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Figurelllf 500 — 4 A two-stepphucleationlinjd¢rystallfvithifwolfacanciesfinfanil =3 umamplelat)27.2°C.J4, Steady temperature profile in the xy-plane.
The contour spacing is 0.2 °C. The temperature difference in the (38 um)2 area of the central circle is less than 0.2 °C. The green dashed rectangle is the
full field of view. The red square is the area shown in b-g. b-g, Spatiotemporal evolution of the central region of the crystal during the s-s transition. The
colours represent different values of the Lindemann parameter for each particle measured during a 4 s time period (Supplementary Fig. 3). Liquid-like
particles in red are defined as particles with low bond-orientational orders and large Lindemann parameters >0.2 (Supplementary Information). Scale
bars, 5um. See also Supplementary Movie 2. b, At t=0s, the heating light was switched on. The temperature increased and stabilized in 3 s. Two vacancies
are labelled by circles. ¢, At t=2,100s, particles labelled with white dots are swapping positions with their neighbours, although the overall lattice structure
remains intact. d, At t=2,400s, a liquid nucleus has begun to form near one of the vacancies—that is, a vacancy surrounded by particles that are swapping
positions—even though the sample state (and temperature) is below the melting point. e, By t=2,830s, the liquid nucleus has grown larger. f, At
t=3,040s, a A-lattice nucleus has developed within a liquid nucleus that exceeds the critical size. g, By t=3,400 s, the A-lattice nucleus has grown larger,

well beyond its critical size.

confined between two glass walls. Such samples are well known to
exhibit a cascade of crystalline phases as a function of increasing wall
separation H: 1A,200,2A,300,3A, ... (refs 26-28). Here 1A denotes
amonolayer triangular lattice; 2] denotes a two-layer square lattice,
and so on. Similar structures have been found in plasmas® and in
electron bilayers of semiconductors®. The equilibrium state of these
samples is controlled by two thermodynamic variables: the ratio of
wall separation to particle diameter, H /o, and the particle volume
fraction ¢ (refs 27,28). When temperature is varied, o changes
and thus both H/o and ¢ are varied concurrently to produce
n0— (n— 1) A transitions. If temperature is varied quasi-statically,
then such systems evolve along an angled trajectory in the phase
diagram (Supplementary Fig. 2B). Here, we varied temperature
suddenly to produce a superheated metastable [I-lattice, and then
monitored its evolution towards the equilibrium A-lattice at a con-
stant temperature (that is, at constant H /o and ¢).

When the whole sample was heated, n[J— (n— 1) A transitions
always occurred without nucleation; transitions began at the inter-
faces between nlJ and (n— 1) A domains (Supplementary Movie 1).
Therefore, to prevent invasion from pre-existing (n — 1) A domains,
we devised a scheme whereby a beam of light passing through
the microscope objective lens locally heated the interior of an nlJ
crystalline domain with a typical size of 10° particles per layer'.
The heated area equilibrated to a temperature of T,,, +37. The
ambient temperature, T,,,, was adjustable with 0.1°C resolution
using temperature controllers on the microscope, and the optical
heating typically induced a local temperature change of T =1.6°C
near the centre of the illumination region (Fig. 1a). The temperature
attained its steady-state value ~3s after the light was turned on
(Supplementary Fig. 1C; ref. 18). The s—s transition is achieved when
Tomb < Tss < Tomp +8T < Ty, where T and T,, correspond to the
s-s and melting (solid-liquid) transitions, respectively.

In our experiments, the incubation time before a nucleus forms
ranges from 5 to 60 min, depending on the degree of superheating.
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This incubation time is thus much larger than the temperature
equilibration time of 3 s. The temperature was set to be constant for
the entire duration of the incubation and nucleation processes, and
was measured to be very uniform in the central 7t (38 um)* area of
the xy-plane (Fig. 1a) and throughout the thickness (z direction)
of the thin films. This 76-pum-diameter region of interest is very
small compared to the 18 x 18 mm? sample cell size, and the wall
separation is very uniform (<0.030) in the region of interest. Most
of the nuclei studied were larger than H and had a uniform shape
in the z direction; thus we monitored only a fixed layer within
the thin film. In most experiments we monitored the surface layer,
wherein liquid-like particles are more clearly distinguished and
characterized. The particle motions were recorded with a charge-
coupled device (CCD) camera at 10 framess™. Particle positions
were tracked using standard image analysis®. Experimental details
are given in the Methods and Supplementary Information.

Two-step]ucleationy

Nucleation near vacancies (Fig. 1 and Supplementary Movie 2),
dislocations (Fig. 2 and Supplementary Movie 3) and a grain
boundary (Fig. 3 and Supplementary Movie 4) was measured
by choosing heating areas containing these particular defects.
All the superheated metastable crystals exhibited an interesting
two-step nucleation pathway: O-lattice crystal — post-critical
liquid nucleus — A-lattice nucleus (Figs 1-3). This behaviour was
robust across 50 independent experiments observed inside [-lattice
crystal domains and 6 independent experiments observed at grain
boundaries. The largest observed liquid area had ~740 particles
per layer (Supplementary Movie 5). Liquid-like particles swapped
positions in movies, indicating that they are indeed liquid. Note
that the intermediate liquid nucleus is in a metastable supercooled
state which is denser than the equilibrium liquid phase. In fact,
the metastable liquid, the superheated [-lattice and the final
equilibrium A-lattice have approximately the same number density
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Figurel2) 50— 4 A two-step)fiucleationlin)aérystal)vithiflislocationsiht)®7.4 °C)Colours represent different values of the Lindemann parameter, as in
Fig. 1. Dislocations are labelled by the symbol L. Scale bars, 5 um. See also Supplementary Movie 3. a, 280 s after switching on the heating light, particles
labelled with white dots are swapping positions with their neighbours. b, At t=400s, a liquid nucleus formed in a region wherein coalescence of
dislocations and particle-swapping regions occurred. €, A A-lattice nucleus formed within the post-critical liquid nucleus at t=680s. d, All liquid has
transformed to a A-lattice at t=730s. e, At t=850s, the A-lattice nucleus has clearly developed facets, which are described as |, coherent;

II, semi-coherent; I11-VI, coherent. f, The displacements of the facets in e}§long the direction normal to the facets.

and volume fraction, because the ambient [-lattice did not exhibit
any measurable distortion. Figure 1 shows liquid nuclei that have
developed from within the [-lattice, including one near a vacancy
that grew larger than its critical size (that is, that grew to its post-
critical size). Then, at a later time, we see a A-lattice nuclei develop
within this liquid region (Fig. 1f). Finally, when the A-lattice
nuclei grows to its post-critical size, the entire liquid region is
rapidly transformed into a single A-lattice nucleus (Fig. 1g). At
this point, the A-lattice nucleus grows irreversibly in the sample,
indicating that it is much larger than its critical size in the [J-lattice.
Importantly, both the liquid nucleus and the A-lattice nucleus were
observed to grow within their parent phases by monomer diffusion
and attachment rather than via concerted motions characteristic of
martensitic transformations. The two-step nucleation mechanism
was found in all 56 independent colloidal crystal experiments
without anisotropic pressures and, although we have focused our
discussion on the 51— 4A transitions, the same behaviours were
observed in other n[1— (n— 1) A transitions for n#5.

The free energy of a product-phase nucleus within the parent
phase is' (Supplementary Information):

AG:_VpAM’ +AV +Estrain_Edefecl (1)

where A is the nucleus surface area, y is the surface tension, V is the
nucleus volume, p is the number density of particles in the nucleus,
Ap (>0) is the chemical potential difference between the parent
phase and the nucleus, Eq,, is the misfit strain energy in the crystal
caused by volume changes of the nucleus, and Eg.g... (>0) represents
the energy of pre-existing defects in volume V. Eg,, is zero when
the parent phase is a fluid and finite when the parent phase is a solid.
The competing terms with opposite signs in equation (1) give rise to
abarrier in AG as a function of nucleus size. Thus, small nuclei tend

NATUREJMATERIALS)] VOL 14 | JANUARY 2015 | www.nature.com/naturematerials

to shrink rather than grow, unless their size exceeds a critical value
related to the barrier height of AG (Fig. 4a).

The mechanism of the two-step nucleation is shown in Fig. 4.
The schematic in Fig. 4a compares the AG barriers for the liquid
and A-lattice nuclei in a O-lattice (see Supplementary Fig. 5 for a
more detailed discussion) as a function of the radius of the nuclei, r.
AGjquia < AG, at small r, whereas AGiguga > AG, at large r. Hence
a small nucleus is first liquid and then transforms into a A-lattice
nucleus when it becomes large—that is, the system follows the path
with the lowest AG in Fig. 4a.

The two-step nucleation can be understood with the aid of
Fig. 4b, which shows coexisting triangular and liquid nuclei in
the square parent phase. The contact angles of the A-lattice at
all [-A-liquid junctions are less than 90°, which suggests that
o1 < yo-a—that is, because force balance at the interface of
the O-crystal requires yo_ +cosa - 1o = yo-a. A liquid nu-
cleus is more favourable in the [J-crystal parent phase than a
A-lattice nuclei in the (J-crystal because the surface-energy term Ay
in equation (1) dominates for small nuclei. However, when the liquid
nucleus is large, the bulk terms of chemical potential and strain
energy in equation (1) dominate, and the nucleus will transform
into a A-lattice (see Supplementary Information for a more detailed
discussion). This mechanism clearly works in 2D, 3D and even
thin-film crystals, as the film-wall interfacial energy can be ab-
sorbed into the bulk term in equation (1) without any contribution
to the surface term (Supplementary Information). The same analysis
can be applied near defects, because defects lower both barriers in
Fig. 4a by the same amount, E,..q, in equation (1). Thus defects
do not drive the two-step nucleation, and crystals with and without
defects should exhibit similar two-step behaviours (Figs 1-3).

The two-step nucleation provides a real-space illustration of the
Ostwald’s step rule, sketched in Fig. 4c: instead of transforming
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Figure[B)] 500 > 4 A two-step)fiucleationfgtialgrainfboundarylat)®7.2 °C.)olours represent different values of the Lindemann parameter, as in Fig. 1. Scale
bars, 5 um. See also Supplementary Movie 4. a, Particle swapping (white dots) occurred only at the grain boundary. b, The liquid first coalesced into a large
elongated nucleus. ¢, The liquid then grew into an asymmetric droplet relative to the grain boundary because the grain boundary has different angles
relative to the two [-lattices. d, The A-lattice nucleated from within a liquid nucleus. e,f, The nucleated A-lattice rapidly transformed into a A-crystal.

All the A/O interfaces were incoherent, with similar growth speeds; hence, the A-lattice nucleus maintained approximately the same shape during growth.

directly into the product phase, the parent phase evolves through
intermediate metastable (for example, liquid) states with lower
free-energy barriers. However, even in comparison with two-
step nucleation during crystallization—for example, liquid —
dense liquid droplet — crystalline nucleus’ (ref. 32) or liquid —
low-density crystalline nucleus — crystalline nucleus’ (ref. 16)—
the nature of the s-s nucleation process is remarkable because
the intermediate liquid state has a structure that is qualitatively
different from both parent and product phases. Regardless, the
easy formation of liquid nuclei is plausible from symmetry
considerations. In s—s transition theory, each step of the transition is
assumed to follow a group-subgroup relation based on symmetry,
and a sequence of intermediate states is needed to bridge the
parent and product lattices". So far, however, liquid intermediate
states have not been considered theoretically. In fact, liquid
is an excellent candidate for the intermediate state because the
symmetries of all lattices are its subgroups. Consequently, its
interfaces might be expected to cost less energy than s—s interfaces.
Experimentally, the fluidic intermediate state has been suggested in
the graphite-diamond transition on the basis of indirect evidence®;
direct experimental evidence is difficult to come by owing to the
very small spatial and rapid temporal scales associated with the
intermediate liquid nuclei.

The two-step nucleation occurs only in barrier-crossing
processes. When the heating light was switched off, the A-lattice
nucleus was observed to convert directly back to a U-lattice without
experiencing an intermediate liquid state (Supplementary Movie 6).
In this case, the ambient [J-lattice surrounding the nucleus acts
effectively as a huge post-critical nucleus, for which a free-energy
barrier does not exist.

Nucleation)precursory
As well as real-time visualization of the two-step nature of the s—s
transition, the novel experimental system enabled exploration of
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the early dynamics that lead to nuclei formation. So far, precursors
of nucleation have attracted substantial interest in the study of
crystal melting'®*, but they have rarely been explored in solid-solid
transitions. In our colloidal samples, the nucleation kinetics can
be accurately measured because the temperature was fixed during
the ~10-100 min of incubation and nucleation time, which enables
easy observation of the liquid nucleation precursors and avoids the
catastrophic transitions under strong anisotropic stresses or strong
superheating used in many simulations. In the defect-mediated
nucleation theory for crystal melting, a perfect crystal develops more
and more defects as temperature increases. They diffuse, coalesce
and form nuclei above the phase-transition point. Our observations
revealed precursors of liquid nuclei in the s—s transition that are not
newly generated defects, as is often assumed; rather, they are loop
motions similar to those that have been recently observed in crystal
melting simulations™ and experiments'®. As shown in Figs lc, 2a
and 3a, particles marked in white leave their lattice sites, but the
crystalline structure remains intact; these particles swap positions
with neighbours to form closed loops of moving particles in 3D.
Indeed, this should be the easiest way to move particles around in a
perfect lattice.

In crystals with vacancies, particle swapping can take place in
any region, but has a higher chance of occurring near vacancies
(Fig. 1c). In crystals with dislocations and/or grain boundaries,
particle swapping occurs near dislocations or grain boundaries,
and is suppressed in the neighbouring areas (Figs 2a and 3a).
Consequently, liquid nucleation starts from dislocations and grain
boundaries (Figs 2a and 3a). Vacancies are much more mobile
(Fig. 1c,d) than dislocations, and we observed that liquid nuclei
formed at vacancies are mobile, whereas liquid nuclei formed
around dislocations are pinned; pinning is probably caused by the
extra half planes of particles that are associated with dislocations.
In the present experiments, attraction or repulsion was not
apparent among dislocations (Fig. 2), nor between dislocations and
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Figurel@Two-steplfiucleationjinechanism.)a, Schematic of AG for the liquid nucleus (red curve) and the A-lattice nucleus (blue curve) forming within the
O-lattice. The combined red-blue solid curve corresponds to the evolution path with the lowest AG. roc+/N is the effective radius of a nucleus with N
particles in the xy-plane. The intersection of the red and blue curves corresponds to the liquid-A transition process. b, The contact angle of the A-lattice at
the OJ-A-liquid junction @ < 90° (Supplementary Movie 5). The morphology of the nucleus is sketched in the inset, and indicates that the A-lattice does
not wet the CJ-lattice. Colours represent different values of the Lindemann parameter, as shown in Fig. 1. ¢, Ostwald’s step rule for the two-step nucleation:
the O-lattice tends to pass through an intermediate metastable liquid state with two lower free-energy barriers, instead of directly transforming into the
A-lattice. Note that the horizontal axis represents a direction of motion in multidimensional-state space that is different from the horizontal axis in a. The
crossing point in a, however, corresponds to the hopping process over the second barrier in c.

liquid nuclei (Figs 2 and 3). Dislocations can diffuse, but they
did not drift towards nuclei; rather, they were simply absorbed
by an expanding liquid nucleus. Multiple post-critical liquid
nuclei were observed to form in crystals with many dislocations.
Eventually, they merge and then transform into a A-lattice nucleus
(Supplementary Movie 5), or transform into A-lattice nuclei and
then merge.

Growthbfifiucleilfandiinterfacenotion]y

Facets begin to develop after the whole liquid nucleus was
transformed into a A-lattice. The facets developed earlier in Fig. 2
than in Figs 1 and 3 because the liquid transformed to a triangular
lattice faster in Fig. 2, owing to the weaker degree of superheating
and the stronger lattice deformation caused by the dislocations
(that is, rather than a vacancy or a grain boundary). The facets
can be classified into three types according to their structure: a
coherent interface with no lattice mismatch (Fig. 2e:I); a semi-
coherent interface in which lattice mismatch can be viewed as
a chain of dislocations (Fig. 2e: II); and an incoherent interface
wherein lattices do not match (Fig. 2e: III-VI). The facets of
a nucleus within a crystalline domain cannot be all coherent
because a coherent interface requires precise matching between
both lattice constants and angles of the two lattices. The slopes
in the plots of Fig. 2f give the propagation speeds, v, of various
interfaces along the normal (L) direction. Notice that the slopes
of these lines remain approximately constant during growth, with
Vet < Vi i coherent < Vimconarent- Moreover, the disordered structure
at the incoherent interfaces seems to transform into a thin layer
of ‘liquid’ (red particles in Fig. 2e III-VI), which further enhances
the mobility of the particles and the interface®. This behaviour is
observed more prominently in the reverse process: after switching
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off local heating, the coherent interfaces are pinned, whereas the
incoherent interfaces propagate rapidly (Supplementary Movie 6).

The growth of these post-critical A-lattice nuclei depends on
interface propagation speeds. The propagation speeds of the four
incoherent interfaces were similar, which means that the speeds
were not very sensitive to the angles between the interface and
the two lattices. Furthermore, a fast propagation speed along the
normal direction is typically accompanied by a slow propagation
speed along the lateral direction; hence, the coherent and semi-
coherent interfaces grew faster in the lateral (||) direction—that is,
V>V e >V This effect causes the nucleus to elon-
gate, as seen in Fig. 2d,e. Such elongation is energetically favourable
because the coherent and semi-coherent interfaces cost less en-
ergy than the incoherent interfaces. These interface-propagation be-
haviours are predicted in theory, and have previously been observed
in atomic and molecular polycrystals by electron microscopy',
although not during the small-scale nucleation process.

Parameters)pfifiucleil

Lastly, the data accumulated from the many experiments permits
quantitative determination of a critical-nucleus size, interfacial
surface tension, and the distribution of interface angles between the
different crystalline solids. The size of the critical liquid nucleus,
N*, is estimated in three ways: from the plateau in the size
evolution plots (Fig. 5a), because a critical nucleus is in unstable
equilibrium and tends not to grow or shrink; by fitting the AG(N)
curve (Fig. 5b) obtained from the Boltzmann distribution of the
size of the nuclei®, (Supplementary Information); and from the
inflection point of the first-passage time of the nucleus size®”
(Supplementary Fig. 4). The three methods yield similar values:
N*=50%£20,50 £ 10,56 + 20 for the nucleation process shown
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Figurel[{Propertiesipfhucleild, Size evolution of the liquid nuclei in Figs 1-3. N is the number of particles per layer in the nucleus. The plateaux in the red,
blue and black shaded areas correspond to the critical sizes wherein the nuclei were most stable. b, The free energy of the liquid nucleus shown in Fig. 1,
and fitted by equation (1) (yellow curve). ¢, Size evolution of the A-lattice nuclei in Figs 1-3. d, Probability distribution of the angle between the [J- and
A-lattices (inset) in the 50 experiments carried out inside single domains without grain boundaries. Note that the angle ranges from O to 15°.

in Fig. 1. For nucleation near dislocations and grain boundaries,
the probability of forming a liquid nucleus is not uniform in
space. Hence, we estimated the critical size from data in Fig. 5a
to be N* =602 20 for the case of nucleation near dislocations
(Fig. 2) and N* =90 & 20 for the case of nucleation near a
grain boundary (Fig. 3). A-lattice nuclei grew rapidly in the
parent liquid nuclei without a period of steady nuclei distribution;
their critical sizes were roughly estimated from Fig. 5c¢ to be
N* ~5-30. Fitting of equation (1) to the data in Fig. 5b enabled
us to derive an estimate for the surface tension between the liquid
nucleus and the superheated square lattice of y ~0.2 k3 T' /0%, which
is comparable to the value y ~ 0.54-0.58 kT /o* obtained from
simulations of a liquid and a three-dimensional fcc crystal of hard
spheres at the melting point® (Supplementary Information).
Figure 5d shows the broad distribution of the angles between
the parent and product lattices found in all 50 experiments carried
out inside [J-lattice domains. The angle distribution is consistent
with the notion that these transitions are not martensitic, in which
case the distribution would have been characterized by a fixed angle
between lattices'. When the A-lattice nuclei grew from a liquid/C]
interface, it usually had 0 <6 < 4° (that is, the interfaces were
coherent or semi-coherent); those that grew from inside the liquid
had 4° <0 < 15° (that is, interfaces were incoherent). For a nucleus
with 8 =0°, the A- and [-lattices are aligned such that it can have
one or two coherent facets, whereas a nucleus with 6 # 0° has no
coherent facet. Consequently, a greater number of nuclei with 6 =0°
are seen in Fig. 5d, because coherent interfaces have lower energy.

Outlookl

To conclude, we have observed the kinetics of a solid-solid
phase transition which very clearly reveals a two-step nucleation
process with intermediate liquid state nuclei. The kinetic pathway
of a phase transition could involve complicated intermediate
states and is often difficult to predict”. Although intermediate
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states have been observed in some s-s transitions of molecular
crystals', all were crystalline intermediate states in martensitic
transformations rather than liquid states in diffusive nucleation.
Our model for the two-step nucleation mechanism suggests
that similar kinetic pathways with an intermediate liquid should
generally occur in 2D, 3D and thin-film single crystals and
polycrystals when the solid-liquid interfacial energy is lower
than the solid-solid interfacial energy. The key controlling factor
in the early stages of s—s transformation processes is surface
energy, rather than the bulk energies of chemical potential
and strain assumed in many s-s transition theories. We note
that the interfacial energy in metals and alloys ranges from
500 to 1,000mJm~2 for incoherent interfaces and from 200 to
500 mJ m~? for semi-coherent interfaces, is less than 200 mJ m—
for coherent interfaces between two crystalline phases, and ranges
from 30 to 250 mJm~* for solid/liquid interfaces'. Therefore, as
the surface of a nucleus cannot be entirely coherent, a liquid
nucleus should form in the early stages of s-s nucleation in
both single and polycrystalline atomic metals and alloys. The
observations show that the barrier for the s-s transition is
essentially the barrier for forming a liquid nucleus. Thus, any
processing methodology that reduces the energy barrier for
liquid nuclei—for example, doping impurities—might lead to a
speed-up of sluggish s-s transitions that arise in industrial and
metallurgical processes.

In addition, the nucleation precursor of s—s transitions, particle-
swapping loops provides a new relaxation mode that makes the
s—s transition easier and faster. This new kinetic factor controlling
the s-s transition rate should be incorporated in future s-s
transition theories.

Our experiments were carried out under isotropic stress, whereas
many s-s transitions in nature and in industry are under anisotropic
pressure, which enhances the barrier-crossing ability and promotes
collective motions of particles. How anisotropic pressure affects
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the intermediate liquid and the nucleation precursor is a question
worth exploring.

Methodsl]{

We synthesized poly(N -isopropylacrylamide) (NIPA, pNIPA or pNIPAM)
microgel spheres with less than 3% polydispersity and dispersed them in an
aqueous buffer solution with 1 mM acetic acid". Their pair interactions are
measured from the liquid structure of a dilute monolayer of NIPA spheres®.

The colloidal-sample preparation was the same as that for our thin-film melting
experiments in refs 41,42. Briefly, a droplet of the colloidal suspension was placed
on a glass slide, then a glass coverslip was placed on the droplet. The glass
surfaces were rigorously cleaned to prevent particles sticking to them. The
colloidal suspension spread out over most of the 18 x 18 mm? area of the coverslip
by capillary force. By adding an appropriate volume of the colloidal suspension
before we sealed the sample, we could control the sample cell thickness H. For
example, a 1.0 ul colloid usually formed four layers at the centre and six layers at
the edges in the 18 x 18 mm? sample area. Therefore, there was little wall
bending, and the local thickness can be taken as uniform over a ~100 um field of
view. After the droplet spread out over most of the coverslip, the coverslip and
the glass slide were glued together with epoxy so that the wall separation H was
fixed. The cell was filled with colloids and a small amount of air at the edge, so
that the viscous epoxy cannot flow into it and affect the wall separation. The
epoxy was hardened in air in 5 min. The colloidal spheres formed polycrystals
with typical domain sizes ranging from 10 to 100 um in a freshly made sample.
Before the experiment, we used a temperature controller to cycle the temperature
to remove small defects and release any pressure that might have built up during
spreading out of the droplet before sealing the sample. After annealing near the
transition temperature, some domains grew larger than 300 um in size.

We superheated the interior of the crystal with a beam of light from a 100 W
mercury lamp while retaining the ambient temperature below the s—s transition
point (Supplementary Fig. 2A). The area under heating in the focal plane can be
set anywhere between 20 um and 5 mm in diameter by adjusting the iris. We
usually set it to 76 um. We observed the sample in the transmission mode of an
upright microscope to avoid direct exposure of the camera to the heating light. A
small amount of non-fluorescent black dye (Chromatech-Chromatint black 2232
liquid), 0.6% by volume, was added to the sample to absorb the heating light. The
dye seemed to have minor effects on the particle interaction and the phase
behaviour. The heating effect can be conveniently measured from §T =T, — T",
where T! and T, are the melting temperatures at a grain boundary with and
without the optical heating, respectively. 8T depends on the light intensity and
the dye concentration, and was usually set to 1.6 °C. A paraffin film was placed in
the light path to ensure the optical heating was sufficiently uniform'®. The
heating profile shown in Fig. 1a was measured from an aqueous solution of
yellow fluorescein (0.01% by weight) in a cell of thickness 5 um. The brightness of
this fluorescent solution is proportional to the light intensity and the heating
effect”. The light from the mercury lamp was focused by a x100 objective, hence
the focal plane experienced the strongest heating. In 3D NIPA colloidal crystals'®,
the temperature changes by less than 0.2 °C (that is, 0.46% volume fraction) in
=+25 layers along the z direction, hence the temperature is sufficiently uniform
along the z direction in a five-layer-thick sample. Indeed, the nucleation
behaviours at the top and bottom walls were indistinguishable. Supplementary
Fig. 1C shows that the effect of heating stabilized just 3 s after the light was
switched on. The lattice constant in the heated region changed by less than 2%
and was stabilized in 5s. Hence sphere diameter and pressure remained constant
throughout the entire duration of the incubation and nucleation processes. The
temperature gradient in Fig. 1a could induce a small pressure gradient, but it was
outside the field of view. Moreover, it reached a steady state 5s after the light was
switched on. Indeed, we observed no flow in the region of interest. Therefore,
there was no temperature gradient or pressure gradient in the region of interest.
Note that the 0.1 °C resolution of the temperature controller limits slow
temperature fluctuations over a timescale of several minutes and that the spatial
temperature distribution in the small region of interest is uniform.
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