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Directed crystalline symmetry
transformation of blue-phase liquid
crystals by reverse electrostriction

Tsung-Hsien Lin 1 , Duan-Yi Guo1, Chun-Wei Chen 2, Ting-Mao Feng 1,
Wen-Xin Zeng1, Po-Chang Chen1, Liang-YingWu1, Wen-Ming Guo1, Li-Min Chang1,
Hung-Chang Jau1, Chun-Ta Wang1, Timothy J. Bunning3 & Iam Choon Khoo 4

Soft-matter-based photonic crystals like blue-phase liquid crystals (BPLC) have
potential applications in wide-ranging photonic and bio-chemical systems. To
date, however, there are limitations in the fabrication of largemonocrystalline
BPLCs. Traditional crystal-growth process involves the transition from a high-
temperature disorderedphase to anordered (blue) phase and is generally slow
(takes hours) with limited achievable lattice structures, and efforts to improve
molecular alignment through post-crystallization field application typically
prove ineffective. Here we report a systematic study on the molecular self-
assembly dynamics of BPLC starting from a highly ordered phase in which all
molecules are unidirectionally aligned by a strong electric field. We have dis-
covered that, near the high-temperature end of the blue phase, if the applied
field strength is then switched to an intermediate level or simply turned off,
large-area monocrystalline BPLCs of various symmetries (tetragonal, orthor-
hombic, cubic) can be formed in minutes. Subsequent temperature tuning of
the single crystal at a fixed applied field allows access to different lattice
parameters and the formation of never-before-seen monoclinic structures.
The formed crystals remain stable upon field removal. The diversity of stable
monocrystalline BPLCs with widely tunable crystalline symmetries, band
structures, and optical dispersions will significantly improve and expand their
application potentials.

Photonic crystals offer versatile platforms for fundamental research
and diverse applications across physics, biology, and engineering.
Their unique optical properties (such as spectrally selective transmis-
sion/reflection and strong dispersion), arising fromperiodic variations
of refractive index, have spurred continuous efforts to fabricate larger
andmore varied crystalline symmetries1–10. In contrast to conventional
top-down methods (e.g., electron-beam writing and holographic
lithography)1–6, bottom-up approaches based on self-assembly of soft
matter systems7–10, including colloids, polymers, and liquid crystals,

have proven to be a scalable, cost-effective, relatively fast route to
fabricating large photonic crystals across a broader spectral range,
including the challenging ultraviolet regime. Among soft matters,
liquid crystals, in various ordered phases, are particularly attractive.
They are endowed with extraordinary properties such as large bire-
fringence, transparency over a very broad spectrum, and suscept-
ibilities to external stimuli (e.g., voltage, light, and even biological
molecules) for dynamically modulating their properties or sensing.
Naturally, therefore, liquid-crystalline photonic crystals, especially in
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their 3D forms (e.g., blue-phase liquid crystals), have become a subject
of intensive studies by material scientists, physicists and optical/pho-
tonics practitioners in fundamental pursuits as well as in wide-ranging
applications from chemical and biological sensing to electro-optic
display, switches, modulators, and nonlinear optics11–28.

Blue-phase liquid crystals11,22,26,28 (BPLC) are usually made by
incorporating chiral agents in nematics and enclosed in glass cells (see
Section Methods for details in materials and cell assembly). BPLC
typically exhibits isotropic liquidphase, blue phase II (BPII), blue phase
I (BPI), and cholesteric phase in the order of decreasing temperature.
With sufficiently strong chirality, molecules in the blue phases are self-
assembled into double-twist cylinders (DTC)18,22,26,28. These DTCs are
periodically packed in a 3D network of line defects (inset in Fig. 1a) to
form body-centered-cubic (BCC) lattices in BPI or simple-cubic lattices
in BPII, in the absence of applied fields18,22,26,28. These lattices exhibit
periods of a fewhundred nanometers, forming chiral photonic crystals
with Bragg reflections of circularly polarized light across ultraviolet,
visible, and near infrared regimes11,22,26,28. They also exhibit interesting
chiroptical phenomena outside of the Bragg reflection bands (photo-
nic bandgaps), e.g., circular birefringence. For practical applications,
BPI is of greater interest due to its much wider temperature range of
existence (on the order of 10–100 kelvins, encompassing room
temperature)29–31.

Similar to photonic crystals formed from other soft matters (e.g.,
colloids), most naturally self-assembled BPLCs are polycrystalline.
Usually, the sample is first heated to the isotropic liquid phase which

upon direct cooling produces polycrystals because the crystallites
randomly nucleate, and the subsequent growthof the crystallites stops
when meeting neighboring ones. The resulting small monocrystalline
area (~μm2) and high defect density significantly degrade their optical
performance. To realize practical applications like optical beam
processing and switching, larger single crystals (cm2 or greater) are
necessary for achieving sharp photonic band gaps, well-defined dis-
persion relations, and consistent optical properties over large spatial
extent32–35. Recently, growth ofmassive BPI single crystals, measuring
up to cm2 in area and 0.3mm in thickness, on standard surface-
treated substrates was achieved with a moving spatial temperature
gradient, but the fabrication process is rather tedious and time-
consuming [Fig. 1a]35. Faster growth of BPLCs into mm2- to cm2-scale
single crystals was also successfully demonstrated using special
surface-alignment materials or nanostructures18,19,25. Alternatively,
studies have also shown that a high-frequency (~kHz) electric field36,37

or proper surface alignment24 can effectively transform a poly-
crystalline BPLC sample into the so-called ‘monodomain’ crystals in a
short time of a few seconds to a minute, with all the crystallites
having the same crystalline axis (usually, [110]BCC) along the applied
field direction38. However, the orthogonal crystalline axes of a
monodomain crystal are randomly oriented if there is no surface
alignment; on the other hand, although the orthogonal crystalline
axes are approximately aligned in a BPLC that has surface alignment
treatment, they still contain many grain boundaries and dislocations,
resulting in suboptimal optical quality.

Any crystal state
(including polycrystal)
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Fig. 1 | Reverse electrostriction directed assembly (REDA). a Conventional
crystal-growth and electrostriction process, which takes several hours. b The REDA
approach can achieve large-area monocrystalline BPLCs of various crystalline
symmetries in minutes. Cooling a monocrystalline BPLC formed by REDA causes
anisotropic lattice distortion and thereby transforms the crystal into different
symmetries, including the never-before-seenmonoclinic (M) symmetry. The capital
letter in each | 〉 denotes the crystal symmetry formed at a particular electric field

strength via REDA with or without additional cooling (C: cubic, O: orthorhombic,
T: tetragonal, M: monoclinic). |O1〉, |O2〉, and |O3〉 are orthorhombic states with
different ratios of the lattice parameters. Inset at the upper right shows the crystal
structure of a [110]BCC-oriented BPLC and associated lattice parameters a, b, and c
(see Section Lattice parameters and symmetries). Skew angle β is the com-
plementary angle to the angle formedbetweena andb axes (seeSectionMonoclinic
symmetry).
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Moreover, almost all existing crystal-growth techniques are lim-
ited to producing single crystals with simple, highly symmetric lattice
structures: body-centered cubic in BPI and simple cubic in BPII. Lower
crystal symmetries, such as tetragonal, orthorhombic, or monoclinic,
could lead to more complex photonic band structures, offering more
versatile control over light propagation and interaction within the
crystal39–45. This, in turn, would unlock a wider range of photonic
functionalities and applications. To date, electrostriction is perhaps
the onlymethod to convert a cubic photonic crystal of BPLC to a lower
symmetry structure post-growth46–48. This process involves applying
an electric field to rearrange the DTCs and line defects, deforming the
lattice structure. In BPI, the induced symmetry transformation is
oftentimes irreversible due to the nature of its defect structure
(detailed in ref. 47.), making it nearly impossible to switch among
different symmetries. Also, the entire process of growing a cm2-large
single crystal of any symmetry usually takes hours due to the slow self-
assembly of liquid crystal molecules [Fig. 1a].

In this work, we report a reverse electrostriction directed assem-
bly (REDA) technique [Fig. 1b] that enables fabrication of mono-
crystalline BPLCs of large areal sizes and diverse symmetries in
minutes. The technique is conceived following a detailed study on the
complex evolution of BPLC lattices subjected to an applied field of
varying strengths and at different ambient temperatures. By investi-
gating different points in the phase space spanned by temperature,
applied field, and liquid-crystal phases, we have gained new insights in
the formation dynamics of various crystalline symmetries. In parti-
cular, we have discovered that starting from a highly ordered, home-
otropic nematic phase (where the director axis of the DTCs and defect
network is completely unwound and uniformly aligned) induced by a
strong electric field near the BPI–BPII transition temperature and
subsequent lowering of the applied field, one can efficiently direct the
molecular assembly into monocrystalline BPLC of various symmetries
(tetragonal, orthorhombic, cubic) in timesmuch shorter than all other
existing techniques. As will be presented in greater detail, this
approach is a “reverseof the electrostriction process (that switches the
BPI to the nematic phase)” and directs the molecular assembly to a
targeted crystalline state—a single crystal of a specific symmetry—while
avoiding some common issues in conventional crystallization pro-
cesses; the high uniformly applied field from the very outset of the
crystallization process quenches director-axis fluctuation, disallows
random nucleation, and enforces uniformity over the entire crystal
bulk during reassembly. Unlike existing approaches, here the crystal-
lites nucleate directlywith low symmetry and rapidlymerge into a cm2-
large single crystal of the desired symmetry within only 10–20min.
After the large single crystal is formed and the steady state is reached,
varying the ambient temperature with a fixed applied field provides
another means to reconfigure the crystals to have different lattice
parameters (a, b, and c defined in the inset of Fig. 1) and their ratios, or
even new crystal symmetry (e.g., monoclinic). These large-area pho-
tonic crystals with various lattice-parameter ratios and symmetries
enable a wide range of photonic band structures and expand the
potential for optical and photonic applications.

Results
Dynamic evolutions of BPLC from different initial states
Our study begins by examining the dynamic evolution of BPLC near
the BPI–BPII transition temperature, which we discover to be the
region where an applied electric field can be employed to direct the
molecular self-assembly and crystalline-symmetry transformation to
form large-area monocrystalline BPLCs with desired lattice structures.

A surface-treated cell of BPLC is placed on a temperature stage
with a spatial temperature gradientmaintained across the isotropic-to-
ordered phase transition temperature. As a function of temperature
variation from the hot to cooler regions, the isotropic (completely
disordered) BPLC undergoes molecular self-assembly and nucleation

to two typical BPLC phases, BPII and then BPI as shown in Fig. 2a. In
BPII, the nucleated crystallites easily merge into a large single crystal,
whereas BPI crystallites tend to remain separated. This ismainly due to
the fundamental difference between the defect networks in BPI and
BPII35, which affects the way to reduce the high free energy at grain
boundaries. Specifically, in BPII, the line defects in a simple-cubic lat-
tice intersect with each other, so the crystallites tend to align and
mergewith neighboringones to forma continuous defect network and
thus a single crystal (the global minimum of free energy). In BPI,
however, even within a unit cell, the defects are well separated.
Therefore, the crystallites tend to relax into their local energy minima
and remain polycrystalline, rather than directly merge into a large
single crystal; that said, BPI crystallites can still merge with neighbor-
ingones, but it takes hours todays to formamillimeter-sized crystal, as
shown in Fig. 2a. The self-assembly andmerging process slowsdown as
crystallites become larger, and a polycrystal of 100-μm-sized grains is
obtained after several hours (see Supplementary Movie 1).

An interesting and important phenomenon is observed when a
high applied field is applied to the sample to unwind all the dou-
bly twisted cholesteric helices and randomly aligned director axis in
the line defects in BPI and BPII, i.e., transition to the homeotropically
aligned nematic phase which typically takes ~1 millisecond or less.
When the high field is switched abruptly to a lower value, we observe
that the BPI crystallites are nucleated. These crystallites are all
oriented with their [110]BCC axis (defined according to the BCC-
coordinate convention) along the field axis and have identical in-
plane crystalline axis due to surface alignment on the cell windows.
Therefore, once neighboring crystallites meet, they can rapidly
merge into larger ones, because they exhibit the same crystal
orientation in the first place. A large single crystal of the size of the
sample (centimeter in width) is formed within a few minutes, as
shown in Fig. 2b [see Supplementary Movies 2 and 3]. This process of
rapidly reducing the applied field strength to a low value is effec-
tively reversing the electrostriction that takes the system to the
nematic phase and guides the molecular assembly along a singular
route to a specific crystalline orientation and structure, thereby
forming of a single crystal of a defined symmetry.

It is important to note here that successful single-crystal forma-
tion occurs only at the high temperature end of BPI (near the BPI–BPII
transition point).When the operating temperature is lower (away from
the phase-transition point), the BPLC tends to settle into a polycrystal,
as depicted in the lower part of the left panel in Fig. 2b. A plausible
explanation is that, in general, the neighboring BPI crystallites do not
have sufficient energy toovercome the energybarrier andmerge into a
larger crystal. However, at the high temperature end of BPI, the liquid
crystal molecules have higher mobility for self-assembly to rapidly
mergewith other crystallites to grow larger (see SupplementaryNote 1
for more details about temperature effect).

On the mesoscopic scale, formation of a large single BPI crystal
also requires the DTCs to self-assemble with directionality in all three
dimensions. In ref. 35., surface treatment of the cell windows defines
the easy axis of DTC alignment in the cell plane, while the moving
temperature gradient provides the direction of DTC self-assembly in
the third dimension. Importantly, the moving temperature gradient
needs to be slow enough to follow the DTC self-assembly35. In the
present study, we use surface-treated windows to define the in-plane
easy axis (see SupplementaryNote 1 formoredetails about alignment),
but the directionality of crystal growth comes from the high initially
applied field. The surface treatment and directional relaxation (by
reversing the appliedfield to a lower value)work constructively as they
both energetically favor the formation of [110]BCC-oriented BPI crystals
(see refs. 47,48.). We found that by reducing the high field to an
intermediate level instead of turning it off completely, a single crystal
of various non-cubic symmetries can be formed rapidly [Fig. 1]. The
symmetry and lattice-parameter ratio of the single crystal are
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determined by the intermediate field strength (see Section Lattice
parameters and symmetries).

The discovery of a temperature range where one can employ an
applied field to first bring the system to a highly ordered state and then
direct the system to assemble into large monocrystalline BPLC with
diverse symmetries in a much shorter time than conventional crys-
tallization motivates us to conduct more quantitative systematic stu-
dies. The ensuing sections provide detailed accounts of exemplary
results, analyses, new discoveries, and in-depth discussions.

Reverse electrostriction directed assembly
Fig. 3a, b shows the entire process of reverse electrostriction directed
assembly (REDA) from the high-field application to directed assembly
by a lower directing field, temperature tuning at a constant bias AC
field (with the same magnitude as the directing field), and finally the
field removal.

The starting point of REDA is a BPLC maintained at the tempera-
ture near the BPI–BPII transition point and on which a high electric
field (EH) of ~12.3 V/μm is applied to unwind all the DTCs and align the
liquid crystal molecules to the homeotropic nematic state, within a
millisecond. Here a dark image is observed under a cross-polarized
microscope because the optic axis of the field-induced nematic liquid
crystal is parallel to the viewing direction [Fig. 3b]. The high electric
field is then rapidly switched to a lower field, in about 1 or 2ms, to
avoid undesirable effects caused by dielectric heating or electro-
hydrodynamic instabilities, which can occur when the high field is
applied for a longer duration. Upon switching to the (lower) directing
field (ED), BPI crystallites of similar lattice orientations (determined by
the field axis and surface-alignment direction) nucleate, neighboring
crystallites then rapidly merge to form larger ones, and finally a large
single crystal of a particular symmetry is grown in several minutes
[Fig. 3b and Supplementary Movie 4].

As shown in Fig. 3c, the Bragg-reflection wavelength of the
nucleated crystallites undergoes a rapid initial drop (blueshift), fol-
lowed by a gradual stabilization to a steady-state value. This behavior
indicates that crystallites nucleate directly with a low-symmetry
structure of fairly large lattice parameter along the field axis and
subsequently undergo lattice refinement to achieve the final desired
structure. The time required to reach the steady state increases with
increasing directing field strength (ED): from ~50 s for ED =0 V/μm to
~200 s for ED = 4V/μm.The final Braggwavelength also depends on ED,

with higher fields resulting in longer wavelengths. As will be discussed
in Section Lattice parameters and symmetries, careful analysis of the
corresponding crystal-diffraction patterns (Kossel diagrams, e.g.,
Fig. 3b inset) reveals cubic symmetry for ED =0 V/μm, orthorhombic
symmetry for ED between 0 and ~3 V/μm, and tetragonal symmetry for
ED between ~3 and 5.6 V/μm.

It is interesting and instructive to compare Fig. 3c with the spec-
tral shift towards shorter wavelengths (obtained with reversing the
electrostriction) and Fig. 3d obtained with conventional electrostric-
tion (applying increasing field strength). In conventional
electrostriction46–48, the applied field reorients BPLC lattices such that
the [110]BCC axis aligns with the field axis36,38. Meanwhile, their lattices
are stretched along the field axis, transforming from the cubic sym-
metry, through orthorhombic, to tetragonal symmetry, and the spec-
tral shift of the Bragg reflection towards longerwavelengths [Fig. 3d]47.
These observations suggest that the applied field dictates both the
preferred crystal orientation and symmetry of BPI, explaining the
effectiveness of REDA in producing single crystals. In REDA, the field
directs the BPI crystallites to nucleate with a specific orientation (the
[110]BCC axis parallel to the field axis) and symmetry (cubic, orthor-
hombic, or tetragonal depending on the directing field strength).
Notably, unlike conventional electrostriction which has been exten-
sively studied through simulations49,50, the reverse electrostriction has
never been predicted by any numerical studies.

Furthermore, after the crystal symmetry has settled to a steady
state, temperature tuning at the constant applied field allows us to
alter the crystal’s lattice parameters (defined in the next section). The
cooling process (by ~1 °C at a rate of 0.1 °C/min) allows tuning the ratio
among the three principal lattice parameters for a given symmetry; it
also enables transforming the crystal to a new symmetry, such as the
monoclinic symmetry that, to our knowledge, has never been dis-
covered before in blue phases (see Section Monoclinic symmetry). We
have also observed that operating at a lower temperature makes the
lattice structure even more stable, owing to the increase in the liquid
crystal viscosity and free-energy barrier. These low-symmetry single
crystals are stable even after switching off the applied field.

Lattice parameters and symmetries
To quantify the crystalline structure of a BPLC formed by REDA, lattice
parameters a, b, and c are defined as follows. As illustrated in the upper
left inset in Fig. 1, the lattice structure of a [110]BCC-oriented BPLC can
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Fig. 2 | Natural self-assembly via cooling vs. reverse electrostriction directed
assembly (REDA). a, b Polarized-optical-microscope images of a BPLC with tem-
perature gradient of ~0.8 °C/mm closed to the BPI–BPII phase-transition point of
31.7 °C (left) and the dynamics of crystal growth (right): a crystal growth via direct
cooling from the isotropic liquid phase (see Supplementary Movie 1 for video),

b crystal growth via relaxation from a highly ordered state (i.e., the field-induced
nematic phase) upon field removal (see Supplementary Movies 2 and 3 for videos).
REDA enables the formation of a BPI single crystal near the BPI–BPII phase-
transitionpoint. Temperatures aremaintained at ~0.1 °Cbelow the phase-transition
point. Surface-alignment films were rubbed from left to right.
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be described using a set of basis vectorsa, b, and c. The corresponding
lattice parameters are the magnitudes of these vectors: a = |a|, b = |b|,
and c = |c|. The c vector alignswith the [110]BCC axis, typically parallel to
the applied field, cell normal, and the optical axis of the imaging sys-
tem. The a and b vectors, perpendicular to the applied field, lie along
the [001]BCC and [−110]BCC axes, respectively. We have developed a
fitting algorithm capable of extracting these lattice parameters (a, b,
and c) from a measured Kossel diagram, an orthogonal projection of
the crystal’s far-field diffraction onto an image plane (details on the
experimental setup and fitting algorithm can be found in Supple-
mentary Note 2)51. This approach provides valuable and new insights
into the crystal structures.

First, without any applied fields, BPI crystals obtained by cooling
directly from the isotropic melt are commonly assumed to exhibit a
BCC symmetry. However, through careful Kossel analysis, we find that
the BPI crystal begins to depart from the cubic symmetry upon cooling
from the BPII–BPI transition point as shown in Fig. 4a. Specifically, just
below the transition temperature (32.1 °C), the lattice parameters of
c=b =

ffiffiffi

2
p

a is characteristic of a cubic BPI crystal oriented with its
[110]BCC axis along the view axis. As the temperature drops, c gradually
increases, while b and a decrease. The fact that c≠ b≠

ffiffiffi

2
p

a clearly
indicates that a spontaneous transformation to an orthorhombic
symmetry has occurred. The observed anisotropy of the lattice
deformation during cooling is attributed to the disparity in boundary
conditions and lattice dimensions along different axes. The long-
itudinal lattice boundary interacts with a surface-alignment layer on
the glass window, and the thickness is only ~12μm (equivalent to
30–40 unit cells). By contrast, the lateral dimensions of the crystal and
constituent DTCs reach centimeters, significantly larger than the
longitudinal dimension. The lateral crystal deformation due to cooling

is countered by the elastic restoring force exerted by a vast number of
unit cells. Notably, the anisotropy of the cooling-induced lattice
deformation has never been observed experimentally before, nor
numerically. Numerical simulations of such behavior require sig-
nificant computational power due to the large system size (at least
104× 104× 30 unit cells) needed to capture the field-induced dynamics
of a BPI lattice49,50,52,53.

In stark contrast to Fig. 4a, b shows that the BPI crystals induced
by reverse electrostriction with zero directing field (ED =0 V/μm)
exhibit nearly constant lattice parameter ratios across temperatures,
preserving the cubic symmetry. The calculated c:a and b:a ratios are all
~1.4, consistent with the expected

ffiffiffi

2
p

ratio of a BCC lattice. Interest-
ingly, despite similar ratios, the actual valuesofa,b, and c increasewith
decreasing temperature. This increase likely originates from a reduced
twisting power of the chiral agent in the BPLC mixture at lower
temperatures.

As described earlier, besides the cubic symmetry (ED = 0),
orthorhombic (ED≲ 3 V/μm) and tetragonal (ED ≈ 3–5.6 V/μm) single
crystals can also be formed by REDA. Figure 4c shows the dependence
of lattice parameters on the directing field strength. While b and c
gradually deviate from each other with increasing ED, a and b become
closer and converge to almost the same value at ED ≈ 3 V/μm, where a
transition from orthorhombic to tetragonal symmetry occurs [circles
and dashed lines in Fig. 4c]. Upon cooling, anisotropic lattice defor-
mation also occurs in all the low-symmetry single crystals formed at
different ED [diamonds and solid lines in Fig. 4c]. For ED≲ 3 V/μm and
ED ≳ 4 V/μm, the crystal symmetry (orthorhombic or tetragonal)
remains the same, but the lattice parameter ratio (a:b:c) has changed;
in general, c is elongated, while both a and b contracted (see Fig. 4d for
the Kossel diagrams and optical micrographs corresponding to
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different ED). For crystals formed between ED ≈ 3 and 4 V/μm, the tet-
ragonal crystal has transformed into a new symmetry—monoclinic (see
the next section for detailed discussion).

Monoclinic symmetry
For directing field strengths ED between ~3 and ~4 V/μm, we observe
dramatic changes in both the Kossel diagram and crystal texture upon
cooling. As depicted in Fig. 4d, the Kossel diagram of a tetragonal
crystal formed at the high temperature end of BPI range shows four
arcs (part of Kossel rings in the field of view) arranged in a four-fold
symmetry. Figure 5a shows thatmore arcs appear in the diagram upon
cooling. Meanwhile, the crystal texture turns from uniform to cross-
hatched [Fig. 4d(iii) photo vs. Fig. 5b]. Both are signs of crystal twin-
ning. (It is important to distinguish the twinning observed here, which
originates from cooling of a tetragonal single crystal, from the twin-
ning inducedbymartensitic transformation froma simple-cubic lattice
of BPII to a BCC lattice of BPI reported elsewhere48,54–57.) The tetragonal
single crystal has fractured into many twinned crystals (i.e., pairs of
single crystals with different orientations), evident as striations
(alternating bright and dark bands) observed under a polarizing opti-
cal microscope [Fig. 5b]. In Fig. 5a(i), the six-arc-like Kossel pattern
come from, in fact, two sets of four Kossel rings [Fig. 5a(ii) and 5a(iii)],
and two of the four arcs in one set are spatially overlapped with two of
the four arcs in the other set (rings ② and ⑤).

Let’s first focus on one set of the Kossel rings, corresponding to
one of the twins [Fig. 5a(ii) or 5a(iii)]. One may notice that the four-arc
pattern of either twin shows two-fold symmetry but is distorted from
that of a typicalorthorhombic crystal [cf. Fig. 4d(ii)]. This indicates that
the lattice is not rectangular in the lateral dimensions. We retrieve the

lateral crystallographic axes (the a and b axes) from the Kossel dia-
gram and find that the angle between the two axes is no longer 90°, as
schematically depicted in Fig. 5c (note that the angle is not to scale for
schematic purpose). Thus, a skew angle β is defined as the com-
plementary angle to the angle formed between the a and b axes.
Having a nonzero skew angle is characteristic of a monoclinic crystal
structure, which has not been observed in BPLCs before. The forma-
tion of the twinnedmonoclinic crystal can be attributed to the inability
of a single tetragonal crystal to sustain the anisotropic lattice defor-
mation during cooling; that is, the strong shear elastic force causes the
single tetragonal crystal to break into pairs of monoclinic crystals.
Comparing the Kossel diagram of the parent tetragonal crystal to that
of the monoclinic twinned crystals [Fig. 4d(iii) vs. 5a(i)], the upper left
and lower right rings of the parent [Fig. 4d(iii)] break into rings①,⑥ and
rings ③,④ of the twins, respectively [Fig. 5a(i)]. As further illustrated in
Fig. 5c, the twinned crystals have skew angles of equal magnitude but
opposite signs.

Quantitative measurements of the ED-dependent lattice para-
meters and skew angle are shown in Figs. 4c and 5d. Figure 4c reveals
that, upon transition from the tetragonal state, a ≈ b ≈ 280 nm, into
the monoclinic state, a decreases to ~240nm, while b increases
to ~320 nm. Although the values of a and b in the monoclinic state
(3 V/μm≲ ED≲ 4 V/μm) are close to those measured in the orthor-
hombic state (ED≲ 3 V/μm), the skew angle β clearly distinguishes
the monoclinic crystal from orthorhombic (and tetragonal) crystals.
Figure 5d shows that, below ~3 V/μm and above ~4 V/μm, the skew
angle β =0° as the BPLC is either in the monocrystalline orthorhombic
state or in the monocrystalline tetragonal state. Above ~3 V/μm, β first
rises with increasing ED to 2.5° at 3.3 V/μm and then drops to zero at
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~4 V/μm. To exclude the possibility of other crystal systems (such as
triclinic), we perform a more rigorous fitting analysis. This approach
treats the angles between all three basis vectors (a, b, and c) as inde-
pendentfitting parameters.Details regarding thefitting process canbe
found in Supplementary Note 2. The resulting fitted values (green
squares with error bars in Fig. 5d) are in good agreement with our
initial characterization of the crystals. It is worth noting again that
these twinned monoclinic crystals are stable after field removal.

Large-area photonic crystals covering full visible spectrum
The REDA technique is employed to fabricate monocrystalline BPLCs
with different Bragg reflection bands across the visible spectrum. Such
spectral tuning of the Bragg reflection is achieved by varying the
material chirality (i.e., changing the concentration of the chiral
dopant). Initially, all three BPLC samples exhibit polycrystalline
structures, as shown in Fig. 6a. Subsequently, the application of REDA
results in the rapid formation of large-area monocrystalline BPLC as
depicted in Fig. 6b; each sample has an approximate size of ~1 cm2. The
observed sharp reflection bands with narrow bandwidth shown in
Fig. 6c serve as clear indicator of the high-quality crystal structure
achieved. Importantly, this technique circumvents limitations on
sample size, as the resulting monocrystalline BPLC dimensions are
determined by the size of the uniform electric field area. Using dif-
ferent directing field strengths (ED) in REDA allows for further control
over the photonic bandgap by transforming the crystalline symmetry
and the corresponding reflection spectra, as shown in Fig. 6d. These
reflection bands do not shift and remain narrow after field removal,
confirming the high stability of the single crystals.

Discussion
Our systematic study of BPLC lattice transformation under an applied
electric field has revealed new findings and valuable insights into the
dynamic evolution and reconfiguration of BPLCs into diverse photonic
crystal structures. The conventional approaches of temperature-
induced crystal growth with post-crystallization field treatments suf-
fer from long processing time (hours), high defect density, and/or
limited crystal symmetries. In great contrast, the reverse electrostric-
tion approach (REDA), starting from a highly ordered phase with uni-
directionally aligned director axes, allows for rapid formation of large

single crystals with cubic, orthorhombic, or tetragonal symmetry, in
10–20min. Through further temperature tuning (while maintaining
the applied field used in REDA), we have unveiled two intriguing
phenomena: anisotropic lattice deformation (which provides another
means to control over lattice parameters) and the emergence of pre-
viously unseen monoclinic crystal structures. Our technique success-
fully realizes stable, large-area, monocrystalline BPLCs with diverse
crystalline symmetries and photonic bandgaps spanning the entire
visible spectrum, opening the door to a wider range of optical and
photonic applications.

This expanded diversity of monocrystalline lattice structures
unlocks exciting potential for soft matter-based photonic crystals. The
capability of tailoring a BPLC’s lattice structure allows one to control
the Bragg reflections and dispersion properties. Together with the
intrinsic nonlinear optical properties of liquid crystals, it is possible to
achieve ultrafast pulse compression, modulation, and optical
switching58,59. Moreover, BPLC’s chirality enables manipulation of cir-
cularly polarized light via circular dichroism and optical activity60,61,
offering promising possibilities in chiral sensors, lasers, and quantum
optics.

Methods
Materials
In Figs. 2–5, and S1, the BPLCs with green reflection consist of 55.5wt%
HTW114200-050, 36.5wt% R811 (with a helical twisting power of
~11μm–1), 4.0wt% RM257 (all from HCCH), and 4.0wt% 2-ethylhexyl
acrylate (EHA, from Sigma-Aldrich). The mixture showed a phase
sequence of ISO(~35.6 °C)–BPII(~31.7 °C)–BPI(~27.2 °C)–N* (ISO: iso-
tropic liquid phase, N*: cholesteric phase). In Fig. 6, the BPLC with
orange reflection consists of 58.0wt%HTW114200-050, 34.0wt%R811,
4.0wt% RM257, and 4.0wt% EHA, showing a phase sequence of
ISO(~41.7 °C)–BPII(~41.4 °C)–BPI(~36.0 °C)–N*. The BPLC with blue
reflection consists of 48.8wt% HTW114200-050, 43.2 wt% R811,
4.0wt% RM257, and 4.0wt% EHA, showing a BPII–BPI phase transition
at ~25 °C and the transition temperature to N* below 20.0 °C.

Cell assembly
BPLCs are enclosed in glass cells comprising two rectangular indium-
tin-oxide (ITO) glass windows separated by polymer microspheres of
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monoclinic crystal. Contrast and brightness of the grayscale micrograph in the
inset are adjusted to show the striated texture due to crystal twinning. Surface-

alignment (rubbing) direction is from left to right (a, b). c Schematic depicting
the unit-cell orientations of monoclinic twins on opposite sides of twin boundary
(dashed line), and definition of skew angle β. d Skew angle β of monoclinic BPLC
as a function of the directing field strength (ED) during REDA. At ED between ~3
and ~4 V/μm2, monoclinic crystals (β ≠0) can be formed through direct cooling
from a tetragonal single crystal. Purple diamonds represent fits with a, b, and β as
free parameters. Green open circles represent a more rigorous analysis where the
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fitting parameters, α, ζ, γ (= 90° − β) (details in Supplementary Note 2). Error bars
represent the standard deviation.
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12 μm in diameter. Before cell assembly, the ITO side of each glass
window is treated with a surface-alignment layer for orienting the
liquid crystal molecules at the interface. Two methods are employed
in this study. For samples used in Figs. 2, 3, 4c, d, 5, 6, and S3–S5, the
windows are coated with a thin (~100 nm) film of polyvinyl alcohol.
This film is then rubbed with a velvet-covered drum to create an in-
plane easy axis that guides the liquid crystal molecules to align along
the rubbing direction. For samples used in Figs. 4a, b and S1, the
windows are coated with a thin layer of diazo dye brilliant yellow and
then exposed to a linearly polarized, continuous-wave laser beam at a
wavelength of 457 nm and an intensity of 110mW/cm2. The laser light
aligns the dye molecules perpendicular to its polarization. The
aligned dye guides the liquid crystal molecules to adopt a similar
orientation at the interface. To assemble the cell, polymer micro-
spheres are deposited near the edges of one window (on the ITO
side). Then, we cover this window with another one, positioning its
ITO side inward. The two glass windows are shifted by a few milli-
meters to facilitate wiring out the electrodes, and the edges of the
cell without exposed electrodes are sealed with epoxy adhesive.
Next, BPLCs are heated to the isotropic liquid phase and introduced
into the glass cells through capillary action. Finally, the entire cell is
sealed using epoxy adhesive for complete closure. The ITO electro-
des of the BPLC cells are extended using copper tapes for connection
to the voltage source.

Optical characterization
The optical micrographs are captured using a polarized optical
microscope Eclipse LV100 POL (from Nikon) equipped with a camera
DS-Fi1 (from Nikon). The white light source is a halogen light bulb
(64610 HLX, from Osram). The reflection spectra are obtained by
replacing the camera with a spectrometer (USB4000+, from Ocean
Optics). To capture Kossel diagrams, we use the same polarized
optical microscope with a Bertrand lens in the optical path and a
5-nm bandpass filter at 405 nm (see Supplementary Note 2 for more
details).

Data availability
Data are available at https://doi.org/10.5281/zenodo.1279210862.

Code availability
Codes are available at https://doi.org/10.5281/zenodo.1279230163.
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