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I. Experimental Details

A. Properties of colloidal particles

Our colloidal particles are dispersed in an organic solvent composed of non-polar and polar
components with density match to get rid of the buoyancy effect. Free ions in solvents are
attracted around micron-sized particles carrying with negative charges to screen electrostatic
interaction by building the double layer.1 Therefore the pair interaction is well described
by the Yukawa potential,2 that is, u(r) = A exp(−κ(r − σ))/(r/σ). Here, κ−1 is the Debye
screening length, σ is the diameter of particles and A is denoted as the strength of potential.
To measure the pair potential, we prepared a very dilute solution, φ = 0.001, and calculated
the pair distribution function g(r) of colloidal particles in the system, as shown in Fig. S1a.
As φ is far away from the freezing point, the colloidal system falls in liquid state and the
distribution of particles is quite uniform at large spatial scale, represented by the long-range
plateau in g(r). Thus the radial distribution function can be directly related to u(r) at
low-density limit:

lim
φ→0

g(r) = exp[−βu(r)] (1)

where β is the inverse temperature, 1/kBT . The diameter of particles was measured from
fluorescent snapshots captured by microscopy, σ = 2.3 µm. With fixed σ, we fit our experi-
mental data using Equation (1) to get the screening length κ−1/σ = 0.67 and the strength
of interaction A = 623 kBT .

B. Layering structure and mobility of particles

Colloidal particles move randomly in solution under the influence of the thermal energy
and the mutual interaction.3–5 However, the movement can be anisotropic along different
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FIG. S1. Interaction between particles. a, The radial distribution function of colloidal
system with very low volume fraction, φ = 0.001. b, The pair potential of colloidal particles.
Our data are well fitted by the hare-core Yukawa potential, shown as solid line, indicating a
good agreement with the theory.

directions in space due to geometric constraints.6,7 To study the boundary effects on the
structure, we first draw the distribution of particles along z axis which is perpendicular to
substrates in Fig. S2a. As particles are bounded in a rectangle capillary, the spatial distri-
bution of particles is modulated by flat substrate, resulting in the layering phenomenon7,8

along the vertical direction, in which each particle belongs to a layer and freely moves in the
horizontal plane. When the space is fully filled by crystalline structure, most of particles are
located in discrete layers and very few appear in between. These layers are clearly seen in the
particle number distribution in Fig. S2a. We define each layer as the entire space between
two valleys in this distribution plot, with the peak locating at the center. Although we have
modified substrates by coating different amount of particles, this layering effect does not
change and the positions of layers are perfectly overlapping under different conditions. In
addition, the gap between the first layer and particles coated on the substrate, d1 = 2.8 µm,
is larger than the diameter of particles. Thus particles can freely move above the coated
particles without direct contact. Note that the average distance between neighbouring lay-
ers is the same, d = 4.2 µm, which is larger than d1. It demonstrates that particles in
the first layer are pushed to the substrate due to the asymmetric distribution of particles.
Obviously, the number of particles in the bulk is much more than that of particles coated
on the substrate even at the largest coating density ρs/ρ0 = 0.34. Thus, the repulsive force
from bulk particles exerting on the first layer is greater than that from the substrate at the
same distance and pushes the first layer closer to the substrate. Furthermore, the amount
of particles in each layer is nearly the same so that particles are locked within each layer,
leading to a uniform spacing of the layering structure.

During liquid-to-solid transition, the layering structure is more and more pronounced
and the width of peaks become narrower as more crystals are formed in layers. Is it possible
for particles to jump out of their previous layer and run into neighbouring layers during
crystallization? To investigate the evolution of layering structure, we track each particle and
label them belonging to each layer at any moment. By counting the number of particles
move between different layers, we find that the portion of such particles is less than 4% of
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FIG. S2. Spatial distribution of particles along vertical direction. a, Layering
structures at the final stage of crystallization. The layering structures are similar regardless
of ρs/ρ0. Note that the peak located at z = 0 µm is due to the particles coated on the
substrate which is not counted as the layers in the solution. The distance between the first
layer and coated particles, d1 = 2.8 µm, is smaller than the distance between neighbouring
layers, di = 4.2 µm, indicating that particles within the first layer are pushed to substrate
due to repulsive interaction. b, Fraction of particles leaving their original layers during
crystallization. The fraction is always less than 4% and keep decreasing, indicating that
very little particle can leave the original layer to a different layer.

the total number within a layer, and this fraction keeps decreasing as time goes on. It shows
that the refinement of layers is due to the rearrangements of particles within each layer.

It is well known that the motion of particles is strongly affected by the local environ-
ment.5,9 Hence, to quantify the effect of asymmetric distribution of particles in space, we
calculated the mean squared displacement (MSD) of particles in different layers along three
directions, as described in Fig. S3. Within the first layer, the movement of colloidal particles
is isotropic in xy plane as the curves of x and y components of MSD are overlapped. At
the initial time, 〈x2〉 /σ2 and 〈y2〉 /σ2 are linear with respect to t, indicating the diffusive
behavior in supercooled liquid. Then particles are arrested in cages composed by neighbours
to form solid, which is represented by the decrease of the MSD slope in Fig. 3a. However,
the motion of particles in z direction is greatly restricted in the first layer due to boundary
influence. To clarify this boundary influence, we concentrate on the z component of MSD in
each layer. When layers are far away from the substrate, the restricted behavior of 〈z2〉 /σ2

gradually disappears. The motion of particles within the first two layers near the substrate
is highly disturbed while the other particles are nearly unaffected by boundary. Therefore,
we divide the system into the boundary (the first two layers) and the bulk (other layers).
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FIG. S3. Anisotropic movement of particles in space. a, Mean-squared displacement
of particles within the first layer is plotted with time. Particles are confined in a horizontal
plane, as demonstrated by the low values of z -component compared to x and y components.
b, The z -component of MSD in different layers. When particles are far away from the
substrate, the motion in z direction becomes gradually unrestricted.

II. Structural Analysis

A. Bond-orientational order parameters

There are several solid phases with different symmetries2,10,11 existing in phase diagram of
colloidal systems, with or without mutual pair interaction. In charged-particle system, bcc
solid is the most stable phase in a broad range of low packing fractions; however hcp and
fcc symmetries can also emerge during the crystallization process. In order to distinguish
liquid and solid with different symmetries, we use a series of bond-orientational order param-
eters12,13 (BOPs), defined by the orientational angle of neighbors with the help of Legendre
functions. These BOPs are usually classified into two sets: qi’s describe the order of system,
and wi’s describe the symmetries of clusters. Here, we use q4 and q6 as criteria to distinguish
liquid and ordered structures composed by precursor and solid, as shown in Fig. S4. It
is clear that there are distinct regions in the q4 − q6 plane, in which liquid has lower q6,
while particles with better order locate on the high q6 region. We therefore set q6 > 0.27 as
the criterion to separate disordered liquid and more ordered precursor and solid structures.
The ordered structures with three symmetries are mixed up in q4 − q6 plane, but they have
different locations in the w4 − w6 plane, as shown in Fig. 3a in the main text.

B. Evolution of structures in different layers

To further study the evolution of precursors and solids in our system, we make a long time
observation covering the nucleation and growth stages of the liquid-solid phase transition.
Precursors are intermediate structures first emerged in liquid state to build the ordered
environment for further nucleation, whose numbers are shown in Fig. S5a. However, due to
the boundary influence, the number of precursors in the layers close to the smooth substrate
is much larger than that in other layers. Note that precursors in each layer reach a maximum
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FIG. S4. The distribution of local order of particles during liquid-solid phase
transition on q4 − q6 plane. The dashed line indicates the criterion, q6 = 0.27, to
distinguish liquid and ordered structures of precursor and solid.

amount at a certain time, due to the competition between the formation and transition of
precursors. Also, the time reaching the maximum amount in each layer is sequentially
delayed, indicating that the smooth substrate can first promote the production of precursors
in lower layers, which subsequently helps precursor formations in higher layers. Due to the
efficient production of precursors, the generation of solid-like particles is also accelerated one
after another layer, as shown in Fig. S5b. Interesting, the evolution of solid-like particles in
the first two layers are highly correlated. Thus we conclude that the initial nuclei formed on
the substrate are mostly located in the first two layers. As time goes by, large solid grains
grow in lower layers, and precursors converting into solid becomes easier due to the help
from the surfaces of grains. This layer by layer growing behavior is a clear signature of the
heterogeneous crystallization.

However, when substrates are coated with more and more particles (ρs/ρ0 > 0.2), nuclei
do not mostly initiate from the boundary anymore. They emerge everywhere in both the
boundary and the bulk regions. The growth mode can be quantified by the distribution of
precursors and solids in space. The motion of particles near flat substrate is bounded, so
that precursors are easier to form in the first layer. But the conversion from precursor to
solid is limited under the effect of random potential field from coated particles on substrate.
Therefore, the number of precursors in the first layer stabilizes at a high value for a long
time without decreasing as shown in Fig. S5c, in sharp contrast to the heterogeneous case in
Fig. S5a. In addition, the quantity of precursors in other layers are very similar, indicating
the generation of precursors in space is homogeneous. In Fig. S5d, at the early stage of
nucleation more solid emerge in the first two layers since abundant precursors exist in these
two layers. However, later the other layers catch up and most curves are overlapping with
each other in the late stage (the first layer becomes the lowest due to the random particle
coating). Thus it clearly shows that the probability of forming nuclei in the bulk is similar
or even larger than that in the boundary region in homogeneous crystallization.
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FIG. S5. Counting number of structures in different layers with respect to time
in two crystallization modes respectively. a, Evolution of precursors in different layers
in heterogeneous crystallization. The position of maximum peaks shift from lower to higher
layers, indicating precursors are first formed near the substrate and then grow into higher
layers. b, Evolution of solid particles in different layers during heterogeneous crystallization.
The curves of the first two layer are perfectly overlapped, indicating that the initial nuclei
generated by the substrate occupy these two layers. Therefore we take the space of the
first two layers as the boundary region. The final plateau of each curve indicates the end of
crystallization within that layer. c, Evolution of precursors in different layers in homogeneous
crystallization. All curves are flat and the number of precursors within the first layer is always
larger than others due to the boundary effect. d, Number of solid particles in different layers
during homogeneous crystallization. The curves of different layers are similar, showing a
uniform distribution of crystallites.
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C. Properties of nucleus on the boundary

The classical nucleation theory14,15 assumes that the generation of nucleus is driven by the
competition between the difference in chemical potential of liquid and solid and the interfacial
energy. For heterogeneous nucleation, nuclei are randomly formed on substrates at any time,
and the size distribution of nuclei is controlled by the Boltzmann factor of the free energy of
nuclei, that is, Ncount ∝ exp(β∆G). Here, Ncount is the number of nucleus at a certain size
and ∆G is the free energy difference of forming the nucleus from liquid. Since the interfacial
energy dominates the early nucleation when the size of nucleus is smaller than the critical
size, the surface tension γ can be extracted from Ncount ∝ exp(−γS) under the assumption
of nuclei being spherical caps on a smooth substrate. The surface area of solid cap on a
smooth substrate is S = (π(2− 3 cos θ + cos3 θ))1/3(2Nv)2/3, where θ is the contact angle of
nucleus, N is the number of solid particles in the nucleus and v is the mean volume occupied
by a solid particle. At last, we can get Ncount ∝ exp(−γN2/3). From our experimental data,
the size distribution of nuclei on a smooth substrate is obtained and fitted to the model,
which gives γ = 0.1 kBT as shown in Fig. S6.

FIG. S6. Histogram of nuclei at different sizes. Below the critical size, the number
of nuclei decreases with size exponentially according to CNT, as fitted by the red curve.

During heterogeneous nucleation, nuclei are attached to the boundary to decrease the
total surface energy and the energy barrier. The contact angle θ is the main parameter
determining how much surface energy can decrease in comparison to nuclei formed in the
bulk. When θ = π or completely non-wetting, the energy of forming a nucleus on the
boundary is the same as that in bulk. In our experiments, we have realized the transition
from heterogeneous to homogeneous nucleation under the same thermal conditions. To find
the key effect during this transition, we measured θ on substrates coated with different
amount of particles. Since the position of each particle is tracked in space, we can point out
the solid and liquid region according to the local order. The whole space is then filled with
a Voronoi tessellation in which each particle is encapsulated by a Voronoi cell, as described
in Fig. S7. Therefore, the connected Voronoi cells of liquid (green) and solid (red) particles
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FIG. S7. A schematic representation of measuring contact angle of nucleus on
substrate. Liquid and solid regions are coloured by blue and red, respectively, on the
basis of Voronoi tessellation. The facets jointing liquid and solid represent the liquid-solid
interface.

form the interface. The angle formed by this interface and substrate is considered as the
microscopic contact angle. We first average this angle over several locations within one
nucleus and then average over 30 nuclei to get a good statistics. We find that θ remains
unchanged on different substrates with different coating particles.

III. A Unified picture of heterogeneous and homoge-

neous crystallization

A. Rate process theory

Rate process theory16,17 forms the fundamental basis of our physical understanding of many
phenomena with an energy barrier, such as chemical reaction, nucleation, stimulated radia-
tion and nervous impulse. The process could be a simple transformation A ⇀↽ B, such as our
liquid-solid transition which involves one original state or “reactant” A and one final state
or “product” B. The reactant need to cross the energy barrier to become the product along
a reaction pathway on the free energy landscape. Since the transition process is bidirection-
al, the production rate is determined by the competition between the forward and reverse
transitions. From a thermodynamic point of view, the forward transition rate is linked to
the energy barrier looked from state A: k+ ∼ e−(Gmax−GA)/kBT ; while the reverse reaction
rate is linked to the energy barrier looked from state B: k− ∼ e−(Gmax−GB)/kBT . Here, Gmax

is the maximum energy along the reaction path, and the free energy of the initial and final
states are GA and GB respectively, as shown in Fig. S8. At equilibrium, the particle num-
bers at state A and B are constants and their ratio is governed by the equilibrium constant,
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K = k+/k− = e−(GB−GA)/kBT . This is the basic idea behind the chemical reaction constant.
In a more general non-equilibrium situation, such as our phase transition, the transition rate
can be experimentally obtained from the instantaneous number variation of the reactant A
and the product B during the transition, k+ = 1

NA

dNB

dt
and k− = − 1

NB

dNA

dt
. From these

two rates, we can further get: K = k+/k− = e−(GB−GA)/kBT , which gives the instantaneous
energy difference between states A and B from experiment.

FIG. S8. Schematic of free energy change during the transition between A and B.
Green particles constitute the disorder structure A, while the order structure B is composed
of red particles. Two states are separated by the energy barrier, Gmax.

During crystallization in our colloidal system, the structural transformation7,18 is quite
complicated as there are 7 structures (liquid, 3 types of precursors and 3 types of solids)
and 7× 6 = 42 pathways in total connecting any two components. Nevertheless, we can still
monitor the transition on each pathway thanks to our single-particle level measurements.
Because the time between two frames of measurements is much less than the time scale
of phase transition, we can count the number of particles with structural transition at a
very short time interval. Therefore, the transition rate of each pathway can be estimated
as k = 1

Ni

dNij

dt
≈ 1

Ni

∆Nij

∆t
, where Ni is the quantity of structure i, ∆Nij is the number

of particles converting from structure i into j within the time interval ∆t. The forward
direction is defined as the transition from a disordered structure to a more ordered structure.
Furthermore, the dynamic (i.e., varying with time) equilibrium constant K is also obtained
as the ratio of k+ and k−, which gives the instantaneous energy difference between structures
i and j. In Fig. S9, we plot the variation of particles with time on three typical pathways
as examples. Clearly, the number of particles in the forward transition is in the same order
of magnitude as that in the reverse transition. Their quantities vary with time due to the
change in the amount of particles: for example less and less liquid particles are left in the late
stage of crystallization. Additionally, there is no qualitative difference for the same pathway
in the boundary and the bulk regions, and they only differ quantitatively.
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FIG. S9. Number of particles changing the local orientational order. a,b, The
forward and reverse transforming number between liquid and hcp-like precursor in boundary
(a) and bulk (b) regions. c,d, The forward and reverse transforming number between bcc-like
precursor and hcp-like precursor in boundary (c) and bulk (d) regions. e,f, The forward and
reverse transforming number between bcc-like precursor and hcp in boundary (e) and bulk
(f) regions.
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B. Correlation between the order of environment and reaction rates

It is found that the transition rates vary with time in the process of crystallization, instead of
being constants such as in chemical reaction process. To reveal the fundamental mechanism
of variation in k+/−, we analyze how the system evolves from disordered to ordered state
in space. It is convenient to quantify the order of structures using q6, and more ordered
structures have a higher q6 value. As described in Fig. S10, at the early stage of nucleation,
the distribution of q6 is concentrated in the region with lower value implying most of particles
are liquid-like regardless of their locations in space. However, the order in the boundary
region is better than that in the bulk, due to the constraints on particles from the flat
substrate. As more and more precursors and solids emerge in layers, the order of local
structures increases, as shown by the shift of q6 towards higher values. The evolution of
system indicates that the kinetics of structural transformations is strongly affected by the
order of environment.

FIG. S10. Distribution of local orientational order parameter versus time. a,b,
Distribution of q6 varies with time in boundary (a) and bulk (b) regions. Particles in the
boundary region formed relatively ordered structures in comparison with these in the bulk
at the initial stage of nucleation. With more and more nuclei formed, the distribution of q6

shifts to higher q6 values.

To find the relationship between the structure transition and the property of environment,
we directly link transition rates and the averaged order parameter in a local region of interest:
Q6 =

∑N
i=1 q6(i)/N . In Fig. S11, the reverse rate of bcc-like precursor to bcc transition

is plotted in the same graph for different boundary conditions. Surprisingly, all data are
collapsed into a master curve, either in the boundary or in the bulk. With the increase in
ρs/ρ0 from 0 to 0.37, the system goes from heterogeneous to homogeneous crystallization;
however, all data from various experiments collapse onto one master curve with respect to
Q6, as shown in Fig. S11a (boundary) and Fig. S11b (bulk). Besides this pathway, such
master curves also exist in all other pathways during crystallization, which gives a unified
picture of heterogeneous and homogeneous crystallization.

One main difference between two crystallization modes is their distinct growth rate of
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crystals. Although the transition rates in each pathway are the same in heterogeneous and
homogeneous crystallization at the same Q6, the transition speed from one precursor to one
solid is the product of the amount of precursor multiplying the forward rate. Thus, we also
compare the number of disordered and ordered structures versus Q6 in the two modes, as
depicted in Fig. S12: the black symbols are heterogeneous data and the red symbols are
homogeneous data. It is clear that even at the same Q6 environment, the number of bcc-like
precursors and bcc solids are different in heterogeneous and homogeneous crystallization, in
both the boundary (Fig. S12a,b) and the bulk (Fig. S12c,d) regions.

FIG. S11. Reverse transition rates of bcc-like precursor to bcc solid transforma-
tion under different boundary conditions. a,b, The reverse rates are collapsed onto one
master curve with respect to Q6 in either the boundary (a) or the bulk (b) region, regardless
of the crystallization modes.

C. Master curves in various kinetic pathways

To unify two crystallization modes in a unified picture, we illustrate the master curves in
various different pathways. We average the forward and reverse rates in different boundary
conditions and crystallization modes to get a good statistics. In Fig. S13, we display the
master curves of pathways about the structural transformation between liquid and 3 types of
precursors. Clearly the reverse rate is larger than the forward rate, indicating that precursors
are difficult to survive in the initial disordered environment. With the system being more
and more ordered, forward rate catches up the reverse rate and the liquid structure is more
inclined to transform into precursors. After reaching the crossing point of k+ = k−, the
transition of liquid-to-precursor is irreversible because the system gets more ordered with
plenty of new precursors formed, further making the liquid with stronger tendency to become
precursors. Note that master curves in the boundary region are different from the bulk
region. Since these master curves are the same for both heterogeneous and homogeneous
crystallization, how can the nucleation sites and the growth rate be different in the two
nucleation modes? The key is the difference of the initial values in Q6. The initial Q6
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FIG. S12. The difference of bcc-like precursor and bcc solid in two crystallization
modes at the same Q6. The black symbols are heterogeneous data and the red symbols are
homogeneous data. a,b, The number of bcc-like precursor (a) and bcc (b) in the boundary
region are plotted as the function of Q6. Even at the same Q6 value, the quantity of bcc-like
precursor and bcc solid in two crystallization modes are different due to the difference of
initial conditions. c,d, The number of bcc-like precursor (c) and bcc solid (d) in the bulk
region are plotted as the function of Q6. Again, the two sets of data in the bulk region are
different.
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of the boundary region is much smaller in homogeneous crystallization compared to the
heterogeneous crystallization. Hence, the starting point of the evolution of the system on
master curves is shifted, denoted as arrows in Fig. S13a. Since k+ increases with Q6 while
k− decreases, the difference between k+ and k− at lower Q6 is greater than that at higher
Q6. It means that liquid is much easier to form precursors at the beginning of heterogeneous
crystallization at Q6 = 0.3, while it is much more difficult to form precursors at the beginning
of homogeneous crystallization at Q6 = 0.25.

FIG. S13. Transition rates of pathways linking liquid and precursors. a,b, Ki-
netic transition rates between liquid and bcc-like precursor in boundary (a) and bulk (b)
region. c,d, Kinetic transition rates of transformation between liquid and hcp-like precursor
in boundary (c) and bulk (d) region. e,f, Kinetic transition rates of transformation between
liquid and fcc-like precursor in boundary (e) and bulk (f) region. The insets are the dynamic
equilibrium constant, K = k+/k−, of each pathway.

Besides liquid to precursor, we further illustrate the master curves of the transformation
among three types of precursors, as shown in Fig. S14. Obviously, for the first row in the
boundary region k+ and k− are quite stable with increasing Q6; thus the transformation
probability among precursors in both heterogeneous and homogeneous nucleation do not
change with environmental order near boundary. For the second row in the bulk, both
k+ and k− increase with Q6 slightly and then stabilizes, again indicating small variations
against environment change. More specifically, for the pathway between bcc-like and hcp-
like precursor, the curve of k+ is overlapped with that of k− in a wide range of Q6 in the
boundary region (Fig. S14a) while k− > k+ starts from Q6 > 0.2 in the bulk region (Fig.
S14b). It indicates that bcc-like precursor is more likely to transform into hcp-like precursor
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under the influence of substrate in comparison with that in the bulk region. As for hcp-
like to fcc-like precursors, the overlap between k+ and k− in the bulk region reveals the
similarity of these two precursors (see Fig. 14d); however this similarity is broken by the
surface potential in the boundary region, making k+ < k− (see Fig. S14c). The transition
rates between fcc-like to bcc-like precursor are shown in Fig. S14e,f: k+ > k− for all Q6 in
the entire space, showing that fcc-like precursor is unstable and less preferred in comparison
to the bcc-like precursor.

FIG. S14. Transition rates of pathways among precursors with different sym-
metries. a,b, Kinetic transition rate between bcc-like precursor and hcp-like precursor in
boundary (a) and bulk (b) regions. c,d, Kinetic transition rate between hcp-like precursor
and fcc-like precursor in boundary (c) and bulk (d) region. e,f, Kinetic transition rate be-
tween fcc-like precursor and bcc-like precursor in boundary (e) and bulk (f) region. The
insets are the dynamic equilibrium constant, K = k+/k−, of each pathway.

At last, we illustrate the master curves in pathways between precursor and solid in
Fig. S15. We just focus on the transformation between precursors and solid with the
same symmetry, and the other pathways are also verified but are not displayed here due
to the similarity. In general, transition from precursor to solid is difficult in the disordered
environment at small Q6, making the forward transition rates k+ much smaller than the
reverse rates k− initially. However, as Q6 increases with system order, k+ catches up k−

and the crossing point is reached. After that point, k+ dominates k− and the system has
a higher probability to transfer from precursors to solids. In addition, heterogeneous and
homogeneous nucleation again have a big difference on the starting point on these precursor-
solid master curves, which leads to the difference in their crystallization speeds and behaviors.
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FIG. S15. Transition rates of pathways between precursors and solid. a,b, Kinetic
transition rate of transformation between bcc-like precursor and bcc solid in boundary (a)
and bulk (b) regions. c,d, Kinetic transition rate of transformation between hcp-like pre-
cursor and hcp solid in boundary (c) and bulk (d) regions. e,f, Kinetic transition rate of
transformation between fcc-like precursor and fcc solid in boundary (e) and bulk (f) regions.
The insets are the dynamic equilibrium constant, K = k+/k−, in each pathway.
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D. Free energy difference between different structures

During liquid-solid phase transition, colloidal particles form more and more ordered struc-
tures, but the transformation of disordered structure to ordered structure is limited when the
environment is quite disordered, quantified as low Q6. Only when Q6 is large enough in the
boundary and bulk regions, disordered clusters are more likely to become ordered, and the
transition point is indicated by the crossing point of forward and reverse master curves. The
ratio between the reaction rates of forward and reverse pathways, K = k+/k−, is defined as
the dynamic equilibrium constant. It is related to the free energy difference between the two
structures, β(GB − GA) = β∆G = − lnK (see Fig. S8). The negative value of ∆G means
that final state has a lower energy than original state so that the transition is pushed in the
forward direction. Obviously, ∆G is not a constant in our crystallization process: it changes
with the order of environment Q6 and thus it is a dynamic equilibrium constant.

To study the evolution of free energy of structures during the liquid-solid phase transition,
we calculated ∆G for each pathway in the boundary and bulk regions. At the initial stage
of nucleation, precursors evolve from liquid as the first step. In Fig. S16, precursors are
hard to survive in the disordered environment with low Q6, and the energy cost of forming
precursors is positive. By contrast, precursors have lower energy than liquid when the system
is more ordered later. More specifically, substrates have less effect on the evolution of bcc-
like precursor (Fig. S16a) and fcc-like precursor (Fig. S16c), implied by the overlap of the
energy variation of these two precursors in the boundary and bulk regions. However, liquid
attempts to avoid being fcc-like precursor of which has a higher energy than liquid even in
high order environment. Besides, substrates show an positive effect on the pathway of liquid
to hcp-like precursor in the boundary region, as shown in Fig. S16b. The energy of hcp-like
precursor is gradually reduced to below liquid in the boundary region whereas still greater
than liquid in the bulk. These findings also elucidate the physical origin of distribution of
dominant precursors in space.

We also monitor the energy difference between different precursors during crystallization,
as illustrated in Fig. S17. First, we find that the free energy differences between precursors
are nearly unchanged when Q6 varies from 0.2 to 0.4. However, the energy difference in
the boundary and bulk regions are distinct. In the boundary region, bcc-like precursor and
hcp-like precursor have approximately equal free energy since ∆G is close to zero in Fig.
S17a. This shows that the pathway of bcc-like to hcp-like precursor is more pronounced in
the boundary region than in the bulk. Although hcp symmetry and fcc symmetry are quite
similar, as demonstrated by ∆G close to zero in the bulk (Fig. S17b red symbols), in the
boundary the substrate makes ∆G > 0 and thus hcp-like precursor is harder to convert into
fcc-like precursor in the boundary region (Fig. S17b blue symbols). In Fig. S17c we plot the
free energy difference between fcc-like precursor and bcc-like precursor: the negative values
of ∆G indicates that bcc-like precursors are more preferred energetically.

At last, we illustrate the free energy variation in pathways from precursor to solid with
the same symmetry. In general, the free energy difference between precursor and solid is
continuously decreasing as Q6 increases in both the boundary and bulk regions, as shown in
Fig. S18. In addition, the boundary curves are higher than the bulk ones; thus the substrate
makes the energy difference higher in such transitions. More specifically, bcc is relatively
harder to emerge from bcc-like precursor in the boundary region comparing with that in
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FIG. S16. Free energy difference between liquid and three types of precursors.
a, Energy difference between bcc-like precursor and liquid. There is very little difference in
the boundary and bulk regions. b, Energy difference between hcp-like precursor and liquid.
Under the influence of substrate, hcp-like precursor in the boundary region is easier to form
from liquid than that in the bulk. c, Energy difference between fcc-like precursor and liquid.
The curves from boundary and bulk are entirely overlapped during crystallization. As the
order and Q6 increase, liquid-like particles are more likely to convert into precursors.

FIG. S17. Free energy difference among precursors with different symmetries. a,
Energy difference for the transition between bcc-like to hcp-like precursor. In the boundary
region, bcc-like precursor is likely to become hcp-like precursor as the energy difference is
close to zero (blue); however the bcc-like precursor is more preferred in the bulk (red).
b, Energy difference between hcp-like precursor and fcc-like precursor. Substrate makes a
difference between hcp-like and fcc-like precursor in the boundary; however, the free energy
of them in the bulk are the same due to their similar symmetry (i.e., ∆G = 0). c, Energy
difference in fcc-like to bcc-like precursor transformation. The energy difference are very
similar in both boundary and bulk regions, and the bcc-like precursor has a lower free
energy than the fcc-like precursor (∆G < 0)
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FIG. S18. Free energy difference between precursor and solid with the same
symmetry. a, Evolution of energy difference in bcc-like precursor to bcc solid. The bcc
solid has a higher energy relative to bcc-like precursor in the boundary region under the effect
of substrate. b, Evolution of energy difference between hcp-like precursor and hcp solid. c,
Evolution of energy difference between fcc-like precursor and fcc solid. As the order in the
boundary and bulk regions increase, the energy cost of forming solid is gradually reduced in
both the boundary and the bulk regions.

the bulk (Fig. S18a). This fact also verifies that although bcc is the most stable phase,
it is not the only dominant phase in the boundary region. For the conversion within hcp
symmetry (Fig. S18b) or fcc symmetry (Fig. S18c), the energy difference between precursor
and solid in the bulk is slightly lower than that in the boundary region. The increase on the
energy difference in the boundary region is probably due to the motion of particles within
the boundary region is greatly constrained in horizontal direction, which limits the path on
the free energy landscape during the phase transition.
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