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Surface Premelting and Melting of Colloidal Glasses

Qi Zhang1, Wei Li1, Kaiyao Qiao1 & Yilong Han1∗

1Department of Physics, Hong Kong University of Science and Technology, Clear Water Bay, Hong

Kong, China.

The nature of liquid-to-glass transition is a major puzzle in science because little structural change1

causes drastic dynamic slowdown1. A similar challenge exists in glass-to-liquid transition, i.e. glass2

melting, but it has been poorly explored. In particular, the surface effects on glass are not well3

understood2, especially in melting3–6. Here, we assemble monolayer, bilayer and trilayer colloidal4

glasses composed of tunable attractive spheres by vapour deposition such that they are sufficiently5

stable to melt from the surface3, 5, in contrast to bulk melting of ordinary glasses3. The measured6

particles’ trajectories reveal that structural and dynamic parameters reach their bulk values at dif-7

ferent depths, which define a surface liquid layer and an intermediate glassy layer. The thicknesses8

of both layers increase in power laws upon approaching the glass transition point, similar to surface9

liquid growth in crystal premelting. The power law exponents are robust for both layers under slow10

and fast temperature changes, and for monolayer and multilayer samples. The power-law temper-11

ature dependence of the structural parameters on the surface and their centrosymmetric profiles12

are similar to crystal premelting7. The profiles of dynamic parameters follow the prediction of13

the cooperative-string model for the surface mobile layer of glass8. Under the fast temperature14

change across the glass transition point, the centrosymmetric density profile and constant speed15

and width of the melting front are similar to crystal melting9. These results suggest that premelting16

and melting can be generalised from crystals to amorphous solids.17
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Glass melting is not simply a reverse process of liquid-to-glass transition, i.e. vitrification or glass18

transition. For example, strains can exist in the solid parent phase during melting but not in the liquid par-19

ent phase during vitrification; The heat capacity of glass exhibits hysteresis upon cooling and heating10;20

Rapidly quenching liquid produces glass, whereas heating glass at the same rate may produce crystal i.e.21

devitrification, rather than melting11. In contrast to the intensively studied glass transition, the study about22

glass melting is at the preliminary stage3–6, 12, 13. For ordinary glasses, liquids usually homogenously form23

within bulk via a nucleation-like process and grow with Avrami-type kinetics12, 13, whereas melting at free24

surfaces (i.e. vapour–solid interfaces) is negligible compared with melting in large bulk3. By contrast,25

ultrastable glasses exhibit heterogeneous surface melting3–5. A crystal surface usually forms a thin liquid26

layer slightly below the melting temperature Tm, i.e. surface premelting. Such surface liquid propagates27

into bulk when T ≥ Tm, i.e. surface melting, and preempts melting from within. Surface melting has been28

studied in atomic and molecular ultrastable glasses 3–5, 14, but lacks microscopic measurement, compari-29

son with crystals and a quantitative theory. In glass melting, the glass transition temperature Tg plays the30

role of Tm in crystal melting 3, 4, 10, 15, but whether glass exhibits surface premelting has not been explored.31

Besides melting, glass surface behaviours such as the surface mobile layer, are key topics in studies32

on molecular2, metallic16 and polymer17 thin-film glasses. The surface mobile layer has been studied by33

comparing the behaviours of thin-film glasses with different thicknesses, or other methods without single-34

particle resolution2. Consequently, how different it is from a normal liquid, and how local properties vary35

with depth remain unclear.36

Colloids are outstanding model systems because micrometre-sized particles and their thermal mo-37

tions can be visualised and tracked by optical microscopy18. Colloids have provided important micro-38
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scopic information on bulk glasses19, such as shear-induced bulk glass melting6. However, thermally39

induced bulk or surface melting has not been explored using colloids. Besides melting, the free surface40

of glass has only been experimentally explored using repulsive colloidal particles during vapour depo-41

sition under gravity at a fixed temperature20. Here, we use attractive colloids to form equilibrium free42

surface and measure the microscopic kinetics at different effective temperatures. Premelting and melting43

driven by weakening particles’ attractions are compared under slow and fast temperature changes for44

monolayer and multilayer samples.45

We use 50%: 50% mixture of poly(methyl methacrylate) (PMMA) spheres with diameters σa =46

2.08 µm and σb = 2.74 µm to avoid crystallisation. As temperature decreases, the strength of the47

dye-induced attraction between PMMA spheres |Umin| decreases18, and the effective temperature Teff =48

kBT/|Umin| increases linearly (Supplementary Fig. 1c and Supplementary Information A.1). Monolayer49

and multilayer colloids are confined between two centimetre-sized parallel glass plates with different50

separations in the z direction. Here, monolayer and multilayer refer to the layers in the z direction,51

whereas liquid or glassy layer refers to the layer in the y direction defined in Fig. 1a (Supplementary52

Fig. 2). Ultrastable glasses have been fabricated in metalic, molecular and polymer systems, but not53

yet in colloids. Our colloidal glasses are assembled via vapour deposition at a typical growth rate of54

0.5 σ/t0, which is comparable with those of ultrastable molecular glasses formed by vapour deposition21
55

(Supplementary Information A.3 and Supplementary Movie 1). t0 is the mean time for a particle on the56

vapour–liquid interface moving one mean diameter σ = (σa + σb)/2. Approximately 104 particles are57

observed in the field of view by optical microscopy, and their Brownian motions are tracked by image58

analysis22. Experimental details are provided in Supplementary Information A.59
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Figure 1: Surface premelting under slow temperature change. At 27.0❽ (a, b) and 25.4❽ (c, d), particles

in the monolayer are coloured by ρ and log(DW ), respectively. Scale bars: 20 µm. e, At 26.0❽, the profiles

of the structural parameters {ρ̃(y), s̃2(y)} fitted by Eq. 2 (red solid curve); the profiles of the dynamic parameters

{ ˜log(τ(y)), ˜log(ph(y)), ˜log(DW (y))} fitted by Eq. 3 (black dashed curve). The five regimes (vapour, dense vapour,

liquid, glassy layer and bulk glass) have four interfaces labelled on the top x axis; their positions ys,0,1,2 are defined

at ρ̃ = 5%, 50%, 95% and ˜log(DW ) = 95%, respectively. y = 0 is defined as y0 at 27.0❽ (yellow dashed lines

in a, b). f, Layer thicknesses d1,2 fitted by (T/Tg − 1)−α1,2 (dashed lines) with Tg = 25.3❽, α1 = 0.51 ± 0.09,

α2 = 0.61 ± 0.10 for the monolayer, and Tg = 25.0❽, α1 = 0.46 ± 0.10, α2 = 0.51 ± 0.12 for the trilayer.

g, ρ̃y=y′s
(T ), s̃2,y=y′s

(T ) ∝ (T/Tg − 1)βρ,s2 with βρ = 0.45 ± 0.10, βs2 = 0.38 ± 0.08 for the monolayer, and

βρ = 0.68± 0.09 for the trilayer. h, i, ρ̃ and ˜log(DW ) profiles of the monolayer sample at different temperatures

collapse onto Eqs. 2 and 3 (white dashed curves), respectively. The coloured regions are labelled in e.
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1 Slow temperature change60

Tg is quasistatically approached by decreasing temperature at ∆T = 0.2❽/step with 1–3 h of equili-61

bration at each step. In monolayer samples, each particle i at depth y is characterized by two structural62

parameters (local density ρi (Figs. 1a, c) and two-body local excess entropy s2i
23) and three dynamic63

parameters (Debye–Waller factor DWi
20 (Figs. 1b, d), structural relaxation time τ(y), and hop indicator64

function phi
24) (Fig. 1e). ρi ≡ πσ2

i /(4Ai) where Ai is the Voronoi area. s2i reflects the number of in-65

herent structures25. A particle’s vibration amplitude is described by DWi(t) =
√

〈(~ri(t)− 〈~ri(t)〉)2〉/σ66

where 〈~ri(t)〉 is the average position during [t − 15 s, t + 15 s]. The structural relaxation time τ , i.e.67

the decay time of self-intermediate scattering function (Supplementary Fig. 8), is proportional to viscos-68

ity. phi reflects a particle’s jumping ability. We measure log(τ), log(DW ) and log(ph) because they are69

commonly used in glass studies24, 26. Using {ρ, s2} or {log(ρ), log(|s2|)} yields similar results (Supple-70

mentary Fig. 16 and Supplementary Movie 4). All the five parameters are normalised (denoted by ˜)71

from 0 (vapour) to 1 (bulk glass) for comparison. Details on the five parameters and normalisation are72

provided in Supplementary Information B.73

N quantities may saturate to their bulk values at different depths, which define N layers near the74

surface. Interestingly, all the structural parameters {ρ̃, s̃2} saturate to their bulk values at y1, and all the75

dynamic parameters { ˜log(DW ), ˜log(τ), ˜log(ph)} saturate at y2 (Fig. 1e). Their profiles define a dense76

vapour layer at 5% < ρ̃ < 50% with thickness y0 − ys, a surface liquid layer at 50% < ρ̃ < 95% with77

thickness d1 = y1−y0 and an intermediate glassy layer at ρ̃ ≥ 95% and ˜log(DW ) < 95% with thickness78

d2 − d1 = y2 − y1 (see ys,0,1,2 defined in Fig. 1e).79

d1,2 represent the penetration depths of the surface effect on structure and dynamics, respectively.80
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Fig. 1f shows81

d1,2 ∝ (T/Tg1,2 − 1)α1,2 . (1)82

The fitted Tg1 = Tg2 = 25.3❽ is consistent with the directly observed complete bulk melting at 25.3❽83

(Supplementary Movie 2). Moreover, the bulk density jumps and elastic moduli approach zero at 25.3❽84

(Supplementary Fig. 13), similar to operationally defined glass transition temperature at the sudden85

change in thermal expansion, shear modulus or other properties under heating or cooling10, 15. Note86

that Tg is from fitting of Eq. 1 without distinguishing supercooled liquid and glass; thus, it circumvents87

the major ambiguity in the glass study. Different choices of the threshold values (e.g. 95% or 99.5%)88

only slightly shift d1,2 by a constant factor and do not affect the fitted values of Tg and α (Supplementary89

Fig. 24). For thin-film polymer glasses27, the observed power law relationship between film thickness90

and the corresponding transition temperature T ∗

g essentially reflects the same premelting behaviour as91

Eq. 1 (Supplementary Information D).92

In crystal premelting, the power law growth of the surface liquid thickness has been predicted in93

theory28, 29 and observed in experiments18, 29 and simulations29, 30. Here, we find that it also holds for the94

two layers of the colloidal glass before reaching Tg (Fig. 1f). Premelting has only been discussed for95

crystals at γvc > γvl + γlc. γ is the interfacial energy. The subscripts ‘vc’, ‘vl’ and ‘lc’ represent the96

vapour–crystal, vapour–liquid and liquid–crystal interfaces, respectively. Although double layers have97

not been reported in premelting, they are theoretically possible when γvg > γvl + γlg > γvl + γls + γsg, i.e.98

forming a liquid (l) layer and a surface glassy (s) layer between vapour (v) and bulk glass (g).99

In addition, the profiles of structural parameters, ρ̃(y) and s̃2(y), at different T collapse onto a100

master curve by rescaling y with d1(T ) (Fig. 1h and Supplementary Fig. 18a) and can be fitted by a101
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hyperbolic tangent function102

ρ̃(y), s̃2(y) = (1 + tanh(2(y − y0)/d1))/2. (2)103

The hyperbolic tangent profile commonly exists on various interfaces (Supplementary Information C.3).104

Error function (erf) or the prediction of Landau theory for crystal premelting can fit ρ̃(y), s̃2(y) equally105

well (Supplementary Fig. 25), because they are in the range of [0, 1] with similar centrosymmetric shapes.106

The profiles of the dynamic parameters { ˜log(DW (y)), ˜log(τ(y)), ˜log(ph(y))} collapse onto a master107

curve after y is rescaled by d2 (Fig. 1i). They are not centrosymmetric and cannot be fitted by Eq. 2.108

Instead, they can be fitted by the prediction of log(τ) in the cooperative-string model for the glass surface109

mobile layer8 (Fig. 1i):110

f(y/d2) = f(y′/
√
2) = erf(y′) + 2y′ exp(−y′2)/

√
π − 2y′2(1− erf(y′)). (3)111

Fig. 1g shows that the structural parameters at the vapour interface vary with temperature in a power112

law as predicted by Landau theory of crystal premelting28:113

ρ̃y=y ′

s
(T ), s̃2,y=y ′

s
(T ) ∝ (T/Tg − 1)βρ,s2 . (4)114

Eq. 4 has rarely been confirmed in crystal premelting18, 31. The vapour interface y′s defined by minimising115

the free energy in Landau theory for crystal premelting28 is close to ys defined by ρ̃ = 5% (Supplementary116

Information C and Supplementary Fig. 24).117

Monolayer and bilayer colloidal crystals exhibit distinct surface premelting and melting behaviours18,118

probably because 2D is the critical dimension in which systems have strong long-wavelength fluctuations119

according to the Mermin–Wagner theorem. However, we find that monolayer and multilayer colloidal120

glasses have similar behaviours in premelting and melting. The images of multilayer samples are blurry121
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Figure 2: Surface premelting under fast temperature change. a, Layer thicknesses d1,2(T ) ∝ (T/T ′

g − 1)−α1,2

(dashed lines) with the fitted T ′

g = 23.4❽, α1 = 0.42, α2 = 0.45 for the monolayer and T ′

g = 24.5❽, α1 =

0.52, α2 = 0.52 for the trilayer. b, ρ̃y=y′s
(T ) and s̃2,y=y′s

(T ) ∝ (T/T ′

g − 1)βρ,s2 (dashed lines) with the fitted

βρ = 0.32 and βs2 = 0.33 for the monolayer, and βρ = 0.45 for the trilayer. The errors are smaller than symbols.

c, d, ρ̃ and ˜log(DW ) at different times collapse onto Eqs. 2 and 3 (white dashed curves), respectively. y0,t=0 ≡ 0.

The coloured regions are labelled in Fig. 1e.

(Supplementary Fig. 19), so we only measure ρ̃ and ˜log(DW ) from the coarse-grained pixel brightness122

and its fluctuation, respectively (Supplementary Information B.9). Similar to monolayer samples, Eq. 1123

for d1,2 and Eq. 4 for surface density hold for the bilayer (Supplementary Fig. 22) and trilayer (Figs. 1f,124

g) samples. Their structural and dynamic profiles fit Eqs. 2 and 3, respectively (Supplementary Fig. 21).125
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2 Fast temperature change126

Crystal melting is usually studied by abruptly increasing the temperature above Tm. Similarly, we127

abruptly change the temperature controller from 26.5❽ to 23.3❽ across Tg, so that both premelting128

and melting processes can be studied. T (t) decreases at a rate of about 10−3
❽/s (Supplementary A.4).129

Similar to the slow temperature change, d1,2(T ) fits Eq. 1 with T ′

g1 = T ′

g2 = 23.4❽ (Fig. 2a);130

ρ̃y=y′s
(T ) and s̃2,y=y′s

(T ) fit Eq. 4 (Fig. 2b). T ′

g under the fast temperature change is lower (i.e. attraction131

weaker and effective temperature higher) than Tg = 25.3❽ under the slow temperature change, in accor-132

dance with the high Tg under rapid quenching in vitrification32. The profiles of the structural and dynamic133

parameters at different times collapse onto two master curves of Eq. 2 (Fig. 2c) and Eq. 3 (Fig. 2d) re-134

spectively. Bilayer and trilayer glasses under the fast temperature change also exhibit similar premelting135

behaviours (Fig. 2 and Supplementary Figs. 21, 22).136

During the melting stage (Fig. 3), ρ(y) and log(DW (y)) at each instance still follow Eq. 2 (Figs. 3d–137

g) and Eq. 3 (Fig. 3d–f and Supplementary Fig. 17), respectively. At t ≥ 3600 s, the thickness of the138

glassy layer reaches a constant value (Fig. 3h). The glassy layer can be viewed as the melting front139

with a hyperbolic tangent density profile (Fig. 3g) and propagates at a constant speed at t ≥ 3600 s140

(Fig. 3h). These behaviours agree with the predictions in Landau theory33 and observations in crystal141

melting experiment9. The constant speed of melting front has also been observed in ultrastable glass142

melting4, 14, whereas the constant width of the melting front has only been conjectured in ultrastable glass143

without an experimental test5.144

Cooperative rearrangement regions (CRRs) are crucial to glass relaxation34 and surface mobile145

9



g

a

d

h

Vapour

Liquid

Bulk

Dense Vapour

Glassy
0.81

lo
g
(D
W
)

b15 s 3000 s

e

5000 sc

f

Figure 3: Surface melting under the fast temperature change. a–c, The monolayer sample coloured by

log(DW ) at different times (also see Supplementary Movie 3). Scale bars: 20 µm. d–f, ρ(y) and log(DW (y)) of

a–c fitted by Eqs. 2 and 3 (solid and dashed curves), respectively (also see Supplementary Movie 4). They share the

same double y axes. The coloured regions are labelled in h. g, Density profiles across the glassy layer at different

times fitted with Eq. 3 (solid curves). h, Evolution of the surface layers.

layer20, but the observation of individual CRRs requires single-particle kinetics. We measure CRRs near146

the surface (see Supplementary Information B.7 and Supplementary Movie 3). CRRs are initially string-147

like and elongated along the glass surface, and become progressively more compact approaching 1800 s.148

They become increasingly string-like and perpendicular to the glass surface at t > 1800 s (Supplementary149

Figs. 14, 15). This morphological change from compact to string-like as effective temperature increases150

has been predicted34 and observed35 in bulk glasses.151
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3 Discussion152

We observe a stable liquid layer on the surface of bulk glass, i.e. premelting. Note that such identification153

of premelting does not need the measurement of Tg and the similarity to crystal premelting. Our in-situ154

observations further reveal that premelting and melting of glasses are similar to those of crystals as fol-155

lows: (1) The thickness of the surface liquid layer d1(T ) increases in a power law (Eq. 1) whose exponent156

α ≈ 0.5 is robust under the slow and fast temperature changes for monolayer and multilayer samples;157

(2) The centrosymmetric profiles of structural parameters ρ̃(y) and s̃2(y) can be equivalently fitted by158

Eq. 2, Supplementary Eq. 16 for Landau theory of crystal premelting, or Supplementary Eqs. 19 and159

20; (3) ρ̃y=y′s
(T ) and s̃2,y=y′s

(T ) follow Eq. 4; (4) The melting front propagates at a constant speed with160

a constant width. Behaviours (1–3) hold for premelting under both fast and slow temperature changes.161

Behaviours (2 and 4) hold for melting under the fast temperature change. Behaviours (1, 2 and 4) have162

been experimentally observed in crystal premelting29, 36 and melting9, whereas the theoretical prediction163

of behaviour (3)28 has not been tested in crystals due to the lack of single-particle resolution. Melting is164

always easier from a free surface than within bulk for ordinary and ultrastable glasses (Supplementary165

Information E), but glass surface premelting has not been discussed and glass surface melting lacks the-166

ory. The above similarities (1-4) suggest that premelting, melting and their theories for crystals can be167

generalised to glasses.168

In contrast to crystal premelting, the glass surface exhibits an additional glassy layer defined by169

dynamic parameters. This layer exhibits the above surface liquid layer’s behaviour (1) but not (2 and 3).170

The profiles of dynamic parameters can be fitted by Eq. 3 of the cooperative-string model8.171

Monolayer and multilayer glasses exhibit similar premelting and melting behaviours, indicating172

11



that the dimensionality effect is not prominent for glasses. This phenomenon is in accordance with the173

similar behaviours for 2D and 3D bulk glasses37, 38 and in contrast to the distinct premelting and melting174

behaviours for monolayer and bilayer crystals18, 30.175
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