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Efficient methodology 
with potential uses of Fresnel 
diffractometry for real‑time study 
of uniaxial nematic liquid crystal 
phase transitions
Narges Madadi  & Mohammad Amiri *

Due to the different features of their various phases and expanding physical understanding, liquid 
crystals (LCs) play a fundamental and crucial role in contemporary technology. Recently, they have 
also been utilised in adaptive optics, active switching, and next‑generation displays for augmented 
and virtual reality. In order to determine relevant quantities for thermotropic uniaxial nematic liquid 
crystals (NLCs), our aim is to assess the applicability of a ground‑breaking method. The method being 
discussed is based on Fresnel diffraction (FD) from phase objects, which has been employed over 
the past 20 years in several accurate and precise metrological applications. Using a phase step and 
quantitatively registering the visibility of the diffraction patterns, diffractometry can transform any 
change in the order of LCs brought on by a change in temperature into a change in the optical phase. 
Owing to its low sensitivity to environmental vibrations, inherent compactness, and ease of set up, 
diffractometry can be used much more effectively than interferometry. Additionally, as a special 
major feature, if the various phases of a LC have the required transparency, it is possible to record the 
number of phases in the bulk of the LC, the surface ordering, and the approximate temperature of the 
phase transitions in a single‑shot imaging by applying a suitable temperature gradient. The numerical 
computations and practical data comparisons from our theoretical considerations demonstrate a very 
high level of agreement with the output from other currently used methodologies. As we shall see, by 
addressing some of the faults and inadequacies of existing techniques, this strategy has the potential 
to both complement and strengthen them.

Physicists encountered some reversible and puzzling new evidence of organic materials exhibiting mesomorphic 
phases as a function of temperature between perfectly 3D organized crystals and isotropic liquids in the latter half 
of the nineteenth century. The first instance of this kind of LC was identified in  18881,2. The macroscale property 
of birefrengence is manifested in the intermediate mesophase of anisotropically organized thermotropic  LCs3. The 
rigorous and thorough foundation for defining LCs as the fundamental motive in liquid crystal display (LCD) 
technology that can be employed at room temperature was largely made possible by Heilmeier’s successful and 
ground-breaking research in the RCA laboratory starting in  19644. Since the inception of LC chemistry, organic 
compounds having flat series of two or more rings as the core of an enlongated molecular structure with high 
stiffness compared to the flexible terminal tails have been frequently utilized in electronic  displays5. Due to the 
widespread use of LCs, the topic has been studied and developed steadily, giving rise to various studies and 
cutting-edge applications. It continues to be one of the most challenging research fields. Investigations have been 
made into the phase transition behaviors of  LCs6,7, wide-band or selective light  reflection8–10, selective optical 
properties and controllable ferroeletric  LCs11–14, fluctuation effects at phase  transitions7, the effect of applied 
 fields15,16, high resolution adiabatic scanning calorimetry and ac calorimetry  technologies17,18, and their func-
tion in next-generation  displays19–21 have all been investigated. A wide variety of very valuable optical devices, 
particularly in imaging and adaptive optics, have emerged as a result of recent advancements in continuous 
tunability LCs, which are significantly dependent on international competition and  cooperation22.
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In this work, we present a simpler method for analyzing phase transitions in thermotropic LCs based on 
unconventional FD from a phase step. As is well known in classical wave optics, when a portion of the wave-
front of a spatial coherent light wave is blocked by an opaque object, the light intensity is redistributed over 
the diffraction pattern right next to the geometric  shadow23. In other words, it will be assumed that an actual 
source for the development of FD was the existence of a singularity in the amplitude of the wave-front. The most 
appealing feature of the unconventional FD, however, is its tunability, which we shall discuss in more detail in a 
separate section. As we will see, this specification differs from the conventional FD since it is dependent on the 
occurrence of a singularity in phase of a wave-front or phase gradient. Due to LCs’ widespread use in modern 
technology and their birefringent characteristics, the refractive indices associated with these characteristics play 
a crucial role in the design of instruments, including LCs. Based on quantitative measurements of the periodic 
diffraction fringes, we aimed to provide a novel description of the temperature dependence of the refractive 
indices values in nematic LCs as macroscopic observables at a particular wavelength. A single-shot imaging 
can also be utilized to determine the number of phase transitions between 3D ordered crystals and isotropic 
liquids, as well as surface ordering and anchoring behavior of LC molecules, as will be shown by applying this 
potent technology. Anisotropic rod-like thermotropic NLCs exhibit short-range order at high temperatures for 
two reasons: one is due to intermolecular forces, and the other is owing to thermal fluctuations. As a result of 
complete symmetry, they remain invariant under arbitrary translations and  rotations24. To put it another way, the 
T(3)× SO(3) symmetry and 3D space symmetry, which characterize the isotropic LC phase, are distinguishing 
features. On the other hand, solid crystals’ long-range positional and orientational order would lead to signifi-
cantly less symmetry. Though this is not always the case, the first LC phase to appear after cooling down from 
an isotropic liquid phase is the nematic phase, which has the lower order and higher symmetry. In this phase, a 
uniaxial/biaxial symmetry destroys the orientational symmetry while maintaining the translational symmetry. 
As one cools down, the phase transitions can be described in terms of increasing order parameters. A symmetric 
traceless second-rank alignment tensor can be utilized to calculate the properties of the first-order nematic-
isotropic transition using the Landau-de Gennes continuum  theory24

where I denotes the identity tensor, S as the microscopic order parameter is the degree of uniaxial alignment 
associated with the nematic director n̂ , and P stands for the degree of biaxial alignment associated with the two 
minor eigen vectors m̂ and l̂  . In uniaxial NLCs, there are 

 (i) The most symmetric phase ( S = 0 , P = 0 , and Q = 0 ) is the isotropic phase,
 (ii) The less symmetric phase ( S = 1 , P = 0 , and Q = 1 ) corresponds to a fully aligned nematic phase,
 (iii) The nematic phase is defined as ( 0 < S < 1 and P = 0 ), and S is a scalar order parameter that has the 

following  definition25

where P2(cos θ) stands for a second-order Legendre polynomial. The order parameter can be approximated using 
the Haller approximation equation because the thermotropic LC molecules become increasingly disordered as 
the temperature  increases26

TC is the temperature at which S from the nematic phase to the transition temperature, TN−I , abruptly drops to 
zero due to symmetry considerations and β is a fitting parameter. On the other hand, Vuks offered a semi-empir-
ical approach based on the analysis of experimental data for the investigation of the local field in an anisotropic 
 crystal27. This model performs well in the visible and infrared spectral regions and relates the local electric field, 
�Eloc , to the isotropic one, < �E >� , which may be obtained by averaging over all directions as follows:

in which

where anisotropic LCs media can also use the main refractive indices of a crystalline medium, nx , ny , and nz27. 
Equation (5) demonstrates that for uniaxial NLCs

A LC medium’s anisotropically polarizabilities, αe,o , and observed average values of their refractive indices, ne,o , 
along and perpendicular to its optic axis are related  by27
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which is quite interesting and N is the number of LC molecules per unit volume. The Vuks approximation, of 
course, has two flaws: first, it fails to take into account the geometrical shape of the molecules; second, it results 
in a coupling between the isotropic and average electric permittivity coefficients, which is invalid in the limit 
case for the completely ordered  system28. The optical birefringence of anisotropic LC, defined as �n = ne − no , 
and the average refractive index of LC, < n > , both depend on temperature at a specific  wavelength29

(�n)0 denotes the LC birefringence in the crystalline state. As a result, LCs’ extraordinary and ordinary refractive 
indices would then depend on temperature

where A and B can be determined by  fitting30.

Theory and procedure of the diffractometry method
Since Zernike’s discovery of the principle of phase and its use in microscopy to study phase objects using the 
phase contrast method, current optical imaging techniques have emerged and become more widespread. For 
instance, due to its many capabilities, quantitative phase imaging (QPI) is regarded as one of the most popular 
and often used techniques, particularly in the study of living  cells31. To measure the optical field, which contains 
amplitude and phase information, QPI techniques are based on the interferometry principle. Based on its modu-
lation, QPI techniques use one of two classes of interferometry: time-domain Mach-Zehnder interferometry 
or spatial-domain Mach-Zehnder interferometry. Therefore, mechanical and environmental noise may have a 
significant impact on sensitive fringes. Contrarily, the results of two decades of meticulous and fruitful work 
with diffractometry have demonstrated that this method can be portable, with inexpensive equipment that is 
highly resistant to environmental vibrations.

As we previously stated, the primary cause of diffraction in both conventional and unconventional FD is 
the existence of a particular singularity in the amplitude and/or phase of a coherent light wave that occurs in 
association with one of the different singularities described below: 

 (i) When a coherent light wave propagates parallel to the plane interface between two media in transmis-
sion and passes through two adjacent isotropic plane parallel transparent plates with sharp, not wavy, 
or uneven edges and different indices of refraction that are set to the same thickness (the analytical 
complexity of the optical path difference and shadowing correction will therefore be reduced in some 
way in the transmission and reflection of a monohromatic light wave); or when a reflector step with a 
variable height is illuminated at normal incidence by a coherent light wave in reflection (i.e. singularity 
in the optical path or dislocation in the phase of a wave-front)32. Figure 1 depicts the FD for an incident 
parallel coherent light wave from a laser light with a wavelength of 633 nm that normally falls on a 1D 
plane parallel transparent isotropic plate surrounded by the air.

 (ii) After leaving a phase object, a coherent light beam can split into two crossing wave-fronts33. For instance, 
if a coherent and collimated light beam traverses a Fresnel mirror or a Fresnel biprism (i.e. singularity 
in wave propagation direction or dislocation in wave-front gradients).

 (iii) Similarly, it is found that the FD fringes are produced when the optical field’s polarization and coherency 
are rapidly changed.

The resulting wave-front dislocations as well as the gradient created by the phase objects can be changed at 
will in the typical situations mentioned above. The most significant implication is that it may be used to transform 
any change in the physical properties of transparent substances into a phase change, which alters the visibility 
and location of diffraction fringes. Conversely, by carefully examining the intensity distribution and/or the 
extrema positions of the periodic diffraction fringes, it is possible to accurately determine the refractive index, 
a crucial characteristic parameter of a substance, as well as the characterization of the polarization of light rays 
in the study of optical transmission in any transparent medium.
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The first systematic and in-depth study of diffraction from a phase step was published by M. T. Tavassoly 
et al. in the early  2000s34, and it has since expanded into a variety of technological fields over the past two 
 decades35. Because of this, it has led to the development of numerous new optical metrology features and applica-
tions, such as the measurement of film  thickness36, high-precision  refractometry37,38, nanometer displacement 
 measurement39, refractive index gradient in inhomogeneous phase objects and diffusion  processes35,40, spectral 
 modifications41–43,  wavemetry44, real-time monitoring and measurement of chemical etching rate of transparent 
 materials45, and 3D  imaging46,47, alongside a lot of many other uses inspired by phase objects’ FD capabilities.

Consider as a simple illustration an isotropic plane-parallel transparent plate with an abrupt edge, held in air 
or a transparent isotropic liquid, to get into greater depth and become familiar with the technique. As seen in 
Fig. 2a, a 1D phase step is created in transmission mode by submerging a glass slab in a clear, isotropic liquid.

The optical path difference (OPD) and phase of the beam rapidly change when a spatially coherent beam of 
light with propagation direction perpendicular to the transparent material travels through it. Consider a plane 
wave-front � that is incident on an abrupt glass edge in the x > 0 portion of the xy plane and is propagating in 
the direction of the z-axis. The wave-front �′ that appears at the back of the glass plate, with the left and right 
segments separated by OPD, δ , can be thought as the source of Huygens-secondary Fresnel’s  wavelets32. The 
height of the phase step is actually represented by the value of δ . Calculating the intensity distribution in the 
image region parallel to that of the transparent glass can be done using the scalar Kirchhoff diffraction theory. 
At normal incidence, the phase difference φ is described as

where the refractive indices of the glass, the liquid surrounding it, the vacuum wavelength of the incident light, 
and the plate thickness are denoted by nglass , nliquid , �0 , and d ( �0 and d are in the same unit), respectively. To 
accurately measure the refractive indices of a LC as function of temperature for any given wavelength and nor-
mal incidence, which is what we would like to do in the current issue, we can similarly use the variation of the 
diffraction pattern with changing temperature. Prior to addressing this issue, it is important to note how our 
suggested framework will allow for such.

From the diffraction patterns, two techniques are used to calculate the height of the phase step in the wave-
front �′ and, subsequently, the refractive index: 

 (i) The first technique uses the intensity profile of the diffraction  patterns32, which for the selected set of 
axes is expressed as 

 where I0 , tL , tR , C0 , and S0 are the incident light intensity, the left and right side transmission coeffi-
cients, and the well-known Fresnel integrals, respectively. Additionally, the (−) and (+) signs in front 
of (C0 − S0) sinφ , respectively, indicate the equivalent intensities at locations on the left and right sides 
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Figure 1.  Typical diffraction patterns of expanded parallel coherent light waves from a 633 nm laser that 
normally fall on a 1D isotropic plate surrounded by air in transmission mode.
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of the step edge on the wave-front �′ with regard to the coordinate system in Fig. 2a. According to the 
diffraction patterns in Fig. 2b,c, the intensity fluctuation decreases as one moves away from the step edge 
on both sides and tends to a constant intensity. Quantitatively, in the Fresnel integrals and in the limit 
IL,R → I0 as v0 → ∞ . As a result, measuring the intensity at a particular position and dividing it by I0 
will yield the normalized intensity at that point. According to Fig. 1, each arbitrary diffraction pattern 
typically has an absolute minimum and two nearby maxima. Now, it is possible to define the visibility 
of the intensity pattern’s three central fringes  as32 

 where IMinC denotes the utmost minimum intensity on the central dark fringe and IMaxL and IMaxR 
denote the maximum intensities on both sides of the central dark fringe. The visibility vs normalized 
OPD function, δ/�0 = φ/2π , is periodic, with only one period shown in Fig. 3  as32 
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Figure 2.  (a) The optical length of a direct ray at normal incidence is shown to illustrate the production of 
a phase step after passing a coherent monochromatic plane wave-front from two adjacent phase objects with 
different refractive indices. (b) A simulation of the intensity outlook determined at a distance of R = 5 cm from 
the back of the glass plate. (c) Calculated normalized intensity distribution of diffracted light along the yellow 
dashed line, corresponding to (b).
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 where the constants a, b, and c can be derived from fitting.
   The visibility of the fringes increases from zero to one as normalized OPD varies from zero to one-

half, and the value of  visibility and its change are our two key criteria. The maximum visibility occurs 
in all circumstances where the contributing factors produce phase differences of φ = (2m+ 1)π , for 
values of m = 0,±1,±2, . . . . Therefore, when the transparent isotropic liquid in Eq. (10) is substituted 
by a LC, this value under the condition of the well-aligning cell, entirely depends on the ne,o for normal 
incidence at a given wavelength. On the other hand, fitting on experimentally determined visibilities at 
various temperatures, as a strong approach with a relative uncertainty of around 10−537, gives extensive 
information on the existing theories about the order parameter as well as the refractive indices of LCs. 

 However, more generally speaking, it should be noted that the refractive index of the glass, nglass , does 
not considerably change with temperature in compared to the surrounding liquid, provided the range of 
temperatures is not too broad; otherwise, the required corrections must be performed. The sensitivity and 
resolution of the CCD pixels of the used detector to record data, determine the precision of this method 
and are of greatest significance in defining the final outcome, even though precision is appropriate to 
our purpose in our plan. However, the main practical benefit of this approach is that, as long as we are 
dealing with linear optics, the visibility factor used to calculate the refractive indices is independent of 
any change in the intensity fluctuations.

 (ii) The second strategy relies on the use of the positions of the diffraction pattern’s extrema because changes 
in any of the variables relating to the 1D transmission phase step’s physical characteristics would cause a 
discernible shift in the positions of the diffraction patterns’ intensity profiles. For any given wavelength, 
as the order parameter changes as a function of temperature, so does the value of ne,o and, as a result, 
the location of the extrema in the diffraction patterns. By averaging across the positions of the CCD 
array pixels with the least intensity to cut down on background noise, we can experimentally identify the 
location of the midpoint of the central dark fringe when the visibility of the diffraction fringes of a 1D 
phase step is at its highest value. For measuring the positions of the extrema on a CCD array detector, 
the midpoint should be used as an origin because it coincides with the 1D step edge. However, numeri-
cal analyses have demonstrated that, in contrast to all prior situations, the complexity of the behavior 
of the extremum points in the present study requires that we concentrate on using the visibility of the 
diffraction fringes in this approach.

Numerical results and discussion
In general, the same techniques used to calculate the refractive indices of bulk crystals may be used to calculate 
those of uniaxial NLCs. Similar to crystals, thermotropic LCs also have the property of birefringence, hence it is 
important to remember this before moving on to the technique that the optical axis cannot be pre-defined. To be 
able to measure the refractive index in a certain direction, all methods for determining the refractive indices of 
LCs require a homogenous, precisely aligned sample. The optical axis can only be forced to turn in one direction 
by a restricted LC with a certain boundary condition at the enclosing wall and/or an externally applied field. A 
uniaxial crystal having an optical axis of direction pointed by a uniform nematic director, n̂ , is analogous to a 
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Figure 3.  Fringe visibility variation with normalized OPD, (δ/�0) = φ/2π . For both temperature-dependent 
linear and non-linear variation of OPD, this function has a periodic and symmetrical structure with an axis of 
symmetry that has reached its maximum at values of φ/2π = ±1/2,±3/2, . . . and reaches zero at values of 
φ/2π = 0,±1,±2, . . ..
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homogeneously oriented NLC. We should begin with a homogeneously oriented LC for this purpose. Addition-
ally, a multi-wavelength Abbe refractometer that can measure refractive indices with an accuracy of ±0.0002 
is the most practical and accurate tool for determining the index of refraction of an isotropic fluid. The Abbe 
refractometer is still the most used tool for determining the refractive indices of LCs, although it has reached two 
practical limits that restrict its usability: the first restriction relates to temperature control since the circulating 
constant temperature bath can only reach a maximum temperature of about ∼ 80 ◦ C if water is utilized, and the 
second arises when ne exceeds the refractive index of glass in the refractometer (1.3 to 1.75 in a low refractive 
index and 1.4 to 1.85 in a high refractive index)48.

Refractive indices and nematic‑isotropic first order phase transition. Since some thermal devices 
are unavailable in our lab but a variety of refractive indices data is accessible for the nematic phases of rod-like 
LCs, we take a hypothetical LC cell as depicted in Fig. 4a into consideration to see how well our model captures 
the physical behavior of the LCs.

Unlike the typical LCs’ cells, we are able to put a spacer made of a very thin, isotropic, plane-parallel trans-
parent glass plate of thickness d = 10µ m between the two optically flat slides as substrates in the arrangement 
depicted in Fig. 4a such that it doesn’t entirely occupy the space between them. If thicknesses on the order of 
several microns are required, we can use a transparent dielectric phase step with the necessary thickness cre-
ated by coating on one of the substrates in place of this spacer. In this way, a known uniaxial NLC can occupy 
the whole volume of the left and right hollow elongated rectangular cells between the two substrates made by 
the glass plate or coated phase step in order to measure the refractive indices simultaneously. Here, a coherent 
light wave will produce two phase steps in such a contiguous medium as the two opposite edges of the spacer 
are in touch with the LC, Fig. 4b. According to the simulation, the spacer must be at least 8 mm wide to have a 
high degree of confidence that the two phase-step diffraction patterns won’t overlap. The anchoring condition 
of the glass substrates, which creates an ordered layer at the substrate-liquid crystal interface and transmits 
this order to the bulk LC via elastic forces, determines the orientation of the LCs in the cell in the absence of 
externally applied fields. Accordingly, homogeneous anchoring in the right compartment can be achieved by 
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Figure 4.  (a) The structure of a hypothetical LC cell shows the creation of two phase steps following the passage 
of a coherent monochromatic plane wave-front, δo and δe represent the OPD corresponding ordinary and 
extraordinary rays, respectively. (b) Ordinary and extraordinary LCs that came into contact with the opposing 
sides of an 8 mm wide glass plate were used to calculate the normalized intensity profiles of the diffracted light 
from the two phase steps. The average optical axis of the LC is typically denoted by left-to-right arrows.
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unidirectionally grooving the surfaces of the two substrates parallel to one of their edges using various align-
ment techniques, while homeotropic anchoring in the left compartment can be achieved by using monolayer 
surfactants that are chemically attached to the two glass substrates. As a result, in the left and right compart-
ments, the LC molecules are arranged parallel and perpendicular to the z axis, respectively. A better alignment 
can also be obtained if necessary by using an external field. Additionally, consider a linearly polarized light 
with its electric vector in the x-direction. The light ray of the electric field is ordinary in the left compartment 
because it is parallel to the optical axis, but extraordinary in the right. It is possible to use a detector mounted on 
a precise computer-controlled translation stage or two fixed separate, identical detectors or a linear array CCD 
detector at the back of the assemblage in order to record the diffraction fringes produced by the two phase steps 
according to their spatial extent.

By employing this technique, we primarily hope to identify typical LC behavior both below and beyond the 
thermotropic uniaxial NLC transition temperature as well as to calculate a LC’s refractive indices in accordance 
with Eq. (14). We first turn to its theoretical study to obtain a clear understanding of the visibility behavior with 
changing temperature and, consequently, the order parameter over a reasonably wide range of temperatures. 
The temperature dependent refractive indices of Eq. (9) are calculated using the known values A, B, (�n)o and β 
for the mesogens 4− n− pentyl − 4′ − cyanobiphenyl , C18H19N (5CB)  sample49, whose clearing point is 306.6 
K, and the rewritten phase differences of Eq. (10) as

For the calculations above, we used a very light flint glass (LLF1-HIKARI glass data sheets) with a thickness 
of d = 10µ m, whose refractive index is measured at each  wavelength50. If we assume for simplicity that both 
transmission coefficients are almost equal to unity, tL = tR ∼= 1 , then by substituting (15) into (11), we obtain the 
intensity profiles of the diffracted light waves produced by the two phase steps, as shown in Fig. 4b. The ordinary 
and extraordinary phase differences of the 5CB sample at wavelengths �0 = 546 , 589 and 633 nm are numeri-
cally depicted in Fig. 5 as a function of temperature in the range of 11.4 to 54 ◦ C and with increments of 0.1 ◦C.

This figure illustrates how the phase differences in the nematic phase change nonlinearly as temperature rises 
and change drastically when temperature approaches the critical point at Tc . After that, the phase differences will 
behave linearly as the temperature rises.

We will now refer to the behavior of the visibility factor, which, as was previously said, gives us important 
information about what we were looking for. Utilizing the numerical results of (15), (11) and (12), the visibility 
curves in Fig. 6 were made possible. The visibility curves of the diffracted fringes formed by the two phase steps 
as functions of temperature due to the ordinary and extraordinary refractive indices of the 5CB sample are 
given in Fig. 6a–d by numerical calculations using the same wavelengths, temperature range, and temperature 
increments as in Fig. 5.

It is evident from comparing the visibility curves of the two phase steps in the same temperature range of 
11.4 to 54 ◦ C and at a specific wavelength that the left phase step (ordinary ray) repeats its visibility curves 
at a considerably slower rate than the right one (extraordinary ray). This is due to the fact that in Eq. (15), 
(ne − nglass) > (nglass − no) . As long as the materials of the glass plate and the LC remain unchanged, the effect 
of continuous changes in temperature will therefore necessarily result in the periodic succession of visibility 
curves with regular sequences of maxima and zeros for any given wavelength. It is expected that the visibility 
behavior of the two phase steps will experience nonlinear variations in accordance with the nonlinear changes 

(15)
φo =

2π

�0
(nglass − no)d,

φe =
2π

�0
(ne − nglass)d.
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of the optical phase differences φo and φe in the nematic phase as shown in Fig. 5. Therefore, as expected, once 
the temperature TC is reached, the visibility curves should abruptly change into a regime with very slow and 
constant changes after entering the isotropic phase, assuming that the effect of boundary conditions is ignorable 
as we have assumed in numerical calculations.

According to Fig. 7a,b, each of these visibility zeros exhibits an interesting situation of practical significance 
in optical refractometry where the diffraction fringes of one of the phase steps are entirely eliminated and a 
uniform intensity is predominant.

Additionally, the visibility curves of the left and right phase steps have zero values when the following equa-
tions are true for their phase differences

The formation of periodic repetition conditions in the Fresnel-Kirchhoff diffraction  formula32 is what causes the 
visibility curves of the right phase step to have zero values, with the exception of the value m = 0 , unlike to the 
left one. Naturally, for other glass plates with different refractive indices, m can generally have zero and negative 
values. Therefore, Eq. (16) is a second, simpler equation for calculating the values of the refractive indices in 
addition to Eq. (14). However, using a similar approach, it is also possible to calculate the refractive indices for 
the maximum points of visibility curves, leading to a relation that is comparable to (16). The relative simplicity, 
accuracy, precision, and systematic error in measurements of these two practical approaches in the laboratory 
all play a role in determining which of these two methods is more useful. However, despite this large benefit, the 
Eq. (16) has a difficulty because there are so few zeros in the curve. Fortunately, there will be a large increase in 
the amount of these independent data due to the availability of a wide range of optical glass plates made by optical 
glass producers as well as light sources with distinct wavelengths. The potential of a more thorough investigation 

(16)
φo = 0 ⇒ no = nglass ,

φe = 2mπ ⇒ ne = nglass +
m�0

d
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of the fitting parameter β—in the approximation of the order parameter proposed by Haller in Eq. (3)—and the 
relationship between the refractive indices and this parameter at various temperatures is made possible by these 
data. The most significant practical characteristic and distinctive criterion to determine whether the LC is in the 
isotropic phase is that the intensity patterns and visibility curves will be symmetrical, as can be seen implicitly in 
Fig. 6a–d and directly from Fig. 8. This is true for sufficiently weak or ignorable anchoring boundary conditions 
or at high enough temperatures in the isotropic LC.

As a result, as soon as this important requirement is observed, it is clear that the uniaxial NLC is in the iso-
tropic phase (Q = S = 0) , which has the highest degree of symmetry, and is far from both the weak and strong 
anchoring constraints.

With a precise step of the temperature increment that may be made as small as practically possible and record-
ing the visibility of fringes at any temperature, the same process may be achieved in the lab in practice. Unlike 
the numerical method, the number of data in this method is constrained by the material’s operating temperature 
range and the sensitivity of the thermal instruments available in the lab. If we fit the simulated visibility curve to 
the obtained data for each period of repeated visibility patterns, then by Eq. (14) it is possible to derive refractive 
indices with excellent agreement. Ordinary and extraordinary refractive indices of the 5CB sample are shown in 
Fig. 9 as functions of temperature, with three colored circles representing each wavelength.

In order to compare the method with the results of the numerical analysis, experimental data with black dots 
are  provided49. Additionally, the average refractive index of LC, which exhibits linear behavior with respect to 
temperature, is observable at three separate wavelengths in both the nematic and isotropic phases. It is evident 
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Figure 7.  The circumstances under which the visibility of each phase step has a zero value practically 
correspond to the removal of periodic fringes brought on by diffraction, which causes the light intensity to 
become uniform. (a) There is no diffraction effect when φo/2π = 0 , as the ordinary refractive index of the 
left LC cell is the same as that of the glass and the transmitted light will not detect any difference between the 
glass and the LC at a specific temperature. (b) The periodic zero condition in the Fresnel-Kirchhoff diffraction 
formula repeats for values of φe/2π = 1, 2, . . . , causing the normalized phase difference in the right side of the 
LC cell to provide the precise relationship between the extraordinary refractive index and the glass as given by 
Eq. (16).
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that the numerical refractive indices obtained are in excellent agreement with their experimental values, demon-
strating the efficacy and precision of this procedure. At TC , where these two refractive indices become singular, 
this figure also includes the most significant practical application of the phase transition of the first order from 
nematic phase to isotropic phase.

Despite the similarities in the patterns of the visibility curves for the two phase steps at various wavelengths, 
particularly at their maxima and zeros, there are two crucial differences. The first difference comes at the start 
and finish of the curves for different wavelengths, as is immediately seen from the visibility curves. However, 
there is another distinction that is less obvious and is only detectable by numerical computations. The output 
of Eq. (16)’s numerical computations for the ordinary and extraordinary refractive indices at the visibility zeros 
is shown in Table 1.

The first-order nematic-isotropic phase transition’s impact on these diagrams is not entirely evident, despite 
the fact that we are somewhat familiar with how visibility curves behave around phase transitions. A more 
striking criterion around the phase transition temperature TC will be obtained if we look at the visibilities gradi-
ent. In terms of temperature, Fig. 10 shows the ordinary and extraordinary visibility gradient behaviors for the 
wavelength of 633 nm, which are essentially the same for other wavelengths.
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As we previously discussed, it is easy to notice in this figure how the ordinary and extraordinary visibilities 
gradient of LC in the nematic phase, before reaching the phase transition temperature, behave in distinct ways. 
We observe a behavior with zero gradient and strikingly similar regime of ordinary and extraordinary visibilities 
in the isotropic phase, in contrast to the distinct behavior before the phase transition temperature and quite 
remarkable at the phase transition temperature, which indicates a singularity in the visibilities gradient. It is 
deserving of investigation and in-depth physical analysis that the visibility gradient undergoes abrupt changes 
around the phase transition temperature and somehow reflects the pretransition circumstances. Although numer-
ical computations with a very small temperature increment allow for a more in-depth analysis, they are neither 
practicable for use in the lab nor likely to have a physical counterpart when used as artificial data. However, in 
this study, we are just examining the viability of the current approach in dealing with the first and second order 
phase transition phenomena.

First and second order phase transitions in a surface‑aligned nematic film. As already indicated, 
unlike the simple relationship (3), the order parameter S of the NLC molecules is mostly the result of two con-
flicting thermal fluctuations and orientational and/or positional ordering agent. Without an external field, the 
alignment agent results from the interaction of the LC molecules with substrate regularities. As a result of this 
intermolecular interaction, the alignment agent extends to points far from and normal to the substrate-liquid 
crystal interface up to a long range, which is determined by the correlation length. As a result, as the temperature 
rises, the thermal fluctuation inhibits the alignment agent and results in a reduction in the correlation length 
and order parameter. It was noted in the previous section that the first-order nematic-isotropic phase transition 
process in the bulk of LCs not only manifests itself as a singularity in the refractive indices but also in the visibili-
ties gradient, and it was for this reason that these were introduced as criteria for identifying the first-order phase 
transition. It is intended to use this method and its capabilities to identify nematic-isotropic phase transitions 
in a surface-aligned nematic film using a simple model that is not too distant from reality. It is demonstrated 
there that, if the anchoring of the LC to the substrates were disregarded, the visibility of the fringes of the two 
phase steps in Fig. 8 would be symmetric as soon as the phase transition temperature TC from nematic to iso-

Table 1.  The ordinary and extraordinary refractive indices of a 5CB sample at three different wavelengths at 
various temperatures when the visibilities have theoretically fallen to zero.
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Figure 10.  Visibilities gradient behavior at wavelength �0 = 633 nm, which are typically true for other 
wavelengths as well. Using the visibilities gradient, it is possible to obtain three distinctly different behaviors 
with temperature: nonlinear in the nematic phase, zero value in the isotropic phase, and rapid and significant 
variations around TC , which indicate the singularity in this temperature. The visibility gradient diagrams will 
lead to the same conclusions, which we may infer from Figs. 5 and 6, clearly evident.
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tropic was passed. As we shall see, the refractive indices and the gradient of visibilities in the nematic phase and 
in the immediate vicinity of the first-order phase transition temperature will still change significantly despite 
the fact that one cannot realistically expect any symmetry in the curves of the two visibility curves in the pres-
ence of confinement substrates. As the isotropic phase transition at TC approaches, the long-range orientational 
order in the bulk of NLCs decreases to a very short-range one, and the long-range correlation length eventually 
approaches zero. But according to Fig. 11, we can assume that the two aligned and uniform nematic films of LC 
with thicknesses Do and De adherent to the upper and lower substrates, respectively, are created in the left and 
right compartments, despite the nematic-isotropic phase transition in the bulk of the LC and due to the domi-
nance of the order agent in the vicinity of the liquid crystal-substrate boundary.

Using the Landau-de Gennes theory, there is a critical film thickness of Dc , and if the newly produced layer 
is thicker than that (i.e. Do,e > Dc

o,e ), the desired film will go through the first-order phase transition when the 
temperature is raised above TC

51. If not, a second-order phase transition will occur. The following relation could 
be used to mathematically express this

where TS
o,e , TC , and δTo,e ( δTo,e > 0 ) are respectively, the ordinary and extraordinary surface-aligned nematic 

films’ phase transition temperatures, the first-order nematic-isotropic phase transition in the bulk of LC and 
their respective temperature increments. The amount of δTo,e and, consequently, the difference between the phase 
transition in the bulk and the phase transition in the surface-aligned nematic film will rise when the ordering 
agent is increased or strong anchoring is obtained. To acquire reliable data, it is required to increase the value of 
δTo,e in accordance with the experimentally measured values of δTo,e , which are typically a few tenths of kelvin. 
First, using the suggested model, we look into the condition that leads to the first-order phase transition in the 
surface-aligned nematic film (i.e. Do,e > Dc

o,e ). The phase transition will inevitably be of the second order if the 
prerequisites for producing this transition are not met in practice. By measuring the spatial averaged refractive 
index over a length interval of d or equal optical length of a beam travelling through the left and right compart-
ments, we then  obtain23

where ni(T) is the isotropic phase’s bulk refractive index of LC at temperature T. For example, in terms of practi-
cal estimation, within the limits of acceptable laboratory approximations

Additionally, by forming the surface-aligned nematic films in contact with the substrate boundaries and the bulk 
of the LC, the average optical birefringence at a specific wavelength denoted as �̄n then becomes

(17)TS
o,e = TC + δTo,e ,

(18)

< no(T) >=
ni(T)(d − 2Do(T))+ 2no(T)Do(T)

d
,

= ni(T)−
2Do(T)

d
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d
,
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d
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Figure 11.  After raising the temperature from the first-order phase transition in the bulk of LC, surface-aligned 
nematic films with thicknesses Do and De attached to the substrates, respectively, form on the left and right sides 
of the LC cell, causing the average refractive indices to be < no > and < ne > in these two portions.
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This is practically measurable and might cause a shift in the relative refractive index of roughly 10−2 . By rewriting 
relations (15) and use the average refractive indices in Eq. (18), we will have

Based on the foregoing hypotheses, behavior of the refractive indices as function of temperature over the 
three temperature ranges—in the nematic phase until the first-order phase transition’s temperature of the bulk 
(T < TC) , after the first-order phase transition’s temperature in the surface-aligned nematic film, (TS

o,e < T) and 
in between, (TC < T < TS

o,e),—is calculated numerically and shown in Fig. 12.
According to Fig. 12, the anchoring effect will result in the formation of regular surface film layers on the left 

and right sides of the LC cell, which will change the behavior of the refractive indices no = ne = ni in the isotropic 
phase in a way that differs from the ideal state depicted in Fig. 9 and result in measurable changes to the average 
refractive indices < no > and < ne > ( < no > =< ne > = ni ). As a result, after raising the temperature above 
TC , the average optical birefringence of anisotropic LC, �̄n , will be formed. As opposed to the nematic phase 
state, where the light outputs from both sides of the LC cell have extremely high degrees of linear polarization, 
it is also anticipated that in this situation the output light will have relatively low degrees of partial polarization. 
Additionally, using default settings and numerical calculations, it can be seen that the visibilities gradient will 
change when regular surface films are taken into account; this change is much more noticeable in the extraor-
dinary gradient visibility than the ordinary gradient visibility, as shown in Fig. 13.

The utilization of temperature gradient in the bulk of LCs is also an intriguing illustration of the multiple 
applications of FD from phase steps. In this technique, a desired LC is brought into contact with two separate 
heat reservoirs through a fully controlled process at two different temperatures, creating a significant direc-
tional component of temperature gradient (say along the x axis). For instance, the phase transition sequence for 
4− 4′ − dipentylbiphenil is as  follows52:

When an ordinary ray of a coherent monochromatic light wave propagating along the z axis encounters the 
separation boundary of each of the two adjacent phases, provided that each phase is sufficiently transparent, 
diffraction will occur if the system is placed in a suitable directional temperature gradient and in a steady-state 
regime. In this example, the total number of phases that are created in an appropriate temperature gradient, 
whose interval and rate of change can be altered, will be discovered all at once and in a single shot. The assump-
tion of approximate uniformity of the temperature gradient applied to the LC, which is probably not always 
compatible with the temperature behavior in different phases, can also be used to estimate the temperature range 
of the phase transition between separate phases.
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Figure 12.  Variations for no and ne in the bulk of LC during the nematic phase, for < no > and < ne > resulting 
from their regular development in the surface-aligned nematic films, and lastly for the bulk of the LC during 
the isotropic phase. The average optical birefringence of anisotropic LC, �̄n , occurs in the temperature range 
between the first-order transitions of the LC bulk in the nematic phase and the LC bulk in the isotropic phase, 
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o,e , after the development of the ordered surface layer.



15

Vol.:(0123456789)

Scientific Reports |         (2023) 13:2184  | https://doi.org/10.1038/s41598-023-29174-y

www.nature.com/scientificreports/

Conclusions
Since researchers began taking a serious and methodical approach to the study of LCs because of their diver-
sity of phases and numerous properties, these materials have benefited from a privileged position because of 
their many and expanding applications in current technology as well as their potentials in the horizons of the 
future. Because LC phase changes are formed at different temperatures as a result of heat exchange between the 
LC and its environment, the measurement of parameters related to free energy and heat flow is regarded to be 
significant in theoretical and experimental studies. Given that light is sensitive to changes within LCs and that 
FD from phase objects has significantly contributed to precise optical metrology over the past two decades, the 
current theoretical research is attempting to accomplish two major achievements of its potentials in theoretical 
investigations of LCs. The basis of this method is the utilization of the visibility parameter of the three central 
diffracted light fringes, which after interaction with a singularity created during the passage of a coherent light 
wave-front and has great accuracy due to its symmetry, periodicity, mathematical and analytical simplicity. 
The first achievement is the accurate measurement of the ordinary and extraordinary refractive indices and the 
optical birefringence of anisotropic of a given LC at the same time, as well as the removal of the limitation and 
disadvantage of using the traditional Abbe refractometer to determine the extraordinary refractive index of LCs. 
Additionally, it is feasible to validate the theoretical models relating to the order parameter and microscopic 
polarizabilities using the results. This allows us to draw the crucial conclusion that the first-order phase transition 
will result in singularities in the visibilities gradient, ordinary and extraordinary refractive indices, and average 
ordinary and extraordinary refractive indices behavior, respectively, in both the LC bulk and the surface-aligned 
nematic film. However, even if the visibility gradient has a singularity, the ordinary and extraordinary refractive 
indices change abruptly and continuously throughout the second-order phase transition. In conclusion, the 
singularity in the visibilities gradient in the current technique represents the phase transition process. However, 
the discontinuity and continuity of the behavior of the refraction coefficients due to the continuous change in 
temperature are necessary and sufficient conditions for the identification of the first and second order phase 
transition, respectively.
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The use of ordinary and extraordinary visibility gradient diagrams, which have different and distinct behavior 
in the nematic phase, similar behavior and zero value in the isotropic phase, and significant and rapid change 
around the phase transition temperature, is the second achievement in addition to the discrete and continuous 
behavior of the refractive indices in the first and second order phase transitions, respectively. In the case of phase 
transitions, such as those with low enthalpy changes, the advantages of the present method can clearly overcome 
the drawbacks and shortcomings of conventional methods. In the end, this model, like any simplistic model at 
first, undoubtedly overlooks some crucial quantities, but by improving the model and adapting it to the problem’s 
useful factors, it demonstrates its effectiveness. Therefore, it may be hoped that the new way will open a door in 
the face of current difficulties and in response to the shortcomings of the traditional approaches, and that it will 
be proposed as a fresh strategy alongside the effective existing methods.
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