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Supplementary Discussion

Role of the crystal-liquid density difference in glass mechanical stability

Next, we focus on the additional effects of the nature of interparticle interactions. We

find a considerable difference in the density variation across the interface accompanied by

the structural ordering between soft long-range-interaction and hard short-range-interaction

systems. In the low-φ charged colloidal systems, the density change across the interface (less

than 1 %) is smaller than the density fluctuation amplitude in the liquid, and this feature is

nearly T -independent (see Fig. S5, Fig. S6a and Figs. S7-S11 in Supplementary Information).

In contrast, for a high-φ sample with hard short-range interaction, the density change across

the crystal-glass interface (nearly 20 %) is much larger than the density fluctuation amplitude

in the amorphous region (see Figs. S6b and S12). These observations suggest that the glass’s

mechanical stability increases with an increase in the crystal-liquid density mismatch. Note

that the more considerable density increase upon crystallization means a weaker driving

force of crystallization. Therefore, the harder the interaction is, the larger the crystal-liquid

density mismatch is and the more rigid the icosahedral structures are, making the glass state

more stable against diffusionless fast crystal growth.

Furthermore, our analyses show no apparent density decrease near the interface in both

soft-sphere systems where crystals keep growing and hard-sphere-like glass systems where

crystals stop growing. Thus, the interface mobility enhancement is primarily caused by the

disordered state’s mechanical instability and not by the density reduction. Such instability

more easily occurs by (1) increasing the interaction softness or (2) decreasing the packing

fraction.

The latter mechanism (2) should also work for hard-sphere systems, which might explain

the crystallization of only the top half part of a hard-sphere glass reported in Refs. [1–3].

First, surface-induced preordering at the sample’s air-liquid interface or evaporation-induced

flow may trigger colloidal glass’s crystallization. We infer the subsequent propagation of

crystal growth front to be promoted by the reduction of glass mechanical stability due

to the sedimentation-induced density decrease. However, when the density at the crystal

growth front reaches a threshold above which mechanical instability cannot be induced, the

front should stop proceeding. Since this explanation is speculative, its validity needs to be

checked in the future.
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FIG. S1: The interface profile of fast crystal growth at T = 0.2Tm for κσ ∼ 3.2 and

κσ ∼ 5.0. a, Interface profile for κσ ∼ 3.2 illustrated by the z/d-dependences of the particle

number density n(z) (top), La(z) (middle), and q6(z) (bottom). b, Interface profile illustrated

by the fractions of layered structures flayered (top), unlayered structures funlayered (middle), and

icosahedron (ico)-like structures fico (bottom) in each layer. c, d, Interface profile for κσ ∼

5.0 illustrated by the z/d-dependences of the same quantities as in a and b, respectively. The

similar rough and thick interface provides a “buffer zone” that disintegrates the abundant ico-like

structures (∼ 30 % in the unlayered liquid). The meaning of the grey vertical solid and dashed

lines are the same as those in Fig. 1e and f.
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FIG. S2: The T -dependence of interface characteristics for κσ ∼ 3.2 and κσ ∼ 5.0. a,

The T -dependence of the roughness h, thickness l and l/h for κσ ∼ 3.2. At each panel, the grey

line indicates the average value. b, The T -dependence of the solid surface thickness ls, interface

liquid thickness l− ls and ls/(l− ls) for κσ ∼ 3.2. c, The T -dependence of flayered (the fraction of

layered particles at interface), funlayered (the fraction of unlayered particles at interface) and fico

(the fraction of icosahedron (ico)-like particles in bulk layers) for κσ ∼ 3.2. d-f, The same as a-c

for κσ ∼ 5.0. The basic characteristics of the roughess, thickness, and and layered nature of the

interface is little affected by the increasing amount of ico-like structures in the bulk due to deeper

supercooling.
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FIG. S3: The low-T island-growth mode of crystals for rough and thick interfaces for

κσ ∼ 3.2 and κσ ∼ 5.0. a, Contour plots of the height of the crystal front h(x, y), La(x, y),

vver(x, y), and vlat(x, y) from top to bottom, respectively, for κσ ∼ 3.2 at T ∼ 0.2Tm. b, The same

as a for κσ ∼ 5.0 at T ∼ 0.2Tm. We can see the vertical growth mode generating new islands as

well as the lateral growth mode around the island. The abundant icosahedron-like particles (white

spheres) at the interface is predominantly eliminated by the lateral growth of crystals in a and b.
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FIG. S4: Probability distribution of τ , p(τ), for κσ ∼ 3.2 and κσ ∼ 5.0 at various T . We

can see the T -insensitivity of p(τ) for both κσ ∼ 3.2 (a) and κσ ∼ 5.0 (b).
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FIG. S5: The z/d-dependences of the density and structural order during crystal growth

at T = 0.1Tm for κσ ∼ 2.0, κσ ∼ 3.2 and κσ ∼ 5.0 (simulations). a, The z/d-dependences of

the normalized density ρ(z) (= ρlocal(z)/ρ0) (top panel) and structural order q6(z) (bottom) for

κσ ∼ 2.0. Here, ρlocal(z) is the number of particles in each layer at z divided by the total Voronoi

cell volume of particles in the same layer and ρ0 = N/V . The red and blue curves represent the

profiles at different times. The vertical solid and dashed lines represent the average interface z-

positions (the interface front adjacent to the liquid) for the red and blue curves, respectively. b, c,

The same as a for κσ ∼ 3.2 and κσ ∼ 5.0. We can see that the structural ordering is accompanied

by little density variation (< 1 %) across the interface for all κσ. We can notice the slight increase

of the crystal-liquid density mismatch with the increase of κσ.
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FIG. S6: Comparison of the z/d-dependences of the density and structural order be-

tween fast-crystal-growth interface in a deeply supercooled liquid (φ ∼ 20 %) and

crystal-glass interface (φ ∼ 35 %) in experiments. a, The z/d-dependences of the normalized

density, ρ (ρ = ρlocal(z)/ρ0, top), and q6(z) (bottom) at κσ ∼ 2.0 for a typical deeply-supercooled

sample (the particle volume fraction φ ∼ 20 %), which exhibits the fast crystal growth induced by

the flat wall. The red and blue curves represent the profiles at different times. The vertical solid

and dashed lines represent the average interface z-position for the red and blue curves, respectively.

b, The same as a for a typical glass sample with a few layers of crystal induced by the flat wall

(φ ∼ 35 %). We can see that the structural ordering is accompanied by little density variation

(< 1 %) across the interface in a, similarly to the corresponding simulations, whereas there is a

considerable crystal-glass density mismatch (∼ 20 %) in b.
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FIG. S7: Weak T -dependence of the density profile for κσ ∼ 2.0, κσ ∼ 3.2, and κσ ∼

5.0 (simulations) during fast crystal growth (when the solid fraction ∼ 25 %). a,

The T -dependences of the densities of crystal (ρcrys), supercooled liquid (ρliq) and nearly-perfect

icosahedron (ρico) structures normalized by ρ0 (ρ0 = N/V ) for κσ ∼ 2.0. b, c, The same as a

for κσ ∼ 3.2 and κσ ∼ 5.0. The T -dependence of the crystal density is very weak for all three

cases. We can see that the ico-like structures has the largest local density among the three types

of structures. We can also notice the slight increase of the crystal-liquid density mismatch with an

increase in κσ.
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FIG. S8: The z/d-dependence of the structural features in the x-y plane in the interface

region for κσ ∼ 2.0 at T = 0.1Tm (simulations). a, Contour plots of q6(x, y) (top), La(x, y)

(middle), ρ3σ(x, y) (bottom, ρlocal coarse-grained with 3σ) at z/d = 3. The ico-like particles are

represented by white spheres. b-d, The same as a for z/d=4, 5, and 6, respectively. We can see

that the structural ordering is accompanied by little density change across the interface. At each z,

the amplitude of spatial fluctuation of ρ3σ(x, y) is more significant than the crystal-liquid density

mismatch, indicating little density effect on structural ordering.
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FIG. S9: The z/d-dependence of the structural features in the x-y plane in the interface

region for κσ ∼ 3.2 at T = 0.1Tm (simulations). a, Contour plots of q6(x, y) (top), La(x, y)

(middle), and ρ3σ(x, y) (bottom, ρlocal coarse-grained with 3σ) at z/d = 3. The ico-like particles

are represented by white spheres. b-d, The same as a for z/d=4, 5, and 6, respectively. We can see

that the structural ordering is accompanied by little density change across the interface. At each z,

the amplitude of spatial fluctuation of ρ3σ(x, y) is more significant than the crystal-liquid density

mismatch, indicating little density effect on structural ordering. Note that a dense, disordered

region appears at the lower-right corner of panels c and d.
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FIG. S10: The z/d-dependence of the structural features in the x-y plane in the interface

region for κσ ∼ 5.0 at T = 0.1Tm (simulations). a, Contour plots of q6(x, y) (top), La(x, y)

(middle), and ρ3σ(x, y) (bottom, ρlocal coarse-grained with 3σ) at z/d = 3. The ico-like particles

are represented by white spheres. b-d, The same as a for z/d=4, 5, and 6, respectively. We can see

that the structural ordering is accompanied by little density change across the interface. At each z,

the amplitude of spatial fluctuation of ρ3σ(x, y) is more significant than the crystal-liquid density

mismatch, indicating little density effect on structural ordering. Note that a dense, disordered

region appears at the upper-right corner of panels b, c, and d.
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FIG. S11: The z/d-dependence of the structural features in the x-y plane in the interface

region for κσ ∼ 2.0 at T = 0.5Tm (experiments). a, Contour plots of q6(x, y) (top), La(x, y)

(middle), and ρ3σ(x, y) (bottom, ρlocal coarse-grained with 3σ) at z/d = 3. The ico-like particles

are represented by white spheres. b-d, The same as a for z/d=4, 5, and 6, respectively. We can see

that the structural ordering is accompanied by little density change across the interface. At each z,

the amplitude of spatial fluctuation of ρ3σ(x, y) is more significant than the crystal-liquid density

mismatch, indicating little density effect on structural ordering. Note that a dense, disordered

region appears at the bottom-right corner of each panel in d.
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FIG. S12: The z/d-dependence of the structural features in the x-y plane at φ ∼ 35 %

(experiments). a, Contour plots of q6(x, y) (top), La(x, y) (middle), and ρ3σ(x, y) (bottom, ρlocal

coarse-grained with 3σ) at z/d = 1. The ico-like particles are represented by white spheres. b-d,

The same as a for z/d=2, 3, and 4, respectively. We can see that the order growth is accompanied

by large density change across the interface. The crystal-glass density mismatch is much larger

than the amplitude of spatial fluctuation of ρ3σ(x, y) in the disordered region. At each z, we find

strong correlation between the densest and highly ordered regions.
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Simulation: ks~2.0
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FIG. S13: The z/d-dependence of the free volume or overlapped volume, Vc, at T = 0.1Tm

for κσ ∼ 2.0, κσ ∼ 3.2 and κσ ∼ 5.0 (simulations). We use a reference radius rc, which is

defined as the effective radius of each particle in the configuration, to calculate the rc-dependent

free or overlapped volume, Vc. Here, Vc(i) = ΣNb
j=1(dij − 2rc)

3, where Nb is the neighbour number

of particle i (i.e, the number of particles around particle i within the first minimum distance of the

radial distribution function), and dij is the bond length between particle i and neighbour particle j.

Vc is then divided by the average Voronoi cell volume V0. For the free-volume dominating regime,

Vc/V0 > 0, whereas for the overlapped-volume dominating, Vc/V0 < 0. We select the values of rc

as those corresponding to φ(rc) ∼ 0.58, 0.64, 0.74, 1.20 and 1.50 (φ(rc) = 4πr3c
3V0

). The rc value at

which the pair potential u(r) = kBTm is shown by the grey-shaded panel. a, The z/d-dependence

of Vc/V0 for various rc at κσ ∼ 2.0. We can see that the ordering has very little effect on the

free volume for φ(rc) ≤ 0.64 whereas the ordering slightly reduces the overlapped volume (about

0.5 %) for 0.74 ≤ φ(rc) ≤ 1.2. Note that u(r) = kBTm corresponds to a volume fraction of

2.28. In this case, the overlapped volume effect estimated from the the short rc (within the first

neighbour shell) is very weak, suggesting that preordering mainly drives the crystal growth. b,

c, The z/d-dependence of Vc/V0 for various rc at κσ ∼ 3.2 and κσ ∼ 5.0, respectively. We can

see that the structural ordering in these cases also only slightly reduces the overlapped volume for

0.74 ≤ φ(rc) ≤ 1.2 (about 0.5 %). The results also suggest the prevealing effect of preordering on

crystal growth.
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FIG. S14: Comparison of the z/d-dependence of the free volume or overlapped volume

for fast-crystal-growth interface in a deeply supercooled liquid (φ ∼ 20 %) and crystal-

glass interface (φ ∼ 35 %) in experiments. The analysis employed is the same as in Fig. S13.

We select the values of rc as those corresponding to φ(rc) ∼ 0.58, 0.64, 0.74, 1.20, 1.50 and 2.00

(φ(rc) = 4πr3c
3V0

). a, The z/d-dependence of Vc/V0 for various rc at φ ∼ 20 %. We can see that

the structural ordering has little effect on both the increase of the free volume at φ(rc) ∼ 0.58

and 0.64 and the reduction of the overlapped volume for φ(rc) ≤ 2.0 (<1 %). In these cases,

thus, the preordering should be mainly responsible for fast crystal growth as in simulations. b,

The z/d-dependence of Vc/V0 for crystal-glass interface (φ ∼ 35 %) at various rc. We can see that

the structural ordering tends to increase the overlapped volume for 0.64 ≤ φ(rc) ≤ 2.0, which is

caused by the large crystal-glass density mismatch. This result suggests that the large crystal-glass

density mismatch blocks the crystallization of the preordered interface.
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