
How does a thermal binary crystal break under shear?
Tobias Horn and Hartmut Löwen 
 
Citation: The Journal of Chemical Physics 141, 224505 (2014); doi: 10.1063/1.4903274 
View online: http://dx.doi.org/10.1063/1.4903274 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/141/22?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Multiscale modeling of binary polymer mixtures: Scale bridging in the athermal and thermal regime 
J. Chem. Phys. 133, 094904 (2010); 10.1063/1.3483236 
 
The experimental realization of a two-dimensional colloidal model system 
Rev. Sci. Instrum. 80, 083902 (2009); 10.1063/1.3188948 
 
Shock Experiments on Explosive Single Crystals 
AIP Conf. Proc. 706, 985 (2004); 10.1063/1.1780402 
 
Effect of substrate temperature on crystal orientation and residual stress in radio frequency sputtered
gallium–nitride films 
J. Vac. Sci. Technol. A 22, 1587 (2004); 10.1116/1.1759348 
 
The glass transition in binary mixtures of hard colloidal spheres 
AIP Conf. Proc. 519, 3 (2000); 10.1063/1.1291516 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

134.99.64.185 On: Thu, 11 Dec 2014 14:40:33

http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/327320036/x01/AIP-PT/JCP_ArticleDL_101514/PT_SubscriptionAd_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=Tobias+Horn&option1=author
http://scitation.aip.org/search?value1=Hartmut+L�wen&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.4903274
http://scitation.aip.org/content/aip/journal/jcp/141/22?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/133/9/10.1063/1.3483236?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/80/8/10.1063/1.3188948?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.1780402?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvsta/22/4/10.1116/1.1759348?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvsta/22/4/10.1116/1.1759348?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.1291516?ver=pdfcov


THE JOURNAL OF CHEMICAL PHYSICS 141, 224505 (2014)

How does a thermal binary crystal break under shear?
Tobias Horna) and Hartmut Löwen
Institut für Theoretische Physik II: Weiche Materie, Heinrich-Heine-Universität Düsseldorf,
D-40225 Düsseldorf, Germany

(Received 14 October 2014; accepted 21 November 2014; published online 9 December 2014)

When exposed to strong shearing, the particles in a crystal will rearrange and ultimately, the crystal
will break by forming large nonaffine defects. Even for the initial stage of this process, only little
effort has been devoted to the understanding of the breaking process on the scale of the individual
particle size for thermalized mixed crystals. Here, we explore the shear-induced breaking for an
equimolar two-dimensional binary model crystal with a high interaction asymmetry between the
two different species such that the initial crystal has an intersecting square sublattice of the two
constituents. Using Brownian dynamics computer simulations, we show that the combination of
shear and thermal fluctuations leads to a characteristic hierarchical breaking scenario where initially,
the more strongly coupled particles are thermally distorted, paving the way for the weakly coupled
particles to escape from their cage. This in turn leads to mobile defects which may finally merge,
proliferating a cascade of defects, which triggers the final breakage of the crystal. This scenario
is in marked contrast to the breakage of one-component crystals close to melting. Moreover, we
explore the orientational dependence of the initial shear direction relative to the crystal orientation
and compare this to the usual melting scenario without shear. Our results are verifiable in real-space
experiments of superparamagnetic colloidal mixtures at a pending air-water interface in an external
magnetic field where the shear can be induced by an external laser field. © 2014 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4903274]

I. INTRODUCTION

The stability of crystalline solids with respect to me-
chanical stress is a crucial property for the understanding
of effects such as microcrack formation and propagation,1

which have numerous applications ranging from aeronau-
tic engineering2, 3 to the biomechanics of bone fracture.4, 5

Thereby, shear deformation constitutes an elementary source
of strain. Colloids pose an ideal model system for study-
ing distortions on the particle scale6 and allow to ac-
cess the microscopic processes governing structural changes
via experiment7–22 and computer simulation.23–32 For one-
component systems, the plastic deformation of a strained
solid is well-explored and a connection between meso-
scopic deformation and atomistic rearrangements has been
established.33–38 Many real solids, however, are multicom-
ponent materials. Examples include metallic alloys39–47 and
crystalline organic networks.48, 49 Therefore, it is important
to study the behavior of mixture crystals under strong shear.
Even for the initial stage of the shear-induced breaking pro-
cess of crystals, only little effort has been devoted so far
to understanding the underlying mechanism on the particle-
resolved scale for thermalized mixed crystals.

Here, we explore the shear-induced breaking of an
equimolar two-dimensional binary model crystal with a high
interaction asymmetry between the two different species such
that the initial crystal has an intersecting square sublattice
of the two constituents. Using Brownian dynamics computer
simulations, we show that the combination of shear and ther-
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mal fluctuations leads to a characteristic hierarchical break-
ing scenario. In the strained unit cell, aligned displacements
of the more strongly coupled particle species open up path-
ways for the motion of the weakly interacting particle species,
thus enabling the creation of vacancy/interstitial pairs. These
pathways correspond to a characteristic distortion of the en-
ergy landscape encountered by the weakly coupled species
and depend on the crystal orientation with respect to the di-
rection of shear. The microscopic mechanism inducing defect
formation under shear can be distinguished from the mech-
anism governing defect formation when the crystal is heated
instead of sheared. Our results imply that the location of spon-
taneously created defects triggers the mesoscopic deforma-
tion of the crystal, i.e., the formation of cracks, which is
in striking contrast to the behavior of one-component crys-
tals near melting.36 Furthermore, the breakage of the ther-
mal binary crystal resembles the plastic deformation of amor-
phous materials,50–57 where, due to the absence of distinct
topological defects, plastic deformation is mediated by local-
ized patterns of nonaffine motion52, 58–64 and can be traced by
the inherent stress signature and spatial correlation of plas-
tic events65–67 or contact force distributions.68 Our results
are verifiable in real-space experiments of superparamagnetic
colloidal mixtures at a pending air-water interface in an exter-
nal magnetic field,69–73 where the shear can be induced by an
external laser field.

The paper is organized as follows: in Sec. II, we describe
the binary model crystal. The simulation technique is depicted
in Sec. III. Section IV contains a description of our diagnos-
tics and analysis of defects. In Sec. V, we discuss our re-
sults for two different shear directions relative to the crystal

0021-9606/2014/141(22)/224505/10/$30.00 © 2014 AIP Publishing LLC141, 224505-1
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orientation. We also compare our findings to the melting of
the crystal in the absence of shear and to the shear response
of a one-component crystal. Additionally, we discuss simi-
larities to the plastic deformation of amorphous media. We
conclude in Sec. VI.

II. MODEL

We study the shear deformation of a two-dimensional
colloidal crystal composed of two species of point-like parti-
cles denoted as species A and B. The particles interact via the
purely repulsive pair potential of parallel dipoles and are char-
acterized by different dipole moments mA and mB, where the
dipolar ratio mB/mA is fixed to 0.1 as in previous studies.71, 74

Thus, particle species A denotes the more strongly coupled
particles. The crystal contains equal numbers of the two par-
ticle species, i.e., N = NA + NB with a fixed relative compo-
sition X = NA/(NA + NB) = 0.5. In the absence of shear, the
binary crystal lattice corresponds to the S(AB) pattern speci-
fied in Ref. 75, where each particle species forms a quadratic
lattice with spacing a = 1/

√
nA, with nA denoting the num-

ber density of A particles. The lattices of species A and B are
shifted relatively by 0.5a along each lattice direction, form-
ing a checkerboard structure, see Fig. 1. As elaborated in
Ref. 75, the S(AB) lattice is stable for a composition ratio
of X = 0.5 and a dipolar ratio of 0.1. This structure is very
persistent in two dimensional mixtures and was found for
granulates76 and ionic crystals, as well.77, 78 In previous ex-
periments, two-dimensional suspensions were studied by con-
fining superparamagnetic colloidal particles to the air-water
interface of a hanging water droplet10, 71, 79, 80 or to a planar
glass substrate.21, 81, 82 Parallely aligned dipole moments are
induced by applying an external magnetic field H perpendic-
ular to the plane of confinement.

Conveniently, the pair interaction strength can be ex-
pressed by the dimensionless parameter

� = μ0(χAH )2

4πa3kBT
, (1)

where μ0 is the vacuum permeability, χA denotes the mag-
netic susceptibility of particle species A, kBT is the thermal

FIG. 1. Schematic representation of the S(AB) lattice with a checkerboard
structure of A and B particles. A(B) particles are shown as blue open (red
full) circles. The sublattices of both species have a lattice constant a while
the two lattices are shifted relatively by 0.5a along the lattice vectors a1,
a2. The direction of shear flow coincides with the x-axis. The angle between
a1 and the x-axis is denoted as α. We consider the cases α = 0◦ (left) and
α = 45◦ (right).

energy, and a is the lattice constant as specified above. By
altering the magnetic field, the colloidal suspension can be
effectively “heated” or “cooled” homogeneously.

Accordingly, the species-dependent pair interaction po-
tential is given in units of kBT by

Uij (r) = � mimj (r)−3 i = A,B, (2)

where r denotes the particle separation in units of the lattice
constant a. Unless otherwise stated, the interaction strength is
set to � = 44 such that crystalline order is maintained in the
absence of shear flow.83

III. BROWNIAN DYNAMICS SIMULATION

We perform Brownian dynamics (BD) computer simula-
tions of N = 2048 pointlike superparamagnetic particles. The
ratio of diffusion constants DB/DA is fixed to 1.7 correspond-
ing to the physical diameter ratio of comparable experimental
samples.71 The Brownian time of A particles, τB = a2/DA is
employed as a unit of time, distances are given in units of
the lattice constant a. The particles are initially placed on an
S(AB) lattice as described in Sec. II, which covers the entire
simulation area Lx × Ly = 32a × 32a. Couette shear flow is
imposed in x-direction at a fixed shear rate γ̇ τB = 10−3 and
Lees-Edwards boundary conditions are applied according to
the shear flow.84 The equation of motion governing the parti-
cle propagation is given by

x(t + δt) = x(t) + Di

kBT
F (x)δt + √

2DiδtR
(x),

+ γ̇ (y)δt,

y(t + δt) = y(t) + Di

kBT
F (y)δt + √

2DiδtR
(y),

i = A,B,

where F denotes the force resulting from the particle inter-
action and R(x), R(y) are randomly distributed numbers with
mean 0 and standard deviation 1. The incremental timestep is
set to δt/τB = 10−5. Forces are truncated and shifted accord-
ing to

Fij (r) =
{

−3�mimj

(
1
r4 − 1

r4
c

)
r < rc

0 r ≥ rc

, (3)

where the cutoff is set to rc/a = 8. Simulations are performed
over a time range of t = 200τB equaling a total strain window
of γ = γ̇ t = 0.2, while configurations are recorded every
10−2τB. The shear deformation process of the binary S(AB)
crystal is analyzed for two different crystal orientations with
respect to the direction of shear. In the first setup, the crystal is
aligned in such a way that the crystal axis a1 collapses with the
direction of shear, α = � (a1, ex) = 0◦. In the second setup,
the crystal is rotated such that α = 45◦, see Figure 1. Note that
in this setup, we chose N = 2304 and Lx = Ly = 24 · √

2a in
order to accommodate the rotated crystal. Each case is sam-
pled with 64 statistically independent simulation runs. In each
run, the initial pure, defect-free crystalline lattice is allowed
to relax for 10τB before shear is applied. Note that due to the
focus on a defect-free initial state, we discard runs in which
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topological defects emerge during the initial relaxation phase.
This was the case in approximately 8% of the simulation runs.

IV. DIAGNOSTICS AND ANALYSIS OF DEFECTS

In order to track structural distortions over various stages
of the deformation process, we devise a cluster criterion,
by which topological distortions are detected based on the
Voronoi tesselation of a particular configuration. We consider
only clusters which are constituted exclusively by A or B par-
ticles, respectively. In a perfect S(AB) lattice, every A particle
has four A neighbors, each of which shares two B neighbors
with the original particle. Neighboring A particles form a clus-
ter if they share less than two neighbors of species B. In the
ideal S(AB) lattice, every B particle is enclosed by four neigh-
bors of the opposite species. Neighboring B particles form a
cluster if each of them has less than four A neighbors. To grant
the proper representation of interstitials, where two B particles
occupy the same lattice site, a B particle is also counted as part
of the cluster if it has four A neighbors but is within a criti-
cal distance to a B particle with less than four A neighbors.85

For both particle species, clusters are discarded if they contain
less than two particles. For clarity, the definition of A and B
clusters stated above is exemplified in Fig. 2. The clusters de-
fined by these criteria pose elementary topological distortions
of the S(AB) lattice. Specifically, the local appearance of A
and B clusters constitutes a primary plastic event which com-
promises the crystalline structure and may irreversibly distort
the crystal by evolving into a stable vacancy/interstitial pair,
see Fig. 3.

In order to quantify the lifespan of defects and lo-
cal distortions, a cluster C detected in configuration N
= (rA

1 , .., rA
NA

, rB
1 , .., rB

NB
) is considered identical to the cluster

C ′ detected in the preceding configuration N − 1 if at least
one of the particles constituting C ′ is conserved in C, no other
cluster in the current configuration N contains more particles
from C ′ than C and more particles in C originate from C ′ than
from any other previous cluster. Thus, we account for fluctu-

FIG. 2. Computer simulation snapshots exemplifying the definition of clus-
ters based on Voronoi tesselation. A(B) particles are represented by open (full)
circles. (Left) Neighboring A particles a, b, and c each share one neighbor of
particle species B and thus form a cluster. Also, B particles d and e form a
cluster. Note that particles e has less than four neighbors of species A while
particle d has four A neighbors here but is considered part of the cluster due to
the subthreshold distance to cluster particle e. Voronoi cells of A(B) particles
are colored in shades of blue (red). (Right) Resulting cluster configuration,
where Voronoi cells of A(B) particles forming a cluster are colored in blue
(red).

FIG. 3. Computer simulation snapshots illustrating the formation of a tem-
porary (a) and a persistent (b) cluster pair at the time t0 due to thermal fluc-
tuations. From left to right, each row corresponds to a series of snapshots
recorded in intervals of 10−2τB. The two events shown were recorded in dif-
ferent simulation runs and are uncorrelated. The representation of particles
and clusters corresponds to Fig. 2. As a guide to the eye, bonds between ad-
jacent A particles are shown if the separation is less than 1.2a.

ations in the cluster size and composition, cluster recombina-
tions or splits while keeping track of both localized and mo-
bile structural deformations. Since the time interval between
two successively recorded configurations is 10−2τB, this value
is set as the lifespan of a cluster which spontaneously emerges
and vanishes again in the next configuration recorded.

Based on this cluster description, a pattern is established
to capture spontaneous attempts to create vacancy/interstitial
pairs. These events are detected if they bear the following sig-
nature: In configuration N , a cluster CA is detected compris-
ing three or more particles of species A. Additionally, a cluster
CB is detected which is composed of at least two B particles.
In the last recorded configuration N − 1, CA and CB did not
exist and none of the particles constituting CA and CB were
part of any cluster. Additionally, in configuration N − 1, at
least one of the B particles in CB was a Voronoi neighbor of at
least 3 of the A particles forming CA. This particle is denoted
the trigger particle.

The stress induced by the shear flow in x-direction is ex-
pressed via the stress tensor component σ xy:86

σxy = 1

2

1

LxLy

∑
i

∑
i �=j

F
y

ij (rij )xij , (4)

where F
y

ij denotes the y-component of the dipolar force be-
tween particles i and j and rij (xij) is the (lateral) distance be-
tween the particles in units of the lattice constant a.

V. RESULTS

A. Shear aligned with lattice direction

In the following, we depict the shear deformation process
observed for the case α = 0◦, i.e., for the shear aligned with
the lattice direction.

In the initial stage of the deformation process, the crys-
tal responds elastically to the applied shear and particle
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motion is governed by a uniform affine motion corresponding
to the imposed solvent flow. Locally, we observe the forma-
tion of short-lived clusters with lifespans of the order 10−2τB.
Particle-scale observations suggest that these events are in-
duced by thermal fluctuations of the A particle species: De-
viating from their co-sheared lattice site, single A particles
temporarily distort the unit cell symmetry, thus allowing the
enclosed B particle to extend its motion into the vacated area
and to form a cluster with the B particle of the neighboring
unit cell. Simultaneously, the remaining three A particles con-
stituting the original unit cell shift into an unstable triangular
arrangement, and a cluster is formed. Starting from a local
configuration without any noticeable distortion, these struc-
tural disruptions emerge and disappear within a few 10−2τB.
After this time, the original shape of the unit cell is restored.
An exemplary sequence of simulation snapshots illustrating
a temporary cluster creation due to thermal fluctuations is
shown in Fig. 3(a).

The second stage of the deformation process is initiated
by the creation of a stable pair of clusters with a lifespan of the
order τB. Qualitatively, the particle motion leading to a per-
sistent defect corresponds to the same pattern depicted above.
In addition to the formation of a triangular cluster of A par-
ticles, the enclosed B particle is pushed entirely out of the
unit cell, enabling the formation of a vacancy/interstitial pair,
i.e., a cluster of four A particles which assume a quadratic
arrangement around a vacated B lattice site and a cluster in-
cluding two B particles which occupy the same lattice site
(Fig. 3(b)). The B particle cluster created in this process
quickly diffuses through the crystal lattice, as the particles
constituting the cluster are frequently interchanged. This pro-
cess is mediated by B particles pushing and replacing each
other at the lattice sites touched by the travelling cluster. The
diffusive motion of the interstitial cluster does not exhibit a
preferential direction and involves frequent reversals of the
moving direction, see Fig. 4. Additionally, the travelling in-
terstitial triggers the spontaneous creation of further clusters
at the lattice sites it touches. In contrast, location and particle

FIG. 4. Trajectory of a single B particle cluster from creation at t = t0 (red
arrow) to annihilation at t = t1 (black arrow). The cluster emerges in the sec-
ond stage of the deformation process, i.e., after a stable vacancy/interstitial
pair was formed. The colorcode corresponds to the lifetime of the cluster. Cir-
cles (triangles) indicate the location of subsequent A(B) cluster appearances
within the lifetime of the travelling cluster.

constellation of the A particle cluster formed in this event are
comparably stable.

The third stage of the deformation process starts with the
formation of a larger cluster of A particles. Being unstable
with respect to shear deformation, an elongated cluster of A
particles poses a preferential site for a break as it allows for a
local rearrangement of the crystal lattice on either side of the
cluster. Once such an elongated cluster emerges, it quickly
grows into a band spanning the entire system, which enables
inhomogeneous, nonaffine particle displacements on the or-
der of the lattice constant. This pattern of motion resembles a
shear band51, 87–91 but may also exhibit vortical properties as
reported in Refs. 52, 58, and 59. Thus, the crystal is globally
rearranged and a less strained state is restored. Intriguingly,
particles in the proximity of the break are rearranged dur-
ing the cluster formation until eventually, the original S(AB)
structure can be recovered for most particles, although typi-
cally, some topological defects remain. The deformation pro-
cess depicted here is illustrated by computer simulation snap-
shots and a map of the cumulative nonaffine displacement in
x-direction in Fig. 5. The spontaneous emergence of short-
lived clusters can be observed at several positions as indi-
cated by black crosses in Fig. 5 (right). Stable clusters emerge
at t/τB ≈ 50 (white symbols), leading to structural defects
which persist over many τB. The lifespan of stable clusters
can be traced by straight lines in Fig. 5 (right). At t/τB ≈ 100,
we observe a strongly heterogeneous behavior of the cumula-
tive displacement in x-direction with respect to the y-position
of particles: Above a certain y-position, particles undergo a
pronounced nonaffine displacement in the direction of shear
(bright area in Fig. 5 [right]). The nonaffine cumulative x-
displacement of particles below this y-position is oppositely
directed (dark area in Fig. 5 [right]). This pattern of nonaffine
motion reflects the breakage of the crystal and is accompanied
by the creation and annihilation of large numbers of clusters
as the crystal rearranges. The location of the break coincides
with the location of the first set of stable defects. Note that
the orientation of the break does not necessarily collapse with
the direction of shear. We observe a vertical breakage of the
crystal with a similar probability.

Since the emergence of a stable vacancy/interstitial pair
in the course of a thermal clustering event crucially influences
the macroscopic breakage of the crystal, we thoroughly assess
the properties of these events. In order to do so, we evaluate
all events up to and including the first event which induces a
cluster with a lifetime exceeding 0.5τB, which corresponds to
a total number of 1002 recorded events. Thus, we focus on
the onset of deformation in a strained crystalline state with no
embedded topological defects, i.e., the first stage of the defor-
mation process. We observe that within statistical accuracy,
events are homogeneously distributed over the entire system
area and no preferential location can be distinguished.

As the absolute strain γ grows, the probability of clus-
tering events increases, see Fig. 6. We derive a measure for
the crystal stability with respect to shear by monitoring the
integrated probability for the creation of a long-lived cluster
up to a given time. This magnitude is almost unity for times
larger than t/τB ≈ 80, corresponding to an absolute strain of
γ ≈ 0.08. This reflects the fact that in all of our simulation
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FIG. 5. (Left) Simulation snapshots illustrating the deformation process for the case α = 0◦. All snapshots originate from the same simulation run. Repre-
sentation of particles and clusters corresponds to Fig. 2. As a guide to the eye, three individual A particles are shown in red, yellow, and cyan, respectively.
(a) Creation of stable cluster pair, (b) extension of an A cluster in x-direction, (c) local rearrangement induced by interplay of A and B clusters, (d) formation
of an extended, disordered cluster strip, and (e) crystal rearrangement on either side of the strip. (f) and (g) Restoration of S(AB) structure after nonaffine
displacement on either side of strip (note shift of tagged particles). (Right) Map of cumulative displacement in x-direction in the co-sheared frame. The data
were averaged over the initial x-coordinate. Colors are specified by the bar on the right. Black crosses indicate time and y-coordinate of short-lived clustering
events. The appearance of A(B) clusters with a lifetime >0.5τB is indicated with white full circles (triangles), straight cyan (pink) lines connect sites of creation
and annihilation. A yellow line indicates the lifespan of the cluster traced in Fig. 4. Times corresponding to snapshots (a)–(g) in left panel are indicated on the
time axis.

runs, a stable cluster has emerged up to this time, initiating
the second stage of the crystal deformation.

On a microscopic level, the collective particle motion
leading to clustering exhibits a vast variety of patterns. In or-
der to assess the common microscopic mechanism governing
these events, we monitor the average distribution of particles
at the site of an event at three different times: 10−1τB be-
fore the event, 10−2τB before the event, and at the time of
the event. The resulting density distributions of A and B par-
ticles are shown in Fig. 7. It is apparent from these distribu-
tions that events are permitted by a specific distortion of the
unit cell, which originates from a superposition of two inde-
pendent deformations. First, the unit cell is strained due to a
shear deformation along the x-direction, which collapses with
the lattice vector a1. Second, the unit cell is distorted by a
further shear deformation of the A particles along the second

FIG. 6. Relative probability p(t) for an event to occur at time t for α = 0◦
(blue solid line) and α = 45◦ (yellow dashed line). The cumulative probability
P(t) for the appearance of stable defect up to the time t is included for α = 0◦
(light blue dashed line) and α = 45◦ (red dashed line). For comparison, the
absolute strain is given at the upper horizontal axis. The evaluation is based
on a total number of 1002 (706) recorded events for α = 0◦ (45◦).

lattice direction, a2. This corresponds to a collective sliding
motion of the A particles on one side of the unit cell along
the second crystal axis, while the remaining A particles col-
lectively move into the opposite direction.

Following this observation, we derive the average A
particle positions from the density distributions depicted in

FIG. 7. α = 0◦. (a)–(c) Averaged densities 〈ρA〉, 〈ρB〉 of A and B particles at
the site of an event at t0 for times (a) t − t0 = −0.1τB, (b) t − t0 = −0.01τB,
(c) t − t0 = 0. Colors correspond to 〈ρA(x, y)〉 − 〈ρB(x, y)〉 and are specified
by the bar on the right. Diamonds indicate the average position of A particles.
(d)–(f) Potential energy of a B particle in the vicinity of A-particles located at
the average positions in situations (a)–(c). Colors are specified by the bar at
the bottom. Potential energy is given with respect to the mean position of the
B particle. (g)–(i) Averaged densities preceding a cluster creation when the
crystal is heated to � = 37 and no shear flow is imposed (γ̇ τ

B
= 0).
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FIG. 8. Potential energy of the trigger particle with respect to the closest
energy minimum for an event at t = t0 (highlighted region) for α = 0◦. The
blue solid curve corresponds to the average over all temporary events while
the red dashed curve represents the average over all persistent events.

Fig. 7 (top) and map the potential energy landscape encoun-
tered by a single B particle in the vicinity of four A particles
at the specified positions, see Fig. 7 (middle). In the reference
state at 10−1τB before the event, the average unit cell is only
slightly sheared. There is a nearly quadratic energy well in
the center of the unit cell to which the B particle is confined.
Due to the subsequent deformation of the unit cell, the size of
this potential energy well is reduced as it assumes a thin, tilted
shape. Consequently, the B particle is confined to a diagonally
elongated region at 10−2τB before the event. In the following
timestep, only a narrow potential energy well remains inside
the unit cell due to the further distortion of the unit cell. Af-
ter the previous diagonal deflection of the B particle, it is now
pushed away from the center as the local energy minimum is
displaced along four possible pathways.

From this shifted position, the B particle may escape the
unit cell due to thermal motion. To verify the thermal activa-
tion of this event, we calculate the potential energy of the B
particle with respect to the nearest potential energy minimum.
Indeed, the occurrence of an event is accompanied by a dis-
tinct peak of the potential energy on the order of ≈2kBT. Fur-
thermore, we observe that the creation of a persistent cluster
is related to a significantly larger peak in the potential energy
of the trigger particle than the creation of a temporary cluster,
see Fig. 8.

Thus, the investigation of particle density profiles at the
location of events implies an intuitive picture for the forma-
tion of clusters from the strained crystalline state, which is
permitted by two independent deformations of the unit cell:
The global shear deformation and an aligned sliding motion
of A particles along the lattice direction a2, which does not
collapse with the direction of shear. In order to verify this ex-
planation, we perform a set of reference simulations in which
a single B particle is placed in a distorted unit cell of four A
particles. The distortion of the unit cell is expressed by the
two independent parameters γ and �: The parameter γ cor-
responds to the unit cell strain in the direction of shear, while
� quantifies the aligned deflection of the A particles along

FIG. 9. Reference simulation for α = 0◦, where a B particle is initially
trapped in a distorted unit cell formed by four A particles, see text. The distor-
tion is specified by γ (shear deformation) and � (deflection along the lattice
vector a2, highlighted in dark red in the central column). Resulting unit cells
are shown and fields are colorcoded according to the escape probability of a B
particle within a runtime of 1 τB (left) or 1000 τB (right), based on 1000 sam-
ples per parameter combination. Escape probabilities below 0.1% are shown
in light blue. The parameter combination matching the average particle posi-
tions in Fig. 7(c) is framed in red.

the lattice direction a2, see Fig. 9. For each parameter com-
bination, the B particle trajectory is tracked for 1τB while the
A particles remain pinned to their distorted lattice positions.
Each parameter combination is sampled with 1000 runs. Af-
terwards, we determine the ratio of runs in which the B parti-
cle escaped the unit cell. Our results are shown in Fig. 9. We
find that, starting from a strained state, an additional deflec-
tion of the A particles indeed leads to an increased probability
for the B particle to escape the unit cell. The parameter com-
bination of γ and � which best matches the average particle
positions derived from the A particle density distribution is
highlighted in Fig. 9. In fact, this point in the γ − � plane
coincides with the crossover from zero to a finite value of the
escape probability of the B particle. This crossover is persis-
tent if we extend the runtime of the simulation to 1000τB, as
shown in Fig. 9.

B. Shear unaligned with lattice direction

In order to assess the dependence of the shear response
on the direction of shear flow with respect to the crystal ori-
entation, we repeat the analysis for the case α = 45◦.

In comparison to α = 0◦, we notice a more pronounced
increase of the event probability with increasing strain. Like-
wise, the integrated probability for the creation of a stable
cluster up to a given time reaches unity at a time t/τB ≈ 70
(γ ≈ 0.07), see Fig. 6. This points to a reduced stability of the
crystal with respect to shear deformation when the unit cell is
rotated with respect to the direction of shear.

Furthermore, we analyze the particle interplay leading to
an event for α = 45◦. Our results are shown in Fig. 10. As op-
posed to the previous case, the averaged density distributions
do not point to a single deformation mode but rather depict
the superposition of two distinct deformation modes, which
correspond to sliding motions of the A particles along either
lattice vector, a1 or a2. Since neither of the two lattice di-
rections collapses with the direction of shear, sliding motions
along both directions distort the unit cell in an equivalent way.
To support this interpretation, shifted unit cells are included
in Fig. 10, which are deformed according to either of the two
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FIG. 10. α = 45◦. (a)–(c) Averaged local densities 〈ρA〉, 〈ρB〉 of A and B
particles at the site of an event at t0 for times (a) t − t0 = −0.1τB, (b) t
− t0 = −0.01τB, (c) t − t0 = 0. Colors correspond to 〈ρA(x, y)〉 − 〈ρB(x,
y)〉 and are specified by the bar on the right. Diamonds indicate the average
position of A particles. For clarity, two distinct deformations of the unit cell
are included in panel (b). (d) Potential energy of a B particle in the vicinity of
A-particles located at the average positions in situation (a). Panels (e) and (f)
correspond to the unit cell outlines shown in (b). Colors are specified by the
bar at the bottom. Potential energy is given with respect to the mean position
of the B particle.

modes. The potential energy landscape exhibits two pathways
for the B particle for each deformation mode. The superposi-
tion of these pathways can be recovered in the average den-
sity distribution of B particles, which exhibits a cross-shaped
maximum at 10−2τB before the event.

As with the case α = 0◦, we perform additional simu-
lations to sample the escape probability of a single B parti-
cle enclosed in a distorted unit cell, where the distortion is
expressed by the parameters γ and �, see Fig. 11. The pa-
rameter combinations corresponding to the distorted unit cells
shown in Fig. 10 are highlighted in the diagram and are close
to the crossover to a finite escape probability.

C. Comparison with different deformation scenarios

We compare the pattern of defect formation observed in
the sheared binary crystal to the creation of defects when the

FIG. 11. Escape probability of a B particle from a distorted unit cell for α

= 45◦. The distortion is specified by γ (shear deformation) and � (deflec-
tion along the lattice vectors a1 [left] or a2 [right], highlighted in dark red in
the central column). Resulting unit cells are shown and fields are colorcoded
according to the escape probability of a B particle within a runtime of 1 τB,
based on 1000 samples per parameter combination. Escape probabilities be-
low 0.1% are shown in light blue. The parameter combinations matching the
cells shown in Fig. 7(b) are framed.

FIG. 12. Typical deformation process for the one-component crystal under
shear. Colorcode corresponds to cumulative displacement in x-direction in
the co-sheared frame. White circles indicate clusters with a lifetime above
0.1τB, straight cyan lines connect sites of creation and annihilation. Short-
lived clusters with a lifetime below 0.1τB are indicated by red dots.

crystal is heated to � = 37 and no shear flow is imposed
(γ̇ = 0). Our results are included in Fig. 7 and indicate a qual-
itatively different mechanism with respect to the individual
particle motion. Here, the crystalline structure cannot be at-
tributed to an aligned deflection of the A-particles but rather
stems from a diffusion of the particles away from the unit cell
center.

Furthermore, we qualitatively compare the deformation
process of the sheared binary crystal to the shear deformation
of a one-component crystal near melting. The crystal is con-
stituted by N = 2304 dipolar particles of species A which are
arranged in a triangular lattice spanning the simulation area
Lx × Ly = 48a × 41.57a. The inverse temperature is set to
� = 20 and the shear rate is fixed at γ̇ = 10−3 as before.
For the one-component crystal, the structural rearrangement
needed to release the strain is enabled by the spontaneous
creation of (isolated) dislocation pairs along the tearing di-
rection. As opposed to the binary crystal, these topological
defects can be spontaneously created to accommodate rear-
rangements of the adjacent particles. Thus, the onset of plas-
ticity is not determined by the presence of persistent topolog-
ical defects, as is the case with the binary crystal. Similarly,
the defects are quickly annihilated once the crystal rearranged
into a less strained configuration. Thus, the defects observed

FIG. 13. Averaged stress signature of events recorded for α = 0◦ and
α = 45◦. The colorcode corresponds to the stress increase with respect to
the previous configuration for particles at a given distance to the trigger par-
ticle at x0,y0. The fourfold pattern qualitatively corresponds to recent find-
ings for polydisperse hard spheres under shear66 and flowing emulsions near
jamming.67
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FIG. 14. Spatial correlation of A cluster appearances for α = 0◦ (left) and
α = 45◦ (right). The colorcode corresponds to the probability for a cluster
to emerge at a particular relative position x − x0, y − y0 with respect to
a previous cluster creation at x0, y0. Colors are specified by the bar at the
bottom.

in the sheared one-component crystal are mostly short-lived
with a lifetime well below 0.1τB and the deformation of the
crystal does not entail an extended amorphous region. We ob-
serve that defects appear more frequently than in the strained
binary crystal. For a qualitative comparison, we devise a sim-
plified cluster criterion for the one-component crystal, where
neighboring particles form a cluster if they each have either
five or seven nearest neighbors, thus distorting the sixfold
symmetry of the ideal lattice. Thereby, we cover isolated and
bound dislocations as well as entangled chains. Figure 12 de-
picts the creation and annihilation of clusters.

Recent studies on the plastic deformation of amorphous
media have explicitly demonstrated a characteristic stress sig-
nature and spatial correlation of plastic events,65–67, 92 corre-
sponding to earlier theoretical predictions.93 Encouraged by
these findings, we assess the local stress signature of clus-
ter creation events, which play the role of plastic events in
the breaking of the S(AB) crystal. Intriguingly, our results are
in qualitative agreement with the stress signature observed
in an amorphous system of polydisperse hard spheres un-
der shear66 and in flowing emulsions near jamming,67 see
Fig. 13. Additionally, we probe the spatial correlation of clus-
ter appearances and recover a non-vanishing spatial correla-
tion along two distinct directions, which are aligned parallel
and perpendicular to the direction of shear flow, respectively,
see Fig. 14. This finding is in agreement with the observation
that the S(AB) crystal may develop cracks in the lateral or ver-
tical direction, as discussed above. A similar spatial correla-
tion of defect creation sites was not observed for the reference
case of a sheared one-component crystal.

VI. CONCLUSIONS

We have analyzed the shear-induced breaking of a ther-
mal binary model crystal on the particle-scale level using
Brownian dynamics computer simulations. Thus, we have es-
tablished that the macroscopic breakage of the crystal orig-
inates in the spontaneous creation of defects in the initially
defect-free crystal. The defects are visualized by a cluster cri-
terion. Our observations suggest that the emergence of defects

is induced by a characteristic hierarchical interplay of the two
particle species. In the strained crystal, aligned fluctuations
of the more strongly interacting A particles along the strained
lattice directions distort the potential energy landscape and
induce plastic events, where the B particles are pushed out
of the unit cell. The likelihood of these events is increased
if the shear direction is not aligned with the crystal orienta-
tion. Further plastic events are triggered by vacancy diffu-
sion until eventually, small clusters merge into an extended
disordered region and initiate the macroscopic breakage of
the crystal, during which pronounced nonaffine displacements
are observed. This breaking scenario is in distinct contrast to
the shear response of a one-component crystal near melting,
where stress is released via the spontaneous creation and an-
nihilation of dislocation pairs without spatially extended or
persistent regions of structural disorder. Furthermore, on a mi-
croscopic level, the breaking of the binary crystal under shear
can be clearly distinguished from the melting of the crystal in
the absence of shear.

Our observations suggest that various properties which
are intrinsic to the plasticity of amorphous materials can be
found in the breaking of a binary crystal, where the escape
of B particles from their cages induces a local loss of struc-
ture and allows for nonaffine rearrangements in the manner of
an amorphous material. These properties include a fourfold
stress signature of plastic events and a distinct, anisotropic
spatial correlation of plastic events with respect to the shear
direction. Thus, our results shed new light on the study of
solid plasticity, where crystalline and amorphous solids pose
qualitatively different scenarios. Our results imply that in the
case of a multicomponent crystal — even in the simple case
of a binary crystal — this qualitative difference does not fully
apply due to a local amorphization of the crystal in the break-
ing zone.

Our predictions can be verified in binary suspensions of
superparamagnetic colloidal particles at a pending air-water
interface in an external magnetic field.10, 79, 80, 94 The shear can
be imposed by a laser beam. For the future, one should explore
more situations of shear-induced breaking. In particular, the
case of small damping will be interesting as this is relevant
for the melting of a dusty plasma crystal under shear (have a
look at our book for references). Moreover, more interaction
asymmetries, composition ratios and model potentials need to
be explored. Last, the case of three spatial dimensions would
be interesting where a wealth of binary colloidal crystals are
possible.95
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