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finite system size. We use video- 
microscopy to study small 2D crystals Key words Two-dimensional 
consisting of approximately 10 to 100 crystallization - colloidal crystals - 
particles confined in  hexagonal, confinement - restricted geometry -- 

circular and square regions. The finite-size effects 
observed crystal structures are 

The fascinating melting and freezing properties of two 
&rnensional (2D) systems motivated a lot of scientific 
work during the past years [I-31. In 1973 Kosterlit;? and 
Thouless proposed a two step melting scenario where 
melting is mediated b y  the dissociation of paired lattice 
faults [I]. In the following years this theory was refined by 
Halperin, Nelson and Young [2]. In contrast to the 3D 
case where both translational and bond orientational or- 
der are lost at the mel t i~g  temperature T,, the KTHNY 
theory predicts a new intermediate hexalic phase where 
translational order is lost but, some bond orjentational 
order is still present. Experimental data are available for 
many different 2D systems, like electrons on helium, noble 
gases adsorbed on graphite and colloidal spheres confined 
between two walls or at an interface [3]. The great advant- 
age of colloidal systems are their convenient time (rnil- 
liseconds) and length scajes (microns) which allow the 
observation of single particle trajectories and the variety of 
available interaction potentials. 

In this paper we present experimental data on the 
structure and dynamics of laterally confined 2D col- 
loidal systems consisting of large superparamagnetic 
spheres lying on a smooth polymer substrate. A similar 
system has been already used by Zahn et al. [4] for the 

investigation of melting in large 2D systems. The lateral 
confinement is obtained by patterning the surface. An 
external magnetic field B perpendicular to the 2 0  plane is 
used to generate a magnetic moment M within the par- 
ticles leading to a repulsive pair potential of the form 
V K M2/r3 ,  where r is the distance between two particles. 
In this system the plasma parameter r, defined as ratio 
between the magnetic energy t' and kBT, depends on both 
the external magnetic field B and the temperature T.  For 
reasons of convenience, in this system usually temperature 
is kept constant and phase transitions are observed as 
a function of the magnetic field B. It is noticeable, that the 
well known interaction allowed a comparison of tbe ex- 
periment and theory without any free parameter! [4]. 

The sample cell (Fig. la) is formed by two circular fused 
silica plates which are fixed at a distance of 1 rnm by an 
O-ring. To reduce the sticking of the particles, a smooth 
3 4  pn thick film of poly(methy1-methacrylate) (PMMA) 
was spin coated on top of the bottom silica plate. To 
realize the lateral confinement we then applied thin struc- 
tured copper foils onto the PMMA substrate. These foils 
which are commercially available in a variety of sizes and 
geometries as grids for Transmission Electron Microscopy 
(TEM), consist of a large number (2Ck100) of identical 
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Fig. 1 Experimental setup. (a) Magnification of thc patterned silica 
plate at the bottom o i  the cell: paramagnetic colloidal particles with 
induccd magnetic moments arc Iving o n  a PMMA film. A TEM grid 
serves as lateral confinement for the particlw. (b) Inverted micro- 
scope consisting of NPLAN 20 x 0.4 objective, CCD-camera with 
,/= 135 mm lens and'Kohlenan illuminalion unit. A coil is used to 
generate a magnetic field inside the cell 

holes with very narrow mechanical tolerances separated 
by small bridges. The large number of identical structures 
greatly improves statistics. To fix a grjd we heated i t  up to 
a temperature of 150 "C and pressed it onto the PMMA- 
film. By this process the grid is then glued onto the PMMA 
film which is only slightly distorted by this procedure. 
Consequently, the walls of the compartments are formed 
by the bridges of the grid, whereas the bottom of the 
confined areas consists of PMMA. 

After insertion of the colloidal suspension (DynaBeads 
4.5 pm, Fa. Dynal, Lot-No. A4-4610, Qo z 1 x which 
was additionally stabilized with 0.2 wt% Triton X-100, 
gravity causes the particles to sediment onto the bottom 
plate. Particles which sediment onto the bridges perform 
a Brownian random walk and therefore are also trapped in 
the holes within a few minutes. This results in the forma- 

d ined  geometry 

tion of a 2D collojdal system whose particle density can be 
tuned via thc initial volume fraction QiO. Since the displace- 
ment of a particle a tenth of its diameter against gravity 
would jncreasc its potential energy by a b o u ~  18 kDT the 
assumption for the system to  be 2D is well fulfilled. 

Our experimental setup is shown in Fig. I b. The cell is 
placed in the center axis of a copper coil which can gener- 
ate magnetic fields of up t o  12 mT. The particles were 
imaged with an inverted microscope which consists of 
a Leica NPLAN 20 x 0.4 objective, a CCD camera equip- 
ped with a j  = 135 mm lens and a Kohlerian illumination 
unit. This setup provides a homogeneously illuminated 
field of view with 550 x 450 microns in size. Data are taken 
with an image processing system connected ro a computer 
which allows to calculate particle trajectories r(t) = (x( t ) ,  
j ~ ( t ) )  with a spatial resolution of 0.5 pm and a temporal 
resolution of 20 ms. In the absence of an external magnetic 
field the particles behave like hard spheres. To characterize 
the dynamic31 behaviour of the system we consider the 
mean square displacement 

where t denotes the considered time interval and ri(t) is the 
position vector of thc i t b  particle at the time 1 ,  which -in 
the absence of external forces - shows a linear increase in 
time and can be described by the usual 2D diffusion law 

where D denotes the diflusion constant. If external lateral 
forces are present nonlinear terms may appear: e.g. when 
the 2D plane is not exactly horizontal, gravity may super- 
impose a tern cc t2 in Ar2 (7) (corresponding to a constant. 
drift velocity). To avoid this, before each measurement the 
apparatus is caljbrated until the square component of a fit 
to the measured d r 2 ( r )  is negligible within the resolution of 
the apparatus. 

For a system where no boundaries are present, i.e. no 
TEM grid is glued onto the PMMA film, we find a diffu- 
sion constant D = 0.035(1) pm-2 s-' parallel to the surface 
corresponding to about 36% of the free diffusion constant 
Do as calculated with the Stokes-Einstein equation (see 
Fig. 2). This result is consistent with the picture drawn by 
Faucheux et al. [S} who predicted and measured a reduc- 
tion of the free diffusion up to a third of Do in the case of 
colloidal particles moving on a flat surface. 

When applying a magnetic field the hehaviour of the 
mean square displacement changes significantly. In Fig. 2 
we plotted the mean square displacements as a function of 
time for different magnetic fields. For large values of 
.r Ar"(.r still behaves linearly with a slope which decreases 
with increasing magnetic field strength. This dependence 
of Df:', on B is also shown in the inset of Fig. 2, where one 
can see that the decrease is strongest for small fields while 
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Fig. 2 Mean square displacements or a600 particles which are pan 
of a infinite sysrera: Increasing the magnetic field reduces the long- 
time selfdiffusion and irtcreases the localization of the particles. In 
the insct chc long rime self diffusion cocficionr ~ f $ \  is ploued over 
the applied magnetic field B 

dr2(r) approaches a constant for large values of B. For 
small 7's there is a cross-over regime where the slope of 
dr2 (7) approximately increases to the value found when no 
magnetic field was present. This experimental observation 
is consistent with the well known crossover from short- 
time to long time self diffusion: On sbort time scales 
a particle can diffuse freely (D = D;;"") in the cage formed 
by its nearest neighbours. With increasing time Ar2 (T) 
cannot increase linearly anymore because the particle 
starts to sample the energy well of t.he surrounding spheres 
and a deformation of the cage would be neccessary for 
a further movement in tbe same direction (D = D;,'&). With 
increasing field strength the interaction becomes stronger 
and thus D;,'!~ decreases until finally - in the solid phase - 
i t  becomes extrerncly unlikely that a particle leaves its 
cage. Therefore the inean square displacement becomes 
a constant and approaches zero.' A qualitatively 
similar behaviour has been found by Zahn et al. [4] 
investigating the same colloidal particles at the water air 
interface within a small water droplet. Mtcr this brief 
discussioo of the behaviour of the extended system, the 
effects of finite system sizes will be considered: 1.n contrast 
to infinite 2D systems where the hexagonal lattice is the 
cnergelically preferred structure, in finite systems tbe equj- 
libriurn structure for a given number of panicles strongly 
depends on the size and geometry of the confinement. To 
get these equilibrium structures we slowly increased the 
external magnetic field up to values of 12 mT witb a rate of 
approximately 1 mT per hour. Tbis small rate is needed 
because of the slow dynamics for our large spberes, i.e. the 

diffusion constant without applied magnetic field of 
D = 0.035 p m / s  corresponds to a time ol 150 s for a par- 
ticle to diffuse a distance of its own diameter. This fact 
leads to long structural relaxation times of several hours. 
Tn the following we show the crystal structures in the case 
of high magnetic fields for different confinement geornet- 
ries. 

bwmal symmetry 

An example for hexagonal confinement is shown in 
Fig. 3a. The orientation of the whole lattice is aligned to 
that oltbe confinement region and one clearly observes the 
hexagonal symmetry. Consequently, the particles are ar- 
ranged in hexagonal "shells" around the center particle. 
For infinite 2D systems the hexagonal lattice is distin- 
guished as the equilibrium structure of the crystalline 
phase [dl. Therefore, one would expwr that confining 
pmicles to a hexagonal region should lead to the forma- 
tion of a triangular lattice. However, this only holds for 
some magic numbers where the colloidal grystal and the 
confinement region are commensurate. One can easily 
calculate that if S denotes the number of hexagonal shells, 
a crystal of 1 + 3s (S + 1) particles €its exactly into a hex- 
agonal shape, othenvise distortions will occur [l]. In the 
example shown in Fig. 3a, there are 4 shells with a total 
number of 59 partjclcs. However, since a perrect crystal 
requires 6 1 instead of 59 particles, slighl distortions in the 
fourth shell are found. 

I n  this case, due lo  the competition of the intrinsic hexag- 
onal symmetry and the extrinsic square symmetry the 
dependence of structure formation on the particle number 
N is even more pronounced. This can be demonstrared 
easily when comparing two systems of consecutive particle 
numbers (Fig. 4a and b). In Fig. 4a is considered a system 
of 16 particles in a square of 90 pm sidelenglh. The par- 
ticles are found to arro.nge themselves in a 4 x 4 square 
lattice, i.e. the structure is only determined by the square 
shaped confinement. This, however, is only observed when 
the number of particles N (1 6 in t k is  case) is commensurate 
to a square symmetry. For the case of 17 particles a couple 
of different slructures are fouod. In Fig. 4b the additional 
particle is simply added at the bottom edge, while in Fig. 4c 
it is inserted at an interstitial site, hence considerably 

'The mean square displacement in a two dimensional crystal diverges logarithmically witb system sin. Howevcr. for the sizes or syslems 
considered in this work rbis divergence can be neglected. 
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Fig. 3 Expcrimcnr;illy observed ground states for different geometries. (a) hexagonal ordering in a hcxagonnl confinement region. (b) 
Formation of one Inner  shell In a circular system of 21 parliclcs. (c) Formation of three lnn t r  shells in a system of 71 part~clcs in a circular 
confincmeot. On the right side, three paniclm chains which arc marked with arrows locally distort the srructure. These par~tcle chains are 
formed by two or more coagulated parciclcs and arc alligncd parallel to thc direc\iorl ol B when the field is turned on. 13ccause a chain has 
a larger magnetic momen1 :M than a single paniclc it slightly distorts the latticc 

Fig. 4 Expenmental results lor a square continenlent of 90 ,urn sidelcn~h: (a) 16 panicles arrange in a squarc 4 x 4 lattice In (b) nnd (c) 
different arrangcmcnts f ~ r  a system w i ~ h  17 = 16 + 1 particles arc shown: (b) tbe addiclonal particle moved ro the bottom edge or the 
boundary. whereas in (c) a distorted square lattice of 16 particles wirh an  occupation o l  a subsquare i s  Cormed. The system (b) is slightly 
distorted due to imperfections orthe P M  M A  film at the edges ol the boundary. ( d H g )  Results for 17 particles achieved by simulated anncahng 

distorting its environment. In order to find out  whether 
this states are  degenerated o r  not we calculated their 
corresponding energies and additionally performed 
a simulated anncaling computer calculation to derive the 
ground states. The results are sbown in Figs. 4d-f. W b l e  
Fig. 46 and e corresporld to  the experin~ental resulrs of  
Fig. 4b  and c, we found no experimental match for f. The 
cne r i e s  of Fig. 4d-f are given as 1216, 1223 and 1222 in 
arbitrary units, respectively. So Fig. 4d is the ground state 
and Fig. 4e and f are metastable states with a n  energy 
being about 0.5% larger than that ofthe ground state. This 
small diflerence might explain that we experimentally ob- 
serve more than one structure (Fig. 4b and c). 

For larger particle numbers the lofluence of the bound- 
ary corjdition gets weaker. In Fig. 4% we have plotted 

a picture of a square c o n t a i n i ~ g  98 particles. Here the 
system does not adapt a squarc la~l ice  but has hexagonal 
structure with one lattice line aligned to the boundary. It is 
noticeable that for this system size the hexagonal lattice is 
superior even with the wall-induced distortions visible on 
the left and rjght boundary of Fig. 4g. 

Circular symmetry 

AS a last example we show systems with circular confine- 
ment regions, where, unlike as in the systems with hexa- 
gonal or  square boundaries, the rotational symmetry of 
the confinement region is larger than the intrinsic sym- 
metry of the lattice. Consequently, in this case the 
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Fig. 5 Radial and angular components of the mean square displace- 
ments calculated by trajectories of 22 followed over 100 pictures in 
an interval of 5 s. The trajectories of the yarticles are shown in the 
insct. During thc measurement two of the inner particles stuck to the 
substrate. This two particles and those which are in contact with 
the boundary (0) have not been included into the calculation 

are filled consecutively with increasing particle number N ,  
in analogy to a classical periodic system of elements. 

Finally, after the discussion of static properties we 
want to present some first results about dynamics: In the 
inset of Fig. 5 we plotted the center-of-mass positions of 
the particles taken from 100 different video frames taken in 
an interval of 5 s. From these trajectories we de~ived the 
angular and radial components of the mean squarc dis- 
placement and plotted the results in Fig. 5. It can be seen 
that the confinement results in a strongly anisotropic diffu- 
sion indicating that the mobility of the particles on the 
shells is by a factor of two larger than in the radial 
direction. 

In conclusion, we performed experiments on the struc- 
ture of 2D colloidal crystals in the presence of additional 
lateral confinement. It has been sbown that the boundary 
conditions may completely dominate the structure and  
dynamics of small crystals. 

The rather good agreement of our experimental results 
with computer simulations shows the reliability of the used 
superparamagnetjc colloidal system as a model system for 
investigations of finite size effects in 2D. An interesting 
topic for future reasearch is the freezing behaviour of small 

problems of commensurability are much smaller. Fig. 3b confined 2D crystals because in this case the sequence in 
and c show two systems with circular confinement and 21 which the system aquires bond orientational and transla- 
and 71 particles, respectively. As can be seen the particles tional order might be reversed. 
arrange in circular shells centered within the confinement 
region' This is with computer lor Wc ac~now[edgs financial supper( by (he Deutrche For- 
2D systems with both d j ~ o l d i ~ o l e  C81 and Coulomb schungsgerneinscbaft (SFB 5 13) and valuable discussions wjtb 
interactions [9] where the sys terns consist of shells which K. Zahn and G .  Maret. 
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