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Chapter 3 

Microscopic observation of colloidal 

crystal growth 

 

 

3.1 Introduction  

Three-dimensional ordered colloidal systems whose lattice constants are comparable to the 

wavelength of visible light have important applications in photonic crystals [1], optical 

filters and switches [2], and chemical sensors [3]. Recently, colloidal crystallization has 

been actively studied [4-8], leading to the development of several methods to control the 

self-assembly of the colloidal particles; for example colloidal epitaxy [9] and space-based 

reduced gravity techniques [10]. 

In this chapter, we show that by using new temperature-sensitive colloidal particles and a 

temperature gradient, we can grow large, equilibrated colloidal crystals. The temperature 

changes the size of the particles, thereby allowing precise control over the crystal growth 

process. We apply a temperature gradient to guide the nucleation of a few crystals, and use 

slow cooling to direct the growth of these crystals. We use confocal microscopy to image 

the entire crystal growth process: heterogeneous crystal nucleation, the advancing crystal-

fluid interface, and the stationary equilibrium crystal-fluid interface at the particle level. 

We determine the diffusion coefficient of particles in the liquid from their mean-square 
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displacement. The amount of supersaturation that drives the growth of the crystals is then 

determined directly from the measured crystal growth velocity and the diffusion 

coefficient. We find that crystals grow perfectly at moderate supersaturations with a 

chemical potential difference  ~ 0.4kBT between the crystal and fluid. Finally, we 

investigate the stability of growth by adding impurity particles. This allows us to directly 

observe the role of surface tension to surmount the impurities during growth and keep the 

interface stable and straight. 

 

3.2 Crystal growth procedure 

We have shown in the preceding chapter that the size of the colloidal pNipam particles 

depends strongly on temperature. The particle diameter changes reversibly from d~1.4 µm 

at room temperature to d~0.7µm at 36.0 
o
C with a polydispersity of less than 3%. We use 

these properties to control the particle volume fraction in order to drive the crystal growth 

with a temperature gradient. The used temperature protocol is shown in Fig.3.1a. We start 

with a suspension that is fully crystallized at room temperature, and then increase the 

average temperature to 36.0 
o
C, at which the crystals melted entirely. We waited for one 

hour to obtain a homogeneous colloidal melt. A linear temperature gradient of 2 °C/cm 

was applied across the cell, and we lowered the average temperature of the sample slowly 

at a rate of 0.5 °C/h with a temperature stability of 0.02 
o
C to direct nucleation and the 

 

Figure 3.1: (a) Schematic of the temperature protocol used for the crystal growth. (b) Schematic showing 

the imaged 67 x 68 mm section (dashed) with respect to the sample cell. The dark gray color represents the 

crystals, while the light gray color represents the fluid. The x axis aligns with the temperature gradient 

direction. 
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growth of macroscopic crystals. We used confocal microscopy to image individual 

particles in horizontal slices of 67 µm by 67 µm at the interface (see Fig. 3.1b); these 

slices contain roughly 12,000 particles. The x-axis aligns with the temperature-gradient 

direction. To avoid boundary effects, we focus on sections roughly 10 μm above the cover 

slip. 

 

3.3 Observation of crystal nucleation and growth 

After two hours of cooling, we observed that particles order in a few corners of the 

sample. Fig. 3.2a shows that within the area indicated by the dotted line, the particles 

crystallize, while they are still disordered outside. We interpret these areas as 

heterogeneous crystal nuclei forming at the corners of the sample cell. Such heterogeneous 

nucleation reduces the interfacial area between the crystal and its melt, and is therefore 

energetically preferred over homogeneous nucleation in the bulk. We followed the 

development of these nuclei, and saw that they grew to large crystals when we lowered the 

temperature. Close inspection reveals that these crystals exhibit a random hexagonal close 

packed (rhcp) structure. They consist of a random stacking of hexagonal close packed 

(hcp) planes, similar to crystals formed in hard-sphere colloidal systems. The hcp planes 

align with the cover slip; their lateral orientation is random. 

We focus on the early stage of crystal growth, and image the interface after t1 = 2.5 hrs 

when the crystals have grown to 180 µm in length. Selected snapshots of the crystal-fluid 

interface during growth are shown in Fig. 3.2b-d. The interface advances in the positive x-

direction, while at the same time significant fluctuations of the interface occur. We 

determine the growth velocity by following the mean interface position as a function of 

time in Fig. 3.3. The data indicates linear growth with a constant velocity of v = 0.1 µm/s.  

We follow the motion of the individual particles in the fluid and crystal to determine their 

mean square displacement. 200 images are acquired at a frame rate of 30 images/s and the 

positions of the individual particles in the horizontal sections are tracked with an accuracy 

of 0.03 µm [11]. Particle trajectories are plotted in Fig. 3.4a. While for particles in the 

fluid, these trajectories indicate diffusive motion, for particles in the crystal, they indicate 

confinement of the particles to their crystal lattice positions. For more clarity, we plot 

enlarged trajectories of a single particle in the crystal and fluid phase in the left- and right 
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hand inset of Fig. 3.4a. We determine the mean square displacement <r
2
> separately for 

particles in the crystal and fluid, and plot <r
2
> as a function of time in Fig. 3.4b. For 

crystal particles, the mean square displacement saturates at <r
2
> = 0.0086 µm

2
 due to 

confinement by their neighbors, while for fluid particles <r
2
> increases linearly with time 

confirming that the particles exhibit diffusive motion. For the crystals, the asymptotic 

value of the crystal mean square displacement corresponds to twice the variance of the 

particle displacement from their equilibrium position. Assuming that particle fluctuations 

are isotropic, we used this value to determine the three-dimensional Lindemann parameter 

of melting using [12]  

 

Figure 3.2: Observation of crystal nucleation and growth. (a) Confocal microscope image of a crystal 

nucleus forming at the sample boundary. (b)–(d) Sequence of confocal microscope images taken during the 

early stage of crystal growth, starting after t1 = 2.5 h of cooling. Dotted lines indicate the advancing 

interface, and the dashed line indicates the initial position of the interface at time t1. 
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Figure 3.3: Mean interface position as a function of time, experimental measurements (dots) and best linear 

fit (solid line) 
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Here the crystal nearest neighbor distance rnn = 0.75µm. We find L ~ 0.115, in good 

agreement with values for close packed crystals close to melting [13-16]. We also 

determined the diffusion coefficient Dlq of fluid particles from their mean square 

displacement using 

<r
2
> ~ 4Dlqt       (3.2) 

A value of Dlq = 0.052 µm
2
/s is obtained from the best linear fit (Fig.3.4b). The velocity of 

diffusion-limited growth can be estimated according to [17] 

 vdl= 4Dlq/d.        (4.3) 

Using the measured diffusion coefficient, we obtain vdl = 0.3 µm/s. This value is a factor of 

3 larger than the observed growth velocity v = 0.1 µm/s indicating that the growth is not 

limited by diffusion, but rather by the rate of attachment of particles at the crystal surface. 

The difference between both values allows estimation of the amount of supersaturation of 

the crystallizing suspension. Assuming Wilson-Frenkel growth, we determine the 

chemical potential difference ∆µ between fluid and crystal according to [17-19] 
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Figure 3.4: Particle trajectories and mean square displacement.  

(a) Trajectories of particles in the crystal (left) and fluid (right). Inset: enlargement of a single particle 

trajectory for a particle in the crystal (top left) and fluid (top right). (b) Mean square displacement as 

function of time for particles in the crystal (filled dots) and fluid (open dots). The mean square displacement 

of crystal particles saturates at a value of 0.0086 μm2 (solid line, bottom), while that of fluid particles 

increases linearly with time (solid line, center) indicating diffusion. The slope equals four times the diffusion 

coefficient. 

 

Using the experimentally measured values for vdl and v, we find TkB0.41 , a small 

amount of supersaturation that indicates that the growth occurs close to the equilibrium 

freezing transition [17, 20, 21]. This value is in good agreement with simulation values 

between 0.2 and 0.5 kBT for crystallizing soft spheres [22], and is of the same magnitude 

as hard-sphere simulation values predicted for ~0.52 [23], well in the crystal-fluid 

coexistence regime. 

 

3.4 Crystal growth stability 

The stability of crystal growth is important because it defines the quality and the 

morphology of the final crystal. Here, we investigate the role of the interfacial free energy 

in stabilizing the crystal growth. This is done by adding “impurity particles” that act as 

obstacles and pin the advancing interface. We add impurity particles of two different sizes, 

with radii R1 ~ 2d and R2 ~ 3d, and follow the interface with time starting from the moment 

where the interface reaches the edge of the impurities. Reconstructed images of the 

advancing interface are shown in Fig.3.5. Gray dots indicate particles in the crystal while 

open circles indicate particles in the fluid. The black line indicates the advancing fluid-
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crystal interface, and the two large gray dots show the impurity particles. We observe that 

both impurities pin the interface; however, while the small impurity is easily overcome by 

the interface, the larger impurity holds the advancing interface back and causes it to bow 

strongly (Fig. 3.5b and c), before finally impurity is overcome and the interface retracts. 

The interface curvature leads to a local force that drives the interface across the obstacle. 

This force is 

F = PAeff .       (3.5) 

Here Aeff is the effective contact area between the interface and the obstacle, and P can be 

estimated from the Laplace pressure  

CRP /2LP        (3.6) 

with  is the interfacial free energy, and RC is the radius of curvature of the pinned 

interface. The interface overcomes the impurity when the driving force F becomes larger 

than Fobst, the critical force required to surmount the obstacle. This critical force is  

 

Figure 3.5: Crystal growth across impurities.  

(a)–(d) Sequence of reconstructed images showing the advancing solid-fluid interface surmounting impurity 

particles (dark gray spots): Interface touching the impurities (a), surmounting the small impurity (b), pinned 

by the large impurity (c), and final straightening of the interface after successful transgression (d).  
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Fobst ~ 2Aeff / Rc      (3.7) 

where we take Rc ~ R2 and the contact area  

Aeff = (4πR2)
2
/ 2      (3.8) 

By using a typical value of the interfacial free energy of these colloidal crystals, 

2dTkB /0.71  (see chapter 4), we obtain Fobst = 1.610
-13

N. Interestingly, this force is 

of the same order as that measured for dislocation motion through a dense colloidal crystal 

[24]. When F > Fobst, the interface overcomes the impurity, and it quickly retracts and 

flattens, thereby minimizing its energy cost (Fig. 3.5d). 

 

3.5 Conclusions 

The temperature sensitivity of pNipam hydrogel particles allows excellent control to guide 

macroscopic crystal growth. We have shown that in analogy to atomic crystal growth, 

large macroscopic pNipam colloidal crystals grow in a temperature gradient when the 

suspension is cooled slowly so that only a few crystal nuclei form initially. We followed 

the growth directly and determined a chemical potential difference of TkB0.41  

between crystal and fluid phases indicating that the growth occurred close to equilibrium 

with only moderate undercooling. 

By adding impurities with different sizes to the advancing interface we examined the role 

of the interfacial tension to stabilize of the crystal growth. We also estimate the Laplace 

pressure and the critical driving force required to surmount the obstacle. The magnitude of 

this force is 160 fN, which is the same order as the force measured for dislocation motion 

through a dense colloidal crystal. 
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