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Impurity-induced defects play a crucial role for the properties of crystals, but little is known about
impurities with anisotropic shape. Here, we study how colloidal dumbbells distort and interact with a
hexagonal crystal of charged colloidal spheres at a fluid interface. We find that subtle differences in the
dumbbell length determine whether it induces a local distortion of the lattice or traps a dislocation, and
determine how the dumbbell moves inside the repulsive hexagonal lattice. Our results provide new routes
toward controlling material properties and understanding fundamental questions in phase transitions
through particle-bound dislocations.
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Defects can distort the crystalline order both locally
through a slight deviation from the lattice positions and
over long distances by introducing dislocations or grain
boundaries [1]. They can be introduced by vacancies or
interstitials resulting in point defects [2], by substrate
curvature inducing topological defects [3–7], or due to
the presence of impurities or dopants [8]. These imperfec-
tions in the crystalline order can influence the mechanical
strength of the crystal [9], change the crystal growth
direction [10], enhance or deteriorate photonic properties
[11,12], and induce melting [13]. Defects are thus intri-
cately linked to and can be used as a tool to adapt the
properties of a material.
Doping a crystal with a second component is a straight-

forward means to control the formation of defects and
hence the material properties. To monitor the influence of
such impurities on the crystalline order, colloidal particles
are a convenient choice because they allow for real-time
studies at the particle level. For example, large, spherical
impurities in colloidal crystals have been found to inhibit
crystal growth by inducing the formation and segregation
of grain boundaries [8,14]. Surprisingly, much less is
known about the influence of anisotropically shaped
impurities, while molecular impurities are typically not
spherically symmetric [15] and biological systems such as
immature virus particles are known to feature anisotropic
defects [16]. Moreover, close-packed crystals of spheres
doped with only a low fraction of dumbbells, i.e., particles
consisting of two connected spheres, already exhibited
unexpected caging of dislocations and glassy like disloca-
tion dynamics [17,18]. This indicates the potential impact
that controlled doping with anisotropic impurities can have
on the mechanical properties of materials. However, it is
completely unexplored how even this simplest type of

impurity, the dumbbell, interacts with and distorts a crystal
of spheres when it does not exactly substitute two lattice
spacings and can exhibit, albeit limited, translational and
rotational motion.
Here, we relieve this steric constraint by using crystals

and impurities that electrostatically repel each other over
distances several times their diameter. This allows us to
study in detail how dumbbells that occupy 1, 1.5, and 2
lattice sites dynamically align with and distort the hexago-
nal order of two-dimensional crystals. We furthermore
investigate how the surrounding crystal constrains the
dumbbell motion at various lattice spacings.
Our colloidal systems consists of ð2.00� 0.05Þ μm-

sized, negatively charged polymethylmethacrylate spheres
and dumbbells bound to a planar fluid interface between an
organic phase consisting of 70∶30 cyclohexylbromide:cis-
decaline and an aqueous phase made up of 85∶15 glycerol:
water (see Fig. S1 for our experimental setup [19]), which
both closely match the index of refraction of the particles.
Particles are likely bound to the interface without being
wetted [20,21]. In the absence of dumbbell impurities, the
spherical particles (diameter d) position on a hexagonal
lattice in crystalline grains (Fig. S2). We image the
dynamics of the colloidal particles whose core was fluo-
rescently labeled using rhodamine-aminostyrene [22,23]
using an inverted Nikon Ti-E confocal microscope
equipped with a 60× long working distance objective
(NA 0.7). We extract their positions using a modified
version of the Crocker-Grier algorithm that can track
dumbbells with overlapping features [24–26]. We did
not observe particles above the crystalline grains. The
dumbbells spontaneously form during sample preparation
and consist of the spheres that also make up the crystal.
They are likely held together by aqueous droplets dispersed
in the oil phase with a size below the diffraction limit.
Besides the significant effect of the anisotropic particle
shape and overall repulsion that will be discussed in the*Contact author: kraft@physics.leidenuniv.nl
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following, the presence of such a water droplet might
induce higher order effects in the electrostatic interactions
of the dumbbell and spheres. The distance between the
centers of the two constituent particles sDB is constant for
individual dumbbells (Fig. S3 [19]). However, sDB varies
between different dumbbells allowing us to study the defect
type and distortion range they induce in the surrounding
hexagonal crystal as a function of their length. All dumb-
bells analyzed in the following were oriented parallel to
the interface and surrounded by a crystal of spheres as
identified by eye from 3D image stacks.
Our first striking observation is that the number of

nearest neighbors (NNs) and hence the type of induced
defect varies strongly with a subtle change in the dumbbell
length sDB. By drawing the Voronoi diagrams, we can
identify the number of NNs and type of defects induced by
the presence of the dumbbells. Analysis of 250 dumbbells
showed that dumbbells with sDB ¼ ð1.03� 0.19Þd were
surrounded by six NNs, dumbbells with sDB ¼ ð1.27�
0.14Þd by seven spheres, and at sDB ¼ ð1.42� 0.17Þd by
eight, see Figs. 1(a1), 1(a2), 1(b1), 1(b2), 1(c1), and 1(c2),

respectively, and Fig. S3 [19]. In this dumbbell-centric
view, dumbbells with a coordination number of zi ¼ 6
substitute one lattice site in the hexagonal crystal without
long-ranged distortion of the orientational and translational
order [Fig. 1(a2)].
For dumbbells of intermediate length and zi ¼ 7, the

Voronoi diagrams expose a five-and-seven coordinated
disclination pair [Fig. 1(b2)]. Isolated dislocations distort
the translational, but not the rotational order of hexagonal
crystals by the insertion of a semi-infinite row in the crystal,
as illustrated by the black lines in Fig. 1(b2). The exciting
observation that dumbbells trap dislocation is reminiscent
of earlier work on vibrated ball bearings [27] and dipolar
colloids [28], where large spheres in a matrix of smaller
ones were also found to trap dislocations. The colloidal
nature of the experiments presented here makes this a
system in quasithermal equilibrium that shows trapping of
dislocations by particle shape. Interestingly, the anisotropic
shape of our dumbbell particles also influences the align-
ment of the Burgers vector: we find that the dumbbell’s
long axis is aligned parallel to the Burgers vector
(Fig. S4 [19]).
At slightly larger sDB, the dumbbell itself hosts a

coordination number of zi ¼ 8 and two of the NNs have
zi ¼ 5, which is an unusual defect with null Burgers vector
[Fig. 1(c2)]. This unusual defect vanishes if we consider
the dumbbell as two individual spheres when drawing the
Voronoi diagram. Now, the individual spheres of the
longest dumbbells substitute two lattice positions in
the hexagonal crystal, without long-ranged distortions of
the crystal [Fig. 1(c3)]. In this view, the shortest dumbbells
reveal a dislocation pair, with zi ¼ 5 at the spheres forming
the dumbbell and zi ¼ 7 at two of the NNs [Fig. 1(a3)]
without a long-ranged distortion of the orientational and
translational order. Finally, dumbbells of intermediate
lengths exhibit a disclination pair, with zi ¼ 5 at one of
the spheres forming the dumbbell and zi ¼ 7 at one of the
neighboring spheres [Fig. 1(c3)]. This alternative Voronoi
diagram shows that the dislocation is trapped by the
dumbbell impurity.
Clearly, relieving the close-packing constraint employed

in earlier work [17,18] leads to an exciting insight, namely,
that one can in principle tune the defect induced by a
dumbbell impurity by a minute change in its length. While
dumbbell particles in a close-packed system can only take
up three possible orientations with respect to the crystal,
namely, along the three lattice directions [18], the above
observations indicate that this is not the case in our
repulsive crystal. In the following, we will investigate
the dumbbell motion in and alignment with the hexagonal
crystal.
Dumbbell dynamics—The translational and rotational

motion of dumbbell impurities is expected to depend on
the lattice spacing s, defined as the nearest neighbor
distance, of the surrounding crystal. With decreasing lattice

(a1) (b1) (c1)

(a2) (b2) (c2)

(a3) (b3) (c3)

10 μm

FIG. 1. Number of nearest neighbors (NNs) of and defects
induced by dumbbell impurities with different lengths sDB in a
hexagonal crystal of highly repulsive spheres. Confocal micros-
copy images of dumbbells with (a1) sDB ¼ 1.17d and six NNs,
(b1) sDB ¼ 1.29d and seven NNs, and (c1) sDB ¼ 1.43d and
eight NNs, where d is the diameter of the spheres. Voronoi
diagrams of the microscopy images where the dumbbell is
considered (a2)–(c2) as one particle and (a3)–(c3) as two
individual spheres. The Voronoi cells are colored according to
the coordination number zi of the colloids; blue for zi ¼ 5, gray
for zi ¼ 6, magenta for zi ¼ 7, and turquoise for zi ¼ 8. A short
dumbbell with six NNs substitutes one lattice position in the
hexagonal crystal without the formation of dislocations (a2) and
(a3). At seven NNs (b1), (b2), (b3) a five-and-seven disclination
pair forms, resulting in the insertion of a semi-infinite row in the
hexagonal crystal [indicted by the black lines in (b2)]. The arrow
indicates the Burgers vector. At eight NNs the dumbbell occupies
two lattice sites in the hexagonal crystal (c2) and (c3).
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spacing, the dumbbells become gradually more constrained.
This implies that the area accessible to the dumbbell and the
surrounding spheres decreases with decreasing s, see
Figs. 2(a)–2(c) and S5. The figure shows the probability den-
sity functions of the position PðrÞ of dumbbells with six NNs
over several minutes for crystals with (a) s ¼ ð5.6� 0.6Þd,
(b) s ¼ ð3.34� 0.18Þd, and (c) s ¼ ð2.57� 0.13Þd. At the
highest s the dumbbell only experiences some restrictions in
the translationalmotion.At s ¼ ð3.34� 0.18Þd the dumbbell
was translationally confined to a lattice position, but full
rotation around the center of mass of the dumbbell was still
observed. However, the dumbbell shows preferred orienta-
tions with respect to the crystal axis. At s ¼ ð2.57� 0.13Þd
both the translational and rotational motion of the dumbbell
were restricted by the crystal and the dumbbell alignedwith its
long axis in between two crystal axes.
The translation and rotation of dumbbells with sevenNNs

were already limited in a crystal with s ¼ ð3.50� 0.19Þd,

see Figs. 2(d) and 2(e). Interestingly, themotion of thewhole
dumbbell is asymmetric due to the additional freedom
created by the isolated dislocation and stronger in the
direction perpendicular to the Burgers vector, as the dumb-
bell is preferably aligned parallel to the Burgers vector
[Fig. 1(b2)]. Dumbbells with eight NNs, on the other hand,
move preferentially parallel and perpendicular to the crystal
orientation axis that the dumbbell long axis is aligned with
[Figs. 2(f) and 2(g)]. Thus, the motion pattern of the
dumbbell intricately depends on its length and hence
number of NNs.
To further quantify the dumbbell’s orientation preference,

we define the angle β as the smallest angle between its long
axis and any of the crystal orientation axes, depicted in red
and green, respectively, in Fig. 2(h). We plot the nominal
confinement energyUðβÞ in Fig. 2(h) obtained by inverting
the probability distribution PðβÞ of datasets of single
dumbbells with at least 2000 frames over several minutes,
during which the dumbbell sampled the available orienta-
tions multiple times, but not all possible angles for dumb-
bells with 7 and 8NNs. We set UðβÞ ¼ 0 at the least likely
value of β and the values forUðβÞ for dumbbellswith 7 and 8
NNsmentioned in the following therefore should be used as
an indication of the strength only. In addition, we fitUðβÞ in
the vicinity of its minimum with a springlike potential to
obtain an effective angular spring constant κ. Short dumb-
bells with six NNs are preferentially oriented at β ¼ 30°. For
weaker confinement (s ¼ 3.34) multiple minima were
observed in line with the hexagonal symmetry of the
surrounding crystalline grain and the energy minimum
UðβÞmin of the dumbbell at this angle was found to be
−1kBT only, and κ ¼ ð0.072� 0.003Þ10−3kBT=rad2. At
stronger confinement, i.e., s ¼ 2.57� 0.13d, κ increased to
ð0.09� 0.01Þ10−3kBT=rad2, UðβÞmin to −3.5kBT, and the
average β value was β ¼ 30� 15°. In contrast, dumbbells
with larger sDB preferred a different orientation, namely
β ¼ 0°, at similar lattice spacing. A dumbbell with seven
NNs experienced κ ¼ ð0.15� 0.01Þ10−3kBT=rad2 and
Uðβ ¼ 0°Þmin ¼ −7kBT. The graph has a slightly asym-
metric shape, resulting from the asymmetric environment
around the dumbbell. Similarly, an ensemble-based analysis
of 34 dumbbells yielded an average β value of ð6.5� 4.7Þ°.
Dumbbells with eight NNs explore a slightly narrower range
of −22° < β < 22°, with a stiffer angular spring constant
κ¼ð0.26�0.01Þ10−3kBT=rad2 and Uðβ¼0°Þmin¼−6kBT.
An ensemble-based analysis of 22 different dumbbells
yielded a similar minimum value for β ¼ ð3.6� 2.5Þ°.
Their orientation along the crystal axis agrees with earlier
finding in close-packed crystals where dumbbells also
feature 8 NNs [18] and is expected for repulsive crystals.
In summary, because subtle changes in dumbbell length

affect the number of NNs, they have a strong impact on the
dynamic behavior of the dumbbells.
Crystal distortion—While the crystal determines the

orientation and motion of the dumbbell, the dumbbell in
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FIG. 2. Motion and orientation of dumbbells in a hexagonal
crystal of highly repulsive spheres at a fluid interface. Probability
density of the position of the two spheres of dumbbells PðrÞ
surrounded by six NNs, tracked over > 5 min, in a crystal with
(a) s ¼ ð5.6� 0.6Þd, (b) s ¼ ð3.34� 0.18Þd, and (c) s ¼ ð2.57�
0.13Þd. The rotational and translational motion of the dumbbell is
increasingly restricted with decreasing lattice spacing s. (d),
(e) PðrÞ of a dumbbell with seven NNs at s ¼ ð3.50� 0.19Þd.
The motion of the dumbbell is restricted and not symmetric for the
two spheres. (f),(g) PðrÞ of a dumbbell with eight NNs at
s ¼ ð3.20� 0.15Þd. The dumbbell only slightly translates in
the x and y directions. (e),(f) The total length of the figure panel
in micrometers is indicated next to the white arrows. (h) Nominal
confinement energies of dumbbells with six, seven, and eight NNs.
Dumbbells with six NNs preferentially orient at β ¼ 30° and
dumbbells with seven and eight NNs at β ¼ 0°. Bottom left:
illustration of a hexagonal lattice with crystal axes in green. The
dumbbell orientation is defined by the angle β between the
dumbbell axis and the closest axis.
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turn also affects the position and hence the crystal order of
the surrounding spheres. We describe the position of all
spheres by their distance r ¼ jr⃗j from the center of mass of
the dumbbell and the angle ϑ between the dumbbell long
axis and r⃗ (Fig. S6 [19]). To capture the anisotropic
distortion, we use a radial distribution function gϑðrÞ
limited to the δϑrdr area set by the angular range
[ϑ� ðδϑ=2Þ]. We measure the crystal distortion for dumb-
bells with different length while keeping the crystalline
spacing constant, i.e., s ¼ 3.34d; 3.50d, and 3.20d for
dumbbells with six, seven, and eight NNs, respectively.
We plot gϑðrÞ separately for ϑ ¼ 0°; 15°; 30°;…;

360°� ðδϑ=2Þ, with δϑ ¼ 15°, covering the complete
radial distribution (Fig. S7 [19]). We compare the dumb-
bells with six, seven, and eight NNs with similar lattice
spacing s as shown in Figs. 2(b), 2(d), and 2(g). For
dumbbells with six and eight NNs, we exploit the sym-
metry in the four quadrants observed in Fig. S7 (ϑϵ½0°; 90°�,
[90°, 180°], [180°, 270°], and [270°, 360°]) and plot the
averaged ḡϑðrÞ in Figs. 3(a) and 3(b), respectively.
Because the dumbbell with six NNs can still undergo full

rotation, e.g., explore the full range of β, peaks are observed
at all ranges of ϑ. We quantify the changes in the position
with respect to an undistorted two-dimensional hexagonal
crystal with the same lattice spacing s, see Figs. 3(e), 3(f),

and S8. For six NN dumbbells, the NNs were positioned at
r ¼ 0.99s for ϑ ¼ 90° to 1.10s for ϑ ¼ 0°. These distances
deviate by −1 toþ10% from the expected value, rhex ¼ 1s,
for NNs in a hexagonal crystal. The full width at half
maximum of the peaks wDB originating from the NNs is
similar for all ϑ values, indicating that all NNs had similar
freedom of motion. Further away from the dumbbell, the
deviations from the hexagonal crystal decreased with
increasing distance r. At rhex ¼ 3.60s small deviations,
between 0 to þ2%, (see 3E and Fig. S8) were observed
which indicates that the hexagonal order had almost
completely restored. This implies that short dumbbells
occupy one lattice position in the crystal and distort the
hexagonal order only locally.
In contrast, the eight NN dumbbell is much more

confined (see Fig. 2(h)) and strong peaks only appear at
specific θ (Fig. 3(b)). The ḡϑðrÞ of dumbbells with 8 NNs
exhibit a number of features stemming from the fact that
these dumbbells occupy two lattice positions in a hexago-
nal crystal while taking up less space. The surrounding
spheres clearly occupy positions expected for a hexagonal
crystal, implying pronounced peaks at ϑ ¼ 0°,45°, and 90°
with respect to the center of the dumbbell [Fig. 3(b)].
However, because the point of reference is now exactly in
between two normal lattice sites, the distance to the NNs in

(a) (b)

(c)

(e) (f) (g)

(d)

FIG. 3. Crystal distortion caused by dumbbells with six (s ¼ 3.34d), seven (s ¼ 3.50d), and eight (s ¼ 3.20d) NNs at a similar lattice
spacing s. ḡϑðrÞ of spheres surrounding a dumbbell with (a) six and (b) eight NNs. The dumbbell with six NNs undergoes full rotation in
time, while the rotational motion of the dumbbell with eight NNs is restricted. Symmetry in the crystals is maintained as peaks are
observed at fixed radial distances r. Asymmetry is introduced by dumbbells with seven NNs resulting in long-ranged distortions. (c),
(d) ḡϑðrÞ of spheres surrounding a dumbbell with seven NNs. The crystal adapts to the sphere positioning similar to the one observed for
dumbbells with (c) six NNs on one side of the long dumbbell axis and to the positioning observed for dumbbells with (d) eight NNs on
the other side of the dumbbell axis. (e),(f) Comparison of the position of the neighboring spheres to a perfect hexagonal crystal for
dumbbells occupying (e) one lattice spacing (six NNs) and (f) two lattice spacings (eight NNs). The crystals are distorted only locally
and order is restored at a distance of approximately 4s. Tables report deviations of actual positions from ideal positions in an undisturbed
hexagonal crystal (distance to central particle noted in the top row) in percentages of one lattice spacing. Coloring in the tables refers to
colored particles in the schematic on the left. (g) Illustration of the distortion of the hexagonal crystal caused by dumbbells with six,
seven, and eight NNs.
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the direction of the long (ϑ ¼ 0°) and short (ϑ ¼ 90°) axis
of the dumbbell would be 1.5 and 0.87 lattice positions in
an undisturbed hexagonal crystal, respectively. As a con-
sequence, the NNs at ϑ ¼ 0° are pushed by the crystal
toward the dumbbell (r ¼ 0.91rhex or −9%), and the
NNs at ϑ ¼ 90° are pushed outward by the dumbbell
(r ¼ 1.08rhex or þ8%), leading to a clear separation of
the peaks in ḡϑðrÞ. Similarly, the confinement of the
surrounding spheres indicated by the full width at half
maximum increased with increasing ϑ, see Supplemental
Material, Figs. S7 and S9 [19]. The deviations from a
perfect hexagonal crystal quickly decreased with increasing
distance r. Already in the third row of NNs, NNs3,
differences of only −1% and −2% were measured indicat-
ing that the hexagonal order was almost completely
restored. Thus, as the Voronoi diagram already predicted,
see Fig. 1(c4), dumbbells with eight NNs occupy two
lattice sites in the hexagonal crystal and distort the crystal
only locally.
However, the long-ranged asymmetric distortion induced

by dumbbells with seven NNs splits the crystal plane
essentially into two halves divided by the dumbbell long
axis, see Figs. 3(c) and 3(d). We analyzed the position of
the spheres for ϑϵ½0°; 180°� and ϑϵ½180°; 360°�, separately.
Surprisingly, we find that on one side the spheres position
as if the dumbbell was surrounded by six NNs, see
Fig. 3(c). On the other side, where also the isolated
dislocation is present, the spheres orient similar to the
eight NNs case, see Fig. 3(d). Thus, while the dumbbell
would prefer to align at β ¼ 30° on one side of the crystal
(ϑϵ½0°; 180°�), the stronger confinement around β ¼ 0°
imposed by the other side (ϑϵ½180°; 360°�) leads to an
orientation roughly in line with the crystal axis
(β ¼ 6.5� 4.7°) yet with a broader potential well, see
Fig. 2(h). As a consequence, the NNs in the range
ϑϵ½0°; 180°� are pushed outward due to the unfavorable
orientation of the dumbbell with respect to the crystal. On
the other half, the crystal distortion is similar to that
induced by dumbbells with 8 NNs, see Fig. 3(g).
Dumbbells with 7 NNs thereby behave as if they occupy
an intermediate noninteger number of lattice sites between
1 and 2. We call this unprecedented behavior occupation of
1.5 lattice sites.
Conclusions—By studying repulsive crystals with dumb-

bell impurities we relieved the constraints present in close-
packed systems. This allowed us to continuously tune and
quantify the confining effect of the surrounding crystal on
the dumbbell orientation and dynamic. In turn, we dis-
covered a striking dependence of the induced defect type
and range on the length of the dumbbell, that alternates
between a local and a long-range distortion of the crystal.
Local distortions occur for dumbbells occupying an integer
number of lattice sites, that is 1 and 2 lattice sites. In
contrast, long-range distortions appeared for dumbbells
that trapped dislocations by insertion of an additional

semi-infinite row. These dumbbells thereby effectively
occupy a noninteger number of lattice sites. We expect
this behavior will also apply to impurities with higher
aspect ratios, that is, that the number of occupied lattice
sites in the hexagonal crystal will alternate between integer
and noninteger numbers, thereby inducing a local and a
long-range distortion, respectively. This could be tested by
chains of spheres that extend over at least one s.
The observation that dislocations are pinned to particles

due to their anisotropy makes this an exciting experimental
system to study interesting predictions about their phase
behavior, such as the hexatic glass, (reentrant) melting, and
the freezing transition in two-dimensions [29] without the
need to introduce dipolar interactions [28].
Our results emphasise that the distortions induced by

anisotropic impurities differ from those stemming from
isotropic impurities, which will likely also affect the
physical properties of the crystal. In particular, we expect
that the mechanical behavior of the crystal such as slip,
fracture, and fatigue, should be affected by the particle-
bound nature of the dislocation. For example, while
dislocations typically weaken crystals by increasing slip,
dislocation motion which underlies slip should be strongly
reduced or even suppressed for particle-bound dislocations.
The complex effect of doping by anisotropic impurities on
the mechanical properties of the crystal will likely yield
rich new behavior and exciting as-of-yet unexplored
physics.
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