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Geometric origin of particle and dislocation 
dynamics during grain boundary migration
 

Berend van der Meer�  �1,2,3, Mathieu G. Baltussen�  �1,2,4, François A. Lavergne2, 
Arran Curran1,2, Marjolein Dijkstra�  �4 & Roel P. A. Dullens�  �1,2 

Grain boundaries are complex defects in polycrystalline systems and 
their migration has a key role in determining the properties of such 
solids. Understanding grain boundary motion in terms of both particle 
and dislocation dynamics remains a central problem. Here we establish a 
fundamental geometric principle governing grain boundary migration at 
the microscopic level: particles preferentially transition between grains 
at speci�c lattice equivalence points identi�ed through a re�ned O-lattice 
construction. We validate this principle using loop-shaped grain boundaries 
in two-dimensional colloidal crystals created with holographic optical 
tweezers and computer simulations. Building on this principle, we develop 
a geometric framework that accurately predicts the microscopic dynamics 
of both particles and dislocations during grain boundary migration. 
Our results shed light on the microscopic mechanism of grain boundary 
migration and reveal the intrinsic connection between the dynamics of 
particles and dislocations.

Grain boundary (GB) migration induces substantial structural changes 
in polycrystalline solids such as ceramics, rocks and metals, and it has a 
pronounced effect on the macroscopic properties of these materials1�3. 
At the atomic scale, GB migration is a complex process involving the 
coordinated movement of atoms between lattice sites of neighbour-
ing grains. Recent work on atomic GBs using high-resolution electron 
microscopy has shown that the displacement of atoms from one grain 
to another is closely related to the arrangement of the atoms within the 
GB itself4,5. Indeed, GBs are not simply amorphous structures. They have 
been described in various ways, including combinations of different 
structural units6, coincidence site lattices7 and dislocations8. However, 
predicting how the GB structure influences its migration is challenging 
owing to the dynamic nature of the GB structure, which evolves as the 
boundary migrates4,5,9,10.

GB migration also involves the interaction and motion of defects, 
such as dislocations and disconnections11�16, which are confined to the 
GB plane and are subject to topological constraints imposed by the sur-
rounding crystalline structure17. Various models have been proposed to 
describe GB migration, including the Cahn model18,19, which is based on 

dislocation motion, the pure shuffling model for high-angle GBs20 and 
the disconnection model11,12,21,22. While these established models have 
profoundly shaped our understanding of GB evolution and the role of 
defects, they typically focus on specific mechanisms�such as disloca-
tion glide, disconnection motion or defect-mediated coupling�rather 
than providing a fully microscopic, predictive framework that captures 
the simultaneous dynamics of individual particles and defects. Con-
sequently, despite substantial efforts to characterize the microscopic 
mechanism for GB motion (see, for example, refs. 4,9,15,16,19,23,24), 
a comprehensive understanding of the dynamics of both atoms and 
defects during the GB migration process remains largely unclear.

From an experimental standpoint, systems composed of 
micrometre-sized colloidal spheres are widely accepted as an ideal 
platform for studying condensed-matter phenomena at the particle 
level using microscopy (see, for example, refs. 25�33). More recently, 
colloidal crystals have also emerged as a convenient toolkit for inves-
tigating GB behaviour34�41, with the key advantage that these systems 
can be readily manipulated using optical forces37�41. This allows for the 
creation of well-defined model GB structures, where key parameters 
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we refer to �our� O-lattice construction or �our� geometric approach 
throughout this work, we exclusively refer to this dynamic reinterpreta-
tion based on the O-lattice with the smallest lattice spacing.

Figure 2e illustrates how the transition points may be identified 
from the O-lattice with the smallest spacing (w = 3), where the O-lattice 
is shown in purple and the 2 crystal lattices in blue and orange for a 
misorientation � = 20°. Clearly, the lattice sites of the blue and orange 
crystals always pair up near a subset of O-lattice points, whereas other 
O-lattice points have no lattice sites nearby. This is visualized more 
clearly by performing a Voronoi construction on the O-lattice (Fig. 2e)�
referred to as the �O-cell construction��which reveals two types of 
O-lattice cell: �filled� O-cells containing a single lattice site from both 
crystals (shaded cells) and �empty� O-cells containing no lattice sites 
(white cells). We thus expect that only the O-lattice points of the filled 
O-cells act as transition points for particles displacing between the 
two lattice sites in the cell. Conversely, no particle rearrangements are 

expected to occur within empty O-cells. Hence, both filled and empty 
O-cells are crucial to understanding the particle dynamics underlying 
GB motion.

O-lattice prediction of particle dynamics
To compare the experimental particle trajectories with our geometri-
cal O-lattice predictions, we generate predicted displacement vectors  
by connecting the two lattice sites within a single �filled� O-cell. The 
geometric framework inherently treats both crystal lattices equiva-
lently, providing predictions for particle transitions in either direc-
tion. However, owing to the loop-shaped geometry of our GB, the 
curvature-driven shrinkage results in an inwards migration of the 
GB. Consequently, the predicted displacement vectors specifically 
describe particles transitioning from the rotated lattice to the host 
lattice. In contrast, particles within the host domain fluctuate around 
their lattice positions throughout this process, as they are not affected 
by the inwards-moving GB. The origin of the predicted displacement 
map was chosen such that it achieves the best match with the measured 
trajectories (Methods). We plot the predicted particle displacements 
(black arrows) on top of the experimental particle trajectories for 
a wide range of �, covering both non-CSL (Fig. 3a,b) and CSL cases 
(Extended Data Fig. 2c�e). We find excellent agreement between 
the predicted and observed particle displacements, demonstrat-
ing that our geometric O-lattice framework accurately captures 
how the transition points govern the complex particle dynamics 
during GB migration. Remarkably, the agreement even holds for GB 
misorientations with complex particle displacement patterns (see, 
for example, Fig. 3b), highlighting the general applicability of our 
geometric approach.

Inherent to the thermal nature of our system, we anticipate that 
particle displacements may not always precisely conform to the pre-
dictions of our geometric framework. To systematically investigate 
this aspect, we perform dynamic Monte Carlo (dMC) simulations56 of 
hard spheres (Methods) across a range of packing fractions �, which 
in a hard-sphere system controls the importance of thermal fluctua-
tions relative to the crystal�s elastic constants. We quantify the agree-
ment between predicted and observed particle displacements for our 
simulated GB loops by monitoring the fraction P = Np/N of particles that 
displace between lattice sites as predicted by our O-cell construction, 
where Np represents the number of particles displacing as predicted 
and N is the total number of displacing particles (Methods). The frac-
tion of particles that displace as predicted increases with packing 
fraction � (dashed lines in Fig. 3c) for all misorientations considered, 
indicating that thermal fluctuations significantly contribute to the 
stochasticity in the particle dynamics as � decreases. Therefore, at low 
�, the particle dynamics is primarily �geometry guided�, while at high 
� it becomes �geometry determined� (see also Extended Data Fig. 3).

Our geometric O-lattice framework assumes a fixed misorienta-
tion and therefore does not account for changes in misorientation over 
time. However, grain rotation is commonly observed in loop-shaped 
GBs39,40,57,58, driven by mechanisms such as coupled GB migration or 
GB sliding18,19. For example, a GB loop starting with � = 9° shows a sig-
nificant increase in misorientation during its shrinkage, consistent 
with coupled GB migration (Extended Data Fig. 5a). As this rotation 
proceeds, the growing discrepancy between the initial misorienta-
tion (assumed by our model) and the actual evolving misorientation 
reduces the accuracy of our predictions, resulting in a lower value 
of P. To demonstrate that our approach can indeed fully predict the 
particle dynamics in the absence of grain rotation, we again perform 
dMC simulations, but now with a fixed misorientation using an external 
biasing potential (Methods). Under these conditions, and at sufficiently 
high packing fractions �, nearly all particles (P � 1) follow the predicted 
displacements (solid lines in Fig. 3c). This confirms the validity of our 
geometric model and shows that deviations from the predictions arise 
primarily owing to either thermal fluctuations or grain rotation.
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Fig. 2 | Identifying GB transition points through O-lattice construction.  
a,b, Bicrystallographic pattern (orange and blue lattice) with superimposed 
O-lattice construction (purple). The blue and orange lattices are rotated relative 
to each other by � = 20° (w = 0; a) and by � = 200° (w = 3; b). Both rotations result 
in the same misorientation � = 20°, yet give rise to vastly different O-lattices. 
Note the difference in scale between a and b, as denoted by the scale bar, which 
is equal to the lattice spacing of the orange and blue crystals. c, Close-up view 
illustrating how particles from the blue lattice can transition to the orange lattice 
via an intermediate O-lattice point, which acts as a GB transition point. d, The 
calculated average distance between a lattice site and its nearest O-lattice site 
���RT,O��, as a function of the misorientation � for all values of w. e, O-lattice cell 
construction for w = 3, showing two types of cell: �empty� O-cells, which contain 
no lattice points, and �filled� O-cells (shaded), which contain a single lattice 
point from both crystals. These filled O-cells represent the regions within which 
particles are expected to transition from the blue to the orange crystal lattice by 
displacing according to the black arrows.
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Owing to its fully geometric nature, our general framework is 
expected to be applicable to systems with a diverse range of interaction 
types. To test whether our predictions are robust against such changes 
in interparticle interaction, we perform dMC simulations for three other 
interaction potentials. Specifically, we consider systems composed of: 
(1) Weeks�Chandler�Andersen particles modelling short-ranged, 
yet continuous, repulsive interactions (Extended Data Fig. 6a1);  
(2) Yukawa particles exhibiting substantially longer-ranged soft 
repulsive interactions59 (Extended Data Fig. 6b1); and (3) Lennard�
Jones particles with attractive interactions (Extended Data Fig. 6c1). 
A more detailed description of these three systems can be found in 
Methods. Across all three systems, we compare the observed particle 
trajectories with the predicted displacement maps and find consist-
ently good agreement (Extended Data Fig. 6a2�c2), similar to that 
observed in the hard-sphere case. To quantify this agreement, we 
again compute the fraction of particles P that follow the predicted 
displacements. For each interaction type, we observe a clear crossover 
from a �geometry guided� regime�where thermal fluctuations obscure 
the underlying geometric preference�to a �geometry determined� 
regime at higher particle number densities, where such thermal effects 
are diminished (Extended Data Fig. 6a3�c3). However, reaching this 
geometry-determined limit is more challenging in systems with softer 
and/or attractive interactions (Extended Data Fig. 6b3,c3). This may be 
attributed to the interparticle forces modifying the GB structure and 
thereby altering the local rearrangement pathways4,5. Alternatively, it is 
plausible that the particle number densities explored in our simulations 
are simply not high enough to sufficiently suppress thermal effects. 

Unfortunately, further increasing the particle number density (or 
lowering the temperature) considerably slows down the kinetics of GB 
shrinkage, which limits our ability to access the dynamics at these state 
points. The relatively easy attainment of the �geometry determined� 
limit in hard spheres is to be expected, given that the behaviour of hard 
particles is governed entirely by geometric constraints.

Intriguingly, for some misorientations, our O-cell construction 
also predicts the existence of a third type of O-cell, which contains 
only a single lattice point from one of the two crystals and therefore 
demarcates an incoherence between the two crystals. Consequently, 
when a particle in an �incoherent� O-cell displaces, it triggers a string 
of displacements that ultimately reaches another incoherent O-cell 
containing a single lattice point from the opposite crystal, complet-
ing the grain transition for all particles in the rearrangement string. 
To specifically target the misorientations where �incoherent� O-cells 
occur, we use dMC simulations in which the misorientation is kept 
constant (Methods), also because our experiments are conducted in 
the �geometry guided� regime where the particle dynamics is affected 
by thermal fluctuations. In our simulations, we indeed observe that 
incoherent O-cells lead to a remarkably rich dynamics during grain 
transition, as is evident from plotting the particle trajectories on 
top of the O-cell construction (Fig. 3d). Here, a string of particle 
displacements (red trajectories) originates from an �incoherent� cell 
containing a lattice site of the rotated grain (blue cell) and ends at 
an �incoherent� cell containing a lattice site of the host grain (orange 
cell). Our framework thus also provides the geometric underpin-
ning for the origin of this string-like motion and accurately predicts 
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Fig. 3 | Predicting the particle dynamics underlying GB migration through 
O-cell construction. a,b, Experimentally observed particle trajectories with 
superimposed particle displacements as predicted by our O-cell approach (black 
arrows) for � = 9° (a) and � = 18° (b). c, The fraction of particles P that displace 
as predicted as a function of the packing fractions � in dMC simulations. At 
low �, a significant fraction of particles does not displace as predicted owing 
to pronounced thermal fluctuations. However, at high �, such thermal effects 
become negligible and the particle dynamics becomes highly predictable P � 1.  
Open markers correspond to simulations where grain rotation was allowed 

to occur freely and closed markers correspond to simulations in which the 
misorientation was fixed using an external biasing potential. The error bars for 
each state point (N = 4) are on the order of the symbol size or smaller and are 
omitted to retain a clear presentation of the data. d, O-cell construction featuring 
�incoherent� O-cells with superimposed trajectories as measured in dMC 
simulations, for a fixed misorientation � = 29°. A string of particle displacements 
(red trajectories) originates from each �incoherent� cell containing a lattice site 
of the rotated grain (blue cells) and terminates at an �incoherent� cell containing a 
lattice site of the host grain (orange cells).
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the locations of �incoherent� O-cells that act as sources and sinks 
for this type of motion. Intriguingly, such string-like motion has 
previously been characterized as glassy behaviour35,60, also in light 
of the somewhat amorphous nature of GBs. While it is true that sig-
nificant thermal fluctuations can induce this anomalous behaviour, 
particularly linked to the decreasing P in Fig. 3c, our findings also 
demonstrate that this dynamics can, in fact, have a more fundamental 
geometric origin.

O-lattice prediction of dislocation dynamics
Lastly, we demonstrate how our geometric O-cell construction also 
describes the GB dislocation structure and its evolution during GB 
motion. To demonstrate this, we first clarify how dislocations may 
be identified from our O-lattice construction. To this end, we create a 
system composed of two grains using the following procedure. Start-
ing with a host and rotated crystal, we generate an O-cell construction, 
revealing all �filled� O-cells (shaded cells in Fig. 4a). Within each filled 
O-cell, the particle sits on either one of the lattice sites or on the transi-
tion point between them, that is the O-lattice point (Fig. 2c). To obtain 

the two-grain system shown in Fig. 4a, we place the particles within the 
filled O-cells as follows: the particles in the upper grain (orange area) are 
placed on lattice sites of the orange host crystal, and the particles in the 
lower grain (blue area) occupy sites of the blue rotated crystal. Given 
the transitional nature of particles at the GB, we place these boundary 
particles at the O-lattice points.

Once the two-grain system is created, we determine the number 
of nearest neighbours for each particle using a Voronoi construction 
on the particle positions. The dislocations are then identified as pairs 
of 7�5 defects, as depicted in Fig. 4b. Remarkably, a closer examina-
tion of the relation between the dislocations and the O-lattice (Fig. 4c) 
reveals that the 7�5 connector of the dislocation is in fact given by a 
combination of lattice vectors of the O-lattice a1 and a2. This relation-
ship is robust to changes in misorientation �, thus establishing a direct 
connection between our O-lattice construction and GB dislocations. 
Considering the six-fold symmetry of our lattice, the six elementary 
dislocations39 that represent all possible GB dislocation orientations 
can be identified as combinations of the O-lattice vectors, a1 and a2, as 
shown in Fig. 4d.
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Fig. 4 | Predicting GB dislocation structure through O-cell construction.  
Note that in this figure, we use an example misorientation of � = 13.2°. a, Using the 
O-cell construction method, we generate a GB (dashed line) that separates  
two crystal domains. To achieve this, particles are placed on lattice sites of the 
orange crystal for O-cells situated above the GB line, while for O-cells below  
the GB line, particles are placed on lattice sites of the blue crystal. For O-cells 
located on the GB line, particles are instead placed on the O-lattice point (green).  
b, Using Voronoi construction on the obtained particle configuration, 
dislocations are easily identified within this GB as pairs of 7�5 defects. c, In a 
detailed view of a dislocation, overlaid with O-cell construction, it becomes 
evident that the 7�5 connector of the dislocation is given by a combination of 

lattice vectors of the O-lattice. d, The six elementary GB dislocations, which 
all arise as simple combinations of lattice vectors of the O-lattice. e, O-cell 
construction with superimposed a map of all positions where dislocations can 
potentially be present. Here each dislocation site is plotted as a black line with 
its orientation representing the line that connects the 7 and 5 defects. f, Example 
of a loop-shaped GB constructed using this dislocation mapping. By selecting 
a circular path of dislocation sites (lines highlighted in yellow) and placing 
particles inside (outside) this loop on lattice sites of the blue (orange) crystal, a 
loop-shaped GB containing all six elementary dislocation orientations emerges. 
g, Likewise, a curved planar GB may be constructed by selecting a different path 
of dislocation sites (highlighted in yellow).
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Extended Data Fig. 1 | Effect of w on the resulting O-lattice. (a) The calculated average distance between a lattice site and its nearest O-lattice site ���RT,O��, and (b) the 
O-lattice spacing, that is the length of the O-lattice vector �a1�, both as a function of the misorientation � for all values of w. Note that panel (a) is equivalent to Fig. 2(d) in 
the main text.
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Extended Data Fig. 2 | Predicting the particle dynamics underlying GB 
migration through O-cell construction. (a-e) Particle trajectories as observed 
in experiments with superimposed the particle displacements as predicted by 
our O-cell approach (black arrows) for (a) � = 9�, (b) � = 18�, and for (near)-CSL 

misorientations (c) � = 13�, (d) � = 22�, and (e) � = 28�, corresponding to �19, �7,  
and �13 GBs, respectively. Note that panels (a,b) are equivalent to Fig. 3(a,b) in 
the main text.
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Extended Data Fig. 3 | Effect of thermal fluctuations on the particle dynamics during GB migration as observed in dMC simulations. (a-c) Particle trajectories  
with superimposed the particle displacements as predicted by our O-cell approach (black arrows) for an misorientation of � = 13. 2� for a packing fraction (a) � = 0.78, 
(b) � = 0.82, and (c) � = 0.84, respectively.
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Extended Data Fig. 4 | Starting configurations created using the map of 
possible dislocation sites. Starting configurations for (a) � = 9�, (b) � = 13�,  
(c) � = 18�, and (d) � = 28�. Here, each potential dislocation site is plotted as a  
black line with its orientation given by the line that connects the 7- and 5-defect.  
A loop-shaped GB is constructed by selecting a circular path of dislocation sites  

(lines highlighted in yellow) and placing particles inside (outside) this loop on 
lattice sites of the blue (orange) crystal. Dislocations appear as pairs of 7- and 
5-fold coordinated defects upon Voronoi construction (highlighted as blue and 
red cells).
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Extended Data Fig. 5 | Effect of external biasing on the misorientation � during 
GB loop shrinkage for single simulation runs. (a) Without external biasing, 
grain rotation occurs freely during the shrinkage process (blue line). Upon 
introducing a harmonic biasing potential the misorientation � remains virtually 

constant over time (red line). (b) The corresponding size evolution of the GB 
loop, monitored through the number of particles Nloop that comprise the rotated 
crystal domain. Packing fraction: � = 0.84.
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Extended Data Fig. 6 | Assessing the robustness of our geometric predictions 
for particle dynamics across a diverse range of interactions. (a1, b1, c1) 
Interaction potential for the Weeks-Chandler-Andersen, Yukawa, and Lennard-
Jones system, respectively. (a2, b2, c2) Particle trajectories with superimposed 
the particle displacements as predicted by our O-cell approach (black arrows)  
for a misorientation of � = 21. 8� for (a2) the Weeks-Chandler-Andersen system at  
��2 = 0.84, (b2) the Yukawa system at ��2 = 0.35, and (c2) the Lennard-Jones 
system at ��2 = 0.35. (a3, b3, c3) The fraction of particles, P, that displace as 

predicted for various misorientations �, plotted as a function of the particle 
number density ��2 for the three systems, respectively. The error bars for each 
state point (N = 4) are on the order of the symbol size or smaller and are omitted 
to retain a clear presentation of the data. As the particle number density ��2 
increases, the agreement with the geometric predictions becomes stronger. 
Throughout all dMC simulations, the misorientation was kept constant using an 
external biasing potential.
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Extended Data Fig. 7 | Dislocation identification for a misorientation of �0 = 28�  
in experiments. (a) Identification of dislocations that comprise the high-angle 
GB loop. Here, identified dislocations are highlighted with a superimposed black 
line connecting their 7- and 5-defect defects. (b) Sequential series depicting the 

same dislocation chain, demonstrating the step-by-step process of dissecting a 
chain into individual dislocations. The initial step involves identifying the head 
and tail dislocations, followed by successive steps to pinpoint the subsequent 
dislocations in the chain until all dislocations are identified.
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