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ABSTRACT
Thermotropic liquid crystals are versatile optical materials that exhibit a state of matter intermediate between liquids and solids. Their proper-
ties can change significantly with temperature, pressure, or other external factors, leading to different phases. The transport properties within
these materials in different phases are still largely unexplored, and their understanding would enable exciting prospects for innovative tech-
nological advancements. High-order harmonic spectroscopy proved to be a powerful spectroscopic tool for investigating the electronic and
nuclear dynamics in matter. Here, we report the first experimental observation of high-order harmonic generation in thermotropic liquid
crystals in two different phase states, nematic and isotropic. We found the harmonic emission in the nematic phase to be strongly dependent
on the relative orientation of the driving field polarization with respect to the liquid crystal alignment. Specifically, the harmonic yield has a
maximum when the molecules are aligned perpendicularly to the polarization of the incoming radiation. Our results establish the first step for
applying high-order harmonic spectroscopy as a tool for resolving ultrafast electron dynamics in liquid crystals with unprecedented temporal
and spatial resolution.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0191184

I. INTRODUCTION

With the increasing need for energy-efficient technologies
for batteries or transistors, liquid crystals (LCs), notoriously used
for displays or tunable optical elements (photonic crystals1 or
q-plates,2,3), proved to be a promising platform for electron and ion
transport, combining self-assembly, stimuli response, self-healing,
and easy processability.4,5 Over the past two decades, this led to
a significant effort devoted to designing new LC molecules with
high mobility that may become competitive candidates for organic
semiconductor applications, such as organic light emitting diodes,
organic field effect transistors, or organic solar cells.5–8 Although
significant progress has been made in chemical synthesis and
molecular design to improve transport dynamics in organic mate-
rials, some challenges have yet to be overcome for its practical
implementation.9 Among them is the lack of a detailed under-
standing, both experimental and theoretical, of the electronic and
coupled intra-to-inter-molecular dynamics upon charge-transfer
phenomena.9,10

The electronic excitation of LCs has been the subject of
multiple research studies, in particular concerning the absorp-
tion and fluorescence activity of alkylbiphenyl-based LC molecules
(nCB), when diluted in suitable solvents.11–13 Of particular inter-
est is the fact that these molecules, within the LC mesophase,
pair up in excimers, when UV-excited (involving a conforma-
tional change),14,51 and dimers in anti-parallel configuration.15,16

The presence of such dimeric building blocks and the connected
electron–nuclear dynamic, their geometrical arrangement, forma-
tion over time, and connection to the LC nature is still a topic of
investigation.14–16,51 Moreover, studies on the time-resolved ultra-
fast dynamics in LCs revealed the possibility of exploiting the optical
Kerr effect in the isotropic LCs reaching time scales in the order
of ∼100 ps,17–20 going down up to ∼500 fs in the nematic phase,21

but there is still lack of time-resolved studies on a ultrafast timescale
involving the electronic excitation of LCs.

In this framework, high-order harmonic generation (HHG)
spectroscopy revealed to be a valuable approach for studying elec-
tron and nuclear dynamics in multiple molecular targets.22–26 In
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the well-established description of HHG in gases, high-order har-
monics are generated when an intense laser pulse is focused on
the gas medium. Due to the strong non-linear interaction, an elec-
tron can be freed by tunnel ionization and then accelerated by the
external electric driving field. The electron may then recombine
with the parent ion. The burst of light released upon recollision
is composed of photons having energies going up to several tens
of electronvolts with attosecond duration.27,28 Each emitted pho-
ton energy is linked directly to a well-defined temporal interval
from the ionization to the recombination of the electron, provid-
ing an extremely detailed snapshot of the structure of the system
under investigation.22,24,25,29,30 In this highly non-linear regime, the
material response to the external electric field deviates from being
described by its electric susceptibility. Thus, the relative intensity
between each harmonic does not decrease exponentially with the
order.

The extension of HHG spectroscopy to solids opened the
way for all-optical characterization techniques, such as band
structure reconstruction,31 Berry phase measurement,32 and strong-
field-induced band structure dynamics.33 Recently, Luu et al.
demonstrated the possibility of generating high-order harmonics
from water and the most common alcohols. The generated spectra
are very sensitive to the density of states and bandgaps, establish-
ing the potential of HHG spectroscopy to investigate the electronic
structure of liquids.34,35

In the context of HHG, LCs are a special class of materi-
als because, despite their liquid-like macroscopic appearance, they
have a well-defined and controllable symmetry, orientation, peri-
odicity, and a low ionization potential well-below 10 eV.36 Har-
monic generation in LCs in the perturbative regime has already
been observed,37,38 demonstrating the capability of non-linear spec-
troscopy for studying the LCs alignment and extracting non-linear
polarizability.39,40 To the best of our knowledge, the generation of
harmonics in LCs in the non-perturbative regime has not been
investigated yet.

In this manuscript, we report the first experimental observa-
tion of HHG from thermotropic LCs, where phase transitions are
triggered by temperature changes. This work is intended to be the
first in a series sharing the common goal of bridging the gap of
knowledge about coupled electron–nuclear dynamics in LC sys-
tems, a fundamental aspect for future applications as charge trans-
port materials. In particular, we investigated nematic and isotropic
mesophases. In the nematic mesophase [Fig. 1(a)], the LC molecules
lack translational symmetry, but they display macro-domains with
well-defined orientational symmetry, resulting in a peaked molecu-
lar distribution oriented along a specific direction (n̂) called director
[orange arrow shown in Fig. 1(a)]. The application of an exter-
nal electric field allows the orientations of all the directors of the
macro-domains along the electric field lines. On the other hand,
in the isotropic mesophase [Fig. 1(b)], the molecules are randomly
oriented.

We generated high-order harmonic radiation in three different
LCs driving the process with a strong mid-IR laser pulse centered
at 3.8 μm, and we characterized the harmonic emission as a func-
tion of the driving field polarization direction. The wavelength was
selected to be out of resonance for all the LCs under examination,
thereby mitigating potential damages induced by direct electronic
excitation at the intensities employed during the experiment. To

FIG. 1. (a) LCs in the nematic phase, where the molecules are aligned along an
average direction (n̂, orange arrow). (b) LCs in the isotropic phase, where the
molecules are randomly oriented. TNI on the arrow below indicates the nematic to
isotropic transition temperature. (c) Lab-made cell used to contain the LCs sam-
ple. The director n represents the molecular average alignment direction (orange
arrow) and follows the external AC field. The driving field polarization direction ε̂ is
considered with respect to n̂, corresponding to the horizontal direction in the lab-
oratory frame. (d) Graphical depiction of the 8CB molecule. (e) Schematic of the
interaction region seen from the top. The red beam represents the driving field,
which is focused ∼1 mm after the LC cell. The LCs inside the cell are depicted in
light blue. In violet (HH), there are the emitted harmonics from the LCs.

prevent unwanted phase transitions and damages in the LC cells, the
laser repetition rate was reduced to 10 Hz using a chopper. The laser
focus was placed ∼1 mm after the sample [Fig. 1(e)], resulting in a
beam waist at the interaction region of ∼100 μm. Our observations
revealed a strong dependence of the HHG emission on the relative
orientation between the driving field polarization direction and the
director of the LC molecules in the nematic phase. We show how
the orientation of the director is preserved during the strong-field
interaction even at intensities of the order of ∼ 1012 W/cm2, which
are needed for driving the HHG process, and how this orientation
directly affects the efficiency of the process itself. This work consti-
tutes a first step in understanding the ultrafast electron dynamics in
LCs, elucidating the intricate interplay between the electronic and
molecular dynamics associated with each specific mesophase.

II. RESULTS
We performed the experiments using three LCs: 8CB (4-cyano-

4′-octylbiphenyl), 8OCB (4-cyano-4-n-oxyoctyl-biphenyl), and E7,
which is a mixture of 5CB (4-cyano-4′-n-pentyl-biphenyl, 51%),
7CB (4-Heptyl-4-biphenylcarbonitrile, 25%), 8OCB (16%), and 5CT
(4-cyano-4-n-pentyl-p-terphenyl, 8%). LCs were exposed to the laser
beam (P-polarized, centered at the wavelength of 3.8 μm) either
as contained in lab-made cells [sketch shown in Fig. 1(c)] or free-
standing thin films. In this case, we only used 8CB among the three
LCs investigated here since it is the only one providing sufficient
surface tension to form a stable film over time. Details about the
experimental setup, free-standing film formation, cell preparation,
and temperature stabilization can be found in the supplementary
material.
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FIG. 2. Yield of the fifth harmonic (a) and the seventh harmonic b) as a function
of the driving field intensity for a thin film of 8CB. Both axes are in the log10 scale.
The experimental data (triangles) are superimposed on the power law in the same
order as the emitted harmonic (dashed lines).

A. Harmonics intensity dependence
We first performed an intensity scan in a free-standing film

of 8CB at room temperature (20 ○C) to assess the non-perturbative
nature of the observed harmonic emission. At this temperature, 8CB
is in the smectic A phase. Here, the molecules maintain the gen-
eral order observed in the nematic phase but also align themselves
in distinct layers. We kept this temperature because the 8CB film
formed in the smectic A phase exhibits greater stability compared to
the nematic phase. This ensures the preservation of the molecules’
ability to pair up in dimers, without compromising the local order
probed by the HHG mechanism.

Figure 2 shows the intensity of the fifth (a) and seventh (b) har-
monic as a function of the driving field intensity in the log10 scale.
The green (blue) triangles represent the experimental data obtained
for H5 (H7), whereas the dashed lines show the expected behavior in
the perturbative regime. For driving field intensity up 16 TW/cm2,
the harmonics scaling is clearly perturbative, while above this value,
a saturation of the emitted harmonics is observed, indicating the
non-perturbative origin of the HHG process.

To perform HHG experiments across all LC mesophases and
different alignment configurations, the LC-filled cells were preferred
compared to the free-standing film. The latter survives only within
a limited range of temperature (below 33 ○C) and only provides a
specific LC orientation, where the long molecular axis is aligned
perpendicular to the film surface. This would have prevented the
observation of the harmonic responses as a function of the polar-
ization direction, since the driving field will always be orthogonal to
the uniform short molecular axis.

B. Harmonics generation in the nematic phase
Moving to the LC cells, we analyzed the harmonic emission

from E7, 8CB, and 8OCB in the nematic phase by setting the tem-
perature below the transition temperature to the isotropic phase
(60, 40.5, and 80 ○C, respectively).

For all the LCs under investigation, the harmonics were col-
lected as a function of the relative orientation between the applied
external field and the (linear) driving field polarization direction.
This orientation was identified by the angle θ, which was varied
using a half wave-plate, in steps of 8○.

The laser intensity was tuned to avoid unwanted phase tran-
sitions and degradation of the sample during the measurement. At
the focus, the peak intensity of the driving field was estimated on the
order of 26 TW/cm2 for E7, 21 TW/cm2 for 8CB, and 18 TW/cm2,
for 8OCB. Possible reorientation of molecular alignment due to
such strong fields can be neglected since harmonic emission occurs
within half-cycles of the driving field (corresponding to ∼6 fs), while
molecular reorientation takes place on time scales several orders of
magnitude longer than those of high harmonic generation (HHG)
and the pulse duration.

Figure 3 shows the yield of the detected harmonics as a func-
tion of the laser polarization direction θ for (a) E7, (b) 8CB, and (c)
8OCB. For θ = 0○ and 180○, the driving field is aligned parallel to
the AC field, while for θ = ± 90○, the driving field is aligned perpen-
dicular to the AC field. We refer to these two cases as parallel and
perpendicular configurations, respectively. For all the harmonics, the
yield is normalized to the maximum, and only odd-order harmonics
were detected.

For E7 and 8CB, the third, fifth, and seventh harmonics
(H3, H5, and H7) were observed during the polarization scan. In
8OCB, only H3 and H5 were collected because of the lower driv-
ing field intensity used. For all three LCs examined, we attribute
the absence of higher-order harmonics to the scattering occurring
within the LC bulk, which increases as a function of the photon
energy, together with additional losses due to multiple reflections
at the substrates interfaces. Increasing the driving field intensity
enabled the observation of harmonics up to the ninth order. How-
ever, the resulting stability of the harmonics was insufficient for
reliable measurements.

In all three samples, all the harmonics showed maximum yield
in the perpendicular configuration (θ = ± 90○), giving rise to a
twofold symmetry in the polar plots. The yield then quickly drops
as we depart from the perpendicular configuration, producing two
distinctive lobes. In particular, we observe that the width of these
lobes decreases by increasing the harmonic order for all the LCs
under investigation. Moreover, distinct weaker lobes are observed
for H3 in the parallel configuration (θ = 0○ and 180○). The inten-
sity of these weak lobes relative to the main ones is 8.5%, 15%, and
18% for E7, 8CB, and 8OCB, respectively. For higher-order harmon-
ics, the emission in the parallel configuration drastically drops to
the background level, resulting in a non-detectable intensity. This
experimental observation is in good qualitative agreement with the
theoretical calculation of Lü and Bian for sub-gap harmonics in a
liquid-crystal-like model.41

The harmonic yield as a function of the driving field polariza-
tion direction has been compared to a simple perturbative model to
extract information about the local order of the LCs under inves-
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FIG. 3. Normalized intensity of the emitted harmonics in the nematic phase for (a) E7, (b) 8CB, and (c) 8OCB as a function of the polarization direction at 36, 36, and 74 ○C,
respectively. ⟨I�⟩ is the distribution obtained by the fitting procedure (solid lines) raised to the same power as the emitted harmonic.

tigation. Considering an ensemble of molecules having a Gaussian
distribution of their long molecular axis around the director n̂, we
determine the full-width half maximum of the distribution to get
typical values of the order parameter S found in the literature, which
are 0.7, 0.5, and 0.6 for E7, 8CB, and 8OCB respectively.42–44

Assuming an ideal emitter, where the emitted field is maximum
with a driving field perpendicular to the long molecular axis, we got
an intensity distribution ⟨I�⟩, which is a function of the angle θ.
Subsequently, ⟨I�⟩ is then raised to the order of the harmonic with
which it is compared. The details about the derivation of the order
parameter and the retrieval of ⟨I�⟩ can be found in Sec. III of the
SM. For all the LCs under investigation, the retrieved intensity dis-
tribution for H3 (Fig. 3, ⟨I�⟩3) is in good qualitative agreement with
the experimental data. This would indicate the perturbative origin of
H3 since the intensity profile of the emitted harmonic scales with the
third power. For higher-order harmonics, discrepancies between the
obtained distribution (⟨I�⟩5, and ⟨I�⟩7) start to be evident, becom-
ing higher as the harmonic order increases, suggesting that the

underlying emission mechanism cannot be simply interpreted with
our perturbative model.

C. Harmonics generation in the isotropic phase
For each LC under study, right after measuring the nematic

phase, we switched off the applied voltage, heated the sample above
the nematic-to-isotropic transition temperature, and characterized
the HHG emission in the isotropic phase, keeping the same driv-
ing field intensity as in the nematic phase. Figure 4 shows the HHG
response in (a) E7, (b) 8CB, and (c) 8OCB as a function of the
laser polarization direction in the isotropic phase at temperatures of
80, 90, and 100 ○C, respectively. We expect the LC molecules to be
randomly aligned and, therefore, the polarization direction of the
driving field should not affect the efficiency of the HHG process.
The results indeed show a weaker dependence of the HHG intensity
with the polarization angle, particularly for H3. A residual modula-
tion can be observed for higher orders, even if not as pronounced

FIG. 4. Normalized intensity of the emitted harmonics in the isotropic phase for (a) E7, (b) 8CB, and (c) 8OCB as a function of the polarization direction at 36, 36, and 74 ○C,
respectively.
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as in the nematic phase, with a preferential emission in the perpen-
dicular configuration. We attribute this residual modulation to the
persistence of partial alignment induced by the contact with the cell
substrates. Indeed, even in the isotropic phase, surface effects dom-
inate, favoring a specific anchoring of the neighboring molecules
to the CaF2 substrate, which imposes a residual alignment. This, in
turn, modulates the emitted harmonics as a function of the driving
field polarization direction.

III. DISCUSSION
To further investigate the origin of the high yield obtained

in the nematic phase aligned in the perpendicular configuration,
we compared the HHG spectra obtained in the two phases in this
configuration. We focused our attention on E7, which, being specif-
ically designed for display applications, is the most stable in terms
of nematic-temperature range (−60 to 60 ○C) and a more efficient
alignment with the external AC field (no surface treatments were
used in the prepared LC cells). Figure 5 presents a comparison of the
spectra in both cases, along with the overall enhancement observed
when transitioning from the isotropic to the aligned nematic phase.
The harmonics generated in the aligned nematic phase are signifi-
cantly more intense than the ones obtained in the isotropic phase,
with the harmonic yield monotonically increasing as a function of
the harmonic order. In the nematic phase, a redshift is also observed
compared to the isotropic phase for all the harmonics. Specifically,
the shifts are 10 nm for H3, 13 nm for H5, and 10 nm for H7. The
origin of this redshift may be attributed to a non-negligible nuclear
motion during the HHG process.45,46 This phenomenon is usually
related to higher ionization rates and smaller ionization potential
under a photodissociation process45,47–49 or to intermediate transi-
tions during the HHG.50 To properly understand this observation,
numerical calculations are needed.

FIG. 5. Harmonic response in the isotropic (blue) and nematic (red) phases for the
same polarization direction of the driving field in E7. The harmonics in the visible
and near-infrared ranges were acquired with two different spectrometers. Due to
the absence of overlapping regions, it is not possible to compare the relative inten-
sities between the NIR and vis–UV ranges. The green circles (right axis) represent
the total yield ratio averaged over all possible polarization directions with respect
to the molecular alignment between the measured intensity for the nematic and
isotropic phases. A redshift for all the harmonic order is also observed, represented
by the black dashed lines.

Next, we discuss the origin of the high HHG yield observed
in the nematic phase compared to the isotropic phase. This could
be attributed to several effects. Let us assume that the HHG emis-
sion comes from an ensemble of molecules, each considered as an
ideal emitter, namely, only the driving field projection orthogonal
to the long molecular axis contributes to the emission. If we disre-
gard macroscopic phase matching effects, we expect a higher yield
from the aligned nematic phase in the perpendicular configuration
as compared to the isotropic phase. Indeed, in the aligned nematic
phase, all molecules are aligned along the axis that maximizes HHG,
and they all contribute to the HHG process with the same yield. In
contrast, in the isotropic phase, molecules are randomly oriented
compared to the driving field polarization direction, resulting in
a reduced or negligible contribution from molecules that are not
aligned perpendicularly to the driving field.

On the other hand, coherence effects could also influence the
HHG mechanism (supplementary material, Sec. IV). To under-
stand the relative impact of the coherence effects on the observed
enhancement, we averaged the HHG emission over all the possi-
ble orientations of the driving field polarization direction in both
nematic and isotropic phases. Calling IN (θ), the detected Nth har-
monic intensity for a driving field polarization direction θ, this
integral reads

π∫
2π

0
IN(θ) sin (θ) dθ. (1)

We numerically evaluated the average yield for both the
nematic and isotropic phases. Then, we computed the ratio for all
the observed harmonics, and the results are shown with green circles
(right axis) in Fig. 5. If there are no coherence effects affecting the
HHG emission, the ratio between the average nematic and average
isotropic HHG yield should be equal to one. For H3, the experimen-
tal results suggest that the observed enhancement in the perpendicu-
lar configuration cannot be attributed to coherence effects but rather
to the alignment effect. However, this is not the case for H5 and H7,
thus the enhancement must originate from either the macroscopic
collective coherent response of the aligned LCs or from a change in
the microscopic HHG response in the two different phases of the
LCs.

As previously mentioned, it has been identified that nCB (and
nCOB12) molecules form dimeric clusters (nCB)2, which imposes a
reduced inter-molecular distance (below 4 Å) and a defined anti-
parallel configuration to the involved molecular units in a diluted
solution of different solvents.14–16,51 In particular, the dimeric con-
tribution becomes dominant at high concentrations up to the neat
phase.11–13,15 When looking at the fluorescence spectra of pure 8CB
at different temperatures, the dimer/excimer contribution is dom-
inant in the nematic and smectic phase, and it becomes equally
shared with the monomeric contribution in the isotropic phase
and almost negligible in the crystalline phase where almost pure
monomeric emission is observed.11 In our case, we could think
that the observed enhanced emission in the nematic phase is the
result of two factors: (I) the presence of dimeric clusters favoring
a larger delocalization of the excited electron wave-packet thanks to
the coupling of the two biphenyl groups almost irrespective of the
alkyl/alkoxy chain; (II) the alignment over the entire bulk of such
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dimeric units, which amplify the efficiency of the triggered process,
particularly this happens when the incoming radiation is polar-
ized perpendicular to the LC director, and most probably, along
the direction where the electron density of the highest occupied
molecular orbital (HOMO) is greater. On the other hand, in the
isotropic phase, the reduced and isotropic response can be attributed
to the reduced concentration of dimeric clusters and their lack of
alignment.

To find evidence of our interpretation, it is essential to con-
duct a direct quantitative comparison between our experimental
results and theoretical calculations. This would allow us to clar-
ify the mechanism behind the non-perturbative HHG emission
and to identify possible additional transport mechanisms involving
hopping/delocalization among neighboring dimers. Finally, phase-
matching could also contribute as an additional possible source of
the observed average yield enhancement.

IV. CONCLUSION
In this study, we report the first experimental observa-

tion of high-order harmonic generation in the non-perturbative
regime from three different thermotropic LCs. The harmonic emis-
sion as a function of the driving field polarization direction has
been characterized within both the aligned nematic and isotropic
mesophases.

Our experimental observations reveal a strong dependence of
the harmonic emission on the LC phase. Indeed, a strong mod-
ulation of the harmonic emission was observed by changing the
polarization direction of the driving field in the nematic phase,
with a strong enhancement when the driving field was orthogonally
polarized to the director and a clear suppression when the driving
field was parallel. In contrast, the harmonic response in the isotropic
phase exhibited a more uniform dependence on the driving field
polarization direction.

Moreover, the harmonic yield showed a significant enhance-
ment in the nematic phase compared to the isotropic phase. Our
analysis showed that the observed enhancement cannot be solely
attributed to the molecular alignment for the harmonics above the
third order. We argue this result considering the presence of aligned
anti-parallel dimeric clusters. The dimeric configuration favors the
delocalization of the electronic wave function around the coupled
biphenyl groups. In particular, the observed enhanced HHG emis-
sion indicates a perpendicular spatial distribution of the HOMO
wave function compared to the molecular/dimer orientation. The
overall alignment of all dimers within the bulk increases the effi-
ciency of the HHG process, fixing the relative geometry between
the polarization of the incoming radiation and the emitting units.
In conclusion, HHG is confirmed to be a powerful investigation
tool sensitive to the local order in a soft matter system. Moreover,
it is particularly adept at identifying the critical factors that lead
to the formation of delocalized states. This is a critical aspect for
understanding long-range transport processes in soft matter and
harnessing them for future technological applications. This work
represents a first step in understanding the ultrafast dynamics in
LCs, unfolding the complexity of the electron and molecular dynam-
ics ruling each mesophase at unprecedented spatial and temporal

scales. Moreover, since their temperature controlled the mesophase
nature, thus the possibility to go from an oriented and periodic
structure to a fully random system, LCs will serve as ideal benchmark
materials to bridge molecular and solid-state high-order harmonic
generation exploiting phase transitions.

SUPPLEMENTARY MATERIAL

The supplementary material includes details on the cell prepa-
ration, the experimental setup for generating high-order harmonics,
the modeling used in Fig. 3, the integration over the driving field
polarization direction, and finally, a list of pseudo-color plots of the
raw data.
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