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Abstract. The properties of chiral photonic crystals with a pitch gradient were investigated both
experimentally and theoretically. The liquid-crystalline cell was prepared by bringing two cholesteric liquid crystals (CLCs) with different pitches into contact. There are some essential features in the dynamics of diffusion between the two CLCs. The most important feature is the fact
that establishing the final equilibrium pitch (for the temperatures below 17°C) takes a long time
—roughly 3 months or more—which, in turn, allows us to investigate the nonstandard change in
the reflection spectra during the diffusion. The two reflection curves do not directly actually get
closer and merge into one peak, as usual, but the left one gradually gets smaller and almost
vanishes, and the right one expands. For this reason, a theoretical model of a pitch change
was developed and it was seen that this model does not coincide with the classical ideas of
the pitch change. It was also assumed that due to the “freezing” effect during the diffusion
process, one could have fixed the intermediate states of the pitch gradient. © 2015 Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JNP.9.093591]
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1 Introduction
Cholesteric liquid crystals (CLCs) are a class of materials with very interesting optical properties. A CLC is a self-organized photonic crystal (PC) formed of rod-like molecules, which are
attached to chiral molecules in such a manner that they arrange themselves into a helical structure.1 The periodic structure of a CLC gives rise to a polarization-sensitive photonic band gap
(PBG). The CLC parameters can easily be tuned by external electrical or magnetic fields, or by a
thermal gradient, or by an IR radiation, and so on. A suitable manipulation of the CLCs’ layer
parameters allows fine tuning of their PBG and other characteristics.
Recently, there has been much interest for the CLCs enriched with nanoparticles (see Ref. 2
and references cited therein). The presence of nanoparticles (either ferroelectric or ferromagnetic) in the CLC structure leads to: an essential increase of its local (both dielectric and magnetic) anisotropy; a significant change of the isotropic phase-liquid crystalline phase transition
temperature; a significant change of the PBG frequency width and the frequency localization; a
change of the CLC elasticity coefficients; a significant increase of the CLC tuning possibilities,
and so on. Moreover, like CLCs, artificial chiral media have been created long ago.3,4 The investigations in this direction have been intensive and on-going. There exists a very deep connection
between liquid crystals and nanophotonics, since they are made of molecules and layers of small
nanometer sizes (1 to 2 nm). This is evidenced by the use of liquid crystals in novel photonic
devices and in the fabrication of nanoscale structures and display applications.5 The interaction
of liquid crystals with nanostructures such as subwavelength gratings, nanoporus materials, and
nanoparticles is interesting not only from a fundamental research standpoint, but also from a
commercial point of view. Because liquid crystals are switchable, a new application of
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nanophotonic devices is possible, which once again demonstrates the strong connection between
liquid crystals and nanotechnology.6
To widen the PBG, a three layer (blue, green, and red) cholesteric polymer film structure
was offered.7 Although the idea of stacking cholesteric layers with different pitches for increasing the Δλ seems to be a simple solution, the implementation of a multilayer material in a device
is a complex task compared with inserting a single layer into a single sandwich cell. For
this reason, researchers have put their efforts into fabricating a single cholesteric layer with
graded structure and periodicity—like the pitch gradient. (See the review article,8 for more information on the above mentioned and other methods of PBG widening.) Usually the pitch gradient
may be generated in the following way. Two glass plates separately coated by two thin cholesteric films of red and green are sandwiched and are separated by a spacer and form one cell. The
reflection/transmission spectra for both the beginning and at the end of the diffusion process have
a detailed explanation, while the results of the detailed research of the diffusion process for the
intermediate moments are missing. In Refs. 9–11, the diffusion problem was discussed on the
boundary of the polymer-nematic liquid crystal systems. Taking into account the fact that the
polymer is diffused into the nematic very slowly, the authors in Refs. 9–11 considered the diffusion in one direction, while in our case, the diffusion occurs in two opposite directions with
little distinction in the velocities. The diffusion problem on the boundary of two chiral liquid
crystals in two directions was considered in Ref. 12 and the existence of gradual diffusion
was shown.
There are several theories describing the behavior of the diffusion process in such systems,
namely the Fickian diffusion or Case 1, which occurs when the characteristic rate of the relaxation processes in the CLC (with lower concentration) is faster than the characteristic rate of the
diffusion processes. The second class of diffusion behavior is commonly called Case 2. This
diffusion occurs when the characteristic relaxation processes of the CLC (with lower concentration) are slower than those of the diffusion processes, and the diffusion is completely controlled by the CLC relaxation rate. The third is the class of anomalous diffusion, which includes
all those processes that do not fit the well-established Fickian or Case 2 behaviors, but fall somewhere in between. The above-mentioned theories of diffusion dynamics do not completely
explain the behavior of the pitch gradient for our system, since these theories correspond to
other types of systems in which diffusion is observed in one direction and the boundary conditions are not taken into consideration.
The defects in our system of two mixtures should influence the pitch profiles and the exact
pitch gradient profile could have not a very “smooth” appearance. There are many studies dedicated to defects in CLCs (Refs. 13–15) as well as Ref. 16 and its references. We intend to investigate defects in our system.

2 Sample Preparation and Experiment
The technique of the sample preparation, namely the glass processing method, is well described
in our previous work.17 Let us note that the polyimide layer used in our experiment does not have
optical anisotropy which was proven by experiment. It only helps to create the planar orientation
of the LC molecules. Here, two different walls of the cell were coated with two CLCs having
different pitches. Two kinds of mixtures of the right-handed pelargonium (C36 H62 O2 ), lefthanded oleate (C45 H78 O2 ), and E7 (multicomponent mixture of alkyl cyano biphenyls) nematic
liquid crystal with 30:60:10 and 25:55:20 ratios for green and red mixtures, respectively, were
prepared. The main reason for taking these three components lies in the fact that, in this case,
there is not a temperature-controlling problem, i.e., thanks to this choice, the pitch does not
change dramatically due to the temperature.
One of these two mixtures reflects in the green range of the light spectrum, and the other
reflects in the red one [Fig. 1(a)]. The thickness of our cell is 10 μm and the parameters of our
CLC films are p1 ¼ 0;326 μm and p2 ¼ 0;386 μm, respectively. When preparing the cell, equal
surfaces were coated by equal masses of the CLCs. Therefore, one can say that the estimated
thickness of the individual layer is about 5 μm. The estimated numbers of the pitches are: about
16 for the green mixture and 14 for the red one. To investigate the reflection spectra for the
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Fig. 1 The CLC cell and its reflection spectra for different moments of diffusion: (a) before the
diffusion started, (b) at the beginning of diffusion, (c)–(e) in the middle of the diffusion process,
and (f) at the end of diffusion.

unpolarized light (at normal incidence), a respective experimental setup was made. In our experiment, the StellarNet spectrometer with an optical resolution of 0.75 nm was used.

3 Results and Discussion
As a result of repeated experiments, the reflection spectra of the unpolarized light in the CLC
structure for different moments of the diffusion process were obtained (Fig. 1).
The reflection spectra exhibit two flat maxima, corresponding to the red and green film selective reflection bands. At the beginning of diffusion, the two peaks are obviously separated, and
after a few hours, these two peaks come close to each other. Then the one peak intensity (which
corresponds to the high concentration of the CLC) decreases, while the other peak
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(corresponding to the low concentration of CLC) continues to widen. The lower peak intensity
decreases dramatically, whereas the other peak is obviously expanded. The established steady
state is maintained for a long time—about 3 months or so. Finally, at the end of the diffusion, the
redistribution of the chiral compounds allowed establishing a united local equilibrium pitch,
although near the substrates the diffusion process is very slow. The experiment was carried
out at a lower temperature (17°C) in order to mitigate the influence of temperature on the diffusion speed. This enabled us to investigate the diffusion for the intermediate moments in detail
and fot a long time, which can open new application possibilities.
As is known, it is possible to “freeze” the state of diffused materials by photopolymerization.
For example, a controlled helix pitch modulation in the in-plane direction of a planarly aligned
CLC cell (using photopolymerizable cholesteric liquid crystals) is demonstrated by Yoshida
et al.18 In our case, the distance between the two peaks (Fig. 1) can be “frozen” (fixed),
which can lead to new applications, for instance, for preparing band filters. (We intend to
carry out the cell freezing experimental works in the future. As of yet, we have only theoretically
approached the issue of freezing.)
According to the mentioned diffusion theories, the reflectance spectra become a single
peak during the diffusion process when the peaks approach each other. This is because the theories are not taking into account the presence of boundaries, and they usually have considered
one directional diffusion. Let us compare our results with the results corresponding to the above
described models. The scheme in Fig. 2 is the sketch of the accepted model of diffusion that is
described by the error function,19 which is a solution of the differential equation of Fickian
diffusion.
Figure 3 shows the simulation results, namely the reflectance dependencies (a, b, c, d, e, and
f) on the wavelength based on the cases of pitch gradients of Fig. 2. Below the scheme of CLC
pitch’s profile is shown: (a) before diffusion started, (b) at the beginning of diffusion, (c)–(e) in
the middle of diffusion process, and (f) at the end of diffusion.
The comparison of Figs. 1 and 3 definitely shows that the pitch change depicted in Fig. 3 is a
rough approximation, especially for the intermediate states of the diffusion process. As it is

Fig. 2 The scheme of CLC pitch’s profile: (a) before diffusion started, (b) at the beginning of diffusion, (c)–(e) in the middle of the diffusion process, and (f) at the end of diffusion.
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Fig. 3 Reflection dependencies on the wavelength based on the cases of pitch gradients:
(a) before diffusion started, (b) at the beginning of diffusion, (c)–(e) in the middle of the diffusion
process, and (f) at the end of diffusion.

shown in Fig. 3, the two peaks actually approach each other by widening, i.e., they become a
single peak by the merging of the two reflection curves, while in the experiment, one peak intensity decreases, but the other one continues to widen.
Taking into account the results of Fig. 1, the theoretical model of the pitch change depicted in
Fig. 4 was proposed and, to substantiate the accuracy of the proposed model, new independent
measurements were done.
The changes of the two diffused components as well as the change of their separation border
were investigated. For the implementation of the experiment, a new CLC cell, again, with a
planar orientation, was prepared, but in this case, half of the glass was coated with the red
CLC and the other half with the green CLC. The light source fixed on the movable table glided
over the entire surface of the cell, and the reflection spectra were recorded (Fig. 5).
The experimental results showed that the longwave range diffused faster than the shortwave
one. In addition, it was also confirmed that the pitch profile is changed as shown in Fig. 4.
Based on the same experiment, the dependence of λmax on the glided distance was obtained,
where λmax is the wavelength corresponding to the maximum of the reflection coefficient of each
spectrum (Fig. 6).
In order to simulate our experimental results, the Ambartsumian’s layer addition modified
method was used.20 We have considered the CLC cell as a multilayer system, where in each layer
the optical axis orientation can be assumed to be constant. The solution of the boundary problem
of light transmission through the multilayer system can be presented in the form:
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Fig. 4 Theoretical model of pitch gradient across the cell thickness: (a) before diffusion started,
(b) at the beginning of diffusion, (c)–(e) in the middle of the diffusion process, and (f) at the end of
diffusion.

~ r ¼ R^ E
~ i; E
~ t ¼ T^ E
~ i;
E
where the indices i, r, and t denote the incident, reflected, and transmitted waves’ fields, R^ and T^
~ i;r;t ¼ E
~ pi;r;t n~ p þ E
~ si;r;t n~ s , where ~np and ~ns are the
are the reflection and transmission matrices, E
p
unit vectors of the orthogonal linear polarizations, and Ei;r;t and Esi;r;t are the corresponding
amplitudes of the incident, reflected, and transmitted waves. According to Ambartsumian’s
layer addition modified method, if there is a system consisting of two adjacent (from left to
right) layers, A and B, then the reflection transmission matrices of the system, A þ B, viz.
R^ AþB and T^ AþB , are determined in terms of similar matrices of its component layers by the
matrix equations:
−1
˜
˜
R^ AþB ¼ R^ A þ T^ A R^ B ½I^ − R^ A R^ B  T^ A ;
−1
˜
T^ AþB ¼ T^ B ½I^ − R^ A R^ B  T^ A ;

where the tilde denotes the corresponding reflection and transmission matrices for the reverse
direction of light propagation and is the unit matrix. The exact reflection and transmission matrices for a finite CLC layer (at normal incidence) and a defect layer (isotropic or anisotropic) are
well known.21,22
Let us note that the results are depicted in Fig. 3, also carried out according to
Ambartsumian’s layer addition modified method. For this, it is necessary to know the pitch
gradient across the cell thickness during the diffusion. Figure 4 shows the pitch gradient profile
of the two CLCs at different moments of diffusion: before the diffusion started (a) at the
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Fig. 5 (a) Cell appearance and (b) reflectance results when the diffusion takes place along the x axis (curves 1 and 8 were taken from the green and red regions and the other curves correspond to
the intermediate regions of the green-red direction).

beginning (b) of diffusion; in the middle (c, d, and e) of diffusion; and at the end of diffusion (f).
Generally, the presented pitch gradient profile consists of five basic parts: z < z1 , z1 < z < z̃1 ,
z̃1 < z < z̃2 , z̃2 < z < z2 , and z > z2 . Below, the mathematical forms (used in simulations) and the
physical meanings of the pitch gradient for each part are presented:
8p ;z < z
1
1


3
2
>
>
>
z−z1
z−z1
>
>
p
−
2ð
p̃
−
p
Þ
þ
3ð
p̃
−
p
Þ
; z1 < z < z̃1
>
1
1
1
1
1
z̃1 −z1
z̃1 −z1
>
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1
PðzÞ ¼ ðp̃2 − p̃1 Þ z̃z−z̃
þ p̃1 ; z̃1 < z < z̃2
2 −z̃1
>


3
2
>
>
>
z−z̃2
> p2 − 2ðp2 − p̃2 Þ z−z̃2
þ
3ðp
−
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Þ
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>
2
2
>
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z̃2 −z2
:
p2 ; z > z2

Fig. 6 The dependence of λmax on the slipping distance.
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The mathematical forms of the pitch gradient of the mentioned regions are approximations to
describe the pitch distribution in the inter-regional parts. They were defined by the following
boundary conditions:
Pz−z1 >0 ðz → z1 Þ ¼ Pz−z1 <0 ðz → z1 Þ ¼ p1
Pz−z̃1 >0 ðz → z̃1 Þ ¼ Pz−z̃1 <0 ðz → z̃1 Þ ¼ p̃1

Pz−z2 >0 ðz → z2 Þ ¼ Pz−z2 <0 ðz → z2 Þ ¼ p2
Pz−z̃2 >0 ðz → z̃2 Þ ¼ Pz−z̃2 <0 ðz → z̃2 Þ ¼ p̃2 ;

as well as by the conditions for the pitch derivatives with respect to z:
0
0
0
0
Pz−z
ðz → z1 Þ ¼ Pz−z
ðz → z1 Þ ¼ Pz−z
ðz → z2 Þ ¼ Pz−z
ðz → z2 Þ;
1 >0
1 <0
2 >0
2 <0

which mean that the pitch profiles in that regions are smoothly tailored. The values of z1 ; z2 ; p1 ,
and p2 were taken from the experiment. Based on a few important physical conditions (see
below), which are not taken into account in Fig. 2 and in the above-mentioned other theoretical
models as well, the parameters, z̃1 ; z̃2 ; p̃1 , and p̃2 , can be defined by the variation method. It is
obvious that the pitch gradient is greater near the diffusion borders than in the intermediate
regions of the cell, and this was confirmed by the second experiment (see Fig. 6). As is
shown in Fig. 4, there are two diffusion fronts propagating with different velocities and
there is a drastic change of the pitch gradient near the fronts, while the pitch is changed

Fig. 7 Reflection dependencies on the wavelength of the cell for different moments of diffusion:
(a) before diffusion started, (b) at the beginning of diffusion, (c)–(e) in the middle of the diffusion
process, and (f) at the end of diffusion.
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Fig. 8 The three-dimensional reflectance dependence on the wavelength during diffusion.

more slowly in the intermediate positions. Namely, z̃1 ; z̃2 ; p̃1 , and p~ 2 were selected in such a way
that, jz1 − z̃1 j ≪ jz̃1 − z̃2 j and jz2 − z̃2 j ≪ jz̃1 − z̃2 j. Furthermore, this accounted for the fact that
the diffusion takes place more rapidly in the direction where the density decreases (or the pitch
increases), which was also confirmed in our second experiment. It is worth mentioning that the
above-mentioned physical conditions are important to simplify the definition of the variation
parameters. Thus, having the p1 , p2 initial pitches, the z1 , z2 diffusion front coordinates, the
z̃1 and z̃2 parameters in the regions, z̃1 − z1 < 0.5 μm and z2 − z̃2 < 0.5 μm were varied.
Simultaneously varying the p~ 1 and p~ 2 pitches corresponding to z~ 1 and z~ 2 , the theoretical
pitch profiles, whose reflection spectra fit better with the experimental results of Fig. 1,
were found. It is to be noted that the obtained pitch gradient is the only one for our experiment,
and there cannot be any other kind of pitch distribution which could describe our experimental
results.
As was mentioned above, the diffusion of the two CLCs with different pitches was investigated in Ref. 12. Here, the peculiarities of the dynamics of diffusion were investigated using the
Fourier transform infrared spectroscopic imaging and the presence of a gradual diffusion was
shown. Our analyses of the results obtained in Ref. 12 also show the validity of our model. As
one can see from Fig. 5 in Ref. 12, the pitch gradient is different at various moments of diffusion
in diverse parts of the cell.
Figure 7 shows the simulation results, namely the reflectance dependencies (a, b, c, d, e, and
f) on the wavelength based on the above-mentioned cases of the pitch gradients of Fig. 4.
As is seen from the graphs of reflectance, the simulation results agree with the experiment
[see Figs. 7(a)–7(f) and 1(a)–1(f)]. It is to be noted that the absorption of the CLC medium is
neglected.
Having the parameters for the mentioned six moments of the diffusion [Figs. 7(a)–7(f)], the
change of the parameters as was approximated as linear during the whole diffusion.
Consequently, one can build the three-dimensional graph which presents the reflectance dependence on the wavelength during the diffusion (see Fig. 8).

4 Conclusion
The CLC cell with two cholesterics of different pitches was prepared and the peculiarities of this
system were demonstrated both theoretically and experimentally. Using diffusion, the pitch gradient of the helix was created. The pitch gradient was stable for a few months (of course, at low
temperatures). This means that establishing the final equilibrium pitch takes a long time—
roughly 3 months or more. Thus, using the sensitivity of the helical pitch, a new structure
with a new pitch (p ¼ 0.345) was created, which is not equal to ðp1 þ p2 Þ∕2 ¼ 0.356. It
was also shown that the bandwidth of the cholesteric reflection in the intermediate states is widened. One important result is the fact that by “freezing” the desired state of the diffused materials,
we can obtain new applications such as: band mirrors; band filters; notch filters; and so on. The
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investigation of freezing effects is in progress. The other important result that is worth mentioning is the nonstandard change of the CLC pitch during diffusion. Thus, our studies provide
important insights into self-organizing materials’ photonic investigations by going into the
details of the diffusion mechanism between the individual films inside the cell. The comparison
of the experimental results with the theoretical predictions confirms the validity of the approach.
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