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Skyrmions are topologically protected, vortexlike formations of a field that cannot be removed by any
smooth transformation and emerge in a range of fundamentally different, either quantum or classical
systems, from spin textures to chiral ferromagnets and chiral complex fluids. Notably, they are generally
observed in thin ordered or disordered quasi-2D layers, but little is known about their three-dimensional
structuring and organization, including structural transitions from 2D to 3D. Here, we show experimentally
and numerically that the blue phase (BP) III of a chiral liquid crystal is a 3D fluid of chiral skyrmion
filaments of the nematic orientational field, entangled with a 3D network of topological defect lines. It is an
effective 3D dynamic fluid determined by the thermal fluctuations of two distinct branches of excitations:
rapid internal fluctuations of the skyrmion structure and a slow collective motion of the skyrmion filaments.
When confined to less than an approximately 150-nm layer, the 3D bulk skyrmion fluid transforms into a
different effectively 2D liquid of half-skyrmions, with the dynamics of the skyrmion liquid slowing down
by an order of magnitude and with the individual skyrmions lingering, and even disappearing into, and
reappearing from the homogeneous liquid crystal. The thickness-temperature phase diagram actually
shows that both the BPIII and BPI phases are made of skyrmions, which when confined to less than
approximately 150 nm cells transform equally into a 2D half-skyrmion liquid. The temperature range of
this 2D half-skyrmion liquid is much broader than the temperature interval of BP phases, which makes BP
materials interesting for broad-temperature-range skyrmionic applications. We envisage a soft matter
skyrmionic device, in which skyrmions are created and detected by light.
DOI: 10.1103/PhysRevX.12.011003

Subject Areas: Soft Matter

I. INTRODUCTION
Originally proposed to describe the stability of the
constituents of elementary particles [1], skyrmions are
vortexlike formations of a field appearing in a number of
different systems [2]. They can be observed as particlelike configurations of the velocity field in a superfluid
He3 -A phase [3], as 2D spin textures in the quantum
Hall effect [4] and spinor Bose-Einstein [5] condensates
(BECs). In solid state, quasi-two-dimensional skyrmions
are vortexlike configurations of the magnetization vector
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field in chiral ferromagnets [6,7] or magnetic whirls with
a ferroelectric polarization [8]. Skyrmions are topologically protected structures, which means that they cannot
be transformed into another texture without breaking
or melting the field. Topological protection, therefore,
implies an energy barrier, which needs to be overcome to
remove the skyrmions, and this makes them interesting
for application in information storage and processing.
Because of their small, nanometric size, compactness, and
extremely high resonant frequencies, magnetic skyrmions
could provide new route to high-density memory devices.
Skyrmions are abundant in chiral liquid crystals
(CLCs), where the chirality of the constituent molecules
is responsible for spontaneous solitonic deformations
of the tensorial orientational field of chiral nematic liquid
crystals [9–11]. The symmetry of the liquid medium allows
for a free-energy contribution that is proportional to
n · ð∇ × nÞ, where n is the director field describing local
orientation of LC molecules. This term is identical to the
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FIG. 1. Full, half-, and quarter-skyrmions in 2D and skyrmion filaments in 3D. (a) 2D vector field structure of a full skyrmion with
topological charge q ¼ 1. The sphere on the right-hand side shows the corresponding vector field mapping on a sphere. The vector field
of a full skyrmion (left) assumes every possible orientation in 3D only once, as shown on the sphere. (b) 2D vector field of a halfskyrmion, also named meron, with fractional topological charge of q ¼ 1=2. The vector field of such a skyrmion assumes one-half of
possible orientations in 3D space, as shown on the right-hand sphere. (c) 2D vector field of a quarter-skyrmion with fractional
topological charge of q ¼ 1=4. (d)–(f) Director field structures nðrÞ of full-, half-, and quarter-skyrmion filaments, respectively. The
local orientation of LC molecules is represented using ellipsoids shaded according to the spatially varying z component, where darker
shades denote higher values of the z component (i.e., along the skyrmion filament). The straight filament shown in (f) is also termed the
double-twist cylinder.

Dzyaloshinsky-Moriya [12,13] interaction term in ferromagnets and Rashba spin-orbit coupling [14] in BECs. It
induces spontaneous twisting of the nematic order parameter field, which self-shapes into various skyrmionic
structures. Skyrmions are indeed observed in nematic
CLCs, either as stable and isolated topological objects
[15], as skyrmionic bags [16], or as assemblies of
hundreds of skyrmions [17]. When skyrmions are elongated into filaments, the double-twist cylinders (DTCs)
are formed, which are proposed to form thermodynamically stable blue phases I and II (BPI and BPII) [18] of
highly chiral LC materials.
Skyrmions are usually characterized by their integer
topological charge q (also called winding or skyrmion
number), describing the number of times the skyrmion
vector field wraps the unit sphere of all possible orientations in 3D space [19]. An elementary 2D skyrmion, also
called full skyrmion, has the topological charge q ¼ 1 and
is shown in Fig. 1(a). In a full skyrmion, the director in a
LC (or magnetization vector in magnets) rotates for an
angle π as we move from the skyrmion center radially
outward. Full skyrmions can be smoothly embedded in 2D
geometry, and no defects are needed to compensate for the
winding inside skyrmions [5,6]. In liquid crystals, stable
full skyrmions are theoretically treated by Bogdanov,
Rößler, and Shestakov [10]. Two-dimensional skyrmions
(also called “baby skyrmions”) and other solitonic structures are observed in confinement-frustrated chiral nematics by Ackerman et al. [15].

A 2D half-skyrmion is characterized by a fractional
number jqj ¼ 1=2, and the radial twist is π=2, as shown in
Fig. 1(b). Half-skyrmions, also named merons [20], cannot
be packed in 2D without additional singularities, and
defects such as −1=2 winding number defect lines are
formed in regions where the fields from neighboring
skyrmions meet and the field is not able to make a smooth
transition in space. Thermodynamically stable halfskyrmions are observed in magnetic materials, where they
form single objects or 2D lattices [21,22]. In chiral LCs,
half-skyrmions are observed in thin layers of BPI LCs,
where they not only form a hexagonal 2D crystal, but also
appear as isolated objects [23].
While full and half-skyrmions are observed in thin layers
of liquid crystals, forming an effectively 2D system, little is
known about the stability of other types of fractional
skyrmions, such as quarter-skyrmions, or even real-number
skyrmions, in 2D and 3D. Quarter-skyrmion filaments with
fractional topological charge jqj ¼ 1=4 [Figs. 1(c) and 1(f)]
are filaments with a cross section that shows a π=4 radial
twist. Alternatively, they are often named DTCs. They are
not stable in 3D but could be stable in 3D cylindrical
confinement. DTCs are proposed by Saupe [24] to form
three-dimensional crystals of blue phases I and II. In BPI
and BPII, the quarter-skyrmion filaments are considered to
be arranged in body-centered and simple cubic lattices,
respectively, which are intertwined with a lattice of topological defect lines with a −1=2 winding. The skyrmion
structure of BPI was recently confirmed by confining the
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BPI material into very thin layers, where the bulk BPI
skyrmion filaments transform into half-skyrmions forming
a hexagonal lattice [23].
The third member of the BP family, also termed the
BPIII phase, was first reported by Stegemeyer and
Bergman [25] and later by Marcus [26]. It is proposed
by Marcus that BPIII is an isotropic melt of DTCs, and this
is supported by the calculations of optical rotatory power
by Collings on a model made of randomly oriented small
BPII domains [27]. BPIII is a bluish, seemingly featureless,
optically isotropic liquid that is identified as a thermodynamically stable liquid phase in a number of compounds
by calorimetric [28–30], light-scattering [30–33], and
optical measurements [33–35]. It exists in a usually narrow
window of the chirality-temperature phase diagram [36,37],
with a BPIII-isotropic critical point similar to the vapor
liquid critical point identified from calorimetric and optical
data [28,38]. Icosahedral or bond orientational models of
the BPIII phase structure are suggested by various theories
[39–42] but not confirmed experimentally. Mesoscopic
numerical simulations [43,44] predict the structure of
BPIII as an amorphous network of disclination lines
permeated by double-twisted regions, which is in agreement with the proposal by Marcus [26]. Although a range
of evidence is consistent with BPIII as a liquid tangle of
DTCs [45–47], the microscopic structure of BPIII remains
unclear, due to the lack of convincing experimental
evidence. The smallness of DTCs and the strong thermal
fluctuations of BPIII make it impossible to observe the
DTCs in bulk BPIII directly.
Here, we show that the BPIII of a chiral liquid crystal is a
dynamic, 3D liquid phase of skyrmion filaments (i.e.,
double-twist filaments) of the nematic orientational field
nðrÞ, entangled with a 3D network of singular topological
defect lines. The manuscript is organized as follows. In
Sec. II, we present dynamic behavior of 3D skyrmion fluid
from BPIII, giving evidence of slow and fast fluctuations in
bulk BPIII, which is a clear signature of well-formed and
3D-organized skyrmions. Section III describes the experiments where individual skyrmions of BPIII material are
isolated and can be clearly observed, as confined to a cell so
thin that it cannot accommodate but one skyrmion layer.
Section IV describes the experimentally measured dynamics in very thin layers of BPIII, which gives evidence of
long-lived half-skyrmions with lifetimes of the order of
10 s. Landau–de Gennes modeling of skyrmion structures
is described in Sec. V, which, together with optical
simulation of their appearance under an optical microscope,
is in full agreement with experiments, further confirming
that BPIII is a 3D topological liquid of skyrmion filaments.
Discussion on the open theoretical questions which emerge
from our experiments is given in Sec. VI. Finally, we
discuss in Sec. VII possible application of BP skyrmions,
presenting the competing advantages of soft matter skyrmionics over the magnetic skyrmions in solid state.
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FIG. 2. Optical rotation and dynamics of BPIII phase. (a) Temperature dependence of the angle of polarization rotation for a
linearly polarized light passing through a 140-μm-thick cell of the
BPIII mixture. Strong optical activity clearly marks the isotropic
BPIII transition and shows discontinuity at the BPIII-BPI
transition. (b) Spectrum of order-parameter fluctuations across
the isotropic-BPIII-BPI phase transition in 50-μm-thick BPIII LC
measured by DLS. The zero of the ORP and DLS temperature
scales is set to the isotropic BPIII and is determined by calibrating
ORP and DLS setups using isotropic-nematic transition of 5CB.

II. DYNAMIC BEHAVIOR OF BULK 3D
SKYRMION FLUID
The experiments are performed in a BPIII LC mixture,
which upon cooling exhibits a continuous transition from
the isotropic phase to the BPIII at approximately 29 °C, a
first-order phase transition into the BPI at approximately
27.9 °C, and another first-order transition to the cholesteric
phase at approximately 25.5 °C (see the Appendix A for
details). The temperatures of these phase transitions are
most conveniently determined from the measured temperature dependence of the optical rotatory power (ORP) in a
140-μm-thick sample, as presented in Fig. 2(a) (for details
see Appendix B). There is a clear and continuous onset of
the ORP at the isotropic-BPIII phase transition, indicating
the second-order, i.e., continuous, nature of this transition.
In addition, there is no BPII phase between BPI and
BPIII in our BPIII mixture, which indicates that the
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BPIII-isotropic phase transition is close to the critical point
or in the supercritical region of chirality-temperature phase
diagram [30,32,35,38].
In the region of BPIII, very strong fluctuations can be
observed in a thick LC sample under an optical microscope
(see Supplemental Video 1 [48]). These fluctuations are so
slow that they can easily be seen by the bare eye. The
intensity of these fluctuations gradually increases throughout the isotropic-BPIII transition, in agreement with continuous onset of the ORP in Fig. 2(a).
To analyze the spectrum of fluctuations in the BPIII
phase, we use the dynamic light scattering (DLS) technique
and measure the photon autocorrelation function of the
light, scattered from BPIII mixture, placed in a small
rectangular glass capillary. We use a backscattering geometry with a relatively large scattering wave vector. The
incoming light is right-handed circularly (RHC) polarized,
and we detect only RHC-polarized scattered light as well.
More details about the experimental setup, measuring
protocols, and autocorrelation function analysis is presented in Appendix B.
Temperature dependence of the relaxation rates of the
fluctuation modes visible in this RHC-RHC scattering
geometry is shown in Fig. 2(b). In the isotropic phase,
there is a single fluctuation mode, whereas, in the BPIII
phase, another, slow mode is observed. The temperature at
which this second slow mode appears coincides well with
the isotropic-BPIII transition as observed in the ORP data;
see Figs. 2(a) and 2(b). Both modes are slowing down when
cooling through the BPIII phase, until the BPI is reached,
where they remain practically constant with subsequent
cooling (see Supplemental Video 6 [48] of the BPI-BPIII
phase transition). The frequency of the slower mode is
around 100 Hz at the isotropic-BPIII transition and lowers
to tens of hertz in the BPIII, which makes these lowfrequency fluctuations visible with the bare eye. The
amplitude of the slow mode is very small at the isotropic-BPIII transition and gradually increases by lowering
the temperature. At the BPIII-BPI phase transition temperature, the slow and fast modes are of equal amplitude.
Throughout the BPIII, there is a nearly one-order-ofmagnitude difference in the relaxation rates of the two
modes, which makes the two-exponential fit of the measured autocorrelation functions of the scattered light
intensity very reliable.
The two relaxation modes in BPIII are a rather striking
observation. Although the importance of fluctuations for
the stability of BPIII is stressed and taken into account in
the theory [49], there is insufficient analysis of the spectrum
of BPIII fluctuations in previous DLS studies [31,50–52].
The observation of two fluctuating modes in the BPIII
phase is consistent with the picture of fluctuating liquid
skyrmion filaments, as shown in Fig. 3: In the BPIII phase,
the skyrmion filaments form a dynamic and strongly
fluctuating liquid, which is completely disordered in terms

FIG. 3. Graphic illustration of fast and slow fluctuation modes
in the BPIII phase. The slow mode represents positional and
contour fluctuations of skyrmion filaments as a whole. The fast
BPIII mode represents elastic deformation of the internal director
structure of the filaments. This picture is to be considered as a
conjecture only.

of shape and orientation. The slow mode corresponds to
fluctuations of the position and shape of the skyrmion
filaments, coupled to the disclination network, whereas the
fast mode corresponds to twistlike structural fluctuations of
the skyrmion filaments [32,33]. In such a case, the two
relaxation modes should be observable in the thinnest
layers of BPIII, where there is no place to accommodate
more than a single layer of skyrmions.
In addition to ORP and DLS measurements on bulk
BPIII samples, we measure the reflectivity of the BPIII in a
broad temperature range to determine the lattice constant of
BPI and the helical pitch of the cholesteric phase (details
are in Appendix A). Figure 4(a) shows a photo of the bulk
BPIII mixture taken in reflection from a glass capillary that
is placed in a larger temperature gradient to observe all the
phases of this BPIII mixture in the same photo. The BPIII
phase appears as a deep-blue-colored, textureless liquid,
which is well known from many experiments. There is no
interface between the isotropic and BPIII phases in this
photograph, indicating the continuous nature of the isotropic-BPIII transition. However, there is a clear interface
between the BPIII and BPI phases, which is followed by a
development of blue and green platelets in the lowertemperature region of BPI. The regular geometric shape of
BPI platelets and their vivid color clearly indicate the
crystalline nature of BPI, while the foggy blue appearance
of BPIII indicates disordered, i.e., liquid, nature of BPIII.
We measure the temperature dependence of the spectrum
of white light reflected from a thick sample (approximately
20 μm) of BPIII mixture sandwiched between two glass
slides, which is shown in Fig. 4(b). The BPIII is found in a
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FIG. 4. Reflectivity and appearance of blue phase III of chiral liquid crystals. (a) Photograph of BPIII LC in a capillary with a large
temperature gradient, from T ∼ 27 °C at the bottom to T ∼ 30 °C at the top. The scale bar indicates 10 μm. (b) Spectrum of white light
reflected from a 20-μm-thick layer of BPIII (see Appendix B). Note the continuous increase of the broad reflectivity spectrum of BPIII
as it approaches the BPI. The Bragg reflection band in the BPI indicates long-range crystalline order with a lattice constant of
approximately 215 nm. (c) Photograph of BPIII taken in the reflection of green light from an approximately 1-μm-thick cell. The dark
spots are caused by the arrangement of skyrmion filaments near the surface. The scale bar indicates 1 μm. The inset is an average FFT of
many BPIII images, showing an intensity ring centered at approximately 25 μm−1, which corresponds to an approximately 250-nm
separation between the dark spots. The scale bar indicates 10 μm−1 .

narrow temperature region (approximately 1.8 K) between
the isotropic and BPI phases and is characterized by a faint
but clearly detectable broad reflection band below approximately 550 nm. In the crystalline BPI phase, the crystallike Bragg reflection peak is observed at a wavelength of
approximately 470 nm at the BPIII → BPI transition,
which is gradually redshifted to approximately 490 nm
at the BPI to cholesteric transition.
A microphotograph of the BPIII phase taken at a short
exposure time in an approximately 1-μm-thin cell is shown
in Fig. 4(c). Although the BPIII is a strongly fluctuating
phase, the short exposure time allows one to clearly see an
amorphous, grainy structure of dark dots. After a Fourier
transform of the image, a 2D structure factor in the form of
a ring is revealed, as shown in the inset in Fig. 4(c).
The maximum of the observable white ring in the inset in
Fig. 4(c) is at approximately 25 μm−1, which corresponds
to an average distance of approximately 250 nm between
the dark dots in Fig. 4(c). This average distance is well
above the diffraction limit of our microscope, which is at
approximately 190 nm and denotes the minimum detectable size of the objects on microscope images. The
diffraction limit of the microscope is determined from
the outer edge of the ring at approximately 33 μm−1 in the
inset in Fig. 4(c).

When the BPIII sample is observed in the reflection
mode, the local optical contrast originates from the variation of the director in the focal plane of the microscope, and
the optical contrast is strongest when the microscope is
focused to a plane near the glass surface. The reason for this
contrast is as follows. LC molecules are birefringent, with
ordinary (no ∼ 1.5) and extraordinary (ne ∼ 1.6–1.7)
refractive indices. The spatial variation of the director
translates into the varying refractive index mismatch
between the birefringent sample and glass (nglass ∼ 1.52).
The local structure reflects less light (i.e., appears darker)
when molecules are oriented perpendicularly to the glass
plates, because the light experiences the ordinary index of
refraction no ∼ 1.5, which is close to the refractive index of
glass. On the other hand, the structure appears brighter in
reflection, when the molecules are parallel to the glass
surface and there is large refractive index mismatch
between the extraordinary index of the LC and glass.
This leads to a conjecture that the dark spots are halfskyrmionic director profiles forming close to the surface. In
the center of the half-skyrmion, the LC molecules are
oriented perpendicularly to the glass, reflecting less light
due to better index matching with the glass. As we show in
numerical simulations in Fig. 10(e), the half-skyrmionic
profiles are indeed formed near the surfaces and are wedged

011003-5

J. PIŠLJAR et al.

PHYS. REV. X 12, 011003 (2022)

between five to seven disclinations that attach perpendicularly to the surface in both thin and thicker BPIII.
By taking images focused to different distances from the
glass-LC interface, the dark spots are indeed best resolved
in a reflection, when the focal plane of the microscope is at
the glass-BPIII interface. This is in agreement with our
picture of DTCs emerging from the glass surface into the
bulk BPIII. We also find that the optical contrast of the
image is highest when illuminated with RHC-polarized
light, matching the right-handedness of the chiral dopant
CB15. This indicates that the image is formed of light
reflected from chiral objects, which are of the same
chirality as the handedness of the illumination light.
The dark spots shown in Fig. 4(c) appear in all the highresolution images of BPIII. Their optical contrast increases
as we cool the mixture through the BPIII phase from the
isotropic phase. Close to the BPI-BPIII transition, the dark
spots are visibly fluctuating—it looks as if the spots are
created and then, in the next moment, disappear, suggesting
a very dynamic BPIII phase; see Supplemental Video
1 [48]. This is clear confirmation that the slow fluctuating
mode observed in DLS experiments in the BPIII phase
indeed corresponds to fluctuations of the DTCs.
III. SKYRMION PHASES IN ULTRATHIN LAYERS
OF BPIII LIQUID CRYSTAL
It is practically impossible to study the structure of these
dark spots, which turn out to be the surface end points of
skyrmion filaments in thin layers, in several-micron-thick
BPIII samples. The structure is very dynamic and fluctuating, and the optical contrast is quite low to moderate. To
reveal the true nature of the dark spots in BPIII, we focus
our investigations to the BPIII mixture confined to very thin
layers, i.e., down to the layer thickness of approximately
50 nm. The reasoning is as follows. If the constituents of
the BPIII are the DTCs (or skyrmion filaments), they
should transform into isolated, stable, and well-resolved
skyrmions or DTCs in very thin layers. In general, confinement of the BP phases to layers with thickness comparable
to the size of its basic constituents should reveal their form.
To this aim, we measure the thickness-temperature ðd; TÞ
phase diagram of our BPIII mixture in wedge cells with
variable thickness from approximately 30 to approximately
500 nm with degenerate planar anchoring. We measure
local thickness of the cell at predetermined positions, which
makes it possible to know the thickness at the selected
position across the cell. The temperature of the cell is
controlled and measured to better than 2 mK. The
structure at a given thickness and temperature is identified
by direct observation using the diffraction-limited optical
microscope in reflection.
Figures 5(a)–5(d) are photographs of typical structures,
observed at different thicknesses and temperatures of the
BPIII mixture, whereas the resulting ðd; TÞ phase diagram
is presented in Fig. 5(e). The dark spots in Fig. 5(a), taken

at a thickness of the cell of only approximately 80 nm, look
exactly the same as in our previous study of BPI [23] and
could immediately be recognized as the centers of isolated
half-skyrmions.
We can clearly distinguish four different phases of
skyrmion. (i) Isolated half-skyrmions are stable at d <
80 nm and are shown in Fig. 5(a). This phase of diluted
skyrmions (i.e., the gas phase) is observed in very thin parts
of the sample and at rather low temperatures. (ii) At slightly
thicker samples 80 nm < d < 150 nm, a dense phase of
half-skyrmions is observed and is shown in Fig. 5(b). It is
the liquidlike phase of half-skyrmions that is always
positionally disordered, and we never observe a hexagonal
half-skyrmion lattice in this particular BPIII mixture.
(iii) At thickness d > 150 nm, a bulk BPIII phase is
observed and is shown in Fig. 5(c). (iv) The crystalline
BPI phase is observed in the same range of thickness as the
BPIII phase, i.e., d > 150 nm, and is shown in Fig. 5(d).
There is a first-order phase transition line between the BPIII
and BPI phases, terminating around the critical thickness of
approximately 150 nm, indicated by the blue continuous
line in Fig. 5(e).
Each black cross in the ðd; TÞ phase diagram in Fig. 5(e)
represents an image taken. There are several interesting
features of this phase diagram. First, the blue line is a BPIIIBPI phase boundary that is of first order at large thicknesses. Most importantly, this line ends in a critical point at
the critical thickness of approximately 150 nm, where both
BPIII and BPI phases equally transform into the phase of
dense half-skyrmions. Second, the red line is a first-order
phase boundary between the BPI and the cholesteric phase
that ends in another triple point, where the BPI, skyrmion,
and cholesteric phases coexist. Finally, below the thickness
denoted by the thin dotted line at approximately 50 nm, no
structures can be observed. This indicates the region of
completely unwound chiral nematic phase, and no skyrmions are stable below this thickness.
The ðd; TÞ phase diagram of BPIII mixture reveals that
skyrmions are the basic building blocks of both BPIII and
BPI phases in this material. BPIII and BPI are observed in
thicker parts of the sample, down to the critical thickness of
approximately 150 nm, where the skyrmion structures
make a crossover from 3D to 2D [dashed vertical line in
Fig. 5(e)]. By comparing the images in Figs. 5(a)–5(c) and
the phase diagram in Fig. 5(e), we see convincing evidence
that the basic constituents of both the BPIII and BPI phases
are skyrmion filaments and that the BPIII is a disordered,
dense phase of skyrmion filaments.
While dark spots on microscope images are identified as
skyrmions, the question is why −1=2 disclinations are not
visible in any of the images taken in either bulk or very thin
layers of BPIII. For example, individual skyrmions are well
seen in Fig. 5(a), but there is no evidence of two −1=2
disclination lines, which compensate the winding of the
skyrmion. This question is already discussed and answered
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FIG. 5. Skyrmion phases in thin layers of a BPIII LC. (a) Isolated half-skyrmions are observed as approximately 120-nm-diameter
dark spots at temperatures well below the BPIII phase for thicknesses less than approximately 80 nm. The dark spots are the centers of
half-skyrmions; the size of the spots is determined by the diffraction limit of the microscope. (b) A dense and disordered phase of halfskyrmions is observed in the thickness range approximately 80 to approximately 150 nm. (c) BPIII is a stable phase above the critical
thickness of approximately 150 nm. (d) BPI is also stable above the critical thickness of 150 nm. (e) The thickness-temperature ðd; TÞ
phase diagram, as determined by heating the LC. Each black cross represents an image taken; the structures are identified from the
images. Below the thickness denoted by the dotted line, no structures are observed. The blue line is a BPIII-BPI phase boundary that is of
first order at large thicknesses. The red line is a first-order phase boundary between the BPI and the cholesteric phase that ends in a triple
point, where the BPI, skyrmion, and cholesteric phases coexist. The lines a-D1 , b-D2 , and D3 -D4 represent the temperature scans in
Figs. 6(a)–6(c). Scale bars in (a)–(d) indicate 500 nm. Images of different skyrmion phases in (a)–(d) are taken at a-d positions marked
on the phase diagram in (e).

in our previous work on half-skyrmions in very thin layers
of BPI chiral liquid crystal [23]. It is shown that the two
accompanying −1=2 disclination lines become visible
when we observe skyrmions in BP material with a longer
helical pitch. The two −1=2 disclination lines then appear
as tiny dark spots, with the scattering cross section an order
of magnitude smaller than the skyrmion itself. In shortpitch material, such as our BPIII, these tiny dark spots are
too close to the dark image of the skyrmion and cannot be
resolved due to diffraction of illuminating light.
IV. PHASE TRANSITIONS AND SKYRMION
DYNAMICS IN ULTRATHIN BPIII LIQUID
CRYSTAL
The two relaxation modes in bulk BPIII, as seen in the
DLS experiments [Fig. 2(b)] are consistent with the picture
of fluctuating liquid skyrmion filaments: In the BPIII phase,
the skyrmion filaments form a dynamic and strongly
fluctuating liquid, which is completely disordered in terms
of shape and orientation of DTCs. The slow mode corresponds to fluctuations of the position and shape of the
skyrmion filaments, coupled to the disclination network,
whereas the fast mode corresponds to twistlike structural
fluctuations of the skyrmion filaments themselves [33]. This

leads to the conclusion that the two relaxation modes should
be observable in the thinnest layers of BPIII, where there is
no place to accommodate more than a single layer of
skyrmions. If so, the slow relaxation mode is a clear
signature of skyrmions in the ðd; TÞ phase diagram.
When observed under an optical microscope, the dense
phase of half-skyrmions below the thickness of 150 nm
appears mostly static at lower temperatures (see
Supplemental Video 2 [48]). By increasing the temperature,
we can see stronger fluctuations in the positions of the
individual half-skyrmions just below the isotropic phase (see
Supplemental Video 3 [48]): Sometimes two half-skyrmions
merge into one, and sometimes a half-skyrmion disappears
and reappears from the homogeneous LC. Interestingly,
there are still some thermal fluctuations in the region of
individual and isolated skyrmions at very small thickness,
< 80 nm (see Supplemental Video 4 [48]). When the
temperature is increased, the density of skyrmions increases,
and they finally melt continuously into the isotropic phase,
never showing any coexistence of the isotropic and BPIII
phases (see Supplemental Video 5 [48]). The isotropic-BPIII
transition is, therefore, continuous down to the minimum
measurable thickness of approximately 50 nm.
To shed more light on the nature of the phase boundaries
between the different skyrmion phases in the ðd; TÞ phase
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FIG. 6. Skyrmion dynamics in thin BPIII layers. (a) Temperature dependence of the relaxation rates of the fast and slow
relaxation modes in approximately 80-nm-thin layers of BPIII,
measured along line aD1 in Fig. 5(e). (b) Temperature dependence of relaxation rates in approximately 110-nm-thin layers of
BPIII, measured along line bD2 in Fig. 5(e). (c) Temperature
dependence of relaxation rates in approximately 500-nm layers of
BPIII, taken along the line D3 D4 in Fig. 5(e). The isotropic phase
continuously evolves into BPIII, followed by BPI. The zero of the
relative temperatures in (a)–(c) is determined by extrapolating the
softening-mode frequency near the isotropic phase to zero.

diagram in Fig. 5(e), we explore the temperature and
thickness dependence of the nematic order-parameter
(OP) dynamics using cross-differential dynamic microscopy (cDDM; for details of the method, see Appendix B) in
very thin layers of the sample and comparing it to the OP
dynamics in bulk BPIII, obtained by DLS (Fig. 2).
In cDDM imaging, one seeks for the correlation of image
details with variable time delay between the two images
taken. Slow changes in the subsequent images result in
longer correlation times, whereas fast changes result in
shorter measured correlation times. We perform cDDM
experiments using RHC-polarized light in wedge samples
with regions as thin as 80 nm and in the temperature interval
ΔT ∼ 3 °C around the isotropic-to-BPIII phase transition in

FIG. 7. Order-parameter dynamics in skyrmion phases of BPIII
mixture measured by cDDM autocorrelation. (a) The dense
skyrmionic phase at T ¼ −1.3 K shows a slow relaxation “tail,”
indicating the presence of static objects. (b) Just below the
isotropic phase at T ¼ −0.1 K, the slow tail in the autocorrelation
functions is still observed, indicating two-mode dynamics. (c) A
single relaxation mode is observed for all thicknesses in the
isotropic phase at T ¼ 0.3 K.

the bulk. Similar to the DLS, where DTC fluctuations are
strongest in the RHC-RHC scattering geometry for this RH
chiral LC, changes in (chiral) skyrmion images are best seen
when RHC polarization is used for illumination. The results
are shown in Figs. 6(a)–6(c). For all the measured thicknesses from 80 to 500 nm, we observe two fluctuating
modes. Whereas the dynamics in the approximately
500-nm-thin layer of BPIII [Fig. 6(c)] is still like the
dynamics in the bulk [Fig. 2(b)], there is a substantial
change in the dynamics of the slow mode below the
crossover thickness of approximately 150 nm. At a thickness
of 110 nm [Fig. 6(b)], the fluctuating rates of the slow mode
drop from approximately 20 Hz in the BPIII [red squares in
Fig. 6(c)] to 0.1 Hz [red squares in Figs. 6(a) and 6(b)].
This dramatic slowing of the skyrmion dynamics below
the critical thickness of 150 nm is clear from the measured
cDDM autocorrelation functions in Figs. 7(a) and 7(b). They
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FIG. 8. Numerical simulations of bulk BPIII. (a) Bulk BPIII is a topological fluid of skyrmionic filaments (shown in blue; see
Appendix C), enmeshed with a 3D network of −1=2 chiral singular lines (shown in yellow). (b) Separate view of −1=2 disclination
network with S ¼ 0.14 [continuing from (a)]. (c) Cross section of a defect line in (b); the singular core is in yellow. (d) Skyrmion
filaments [continuing from (a)] are not branched; some of them start or end at a defect line. (e) Quarter-skyrmion radial profile of a DTC
in (a). Scale bars represent 50 nm.

all obtain a long tail, which vanishes in the isotropic phase in
Fig. 7(c). This tail is a clear indication of the long-lived
objects, also seen on the captured images (see Supplemental
Video 4 [48]), which disappear in the isotropic phase. These
static objects are half-skyrmions, and their lifetime in a
dilute and dense skyrmion phase is around 10 s. It is
important to note that the long tail in the autocorrelation
function is a clear indication of lingering half-skyrmions on
the captured images, even if they cannot be distinguished by
the naked eye in the photographs of the same structures.
A comparison of Figs. 6(a)–6(c) shows how, in thinner
LC samples, both the BPIII and BPI [Fig. 6(c)] transform
into the same dense half-skyrmion phase in Fig. 6(b) and
then further to the diluted skyrmion phase (gas) of isolated
half-skyrmions in Fig. 6(a). This is another strong evidence
that BPIII is a liquid of skyrmion filaments and BPI is a
crystal phase of the very same constituents and is in full
agreement with the static phase diagram in Fig. 5.
V. NUMERICAL AND OPTICAL SIMULATIONS OF
BPIII SKYRMIONS
To corroborate the experiments, we perform extensive
Landau–de Gennes (LdG) numerical modeling of stable
and metastable skyrmion structures in thin layers and bulk

BPIII; details can be found in Appendix C. Similar to
previous work by Henrich et al. [43,44], we reproduce the
bulk BPIII of mutually enmeshed structures of singular
defect lines and skyrmion filament-DTCs, as shown in
Fig. 8(a). The network of disclinations [Fig. 8(b)] has a
reduced degree of nematic order S in the cores and shows
−1=2 winding of the director field to compensate for the
effective topological charge imposed by the skyrmion
filaments [Fig. 8(c)]. The skyrmionic filaments are not
branched and are free of singularities [Fig. 8(d)], with an
approximately π=4 radial twist deformation of the director
field [Fig. 8(e)]. DTCs in bulk BPIII can, therefore, be
considered as quarter-skyrmions, although, more precisely,
there is a distribution of maximum radial twist angles of
DTCs (i.e., their actual size) in bulk BPIII, as discussed in
the continuation.
The simulated BPIII is thermodynamically stable and
has lowest free energy only for a selected range of chirality
and temperature values. This reflects a fragile balance
between the elastic energy and the energy contribution due
to Landau–de Gennes expansion of the free energy (see
Appendix C). A typical energy difference between the
amorphous BPIII and the higher-energy cubic BP in
simulations is about 1% of the total free energy.

011003-9

J. PIŠLJAR et al.

PHYS. REV. X 12, 011003 (2022)

FIG. 9. Numerical and optical simulations of thin layers of BPIII. (a) Skyrmion filaments (light blue) and −1=2 defect lines (yellow) in
300-nm-thick LC with strong surface anchoring. The intertwined lattices of skyrmion filaments and defects start filling the space,
forming the BPIII. (b) Optical simulation of light reflected from the structure in (a) and comparison with the experimental image of BPIII
at an experimental cell of approximately 300 nm thickness. (c) Simulated baby half-skyrmions in 135-nm-thin layer of BPIII are
vortexlike formations of the director, filling the space between −1=2 disclination lines connecting the upper and lower surfaces.
(d) Optical simulation of numerically calculated half-skyrmions below the crossover thickness (135 nm) and comparison with
experiments. The color scale of the director in (a) and (c) is from zero (white) to one (black) and denotes the out-of-plane director
component. Scale bars indicate 100 nm on (a) and (c) and 50 nm in (b) and (d).

The LdG simulations of BPIII confined to thin layers
(130–300 nm) with parallel surface anchoring of LC
molecules are shown in Figs. 9 and 10. When confined
below the crossover numerical LC thickness of approximately 170 nm, quarter-skyrmion filaments of the
bulk BPIII [Fig. 8(a)] disentangle into a 2D, disordered,
half-skyrmion liquid [Fig. 9(c)]. The numerical crossover
thickness of approximately 170 nm is in remarkable
agreement with the experimental value of approximately
150 nm, which gives confidence to our calculations of
skyrmion structures in thin layers of BPIII. It is important to
note that, because of the confinement and parallel surface
anchoring, quarter-skyrmions in the bulk liquid BPIII
transform to half-skyrmions with an approximately 90°
radial twist. These baby half-skyrmions [Fig. 9(c)] fill the
space between the −1=2 disclination lines: Usually, a single
half-skyrmion is formed in the region surrounded by five to
seven vertical −1=2 disclinations that connect both confining surfaces.
At a slightly larger thickness, elongated skyrmion
filaments start to grow preferably at an oblique
angle to the confining surfaces, as shown in Fig. 9(a).
Simultaneously, the individual −1=2 defect lines start
connecting with each other laterally [Fig. 9(a)], forming a
network of disclinations with junctions of four −1=2 lines

fused together [53]. This intertwined network of skyrmion
filaments and −1=2 disclination lines at large thickness
evolves into a network of fully disordered, 3D structure of
skyrmion filaments and defects of the bulk, as shown in
Fig. 8(a). It is interesting to note that the skyrmion
structures close to the surfaces of the cell all remain very
similar for all cell thickness, which is due to the dominating surface alignment field. Consequently, this produces similar optical images in thin and thick layers, when
focused near the surface, where reflection images are
shown to originate from.
To compare the optical appearance of simulated skyrmion structures and real photographs, we make full optical
simulations of various skyrmion structures, which are
shown in Figs. 9(b) and 9(d). The simulations for different
handedness of illuminating light show that right-handed
(RH) skyrmion structures provide a better optical contrast
with the RHC-polarized illumination, which is in full
agreement with the experiments. The overall agreement
between the recorded and simulated images is excellent.
The director field in an approximately 130-nm-thin layer
of BPIII is presented in Figs. 10(a) and 10(d) and shows the
−1=2 defect lines (colored yellow) standing up vertical
from the bottom glass surface (colored light blue) and
connecting to the upper glass surface.
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FIG. 10. Director field in BPIII skyrmion structures. (a) The simulated director structure of half-skyrmions in an approximately 130nm-thin BPIII layer. Colored light blue is the bottom glass plate of the cell. The upper glass plate is not shown for clarity. (b) The
simulated director structure of skyrmions in an approximately 230-nm-thick layer. (c) The simulated director structure of skyrmions in
bulk BPIII. BPIII skyrmions are visualized using vector field lines colored according to the local radial twist with respect to the center of
the skyrmion. The color bar for the radial twist is shown on the left. (d) The director field in the cross section marked by the dark plane in
(a), which is located at the center of the cell. The dashed box corresponds to the dark plane in (a). (e)(1) shows the skyrmion director
structure in the middle of an approximately 230-nm-thick BPIII layer shown in (b), marked by dark plane 1. The dashed box corresponds
to dark plane 1 in (b). (e)(2) shows the director at the interface to the upper glass in (b), marked by dark plane 2. The dashed box
corresponds to dark plane 2 in (b). (f) Director field in bulk BPIII, indicated by the dark plane in (c). The dashed box corresponds to the
dark plane in (c). The director field in (d)–(f) is shown with streamlines, colored black, where the director points out of plane and white,
when it is in plane in accordance with the color bar on the left. In all images, the singular disclination lines are shown in yellow. Scale
bars correspond to 100 nm.

The director streamlines are colored according to the
radial twist, with red streamlines indicating approximately
90° twist and blue streamlines indicating 10°–20° twist with
respect to the core of the vortex. It is clearly seen from the
dominating red-colored streamlines in Fig. 10(a) that the
skyrmions in an approximately 130-nm-thin layer of BPIII
are half-skyrmions developing large, approximately 90°
radial twist. A vertical view of the same approximately 130nm-thin layer of BPIII is presented in Fig. 10(d). Here, the
view is taken in the middle of the BPIII layer, and the gray
scale indicates the z component of the director, which is
perpendicular to the glass surface. Vortices are now clearly
seen, and the dark center indicates that the molecules are
aligned perpendicular to the glass surface in the center of
half-skyrmions. When moving outward from the center of
the skyrmion, the streamlines become white at the periphery, indicating near-parallel alignment of LC molecules
with the surface. The skyrmions are clearly disordered, in
both position and size.
Figure 10(b) shows director streamlines in an approximately 230-nm-thin layer of BPIII, which is above the

2D-3D crossover thickness of approximately 170 nm.
Although the streamlines are still red colored, indicating
approximately 90° radial twist of vortices, one can clearly
see the emergence of −1=2 disclination lines, which are
running parallel to the surface, in addition to disclination
lines, which connect both surfaces. This is clearly seen
from the director streamlines taken in two planes in
Fig. 10(b). Figure 10(e)(1) shows the midcell view of
director streamlines, showing vortices and also −1=2
disclination lines (yellow) connecting to vertical −1=2
disclination lines along the midplane of the BPIII layer.
Figure 10(e)(2) shows near-surface director streamlines and
−1=2 disclination lines that attach perpendicularly to the
surface of glass. Finally, we present in Figs. 10(c) and 10(f)
director streamlines and network of mutually connected
−1=2 disclination in bulk BPIII. A cross section through
bulk BPIII in Fig. 10(f) clearly shows vortices, which are
enmeshed with a −1=2 disclination network.
This analysis indicates the trend of changes in the
director structure, when bulk BPIII is confined to thinner
and thinner layers. When the BPIII layer is thinner than a
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skyrmions are there. To understand this, we analyze radial
twist angles for bulk BPIII and 230- and 130-nm-thin layers
of BPIII. A computer program recognizes the centers of
vortices and for each nearby voxel determines the value of
radial twist with respect to the nearest vortex center. The
results are then visualized as a distribution, where the x axis
is a distance from the center of the nearest skyrmion, the y
axis is the radial twist in that voxel, measured from the
nearest skyrmion center, and the color map measures the
normalized number of voxels that have that particular twist
at that particular distance. Distributions of radial twist for
bulk and 230- and 130-nm-thin layers of BPIII are shown in
Fig. 11. Details about the methodology of skyrmion radial
twist analysis can be found in Appendix D.
In bulk BPIII, the skyrmions are definitely not halfskyrmions with up to approximately 90° radial twist, as can
be seen from the radial twist distribution in Fig. 11(a). The
radial twist of skyrmions in bulk BPIII is not well
developed, as the distribution hardly includes voxels with
approximately 60° radial twist. The distribution in bulk
BPIII shows a peak at approximately 30°–35° radial twist,
indicating the DTCs are not highly radially twisted.
When the bulk BPIII is confined to 230-nm-thin layers,
the distribution of radial twist broadens toward higher
twists, as shown in Fig. 11(b). Finally, in 130-nm layers of
BPIII (which is below the critical thickness of 170 nm), the
distribution of radial twist further expands to up to 90°
director twist, which is shown in Fig. 11(c). From the
distributions of radial twist in Fig. 11, one can clearly
recognize the trend of increasing radial twisting of DTCs,
as the BPIII material is confined. Whereas in bulk BPIII the
skyrmions are practically fractional skyrmions with
approximately 35° radial twist, they are forced to twist

FIG. 11. Radial director twist angle distribution in thin, thick,
and bulk BPIII. (a) The distribution of radial director twist for all
voxels as a function of the distance from the skyrmion center,
calculated for bulk BPIII in Fig. 10(c). (b) The distribution of
radial director twist for all voxels as a function of the distance
from the skyrmion center, calculated for 230-nm-thick BPIII in
Fig. 10(b). (c) The distribution of radial director twist for all
voxels as a function of the distance from the skyrmion center,
calculated for 130-nm-thin BPIII in Fig. 10(a).

single skyrmion layer of 170-nm thickness, it cannot
accommodate any −1=2 disclination line, except those
which connect both surfaces directly. The tangle of bulk
BPIII vortices, therefore, disentangles into a thin layer of
dense and well-resolved skyrmions, which confirms our
conjecture that confinement should reveal the basic constituents of the BPIII phase.
While it is clear from the director profiles in a very thin
approximately 130-nm layer of BPIII that vortices are
actually half-skyrmions with 90° twist, it is less clear from
tangled skyrmion structures at larger thickness what kind of

FIG. 12. Diameter of DTCs in bulk and confined BPIII. Volume
fraction of all voxels in the simulated chiral structures as a
function of the distance from the nearest skyrmion center for thin,
thick, and bulk BPIII. The peak corresponds to an effective radius
of the skyrmion filament.
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under confinement and transform into half-skyrmions with
approximately 90° radial twist in 130-nm-thin layers.
The effective diameter of skyrmion filaments (i.e., the
DTCs) can be determined by plotting the volume fraction
of voxels attributed to a given skyrmion. This fraction
grows linearly up to the radius R of the DTC and then starts
falling, because the voxels further away belong to another,
neighboring DTC. Figure 12 shows this volume fraction of
voxels belonging to a given skyrmion for bulk BPIII and
230- and 130-nm-thin BPIII. In bulk BPIII (triangles in
Fig. 12), the diameter of a single DTC is approximately
80 nm. When BPIII is constrained to thin film, the effective
diameter of DTCs increases to approximately 100 nm
(squares in Fig. 12) and further on to approximately
180 nm in 130-nm-thin BPIII. This is consistent with
the increasing value of radial twist upon confinement of
BPIII. The more radial twisting angle of a DTC, the larger
the diameter of the DTC.
VI. DISCUSSION
We present experiments and numerical simulations,
which show that the BPIII of chiral liquid crystals is a
dynamical tangle of double-twist filaments (skyrmion
filaments) and disclination defect lines, which, when
confined to very thin layers, disentangle into a 2D liquid
of half-skyrmions. There are three important emerging
points to be discussed here.
First, the dynamical nature of BPIII, observed even with
the naked eye under a diffraction-limited optical microscope, raises the question as to the nature of the isotropicBPIII phase transition and the associated order parameter.
In our BPIII material, this unusual phase transition is
clearly continuous, as we never observe any sign of the
coexistence of the isotropic and the BPIII phase. Moreover,
the optical contrast of BPIII fluctuations increases continuously as we cool the sample from the isotropic to the BPI
phase. Our dynamic light scattering and image crosscorrelation experiments clearly demonstrate two different
relaxation modes in bulk BPIII, the relaxation rates of
which differ for one order of magnitude. Most importantly,
the slow fluctuations on the scale of 100 ms and longer are
attributed to the spatial motion and reorientation of wellformed double-twist filaments. On the other hand, it is clear
from DLS measurements that the fast mode exists in bulk
BPIII, which slows down and condenses in the Landau
sense at the phase transition from BPIII to BPI. We
therefore have two different phase transition temperatures,
which are correlated by the underlying physics. The BP soft
mode condenses at BPIII to BPI phase transition temperature, breaks the symmetry of the isotropic phase, and
condenses into a crystal BPI phase. On the other hand,
while the symmetry of the isotropic phase is not yet broken,
a slow mode occurs at the isotropic-BPIII transition,
because the skyrmion filaments are definitely formed
and fluctuate. Clearly, the mean field Landau-type theory
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[37] has to be considered in terms of the relevant order
parameter to describe the fast and slow fluctuations during
the symmetry breaking across the isotropic-BPIII-BPI
phase transitions.
Second, our numerical simulations reveal that a BPIII
cannot be directly considered a liquid of half- or full
skyrmions with approximately 90° and approximately 180°
radial twist, respectively. Instead, we show that BPIII
skyrmions are actually fractional (i.e., even real-number)
skyrmions with around 35° radial twist, which is significantly lower than the intuitively expected value of 45°.
Third, there is a puzzling stability of skyrmion filaments
in BPIII. Although individual skyrmion filaments are not
stable when immersed into a homogeneous and infinite
background orientational field, an ensemble of skyrmion
filaments attains stability against thermal disruption, as
evidenced by the experiments. The system gains a collective property that we could describe as “collective topological protection,” as provided by the network of
disclinations. From a topological perspective, this work
opens questions about fundamental topological charge
compensation in systems with general—disordered and
interconnected—networks of topological defects and structures, as far beyond the current knowledge on usually
pairwise compensation of topological charge by distinct
topological objects (or defects).
We note that the BPIII is in some aspects similar to the
nonequilibrium state of active turbulence in 3D that has
recently been explored both theoretically [54–56] and
experimentally [57]. In BPIII, topological defects are
generated by the chirality of the liquid crystal that spontaneously twists the LC in 2D, whereas in active nematics
[58] topological defects are generated by the self-amplified
bend instability fueled by the external supply of the energy
to the system. It is shown in a numerical analysis of 3D
active nematic confined to a droplet [56] that above some
energy threshold the system transits into the state of active
turbulence, where the topological defects are continuously
generated, annihilated, merged, and split or reconnected. It
is also shown that in 3D the majority of defects are closed
zero topological charge loops that imply conservation of
the total topological charge of the system. We note that the
state of 3D active turbulence enjoys a similar sort of
collective topological protection, where the topological
charge is constant in time—as if in an effective steady
state—despite regular dynamic topology affecting events,
such as rewiring, merging, generation, and annihilation of
defect loops. In BPIII, the collective topological protection
is ensured by the strong chirality of the material, which
energetically prevents the system from transit into a
homogeneous state without defects.
Because the BPIII is an enmeshed and disordered 3D
structure of skyrmion filaments and a mesh of −1=2 defect
lines, it is an open challenge how to count the topological
charge of its elements [53]. The BPIII mesh of singular
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defects is fully connected, but, since in all defect vertices
one observes an even number of joining defect line segments, could it be effectively topologically decomposed
into a mesh made of closed loops, which then touch in the
vortices? Indeed, in 3D active nematics, the defect lines
appear to be mainly loops [57], which we speculate could
possibly transform into an active defect mesh upon introducing chirality into the active nematic system [59].
Since the structure of BPIII is amorphous, the actual
thickness of DTCs and the maximum radial twist of
different skyrmion filaments both vary throughout the
sample. The effective diameter of a particular skyrmion
filament crucially depends on the local environment
imposed by other filaments and the disclination network.
In accordance with the soft nature of a LC orientational
field, boundaries between neighboring chiral skyrmions
and disclinations are not sharply defined, which further
suggests that their fractional topological charge can be
thought of as a continuously distributed space-varying
property as well.
The numerically calculated effective size of the skyrmionic filaments in thick BPIII is approximately 80 nm
(for 270 nm chiral nematic pitch) and is, therefore,
considerably below the optical resolution limit of a standard, diffraction-limited optical microscope using visible
light. Our comparison of experimental and theoretical
optical images, as well as the calculated structures, suggests
that the experimental images of BPIII textures are a
diffraction-limited view of fractional skyrmion configurations formed near the confining glass plates. In a thinner
region, the contrast variation is a diffraction-limited view of
a half-skyrmion itself, which have a larger diameter of
approximately 180 nm. This size of half-skyrmions is just
at the limit of the optical resolution of a diffraction-limited
optical microscope in LCs [60]. This means that the dark
spots in Fig. 9(d) (right) are indeed photographs of single
half-skyrmions.
Our work has clear implications for other fundamentally
different condensed matter systems, distinctly including the
quantum blue fog in quantum helimagnets. Quantum blue
fog is a magnetic analog of BPIII phase of liquid crystals as
proposed by Tewari, Belitz, and Kirkpatrick [61] to explain
the unusual ðp; TÞ phase diagram of MnSi. At ambient
pressure, MnSi exhibits a continuous phase transition at
30 K into the helically modulated magnetic phase (helimagnet) with a helical period of 17 nm, observable by
neutron scattering. By increasing the pressure, the paraferro phase transition gradually becomes first order, and the
phase transition temperature drops to the critical temperature at a critical pressure of approximately 12 kbar. For
higher pressure, a new phase is observed, which shows
some spectacular non-Fermi-liquid (NFL) behavior. Within
the NFL region, neutron scattering experiments give
evidence that NFL has a short-range helical order but is
disordered on a larger scale. It can, therefore, be considered

as either a chiral gas or chiral liquid, respectively. Tewari,
Belitz, and Kirkpatrick propose that the NFL phase is
actually composed of a higher-temperature chiral gas phase
and low-temperature chiral liquid phase, separated by a
phase transition line in the ðp; TÞ diagram. They predict
that chiral magnetic gas phase could be analogous to the
chiral isotropic phase of BPIII LCs and the chiral liquid
phase could be an analog of the BPIII phase of LCs. The
phase transition between chiral gas and chiral liquid is then
analogous to gas-liquid condensation first proposed by
Lubensky and Stark for BPIII [37].
We propose to test the validity of quantum blue fog
theory by measuring the order parameter dynamics across
the NFL region of MnSi. Should the blue fog be a chiral
liquid, then two relaxation mode dynamics must be
observed in this phase, similar to the two relaxation mode
dynamics in our BPIII measurements. Dynamics of the
order parameter has actually been measured in MnSi by
neutron spin echo spectroscopy [62], and a dynamically
disordered magnetic phase has been observed at ambient
pressure. The order parameter relaxation times are around
one nanosecond at the phase transition into the helical
phase, which is most likely the soft mode relaxation and not
a signature of the quantum blue phase.
VII. PERSPECTIVES AND CONCLUSIONS
Magnetic skyrmions were proposed as basic bits of
information and have been intensively studied for application in information storage and logic technologies [63].
Magnetic skyrmions are topologically protected whirls of
magnetization, which are stable in thin films of chiral
magnetic materials, provided that an external magnetic
field is applied. At cryogenic temperatures, their dimensions are as small as few nanometers, and they can be
created, annihilated, and transported by spin-polarized
electric currents. One of the major obstacles for practical
applications of magnetic skyrmions is their stability at
room temperature. Furthermore, in room-temperature skyrmionic materials, the diameters of magnetic skyrmions are
rarely below 100 nm, and the dispersion of skyrmion sizes
is a serious problem [19].
On the other hand, BP skyrmions are of comparable size
to magnetic skyrmions at room temperature. In our BPIII
material, the size of skyrmions is around 90 nm at a cell
thickness of 130 nm. The fact that individual skyrmions in
our BPIII material are dynamic indicates they could be
created and annihilated using strongly focused LaguerreGaussian beams, as demonstrated by Ackerman [15] for
larger, micrometer-sized full skyrmions. It has also been
recently demonstrated by Smalyukh’s group [64] that full
skyrmions can be moved in a controlled manner by
applying an external electric field of variable frequency.
Furthermore, the information could be encoded in BP
skyrmions by incorporating fluorescent dye molecules,
which align with the local director. The fluorescent
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molecules act as polarized light sources, and the intensity of
light emitted from these molecules depends strongly on
their orientation [65]. When excited, fluorescent dye
molecules generate strong fluorescence that can be easily
detected regardless of skyrmion size. Because of alignment
of fluorescent dye molecules within the whirling structure
of a skyrmion, fluorescence emission from individual BP
skyrmions could easily be discriminated from the neighboring homogeneous LC.
One of the most important findings of this work is the
temperature range of stability of single and dense skyrmions below the critical thickness of 150 nm, as presented
in Fig. 5(e). Whereas the temperature range of both BPIII
and BPI phases is around 2 K at large thickness, we see that
the temperature range of dense half-skyrmions is more than
doubled to approximately 4 K. This broadening of halfskyrmion phase under confinement is very important for
realization of practical skyrmion-based devices.
Finally, we address the problem of the size of individual
half-skyrmions, which is around 90 nm in our BPIII
mixture (Fig. 11). The size of a skyrmion scales with
the chirality of the BP material, and, in order to make
BP skyrmions smaller, LC materials with stronger chirality have to be used. We comment that BP materials
with much shorter helical pitch and, therefore, much
higher chirality have already been studied and used in
LCDs. For example, we have studied short-period cholesteric LCs using AFM [66] and stimulated emission
depletion microscopy [60]. The cholesteric pitch is as
short as 150 nm in a mixture of BL087 (commercial
cyano-biphenyl mixture, Merck KGaA, Germany) and a
chiral dopant R5011 (Merck KGaA, Germany). This pitch
is much shorter than the pitch of 225 nm in the cholesteric
phase of our BPIII mixture. Most probably, the skyrmion
size (if they are stable in BL087/R5011) is expected to be
around 50 nm, which will be addressed in future study. To
obtain LC skyrmions with sizes below 10 nm, new and
highly chiral LC materials have to be developed.
In conclusion, our measurements provide convincing
experimental evidence that BPIII is a topologically protected liquid of strongly fluctuating skyrmion filaments
with special dynamics. The basic building units of BPIII are
the skyrmion filaments, enmeshed with 3D branched
tangles of −1=2 disclination lines. Together, they form a
highly dynamic, topologically protected liquid of oppositely topologically charged entities, which cannot be
annihilated due to the elastic energy barrier. This work
not only provides a compelling structure of BPIII, it also
points to the possible realization of a quantum blue fog in
quantum helimagnets, it opens questions on the nature and
order parameter dynamics at topological phase transitions
in soft ordered matter, and it opens questions on the
countability of topological charge in disordered topological
systems with vertices of defect lines. From the aspect of
possible applications, we give convincing evidence that
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blue phase skyrmions are quite competitive and, in some
aspects, superior to magnetic skyrmions.
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APPENDIX A: MATERIALS AND SAMPLE
PREPARATION
1. BPIII liquid crystal, sample preparation,
and optical microscopy
The experiments are performed in a 1∶1 wt% mixture of
bent-core liquid crystal (5-3CF3-2M-5) [67] and righthanded chiral liquid crystal CB15 [(S)-4-(2-Methylbutyl)4’-cyanobiphenyl, Merck KGaA] and is designated in the
text as BPIII mixture. The mixture is prepared for the
experiments by first heating it above approximately 90 °C,
which is the temperature of the isotropic phase transition of
the component 5-3CF3-2M-5 LC. The mixture is kept at
this temperature for a couple of hours and mixed regularly
using a Vibromix vortex shaker to ensure good mixing of
the two components. Using a Cano wedge method, we
estimate the unit cell size a of the BPI to approximately
215 nm, which is close to the value of the helical pitch in
the cholesteric phase at lower temperatures.
To prepare 30–500-nm-thin layers of BPIII mixture for
microscopic observations and cDDM measurements, a
small amount (0.2–0.5 μL) of the prepared mixture is
pressed between two cover glass plates. We use 150-μmthick cover glass plates (VWR catalog No. 48366-089,
25 mm × 25 mm) cleaned with ethanol and used immediately after alcohol evaporates. This type of glass provides
planar surface anchoring of our BPIII mixture. After
pressing a droplet between the glass plates, the cell is held
at an elevated temperature (60 °C) for approximately
30 min to spread and equilibrate. Once the LC spreads
between the two glass surfaces, the resulting wedge cell
usually has a varying thickness from tens of nanometers to
a few microns. We should note that the choice of cover
glass plates is crucial to obtain very thin layers of a LC, and
using this type of cover glass even 50-nm-thin LC could
be made.
The wedge LC sample is first inspected under a microscope using an x-y motorized stage (Prior ES107). Then, a
line across the wedge is selected, along which the LC
material shows appropriate variation of the local thickness
from tens of nanometers to a micrometer. Local cell
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thickness at predetermined positions along the chosen line
is determined by recording the reflection spectra of the thin
LC layer in the isotropic phase. The spectra are measured
using an Andor Shamrock SR-500i-D1 spectrometer
equipped with an Andor Newton EM DU970N camera.
The spectra at each stored position are then fitted using the
model spectra with local LC layer thickness as a free
parameter. This makes it possible to calculate local thickness of the LC layer at all predetermined positions, which
could be relocated during the experiments using the stored
coordinates of the x-y motorized stage.
Color images of LC textures and optical reflection
spectra from thick BP samples are taken on an upright
Nikon Eclipse E600 microscope operating in reflection
mode between crossed polarizers. The sample is
placed in a thin and rectangular glass capillary placed
on a heater at a position where a temperature gradient of a
few degrees is present between the two ends of the
capillary. Temperature dependence of the spectra of white
light reflected from the approximately 20-μm-thick cell
filled with BPIII mixture are recorded using an Ocean
Optics USB2000 spectrometer, mounted on an upright
Nikon Eclipse E600 microscope and illuminated with an
incandescent light bulb. Sample temperature is controlled
using an Instec HCS302 heater stage and Instec STC200
controller.
Black and white, diffraction-limited microscope images
and movies are recorded using an inverted optical microscope (Nikon Ti-U) operating in reflection mode.The
microscope is installed in a temperature-controlled room
with better than 1 K temperature stability. When performing longer temperature scans, the room is vacant and the
experiment is remotely controlled. To realize the diffraction-limited resolution, a high numerical aperture oil
immersion objective with 100× magnification is used
(CFI Plan Apo Lambda 100× Oil, NA 1.45). To minimize
chromatic abberations, the sample is illuminated by a
narrow band light blue (450 nm) LED (CoolLed LED
pE-300). Some images are taken without polarizing elements inserted using an Andor Neo camera with 6.5-μmsized pixels on a cooled sensor and an additional 2.5×
magnification. These images are passed through a lowpass Fourier filter, to remove the high-frequency image
noise. Sample temperature for optical microscopy and
cDDM measurements is controlled using a custom-made
microscope sample heater and a Wavelength Electronics
PTC2.5K-CH temperature controller with temperature
stability better than 5 mK.
APPENDIX B: EXPERIMENTAL METHODS
1. Temperature calibration of different setups
A number of different measurement techniques are
employed in our experiments, which use different experimental cells and different experimental setups. This

requires a method of cross calibration of temperature scales
to accurately identify the phase transition temperatures, as
obtained from different experiments. We use the isotropicnematic phase transition of 4-cyano-4’-pentylbiphenyl
(5CB, Merck, KGaA) as a reference temperature point.
5CB is a high-purity single-component LC with a welldefined first-order phase transition from the isotropic to the
nematic phase. We measure the temperature of the firstorder nematic-isotropic phase transition in the 5CB samples
in different setups and use it as a temperature reference
point for all measurements. This approach makes it
possible to put all the experimental results from different
measuring methods on the same temperature scale with an
accuracy of the order of approximately 0.1 K.
2. Optical rotation
We use ORP measurements to determine the isotropicBPIII phase transition temperature in our BPIII mixture.
This transition is continuous in our mixture and is,
therefore, difficult to determine by microscope observations. However, ORP provides a good method to determine the temperature of this phase transition, as shown in
a number of experiments [27,33]. In ORP experiments,
we measure the optical rotation of a linearly polarized
light propagating through a 140-μm layer of a BPIII
mixture. We use a standard experimental setup [68] based
on an optical photoelastic modulator (PEM-90, Hinds
Instruments), which modulates the phase retardation
of light with a frequency of 50 kHz and uses a dual
lock-in amplifier detection to minimize the effects
of the uncontrolled light-intensity fluctuations. The optical rotation angle Ψ is determined by the ratio of the first
(U 1 ) and second U2 harmonic of transmitted light
Ψ ¼ 1=2 tan−1 ðkU 1 =U2 Þ, where k is the ratio of Bessel
functions at a constant amplitude of retardation defined by
the modulator. The wavelength of the transmitted light is
632.8 nm, and the resolution of the phase retardation
measurement is 0.01°. The measurements of optical
rotation are obtained during slow cooling from the
isotropic through both blue phases with the cooling rate
of 1 K/h.
DLS is a well-established method to measure the
dynamical properties of liquid crystals [69], and many
DLS studies have been performed in BP liquid crystals in
the past [32,33,50,51]. DLS is a far-field optical technique
that yields ensemble-averaged information on the dynamics
of the system from nanoseconds to second relaxation times,
with the wave vector of the fluctuations depending on the
laser and scattering geometry used.
Our experiments are performed in a standard setup
[32,33,50,51], using a He-Ne laser (632.8 nm, 20 mW),
an avalanche photodiode based “pseudo” cross correlation
detector, and ALV-6010/160 correlator to obtain the autocorrelation function of the scattered light intensity. The
sample is placed in a rectangular glass capillary (thickness
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50 μm, width of the capillary 1 mm). The angle between
the wave vector of RHC-polarized incoming light and the
normal to the sample plane is −14°, and the angle between
the wave vector of the detected and incoming light is 140°.
An attenuator of 0.7 is used to reduce the intensity of the
incoming light. The RHC analyzer is placed in front of the
detector. A single-mode optical fiber with a graded-index
lens is used to collect the scattered light within one
coherence area.
We fit the intensity autocorrelation function g2 to
g2 ¼ 1 þ 2ð1 − jd Þjd g1 þ jd 2 g1 2 , where jd is the ratio
between the intensity of the nonelastically scattered light
and the total scattered intensity. g1 is either a single
exponential function (in the I phase), g1 ¼ ae−t=τ , or a
sum of a single and a stretched exponential function
s
g1 ðtÞ ¼ ae−ðt=τ1 Þ þ ð1 − aÞe−t=τ2 . The capillary is placed
in a heating stage (Instec HCS412W) and controlled
by temperature controller (Instec, mK2000) to better than
5 mK.
3. Cross-differential dynamic microscopy
While DLS is very powerful method to analyze
dynamical properties of LCs in bulk samples, some
attempts have been made to use it in combination with
an optical microscope [70–73]. In our experiments, we are
interested in the dynamics of topological objects in very
thin layers of liquid crystal, which are, in fact, similar to
colloidal systems. A number of different methods based
on optical microscopy have been developed to study
dynamics of colloidal systems [74,75], which are optical
near-field techniques. We therefore adopt a variant
of differential dynamic microscopy (DDM) [74], which
uses an optical microscope with incoherent white light
illumination in combination with digital video recording
of images.
The experiments are performed by using a modified
DDM setup, named cDDM, as described by Arko and
Petelin [76]. The setup consists of a relay lens system,
followed by a beam splitter and two identical cameras (Flir
BFS-U3-162M-CS) with 3.45 μm pixel size and 1=3-inch
sensor. The setup is equipped with translation and rotation
mechanisms that allow for a very precise alignment of their
field of view. To reduce the light-heating and degrading
effects of the illuminating light to the LC sample, we use
strong LED pulses of the yellow (approximately 550 nm)
colored LED of the CoolLed pE-300 illumination system
for cDDM measurements. For some measurements, a leftor right-handed circular (RHC and LHC, respectively)
polarizer is inserted into the optical path immediately after
the light source, creating nearly circularly polarized light at
the sample plane. The ratio between the semiaxes of the
polarization ellipse is approximately 1.1∶1 for the used
yellow light.
The light which is backreflected from the LC is collected
using the same high-NA objective that is used for
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illumination. The collected light continues its way into
the cDDM setup through the mounting lens (0.7×)
microscope port, which allows a larger field of view
and access to higher wave-vector projections. Using a
mechanical alignment system, the two imaging arrays
of two identical cameras are brought into identical
positions with respect to the image of the LC sample.
Each of the two cameras is triggered randomly and
independently to acquire two different sets of images.
The typical exposure time for image acquisition is
100 μs, and the shortest (nonzero) time delay between
two consecutive frames taken on different cameras is
set to 400 μs. Typically 215 or 216 frames are acquired in
approximately 15 min during a single measurement
of the cross-correlation. Such a two-camera setup is
not limited by maximal frame acquisition rate of a single
camera and allows us to probe sample dynamics at rates
up to 3 kHz using this LC sample and pulsed LED
illumination.
Using an open-source package for cDDM [77], the
acquired image sequences are cross Fourier analyzed as
a function of the time delay between the frames, and
normalized image correlation functions are calculated at all
achievable wave-vector projections simultaneously.
For data presented in Figs. 6(a)–6(c), a subset of autocorrelation functions taken at a wave-vector projection around
18 μm−1 are averaged, and the autocorrelation functions
are fitted using gðtÞ ¼ ae−ðt=τ1 Þs þ ð1 − aÞe−t=τ2 þ b.
Here, τ1 and τ2 describe the fast and slow correlation
decay modes, respectively. The effective relaxation
rate of the stretched fast mode is calculated using
f 1 ¼ s=Γð1=jsjÞ · 1=τ1 , where Γ is the Gamma function
[78]. Using the cDDM technique, the dynamics of skyrmions could be measured in samples as thin as approximately 50 nm. The main limitation of measuring the
dynamics in even thinner samples is the very low intensity
of the light, reflected from the LC sample and collected by
the two cameras.

APPENDIX C: NUMERICAL SIMULATIONS
1. Numerical modeling of bulk and confined
blue phase III structures
Bulk and confined blue phase III are modeled by using
continuum Landau–de Gennes free energy approach,
based on the full order parameter tensor Qij [79,80].
This approach is especially strong for modeling chiral
nematic structures at the mesoscopic scale, which exhibit
singular topological defects and textures, such as the blue
phases. The liquid crystalline director n is then determined by the eigenvector of Qij , corresponding to its
maximal eigenvalue, given by the nematic degree of the
order of S. The Landau–de Gennes total free energy F of
chiral nematic LC is
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Here, LC denotes an integral over the volume of chiral
nematic LC. The top row gives the bulk free energy of
nematic and describes a change of the free energy due to
changes in the nematic degree of the order of S (such as in
the cores of the defects), A0 is a material constant, and γ an
effective dimensionless temperature. The middle row
gives the free energy cost of elastic distortions in the
liquid crystalline order. We use the one-elastic-constant
approximation, where L is a single elastic constant. q0 is
the wave vector of spatial modulation of QðrÞ and is
related to the pitch of the cholesteric helix (p ¼ 2π=q0 ).
ϵijk is the Levi-Civita fully antisymmetric tensor. The
bottom row presents surface contributions. For modeling
of surface anchoring at the top and bottom surface, we use
planar degenerate surface free energy as introduced in
Ref. [81] with local degree of order (i.e., in each
simulation point) in the transformation of the order
parameter tensor.
For bulk simulations, the free energy is minimized
using an explicit Euler finite difference algorithm on a
cubic mesh with periodic boundary conditions in all three
directions. In thin cells, we use periodic boundary conditions in two directions, and we set degenerate planar
surface anchoring at the top and bottom surface [81]. Both
limits of strong and weak anchoring are considered in
simulations and produce similar structures in the BPIII
parameter regime. We fix the number of points in the
simulation to 32 points per chiral pitch, which gives
sufficient resolution at reasonable resources. This gives
the mesh resolution of 8.4 nm for a chiral pitch of
p ¼ 270 nm, which is a fair approximation of the experimental conditions, where the lattice constant of BPI is
measured at approximately 215 nm. The following
parameter values, characteristic for the chiral nematic
used in experiments, are set: material constant A0 ¼
1.02 × 105 J=m3 , elastic constant L ¼ 2.5 × 10−11 J=m,
and anchoring strength W ¼ 7 × 10−3 J=m2 . By comparing the free energy of BPI, BPII, O5 (see Ref. [82]),
cholesteric, and BPIII structures in a wide range of
chirality-temperature phase space, we find that the
BPIII is the energetically favorable structure (i.e., has
the lowest free energy) in a narrow range of high
chiralities and temperatures near the nematic-isotropic
transition. For most of the results presented in this paper,
we use the dimensionless temperature γ ¼ 3.0.

The structures shown in this article are a result of the
numerical relaxation of a Q-tensor field. Typically, N ¼
100 000 iterative (time) steps are needed in thin cells,
whereas up to 10 million time steps are needed in bigger
and in bulk samples. For generation of bulk blue phase III
textures, we use a similar approach as in Ref. [43], which
can bias the selection of a given chiral structure by proper
selection of initial conditions. In bulk samples, cholesteric,
BPI and BPII and O5 structures are achieved using
appropriate analytical expressions for the initial condition,
which define the symmetry of the structure and the
periodicity [43]. On the other hand, BPIII is an amorphous
phase and has to be initiated from a nonsymmetric initial
state. Specifically, the BPIII disordered structure is
achieved by initiating the system in the isotropic phase
with a low density (typically 2% volume fraction) of
randomly placed and randomly oriented quarter-skyrmion
spherical regions.The initialization of the BPIII is not
strongly dependent on the exact volume fraction of the
quarter-skyrmion spherical regions. We observe that
already one or two quarter-skyrmion spherical regions
(0.2% volume fractions) are enough to initialize the
formation of BPIII structure. The BPIII structure evolves
from these cores to the whole sample typically in a few
thousand time steps, with the actual number of time steps
depending on the number of these skyrmion cores and the
size of the simulation box. Using 2% volume fraction gives
enough quarter-skyrmion cores to reliably get BPIII-like
structure even in a range of simulation volumes. A smaller
volume fraction slightly increases the relaxation time. For
0% volume fraction, the system remains in the isotropic phase.
The same initial condition for BPIII is used in confined
geometry of a planar cell. In the parameter regime, where
BPIII is the global free energy minimum in bulk simulations, the relaxed structure is typically not periodic, even
if the size of the simulation box allows for only approximately 5 × 5 skyrmions to form. Randomly placed halfskyrmion regions oriented normal to the surface are used as
initial conditions in very thin planar cells to produce halfskyrmions. These spontaneously grow to form the thin
BPIII structure at the BPIII parameter regime.
To study the BPIII structures at different cell thickness,
we gradually increase the thickness of the cell, ranging
from the thinnest cell of approximately 100 nm up to
approximately 500 nm, as used in the experiments. For
each thickness, the structure is initiated from the final state
of a slightly thinner structure, interpolated to a bigger mesh,
and relaxed to find the new equilibrium.
2. Visualization of DTCs from numerically
calculated BPIII structures
For visualization of the structure of BPIII in Figs. 8–10,
the −1=2 topological defects are presented as an isosurface
of scalar order parameter of S ¼ 0.14, whereas the
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skyrmion filaments are visualized as the light blue isosurface of a visualization parameter Φ. This parameter has a
local minimum in the center of the skyrmion filaments
(DTCs). Interestingly, the visualization parameter Φ is
directly related to an effective calculation of an electric
potential as obtained from minimizing the (free energy)
functional for Φ in the form [83]
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Here, G can be seen as the flexoelectric coefficient in
the single flexoelectric constant approximation, ϵ0 is the
dielectric vacuum permittivity constant, and ϵij is the
dielectric permittivity tensor. In the physical interpretation
of the visualization parameter Φ, the first contribution
describes the flexoelectric effect, whereas the second
contribution is the free energy of the dielectric interaction.
It should be stressed that this parameter Φ correctly
visualizes DTCs in BPI and BPII phases and is therefore
adopted to visualize the DTCs in BPIII bulk and confined
structures as well.
3. Diffractive transfer matrix and finite-difference
time-domain simulations
To interpret real microscope images in terms of calculated director structures, real images are compared to
optically simulated images, where the director structures
are taken from numerical calculations. To this aim, we build
a simplified virtual microscope model that includes the
actual illumination and light collection details. In optical
microscopy, one uses a Koehler illumination setup, which
produces uniform illumination from a nonuniform light
source. This setup maps each point of the spatially
incoherent light source to a single uniform plane wave.
The spatial position of each of the point source defines the
incidence angle of the uniform plane wave. The condenser
aperture defines the maximum incidence angle and the
numerical aperture of the illumination. The so-called
illumination cone produced by the illumination setup can
be treated as a sum of noninterfering plane waves with
wave vectors evenly distributed inside the cone with an
opening angle defined by the condenser aperture. There are
an infinite number of plane waves inside the cone in real
microscopes, but in simulations, we define a finite set of
plane waves, with wave vectors carefully chosen to match
the experiment’s boundary conditions. Because we use
periodic boundary conditions in light propagation simulations, we simulate the illumination with a finite set of
eigenwaves propagating in different directions in the
sample’s cover glass.
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To compute the EM field at the object plane under
the illumination conditions described previously, we
use an open-source package for light propagation called
the diffractive transfer matrix method (DTMM) [77].
DTMM is a vectorial FFT-based split-step beam propagation method, similar in concept to the FFT-based beam
propagation method introduced in Ref. [77], where the
material is treated as a series of layers comprising of a thin
lens, followed by a homogeneous layer. In contrast to the
method by Feit and Fleck [84], the DTMM algorithm is
vectorial and bidirectional and computes the Fresnel
reflections at the interfaces, allowing one to track the
reflected waves by iteratively passing the field multiple
times in both the forward and backward directions through
the sample. The algorithm is exact for homogeneous layers
and is accurate for low-birefringence and low-contrast
samples with slowly varying optical properties. Note that
the director structure in each layer of the sample is taken
from corresponding numerical LdG calculations.
After double passing through the sample, the microscope
objective collects the reflected light within a collection
cone with an opening defined by the numerical aperture of
the objective and reconstructs the near-field focusing plane
EM field at the imaging plane on the detector. In our
simulations, we use a simplified approach and treat the
objective as a thin lens that performs a linear transformation
of the object plane field using a point-spread function
defined by the lens’s opening aperture. Thus, we can
simulate the lens’s finite numerical aperture. To simulate
the focal plane shift, we first propagate the field from the
object plane to the focal plane. Solving the Helmholtz
equation in the Fourier space allows us to simulate the focal
plane shift by multiplying the mode coefficient with a
proper phase factor. Therefore, to simulate the image
formation of the objective lens, we first compute the
reflected field for each of the illumination plane waves
at a given object plane above the sample. Because this field
is an EM field propagating in a homogeneous medium (the
cover glass), we can perform mode decomposition using
Fourier transform to obtain a set of forward and backward
propagating eigenwaves. For image reconstruction, this
allows us to remove the incidence field from the computed
EM field and take only the backward propagating
(reflected) field. We then perform focal plane readjustment
and simulate the finite numerical aperture of the objective.
From the reconstructed EM field, we then compute the
intensity. We repeat the computation for all illumination
plane waves. The total intensity is a sum of the intensities
obtained from each of the single plane wave illuminations.
To test the validity of the results obtained from the
DTMM calculation, we also perform more accurate finitedifference time-domain (FDTD) calculations using Meep
[85] and also our own developed FDTD package [86]. The
simulation results show a good qualitative match between
DTMM and FDTD simulated images using RHC polarized
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light. For both DTMM and FDTD simulations, we use the
same Q tensor structure. The nematic birefringence is set to
Δn ¼ 0.11, with no ¼ 1.57 and ne ¼ 1.68. We place the
structure between two glass layers with n ¼ 1.52. The
wavelength used is λ ¼ 450 nm. In FDTD, we collect
the computed E and H field at a distance of about 1.5
wavelengths from the glass-structure interface to collect
only the propagating modes of the EM field (with no
evanescent fields). Because of the Yee lattice used in FDTD
simulations, the H and E data are displaced in time and
space. We use Meep’s interpolation scheme to compute the
H and E fields in the Yee lattice center, which allows us to
do a proper plane wave decomposition and image
reconstruction. In FDTD simulations, we limit the source
light’s incidence angle to an angle of 45°, which results in a
NAill ¼ 1, whereas, in DTMM, we could simulate higher
values of NAill . A more detailed comparison of DTMM and
FDTD simulated images of BPIII skyrmion structures in
thin layers will be presented in a separate publication.
APPENDIX D: DISTRIBUTION OF RADIAL
TWIST IN SKYRMIONS
To show that the blue filaments represented in Figs. 8–10
are, in fact, fractional skyrmion filaments, we analyze the
LdG simulated data and calculate the statistics of distribution of the radial twist angle of the director relative to the
distance from the skyrmion centers. A numerical algorithm
recognizes the centers of the skyrmion filaments employing
both the local director orientation nðrÞ and the parameter Φ
[Eq. (C2)]. This produces a smooth surface defining the
center of the skyrmion filament [represented with light blue
isosurfaces in Figs. 8(a) and 8(c)], where the director is
aligned tangentially to the surface. After the skyrmion
filaments are recognized, each voxel in the entire simulation volume is assigned to the nearest skyrmion and then
all of the voxels are distributed to bins, based on (i) the
distance to the nearest skyrmion center and (ii) the radial
twist, i.e., the angle the director makes relative to the
director orientation in the nearest skyrmion center.
Since the skyrmions are cylindrical objects, the radial
twist should grow linearly from the skyrmion center outward. This can be seen in Figs. 11(a)–11(c), which show
the distribution of radial director twist for three different
numerically calculated skyrmion structures presented in
Figs. 10(a)–10(c), respectively.
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