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Memory and topological frustration in nematic
liquid crystals confined in porous materials
Takeaki Araki1,2 , Marco Buscaglia3 , Tommaso Bellini3 * and Hajime Tanaka1 *
Orientational ordering is key to functional materials with switching capability, such as nematic liquid crystals and ferromagnetic
and ferroelectric materials. We explored the confinement of nematic liquid crystals in bicontinuous porous structures with
smooth surfaces that locally impose normal orientational order on the liquid crystal. We find that frustration leads to a high
density of topological defect lines permeating the porous structures, and that most defect lines are made stable by looping
around solid portions of the confining material. Because many defect trajectories are possible, these systems are highly
metastable and efficient in memorizing the alignment forced by external fields. Such memory effects have their origin in the
topology of the confining surface and are maximized in a simple periodic bicontinuous cubic structure. We also show that
nematic liquid crystals in random porous networks exhibit a disorder-induced slowing-down typical of glasses that originates
from activated collisions and rearrangements of defect lines. Our findings offer the possibility to functionalize orientationally
ordered materials through topological confinement.

M

aterials exhibiting spontaneous orientational order, such
as nematic liquid crystals (NLCs) and ferromagnetic
and ferroelectric materials, have tremendous impact
on our lifestyle because of their switching capability under
an external field. The growing interest in integration of these
ordered materials in devices based on heterogeneous micro- and
nanostructures brings about the need to understand the effects
of confinement and interface coupling on their spontaneous
ordering. Because of its soft ordering and liquid nature, the
NLC phase is an ideal system to study the effects of such
incorporation in heterogeneous structures and to investigate if
and how this may lead to new material properties1–3 . When an
NLC is confined in a solid porous medium, coupling of the
molecular symmetry axis (the director) to the solid surface may
easily conflict with the symmetry of the ordered phase and thus
lead to frustration and topological defects. For example, NLCs
cannot match, without point defects or disclination lines (DLs),
the constraint of normal alignment on spherical surfaces, either
when enclosed in a spherical cavity or when hosting spherical
particles2,4–9 . A number of studies have been devoted to phase
behaviour and optical properties of NLCs confined in a variety of
structures2 . Various properties emerging from confinement have
been reported, including previously unknown phase transitions,
extreme optical turbidity and glassy behaviour. Specifically, nonergodicity and slow dynamics have been found by studying
NLCs perturbed by the random nanostructures of silica gels10–13 ,
and in NLCs incorporated in microstructured porous networks
with smooth surfaces such as polymer filters and compacted
colloidal spheres14,15 . Interpretation of the glassy dynamics of these
systems has been given in the frame of ‘random-field’ Ising-type
models13,16–18 , in which point-like disorder forces the local NLC
orientation and pins topological defect lines. This interpretation
cannot be applied to most of the confining geometries, nor does it
enable material design. We provide here a more general framework
for the origin of non-ergodicity in confined NLCs, based on the
smooth surface field provided by the connected geometry of porous

networks with no need for distributed point-like pinning sites.
Specifically, we report a computer simulation study of NLCs in
bicontinuous confining structures. The choice of bicontinuity stems
from practical considerations because this property is necessary
to design robust host structures in which to insert NLCs by
flow. We have considered porous structures with smooth surfaces
that provide anchoring of the NLC orientation normal to the
surfaces and thus promote local ordering. We always find that on
confinement the NLC develops strong non-ergodic behaviour and
memory effects, and we demonstrate this to be a property intrinsic
to the basic topology of the confining surfaces, with no need for
randomness. Moreover, we show that the topology of the pores,
which controls the number of disclination defect lines through
curvature, determines the amount of order that can be permanently
written in the system by external fields. Accordingly, we propose
a simple periodic structure that maximizes the memory capability
of the system. These results offer new possibilities for material
functionalization by geometrical confinement in suitably designed
porous media. Given the growing capacity for three-dimensional
microfabrication, these concepts could guide the design of new
materials for electro-optical applications.
We have carried out lattice-based Monte Carlo simulations
in which headless spins interacting through the Lebwohl–Lasher
potential are confined into four topologically distinct porous
structures with locally smooth surfaces and perpendicular nematic
anchoring, as shown in Fig. 1 (see Methods). We considered one
random porous matrix structure (RPM) and three regular bicontinuous ordered porous structures: one bicontinuous cubic (BC)
(see also Fig. 2), one simple cubic packing of connected (mutually
touching) spheres (SCc ) and one cubic network of cylindrical holes
(Cyl). To assess the importance of the bicontinuous nature of the
structures, we also studied a simple cubic array of spheres that
are not in contact (SCn ). The RPM and SC are thought to mimic
systems that have been already considered experimentally: NLCs
in Millipore filtering membranes12,14 and NLCs in the interstitial
spaces of a hard-sphere colloidal crystal15 . We have studied NLCs
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Figure 1 | Patterns of DLs in porous media with various topologies. Top row: porous structures considered in this article. The structures are shown in blue
and green (blue for the interior and green for the surface in contact with NLCs). Left to right: Random porous media (RPM), bicontinuous cubic (BC),
simple cubic packing of connected spheres (SCc ), three-dimensional array of cylindrical channels (Cyl) and simple cubic array of non-contacting isolated
spheres (SCn ). In SCc , each sphere contacts the six nearest spheres, so that the porous matrix forms a continuous structure. In SCn , on the other hand, the
spheres are isolated. Second row: DLs as obtained before the application of the field. Third row: DLs under a strong field (E = 0.5) along z axis, the direction
indicated by the arrow. Bottom row: DLs remaining after removing the field. The simulation cubes are 643 and the lattice constants are L = 16 for periodical
matrices. The radii a of spheres in SCc and SCn , and cylinders in Cyl, are 8, 3 and 4, respectively. See Supplementary Information for the scaling of variables.

incorporated in these structures as a function of the reduced
temperature T and of the strength E of an external field (for the scaling of these and other variables, see Supplementary Information).
Memory effects have been found in all the explored systems,
analogously to what is described in Fig. 2 for the case of BC (see also
the Supplementary Information, for the case of RPM). We prepare
the initial state by cooling the system to below the isotropic–nematic
transition temperature TIN and letting it equilibrate with no field
applied (‘zero-field cooling’). Zero-field-cooled states are locally
ordered because their local nematic order parameter, a quantity
expressing the amount of orientational order of neighbouring spins,
is approximately equal to QB , the order parameter of the bulk
material at the same temperature (see Methods for the definition
of Q). At the same time, the systems are globally isotropic, and
hence the nematic order parameter averaged on the whole sample
is Q = 0. On these disordered stable states we apply an electricfield (E) pulse for a certain duration, and then switch it off.
Time t is here represented by the number of Monte Carlo cycles
(MCC). When the electric field is applied, the director is forced
to be uniform. For the strongest field, Q ≈ QB . On removing the
field, the system relaxes to a metastable state with intermediate
order, characterized by a remnant order QM (see Fig. 2a), a clear
indication that the system has somehow memorized the fieldinduced order. The field-strength dependence of both QE —the
order parameter in the presence of the field—and QM is shown
in Fig. 2b for the case of BC. The memorization capability of
the system crucially depends on the frustration imposed by the
solid interfaces on the soft orientational ordering of NLCs. This
is testified by the large number of topological defects, the DLs
produced by the incompatibility of the anchoring constraints with
the nematic ordering. We have located DLs inside the nematic
domain (N ) according to ref. 19, and their trajectories are shown
304

as red lines in Figs 1 and 2e. Many DLs are found wandering
through the pores of all structures even after long annealing, in
all three conditions here explored: after zero-field cooling (panels
in the second row of Fig. 1), while the field is applied (third
row of Fig. 1) and after the removal of the field (bottom row of
Figs 1 and 2e).
Obviously, frustration imposed by surface anchoring plays
a crucial role in the above behaviour. The enormously large
number of possible topological states of the confined NLC (see
Supplementary Information) suggests an apparent analogy to wellknown frustrated systems, spin and structural glass, in which
an exponentially large number of metastable states are separated
by large barriers. The origin of frustration is, however, quite
different in the two systems. Typical spin glasses are intrinsically
frustrated because of the impossibility to simultaneously minimize
all coupling energies. In the case of confined nematics, confinement
and topology provide frustration to an otherwise well-behaved
system. While locally the nematic order is well defined, on
the length scale of the pores the behaviour of the system
becomes frustrated and metastable because of the impossibility
to simultaneously match all the anchoring constraints without
topological defects. This induced frustration offers the possibility
to design confining geometries that optimize the macroscopic
(for example, optical) properties of the metastable states through
‘geometrical functionalization’ of materials.
Inspection of the defect trajectories indicates that in all
geometries the onset of remnant order is associated with a change
in the way DL loops are concatenated to the solid matrix. In the
case of a weak field, such as the weakest field in Fig. 2a, DLs
respond just elastically to the field (no change in their topology)
and, on removing the field, DLs relax back to their original
trajectories. On the other hand, application of stronger external
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Figure 2 | Memory effects in NLCs confined in a bicontinuous cubic
porous medium (BC). a, Computer-simulated evolutions of the nematic
order parameter Q of an NLC incorporated into a BC (L = 32) as the field is
first applied (at t = 105 MCC) and later removed (at t = 2 × 105 MCC) for
various choices of field strength, ranging from weak (E = 0.05, black) to
strong (E = 0.3, light green). b, Nematic order parameters QE (filled
symbols) and QM (open symbols), extracted from the simulations in
a, as a function of the field strength E normalized by the threshold value
Ec (=0.152). c,d, Snapshots of BC, where we mark by black lines the loci of
largest negative Gaussian curvature (c) and the location where the surface
is normal to the z-axis, which is indicated by the arrow (d). e, DLs (red
lines) remaining after switching off a strong field (E = 1.0) along z.

fields supplies enough energy to reconfigure the DL trajectories,
producing different closed loops through the connective paths of N .
In the limit of very strong fields, DLs are forced against surface
regions for which the normal lies in the x–y plane. The application
of a strong field may even break the anchoring (more details in
Supplementary Information). However, as the field is removed, the
normal anchoring is recovered and DLs relax to the local elastic
energy minimum while preserving in large part the concatenation
with the solid network forced by the field, thus keeping some
memory of the field effect. This leaves the system in a new aligned
stable state with respect to the zero-field-cooled disordered stable
state. In the absence of fields, elastic minimization is obtained
when DLs run along lines of largest negative Gaussian curvature
of the surface. These observations enable us to define criteria to
maximize memory. Maximum memory is expected in systems
where the DL paths forced by the field are best maintained after
the field removal, while at the same time granting a large number
of metastable states. Accordingly, we looked for a bicontinuous
structure in which the loci of most negative Gaussian curvature
would form loops lying on planes perpendicular to the external
field. This is how we came to the BC structure, in which the
locations where the surface has a normal in the x–y plane (Fig. 2d)
are also locations of largest negative Gaussian curvature (Fig. 2c).
The geometrical coincidence also holds after the field is removed,
and thus the DL loops remain where they were forced by the
field, as shown in Fig. 2e (more details in the Supplementary
Information). Furthermore, the cubic symmetry of BC enables
memorization in orthogonal directions, should the electrode design
allow multiple field directions.
The topology-based non-ergodicity described here relies on
the large energy necessary to ‘reconfigure’ irreducible DL loops,
that is, to disconnect and reconnect them around a different
choice of handles within the porous media. Bicontinuity is
essential to this form of multistability. This can be appreciated by
studying the behaviour of DLs in an array of isolated spheres (for
example, SCn ). As expected, DLs compensate for the topological

charge introduced by the homeotropically (radially, in this case)
alignment-inducing spheres. As the equilibration proceeds, DLs
anneal into ‘Saturn rings’5 , one for each sphere. As the field is
applied, the rings align (see Fig. 1). On field removal, rings can
rotate around the spheres without topological changes. Saturn rings
are held parallel to one another by mutual elastic interactions7 ,
and their collective rotation is nearly a soft mode of the SCn
structure. Accordingly, we find that, on turning off the field,
the nematic order starts rotating at finite temperatures (see
Fig. 2). In the same vein, we have observed that weak external
fields are effective in reorienting the director (see Supplementary
Information). In contrast, switching the alignment of NLCs in
bicontinuous porous structures requires much larger values of
E, indicating the presence of large energy barriers separating
configurations with different topologies. We evaluate the energy
required to induce a topological change in a bicontinuous
structure as being of the order of 100 times larger than that
necessary for reorienting the director in the SCn system, which
is of the order of kB T .
NLCs in porous media relax differently depending on the
geometry and topology. Figure 3a,b compares the pore-size (`)
dependence of the memorization effects of NLCs in RPM and BC
at constant T = 0.1. The relaxations found after the removal of a
strong field E = 1 are markedly different in the two systems (see
also Supplementary Information). Relaxations of NLC order in the
BC are characterized by a single decay process very well fitted by a
stretched exponential
Q(t ) = QM + 1QS exp(−(t /τS )α )

(1)

where QM is the remnant order, determined as the long-time
asymptote of Q(t ), and 1QS is the amplitude of the stretched
exponential. In the case of RPM, the decays do not saturate as clearly
as in the case of BC, the first relaxation being followed by a very slow
decay to a second plateau. We find the curves to be well fitted by a
summation of two decay processes,
α

Q(t ) = QM + 1QS e−(t /τS ) +

1QL
1 + log(1 + t /τL )

(2)

where 1QS and 1QL are, respectively, the amplitudes of the
fast stretched-exponential relaxation and of the slow decay. The
slow decay could also be fitted by a stretched exponential but
it seems to be better compatible with the functional shape in
equation (2), chosen to cross over from a Lorentzian decay at
small t to a logarithmic decay for t > τL (more details in
Supplementary Information). In Fig. 3, fitted curves are drawn as
black dashed lines in the background of the coloured lines showing
the simulation results.
The parameters τS and α of the stretched exponential decay for
both pore geometries are shown in Fig. 4a. The values obtained
in the two geometries match, indicating that the fast decay is a
relaxation process of general relevance. τS grows as `2 (dashed
line), a scaling generally found for the viscoelastic relaxation of
nematics in conventional liquid crystal cells (see Supplementary
Information). Indeed, in these systems viscoelastic relaxation
is expected to govern the evolution of the system from the
field-induced ordered state to the configuration of minimum
elastic energy attainable with no topological rearrangement. In
the case of BC, such a configuration is characterized by DLs
stabilized by the surface geometry, so that no further relaxation
is observed at all ` values (Fig. 4b, open red dots). When instead
the topology attained after the fast relaxation is not stabilized
by surface design, rearrangements of DLs leading to a state with
a lower energy are possible through a further slower relaxation,
as observed in RPM. In this case QM is found to depend on `
(see Fig. 4b): on increasing `, QM grows while 1QL vanishes, so
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Figure 3 | Relaxation of the nematic order Q after turning off the field.
a–d, Decay of Q at T = 0.1 for various pore sizes ` in BC (a) and RPM (b),
and at fixed ` (BC: ` = 6.75, RPM: ` = 12.7) for various temperatures T in
BC (c) and RPM (d). In all cases, E = 1. All simulation data are fitted as
described in the text, and fitting curves are plotted as dashed black lines in
the background. They are difficult to visualize because of the high quality of
the fit. In c and d line colours indicate the various decay regimes. Blue,
compressed exponential decay (T > TIN ); red, stretched exponential decay
(BC) or decay in equation (2) (RPM) (T < TIN ); green, intermediate region
where the combined decays are found.

the quantity QM + 1QL is independent of `. Hence, in RPM,
the NLC viscoelastically relaxes to a state that is independent of
pore size and that can further relax only when the pores are
small enough.
Figure 4c (top axis) shows the ` dependence of τL . τL seems to
grow exponentially with `, an indication that the slow relaxation
results from an activated process, the energy-barrier scaling with
` (see Supplementary Information). A confirmation of this view
is provided by the temperature dependence of Q(t ). In Fig. 3c,d
we show the relaxation of the remnant nematic order following
the removal of a strong field E = 1 at various T , respectively,
for BC and RPM for a given `. For both geometries, Q(t )
has a high-T regime (blue lines), featuring a single-compressedexponential decay, a low-T regime (red lines), well described by
equations (1) (BC) and (2) (RPM), and an intermediate regime
(green lines), where a combination of elements is found (more
details in Supplementary Information). The T dependence of
QM is shown in Fig. 4d. In the case of BC, on lowering T , QM
increases and reaches a plateau value at T ≈ 0.4. In the case
of RPM, instead, QM does not reach a T -independent value at
low T . However, the quantity QM + 1QL (solid blue diamonds)
grows and saturates at T ≈ 0.1, indicating that this temperature
is below that at which viscoelastic decay takes place without
rearrangement in the topology of DLs. In this low-T regime,
the slow decay depends exponentially on T −1 (see Fig. 4c), again
supporting the notion of an activated process underlying the
slow decay. This picture is also confirmed by the shape of the
slow relaxations, because logarithmic-type decays are found in
glassy systems, where the dynamics takes place through activated
processes. For example, recent studies have reported logarithmic
relaxations in the orientational behaviour of supercooled molecular
fluids20 interpreted in the framework of the standard modecoupling theory for glasses21 .
The slow activated relaxation involves topological rearrangement.
After the system has reached its minimum in elastic energy, that is,
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Figure 4 | ` and T dependencies of the parameters characterizing the
order-parameter relaxation. a, ` dependence of τS and α of the stretched
exponential decay for BC (red circles) and RPM (blue diamonds). The
dashed line is a parabolic fit to the τS data (open symbols). b, ` dependence
of the remnant order as expressed in BC by QM (open red circles), and in
RPM by QM (open blue diamonds) and QM + 1QL (filled blue diamonds).
Lines indicate the remnant order expected in the limit of large `. c, ` and
1/T dependence of the characteristic time of the logarithmic decay, τL .
Lines represent the fitted activated behaviour τL = 135exp(0.13`) (thick
dashed line) and τL = 502exp(0.041/T) (solid line). d, T dependence of the
remnant order as expressed in BC by QM (open red circles), and in RPM by
QM (open blue diamonds) and QM + 1QL (filled blue diamonds).
Horizontal dashed lines indicate the remnant order expected in the limit of
low T. The vertical dotted line indicates the location of TIN .

for t ≈ (2–3)×τS , DLs move only by virtue of thermal noises. These
continued motions lead DLs to transiently adopt conformations
less energetically favoured, and thus foster DL collisions that
may result in topological changes, if more energetically favoured
configurations (that is, with shorter DLs) can be accessed by the
system after the collision. Such events can be directly visualized
in the simulated RPM, as shown in Fig. 5, where we show two
DL rearrangements taking place for t  τS in which the contact
between two DLs has led to a change in their trajectories (see
Supplementary Movies S1 and S2). A simple scaling analysis
confirms that the free energy required for DL collision, which
determines the activation barrier, scales proportionally to `
(see Supplementary Information). Indeed, if a porous structure
is uniformly enlarged while keeping elastic constants and DL
connectivity unchanged, the free energy required for bringing
together two given DLs grows linearly with the expansion factor.
Inspection of the simulations also provides us with a clue to
understand the logarithmic nature of the relaxation. Each DL
collision event leading to topological rearrangement is followed by
a fast viscoelastic relaxation to a new state in which DLs experience
a new energy landscape. This leads to a cascade effect, in which
the activation energies are modified as the relaxation proceeds.
Specifically, a logarithmic decay is generated if the activation energy
grows with an inverse proportionality to Q(t ), that is, if the DL
reorganization leads to increasingly high energy barriers for further
DL collisions. This seems reasonable because DL reorganization
yields progressively shorter DL loops that are further apart (see
Supplementary Information).
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Figure 5 | Snapshots of defect lines (red lines) in RPM at selected times
during their relaxation after removal of the field. a–d The comparisons
between snapshots a and b, as well as between snapshots c and d, enable
us to detect topological changes in the DLs of the NLC (see the locations
marked by black dotted circles). Here the matrix is not shown. The end
points of DLs on the surface of a simulation box are marked by black circles.

In view of the higher memory found in the BC structure relative
to the RPM, we examine the degree of remnant order in the other
periodic porous media. This is shown in Fig. 6a, which summarizes
the E dependence of QE and QM at T = 0.1 for the various systems.
QE is found to be about the same in all ordered structures, with
some differences in the threshold field. The remnant order, instead,
is significantly different. The comparison between the various
structures confirms the existence of a hierarchy of memorization
capability QM (BC) > QM (SCc ) ∼ QM (Cyl) > QM (RPM). It should
be noticed that RPM is the only system without NLC channels in
the field direction, whereas SCc , Cyl and BC share the same basic
cubic symmetry, with one of the principal axes aligned with the
field. The differences in their behaviours are to be sought in the
coupling between surface curvature and DLs. The most efficient
memorization is found in BC, where the geometry stabilizes
small regular DL loops perpendicularly to the applied field. This
stabilization, the origin of which was discussed above, combined
with the fact that in this geometry the DL loops are small and well
separated, contributes to minimizing topological restructuring due
to DL collisions. Moreover, this structure produces the steepest E
dependence of QE and QM , indicating that BC also provides the
sharpest threshold for alignment transition. Finally, we note that
we confirm the relevance of our simulation results to experiments
for the case of RPM (see Supplementary Information).
‘Geometrical functionalization’ of NLC can be exploited to
design devices able to memorize optical properties. This goal can
be pursued with two main strategies (more detail in Supplementary
Information): (1) polarization control devices, in which different
metastable states yield different optical transmissions when the
material is enclosed between crossed polarizers; (2) scattering
control devices, in which different states are characterized by
markedly different scattering cross-sections for light. In the first
case, the large QM obtained with BC provides an effectively isotropic
material for light propagating in the direction of E, and a highly
birefringent material when the field is applied perpendicularly
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Figure 6 | Functionalization of NLC by confinements for memory
applications. a, Field-strength dependence of the induced and remnant
order for the various porous structures. QE (filled symbols) and QM (open
symbols) are shown as functions of the field coupling strength E at T = 0.1.
For RPM, QM represents the value for large ` (dashed blue line in Fig. 4b).
The characteristic pore size of RPM is ` = 12.7. Here BC, SCc and Cyl
(L = 16) are the same porous media as those in Fig. 1. b, Switching of
dual-frequency NLC compounds confined in a BC structure (L = 16). An
electric field with negative dielectric coupling (Ẽ = 0.5; 1 < 0) is applied
in the interval t = 0–1 × 105 MCC, and an electric field with positive
coupling (Ẽ = 0.5; 1 > 0) is applied in the interval t = 3–4 × 105 MCC. The
approximate integrated scattering intensity S is also plotted (see also
Supplementary Information). Snapshots of the defect structures after the
two pulses are also shown.

to the direction of propagation of light. The modulation of the
scattering cross-section can instead be achieved in dual-frequency
NLC compounds, the dielectric anisotropy of which changes sign
with frequency22 . Accordingly, the coupling with the electric field
favours the alignment of the director along and perpendicularly
to z at low and high frequencies, respectively. Hence, although
positive dielectric anisotropy favours coherent orientation and
hence suppresses fluctuations in the optical polarizability, negative
polarization produces a strongly inhomogeneous and hence highly
scattering state, where the director fluctuates within the x–y
plane. The effect of the reversal of dielectric anisotropy and
the resulting change in the approximate integrated scattering
intensity S (see Methods) are shown in Fig. 6b, where electric
pulses along the z-axis are applied between 0 and 105 MCC with
negative dielectric coupling, and between 3 × 105 and 4 × 105
MCC with positive dielectric coupling. Quite clearly, negative
dielectric coupling, favouring an orientation degenerate in the
x–y plane, randomizes the defect structure. The state obtained
in this way shows a very long lifetime, analogously to states
previously described in BC.
The physical principle revealed here, being based on
symmetry and topology, should be common to ferromagnetic
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and superconducting materials. Recently, topologically stable
objects such as skyrmions, hedgehogs or merons have received
great theoretical and experimental interest in connection to
the emergence of gauge theories in condensed matter. These
objects may be considered as the building blocks of previously
unknown forms of electronic order, as in the case of the skyrmion
lattice in magnets23 , or in the case of organized vortex loops
in mesoscopic superconductors24 . The growing attention and
increased capability in constructing nanostructured heterogeneous
materials will certainly lead to investigating the interplay between
the internal symmetry of these systems and the constraints arising
from confinement. We see our work as a step towards topological
functionalization of materials with complex order participating in
heterogeneous structures.

Methods
Simulation methods. Lattice-based Monte Carlo simulations of confined NLCs
were carried out by partitioning the simulated cubic lattice into three portions: P
is the ensemble of lattice sites representing the solid material of the porous matrix;
N denotes the nematic fraction described by headless spins ni (|n| = 1) mutually
interacting through the Lebwohl–Lasher potential25,26 ; S is the ensemble of spins
lying at the interface with the solid fraction and thus interacting with it. Then the
resulting Lebwohl–Lasher Hamiltonian is expressed as

H = −J̃

X
hi,ji∈N ∪S

X
X
(ni ·nj )2 − W̃
(ni ·s)2 − sign(1)Ẽ 2
(ni ·z)2
i∈S

(3)

i∈N

The first term in the right-hand side represents the interaction between
neighbouring spins belonging to N or S . J̃ is the interaction strength and we set
J̃ = 1 in all simulations. The second term describes the molecular anchoring to
the surface of a porous matrix27 , s (|s| = 1) being the local surface normal and W̃
the anchoring strength. For positive W̃ , the director tends to align normal to the
surface (‘homeotropic’ anchoring). We set W̃ = 1 in all the simulations shown in
this article. The third term accounts for the coupling of the NLC to the external
field, the direction of which is along the z axis, and sign(x) is the sign function.
Here, J̃ , W̃ and Ẽ are approximately given, respectively, by J̃ = Kd/2, W̃ = Wd 2 /2,
and Ẽ 2 = |1|E 2 d 3 /2, where d is the lattice size, K is the elastic constant, W is the
anchoring strength in the Rapini–Rapoular form, 1 is the dielectric anisotropy
of the NLC and E is the external electric-field strength. In this article, we express
Ẽ as E for simplicity.
We impose periodic boundary conditions. The simulation box was 1283
cubic lattices for RPM, whereas 4L × 4L × 4L for BC, SC and Cyl, where L is the
lattice constant of ordered structures. Each simulation result shown in Figs 2, 3, 4
and 6 was averaged over
P five runs. The average orientational order is calculated as
Q ≡ hQzz i = (1/VN ) i∈N Qi zz , where Qi zz = (3/2)(ni z ni z − 1/3), ni z represents
the z component of ni and VN is the number of N sites.
Details on Monte Carlo simulations. We employ heat-bath sampling
for Monte Carlo simulations. A trial rotation of the ith spin is accepted,
considering the local configurations of neighbouring spins, with the probability
p(1Hi ) = 1/(1 + e1Hi /T ), where 1H is the difference of the Hamiltonian between
before and after the trial rotation. The physical meaning of the temporal evolution
of Monte Carlo simulations is sometimes a matter of debate. However, we note
that the method has been known to be very powerful and useful for studying glassy
systems with slow relaxations, such as a spin glass28,29 , the dynamics of which is
dominated by activation processes overcoming a free-energy barrier.
Preparation of porous media with various geometries. We have considered
various choices of P , N and S within the class of bicontinuous geometries. To
model the structure of the Millipore filters previously used in experiments14 ,
we have mimicked their production process. Accordingly, we have solved the
Cahn–Hilliard–Cook equation for spinodal decomposition30 on the cubic lattice
and have let the system isotropically phase-separate into two phases, to be identified
with P and N . The volume fraction of the two phases is held to 50% by the initial
condition. The resulting bicontinuous pattern grows self-similarly with time,
thus enabling definition of a family of RPM structures differing in `, defined as
` = 2π /qm . qm is the characteristic
wavenumber
of the structure factor of RPM,
R
R
S(q), and is given by qm = dq|q|S(q)/ dqS(q). In the left column of Fig. 1, an
RPM for ` = 12.0 is shown by rendering the green solid matrix (blue inside). We
use the same definition of ` for the other porous media.
Additionally, we simulated the behaviour of NLCs incorporated in three
different symmetric and periodic porous matrices with symmetry axes aligned
along E. Among them is the bicontinuous cubic (BC), one of the simplest ordered
bicontinuous structures, expressed as cos(2πx/L) + cos(2πy/L) + cos(2πz/L) = 0,
where L is its lattice constant. The characteristic length of porous media with
different morphologies is also defined in the same manner as for RPM.
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In each porous structure, we have annealed liquid crystals as shown in
Fig. 2a for BC. We have first zero-field cooled (E = 0) the nematic component
through the isotropic–nematic transition (occurring at TIN = 0.749) and let it
equilibrate at the T of interest for 105 MCC. At t1 = 105 MCC, we turn E on,
and at t2 = 2 × 105 MCC we switch it off, letting the system further anneal at
length, up to 107 MCC.
Estimation of the total integrated scattering intensity from NLC. We calculated
the approximate integrated intensity of the scattering S from the director field by
S=

1
V

X

{(Qxx 2 − hQxx i2 ) + (Qyy 2 − hQyy i2 ) + 2(Qxy 2 − hQxy i2 )}

(4)

i∈N ,S ,P

where Qαβ is the tensorial order parameter Qαβ = 3/2(nα nβ − δαβ /3), and hX i
represents the spatial average of X . Here Qαβ is defined in the porous sites P
because we set ni = (0,0,1) for i ∈ P . In equation (4), the summation is taken over
all the lattice sites and V is the volume of the simulation box. We assume that the
incident light propagates in the z direction and the scattering is induced by the
inhomogeneities of nx and ny .
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