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1. PHASE DIAGRAMS

FIG. S1: a, b, Temperature–density phase diagrams of LJ particles in (a) two dimensions and

(b) three dimensions (reproduced from refs. [1] and [2] respectively). c, Phase diagram of hard

spheres of diameter σ confined between two parallel hard walls with a separation H (reproduced

from ref. [3]). The two-phase coexistence regions are coloured in yellow. d, Schematic phase

diagram of LJ particles confined between two hard walls. The red dashed lines and blue dashed

lines correspond to the melting temperature Tm with gas–liquid–4� coexistence and the solid–solid

transition temperature Ts-s with gas–4�–44 coexistence, respectively. The red shaded regions and

blue shaded regions represent the premelting and pre-solid–solid regimes, respectively. Kinetic

path 1 in the blue region corresponds to Fig. 1 in the main text; kinetic path 2 corresponds to

Figs. 3a–c in the main text. e, In the red and blue overlapping region, a double wetting layer can

exist, as shown in Fig. 4 in the main text. “Gas” in phase diagrams and “vapour” in the main text

are used interchangeably.

A phase diagram is not available for attractive spheres confined between two walls, i.e. in a slit

pore. Thus, we show the phase diagrams of similar systems (reproduced from the literature) in

Fig. S1, namely particles with a 12-6 Lennard-Jones (LJ) potential in two dimensions (Fig. S1a [1])

and three dimensions (Fig. S1b [2]), and hard spheres under two-wall confinement (Fig. S1c [3]).
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The dashed gas–liquid–solid coexistence line in Fig. S1b is parallel to the x -axis, i.e. at a fixed

temperature, due to the phase rule [4]: f = C − p+ 2. For a single-component system (i.e. C = 1)

at three-phase coexistence (i.e. p = 3), the degrees of freedom f = 0, i.e. it occurs at a unique

pressure (P ) and temperature (T ). An alternative explanation is that there are two equations

describing their chemical potentials (µgas = µliquid = µsolid) at the three-phase coexistence, thus

the two variables P and T in the NPT ensemble have a unique solution. Therefore, three-phase

coexistence is a triple point in the P − T phase diagram for the NPT ensemble, and corresponds

to a horizontal line in the T − ρ phase diagram in Figs. S1a, b for the NVT ensemble. “Triple

point” is a commonly used term, and thus we use it in the main text to denote the triple-phase

line in the T −ρ phase diagram for the NVT ensemble. Strictly, nitrogen and oxygen in air impose

one atmosphere pressure, which is much weaker than a typical pressure to induce a solid-solid

transition in atomic systems. Thus a solid coexisting with its vapour phase in either vacuum or

air have similar phase diagrams and similar behaviours of surface wetting layers.

Based on Figs. S1a–c, we qualitatively sketch the phase diagram of four-layer attractive particles

in Fig. S1d. In the phase diagrams, ρ is the average density of the entire system over all phases.

ρ is different for each sample, but is a constant in each trial of the experiment and simulation at

different temperatures, because the total particle number and total volume are fixed. The surface

4� crystals in Fig. 1 of the main text exist at a range of temperatures in a sealed sample, i.e.

at a fixed ρ, thus they are in the pre-solid–solid regime (i.e., the blue region in Fig. S1d), rather

than at the point of coexistence of three bulk vapour–44–4� phases (i.e., the dashed blue line in

Fig. S1d). For the same reason, the double wetting layers in Fig. 4 in the main text exist within

a temperature range, and thus cannot be a coexistence of three or four phases; rather, they are

a coexistence of two (vapour and 4) bulk phases with two (liquid and �) wetting layers. When

the vapour–44–4� and vapour–liquid–4� triple lines are close, the pre-melting (red) and pre-

solid–solid (blue) regions can overlap, see Fig. S1e. In such overlapped region, pre-solid–solid and

premelting co-occur, resulting in the formation of novel double-wetting layers (Fig. 4 in the main

text). We only observe the double wetting layers at thermal equilibrium in narrow temperature

and H regimes, indicating that the overlapping regime is narrow.

Formally, a triangular lattice should be called a hexagonal lattice, because its unit cell is hexag-

onal. Nevertheless, these two names are usually used interchangeably. Stacked hexagonal lattice

layers have three relative positions: A, B and C [5]. ABC stacking produces a face-centred cubic

(fcc) lattice, and ABAB stacking produces a hexagonal close-packed (hcp) lattice. For crystals

comprising fewer than five layers, ABAB stacking is slightly more stable than ABC stacking. For
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example, our simulation shows that the average energy per particle in a four-layer ABAB stack is

-10.82ε, which is 0.04ε less than that in a four-layer ABCA stack (-10.78ε). Such a tiny difference

appears not to affect the behaviour of surface crystals.
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2. PAIR POTENTIALS BETWEEN COLLOIDAL PARTICLES

FIG. S2: a, Radial distribution functions g(r) of a dilute (area fraction 14%) monolayer of σ =

2.02 µm PMMA spheres with 4 wt% black dye at equilibrium at various temperatures. r is the

interparticle distance. b, Pair potentials U(r) of PMMA spheres derived from g(r) in (A). Inset:

the potential depth Umin is linearly related to the temperature T , i.e. the effective temperature

kBT/Umin linearly decreases with T . kB is the Boltzmann constant. T ' 300 K, and is almost a

constant. (a, b) are reproduced from ref. [6]. c, g(r) of a dilute (area fraction approximately 7%)

monolayer of NIPA spheres with 1.4 wt% red dye at equilibrium at various temperatures. d, U(r)

of NIPA spheres derived from g(r) in (c). Inset: the potential depth Umin linearly increases with

temperature, which is the opposite to the trend depicted in the inset of (b). The effective diameter

σ, defined as U(σ) = 1kBT , decreases with temperature reflecting the thermal-sensitivity of the

NIPA particle diameter. The effective temperature is governed by Umin and σ for NIPA spheres,

but only by Umin for PMMA spheres because their σ is a constant.
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3. EXPERIMENTAL RESULTS

FIG. S3: A more detailed depiction of the growth of the surface PMMA colloidal crystal that is

also depicted in the main text Figs. 1e–i (also see Movie 1, 2). a–c, When the temperature is

decreased from 30.0◦C to 28.0◦C at t = 0 s, a thin 4� lattice grows laterally to cover the entire

surface of the 44 crystal. d–i, When the temperature further decreases from 24.7◦C to 24.4◦C at

t′ = 0 s, the 44 lattice changes into a 4� lattice. In the yellow boxed region, the triangular lattice

deforms into rhombic lattices in d–f, and then transforms swiftly into the square lattice shown in

g–i.
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FIG. S4: When the temperature is increased from 25.5◦C to 26.0◦C, the surface 4� PMMA colloidal

crystal transforms back to the 44 crystal, rather than melting into a liquid. The colour bar

indicates the magnitude of the six-fold orientational-order parameter of each particle, |ψj6| =

| 1nj

∑nj

k=1 exp (6iθjk)|, where nj is the number of nearest neighbours of particle j and θjk is the

orientation of the bond between particles j and k with respect the x axis. |ψ6| = 1 for a perfect 4

lattice.

Fig. S3 shows more details of the growth of the surface crystal depicted in the main text Figs. 1e–

i. Fig. S4 shows that this process is irreversible in the PMMA colloid. As the temperature increases

from 25.5◦C to 26.0◦C, the inter-particle attractive forces are increased, and thus the surface �

lattice shrinks by solid–solid transformation rather than by melting from the liquid–� interface

(Fig. S4 and Movie 4). The particles in the �–lattice collectively shift slightly, and transform row-

by-row into the 4-lattice, without exhibiting the lattice distortion of the growth process depicted

in Figs. S3d–i.
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FIG. S5: Different behaviours at the liquid–44 interface of surface lattices of different orientations.

a, No surface 4� PMMA colloidal crystal forms at 27◦C when the interface (blue line) is not oriented

in the (10) direction, because in these circumstances the surface � lattice cannot form a coherent

interface with the bulk4 lattice. b, 4� domains can form even though the global direction (dashed

yellow line) of the 4–� interface is not along the (10) direction of the bulk 44 NIPA colloidal

crystal, as the zigzagged interface contains facets (blue line segments) that are locally oriented

along the (10)4 direction. The resulting 4� crystal contains defects, such as grain boundaries.

T = 29.5◦C. Scale bar: 20 µm.

The surface � crystal forms when the 4 crystal surface is oriented in the (10) or (01) directions,

such that a coherent �–4 interface can form. However, even if the surface is not globally oriented

in the (01) or (10) directions, � surface crystals can form if the 4 surface is zigzagged with local

(01) or (10) facets (see Fig. S5b). � crystals can grow from facets to form a � polycrystal or

distorted � lattices.
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FIG. S6: 4� NIPA colloidal crystals at surface?a10◦ GB intersections. A 10◦ GB in the bulk 44

crystal has little effect on the surface 4� crystal. Scale bar: 20 µm.

4. SIMULATION RESULTS

FIG. S7: The entire simulation box with Lx = 30σ and Ly = 160
√

3σ is under periodic boundary

conditions in both the x and y directions. The large Ly allows for the formation of thick surface

layer approaching the solid–solid phase-transition point. The n4 lattice (green region) has two free

surfaces, and each layer in the z -direction contains 30 × 160 = 4800 particles. The red rectangle

represents the area shown in Figs. 1l–n of the main text.
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FIG. S8: Step-by-step growth (represented by the thickness l) of the surface 4� crystal as the

temperature changes from T = 0.485 to 0.489 at t = 0.

FIG. S9: Profiles of local number density ρ, and the averaged four-fold and six-fold orientational-

order parameters |ψ4,6| at T = 0.489.
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FIG. S10: Displacements of one layer of LJ particles in the four-layer sample when the temperature

decreases from 0.489 at t = 0 to 0.30 at t = 520 in a simulation. The initial and final positions of

each displacement arrow are averaged over 1,000 positions during the time interval ∆t = 10, such

that thermal fluctuations are averaged out. In the 4 lattice, particles’ displacements are extremely

small, and thus the arrows resemble dots. Particles near the vacancies in the � lattice have large

displacements.

The full simulation area is shown in Fig. S7. The surface 4� crystal always grows layer-by-layer,

irrespective of whether the temperature change is small (main text Figs. 1l-o) or large (Fig. S8).

We also observe that the growth kinetics of the surface 4� crystal are reversible: the 4� crystal

transforms row-by-row back to a bulk 44 crystal when the temperature change is reversed (as seen

in Fig. S10), which is similar to Fig. 1o in the main text.

The local structure of particle j can be characterised by the four-fold and six-fold orientational-

order parameters, ψ4j and ψ6j , respectively. Similar to the definition of ψj6 in Fig. S4 caption,
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ψj4 = 1
nj

∑nj

k=1 exp (4iθjk). |ψ4| = 1 for a perfect � crystal. The profiles of density ρ, |ψ4| and |ψ6|

in Fig. S9 clearly show three regimes, corresponding to 44, 4� and vapour phases.

FIG. S11: Surface square crystals facilitate the coalescence of two 30◦ grain boundaries. The full

area of the annealing 44 polycrystal in Fig. 2 of the main text (also see Movie 5). One layer

of 38,000 LJ particles is shown in the Lx × Ly = 121.6 × 160 box. a, The temperature changes

from 0.460 to 0.485 at t = 0. Dashed lines represent the (01) directions of the lattices. b, 4�

lattices form at the GB–surface intersections and attract the two GBs closer together. A single 4�

crystal can form coherent interfaces with both 44 grains when their mismatch angle is 30◦, because

30◦ + 60◦ = 90◦. Here, 60◦ and 90◦ are the angles in a 4 lattice and a � lattice, respectively. c,

When the surface 4� lattices coalesce, the middle 44 grain shrinks, and transforms into a band of

4� lattice. The coherent 4–� interfaces facilitate this 4� → 44 transformation. d, Ultimately,

all of the 4� lattices transform to 44 lattices, resulting in a single 44 crystal.
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FIG. S12: The slope of the smoothed distance d between the two GBs in Fig. 2 becomes steeper

at d < 35 and t > 3.4 × 104 when the �-lattice band running through the bulk 4-lattice crystal

forms. The GBs approaching speed is faster at t > 3.4 × 104 because the layer-by-layer � → 4

transformation at the coherent interface has a lower energy barrier and thus a faster rate than the

4−4 GB migration.
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FIG. S13: Surface 4� crystals facilitate the coalescence of two 20◦ grain boundaries. One layer

comprising 27,588 LJ particles is shown in the Lx × Ly = 99.5 × 121.6 box. The temperature

increases from 0.46 to 0.48 at t = 0. a, Two GBs with θ = 20◦. b, 4� lattices form first at

the GB-surface intersections, and attract the two GBs closer together. c, The middle 44 grain

shrinks, but unlike in Fig. S11c, does not form a band of 4� crystal, because a 4� band cannot be

coherent with both 44 crystalline grains when θ = 20◦. In contrast to the single 4� crystal that is

formed at each GB-surface intersection of 30◦ GBs in Fig. S11b, the 4� crystal formed at each 20◦

GB contains more defects or a grain boundary (dashed lines). This ensures that all of the 4�-44

interfaces are coherent, as 20◦ + 60◦ 6= 90◦. d, 4� lattices shrink, and ultimately transform to a

single 44 crystal.
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FIG. S14: Annealing of two 10◦ GBs without the formation of surface � crystals. One layer (27,582

LJ particles) of the 44 crystal is shown in the Lx×Ly = 99.5×121.6 box. The temperature increases

from 0.25 to 0.4 at t = 0. a, Two low-angle GBs with θ = 10◦ can be viewed as chains of dislocations

(⊥). b, c, The two GBs move closer together. d, Ultimately, the GBs merge, generating a single

44 crystal.
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FIG. S15: Transient surface crystal formed during melting in the simulation of 12-6 LJ particles.

a, At t = 0, the temperature is abruptly increased from T = 0.46 to 0.525 > Tm = 0.52. b, A 4�

lattice forms on the surface of 44 lattice at t = 20. c, One side of the 44 lattice transforms into

a 4� lattice and the other side melts into a liquid. d, The 44 lattice has completely transformed

into a 4� lattice. e, The ultimate equilibrium state of the system, comprising liquid and vapour.

Only one of the four layers in the z-direction is shown; the other layers are similar.
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FIG. S16: A simulated 4� crystal on the surface of a 44 crystal for particles with a 16-8 Lennard-

Jones (LJ) potential, i.e., U(r) = ε[(σ/r)−16−2(σ/r)−8]. a, The thickness of the surface 4� crystal

l ∼ (Ts-s − T )−α (line) fitted with α = 0.78 and Ts-s = 0.4044. Compared to the 12-6 LJ particles

in the main text, the 16-8 LJ particles have a harder core, a shorter-range attraction and require

a tenfold longer equilibration time (t = 5 × 106, i.e. 5 × 109 time steps) after the temperature is

changed from 0.3700 to 0.4094. b, c, Surface 4� lattice under thermal equilibrium at T = 0.4084

and 0.4089, respectively. Only the first layer in the z-direction is shown; other layers are similar.
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5. DISCUSSION: ATOMIC AND MOLECULAR CRYSTALS THAT MAY EXHIBIT

SURFACE POLYMORPHIC CRYSTAL.

FIG. S17: a, The coherent interface between graphite (G) and hexagonal diamond (HD) with lat-

tice orientations that satisfy (110)G//(11̄0)HD. Interfacial atoms are coloured in orange. The image

is reproduced from ref. [7]. b, Coherent interface between anatase (one form of titanium dioxide)

and titanium dioxide (TiO2(B)) with lattice orientations that satisfy (011)anatase//(110)TiO2(B).

The red particles are oxygen atoms and the white particles are titanium atoms. The images are

reproduced from ref. [8].

There have been no previous reports of surface polymorphic crystals. Here, we suggest some

atomic and molecular crystals that may exhibit this phenomenon. For example, carbon has various

allotropes, such as graphite, diamond and lonsdaleite (i.e., hexagonal diamond (HD)). Normal cubic

diamond has an fcc structure, in which two carbon atoms are attached at each single fcc lattice

site: one atom is located at the lattice site and the other is shifted by (1/4, 1/4, 1/4). Thus,

by changing the ABC stacking of the fcc lattice in cubic diamond to the ABAB stacking of the

hexagonal closest packing (hcp) lattice, HD is formed. HD can form a coherent interface with

graphite (G), i.e. (11̄0)HD//(110)G, as shown in Fig. S17A [7]. As G has a lower density than HD,

G should wet the fluid phase better than HD, and thus the (11̄0) surface of an HD can develop a thin

layer of G as the temperature approaches its solid–solid transition point. However, the transition

between HD and G is extremely fast, and its microscopic kinetics have not been measured, even
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in simulation [7].

In addition to the above atomic crystals, there are many types of molecular crystals; some of

these are polymorphic crystals that can form a coherent interface. For example, titanium dioxide

(TiO2) is widely used in paints and coatings, and can exist in one of more than 10 isomeric

forms, including rutile, anatase, brookite and TiO2(B). Anatase and TiO2(B) can form a coherent

interface, namely (011)anatase//(110)TiO2(B), as shown in Fig. S17B [8]. The low-density TiO2(B)

layer is expected to form on the (011) surface of the high-density bulk anatase, slightly below

its solid–solid transition temperature. The opposite behaviour, i.e. the surface of bulk TiO2(B)

(or graphite) transforming to anatase (or lonsdaleite), is also possible when the bulk crystal is in

contact with a solid substrate whose lattice wets the surface phase better than the bulk phase.

6. MOVIES

Movie 1: The initial formation of the surface 4� PMMA colloid crystal. The 4� layer

covers the 44 surface, corresponding to Figs. 1e, f.

Movie 2: The growth of the surface 4� PMMA colloid crystal. 44 → 4�, corresponding

to Figs. 1g-i.

Movie 3: The bulk 44 NIPA colloidal crystal transforms to a surface 4� crystal, layer

by layer. The temperature is changed from 33.5◦C to 34◦C at t = 0. Particles involving the

transformation are coloured in red for 4 lattice and green for � lattice.

Movie 4: Shrinkage of the 4� crystal by increasing the temperature. The surface 4�

crystal transforms back to bulk 44 PMMA colloidal crystal when the temperature increases from

25.5◦C to 26.0◦C, corresponding to Fig. S4.

Movie 5: Coalescence of two 30◦ grain boundaries at T = 0.485 in simulation. This

corresponds to Fig. 2 and Fig. S11.

Movie 6: The melting process of a bulk 44 crystal involves a transient surface 4� crystal.

The temperature is changed from 33◦C to 34◦C at t = 0 in the NIPA colloid, corresponding to

Figs. 3a-c.

Movie 7: The crystallisation of a bulk 4 crystal involves a transient surface 4� crystal.

The temperature is changed from 33◦C to 27◦C in the PMMA colloid, corresponding to Figs. 3d-f

Movie 8: Double layers on the surface of a 44 NIPA colloidal crystal. The liquid and 4�
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surface-wetting layers are stable after more than 150 min at 33◦C, corresponding to Fig. 4a.
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