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Impact of impurities on crystal growth
 

Qiong Gao    1,5, Huang Fang    1,5, Dong Xiang1, Yanshuang Chen1, 
Hajime Tanaka    2,3   & Peng Tan    1,4 

Impurities critically influence crystallization, a process fundamental to both 
physical sciences and industrial engineering. However, understanding how 
impurity transport affects crystallization presents substantial experimental 
challenges. Here we visualized crystallization at the single-particle level 
for a relatively high concentration of impurities. We observed a bifurcation 
in growth modes—continuous growth or melting and recrystallization—
governed by the ability of the system to remove impurity particles from 
the growth front. The initial nucleation configuration determines the 
crystal grain size and growth-front morphology, which in turn influence 
impurity transport. Small grains promote lateral impurity transport to 
grain boundaries, thus reducing impurity concentration and favouring 
continuous growth, whereas larger grains accumulate impurities, leading 
to melting and recrystallization. We reveal that the latter arises from the 
competition between crystallization and vitrification, which is a form of 
devitrification. This study provides insights into the relation between 
impurity concentration and crystallization pathways and highlights how the 
initial configuration shapes the final crystal morphology.

Crystallization is the process by which randomly arranged parti-
cles (atoms or molecules) in a liquid spontaneously organize into a 
long-range-ordered periodic structure. This process is fundamental in 
creating the microstructure and mechanical properties of polycrystal-
line materials, including metals, alloys and ceramics1–7. Crystallization 
proceeds through nucleation and growth. Initially, small nuclei form8–13, 
and these subsequently expand as their growth front advances14–19. The 
kinetics at the growth front are critical in shaping the ultimate mor-
phology of the crystal. Factors such as the microscale roughness and 
orientation of the growth front heavily influence the rates of particle 
attachment and detachment, which, in turn, determine the overall crys-
tal growth rate20–22. Instabilities at the growth front, which are driven 
by a mechanical imbalance, can result in the formation of intricate 
anisotropic patterns like dendritic arrays23–27 or may facilitate rapid 
glass-to-crystal transitions at ultra-low temperatures28–31.

Impurities, often referred to as ‘foreign particles’, are present  
during most natural crystallization processes. They influence the 
phase behaviour and crystallization pathway of host particles based on  

their size, shape, concentration and interactions with the host parti-
cles1. Foreign particles can either accelerate or hinder crystallization: 
they can lower the nucleation barrier to promote faster crystallization32, 
slow it down by reducing the host particle mobility and introducing 
defects33, or initially accelerate and then decelerate growth34. Addi-
tionally, they can disrupt the mechanical stability of the growth front, 
leading to enhanced anisotropy in the crystal morphology35–37.

By exploiting these effects, material scientists have harnessed for-
eign particles to control crystallization, thus facilitating the design and 
development of unique and functional materials. These approaches 
have found widespread applications in diverse fields, including 
rainmaking38, semiconductor doping39,40, metal alloy production41,42 
and polymer crystallization43.

Despite extensive studies, the microscopic mechanisms by which 
foreign particles influence crystallization remain elusive, particu-
larly at high foreign-particle concentrations. Most existing research 
has focused on dilute conditions, where foreign particles are sparse 
relative to host particles. In these cases, they interact minimally with 
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to prevent coagulation. The colloidal particles were density- and 
refractive-index-matched to the solvent to minimize gravitational 
and optical distortion. The sample was sealed in a glass capillary with 
dimensions of 100 μm × 100 μm × 100 μm. To prevent particle adhe-
sion, the inner wall of the capillary was pretreated with the same solvent 
as the suspension. Before starting observations, while sealing the sam-
ple, we shear-melted any pre-existing crystal structures by magnetically 
stirring nickel powder inside the chamber. The system was then left at 
room temperature and monitored using confocal microscopy (Leica 
SP8 Fast) for over 13 h. Time-lapse 3D images were captured every 
14 min with a z-direction scanning speed of approximately 3.5 μm s−1, 
which allowed us to track the crystallization pathways and morpho
logical evolution at single-particle resolution.

The bifurcation of crystal growth modes
Two distinct crystal growth modes were observed in the experimen-
tal parameter space. One mode, the CG mode, is characterized by  
uninterrupted crystal growth throughout the crystallization process.  
The other mode, the MR mode, involves transient local melting of 
the crystal followed by subsequent growth, resulting in intermit-
tent growth. The phase diagram with foreign particles, shown in 
Fig. 1a (bottom), shows the distribution of these growth modes. At 
low foreign-particle fractions (Ns/N ≲ 12%, G’s), only the CG mode was 
observed. As the foreign-particle fraction was increased, the crystal 
growth rate decreased (see Methods for the calculation details). The 
MR mode began to emerge and coexist with the CG mode at Ns/N ≈ 15% 
(Y’s). The ratio of CG to MR modes in this region was approximately 
7:3. Notably, the emergence of the MR mode was independent of  
the lattice structure formed by the large particles, as it was observed  
in both BCC and FCC structures. As Ns/N or CAOT was increased further,  
a glassy structure formed (X’s). Interestingly, a rare avalanche-like 
crystallization event was observed deep within the glass phase region, 
which was characterized by sudden and rapid crystal growth that ter-
minated almost immediately (L).

In the CG mode, the crystal growth front advanced continuously 
in three dimensions (Supplementary Video 1). Figure 1b has cross- 
sectional views of five crystal grains at a height of z ≈ 2d (d = 2.2 μm is 
the interlayer spacing of the (110) face of the BCC lattice). The orienta-
tion of each grain is represented by its colour. These grains grew later-
ally in both the x and y directions until their boundaries came into 
contact. Simultaneously, the average grain size L and the characteristic 
height 〈h〉 increased monotonically, as shown in Fig. 1d (see Methods 
for the calculation details). The spatial distribution of crystalline order 
also evolved, further demonstrating the CG of the crystalline domain. 
Figure 1f depicts the temporal evolution of ⟨q6⟩ as a function of z, where 
〈q6〉 is the coarse-grained Steinhardt local bond orientational order 
parameter used to quantify the local crystalline order51. Here, ⟨q6⟩ 
represents the average q6 of all the particles within a thin layer with 
thickness equal to d at various z values (see Methods for the calculation 
details). Higher values of ⟨q6⟩ correspond to a larger fraction of  
particles in the crystalline state at that height z. The continuous rise 
and advance of the ⟨q6⟩ profile clearly demonstrate the expansion of 
the crystalline domain in both the lateral and vertical directions.

By contrast, in the MR mode, the crystal growth front experienced 
several instances of local melting and recrystallization, characterized 
by pronounced shrinkage and re-expansion of the crystalline domain. 
As shown in Fig. 1c, the grain size decreased in the lateral direction after 
a local melting event and was accompanied by an approximately 10° 
change in its orientation. Figure 1e displays two sudden drops in the 
average grain size L and the characteristic height 〈h〉 within the experi-
mental observation time, corresponding to these local melting events. 
These events are also reflected in the temporal evolution of the  
system order. After a local melting event, the ⟨q6⟩ profile exhibited an 
overall downward shift compared to its position before melting 
(Fig. 1g), indicating the shrinkage of the crystalline domain in all three 

one another and primarily form isolated point defects within the 
crystal structure. Theories such as those proposed by Cabrera and 
Vermilyea44, combined with phase-field computations45–47, have effec-
tively described how foreign particles interact with substructures  
(for example, terraces, steps and kinks48) at the crystal growth front. 
This approach treats foreign particles as static, independent sources 
of frustration. However, when the foreign-particle concentration sur-
passes a critical threshold, crystallization is increasingly suppressed, 
leading to vitrification under deep supercooling49,50. Near this thresh-
old, frequent interactions among foreign particles result in highly 
complex and unpredictable defect behaviours. This regime remains 
largely unexplored, both experimentally and theoretically, leaving 
fundamental questions unanswered. How does the growth front behave 
in the presence of numerous foreign particles? How do these changes 
affect the final crystal morphology? These gaps in understanding high-
light the need for further experimental and theoretical exploration of 
high-concentration impurity regimes.

In this study, we explored how the initial configuration of crystal 
nuclei influences subsequent growth pathways in the presence of a 
relatively high concentration of foreign particles. By selecting colloidal 
particles with a suitable size and Brownian time (the characteristic time-
scale for particle diffusion), we successfully captured the long-term 
three-dimensional (3D) crystal growth process at the single-particle 
level using confocal microscopy. A detailed analysis of the growth 
dynamics allowed us to explore the competition and interplay between 
growing crystalline grains and surrounding liquid melts at the growth 
front. We identified two distinct growth modes under identical experi-
mental conditions: stable continuous growth (CG) and unstable growth 
involving repetitive melting and recrystallization (MR). The bifurcation 
between these modes was driven by the competition between crystal-
lization and vitrification. Further analysis revealed that variations in 
the initial distribution of nuclei strongly affected the growth pathway, 
with changes in nucleation configuration either promoting impurity 
transport to grain boundaries (favouring CG) or leading to impurity 
accumulation at the growth front (triggering MR).

Results and discussion
Experiment
Our system consisted of a binary charged colloidal suspension of 
large (radius σl = 2.10 ± 0.05 μm) and small (radius σs = 1.06 ± 0.02 μm) 
poly(methyl methacrylate) particles dispersed in a non-polar organic 
solvent mixture containing hexachloro-1,3-butadiene, tetrachloroeth-
ylene and decahydronaphthalene. The small particles acted as foreign 
particles, with their fraction relative to the total number of particles 
Ns/N serving as a key control parameter, where Ns represents the number 
of foreign particles and N the total particle count. This fraction was 
varied between 10% and 25%. As the small particles were composed 
of the same material as the large ones and were present in a relatively 
high proportion, the system can be considered a binary mixture. In this 
context, referring to the small particles as ‘impurities’ may be somewhat 
misleading. However, we chose to use this terminology because, during 
the crystallization of the larger particles, the small particles effectively 
function as impurities or foreign elements.

Another critical control parameter was the concentration of the 
surfactant sodium di-2-ethylhexyl sulfosuccinate (AOT), CAOT, which 
formed charged micelles to regulate the Debye length (κ−1) governing 
the screened electrostatic interaction between particles. CAOT was tuned 
between 10 and 50 mM. The total volume fraction of particles was main-
tained at 20%. In the absence of foreign particles, both body-centred 
cubic (BCC) and face-centred cubic (FCC) crystal structures formed 
at this volume fraction (Fig. 1a, top). When CAOT ≳ 12 mM (κσl ≳ 3), the 
system had an FCC structure, whereas for CAOT ≲ 12 mM (κσl ≲ 3), BCC 
crystals were observed.

Both large and small particles were fluorescently labelled with 
nitrobenzoxadiazole and grafted with polyhydroxystearic acid polymer 
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Fig. 1 | Two growth modes. a, Top, phase diagram of a monodisperse charged 
colloidal system, plotted as a function of the volume fraction (φ) and the inverse 
Debye length (κσ). Different symbols indicate various phases. Circles represent 
fluid, rhombuses indicate FCC and squares denote BCC. Bottom, dynamic phase 
diagram of the experimental system with foreign particles, shown as a function of 
AOT concentration (CAOT) and foreign-particle fraction (Ns/N). G’s represent CG, 
Y’s denote the coexistence of two growth modes, L indicates local crystal growth 
and X’s denote glass formation. The dark blue dashed and black dotted lines mark 
the FCC–BCC boundary and the crystal–glass boundary, respectively. Symbol 

colours correspond to CG speeds. b,c, Cross-sectional views of the grain-
morphology evolution at a fixed height z in terms of the interlayer spacing d for 
the CG mode (b) and the MR mode (c), with grains colour-coded by orientation. 
Pink spheres represent foreign particles. d,e, Characteristic height 〈h〉 (left panel) 
and average grain size L (right panel) as functions of time for the CG mode (d)  
and the MR mode (e). Insets, schematics of the morphologies in the x–y and  
x–z planes. f,g, Evolution of the average order parameter profile ⟨q6⟩ as a function 
of z for the CG mode (f) and the MR mode (g).
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dimensions. Notably, the overall ⟨q6⟩ values remained relatively high 
because the cores of the large crystalline domains remained in the solid 
state. Melting occurred only locally at their growth front rather than 
in the bulk of the crystal.

Interestingly, these two modes exhibited different initial nuclei 
configurations and final crystal morphologies. The initial number 
density of crystal nuclei predetermined the size limit of the crystalline 
grains, which, in turn, influenced the accommodation capacity for 
foreign particles. Smaller grains have a greater surface area for accom-
modating foreign particles, some of which become inclusions within 
the grains, while others segregate at the grain boundaries. In the CG 
mode, as shown in Extended Data Fig. 1a, the system initially contained 
five crystal nuclei, and the grain size remained relatively small. Owing 
to the limited accommodation for foreign particles within the grains, 
most of the foreign particles were transported to the grain boundaries. 
This resulted in a final system that remained polycrystalline being 
composed of five grains.

Conversely, in the MR mode, as depicted in Extended Data Fig. 1b,  
the system initially contained one large and one small grain. The 
maximum size of a grain was larger than in the CG mode. Only the 
grain interiors and a few grain boundary areas could accommodate 
foreign particles. As a result, the system ultimately formed one  
large grain and one small grain. Further analysis of the uniformity 
of the foreign-particle distribution (Extended Data Fig. 1c) revealed 

that the emergence of MR modes was typically associated with a less 
uniform initial arrangement of foreign particles. This spatial hetero
geneity in the foreign-particle distribution seems to be linked to  
the non-uniformity of the initial nuclei distribution. This effect was 
particularly pronounced near the crystal–glass boundary, where the 
slow diffusion of foreign particles impeded the relaxation of their 
non-uniform distribution, thereby increasing the likelihood of a MR 
mode occurring.

The kinetic pathway of the CG mode
Next, we elaborate on the kinetic pathway of crystal growth in the two 
growth modes from a microscopic perspective. We found that the 
morphology of the growth front and grain size play crucial roles in 
determining the crystal growth process. Both factors substantially 
influenced the transport behaviour of foreign particles during crystal 
growth. The shape and dynamics of the growth front dictated how for-
eign particles were incorporated into the growing crystals, whereas the 
grain size affected the capacity of the crystals to accommodate these 
particles, ultimately shaping the final microstructure.

In the CG mode, the growth front was highly rugged and expanded 
anisotropically in 3D space. As depicted in Fig. 2a and Supplementary 
Video 1, the system initially contained five nuclei. As the nuclei grew, 
the crystal growth front exhibited a rugged morphology, with peaks 
formed by the crystalline regions and valleys formed by the liquid 
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regions. As the crystals grew, they could trap foreign particles within 
their grains as interstitial atoms or defects (Extended Data Fig. 2), and 
the capacity of the grains to trap these particles was directly propor-
tional to their size. When the number of foreign particles exceeded 
the trapping capacity of the grains, the advantages of the rugged 
growth-front morphology enabled the foreign particles to laterally 
diffuse to the grain boundaries or vertically diffuse into the liquid 
region above the crystal. This dynamic process substantially influenced 
the final distribution of foreign particles within the system.

Figure 2b shows the evolution of the crystalline domain size in the 
lateral (Lxy) and vertical (〈h〉) directions (see Methods for the calculation 
details). Initially, Lxy grew fast before plateauing, whereas 〈h〉 grew 
slowly at first and then accelerated. Figure 2c provides a direct com-
parison of the advance of the growth front in the lateral and vertical 
directions by illustrating the distribution of the local change in the  
number of solid particles ΔN∥

solid  and their integration along the z  
direction ΔN⟂

solid (see Methods for the calculation details). During the 
initial period (2.54 h < t < 3.56 h), new grains (for example, grains 1  
and 5) nucleated and grew in all three dimensions, with relatively  
faster growth in the lateral direction. As the grains started to touch 
each other (4.72 h < t < 5.90 h), the lateral growth was suppressed.  
Only grain 1 continued to expand slightly in the +y direction due to  
the availability of free space, while vertical growth became the domi-
nant process.

The different capabilities of lateral and vertical foreign-particle 
transport play a crucial role in driving the spatially non-uniform crystal  
growth process. The faster lateral growth indicates that the lateral 
transport of foreign particles is more effective in promoting crystal 
growth compared to vertical transport. However, as the grain bounda-
ries begin to converge and touch, lateral diffusion is largely hindered, 
causing most foreign particles to become trapped at the grain bounda-
ries. Consequently, the crystal expels the remaining foreign particles 
to the upper free solid–liquid interface, allowing growth to proceed 
predominantly in the vertical direction.

The kinetic pathway of the MR mode
In the MR mode, local melting events were observed to correlate with 
a distinct bay-like growth-front morphology. As illustrated in Fig. 3a, 
the large grain initially had a bay-like shape, characterized by a peak 
near the edges of its horizontal projection (t = 7.36 h). However, as the 
bay-like crystal grew, a substantial portion of its low-lying region melted 
(t = 7.61 h), leaving behind a considerable number of foreign particles 
in the melted area. Subsequently, recrystallization occurred, and the 
crystal grew with a slightly altered morphology compared to its state 
before melting (t = 11.04 h).

To understand how the bay-like crystal morphology impacted 
local melting and recrystallization events, we tracked the evolution of 
the number of foreign particles (Ns) and the average order parameter 
(⟨q6⟩) near the melting growth front (see Methods for the calculation 
details). Before melting, Ns increased whereas ⟨q6⟩ decreased above 
the region about to melt (Fig. 3b), indicating that foreign particles 
progressively diffused towards the front of the impending melting 
region. During melting, foreign particles above the low-lying area  
diffused into the melting region, increasing their number density 
within that region. Simultaneously, a transient nucleus formed  
above the melting region, resulting in a temporary increase in ⟨q6⟩.

The melting and recrystallization of grains occurred in both  
the lateral and vertical directions simultaneously. As shown in Fig. 3c, 
the crystals initially exhibited a faster lateral growth compared to  
their vertical growth. Figure 3d illustrates the ΔN⟂

solid  distribution  
on the x–y plane and the ΔN∥

solid  distribution at a height near the  
growth front. During melting, the crystal size decreased in the both 
lateral and vertical directions, which was accompanied by a retreat of 
the growth front in the low-lying areas. The region around the peak 
remained relatively stable. Upon recrystallization, the retreating 

growth front re-advanced, resulting in crystal expansion in both the 
lateral and vertical directions.

Summarizing these observed behaviours, we conclude that the 
specific pathway of foreign-particle transportation plays a critical role 
in triggering local melting events. In the bay-like crystal morphology, 
there exist both a ‘fast-growing area’ (regions around the peak) and a 
‘lagged-growing area’ (low-lying regions). During crystal growth, the 
fast-growing area ‘pushes’ foreign particles laterally towards the region 
above the lagged-growing area, resulting in their accumulation. This 
accumulation shifts the melting line and increases frustration at the 
growth front, ultimately triggering the melting of the slower-growing 
area (Supplementary Video 2). After melting, foreign particles at the 
crystal interface gradually diffuse away, facilitating the recrystalliza-
tion of the original crystalline domains. Extended Data Fig. 3 illustrates 
the 3D microstructural evolution of the melting region. In subsequent 
crystal growth processes, recurring melting and recrystallization 
events can happen again as the crystal retains a bay-like morphology.

The delicate local balance between crystallization and melting, 
modulated by the concentration of foreign particles at the growth 
front, is key to the emergence of the dynamic MR mode. More precisely, 
melting is driven by a local decrease in the melting point due to the 
enrichment of foreign particles on the liquid side of the growth front, 
which destabilizes the crystal surface. When local quasi-equilibrium 
is achieved, melting ceases. This pause in crystal growth allows time 
for the accumulated foreign particles to diffuse away, thus increasing 
the local melting point and enabling crystal growth to resume. This 
process repeats periodically, giving rise to the MR mode.

The frequency peaks of the MR mode occur near the crystal–
glass transition boundary (Fig. 1a), as both are linked to the thermo-
dynamic stability limit of the crystal. The liquid phase coexisting  
with high-density crystals remains mobile because its local volume  
fraction is lower than that of the glass-forming regime. However, 
the particle dynamics are slow enough to allow the development  
of long-lived, inhomogeneous distributions of foreign particles,  
which are crucial for the activation of the MR mode.

This scenario is supported by our measurements of the α relaxa-
tion time τα of the supercooled liquid before crystallization, which 
ranged from 0.15 to 0.25 h. During melting, we observed enhanced 
particle mobility above the growth front, particularly in the largest 
particles. These findings indicate a dynamical influence on crystalliza-
tion, potentially linking melting and recrystallization to vitrification. 
However, as direct measurements of slow relaxation remain limited, 
definitive proof awaits further investigation.

Additionally, we observed avalanche-like crystallization deep 
within the glass phase in our system (indicated by the L in Fig. 1a, the 
phase diagram with foreign particles). In this regime, strong structural 
frustration limited the crystal size within experimental timescales.  
In hard-sphere glass systems, avalanche crystallization29,52 has been 
shown to be triggered by the stochastic instability of the force network 
formed in a glass state, which proceeds through the resulting particle 
mobility30. Crystallization in liquids is thermodynamically driven, 
whereas in glasses it is primarily governed by mechanical factors.

Grain size and growth-front morphology
Based on the above findings, it is clear that grain size and growth- 
front morphology are crucial elements that impact crystal growth 
in systems with foreign particles. In this section, we introduce two 
quantitative parameters, the average grain size (L) and the skewness 
of the crystal landscape (skew), to characterize how these two factors 
influence crystal growth.

We measured the probability distribution of the local heights of  
a grain p(h) and calculated the skewness as the third-order moment of 
p(h) (see Methods for the calculation details). The relation between 
p(h) and h/d is shown in Fig. 4a. A peak in the distribution at low h indi
cates that the lagged-growing area predominates over the fast-growing 
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area, resulting in a positive skewness (>0). By contrast, a peak at high 
h indicates that the fast-growing area is catching up and occupying 
a substantial portion of the region, which corresponds to a negative 
skewness (<0). The bimodal distribution implies that the fast-growing 
and lagged-growing areas are competing, leading to skewness close to 
zero (~0), which is characteristic of a bay-like growth morphology of 
the growth front, as depicted in Fig. 4a.

In the parameter space of L and skew (Fig. 4b), the two growth 
modes follow distinct patterns. For the CG mode, as the grain size 
increased, the skewness transitioned from positive to negative, with 
the crystal growing stably and the high-h area increasing, as illustrated 
in Fig. 4a. This stability was facilitated by cooperation between the 

fast-growing and lagged-growing areas, which allowed foreign particles 
to be laterally transported to the grain boundaries, thus promoting 
stable growth. In the MR mode, when the grains were small, the skew-
ness was positive, as the lagged-growing area predominated. Foreign 
particles were laterally transported to the surrounding liquid area 
and vertically to the front, ensuring stable growth. As the grain size 
increased and the growth front developed a bay-like morphology, 
the skewness decreased, becoming negative or approaching zero, 
as shown in Fig. 4a. In this scenario, the fast-growing area competed 
with the lagged-growing area, leading to an accumulation of foreign 
particles at the front of the lagged-growing area, which caused crystal 
melting. Upon melting, the skewness became positive again (Fig. 4a) 
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Fig. 3 | Kinetic pathways of the MR growth mode. a, Evolution of the growth-
front morphology and foreign-particle distribution. Top, foreign particles (pink 
spheres) within the four layers above the growth front. Bottom, their distribution 
(blue spheres) within the grain. The colour bar represents the local height of the 
solid. The melting region is outlined by a magenta dotted line. b, Temporal 
evolution of the foreign-particle fraction (Ns/N, top) and the average bond 

orientation order (⟨q6⟩, bottom) in both the melting region and the area above it, 
showing changes around the melting event. c, Temporal evolution of grain size in 
the lateral direction (Lxy) and vertical direction (〈h〉). d, Temporal evolution of the 
local change in the number of solid particles ΔN∥

solid(x, y, z)  at a fixed height z and 
its integration along the z axis, ΔN⟂

solid(x, y). The white and black dashed lines 
denote the initial and final positions of the growth front over the observed time.
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as the high-h area shrank. The foreign particles were then transported 
to the surrounding lagged-growing area, facilitating recrystallization.

In the CG mode, the synergy between the rapidly growing area 
and the residual liquid zone is essential. This cooperation balances the 
lateral and vertical transport of foreign particles, allowing the crystal 
to grow stably. In contrast, the MR mode involves competition between 
the fast-growing and lagged-growing areas. When the concentration 
of foreign particles at the front of the lagged-growing region exceeds 
a threshold, the crystal melts, thereby resetting the growth dynamics.

Summary and outlook
In addition to the expected CG mode, our study uncovered a distinct 
MR growth mode during the crystallization process in systems con-
taining foreign particles. We found that grain size and growth-front 
morphology play a critical role in shaping the crystallization dynam-
ics by modulating the transport behaviour of foreign particles. In the  
CG mode, which is characterized by a relatively small critical grain 
size and high nuclei density, the growth front exhibits a rugged land-
scape with peaks representing crystalline regions and valleys of liquid  
phases. Foreign particles are effectively transported laterally to  
grain boundaries and vertically to the upper liquid regions, promoting 
uninterrupted, continuous grain growth.

By contrast, the MR mode is associated with a larger critical 
grain size and lower nuclei density, so that the competition between 
fast-growing and lagged-growing areas becomes more pronounced. 
The growth of fast-growing regions drives the lateral and vertical trans-
port of foreign particles towards the lagged-growing areas. In large 
grains, where the growth front adopts a bay-like morphology, the 
accumulation of foreign particles at the lagged-growing front increases 
over time. When the particle concentration reaches a critical threshold, 
the excess frustration at the interface triggers localized melting of the 
crystal growth front. This melting event allows for the redistribution of 
foreign particles, ultimately facilitating recrystallization and modifying 
the crystal morphology. Thus, the interplay between foreign-particle 
transport and growth-front morphology governs the dynamic transi-
tions between CG and the MR mechanism.

In our experimental set-up, the spatial distribution of foreign 
particles substantially influences the initial configuration of the  
crystal growth trajectory, as illustrated in Extended Data Fig. 1c. In 
the CG mode, a relatively uniform distribution of foreign particles 
during nucleation results in a high density of initial nuclei, leading to 

smaller grain sizes. This configuration enhances the capacity of grain 
boundaries to trap foreign particles, thus allowing effective lateral and 
vertical transport. The rugged morphology of the growth front further 
facilitates the continuous and steady expansion of the crystal structure.

By contrast, the MR mode arises from a non-uniform spatial dis-
tribution of foreign particles, leading to a lower nucleation density 
and larger grains. The reduced availability of grain boundaries limits 
the capacity of the system to trap foreign particles in these regions. 
As grain growth proceeds, the bay-like morphology of the growth 
front causes foreign particles to accumulate unevenly, particularly 
at lagged-growing regions, ultimately triggering localized melting. 
Recrystallization follows as the system redistributes foreign par-
ticles, which allows the crystal to stabilize and grow in a modified 
configuration.

Unveiling the relation between initial crystal configurations and 
their dynamic pathways provides valuable insights into predicting  
the evolution of crystal growth trajectories and determining the  
final crystalline morphologies. This understanding may enable better 
control over material properties by manipulating nucleation condi-
tions and foreign-particle distributions.

Here we consider the influence of the interaction range of a 
potential on the crystal growth mode. We infer that the MR mode is 
less probable in hard-sphere and short-range attractive systems29,53,54 
compared to long-range systems. This is because the crystal–liquid 
free energy difference is considerably larger in short-range systems 
than in long-range systems, resulting in weaker impurity-induced 
melting-point depression effects in the former.

To replicate MR modes in theoretical models, it is essential to 
incorporate interactions between foreign particles and the advancing 
crystal growth front. Additionally, the dynamics of the supercooled  
liquid must be taken into account. Considering these effects would 
allow for a more accurate representation of the complex interplay 
between crystal growth, melting and impurity-particle diffusion.  
Developing a quantitative theoretical framework that captures these 
critical features remains a key challenge for future research.

The observed MR mode holds great potential for advanced 
impurity purification and grain microstructural control. Traditional 
purification methods, such as fractional crystallization, often suf-
fer from inefficiencies and loss of valuable components55. Similarly, 
zone-refining techniques require precise control of heating rates when 
purifying crystals because they exploit concentration differences 
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of impurities in the solid and liquid phases56. By contrast, the MR 
growth mechanism offers a new potential strategy for producing large 
high-purity crystals. By manipulating the initial configuration, such 
as by tuning the substrate properties to induce the formation of large 
nuclei, several cycles of melting and recrystallization can reduce the 
impurity content. This iterative purification process, driven by dynamic 
adjustments of the grain size and growth-front morphology, enhances 
the efficiency of impurity expulsion while maintaining crystal integrity.

Our findings also offer valuable insights into controlling grain 
microstructure, a critical determinant of material performance in alloy 
manufacturing. Grain refinement enhances yield strength, hardness, 
toughness and other mechanical properties by reducing the grain size, 
as noted in foundational studies on nanocrystalline materials57. Our 
study demonstrates that targeted grain-size control can be achieved 
using straightforward techniques, such as varying the spatial distribu-
tion of foreign particles or adjusting the crystallization rate. When crys-
tallization rates are high or foreign particles are uniformly distributed 
in the substrate, the nucleation density increases, producing smaller 
grains. In this scenario, foreign particles accumulate at grain bounda-
ries, exerting a pinning effect that hinders grain growth, leading to grain 
refinement. Conversely, slower crystallization rates or non-uniform 
foreign-particle distributions result in lower nucleation densities and 
larger grains. The melting process selectively eliminates smaller grains 
through localized melting, promoting the growth of larger grains 
through repeated cycles of recrystallization. These findings open 
pathways for optimizing the grain structure to enhance mechanical 
properties and for developing more efficient, scalable purification 
techniques by leveraging controlled dynamic crystallization processes.
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Methods
Experiments
We used a binary colloidal system comprising colloidal particles  
fluorescently dyed with nitrobenzoxadiazole and grafted with poly
hydroxystearic acid polymer. The particles had diameters of either 2.10 
or 1.06 μm, with polydispersity ~2.5%. These particles were suspended 
individually in a non-polar solvent mixture of hexachloro-1,3-butadiene, 
tetrachloroethylene and decahydronaphthalene, with the concentra-
tions adjusted to match the density and refractive index of the colloidal 
particles. Two suspensions with equal volume fractions were prepared 
and mixed at volumetric ratios ranging from 25:1 to 70:1.

To introduce charges, AOT (a surfactant) was added to the sus
pension. We also tested tetrabutylammonium bromide in a mixture 
of cyclohexyl bromide and cis-decalin to control electrostatic inter
actions. Although both systems had similar phase diagrams and growth 
modes, cyclohexyl bromide tended to decompose under prolonged 
laser scanning during confocal microscopy, releasing excess Br− ions. 
This ionic flow increased the Debye length κ−1, especially at low ionic 
strengths. Therefore, we primarily used the AOT system during imaging 
because of its greater stability.

The charged poly(methyl methacrylate) particles interacted 
through a weakly screened Coulomb repulsive potential: 
u(r) = α exp(−κσ(r/σ − 1))/(r/σ), where α is the effective interaction 
strength, σ is the particle radius and κ−1 is the Debye length. Here, 
κ = √4πλBnion , with λB = e2/4πεε0kBT representing the Bjerrum  
length for monovalent ions, and where e is the elementary charge, ε 
the relative dielectric constant of the solvent, ε0 the vacuum permit-
tivity, kB the Boltzmann constant and nion the ion number density.  
nion was estimated from the conductivity of the suspension through 
Walden’s rule58, which relates the conductivity to the ion mobility in 
the solvent as σs = e2nionkBT/(6πηαh), where η is the viscosity and αh is 
the hydrodynamic radius of a micelle. Increasing the AOT concentration 
enhanced the conductivity and modified the screening length59.

The suspension and the nickel powder were sealed between a cover 
glass, spacers and a slide glass to form a 100-μm cubic cell. Initial crystal 
formation was driven by capillary forces, followed by crystal melting 
induced by shearing with a magnet. Confocal microscopy, covering a 
field of 77 μm × 77 μm × 80–85 μm with 40-s stack capture times, was 
used to observe nucleation and growth processes.

In regions where both MR and CG modes coexist, we conducted 
about 30 independent experiments, observing a CG:MR event ratio of 
approximately 7:3, with 10% variability across conditions. Each extra con-
dition was tested two to three times. Deep within the glass phase, only rare 
avalanche-like crystallization events were observed. The volume fraction 
error was 1–2%, and small particle concentration errors were 2–3%.

Bond orientational order and structural analysis
To distinguish local structure, we employed the bond orientational 
order parameter, second-order rotational invariants ql  and third- 
order rotational invariants wl  (refs. 51,60,61). The local bond orien
tational function is defined as ql,m = ∑f∈F(i)

A(f)
A

Yl,m(θij,ϕij), where A is the  

total surface area of the Voronoi cell boundary, A(f) is the surface area 
of the Voronoi cell facet F and Yl,m(θij, ϕij) is the spherical harmonics 
with m ∈ [−l, l]. The value of l reflects different symmetries, and θij and 
ϕij are the polar and azimuthal angles of the vector rij = ri − rj, where ri 
is the vector of central particle i and rj is the vector of its neighbouring 
particle j.

To reduce thermal fluctuations, we introduced a coarse-graining  
version, defined as Ql,m = 1

Nb
∑Nb

k=0 ql,m(k) , where Nb represents the  

number of neighbouring particles identified through Delaunay  
triangulation. Subsequently, ql  and wl  are defined as follows:

ql(i) = ( 4π
2l + 1

l

∑
m=−l

|Ql,m(i)|
2)

1/2

,

wl(i) =
l

∑
m1+m2+m3=0

(
l l l

m1 m2 m3
)
Ql,m1

(i)Ql,m2
(i)Ql,m3

(i)

(∑l

m=−l ||Ql,m(i)||
2)

3/2 ,

where the term in parentheses represents the Wigner 3j symbol,  
which is non-zero only for m1 + m2 + m3 = 0. This approach captures  
the symmetry information of local particle arrangements while mini-
mizing thermal distortion.

Crystal size determination based on solid particle distribution
Particles with q6 > 0.3 were classified as solid particles. To monitor  
the evolution of the crystal morphology, we calculated the local  
change in the number of solid particles ΔN∥

solid(x, y, z)  over a specific  
time period. The solid particle count, N∥

solid(x, y, z), represents the total 
number of solid particles within a cylindrical volume of radius 3a and 
height d centred at (x, y, z). Here, a is the interparticle spacing within 
the solid and d is the interlayer spacing of the (100) face in the formed 
BCC crystal lattice. Similarly, ΔN⟂

solid(x, y) quantifies the change in the 
number of solid particles within an infinitely tall cylindrical volume  
of radius 3a centred at (x, y). The local height h of the crystal at (x, y)  
was then calculated as h ≡ N⟂

solid(x, y)d/N
0
solid, where N0

solid represents the 
average number of solid particles in a standard crystal lattice within  
a cylindrical volume of radius 3a and height d. This method provides 
a detailed way of tracking crystal growth and morphology evolution 
over time.

To compare the grain size in the two growth modes and illustrate 
the spatial non-uniformity of growth, we defined three metrics: the 
average grain size L, the grain size in the lateral direction Lxy and the 
characteristic height 〈h〉. The average grain size L ≡ 3√Nsolida , where  
Nsolid is the total number of solid particles within a grain and a is  
the interparticle spacing of the corresponding lattice structure. The 
growth speed of the crystal in Fig. 1a (bottom) was estimated as  
ΔL/Δt. Owing to the anisotropic grain shape, the grain size in the lateral 
direction was defined as Lxy ≡ √Nmax

xy a , where Nmax
xy  is the number of  

solid particles within the layer of the crystal with the largest projected 
area in the x–y direction. The characteristic height 〈h〉 was defined as 
〈h〉 = Nsolidd/〈Nxy〉, where 〈Nxy〉 represents the average number of parti-
cles per layer. These metrics provide a comprehensive understanding 
of the grain size and growth dynamics in both growth modes.

Identification of the locally melted region
The entire space was divided into numerous small cubes (4 μm ×  
4 μm × 5 μm). Local melting events were identified by monitoring the 
change in the solid fraction within each cube. Each cube was assigned 
a unique ID, which allowed us to track the morphological evolution of 
the crystal by following the changes associated with these cube IDs. 
We selected the solid region at the moment before melting (t = 7.36 h) 
and calculated the change in ⟨q6⟩ for this solid region when melting 
occurred (t = 7.61 h). The region where |Δq6| > 0.1  was identified as  
the melting region. In Fig. 3b, the region within 4d above the upper 
interface of the melting region was identified as ‘above the melting 
region’. Extended Data Fig. 3 shows the evolution of the 3D structure 
of the melting region over time.

Definition of skewness
We quantified the morphology of the growth front using the skewness 
of the probability distribution of the solid height. The skewness para
meter describes the asymmetry of the crystal height distribution and  

is defined as skew = n

(n−1)(n−2)
∑n

i=1 (
hi−⟨h⟩

s
)
3

, where the crystal height h  

at (x, y) was calculated as hi ≡ N⟂
solid(x, y)d/N

0
solid, with N⟂

solid(x, y) repre
senting the number of solid particles within an infinitely tall cylindri-
cal volume of radius 3a centred at (x, y). N0

solid
 is the average number  

of solid particles in a standard crystal lattice within a cylindrical  
volume of radius 3a (where a is the interparticle spacing) and  
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height d (the interlayer distance). The total number of columns is 
denoted as n, 〈h〉 is the average height over all columns and the standard  

deviation of the crystal height is given by s ≡ √∑n

i=1 (hi − ⟨h⟩)2/n . A  
skewness of 0 indicates a normal distribution, positive values indicate 
a right-handed tail and negative values indicate a left-handed tail. For 
bimodal distributions, the sign of the skewness depends on the relative 
heights and positions of the two peaks. For Fig. 4, we selected a grain 
and calculated the crystal heights at different locations in the x–y plane, 
using the resulting crystal height distribution to compute the 
skewness.

Uniformity of the distribution of foreign particles
We calculated the density variance of foreign particles ⟨δρ2⟩ at the initial 
stage of nucleation, as commonly used in hyperuniformity analysis: 
⟨δρ2⟩ ≡ (⟨N2

s ⟩ − ⟨Ns⟩
2)/R3  (ref. 62), where Ns is the number of foreign  

particles within many spherical volumes of radius R and 〈 ⋅ 〉 denotes the 
ensemble average. As shown in Extended Data Fig. 1c, the density vari-
ance of foreign particles in the MR mode is higher than in the CG mode, 
indicating a greater non-uniformity in their spatial distribution.

Data availability
The data that support the findings of this study are available from the 
corresponding authors upon request. Source data are provided with 
this paper.

Code availability
The codes used in this study are available from the corresponding 
authors upon request.
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Extended Data Fig. 1 | Spatial distribution of foreign particles and nuclei at 
initial configuration. a,b, Initial distribution of nuclei and foreign particles 
for two growth modes. Foreign particles are labelled in pink. Left panels: Nuclei 
are shown in light blue. Right panels: Shaded areas represent the distribution 
of foreign particles within nuclei. c, Density variance 〈δρ2〉 of foreign particles 

at the initial stage of nucleation for both growth modes. Five samples of MR 
growth modes and four samples of CG mode are analyzed. The CG mode curve 
represents the mean values of four measurements, with error bars indicating 
their upper and lower bounds.
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Extended Data Fig. 2 | Defect types of foreign particles in BCC lattice.  
a, Substitutional: A single foreign particle occupies a lattice site. b, Interstitial:  
A single foreign particle occupies an interstitial site. c, Substitutional interstitial 
pair: One foreign particle occupies a lattice site and the other an interstitial site. 

d,e, Defect chain: Substitutional-interstitial pairs form a defect chain, with  
crystal order decreasing as the number of foreign particles in the chain increases. 
f, Cluster: Foreign particles aggregate into a cluster, causing geometric 
frustration that impedes crystallization.
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Extended Data Fig. 3 | 3D micro-structure of the melting region. Evolution of the 3D structure in the melting region before, during, and after melting, with solid 
particles in olive green, liquid particles in blue, and foreign particles in pink.
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