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Analogous to surface premelting, we propose that a crystal surface can undergo a pre-solid–
solid transition, i.e. developing a thin polymorphic crystalline layer before reaching the solid–solid
transition temperature if two crystals can form a low-energy coherent interface. We confirm this in
simulations and colloid experiments at single-particle resolution. The power-law increase of surface
layer thickness is analogous to premelting. Different kinetics and reversibilities of surface-crystal
growth are observed in various systems. Surface crystals exist not only under thermal equilibrium,
but also during melting, crystallization, and grain coarsening. Furthermore, the premelting and
pre-solid–solid transition can coexist, resulting double surface wetting layers. We hypothesize that
such surface phenomena exist in atomic and molecular crystals, which provide a novel way to tune
material properties.

Most crystal surfaces can develop a thin layer of liq-
uid slightly below its melting temperature. Such surface
premelting is crucial to skating, glacier movement and s-
now formation [1, 2], and occurs when surface liquid can
effectively wet bulk phases, i.e.

γcv > γcs + γsv, (1)

where γ is the interfacial energy, and the subscripts “cv”,
“cs” and “sv” represent the crystal–vapour, crystal–
surface layer and surface layer–vapour interfaces, respec-
tively. A surface-wetting layer can be any phase that
satisfies inequality (1), i.e. the total energy of the newly
formed two interfaces is lower than that of the original in-
terface. A similar but less studied phenomenon is surface
prefreezing, i.e. a liquid freezing into a thin crystalline
layer on a flat substrate [3–5] or at a liquid–air inter-
face [6] slightly above its crystallisation temperature. By
analogy with premelting and prefreezing, we propose that
a thin polymorphic crystalline layer can form on the sur-
face of a crystal approaching its solid–solid (s–s) tran-
sition temperature or pressure, and use the term “pre-
solid–solid transition” to describe this phenomenon. The
s–s transition occurs between different polymorphic crys-
tals composed of the same type of atoms or molecules,
e.g. between diamond and graphite, which are both
formed from carbon atoms. It would be highly useful if
a thin layer of graphite could be controllably formed on
or removed from a diamond surface by tuning tempera-
ture or pressure. Unfortunately, this is not possible in the
graphite–diamond case, as their lattice mismatch leads to
a high γcs, which cannot satisfy inequality (1). However,
when the lattice constants, orientations and symmetries
of polymorphic crystals are well matched, their two lat-
tices can connect perfectly (Fig. 1a) and form a coherent
interface. Such interface has an extremely low energy
(γcs ≃ 0). Thus, inequality (1) is easily satisfied when
a surface crystal is less dense than a bulk crystal, i.e.

closer to the density of the corresponding vapour, such
that γcv > γsv. Furthermore, the above analysis holds if
vapour is replaced by liquid. Thus, a polymorphic crystal
layer can form on the surface of a bulk crystal in either
vapour or liquid under thermal equilibrium, i.e. near ei-
ther the vapour–crystal (Fig. S1) or the liquid–crystal
coexistence line in its phase diagram.

Atoms on free surfaces of solids can rearrange into a
structure different from the bulk, but such surface recon-
struction usually occurs at only one layer of atoms and is
not sensitive to the temperature change [7]. Consequent-
ly, surface reconstruction is not regarded as a precursor
of phase transition or a surface wetting phenomenon such
as premelting.

Neither premelting nor the formation of surface crys-
tals are phase transitions. The latter is actually a precur-
sor of the s–s transition, as it is a wetting phenomenon
that occurs at thermal equilibrium, during which the bulk
crystal remains the stable phase with the lowest chemical
potential. We confirm the formation of surface crystals
by experiment and simulation, and reveal their micro-
scopic kinetics and roles in melting, crystallisation, s–s
transition and polycrystalline annealing processes.

Colloids are outstanding model systems for atoms
because µm-sized colloidal particles and their thermal
motions can be directly visualised by optical microscopy
and tracked by image analysis [8]. Various phase
transitions have been studied at the single-particle level
using colloids, such as crystallisation [9], melting [10, 11],
sublimation [12], condensation [13], glass transition [14]
and s–s transition [15, 16]. In recent years, colloidal
particles with temperature-sensitive attractions have
been fabricated [12, 17–19]. It opens the way to study
the free surfaces of solids, i.e. crystal–vapour interfaces.
In contrast, repulsive particles cannot form free surfaces
at thermal equilibrium. The surface premelting with
single-particle dynamics was previously reported in
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ref. [17]. Here, we discover pre-s–s transition in a
similar colloidal suspension of poly(methylmethacrylate)
(PMMA) spheres in an aqueous black dye. We also use
a colloidal suspension of thermosensitive N -isopropyl
acrylamide-metharylamide (NIPA) microgel spheres in a
red dye. The strengths of the dye-induced attractions in
PMMA and NIPA colloids change in opposite directions
with temperature, and both can be finely tuned at
approximately 30◦C (Fig. S2). When confined between
two plates, PMMA and NIPA spheres exhibit similar
phase behaviors as hard spheres, including monolayer
triangular lattice (1△), two-layer square lattice (2�),
2△, 3�, 3△, 4�, · · · phases, as the wall separation H
increases [20, 21] (Fig. S1c). Similar phases have also
been discovered in plasma [22] and in the electron
bilayers of semiconductors [23]. Experimental details are
provided in Methods.

Surface crystals at equilibrium

We observe the 4� lattice formed on the surface of a
4△ PMMA colloidal crystal (Fig. 1d-i) by lowering the
temperature, as this weakens the inter-particle attrac-
tions and thus increases the effective temperature (path
1 in Fig. S1d). A premelted liquid layer observed by re-
f. [17] does not form, because the temperature and wall
separation are closer to the 4△–4� transition than the
4△–liquid transition. The � and △ crystals have the
same lattice constant; consequently, a coherent �–△ in-
terface can form along their (10) directions (Figs. 1e–g).
This is in accordance with our observation that a 4� crys-
tal can only form on free surfaces along the (10) direction
of a 4△ crystal (Fig. S5). Quasistatic cooling generates
4� crystals of thickness l ∝ (T − Ts-s)

−α (Fig. 1d). Such
power-law divergence has been predicted by premelting
theory [1, 24], and has been observed in simulations [25]
and experiments on the premelting of metals [26] and
this PMMA colloidal system [17]. This further confirms
that the pre-s–s transition and premelting have the same
mechanism.

The kinetic processes of the surface crystal formation
are shown in Figs. 1e–i, Fig. S3, Movie 1 and Movie 2.
Small �-lattice crystallites randomly nucleate at the △-
lattice surface, and then grow laterally until the entire
surface is covered (Figs. 1e, f). As the temperature de-
creases (i.e. the effective temperature increases), a 4�
lattice grows into the bulk △-lattice by bending local
△-lattices, and then swiftly transforms into �-lattices
(Figs. 1g–i, Movie 2). These collective motions of ten-
s of particles represent a martensitic transition, and are
probably generated by anisotropic stress near the sur-
face. Specifically, the weakened attraction between par-
ticles leads to a slight expansion of the 4△ crystal, en-
abling it to freely expand towards the liquid phase, but
this also induces a stress tangential to the surface. This
stress is relieved by the bending of local △-lattices, which
preserves the local coherent �–△ interface. The accumu-

lated stress eventually leads to abrupt fracturing of the
coherent interface, resulting in many defects (Fig. 1i).
We observe similar 4� surface crystals on the NIPA

colloidal crystals. Both liquid–� and �–△ interfaces for-
m steps, and transformations occur at kinks (Fig. 1j). In
4△ → 4� crystals, particles at the interface collectively
shift row-by-row by less than one lattice constant, with-
out generating obvious lattice distortions (Movie 3). This
is probably because NIPA, being softer than PMMA, can
better relax local stresses.
Reversing the temperature change causes the surface �

crystal to transform back into the bulk△ crystal via row-
by-row shifts of particles from kinks in PMMA colloids
(Fig. S4 and Movie 4). The � lattice is less dense than
the △ lattice, hence there is sufficient space for particles
to collectively move row-by-row in a � → △ transition
without generating the local distortions and stresses seen
in a △ → � transition in Figs. 1g–i. Irreversible kinetics
are common in s–s transitions, due to complex stresses
dominating the kinetic pathways [27]. For soft NIPA
crystals, △ → � and � → △ processes are reversible
with similar row-by-row transformations.
The surface crystals are sometimes polycrystalline.

This is due to �-crystal growth from zigzag facets in
the initial vapour–△ interface (Fig. S5b), or to substan-
tial temperature changes generating bulk expansion that
distorts the surface into a polycrystal.
We also perform molecular dynamics simulations of

particles with the 12-6 Lennard-Jones (LJ) potential to
confirm the existence of surface crystals, as detailed in
the Methods. As the temperature increases quasistati-
cally, the bulk n△ crystal develops a surface n� crystal
whose thickness l ∼ (Ts-s − T )−α for n = 3, 4 (Fig. 1k).
Thus, power-law behaviour holds in the simulations and
experiments with different particle interactions and dif-
ferent thicknesses of crystalline films. The kinetics after
an abrupt temperature change are shown in Figs. 1l–n.
First, a few layers of particles near the free surface be-
come highly mobile liquid-like and nucleate into small �
crystallites. These � lattices grow to completely cover
the entire surface. Such early-stage kinetics are simi-
lar to that observed in colloid experiments (Figs. 1e, f),
while the latter-stage kinetics involve row-by-row △ → �

transformations (Fig. 1n, Fig. S8) as illustrated by the
particles’ displacements in Fig. 1o. The slightly differ-
ent kinetics between the simulation and PMMA colloid
experiment may be attributable to different particle in-
teractions and imperfections in the colloidal crystals. For
example, the defects and stepped interfaces in Fig. 1
could interrupt the row-by-row transformation, thereby
generating local lattice distortions.
The reverse 4△ → 4� process involves a similar row-

by-row transformation (Fig. 1o, Fig. S10) and yields the
same l(T ) without hysteresis (Fig. 1k). Such reversibility
confirms that the surface crystal formation is a wetting
phenomenon that occurs at thermal equilibrium, rather
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than a first-order transition that occurs via nucleation.
Note that it can neither be a continuous phase transition
as the two crystals have distinct densities.
The hard-sphere phase diagram (Fig. S1c) shows that

an n� crystal can transform into an n△ or (n − 1)△
crystal. However, we do not observe pre-s–s surface
crystal formation during these transitions, which can be
explained as follows. The free surface of an n� crystal
cannot develop an n△ wetting layer because the density
of an n△ crystal is greater than that of an n� crystal,
and thus vapour–n△ interfacial energy is higher than
vapour–n� interfacial energy. The free surface of an n�
crystal can neither develop a surface (n − 1)△ crystal,
because the one-layer mismatch in the z -direction means
that a fully coherent interface cannot form.

Transient surface crystals

Surface crystals can also affect nonequilibrium process-
es, such as polycrystal annealing, melting and crystalli-
sation. For example, during the annealing of the 4△
polycrystal in Fig. 2, 4� crystals form at the ends of
high-angle (mismatch angle θ = 30◦) grain boundaries
(GBs), because this makes all of the �–△ interfaces co-
herent and thus lowers the energy of the original GBs.
These 4� crystals increase in size, which brings the neigh-
boring GBs closer (Fig. 2b). A 4� lattice band forms
between these two GBs, as their coherent interfaces ef-
fectively reduce the energies of the two high-angle GBs
(Fig. 2c, Fig. S11c, Movie 5). Particles on the coheren-
t interfaces can easily shift slightly row-by-row without
inducing much stress, thus facilitating GB coalescence
(Fig. S12). 4� lattices form at the GB–surface junctions
of GBs with θ = 20◦, but no 4� band forms between
these two GBs because not all of the �–△ interfaces can
be coherent simultaneously (Fig. S13). Low-angle GBs
(θ < 15◦) coalesce directly, without the intermediacy of
� lattices (Fig. S14), because their energies are already
low. Similar to these simulation results for LJ particles,
the NIPA colloid experiments also show that 4� surface
crystals can form at high-angle GBs (Figs. 2e–g), but not
at low-angle GBs (Fig. S6). However, a single 4� crystal
can form coherent interfaces with both 4△ grains across
a 20◦ GB via deformed rhombic lattices (Fig. 2f), prob-
ably because the NIPA crystal is more deformable than
the LJ crystal.
We observed that a polymorphic surface crystal can

temporarily form during bulk crystal melting. When the
temperature is rapidly increased above the n△ melting
point (path 2 in Fig. S1d), the n△ lattice converts to
an n� crystal via collective row-by-row transformation,
and the other side of the n� crystal melts. Eventual-
ly, all of the � and △ crystals melt, as shown in the
experimental data (Figs. 3a-c and Movie 6) and the sim-
ulation data (Fig. S15). Similarly, if the temperature is
rapidly decreased below the n△ freezing point, the liquid
solidifies to a 4� crystal, and then its other side trans-

forms layer-by-layer into a 4△ crystal (Fig. 3d-f). During
this process, the 4△ bulk crystal grows, while the thick-
ness of the surface 4� remains nearly constant (Movie 7).
Surface crystal observed in crystallisation has been inter-
preted as a transient wetting layer [28] which will vanish
after the crystallisation. By contrast, if the supercool-
ing temperature is close to the s-s transition point, the
wetting layer is a pre-s-s transition which will not vanish
after the crystallisation.
Premelting and prefreezing are opposite phenomena.

Similarly, the opposite phenomenon to the pre-s–s tran-
sition of a low-density surface crystal is the formation
of a high-density polymorphic crystal on the surface
of a low-density crystal. This is possible at the bulk
crystal–substrate interface, but not at the bulk–vapour
or bulk–liquid interfaces. Specifically, if a solid substrate
has a lower affinity for a bulk crystal than for a polymor-
phic crystal, an interfacial wetting layer of polymorphic
crystal can form on the substrate before it reaches the
s–s transition point, similar to prefreezing.

Double surface layers at equilibrium

Premelting, prefreezing and pre-s–s transitions all in-
volve one surface wetting layer. In addition, we propose
that double-surface wetting layers can exist, i.e. super-
positions of premelting and pre-s–s transitions (Fig. S1e).
For example, the surface of a bulk △ lattice can de-
velop a � layer and a liquid layer if the vapour–△–�
triple-point is close to the vapour–liquid–� triple-point,
such that γvapour–△ > γvapour-liquid + γliquid–� + γ�–△.
This theoretical expectation is confirmed in experiments
(Fig. 4a) and simulation (Fig. 4b) at appropriate wall
separations. The double wetting layers in Fig. 4 are not
a transient phenomenon, as they remain stable after a
long period of equilibration (Movie 8). Both surface
layers grow as the temperature quasistatically changes
within a narrow temperature range, which is consistent
with the above theoretical expectation that double layers
can only exist near both triple points.

Discussion

We propose two novel surface-wetting phenomena: (1)
the formation of a polymorphic crystalline layer on the
surface of a bulk crystal in vapour or liquid, i.e. a pre-
s–s transition; and (2) the formation of a double surface
layer of liquid and polymorphic crystal when the melting
and s–s transition points (i.e., triple points) are close.
The existence of these phenomena is confirmed by col-
loid experiments and simulations of 12-6 LJ and 16-8 LJ
potentials (Fig. S16). The power-law of the surface-layer
thickness l(T ) is in accordance with the premelting the-
ory, and holds for different particles and film thickness-
es. However, the formation kinetics depend on surface
morphology and particle interaction. The surface crystal
grows from the bulk crystal side, rather than from the
vapour or liquid side, in accordance with a pre-s–s tran-
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sition process rather than a vapour- or liquid-deposition
process.
Note that a 4� crystal on the surface of a 4△ crystal

does not represent an s–s coexistence phase in which the
two crystals have the same chemical potential. Other-
wise, the system would be at the vapour–4△–4� triple-
point, and such a three-phase coexistence could not be
maintained when the temperature changed. This is ex-
plained by the phase rule [29], which states that three
phases in a single-component system can coexist only at a
fixed temperature and pressure (see Fig. S1d and discus-
sions). Analogously, the double surface layers in Fig. 4
represent a surface phenomenon at thermal equilibrium,
rather than the coexistence of four-phases.
Surface crystals occur when two polymorphic crystal-

s can form a coherent interface. Coherent interfaces
play important roles in semiconductors and superconduc-
tors [30], but they are mainly formed between crystals
with different compositions. Most polymorphic crystals
cannot form coherent interfaces, which is probably the
reason that surface-crystal phenomenon has not been re-
ported before. To guide the search of the surface-crystal
phenomenon, we suggest two examples of polymorphic
crystals that can form coherent interfaces: lonsdaleite
(i.e. hexagonal diamond) and graphite [31], and anatase
and TiO2(B) (Fig. S17) [32]. Thus, the free surface of
high-density lonsdaleite (or anatase) can transform into
a layer of low-density graphite (or TiO2(B)) before reach-
ing the s–s transition point. Lonsdaleite-silicon [33] and
silicene [34], which are the silicon analogues of the above
carbon allotropes, can also form a coherent interface, and
thus may also be capable of forming surface polymorphic
crystals.

These temperature-controlled surface layers provide
a simple method for tuning crystal properties. As a
similar phenomenon, surface reconstruction has various
implications in controlling materials’ chemical, catalysis,
adhesion, mechanical, electrical, magnetic and optical
properties [7]. In contrast to surface reconstruction
with only one or a few layers of atoms which are not
thermally tuneable, the pre-s-s phenomenon exhibits a
much thicker and tuneable surface layer which will not
be worn out, and thus could better control the surface
properties. Moreover, surface polymorphic crystals can
exist during bulk crystal melting or crystallisation, and
alter the rates of these processes. Surface crystals can
also facilitate polycrystalline grain coarsening, which
could be useful in materials fabrication.

Methods
Experiments

The first colloidal system is an aqueous suspension of P-
MMA spheres with a mean diameter of σ = 2.02 µm and
a polydispersity of less than 5% [17]. The suspension is
composed of 77% water and 23% nonfluorescent liquid
dye (D98010 Chromatint jet black 1990, Chromatech In-

corporated), i.e. 4 wt% solid dye after drying. The dye
solution is heated for 5 h at 60◦C, and then ultrasonicat-
ed for 1 min at room temperature.
The pair potential U(r) in Fig. S2B is derived from

the radial distribution function g(r) of a monolayer of
colloidal gas at equilibrium [35]. The radial distribu-

tion function g(r = |~r|) = 1
n
2 〈ρ(~r′ + ~r, t)ρ(~r′, t)〉, where

n is the area density, ρ is local number density and ~r
is the particle position. U(r) is derived from g(r) by
the Ornstein–Zernike integral equation using the Percus–
Yevick approximation or a hypernetted-chain approxi-
mation [35, 36]. The two methods yield the same re-
sult, suggesting that the measured U(r) is accurate.
The colloidal particles with relatively long-range attrac-
tive forces can better mimic atoms than purely repul-
sive colloidal particles. The shape- and concentration-
dependence of U(r) [17] suggest that it could be a de-
pletion attraction [37] induced by large clusters of dye
molecules [38]. The effective temperature kBT/Umin

is dominated by the attraction depth Umin, as T only
changes slightly near 300 K during our experiment. PM-
MA spheres can form crystals even at low temperatures,
where the attraction of U(r) is weak. This indicates that
the inter-particle attraction is stronger in colloidal crys-
tals than the U(r) measured in the dilute gas phase, in
accordance with the fact that the depletion force is non-
pairwise additive, and that many-body effects could en-
hance the attraction.
The second colloidal system is an aqueous suspen-

sion of NIPA (or pNIPAM) spheres that have a smal-
l methacrylamide core [39]. Their diameters are ap-
proximately 1 µm with 3% polydispersity, and change
with temperature. The suspension also contains 1.4 wt%
non-fluorescent red dye (Chromatech-Chromatint Red
1064 Liquid, Chromatech Incorporated) [40] at pH = 5.
Temperature-sensitive attractions can be induced be-
tween PMMA spheres by the black dye, and between the
NIPA spheres by the red dye, as indicated by their pair
potentials U(r) shown in the Fig. S2. Moreover, a third
attractive colloidal system can be generated without dye:
attractions can exist between NIPA spheres in the ab-
sence of red dye if the pH is set to 10 by the addition
of NaOH, which is probably due to hydrogen bonding in
such alkaline solution [41]. However, these attractions
are not tuneable. Similarly, this type of dye-free system
can also form surface 4� crystals, akin to the above-
mentioned dye-containing colloidal systems, but the for-
mation processes and other kinetics are difficult to mea-
sure, due to their non-tuneable interactions. Although
the mechanisms of the attractions for PMMA and NIPA
colloid particles are not fully understood, the attractions
themselves are well reproducible, and thus PMMA and
NIPA colloids- are sufficiently robust for the study of sur-
face phenomena.
We prepare thin-film samples as follows. A droplet of

a colloidal suspension is placed on a glass slide, and then
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covered with a glass coverslip. The glass slides and cov-
erslips are pre-cleaned by sonication in a 1:4 solution of
H2O2 : H2SO4 and flame treatment to prevent particles
sticking to the glass surfaces. By adding an appropriate
volume of the colloidal suspension, we can control the
sample cell thickness H. For example, a 1.0 µL colloid
usually forms four layers at the centre and six layers at
the edges in an 18 × 18 mm2 sample area. Therefore,
the local thickness can be regarded as uniform over a
∼ 100 µm field of view. The droplet spreads out over
most of the coverslip area by capillary force, and the
coverslip and the glass slide are then glued together with
epoxy and hardened in air for 30 min to fix the wall
separation. During the observation and video-recording,
the temperature is tuned using a temperature controller
(Bioptechs) attached to a 100× oil-immersion objective,
and good thermal contact is achieved by the use of a
∼ 1 cm2 area of immersion oil. The ∼ 10−4 cm2 field
of view is in the centre of a ∼ 1 cm2 heated area, and
thus the temperature in the field of view is uniform. In
contrast, there is a temperature gradient at the edge of
the heated area, which generates a thermophoretic effect
[42] that pumps dye in or out of the heated area in re-
sponse to increases or decreases in the temperature. The
pumping drift ceases within 30 s of the application of
temperature change, indicating that the dye distribution
has reached a new steady state. Temperature changes
sometimes cause a small drift of the suspension or an ex-
pansion of the crystal, and the whole crystal may oscillate
with an amplitude of less than the size of one particle,
but these motions are temporary, and do not affect the
behaviour of surface layers.
Simulations

In most simulations, particles have a 12-6 LJ poten-
tial [43]:

V (r) = ǫ

[

(σ

r

)12

− 2
(σ

r

)6
]

+ f(r), (2)

where r is the interparticle separation and σ is the ef-
fective diameter. f(r) is set such that U(r = 2.5σ) = 0
and U(r > 2.5σ) is set as 0 [44]. The units of length,
mass and energy are the particle diameter σ, mass m
and characteristic energy ǫ, respectively. Accordingly,
the units of time and temperature are τ =

√

mσ2/ǫ and
ǫ/kB, where kB is the Boltzmann constant. The time step
is set to be 10−3. The LJ potential is the most wide-
ly used potential in simulations and can well describe
the interactions between electronically neutral atoms or
molecules. 16-8 and 12-9 LJ potentials can be similarly
defined based on their power law exponents. The inter-
action potential between a particle and a wall in the z
direction U(r) = 12000×(r−0.5)2; this potential is steep,
and can represent a hard wall. Similar to hard spheres,
LJ particles also form a cascade of several-layer � and
△ lattices at different wall separations, although a quan-
titative phase diagram for thin-film confinement has not

been determined in literature. Our simulation of parti-
cles with a 16-8 LJ potential with the cut-off length 2.5σ
produces similar results (Fig. S16).The 16-9 LJ poten-
tial also has a cut-off length 2.5σ which can form double
surface layers relatively easily.
The simulations are performed in the NVT ensemble

with a Nose–Hoover thermostat, a constant number of
particles N and at a constant volume V and temperature
T , in an Lx × Ly = 30× 160

√
3 rectangular box contain-

ing 4,800 particles per layer under periodic boundary
conditions. The whole system is shown in Fig. S7. We
set H = 2.64, 3.46 for three- and four-layer samples,
respectively. The equilibration time becomes extremely
long near Ts-s because the chemical potentials of the �

and △ crystals are very close. To reach full equilibration,
we run 2 × 106 time steps at each temperature with
∆T = 0.01/step from T = 0 to 0.485, and run 5 × 108

time steps with ∆T = 0.001/step at each temperature
near Ts-s.
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FIG. 1: A 4� crystal on the surface of a bulk 4△ crystal. a, A coherent interface between square and triangular lattices,
where the row of half-red-half-blue particles on the interface match with both lattices. b, The two lattices do not match well,
thereby forming an incoherent interface. c, A schematic of the sample. 4� crystals at fluid–4△ interfaces in (d–i) a PMMA
colloid, (j) a NIPA colloid and (k–o) a simulation. d, Thickness of the 4� crystal at equilibrium fitted by l ∼ (T − Ts-s)

−α

with α = 2.59. The fitted Ts-s = 23.6◦C agrees well with the Ts-s measured directly where the whole 4△ lattice transforms to
a 4� lattice. e, f, As the temperature decreases from 30.0◦C to 28.0◦C at t = 0, particles in the fluid phase nucleate into 4�
crystallites at the surface. g–i, 4△ → 4� transformation after a thin 4� layer covers the 4△ lattice as the temperature further
decreases from 24.7◦C to 24.4◦C at t′ = 0. A △ lattice in the boxed region collectively bends via an elastic affine deformation
to a rhombic lattice in h, and then transforms swiftly into a � lattice via a plastic deformation in i. j, In a NIPA colloid as T
changes to 31.6◦C, the liquid–� and 4�–4△ interfaces (red lines) propagate to the yellow lines 10 min later. They form steps
and grow from kinks, row by row. Scale bars: 20 µm. k, The equilibrium surface � lattice thickness l ∼ (Ts-s − T )−α with
the fitted (Ts-s, α) = (0.4891, 0.61) for 4� crystals and (0.4752, 0.89) for 3� crystals. l–n, The kinetics after the temperature
changes from 0.485 to 0.489 at t = 0. A few surface rows of 4△ particles melt, and then recrystallise into a 4� lattice in M.
n, The surface 4� lattice grows into the bulk 4△ lattice. o, The displacement vectors of particles during the time interval
∆t = 30 show the row-by-row growth depicted in the inset diagram. The initial and final positions are averaged over 1,000
steps in δt = 10 to remove thermal noise. The expansion of a low-density 4� crystal generates a low concentration of vacancies.
Only one layer in the xy-plane is shown in l–o; other layers in the z -direction are similar.
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FIG. 2: 4� crystals at surface–GB intersections facilitate bulk polycrystal annealing in simulation (a to d) and
form in NIPA colloids (e to g). a, Two GBs with θ = 30◦. The temperature changes from 0.45 to 0.485 at t = 0. b, 4�
lattices form at the GB–surface intersections, attracting the two GBs closer together. c, When surface 4� lattices coalesce,
the middle 4△ grain shrinks and transforms into a 4� band, see the full area in Fig. S11c. d, The 4� lattices shrink, and
ultimately transform into a single 4△ crystal. This confirms that the 4△ is the equilibrium phase and has the lowest chemical
potential, and that the 4� is an interfacial phenomenon. e, A single 4� crystal forms coherent interfaces with both △-lattice
grains, as the mismatch angle of the GB is 30◦. Grain boundaries are labelled by white dashed lines. f, A 20◦ GB induces a
rhombic lattice (red parallelogram) at the surface, such that the two △− � interfaces remain coherent. g, The GB mismatch
angle in the bulk is 120◦ − 100◦ = 20◦, but becomes 28◦ near the surface due to the slight deformation of the 4△ lattice. The
surface 4� domain contains a dislocation (⊥), and thus the nearby square lattice has an angle of 92◦ and forms two coherent
△−� interfaces. Scale bar: 20 µm.

FIG. 3: A transient surface 4� crystal formed during the melting (a–c, NIPA colloid) and crystallisation (d–f,
PMMA colloid) of a bulk 4△ crystal. a, At t = 0, the temperature abruptly increases from 33◦C to 34◦C above the
melting point. b, The surface 4� lattice forms at t = 1, 100 s. The solid and dashed line segments represent coherent and
incoherent interfaces, respectively. c, By t = 4, 553 s, the entire crystal in the field of view has melted; by t = 5, 500 s, the entire
crystal outside the field of view has melted. d–f, At t = 0, the temperature abruptly changes from 22◦C to 27◦C across the
freezing point. e, The 4� lattice maintains an approximately constant thickness, with one side growing from the fluid and the
other side transforming layer-by-layer into a 4△ lattice. Deformed square lattice, i.e. rhombic lattices highlighted by ellipses,
reduces the lattice mismatch near the kinks of the interfaces in b, e, f. Scale bar: 20 µm.
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FIG. 4: Double (� and liquid) wetting layers at the interface of bulk △ crystal and vapour at thermal equilibrium.
a, Four layers (in z -direction) of NIPA colloidal particles at 32◦C. Scale bar: 20 µm. b, Four layers of 12-9 LJ particles at
H = 3.45 and T = 0.484 in a simulation.
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