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We propose a general formalism to characterize orientational frustration of smectic liquid crystals in
confinement by interpreting the emerging networks of grain boundaries as objects with a topological
charge. In a formal idealization, this charge is distributed in pointlike units of quarter-integer magnitude,
which we identify with tetratic disclinations located at the end points and nodes. This coexisting nematic
and tetratic order is analyzed with the help of extensive Monte Carlo simulations for a broad range of two-
dimensional confining geometries as well as colloidal experiments, showing how the observed defect
networks can be universally reconstructed from simple building blocks. We further find that the curvature
of the confining wall determines the anchoring behavior of grain boundaries, such that the number of nodes
in the emerging networks and the location of their end points can be tuned by changing the number and
smoothness of corners, respectively.
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Topological defects are ubiquitous in ordered states of
matter [1–5] and thus also emerge as a characteristic feature
of liquid crystals [6–11], which exhibit various degrees of
positional and orientational ordering [6,12–17]. Frustrated
orientational order in nematic liquid crystals typically
manifests itself in the form of singular points or lines.
Defects of this type may spontaneously form and annihilate
in bulk due to fluctuations [18], external influences such as
electromagnetic fields [19–23], changes in temperature
[24,25], or active motion [26–28]. In these processes,
the defect strength, quantified by a half-integer topological
chargeQ, is subject to a universal conservation law [29,30].
The formation of topological defects can further be
triggered in a controlled manner through confining the
particles [31–47] or inserting an obstacle [48–55]. In this
case, the precise type, number, and location of defects
depend on the particular geometry [56–58] and particle
properties [43,59–62], due to a delicate balance between
elastic distortions and surface anchoring.
The characteristic positional order of smectic liquid

crystals breaks the symmetry of the homogeneous nematic
phase and affects the elastic properties [6,63]. The con-
straints associated with the layer structure [64,65] stabilize
distortions of the bulk smectic lattice [66,67] which do not
exist in nematic liquid crystals [6]. These include purely
positional defects called edge dislocations [68–71] but also
more complex objects like focal conic domains [72–75]. In
many cases, orientational frustration in smectic phases can

be well described in terms of topological defects in the
nematic order that is inherent to the symmetry of the
smectic phase. However, in the paradigmatic case of
confined two-dimensional lyotropic systems, the formation
of grain boundaries largely dominates over strong elastic
deformations [76–78]. At these grain boundaries, the
nematic order present in the bulk smectic phase breaks
down, hindering a classification of the emerging orienta-
tional patterns in terms of nematic topology alone.
In this Letter, we demonstrate that extremely confined

smectic systems can be effectively described in terms of
topological defects in the tetratic order due to the strong
preference of smectic layers to tilt at a grain boundary by
approximately 90°. The tetratic topology is thus not only
important in systems with tetratic bulk symmetry [79–82]
but also a vital ingredient to a comprehensive picture of
frustrated smectics. In detail, we identify quarter-integer
tetratic disclinations, which materialize in pairs at the
extremities of grain boundaries, as the elementary topo-
logical unit of smectic liquid crystals. In turn, the notion of
a nematic disclination expands to a spatially extended
defect structure whose half-integer charge follows from the
sum of its tetratic components, thereby acting as a spatial
charge distribution, as exemplified in Fig. 1. To unveil the
full implications of coexisting nematic and tetratic order,
we use particle-resolved computer simulations and colloi-
dal experiments on hard rods to create different defect
structures in a large range of two-dimensional geometries.
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Defining the grain boundaries connecting different types of
tetratic disclinations as fundamental building blocks, we
provide the basic toolbox to characterize the more complex
smectic defect networks emerging in the presence of
multiple corners, as illustrated in Fig. 2. Thereby, our
approach visualizes the topological charge conservationP

q ¼ P
Q ¼ 1 for both individual tetratic point defects q

and defect networks with nematic charge Q, whose typical
connectivity depends on the curvature landscape of the
confining wall.
To create the smectic structures for each confinement, we

perform canonical Monte Carlo (MC) simulations on N ¼
1000 hard discorectangles [84] of aspect ratio p ¼ 15
within two-dimensional cavities, bounded by WCA-like
soft walls [85,86]; see Supplemental Material [83]. We
randomly initialize the system at a low area fraction
η0 ≪ 1. The system is quickly compressed at a rate of
Δη1 ¼ 4.15 × 10−7 per MC cycle to an area fraction
η1 ≈ 0.29, where the isotropic-nematic transition is
expected [87]. We subsequently compress the system at
a lower rate Δη2 ¼ 4.625 × 10−8 per MC cycle until the
system reaches the target area fraction of η2 ¼ 0.75 and
exhibits smectic order. This protocol ensures that the
system is close to equilibrium at all times. After equili-
bration, we use cluster analysis to identify domains with
different orientational order and generate statistics. For
each state, we determine local nematic SðrÞ and tetratic
TðrÞ order parameter fields to identify the composition of
topological defects [83].

On the experimental side, we analyze smectic structures
emerging at the bottom of tailored cavities at sedimenta-
tion-diffusion equilibrium of colloidal silica rods [77]. The
synthetic rods [88] have a small polydispersity in length
and diameter. They are dispersed into a 1 mM NaCl
aqueous solution [78], which leads to a short-ranged
repulsion and effective hard-rod-like interactions. The
degenerate planar anchoring at the bottom wall allows
us to capture images of quasi-two-dimensional smectic
states in the horizontal plane. Using bright-field

FIG. 1. Topological characterization of grain boundaries in
confined smectic liquid crystals. Left: coarse-grained topological
structure with an idealized nematic disclination of half-integer
charge Q induced by the presumed planar alignment with the
nearby wall. Middle: particle-resolved simulation snapshots of
hard rods with highlighted grain boundaries in the form of a line
close to a circular wall (top row) and a network induced by
corners (bottom row). Right: continuum model with quarter-
integer tetratic point charges q at the end points and nodes, which
can be interpreted as the distribution of the spatially extended
charge Q.

FIG. 2. Survey of grain boundaries with different connectivities
in smectic liquid crystals at a convex confining wall. Top:
composition of the two fundamental building blocks with total
nematic charge Q ¼ 1=2 (type A, red line) and Q ¼ 0 (type B,
orange line), determined by the tetratic quarter charges q (dots) at
the end points. The illustration of bulk orientational ordering
depicts a typical arrangement of the surrounding rods and a
schematic continuum picture with idealized straight grain boun-
daries separating regions of perpendicular smectic layers (grey
lines). The closed contour C (green line) highlights the contri-
bution of the tetratic end points to Q ¼ P

q. Bottom: relation
between the geometry-dependent manifestations of Q ¼ þ1=2
grain-boundary networks (red) in smectics confined to polygons.
The simplest structure ðAmÞ only contains one type-A defect with
m ∈ f0; 1; 2g of its end points attached to a corner of the
confining wall. In general, complex networks ðAþ nBÞ can
form, which amounts to adding n building blocks of type B.
Approaching the limit n → ∞, the network detaches from the
increasingly smooth corners, gradually reverting to (A0), as the
tetratic defects in the type-B branches annihilate [83].
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microscopy with an objective of high numerical aperture,
we can discriminate most rods and thus determine the
local order.
Our numerical observations are summarized in Fig. 3.

The common feature of all structures is a large, defect-free
central domain, characteristic for the bridge state [76–78].
The detailed appearance of the topological defects,
however, sensitively depends on the confining geometry.
To verify that the overall topology is universal, we decorate
[83] all representative snapshots with a defect structure
assembled from the building blocks in Fig. 2. By doing so,
we recognize in each system in Fig. 3 two separate grain-
boundary networks representing a Q ¼ þ1=2 charge each,
while the remaining defects do not carry any nematic
charge Q as a whole. The intriguing dependence of the
emerging defect networks on the geometric properties of
the confining wall can be perceived according to the

schematic cycle in Fig. 2, as laid out in the following
three paragraphs.
The most common defects are linear grain boundaries of

the general type A, which we further discriminate by the
location of the two positively charged tetratic end points,
cf. Fig. 2. The circular cavity in Fig. 3 typically features
two opposing bulk defects of subtype A0, i.e., both end
points possessing isolated tetratic signals are detached from
the wall. Therefore, the orientation of rods around the
perimeter changes continuously and all particles within
the system belong to a single domain. Upon switching from
the uniformly curved circular confinement to different
polygons, the grain boundaries usually extend towards
the corners, such that the tetratic defects anchor at the wall.
The invariance of our topological picture can be illustrated
by considering confinements with smooth corners [83]. The
example of a rounded equilateral triangle in Fig. 3 indicates

FIG. 3. Topological defect structure of representative simulations for hard rods with aspect ratio p ¼ 15 in different convex confining
geometries. Top row: particle snapshots with superimposed networks of grain boundaries and isolated tetratic point defects, compare
Fig. 2. The color of the rods highlights individual domains according to cluster analysis. Second row: nematic order parameter field SðrÞ.
Third row: tetratic order parameter field TðrÞ. Point defects at the confining wall are not visible. Bottom row: idealized continuum
interpretation of the depicted snapshots, as detailed in the Supplemental Material [83].
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that one grain boundary turns into a true domain boundary,
i.e., a type-A2 defect, as both its end points move towards
two of the three corners. The second grain boundary
gradually turns into a type-A1 defect, as one end point
attaches with the remaining corner and the other end
extends into the center of the large domain. This structure
is most pronounced in the limit of sharp corners. We further
observe that a grain boundary of type A1 gradually
contracts to a Q ¼ þ1=2 point defect upon decreasing
the opening angle [83]. Turning to a square cavity in Fig. 3,
the additional corner can accommodate the loose end point
of the type-A1 defect, resulting in the eponymous bridge
structure [76,77] with two parallel type-A2 domain boun-
daries, as in circular confinement, but with perfect tetratic
bulk order.
Following in Fig. 3 a sequence of geometries represented

by regular polygons, the increasing number of q ¼ þ1=4
charges at each corner is compensated accordingly by
negative bulk charges. We thus introduce an additional
type-B building block representing a pair of tetratic
q ¼ �1=4 charges. This overall charge-neutral object with
Q ¼ 0 either occurs on its own (at edge dislocations in the
bulk or attached to a single corner) or attaches with its
negative end to other building blocks, forming a large
network of grain boundaries, cf. Fig. 2. In particular, the
pentagon can accommodate an individual type-B defect in
addition to the two type-A2 domain boundaries also found
in square confinement (notice the difference with the free-
standing type-A1 defect with Q ¼ 1=2 in the triangle). The
hexagon typically features two parallel type-(Aþ B) net-
works, each separating two small domains from the central
bridging layers and resembling a type-A defect, like in the
square, with an attached type-B defect emerging from the
additional corner in the middle.
The addition of further corners allows for the formation

of complex type-ðAþ nBÞ networks, which contain n
nodes with q ¼ −1=4 and nþ 2 branches ending on a
q ¼ þ1=4 charge. The typical defect structure, however,
gradually reverts to that in circular confinement, closing the
cycle in Fig. 2. The defect networks in Fig. 3 thus detach
from the confining wall, as adjacent pairs of opposite
tetratic charges annihilate. Grain boundaries between pairs
of defects close to annihilation typically induce only a
small tilt between smectic layers, such that their nematic
signal weakens and qualitatively resembles the tetratic
signal (contrast, e.g., the free-standing type-B defects in
the pentagon and heptagon). In general, the degree of the
annihilation increases with increasing opening angle at the
corners [83].
To demonstrate the experimental relevance of our clas-

sification scheme, we analyze in Fig. 4 microscopy images
of colloidal rods for their orientational order, here focusing
on a hexagonal domain. The experimental defect networks
are typically less complex than those in the pure hard-rod
simulations [83], due to the higher elasticity of the smectic

layers. Nonetheless, the defect networks found consist of
the same fundamental building blocks, confirming the
broad applicability of our approach. Additionally, our
simulation results match the previously reported experi-
ments in square [77] and circular [78] confinement, and
hence the same analysis is directly suitable to those
experiments as well.
Beyond the chosen methodology, our topological tool-

box can be readily employed to illustrate the coexisting
nematic and tetratic orientational order of frustrated smec-
tics in free-energy based theoretical studies [15,78,89–91],
granular experiments [80–82] or molecular systems [92–94].
Regarding nonconvex confinements [78] or two-dimensional
manifolds [65,95], our set of building blocks can be supple-
mented by a line connecting two negative tetratic charges. A
generalized approach can shed more light on intersecting
surfaces of grain boundaries in three-dimensions. One central
implication of our analysis is that the motion of grain
boundaries can be tracked through tetratic point defects,
providing additional insights into the dynamics of smectics
[96–99] and their nucleation [100–102], which is particularly
interesting for biologically inspired nonequilibrium systems

FIG. 4. Two selected sets of experimental reference data in
hexagonal confinement, presented as in Fig. 3. Shown are bare
bright-field microscopy images with N ¼ 1400� 150 colloidal
rods of effective hard-rod aspect ratio peff ¼ 10.6 in the field of
view and the extracted order parameters.
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like self-propelled rods [103–106] or growing bacterial
colonies [107–109] as candidates for active smectics.
Finally, we expect that the classification of the fine

structure of defects on the length scale of individual
particles put forward in this work will be helpful to analyze
quenched or undercooled systems, in particular those where
the symmetry of an ordered phase is broken by grain
boundaries that may still impose a preferred alignment
between adjacent domains. One possible example would be
fine-grained polycrystals, which are challenging to distin-
guish from amorphous solids on the single-particle level
[110]. More generally, those methods could lead to a better
understanding of defects in complex solids (such as protein
[111] or aerosol [112] crystals) relevant for photonics
[113], phononics [114] and metamaterials [115].
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