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ABSTRACT: Recent inelastic X-ray scattering (IXS) experiments on
mesogens have revealed entirely new capabilities with regards to their
nanoscale phonon-assisted heat management. Mesogens such as nematic
liquid crystals (LCs) are appealing systems for study because their
structure and morphology can easily be tuned. We report on Q-resolved
ultra-high-resolution IXS, X-ray diffraction, and THz time-domain
spectroscopy experiments combined with large-scale all-atom molecular
dynamics simulations on the dynamic properties of 5CB LCs. For the first
time, we observe a strong mixing of phonon excitations originating from
independent in-phase and out-of-phase van-der-Waals-mediated displace-
ment patterns. The coexistence of transverse acoustic and optical modes of
5CB LCs at near room temperature is revealed through the emergent
transverse phonon gap and THz light−phonon coupling taking place
within the same energy range. Furthermore, our experimental observations
are supported by analysis showing correlations of spontaneous fluctuations of LCs on picosecond time scales. These findings are
significant for the design of a new generation of soft molecular vibration-sensitive nanoacoustic and optomechanical applications.

A landmark in the history of electro-optical displays marked
in 1973 with the discovery of 4-cyano-4′-pentylbiphenyl

(5CB),1 a nematic liquid crystal (LC) and the first of the
cyanobiphenyls. Since then, these systems have been
extensively studied mainly as they pertain to display-related
technologies.2−7 In doing so, however, other fascinating
phenomena involving quasiparticles as phonons have barely
been explored in these materials. Phonons are mechanical
vibrations that exist in the form of sound and heat occurring at
different frequency and length scales.8−11 The first operates at
relatively low and intermediate frequencies, and is able to travel
over long distances, while the latter appears at elevated
frequencies propagating at the meso- and nanoscale. Sound
propagation and heat transfer have been well researched in
conventional materials. However, these phenomena currently
represent scientific and technological challenges when it comes
to exotic materials such as phononic crystals (PnCs).12 PnCs
are complex materials with artificially engineered architectures

created to generate dynamic responses to specific phonon
excitations beyond those available in naturally occurring
materials.13,14 PnCs are capable of creating zones forbiding
the propagation of vibrational waves, known as phononic gaps,
which provide exceptional possibilities with regards to sound
manipulation and heat management.15,16 Such materials can be
used as metamaterials, including but not limited to, sonic
cloaking,17 acoustic diodes,18 ultrasound mirrors,19 hypersound
crystals,20 thermoelectrics,21 and THz optomechanical meta-
materials22,23 covering the entire phonon spectrum from sound
(kHz) up to heat (THz). Nanoscale heat management and
energy transfer at THz frequencies has recently attracted much
attention.24−28 Nevertheless, the main efforts expended to
harnessing the THz molecular vibrations have primarily been
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focused on the utilization of rigid-based materials,29−31 despite
recent discoveries showing solid-like dynamic responses in soft
materials.32−36 In this regard, further explorations of soft matter
THz vibrational landscapes are needed because their
morphological and structural properties can be controlled and
manipulated. Moreover, such studies may pave the way to a
new class of PnCs on nanometer−terahertz scales based on
structurally tuned soft materials.
Here we report on the first observation of the opto-acoustic

phonon mixing effect in thermotropic mesogens using Q-
resolved inelastic X-ray scattering (IXS), X-ray diffraction
(XRD), and THz time-domain spectroscopy (TDS) experi-
ments combined with large-scale all-atom molecular dynamics
(MD) simulations. IXS measurements enabled us to determine
two independent phonon branches. Importantly, the IXS data
contain clear features of the transverse phonon gap in the low-
Q regime, pointing to the transverse acoustic nature of the
phonon gap. In contrast, analysis of the correlations of
spontaneous fluctuations, based on calculations of the
velocity−velocity correlation functions (VCFs), indicates the
existence of out-of-phase displacement patterns operating on
the same characteristic energy−time scales. This implies the
emergence of the optical phonon mode coexisting with the
acoustic mode. Finally, the MD-based correlation functions
analysis is supported by the THz TDS observation of a sharp
absorption of THz light.
The IXS scattering geometry and diffraction pattern from a

thermotropic 5CB sample in the nematic phase (T = 28 °C) is
shown in Figure 1a,b, respectively. Thermotropic LCs in the
nematic phase are characterized by mesogens that have no
positional order but tend to align in the same direction; they
are also sensitive to changes in temperature. The orientation of
the mesogens is based on the director n̂ (see Figure 1a). The
XRD data were obtained from a 5CB sample (Sigma-Aldrich,
98% purity) taken up into a 1 mm diameter quartz capillary
(Charles Supper) that was flame-sealed. The measurements

were performed using the sample environment and diffrac-
tometer previously described.37 The arcs at wide angle,
centered at Q = 14.07 nm−1 with a full width at half-maximum
(fwhm) 4.83 nm−1, correspond to an effective molecular width
of 0.45 nm and a correlation length of 1.30 nm. This indicates
that the mesogens are only sensitive to positions up to their
third nearest neighbors. The arcs at small angle, centered at Q =
2.55 nm−1 with the fwhm of 1.12 nm−1, correspond to an
effective length of 2.46 nm and a correlation length of 5.60 nm,
indicating short-range order. The effective length at small angle
is 1.4 times the molecular length of the 5CB molecule (1.8
nm), consistent with antiparallel alignment of the cyanobi-
phenyl cores of neighboring molecules.37 In Figure 1c, we
present IXS measurements with unprecedented spectral
contrast,38 making it possible to detect phonon excitations
down to the extremely low Q value of 0.5 nm−1. To study 5CB
samples with IXS, a cell was constructed from borosilicate glass
slides of dimensions 2 × 25 mm. The plates were then treated
with Quilon H to generate homeotropic alignment. After this
treatment, the plates were separated by 200 μm thick Teflon
spacers, fixed with epoxy, and filled with 5CB (Sigma-Aldrich).
The temperature during measurements was controlled using a
Linkam LTS420 hot stage. The high spectral contrast of the
resolution function (black dotted line) with a nearly Gaussian
line shape was key for determining phonon features in the
framework of the damped harmonic oscillator (DHO) model.35

The IXS energy scans (see Figure 1c) were measured between
0.5 and 5.5 nm−1 at 1 nm−1 increments. The change in the
central peak slope led to the emergence of a transverse mode in
the IXS spectrum at a Q value of 2.5 nm−1 (Qgap value, Figure
1c), whereas the more energetic longitudinal acoustic (LA)
mode started at Q = 0.5 nm−1. Importantly, the average
distance between mesogens is 0.45 nm, and they are only
sensitive to adjacent molecules up to third nearest neighbor
(XRD data). This means that the size of a rattling domain
consists of six mesogens in its diameter, which is approximately

Figure 1. Phonon excitations and structure in the nematic phase. (a) Schematic of the IXS scattering geometry of 5CB LC at T = 28 °C. The
scattering plane is orthogonal to the figure plane. (b) 5CB X-ray diffraction pattern. White and red arrows denote the direction of the applied
magnetic field B and the nematic director n̂, respectively. (c) IXS spectra of the 5CB sample. The measured experimental scans (black squares) are
presented together with the error bars, the corresponding Q values, the resolution function (black dotted line), and the best fitting curve (red solid
line) composed of two damped harmonic oscillator (DHO) excitations: purple and olive solid lines with the filled areas below them, respectively.
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two times larger than the correlation length (1.3 nm). If the
5CB mesogen was flat, then they could Pi-Pi stack, which
would place them closer to 0.33 nm apart, but because there is
a twist between the two carbon rings in the CB, they tend to sit
a little further apart. The molecules also have a great deal of
rotational freedom in the nematic phase, and hence this also
contributes to the increased distance. Therefore, the size of a
picosecond-time-scale-lived rattling domain d is 2.7 nm, giving
rise to an estimated phonon gap value in reciprocal space of

2.33 nm−1 ( = πQ
dgap

2 ), in good agreement with IXS data (Qgap

= 2.5 nm−1). Therefore, the shear restoring forces become
negligible in sustaining the propagation of transverse vibrations
beyond a distance of 2.7 nm, implying that transverse phonons
cannot be excited below 2.33 nm−1 (XRD data). This limits the
threshold of the Qgap at a value of 2.5 nm−1 (IXS data).
Nevertheless, the determination of a precise Qgap value via IXS
requires higher spectral resolution using finer Q-value incre-
ments, as compared to our present measurements (1 nm−1 Q-
value increments).
The dynamic behavior of the transverse branch contains

features from both conventional transverse acoustic (TA) and
transverse optical (TO) modes (see Figure 2), both common in
the phonon landscapes of soft materials.36 On the one hand,
the emergence of a phonon gap in the TA-TO mode
coexistence is the fingerprint of TA excitations previously
observed in partially disordered systems, such as biological
membranes,35 LCs,36 and classical liquids.39 The heat and
energy transfer in such systems is primarily accomplished due
to local short-lived (picosecond time scale), in-phase rattling
events (see Figure 2b). Restoring shear forces become
negligible at long- and intermediate-range order in real space
due to elevated anharmonic effects,40 which is reflected in the
overdamping dynamic character of the low-Q phonon
excitations in reciprocal space, resulting in the emergence of
the acoustic phonon gap.41 On the other hand, the weakly
dispersive phonon behavior of this mode (see Figure 2a), and
the previous observation of breathing modes (standing waves)
in cyanobiphenyl LCs via ultralow Raman measurements within
1.2 to 2.4 meV (0.29−0.58 THz),42 indicate the mode’s optical
nature which originates from out-of-phase van-der-Waals-
mediated displacement patterns (see Figure 2b).
To gain some insight into the origins of this mode, we ran

large-scale atomistic MD simulations using the CHARMM27
force field.43 This force field contains energetics and electro-
statics of intermolecular harmonic potentials of stretching,
bending, torsion, and van der Waals potentials, including
Coulomb terms.44 The simulated 5CB system consisted of
8000 mesogens, or 152 000 atoms, and the MD simulations
were ran using the LAMPPS package. First, the simulated
system was energetically optimized and thermally equilibrated
(thermalization stage) in the NVT ensemble (pressure = 1 atm,
temperature = 28 °C, density = 1.02 g/cm3). Then,
thermalization was done using the Berendsen thermostat over
400 ps with 1 fs steps. In the production stage, the system was
confined in the NPT ensemble, employing the Nose−́Hoover
thermostat with the Parrinello−Rahman algorithm as the
barostat. This simulation was run for 1 ns in 1 fs increments.
Furthermore, we calculated the time-dependent correlation
functions. Specifically, the analysis is based on velocity−velocity
autocorrelation functions (VACFs) and cross velocity−velocity
correlation function (VCF), which are capable of revealing the
nature of the phonon excitations.

Green and Kubo introduced the so-called transport
coefficients as integrals over a time-correlation function in
thermal equilibrium.45,46 In the framework of the Green−Kubo
formalism, it was demonstrated that a system relaxes toward
equilibrium whenever it is taken out of its equilibrium state by
an external force. At the same time, the dissipation of
fluctuations has exactly the same physical origin45,46 but has
yet to be observed. 5CB is composed of two phenyl rings
(biphenyl) terminated by a CN (cyano) group at one end and
an alkyl chain (pentyl) at the other (see the inset in Figure 3a).
Here we calculate VACFs over centers of mass of alkyl tails and
biphenyls, and VCF across alkyl tail−biphenyl centers of mass.
The normalized velocity correlation function Ψa,b(t) can be
presented in its general form as:

Figure 2. (a) 5CB phonon dispersions of LA and TA-TO modes
measured by IXS. The estimated longitudinal sound velocity is ∼2680
m/s. (b) Schematic representation of out-of-phase (TO mode) and in-
phase (TA mode) displacement patterns in nematic mesogens.
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where v(⃗t) is the velocity vector and < > denotes a time average
over all ensembles and t0. When a = b, it corresponds to VACF;
otherwise, it corresponds to VCF. The rapid decrease in
VACFs (see Figure 3a) up to 0.5 ps implies a decrease in the
pair correlations of both alkyl tail and biphenyl motions along
the trajectories of their centers of mass. Beyond 1 ps, VACFs
instantly become shallow, indicative of a purely diffusive
dynamic behavior. However, the VCF across alkyl tail−
biphenyl centers of mass exhibits oscillatory behavior (in-
phase rattling patterns) over short and intermediate times as a
consequence of the strong dipole−dipole interaction47 between
antiparallelly aligned 5CB molecules (see Figure 1a).
Remarkably, at about 3.1 to 3.2 ps (0.32 THz, 1.4 meV) the
VCF undergoes a dip (VCF < 0, see Figure 3b), quickly
evolving into a nondiffusive regime (VCF ≠ 0) lasting up to 3.5
ps and exhibiting correlations of spontaneous fluctuations
(Onsager’s regression hypothesis48). This implies that alkyl
tail−biphenyl centers of mass experience alkyl tail−biphenyl
collisions at ∼3.1 ps, meaning that adjacent tails and biphenyl
cores move in opposite directions after a collision event.
Therefore, the neighboring tails and cores locally form out-of-
phase displacement patterns over 3.1 to 3.2 ps across the entire
5CB system. A nondiffusive behavior (VCF ≠ 0) from 3.1 up to
3.5 ps, combined with the nonoscillatory motions of tails and
cores, without any collisions (localization,49 VCF > 0
consistently), indicates their nonpropagating dynamic charac-

ter, commonly known as breathing modes (standing waves,
optical phonons).
The existence of nonpropagating breathing modes (optical

phonons) originating from out-of-phase displacement patterns
implies their ability to interact with light at corresponding
energies/frequencies. THz TDS is a very powerful technique
used to carry out vibrational spectroscopy at frequencies
spanning from 0.2 THz up to 15 THz.50,51 Spectroscopy into
the properties of organic molecules has been a field of particular
importance because the low-photon energy at THz frequencies
makes it possible to excite intermolecular motions utilizing
THz TDS. Here we present measurements on 5CB LCs using
the experimental capabilities of the THz TDS technique to
probe optical phonons due to THz light−phonon coupling.
The 5CB sample used for THz TDS measurements was held
between 2 × 25 mm glass plates separated by a 1 mm glass
spacer and fixed by fusing the glass plates. Because of the
amounts of sample required by the THz TDS technique
(several hundred by several hundred micrometers) and the
resultant sample thickness, it was not possible to align the
molecules using only surface anchoring; instead, a magnetic
field was needed to generate the alignment. Specifically, two
magnets were used to generate a vertical magnetic field in the
alignment, perpendicular to the THz electric field polarization.
The THz pulse (see Figure 4a) was generated by sending
ultrafast light pulses (1.3 W, 800 nm, 35 fs, and 1 kHz
repetition rate) through a ZnTe crystal. Because of the optical
nonlinearity of ZnTe, a varying nonlinear polarization, P, is
induced and follows the intensity envelop of the 35 fs pulse.
The varying polarization P then acts as a THz source whose
electric-field profile is proportional to the second derivative of P
(see Figure 4b, blue curve). The resultant transmission beam as
a result of placing the sample at the focus of the generated THz
beam is represented by the green curve (see Figure 4b). The
transmission of the THz light from the 5CB sample was
measured between 0.2 and 0.8 THz using air as the reference
(see Figure 4b). Furthermore, a Fast Fourier Transform (FFT)
was used, converting the THz pulses from the time to the
frequency domain (see Figure 4c). In doing so, we detected the
absorption dips in the transmission profile at 0.26 (1.1 meV),
0.37 (1.5 meV), and 0.51 THz (2.1 meV), respectively (see
Figure 4c). The detection of the absorption dip at 0.37 THz
(1.5 meV) is of particular significance because it is in good
agreement with the IXS data (see Figure 2a), the MD-based
VCF analysis (see Figure 3b), and the ultralow Raman42 and
ultrabroadband THz spectroscopy measurements.52 This
compelling evidence of the opto-acoustic phonon mixing effect
in nematic mesogens stems from the detection of the emergent
phonon gap (nature of acoustic phonons) via IXS experiments
and the sharp light absorption in the THz TDS measurements
(nature of optical phonons).
Importantly, the concept of an acoustic transverse phonon

gap in soft (noncrystalline) materials can be readily understood
by simple physical considerations of relaxation processes and
characteristic vibrational energies, in contrast with their solid-
state counterparts. In solid-state materials, mechanical
vibrations can propagate over relatively long distances, implying
the existence of vibrational modes at very low frequencies. In
soft materials, because of nonlinear anharmonic effects,
vibrations get damped at the intermediate or long-range scales,
leading to the disappearance of low-frequency excitations.
Specifically, a phonon frequency of a soft material can be
represented as ω = π

τ
2 , where τ is the relaxation time. Using

Figure 3. Velocity correlation functions of nematic 5CB LCs: (a)
VACF of alkyl tails and biphenyls and (b) VCF of alkyl tail−biphenyl
centers of mass.
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Maxwell’s relationship53 (τ = η

∞G
, where G∞ is the infinite-

frequency shear modulus and η is the viscosity) we obtain the

following relationship: ω = π
η

∞G2
.53−55 In solid materials, the

viscosity is infinitely large compared with soft materials, and

hence ω = →π
η → ∞

∞ 0G
solid

2
. This means that the shear acoustic

gap is absent and vibrational energy levels begin from the
bottom of the potential well. However, in soft materials, η has a
finite value and hence vibrational transverse energy levels begin
from a nonzero value above the vibrational (phonon) gap. It
should be pointed out that the acoustic phonon gaps can
emerge in solid-based materials but only under certain
conditions, for example, a restricted geometry.56

Scientific interest into the study of molecular sensitive
vibrations in soft materials with nanoscale resolution is rapidly
growing.57−63 However, most experimental techniques are
intrinsically unable to resolve the nanoscale molecular motions
over any Q range. IXS is uniquely capable of determining the
dynamic behavior of complex soft materials at the molecular
level with ultrahigh energy-momentum resolution, something
that is crucial for the development of future molecular sensitive
nanotechnologies. Here, for the first time, we have provided
compelling evidence of strong opto-acoustic phonon mixing in
near-room-temperature nematic mesogens utilizing Q-resolved
IXS, XRD, and THz TDS combined with atomistic MD

simulations. A similar “waterfall” effect was previously observed
in a ferroelectric perovskite system.64 Specifically, an anomaly
was discovered in the low-energy phonon dispersion due to
interacting acoustic and soft optical branches. It is noteworthy
that the mixing of longitudinal and transverse phonon
polarizations in liquid water65 and biological membranes66

was also observed experimentally and from MD simulations,
respectively. However, the detection of the opto-acoustic
phonon mixing in a soft material (mesogens) was not
previously reported, and may have far-reaching practical
implications.
5CB LCs are both Raman- and THz light-active. This means

that a portion of the energy can be pumped into the 5CB
system by exposing it to THz light, which is then converted
into nonpropagating, out-of-phase molecular motions (TO
mode) due to light−phonon coupling. Furthermore, the
nanoscale heat management can be realized via the control of
propagating in-phase molecular vibrations (TA mode), which
coexist with the TO mode. Because in-phase nanoscale rattling
vibrations are sensitive to order-to-disorder,36 the amount of
transferred energy can be directly controlled by manipulating
the acoustic phonon gap either by temperature or through an
externally applied magnetic or electric field. Pioneered by
Abbott et al.,67 thermotropic LCs have recently been used as
chemical and biological sensors, eliminating, in some cases, the
need for fluorescent dyes.68−75 A selective combination of LC

Figure 4. (a) Schematic of the THz TDS experimental setup. (b) Transmitted THz electric field profiles of air and the 5CB sample in the time
domain. (c) THz transmission profile of 5CB in the frequency domain. The inset shows schematics of the THz transmission of 5CB LC in a vertical
magnetic field. Absorption dips provide compelling evidence of THz light−phonon coupling in nematic mesogens.
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sensitivity to external stimuli, combined with various opto-
acoustic effects, may allow for the ultrafast visualization of
dynamic responses, enabling the use of LCs for sensing
applications. In this regard, nematic 5CB LCs are of
fundamental importance for future nanoacoustic and opto-
mechanical applications, utilizing key properties of mesogenic
motions for sensing nanoscale rattling vibrations and THz light
absorption.
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