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@' 40 04 r
20
02
0 . , .
0.3 0.4 0.5 0.6 0.7 0.0 . ) X
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coverage
FIG. 5. Height of the first peak of the pair correlation function

corresponding to the monolayer shown in Fig. 1 as a function of the FIG. 7. Modulus squared of the global orientational order pa-
particle coveragérepresenting the compression of the monolayer rameter versus particles coverage for the monolayer of Fig. 1.
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the triangular lattice under compression. ltis interestingtole e e o o & & ¢ p ' 2 0 0 0 0 p
note that the behavior shown in Figs. 6 and 7 is very similar ) )

to the liquid-to-hexatic phase transition observed in the MD. FIG. 9. Configurations of the monolayer at the coverage of 0.35.

simulations of Zangi and Ridd.1] and Terao and Nakayama The initial conflgura_non of the monolayéempty circle$ was ob-
[12] tained by compressing a perfect hexagonal monolé&yfecoverage

=0.3) anisotropically and then removing a particle. The final con-
figuration, obtained after isothermal relaxation, is represented by
stars.

B. Schottky defects

We will now examine the influence of lattice imperfec-
tions on the stability of the monolayers in more detail. ForThe initial and final configurations for this scenario are
this purpose, we have introduced a Schottky defect by reshown in Fig. Awhere the empty circles represent the initial
moving a single particle from an otherwise perfect mono-configuration and the stars the final, energy-minimized con-
layer. The vacancy is created near the center of the simuldiguration. The corresponding pair correlation functions are
tion cell and the remaining particles are then allowed to relaxshown in Fig. 10. As can be seen, both the initf. 10a)]
into the nearest local equilibrium configuration. For a hex-and the fina[Fig. 1Qb)] configurations are rhombohedrally
agonal lattice at a particle coverage of 0.3 we find that thepacked(cf. Fig. 3). However, the relaxation of this mono-
creation of a vacancy does not impede the stability of thdayer(i.e., Fig. 9 leads to a reduction of the potential energy
monolayer. The only effect of the vacancy is the displaceby 0.5%, while the relaxation of the monolayer correspond-
ment of neighboring particles in the direction of the defect.ing to Fig. 8 (for a coverage of 0)3leads to a potential
This is illustrated in Fig. 8, which shows the root-mean-energy reduction by only 0.04%although its total potential
square displacement of the particles adjacent to the vacanognergy is, of course, lowgr
As can be seen, the displacement, in particular of the nearest The MD runs for higher particle coverages show similar
neighbors, is significanti.e., over 60% of the particle ra- results. In general, if a configuration is initially close to hex-
dius). However, the displacement of next-nearest neighborsagonal packing, only the nearest neighbors of the vacancy
etc., is much smaller and decreases rapidly as their distancelax, whereas if a configuration is initially in rhombohedral
from the vacancy increases. This behavior was also found ipacking, the monolayer rearranges completely in order to
the theoretical studies of Fishet al. [22], Cockayne and expel the vacancy. For example, if the monolayer at the cov-
Elser[23] and Freyet al. [24], and was recently observed erage of 0.35already in rhombohedral packings further
experimentally by Pertsinidis and Lin@5], who used an compressed to the coverage of 0.4, the monolayer restores
optical tweezer method to create a vacancy in a monolayer aflose to hexagonal packing during the compression. If then a
0.36.um diameter polystyrene-sulphate microspheres convacancy is created and the monolayer is allowed to relax
fined between two fused-silica substrates separated hgothermally, only the particles in the vicinity of the vacancy
~2 um, will relax. This is shown in Fig. 11where again the empty

In stark contrast to this, we find that, on repeating thecircles represent the initial configuration and the stars repre-
above procedure for a monolayer which is anisotropicallysent the final configuration although, as can be seen, the
compressed to the coverage of 0.35, the whole lattice readisplacement of these particles is quite large and extensive.
ranges such as to expel the vacancy from the simulation celFurthermore, it is remarkable how groups of particles seem
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containing a vacancy at a coverage of 0.4 and final configuration
y
starg after the isothermal relaxation.
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structure the presence of a vacancy only gives rise to a local
FIG. 10. Pair correlation functions of the monolayers shown inparticle relaxation, while at the coverage of 0(8& a rhom-
Fig. 9 (a) before andb) after the isothermal relaxation. bohedral structupethe vacancy triggers the phase transition
(cf. Fig. 9. Since imperfect hexagonal structures contain
to move CO”eCtively along certain lattice orientations in Fig.even more lattice strain ener@yt the same Coveragahe
11. Fundamenta”y, this behavior iS, of course, due to the fa%articles have a h|gh propensity to rearrange in order to form
that for the present system, hexagonal packing is energety more stable configuration. In addition, the results described
cally favorable in comparison with rhombohedral packing.in this section show that the presence of vacancies can trig-
Anisotropic compression necessarily leads to rhombohedrgler such phase transitions at even lower coverages.
packing, after which, in general, the system attempts to re- Finally, we note again that the calculations presented here
store to hexagonal packir(gr at least to a configuration that ere carried out for a relatively large ratio of the potential to
is close to hexagonal packingHowever, for the transition kinetic energy of the particlegof 3.77x 10°), which facili-
from rhombohedral to hexagonal packing to occur, there igates the MD simulations in terms of the CPU time required
an energy barrier to overcome. Arising from the conversiong achieve equilibration. A system with such a high ratio of
of the wor.k done by moving the simulation cell boundary ONpotential to kinetic energy is crystallin@6]. We have re-
compressior{or, equivalently, the Langmuir trough wall in peated the calculations for lower ratios, and have found that
the experimentp21]), the monolayer system possesses a cefthe main results described in this paper are essentially un-
tain amount of excess lattice strain enefgg., the energy changed, although their magnitudés particular, with re-
difference between the rhombohedral and the hexagon@lpect to the large-scale particle rearrangeneats greatly
phasg¢. The simulation results discussed in Sec. Il A havereduced. This can be easily understood since, for lower ratios
already demonstrated that the buildup of this lattice strairyf the potential to kinetic energy, the interactions between
energy on compression of the monolayer can, eventuallythe particles are weaker.
lead to a phase transition if the excess strain energy exceeds
the energy barrier between the rhombohedral and the result- IV. CONCLUSIONS
ing hexagonal phase. As the excess strain energy is released,
the monolayer relaxes into a local equilibrium configuration. Molecular dynamics simulations of the compression of
Now, the purpose of creating a vacancy in the monolayer isolloidal monolayers at the oil-water interface have been per-
to introduce an energy perturbation to the system. If thdormed in order to investigate the occurrence of solid-to-
monolayer is already on the brink of a phase transition, angolid phase transitions and the role that defects play with
small energy perturbation will trigger the phase transition. Asregard to the stability of the monolayers. It was found that
was shown in Fig. 8, at the coverage of (f@ a hexagonal the compression of the monolayers has “healing” effects on
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imperfections in the monolayers, i.e., initial defects vanishlattice. However, if the strain energy of a rhombohedral lat-
rapidly as the compression proceeds. The MD simulationsice is sufficiently large, the vacancy formation can lead to a
also showed that an anisotropically compressed monolayeearrangement of the particles and the concomitant expulsion
undergoes a sequence of hexagonal-to-rhombohedral-tof the vacancy.
hexagonal phase transitions. The number of defects has a Recently, there has been increased interest in the investi-
direct influence on the occurrence of these phase transitiongation of the diffusion of point defects in two-dimensional
e.g., phase transitions from hexagonal to rhombohedral packolloidal crystals[25]. In three-dimensionasystems, diffu-
ing are less likely to occur if the monolayers abound withsion is thought to occur via sequential, single-particle hop-
defects(in which case the lattice spacings are more likely toping mechanismée.g., direct exchange, monovacancy, inter-
reduce isotropically However, when a monolayer has rela- stitial, interstitialcy, divacancy mechanisms, et29]).
tively few defects, it was found that transitions from hexago-However, the present results would indicate that in strained
nal to rhombohedral packing occur readily under comprestwo-dimensionalsystems, diffusion can also occur via the
sion. Recently, such solid-to-solid phase transitions were alscollective motion of many particles. Although one has to be
observed in the compression of antibody monolayerg., careful in generalizing results to higher dimensi@8@], it is
monolayers of immunoglobulin G macromolecules at the airconceivable that the generic features of the two-dimensional
water interfacd27]), which can be employed to study the diffusion mechanisms found in the present work may also
surface activity and unfolding of proteih28]. apply to three dimensions. This would be particularly signifi-
Next, a vacancy was created in an otherwise perfectant for low-dimensional semiconductor devices fabricated
monolayer in order to introduce an energy perturbation. Herdy nonequilibrium growth technique&such as molecular
it was found that the vacancy can persist in a hexagonabeam epitaxy.
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