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Abstract. Crystallization represents a long-standing problem in statis-
tical physics and is of great relevance for many practical and indus-
trial applications. It often occurs in the presence of container walls
or impurities, which are usually unavoidable or might even be desir-
able to facilitate crystallization by exploiting heterogeneous nucleation.
Heterogeneous nucleation relies on a seed. Here we discuss the role of
the seed and concentrate on a very generic situation, namely crystal-
lization of hard and soft colloidal spheres in the presence of flat or
curved hard walls. Curvature serves as a simple means to introduce
a tunable mismatch between the seed-induced crystal lattice and the
thermodynamically-favoured lattice. The mismatch induces distortions
and elastic stress, which accumulate while the crystallite grows. This
has an important consequence: once the crystallite reaches a critical
size, it detaches from the seed allowing it to relax. The relaxed crystal
continues to grow in the bulk, but crystallization ceases before reach-
ing the seed, which now represents an impurity. Therefore, while seeds
favour nucleation, any mismatch, like the seed curvature or an incom-
mensurate structure, induces unfavourable distortions and can lead to
the detachment of the crystallite. An additional mechanism to relax dis-
tortions is available to soft spheres, which can exploit their interaction
potential and possibly deform. The different multi-step processes have
been investigated by confocal microscopy, which provides particle-level
information, and compared to computer simulations and theoretical
results.
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1 Introduction

Understanding disorder-order transitions is not only important from a fundamental
point of view, but also relevant for industrial applications. Of special current interest
are the kinetics and pathways of such processes with crystallization representing a
prominent example. The applications range from material science, namely metallurgy
[1–7] and the fabrication of nanoparticles and optical band-gap crystals [8,9], to me-
teorology [10], medicine, where crystallization can play a central role in pathological
and normal conditions [11,12], and biotechnology, where the crystallization of pro-
teins is an important issue [12–26].
Homogeneous crystallization has been investigated experimentally [27–45], by

computer simulations [46–61] and has been theoretically described based on classical
nucleation theory [62,63] as well as other models [64–67]. For example, the structure
of critical nuclei has been studied experimentally [34,36,37] and by computer simula-
tions [51–54]. Furthermore, the nucleation rates have been determined experimentally
[36–45] and predicted theoretically [45–51] without full agreement being achieved. Of-
ten homogeneous crystallization is dominated by heterogeneous crystallization, since
container walls and impurities are almost omnipresent, especially in practical and
industrial situations. Heterogeneous crystallization hence is often inevitable or even
desirable, which renders it particularly relevant. Heterogeneous nucleation can be in-
duced by flat or curved walls, including individual seed particles [10,68–92], particle
assemblies [93–95] or structured walls [9,26,96–104]. The seeds reduce the free energy
barrier to nucleation and thus enhance crystallization. However, surfaces and parti-
cles can also act as impurities and suppress crystallization [105–110]. This ambiguity
between crystallization enhancing and crystallization suppressing properties renders
the optimization of processes very complex.
Despite its relevance, quantitative particle-level mechanistic information on het-

erogeneous crystallization is still sparse. Mainly bulk methods have been applied to
investigate crystallization [30–33,38–45,87]. However, to improve the understanding
of the underlying processes, microscopic information on the particle level is desired.
This can be obtained using colloidal suspensions, which have proven to be powerful
model systems [6,7,111–113]. They do not only allow one to tune the particle inter-
actions, but their size range includes the wavelength of visible light and hence they
are “visible”. Furthermore, due to their relatively large size, colloidal processes and
the particle dynamics are slow enough to be followed in experiments. To travel its
own diameter σ, a colloidal particle requires the Brownian time τB = σ

2/D0 (with
the diffusion coefficient D0 in the dilute limit), which is of the order τB ∼ 10 s. The
relatively large size also enables the investigation of heterogeneous crystallization in
the presence of surfaces which are smooth on the scale of the crystallizing colloidal
particle, while no surface is perfectly flat on an atomic scale. Colloidal crystallization
has been investigated in reciprocal space by light scattering [38–45] and in real space
by confocal microscopy [35–37,88,89,96,105–108]. Based on sequences of images, the
particle locations and trajectories can be determined [114,115] and the structural,
dynamic and thermodynamic parameters derived [116,117]. This includes local or-
der parameters, based on which fluid and crystalline particles can be distinguished
[49,118,119]. Using confocal microscopy, crystallization can hence be followed on an
individual particle level and the results quantitatively compared to simulations and
theoretical predictions.
Here we focus on the most basic realization of heterogeneous crystallization: the

crystallization of hard and soft spheres in the presence of an unstructured hard wall,
which might be flat or curved. In the experiments, hard spheres are realized by
a well characterized and frequently-studied model system: sterically-stabilized and
fluorescently-labelled polymethylmethacrylate (PMMA) particles (here of diameter
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experiment simulationa b

Fig. 1. Representation of a hard sphere crystal growing next to a flat hard wall based on (a)
confocal microscopy and (b) simulations. Time t = 62 τB, volume fraction φ = 0.52. Only
crystalline particles are shown and the simulation box is reduced in z direction.

σ = 1.83μm, hence D0 = 1.03× 10−9 cm2/s and τB = 33 s, and polydispersity below
4%) suspended in a mixture of cis-decalin and cycloheptylbromide, whose density and
refractive index (almost) match the ones of the particles, with tetrabutylammonium
chloride added to screen residual charges [111,120,121]. The crystallization of colloidal
hard spheres is entropy driven and controlled by only one parameter, the volume frac-
tion φ occupied by particles [122]. Hard spheres start to freeze at φf = 0.494 and melt
at φm = 0.545 [30,111]. Microgel particles based on poly(N-isopropylacrylamide)
(PNIPAM) serve as soft compressible spheres [123–125]. Their phase behaviour [126–
133] is richer than the ones of hard and charged spheres [27,30,41,111], which they
contain as limiting cases. Planar container walls, added glass spheres and cylinders
are used to study the effect of flat and curved seed surfaces. In the case of spheres
and cylinders, the walls of the sample cell are coated with an inhomogeneous film of
polydisperse PMMA particles to avoid (faster) heterogeneous nucleation next to the
flat wall, while the walls are left untreated to study heterogeneous nucleation in the
presence of a flat wall. The hard spheres are imaged and stored in small vials with
their bottoms replaced by cover slips [115], which allow for easier homogenization
of the samples using a magnetic bar. Despite thorough mixing, up to five partially
ordered layers remain on the flat wall or curved seed surface, which is attributed to
the favourable wetting of hard walls by hard spheres [41,71–73]. The soft spheres were
kept in temperature-controlled cells [134]. The adsorption of microgels to interfaces
[135], in this case a glass surface, has to be take into account.
This mini review is organized as follows: In chapter 2 we discuss heterogeneous

crystallization in the presence of a flat smooth wall, which favours crystallization
without introducing a mismatch between the thermodynamically-favoured and seed-
induced crystallite. Then, heterogeneous crystallization is investigated in situations
where strain and elastic stress is accumulated in the growing crystallite due to the cur-
vature of the seed, first curvature in one direction, namely cylindrical seeds (Chap. 3),
then curvature in two directions, namely spherical seeds (Chap. 4), are discussed.
Particular attention is given to the release of strain by detachment (Chap. 4.2), but
also the possibility to release or avoid strain by allowing for softness of the particles
(Chap. 5). The findings are briefly summarized in the concluding chapter (Chap. 6).

2 Crystallization next to a flat wall

Possibly the most basic realizations of heterogeneous crystallization is hard spheres
crystallizing in the presence of a flat and unstructured hard wall (Fig. 1) [68,71,
87,88]. In this situation, crystallization starts with a very short induction period.
Nucleation is very fast since, in the presence of a wall, no appreciable nucleation
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Fig. 2. Crystal growth rate χ as a function of bulk volume fraction φ. The rates have been
determined by confocal microscopy (•) and simulations (�). The lines are guides to the eye.

barrier exists [41,71–74,136–139]. Subsequently, the crystallite grows with, close to
the flat wall as well as throughout the crystal, the (111) crystal plane oriented parallel
to the wall. Mainly fcc, but also hcp stacking is observed, which indicates random
stacking. Furthermore, only a few defects or grain boundaries exist. On the other
hand, homogeneous crystallization in the bulk is negligible; only very few crystalline
particles and small clusters occur in bulk, but neither reach the size of a critical
nucleus nor significantly affect the propagation of the crystallization front. Hence, in
this situation heterogeneous crystallization dominates.

2.1 Growth of the crystal and development of a depletion zone

Since nucleation near a hard wall is fast and the subsequent crystal growth rela-
tively slow, the time scales of the two processes are well separated. In this case,
thus the observation of crystal growth is hardly affected by other processes, namely
heterogeneous nucleation and initial rearrangements. In addition, the effectively one-
dimensional geometry renders the situation very simple. Therefore, this scenario al-
lows one to quantitatively investigate crystal growth on an individual-particle level
without complications arising from other effects, such as complex interactions, seed
curvature, geometry or competing processes.
Exploiting the effectively one-dimensional geometry, the crystal growth rate was

determined based on the time evolution of the effective number of crystalline lay-
ers Nc(t)/N1, where Nc(t) is the total number of crystalline particles and N1 the
mean number of crystalline particles in a single layer. After a brief induction stage,
for an extended period of time Nc(t)/N1 increases linearly [88]. In the extended lin-
ear regime, a growth rate can be extracted; χ = d(Nc(t)/N1)/d(t/τB). The growth
rate χ(φ) displays a non-monotonic behaviour as a function of the volume fraction
φ with a maximum at φ ≈ 0.53 (Fig. 2). This is consistent with studies on homoge-
neous crystallization [36,37,40–51,64,65]. The maximum results from the balance of
an increasing thermodynamic driving force [31,46,47,56] and a decreasing mobility
[42,111]. The mobility or, equivalently, the diffusion coefficient D(φ) decreases with
increasing φ due to progressive caging by the particle’s neighbours. Caging determines
the behaviour of χ(φ) at large φ while the increasing thermodynamic driving force
dominates at smaller φ.
A detailed insight into crystal growth can be obtained considering further para-

meters. The local volume fraction ϕ(z), which here considers the particle volumes
located in the particles’ centres, allows one to distinguish crystalline and fluid re-
gions (Fig. 3b). At some distance from the wall, ϕ(z) is essentially constant without
pronounced fluctuations, consistent with a disordered fluid with an insignificant frac-
tion of crystalline particles (Figs. 1, 3a). In contrast, in the proximity of the wall,
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Fig. 3. (a) Representation of a cut through the growing crystal with crystalline particles
shown in red and fluid particles in blue. The flat wall is located at z/σ = 0 and the z-axis,
which is identical for all parts of this figure, is shown on the right. (b) Local volume fraction
profile of all particles, ϕ(z, t), (c) locally-averaged volume fraction profile of fluid, ϕ̄f(z, t)
(dashed lines), and of crystalline particles, ϕ̄c(z, t) (solid lines), at the same times as in
(b), and (d) locally-averaged volume fraction profile of all particles, ϕ̄(z, t). The circles in
(c) indicate the locations of the depletion zones. The vertical dotted lines in (d) represent
the freezing and melting volume fractions. Times t are as indicated. The volume fraction
φ = 0.52. All data are obtained by confocal microscopy, except the solid lines in (d) which
are obtained by simulations.

pronounced maxima and minima of ϕ(z) reflect the ordered structure of the crys-
talline region. The spacing between individual oscillations increases from the crystal-
fluid interface (Δz = 0.902σ) toward the wall (Δz = 0.921σ), which corresponds to
the temporal evolution of the lattice spacing. This slight expansion of the crystal lat-
tice has also been observed in scattering experiments and model calculations [41–45].
The maxima and minima in ϕ(z) decay over a range of about 8 to 16 layers. This
width of the crystal-fluid interface is consistent with theoretical, simulation and ex-
perimental studies [35,58,66,139–142]. As time progresses, the oscillations and hence
the crystal-fluid interface are seen to advance into the fluid region. The propagation
of the crystal-fluid interface is taken to be represented by the advancing envelope of
ϕ(z), from which the crystallization rate χ can be determined and is found to agree
with χ determined based on Nc(t)/N1 (Fig. 2) [88].
Since the spacing and also the width of the maxima and minima of ϕ(z) change,

the locally-averaged volume fraction ϕ̄(z) provides a more robust way to quantify
the progression of the crystal-fluid interface. It is obtained by averaging ϕ(z) over
one period of the oscillations corresponding to one layer of the crystalline phase. The
locally-averaged volume fraction of crystalline, ϕ̄c(z), and fluid, ϕ̄f(z), particles can
be considered separately (Fig. 3c) and the location of the crystal-fluid interface, zi,
identified with the position where ϕ̄c(zi) = ϕ̄f(zi). Based on the progression of zi(t)
the growth rate χ can be determined, which also agrees with the growth rates χ de-
termined as described above (Fig. 2) [88].
A close inspection of the locally-averaged volume fraction ϕ̄(z) (Fig. 3c, circles)

shows a dip of about 0.01 in the fluid next to the advancing crystal-fluid interface
which extends over about 5σ (Fig. 3d, note the different scales of the density axes).
This is a direct indication for a depletion zone, which has previously been predicted
or induced indirectly only [31,45,64]. The depletion zone is located in front of the
advancing crystal-fluid interface and persists while the crystal grows but disappears
at long times when a stable interface position is reached.
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Fig. 4. Hard sphere crystal growing on a cylindrical seed (a) as observed in a radial slice
by confocal microscopy and (b) corresponding rendered image, which also shows part of
the layer covering the cylinder. Crystalline particles are shown in red and fluid particles in
blue. Particle diameter σ = 1.83μm, cylinder diameter σcyl = 42σ, time t ≈ 330 τB, volume
fraction φ = 0.53.

2.2 No induced distortions

At the wall as well as throughout the crystal, the (111) plane is oriented parallel to
the wall. While this orientation is induced by the wall, it represents the only effect
of the wall on the structure of the crystal. The slight relaxation of the crystal lattice
while the crystal grows has also been observed in homogeneously nucleated crystals
[42–45] and is hence not related to the presence of the wall. Therefore, although
crystallization is initiated at the wall, the structure of the crystal is unaffected by the
presence of the flat wall and, in particular, the crystal does not contain any distortions
caused by the wall.

3 Crystallization next to a cylinder

To study the mismatch between the seed-induced and thermodynamically-favoured
crystal structures, curvature of the wall is introduced. The wall’s curvature can be
controlled and adjusted easily and hence allows one to tune the mismatch in a broad
range. It introduces an additional parameter, namely the radius of curvature or,
equivalently, the seed diameter σseed.
First, the effect of curvature in one direction is investigated by adding cylindrical

smooth seeds [50,91]. Crystallization starts on the cylinder surface with the (111)
plane parallel to the surface (Fig. 4). The crystal-fluid interface advances into the
bulk fluid, while only few crystalline particles and crystalline clusters exist in the
fluid phase. Thus, cylindrical seeds can also induce heterogeneous crystallization.
However, in the heterogeneously-grown crystals the lattice planes are curved, which
is imposed by the curvature of the cylinder surface.

3.1 Growth of the crystal

Crystallization in the presence of cylindrical seeds is quantified by the local volume
fraction of crystalline particles, ϕc(r), again considering the whole particle volumes
located in the particles’ centres (Fig. 5). Close to the cylinder pronounced maxima
and minima indicate an ordered crystalline region, while further from the cylinder
ϕc(r) decays to almost zero and also the pronounced oscillations disappear, consistent
with the presence of a disordered fluid. With time, the oscillations extend further
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Fig. 5. Local volume fraction of crystalline particles, ϕc(z,t), as a function of the distance
from the cylinder surface r/σ at an early time (blue lines) and Δt ≈ 330 τB later (red
lines) as determined by confocal microscopy. Cylinder diameters are (a) σcyl = 42σ and (b)
σcyl = 546σ, volume fraction φ = 0.53.

seed / 

N
x

Nx

Fig. 6. Crystal growth rate χ as a function of normalized seed diameter σseed/σ for cylindri-
cal (�) and spherical seeds (•) as observed by confocal microscopy. The horizontal dashed
line indicates the experimentally determined growth rate χ in the presence of a flat wall
(Fig. 2). Also shown is the average patch size, in terms of the number of particles per patch
Nx, which are observed in the second layer surrounding the spherical seed (◦). Volume
fraction φ = 0.53. Lines are guides to the eye. The inset shows the same data in a lin-lin
plot.

into the sample, indicating the growth of the crystal. The number of maxima of
ϕc(r) increases linearly with time t for an extended period [91]. The slope of the
linear time dependence of ϕc(r) corresponds to the crystal growth rate χ. (Similar
values of χ are obtained by considering the increase of the number of crystalline
particles [91].)
For larger cylinders, the crystalline region extends further into the fluid and also

proceeds faster into the fluid (Fig. 5). The growth rate χ increases with the diameter
of the cylinder, σcyl (Fig. 6) [79,91]. For very small cylinders with a size comparable
to the size of the particles, the case of homogeneous crystallization in the presence of
impurities is approached [79,105–110]. As the diameter of the cylinder increases and
thus the curvature of the seed surface decreases, the crystallization rate first shows
a modest increase followed by a more pronounced increase around σcyl ≈ 200σ.
Subsequently, χ saturates, slowly approaching the rate observed in the presence of a
flat wall.
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Fig. 7. Hard sphere crystals growing on spherical seeds of different diameters σsph (as
indicated). Particle diameter σ = 1.83μm, time t = 545 τB, volume fraction φ = 0.53.

3.2 Induced distortions

Compared to homogeneous crystallization, cylinders with σcyl � 30σ enhance crys-
tallization. Although they favour crystallization, the curvature of the cylinder surface
leads to curved crystal planes and hence induces considerable distortions in the grow-
ing crystallite. The distortions have important consequences on the crystallization
process, which will be discussed below (Sect. 4.2).

4 Crystallization next to a sphere

Heterogeneous crystallization in the presence of a sphere, i.e. a surface isotropically
curved in two directions, has been studied analytically in the framework of classi-
cal nucleation theory (e.g. [69]) and using simulations [79]. Furthermore, confocal
microscopy has been used to study small spherical impurities, which hinder crys-
tallization [105–108], or impurities which are swept to the grain boundaries [143].
Very small spheres with a size comparable to the colloidal particles are expected
to have a similar effect as polydispersity and thus reduce the crystallization rate
[38,39,44,46,109,110]. Slightly larger spheres, but still with a significant surface cur-
vature, also hinder crystallization and act as impurities [105–108]. In contrast, large
spheres favour crystallization. The growth rate is expected to increase with increas-
ing size, that is decreasing surface curvature, approaching the limit of a flat wall
[79,80,89,90].
A qualitative inspection of confocal microscopy images (Figs. 7, 8) reveals a sig-

nificant effect of the seed curvature on heterogeneous crystallization [80]. The size
of the crystallites increases with increasing seed size or, equivalently, decreasing sur-
face curvature. In the presence of very small spheres (σsph � 20σ), only a few small
crystallites or ordered layers cover the seeds. The fraction of crystal-like particles in
the vicinity of very small seeds is smaller than far away from the seeds. Hence these
seeds actually prevent crystallization and thus act as impurities. Upon increasing
the seed size (σsph � 150σ), heterogeneous crystallization is observed with extended
crystal growth occurring for σsph � 300σ. Thus, crystallization is only favoured by
large seeds, which have a size much larger than the colloidal particles, rather in the
expected range of a critical nucleus.

4.1 Growth of the crystal

Crystal growth is again quantified by the evolution of ϕc(r, t) (Fig. 9). For small spher-
ical seeds, a small number of oscillations in ϕc(r, t) indicates only a few crystallites
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38 109 218 

Fig. 8. Second layer surrounding spherical seeds of different diameters σsph (as indicated)
projected onto a plane. Rendered images with crystalline particles shown in red and fluid
particles in blue. Time t = 545 τB, volume fraction φ = 0.53.

Fig. 9. Local volume fraction of crystalline particles, ϕc(r, t) as a function of the distance
from the sphere surface r/σ at an early time (blue lines) and Δt = 545 τB (σsph = 38, 109 σ),
Δt = 110 τB (σsph = 218 σ) (red lines) as determined by confocal microscopy. Sphere
diameters are (a) σsph = 38 σ, (b) σsph = 109 σ and (c) σsph = 218 σ, volume fraction
φ = 0.53.

and very few ordered layers covering the highly curved seed. Furthermore, with time
the oscillations and hence the crystallites do not significantly advance into the fluid.
Only larger seeds with σsph � 150σ induce appreciable heterogeneous crystallization
with oscillations in ϕc(r, t) implying that crystalline layers significantly extend into
the fluid. Although the crystalline layers progress into the fluid, crystal growth is very
slow, with only a modest progression of the fluid-crystal interface. Only for diame-
ters σsph � 300σ, the seeds induce considerable crystallization with a significantly
advancing front.
Based on the increasing number of oscillations, corresponding to an increasing

number of crystalline layers, the growth rate χ with which the front of the crystal
moves into the fluid phase can be determined (Fig. 6, red filled circles). Similar values
for χ(σsph) are obtained based on the progression of the envelope of ϕc(r, t) or the
evolution of the number of crystalline layers [80]. Upon increasing the seed diameter
σsph, the rate χ(σsph) shows a modest increase, followed by a more significant increase
for 100σ � σsph � 1000 σ with a subsequent saturation toward the rate observed in
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the presence of a flat wall, χ(σsph→∞) ≈ 0.21. The increase occurs at larger seed
sizes than observed in simulations [79]. This might be due to polydispersity or the
different number of defects initially present. A comparison with the results for a cylin-
drical seed (Fig. 6), for this criterion to determine χ, reveals about two times lower
rates than for cylindrical seeds of the same small diameter σseed while for larger σseed
the rates approach each other. This is attributed to two versus only one principal
curvature direction. Furthermore, it is consistent with previous simulation results
which showed enhanced crystallization in the presence of cylindrical seeds compared
to spherical seeds [79].
The seed curvature has also a strong effect on the number and size of the individ-

ual crystallites (Fig. 7). This is illustrated by the crystal-like or liquid-like properties
of the particles in the second layer (Fig. 8). The crystalline layers exhibit a hexagonal
structure with the (111) plane bending around the curved seed surface. The curva-
ture results in small crystallites with many grain boundaries and defects. Individual
crystallites are identified by the orientation of their crystal lattice. The crystallites’
average cross-sectional area in the second layer, quantified by the number of par-
ticles per patch Nx(σsph), was determined. The average patch size, i.e. Nx(σsph),
increases with increasing seed diameter (Fig. 6, red open circles). Thus, nearly flat
seeds produce larger crystals than highly curved seeds. Furthermore, the curvature
of the seed determines the number of crystallites. The dependence of Nx(σsph) on
seed diameter is very similar to the dependence of the crystal growth rate χ(σsph)
with a modest initial increase followed by a more pronounced increase. Thus not
only the growth rate depends on the seed diameter, but also the size and number of
crystallites.

4.2 Induced distortions

A curved seed can enhance crystallization, but also induces distortions in the crystal
lattice. The latter can lead to the detachment of the nucleus from the seed before
the nucleus reaches its critical size [79]. This has important consequences: First, the
nucleus must reach its critical size in bulk and thus under conditions of homogeneous
crystallization. Second, the seed can initiate another nucleus and thus act as a “crys-
tallization catalyst”.
To investigate these issues in more detail, crystallization was followed for a much

longer time, almost to its completion [81]. Confocal microscopy and Brownian dy-
namics simulations consistently indicate that, in the presence of added large spheres,
crystallization proceeds in several stages. First, heterogeneous crystallization is
initiated at the seed surface, as described in detail above. The seed-induced crys-
tal structure with its curved crystal planes does, however, not match the thermo-
dynamically-favoured crystal structure. The mismatch induces distortions and thus
elastic stress, which accumulates while the crystallite grows. Once the elastic energy
penalty reaches the interfacial energy gained by growing on the seed, the crystallite
releases the elastic stress by detaching from the seed. The heterogeneous growth of the
crystallite is thus limited to a maximum size. The observed detachment size is given
by the balance between elastic and interfacial energies [81]. The detached and relaxed
crystallite continues to grow in the bulk. As a consequence, the melted region between
the seed and the detached crystallite starts to refreeze. However, crystallization ceases
before reaching the added large sphere, which prevents complete crystallization and
hence now acts as an impurity. This indicates an intricate balance between heteroge-
neous and homogeneous crystallization with the added large particle acting initially as
crystallization-enhancing seed and, later, as crystallization-impeding impurity. Both
phenomena are observed in the same multi-step process with the particle changing its



Heterogenous Nucleation and Microstructure Formation 449

role when the crystallite detaches from the seed, which hence represents the crucial
turning point in this multi-stage process.
The detachment is initiated by a mismatch between the seed-induced and thermo-

dynamically-favoured crystal structure. The mismatch might be due to seed curvature
or, e.g., incommensurate unit cell structures or sizes. A crystal lattice mismatch is very
common, hard to avoid, especially if the equilibrium crystal structure is unknown,
or even desired for material property reasons. Therefore, this multi-step scenario is
of great technological relevance, in particular as it is expected to be essentially inde-
pendent of what causes the mismatch and hence the findings are applicable to many
situations of heterogeneous crystallization. For the rational design and production
of materials it is furthermore interesting that the crystallite size can be controlled
through the seed size.
Since the crystallite detaches from the seed, the seed might repeatedly initiate het-

erogeneous nucleation and hence act as “crystallization catalyst” [79]. In the present
case, however, the detached crystallite grows toward its seed and thus prevents it from
again acting as seed. This could be avoided by removing the crystallite using, e.g.,
gravity or mechanical forces, such as shear. While this is difficult in a concentrated
suspension, it might be possible in a dilute fluid. This requires a large coexistence
region, which occurs for example in colloid-polymer mixtures [144].

5 Soft spheres

As discussed, a curved seed introduces strain in the crystal lattice of the hetero-
geneously growing crystallite, which can be released after the crystallite detaches
from the seed [79–81,145]. Another mechanism to release or avoid strain is offered
by softness, through the particle-particle interaction potential or the deformability of
the particles [92]. This effect can be investigated by following the crystallization of
soft spheres instead of hard spheres. Microgel particles represent tunable soft spheres
[123–125], which can be sensitive to variations in temperature, pH, ionic strength
or hydrostatic pressure [146,147]. They thus display important differences to hard
spheres. They are swollen by the solvent and the segment density decays smoothly
toward their surface, which leads to compressible spheres with a fuzzy, i.e. soft, inter-
face. The cross-link densities of their core and shell determine the size and softness,
ranging from hard spheres (thin shell, large cross-link density) to very soft particles
(thick shell, low cross-link density). They might also be charged, which significantly
extends the range of the softness [125–130]. Due to the additional parameters, such
as the strength and range of the electrostatic interactions or the softness, their phase
behaviour becomes richer [126–132], but still includes the hard sphere limit. Further-
more, the delicate dependence of the phase behaviour on these parameters implies
that the details of the particle synthesis are important and small differences in the
synthesis can result in significant changes in the phase behaviour.
Here, we discuss the heterogeneous crystallization of microgels based on poly(N-

isopropylacrylamide) (PNIPAM) and cross-linked by N,N’-methylene bis(acrylamide)
(up to 6mol%). They are fluorescently labelled via copolymerization of NIPAM with
methacryloxyethylthiocarbomylrhodamine B and have an almost homogeneous seg-
ment density resulting in a fuzzy surface that however, is very narrow (about 36 nm)
compared to the particles hydrodynamic radius (σ/2 = 287 nm, implying τB ≈ 0.43 s,
with a polydispersity of about 9%, determined by static and dynamic light scattering)
and thus sharper than for common PNIPAM microgels although not as steep as for
homogeneous hard spheres. These microgels can hence serve as a model system for
compressible spheres with a rather sharply-defined surface.
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Fig. 10. Soft sphere crystals growing in the presence of a flat or curved wall as observed by
confocal microscopy. (a) Slice in the vicinity of and parallel to a flat wall and (b) rendered
image with the flat wall located at the bottom of the box and only crystalline particles shown.
(c) Rendered image showing crystalline (red) and fluid (blue) particles in the vicinity of a
spherical seed of diameter σsph = 157σ. Particle diameter σ = 0.574μm, weight fraction
φw = 3.99wt%.

Crystals formed by soft spheres have been studied by confocal microscopy
[92,130,131]. In the presence of a flat wall, heterogeneous crystallization in the vicin-
ity of the wall dominates over homogeneous crystallization in the bulk (Fig. 10a,b)
[92]. The behaviour resembles the crystallization of hard spheres (Sect. 2). However, a
larger number of crystallites and thus of grain boundaries and defects exist, which is
attributed to the softness of the particles. Preliminary experiments show that spheri-
cal seeds initiate heterogeneous crystallization (Fig. 10c) [92]. A detailed investigation
of crystallization of soft spheres in the presence of spherical seeds is ongoing.

6 Conclusions

In heterogeneous crystallization a central role is played by the seed. A very generic
realization of a seed is represented by smooth flat or curved walls. Crystallization is
favoured by flat and curved walls, with the growth rate increasing with decreasing
curvature. While flat walls do not induce strain in the growing crystallites, curved
walls lead to distortions and accumulating elastic stress as the crystallites grow. Once
the elastic stress reaches the energy gained by growing on the (curved) surface, the
crystallite detaches from the seed. The detached and relaxed crystallite subsequently
continues to grow in bulk. While this multi-step scenario was discussed for smooth
flat and curved walls, it is expected to occur in any situation where the seed induces
a mismatch compared to the thermodynamically-favoured crystal lattice. In practice,
a perfect match is very difficult to achieve and, furthermore, the thermodynamically-
favoured crystal structure might even be unknown or not desirable due to material
property reasons. The presented scenario can be exploited to control material prop-
erties and thus is expected to be of great technological relevance.
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Schöpe (Mainz) for helpful discussions and the Centre for Advanced Imaging (University
Düsseldorf) for providing time on the confocal microscope. This work was supported by the
Deutsche Forschungsgemeinschaft (DFG) within the priority programme SPP 1296. A.B.S.
is partially funded by the UK Engineering and Physical Sciences Research Council (grant
EP/J007404/1) and E.A. by the US Department of Energy (grant DE-FG02-05ER46244).



Heterogenous Nucleation and Microstructure Formation 451

References
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38. H.J. Schöpe, G. Bryant, W. van Megen, Phys. Rev. E 74, 060401 (2006)
39. S. Iacopini, T. Palberg, H.J. Schöpe, Phys. Rev. E 79, 010601 (2009)
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88. K. Sandomirski, E. Allahyarov, H. Löwen, S. U. Egelhaaf, Soft Matter 7, 8050 (2011)
89. F. Ziese, G. Maret, U. Gasser, J. Phys.: Condens. Matter 25, 375105 (2013)
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