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Abstract

The investigation of phononic collective excitations in soft matter systems at the

molecular scale has always been challenging due to limitations of experimental tech-

niques in resolving low-energy modes. Recent advances in Inelastic X-ray Scattering

(IXS) enabled the study of such systems with unprecedented spectral contrast at meV

excitation energies. In particular, it has become possible to shed light on the low-energy

collective motions in materials whose morphology and phase behavior can easily be ma-

nipulated, such as mesogenic systems. The understanding of collective mode behavior

with a Q-dependence is the key to implement heat management based on the control of

a sample structure. The latter has great potential for a large number of energy-inspired
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innovations. As a first step towards this goal, we carried out high contrast IXS measure-

ments on a liquid crystal sample, D7AOB, which exhibits solid-like dynamic features,

such as the coexistence of longitudinal and transverse phononic modes. For the first

time, we found that these terahertz phononic excitations persist in the crystal, smectic

A and isotropic phases. Furthermore, the intermediate smectic A phase is shown to sup-

port a van der Waals-mediated non-hydrodynamic mode with an optical-like phononic

behavior. The tunability of the collective excitations at nanometer-terahertz scales via

selection of the sample mesogenic phase represents a new opportunity to manipulate

optomechanical properties of soft metamaterials.

Keywords

nano-acoustics, mesogen dynamics, optical phonons, THz light-phonon coupling, acoustic

phononic gaps, soft metamaterials

Phonons, quantized vibrational energies of atoms and molecules, are responsible for the

transmission of sound and heat in a preferred direction. Understanding and controlling the

phononic properties of materials provide opportunities to thermally insulate buildings, re-

duce environmental noise and transform waste heat into electricity. At the same time, the

local nanoscale structure controls the intermolecular couplings making it possible to manip-

ulate heat and energy transfer with high precision.1 Such complex microscopic interactions,

in particular, when associated with internal hetero-interfaces, controls the macroscopic prop-

erties and performance of many complex materials. They lend themselves to applications

as optical cooling, light and heat harvesting, and management of thermal conductivity.1 In

recent years, the search for these non-trivial acoustic and non-hydrodynamic effects in the

spectrum of density fluctuations in various condensed matter systems has attracted growing

attention.2–12 This spectrum can be directly probed by inelastic scattering measurements,

whereby density fluctuations are generated by the collision between a probe particle and the

target sample. At infinitesimally low-Q and ω the hydrodynamic theory provides a consistent
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account of the dynamic response, resulting from an average over continuous distances and

many microscopic interactions.13 At the molecular level, the hydrodynamic description may

not be justified. Nonetheless, for liquids and dense fluids valid arguments can still be invoked

in support of hydrodynamic-like behavior of the nanometer-THz spectrum.14 In fact, these

systems are so densely packed that the only short time single particle movements permitted

are essentially very rapid in-cage rattling oscillations. This implies that at these short time

scales a liquid exhibits a solid-like dynamic response.15 Consequently, even at the nanometer

length and picosecond time scales probed by inelastic x-ray (IXS) and neutron (INS) scatter-

ing the dynamic behavior is still averaged over many local interactions (cage collisions) as, in

principle, required for a suitably generalized hydrodynamic theory to be valid.16,17 In binary

fluids, this behavior is strongly coupled with microscopic degrees of freedom where short-

time kinetic processes become responsible for optical-like phonon excitations whose lifetime

remains finite upon approaching macroscopic scales.17 These excitations are expected to

emerge whenever the considered scale matches some characteristic inhomogeneity of the sys-

tem. They are primarily responsible for interaction with light, thus, providing a broad range

of optomechanical applications, as long as the sound-light coupling can be tuned. Therefore,

simple liquids, being invariant for both translations and rotations, do not seem ideally suited

to observe the onset of non-hydrodynamic modes. In principle, hybrid or partially ordered

soft matter systems, such as colloids, diblock copolymers, lyotropic or thermotropic liquid

crystals, should be better candidates in which a breach in homogeneity or isotropy occurs at

some intermediate distances.

In this paper, we report on combined IXS and X-ray diffraction measurements on a

symmetric, weakly polar liquid crystal compound 4,4’-diheptylazoxybenzene (D7AOB) in the

crystal (Cryst), smectic A (SmA) and isotropic (Iso) phases. The molecules of D7AOB are

composed of a rigid azoxybenzene central part and flexible alkyl tails with the phase sequence:

Cryst-32oC-SmA-53oC-N-70oC-Iso, where N stands for the nematic phase.18 Steric hindrance

between the rigid central parts induce alignment of the liquid crystal molecules (mesogens)
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in one direction. The flexible segments bestow some mobility to mesogens because they are

made of alkyl chains, which hinder crystallization to a certain degree. At low temperatures,

mesogens are in the Cryst phase displaying positional order in three dimensions. Upon

temperature increase, the system transitions into the SmA phase, where the positional order

only in one dimension is preserved. Also, the molecules retain orientational order, i.e. the

mesogens are oriented on average parallel to the layer normal and their arrangement is

represented by a set of 2D liquid-like layers stacked on one another. At higher temperatures,

in the nematic phase the positional order is lost but the orientational one is retained. In the

Iso phase, the orientational order is completely lost. A newly developed spectrometer with

a nearly Gaussian resolution function enabled us to perform the IXS measurements with

unprecedented spectral contrast.19 This led to the observation of clear inelastic spectral

features down to an extremely low Q-value of 0.5 nm−1. These measurements demonstrated

for the first time explicit distinctions in the THz phononic response in different phases of the

liquid crystal compound. Notably, investigation of the smectic A phase led us to discover

the onset of a van der Waals-mediated non-hydrodynamic mode with an optical phononic

behavior.

Cryst phase. The scattering geometry of the IXS experiment in the Cryst phase is shown

in Fig.1a. The Cryst phase consisted of multiple crystalline domains with no discernible

preferred orientation. The IXS spectra for Q-range of 1-5 nm−1 are shown in Fig.1b. Fig.1c

displays sharp isolated diffraction peaks, which confirms that at T=25 oC the D7AOB sample

is in the Cryst phase. Fig.1d shows the phononic dispersion curves determined from the best

fit of the Damped Harmonic Oscillator (DHO) model to the IXS spectra (see Methods).

In Fig.1b two phononic branches, namely longitudinal acoustic (LA) and transverse

acoustic (TA), can be clearly identified. The LA mode is the compression wave observ-

able at Q=1 nm−1, the lowest Q-value measured at T=25 oC, and is expected to emanate

from the hydrodynamic long wavelength limit (E=0, Q=0). On the other hand, we argue

that the presence of the TA mode (shear waves) in mesogens at THz frequencies is associated
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Figure 1: Phonon dynamics and sample structure in the Cryst phase. (a). Schematic of
the scattering geometry of D7AOB at T=25 oC. The liquid crystal sample (dark blue) was
confined between two glass plates (green). The scattering plane was parallel to the glass
plates. (b). Inelastic x-ray scattering spectra of the sample. The experimental data are
denoted by black squares together with error bars, the resolution function (black dotted
line), and the best least square fit (red solid curves). Low- and high-frequency DHOs (see
Methods) are denoted by the magenta and blue solid curves with the filled areas below
them, respectively. The corresponding Q-values are shown in each plot. (c). Diffraction
pattern of the sample. (d). LA and TA phononic branches.

5



Figure 2: Phonon dynamics and sample structure in the SmA phase. (a). IXS scattering
geometry. The scattering plane is perpendicular to the figure plane. (b). IXS spectra of
D7AOB sample at T=48 oC. The experimental data (black squares) are reported together
with the best fitting curve (red solid line) consisting of three DHO excitations: magenta,
orange, and blue solid lines with the filled areas below them. The error bars are attributed to
the signal-related statistical errors. The corresponding Q-values are shown to the right. (c).
D7AOB x-ray diffraction pattern. White and red arrows denote the direction of the applied
magnetic field B and the SmA layer normal n, respectively. (d). Dispersions of TA, LA and
optical phononic modes. (e). The schematic representation of the out-of-phase mesogen tilts
responsible for the emergence of the optical mode.
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with rattling relaxation processes, which give rise to translational vibrational excitations ac-

tivated at sub- and picosecond time scales. The energy and speed of sound of longitudinal

phonons are always larger than that of the transverse phonons, which is reflected in higher

amplitudes and speed of sound of longitudinal phonons, in particular. Therefore, we conve-

niently define the LA and TA modes as the ones lying at higher and lower excitation energies,

respectively.

The TA mode is non-propagating at Q-values below 2 nm−1 exhibiting a propagation gap,

also evidenced in other soft matter systems.6,9 Rattling relaxation processes in soft matter

systems originate from local interactions of neighboring molecules and, thus, are responsible

for anharmonicity in a system.20 These relaxation processes couple the propagation of LA

and TA modes operating at the nanoscale in a way similar to the “cage” dynamics occurring

in disordered materials such as liquids at the molecular level.20,21

SmA phase. Fig.2a displays the scattering geometry. Both the incident and the scattered

beams lie within the plane parallel to the smectic layers. This ensures that the momentum

transfer vector ~Q lies in the same plane and only probes the in-plane dynamics. Fig.2b shows

IXS spectra covering an extended Q-range relevant for the detection of a non-hydrodynamic

mode. In Fig.2c we present a diffraction pattern of the D7AOB sample in the SmA phase.

The arcs at wide angle centered at Q=14.14 nm−1 with full width half maximum (FWHM)

4.46 nm−1 corresponds to an effective molecular width of 0.44 nm and a correlation length

of 1.40 nm. This indicates that within the smectic planes, the mesogens are only sensitive

to the positions of up to their third nearest neighbors. The arcs at small angle centered

at Q=2.19 nm−1 with FWHM 0.09 nm−1 corresponds to an effective molecular length of

2.87 nm and a correlation length of 69.8 nm, which is limited by the resolution of our x-ray

diffraction instrument. It has been previously shown,18 that the smectic correlations as large

as several thousand nm have been measured in well aligned samples (as this sample is) with

high resolution instrument. The sharp inner peak also indicates the presence of long range

positional order along the molecular long axis, which is ascribed to the formation of the
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smectic layers. Furthermore, the 90o difference in the azimuthal orientation of the wide and

small angle peaks in the smectic phase confirms that the sample is in a SmA rather than

SmC phase.22

Figure 3: Phonon dynamics and sample structure in the Iso phase. (a). D7AOB diffraction
pattern displays random molecular orientation. (b). IXS spectra of the sample at T=75 oC.
The notation is the same as in Figure 1. (c). LA and TA phononic dispersions.

In the SmA phase, three phononic modes were observed from the IXS experiment (see

Fig.2d). The justification for the chosen model is described in the Supplementary Information

(SI). The conventional LA and TA excitations are similar to the ones in the Cryst phase.

The LA mode in the SmA phase experiences the softening as compared to the Cryst phase,

resembling other soft matter systems such as lipid membranes.9 The TA mode in the SmA

phase shows the increase of the propagation gap to Q=3 nm−1, the behavior also discovered

in lipids.9 We caution that, an accurate determination of the propagation gap at mesogenic

phase transitions is not possible due to current limits of the resolution function. Finally, we

note that, the TA mode is distinctly different from the SmA “second sound” hydrodynamic

mode. The “second sound” mode involves only smectic layer displacements and is diffusive
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along the SmA symmetry directions, including the in-plane direction probed by the IXS

measurements.

In addition to the LA and TA modes, we observed optical-like excitations at elevated

energies. This optical phononic branch exhibits a non-hydrodynamic “tail” (no dispersion,

see Fig.2d) in the long wavelength limit. This phenomenon can be understood in the context

of mesogenic movements in the SmA phase. The SmA phase is characterized by two types

of molecular motions: translational vibrational modes and mesogenic tilts where adjacent

mesogens swing around one another. The former gives rise to acoustic modes, while the

latter governs the optical one. Indeed, in the tilt motion, each mesogen keeps a nearly fixed

position at subpicosecond and picosecond time scales, while periodically tilting back and

forth around its center of mass (see Fig.2e). Thus, these out-of-phase movements of mesogens

exhibit non-hydrodynamic dispersion (see Fig.2d) toward the limit of infinitesimal Q’s, where

they give rise to an optical phononic mode. Similar displacement patterns were previously

observed in the form of overtones of Raman lines in various mesogenic systems.23–26 In

particular, ultra-low Raman active modes of the liquid crystal compound octylcyanobiphenyl

(8CB) in the SmA phase were detected within the range of 10-20 cm−1 (1.2-2.4 meV).26

8CB, an asymmetric polar molecule with rigid head and one flexible tail, resembles the

D7AOB structure.18 These tilt modes in 8CB were assigned to inter-molecular motions being

also called librations or “breathing modes”, which retain an optical phononic character.27

Importantly, we also observed a hybridization gap between the optical-like and the LA

mode,28,29 which appears due to the avoided crossing (also called the anti-crossing) of two

phononic bands of the same symmetry that occurs withing ∼ 2.8-3.4 meV energy range (see

Fig.2d). Finally, we note that the optic mode is consistent with the measurements of the

thermal diffusivity in the nematic and smectic A phases, which indicated the existence of

nanoscale-THz modes.30

Iso phase. In Fig.3a we show the diffraction pattern of the sample in the Iso-phase.

X-ray diffraction shows two concentric rings centered at Q= 3.10 nm−1 and 13.68 ±0.1

9



nm−1, with corresponding FWHM of 2.12 nm−1 and 5.20 ±1 nm−1, which indicate random

mesogenic orientation. The ring centered at Q= 3.10 nm−1 corresponds to the effective

molecular length of 2.03 nm, with a correlation length of 2.96 nm. The ring centered at

Q= 13.68 nm−1 corresponds to the effective molecular width of 0.46 nm, which is typical

of hydrocarbon chains.22 IXS spectra and phononic dispersion relations in the Iso-phase are

presented in Fig.3b and Fig.3c, respectively.

Mesogens in the Iso phase can slide over one another accompanied with hindered ro-

tations. Translational-rotational motions are tightly coupled resulting in one longitudinal

mode (LA, see Fig.3c). Therefore, the LA mode in the Iso phase can be considered as a

superposition of the longitudinal optical-like mode and the LA one in the SmA phase. In

the Iso phase, mesogens’ centers of masses are not ordered and not fixed at the picosecond

time scale, which leads to the absence of a non-hydrodynamic (localized) “tail” of the low-

Q dispersion of the longitudinal vibrations. Alike, in the Cryst phase, the mesogens may

support independent small amplitude tilt-like motions. Nevertheless, it would be hard to

observe such out-of-phase displacements as a collective effect, that could generate optical

phononic excitations. Longitudinal translations in the Iso phase (LA mode in Fig.3c) are

less energetic than their optical counterparts in the SmA phase (optical-like mode in Fig.2d)

because rotations in the Iso phase are considerably hindered. At the same time, the LA

mode is more energetic in the Iso phase (Fig.3c) than in the SmA phase (Fig.2d) due to

coupling with rotational motions. A translational-rotational mode coupling was also found

in highly anisotropic molecular systems as phenyl-salicylate (Salol),31,32 as well as in the Iso

phase of the liquid crystals p-methoxybenzylidene-n-butylaniline (MBBA), triphenylphos-

phite (TPP), 4’-pentyl-4-cyanobiphenyl (5CB) and their mixtures.33,34 It explains why, in

the Iso phase, high frequency dispersions merge into a single branch rather than splitting as

in the SmA phase. Therefore, the merging of the dispersion curves at intermediate and high

Q’s leads to a shift of the longitudinal branch towards higher energies (phononic hardening,

see Fig.3c) than in the Cryst or SmA phases. In other words, the presence of LA excita-
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tions at elevated energies manifests the phononic hardening due to random close-packing

and translational-rotational mode coupling of mesogens.

The TA phononic branch in the Iso phase is non-dispersing indicating its strong local-

ization. The propagation gap is observed at lower Q-value as compared to the SmA phase.

The measured dynamical behavior of the LA and TA modes in the Iso phase is consistent

with the recently observed hidden long-range solid-like properties of the isotropic phase.35

Discussion. The Q-dependence of both acoustic and optical phononic modes in liquid

crystals at THz frequencies has never been measured before since techniques such as Ra-

man spectrocopy are inherently unable to probe it. Moreover, no optical phononic modes

have been observed in similar soft matter materials such as lipid membranes.36,37 Only re-

cently, low-energy TA modes were experimentally observed in DPPC lipid membranes using

IXS,9 but the optical phononic modes in such systems remained elusive. Therefore, the

detected optical phononic excitations in D7AOB (see Fig.2d) with IXS signifies the prac-

tical importance of this system for future optomechanical applications. Mesogens such as

cyanobiphenyls (CBs) are infrared-active materials within the frequency range of 0.3-15 THz

(1.2-62 meV).38,39 We have shown that the van der Waals-mediated non-hydrodynamic “tail”

of the optical phononic mode, which implies non-vanishing damping in the large coupling

limit, in the SmA phase converges to ∼3.5 meV (0.8 THz, see Fig.2d) matching the wave-

length absorption band of CBs.

Recently, a practical realization of a cavity-optomechanics concept based on the interac-

tion between light and mechanical objects on low-energy scales has been demonstrated in

phononic crystal waveguides at GHz-frequencies.40 The interaction of light with localized op-

tical phonons resulted in a tunable delay and filter for microwave-over-optical signals as well

as provided the possibility for performing coherent signal processing.40 Other phenomena

employing the cavity-optomechanical principle at MHz-GHz frequencies have been studied

too.41,42
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In the case of THz light-phonon interactions, similar concepts can be realized as well. For

example, for liquid crystals, the electric field of the infrared light may tilt in-phase mesogens

in the direction of the field, and each out-of-phase mesogens in the opposite direction, leading

to the propagation of an optical phononic excitation. For such a practical realization a

deeper understanding of phonon behavior at THz-scale is, therefore, vital. We believe that

soft matter materials such as liquid crystals, whose morphology and phase behavior can

easily be manipulated as compared to their solid-state counterparts, are ideal candidates

for optomechanical applications. There are very few techniques capable of probing THz

phononics with Q-dependence. IXS is ideally suited for such studies. The IXS technique

is virtually free from “inherent” kinematic limitations, however, ω values accessible by this

method are still restricted for ultralow values. These limitations are caused by the relatively

broad resolution linewidth and, perhaps, more importantly, due to the poor spectral contrast

attainable with the Lorentzian resolution shape in most current high-resolution IXS facilities.

To mitigate these limitations, we took advantage of the new IXS beamline 10-ID at the

National Synchrotron Light Source II, Brookhaven National Laboratory, which offers an

energy resolution function shape with a nearly Gaussian profile. The high spectral contrast

of the resolution function is the key factor in determining the changes in the slope of the

dominant central peak’s tails. The change in the central peak slope corresponds to the

emergence of an additional mode in the spectrum. Noteworthy, the intensity of the TA

mode is comparable with the intensity of the dominant central peak. As follows from the

Figs. 1d, 2d, and 3c, the TA modes are located within 1-2 meV excitation energy range,

which is comparable with the FWHM of the resolution function (∼2 meV). Clearly, the TA

modes do not lie within the resolution function making it possible to unambiguously resolve

them. The much improved resolution profile also enabled the observation of a spectral mode

in the partially disordered system exhibiting a non-hydrodynamic behavior and becoming

localized at very low Q-values.
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One may expect a new technological breakthrough for liquid crystals thanks to, for in-

stance, the so-called topological defects, which are being exploited to produce structures

with extraordinary properties.43–45 In this work, we showed that modulating the amount of

structural disorder through the access to different mesogenic phases in a narrow tempera-

ture range can lead to the emergence a variety of phononic effects. For the first time, we

demonstrated that liquid crystals are able to support both acoustic and optical phononic

excitations propagating down to the nanoscale. Thus, we believe that mesogenic systems

could be ideal candidates for novel phononic and optomechanical applications to achieve new

functionalities in the nanometer-terahertz window.

Methods

IXS measurements. IXS spectra were measured at the 10-ID beamline of the National Syn-

chrotron Light Source II, Brookhaven National Laboratory. Measurements were performed

at an incident photon energy of 9.13 keV. The energy resolution function had nearly a Gaus-

sian profile with ∼2 meV full width at half maximum. The incident X-ray beam was focused

on the sample to within a 10×10 µm2 focal spot. The incident flux was ∼2×109 photons/sec.

The D7AOB sample was contained between two glass plates (2×25 mm) with a 50 micron

Mylar spacer. The sample thickness of 50 microns was chosen to minimize surface effects; a

sample of this thickness contains several thousand smectic layers whereas surface effects in

smectic liquid crystals, away from a phase transition, typically extend less than a few smectic

layers.46 The glass plates were coated with Quilon H (Sigma-Aldrich) for hometropic align-

ment (i.e., mesogens orient perpendicular to the glass plates in the SmA phase). The sample

cell was then placed inside the Linkam hotstage (LTS420) linked to temperature controller

with ±0.1 oC temperature stability. The scattering intensity was collected in the horizontal

plane, with the lateral planes of the D7AOB sample parallel to the plane of scattering, hence,

only in-plane dynamics was probed. A single IXS scan included 151 energy points with an

acquisition time of 90 seconds per point. In fitting procedure we used the model consisting

of multiple DHOs excitations plus a δω central peak. The resulting fitting lineshapes are
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obtained through the convolution with the instrumental resolution function. The sample

was translated across the beam at each scan to avoid beam damage.

X-ray diffraction measurements. X-ray diffraction data were obtained from a sample of

D7AOB filled into 1 mm flame sealed quartz capillary. The sample capillary was placed

inside a Linkam HFS350X-CAP hotstage with ±0.1 oC temperature stability, for controlled

heating and cooling. The D7AOB sample was aligned in the nematic phase by means of a

2.5 kG magnetic field produced by a pair of samarium cobalt rare-earth magnets mounted on

opposite sides of the sample capillary. This alignment persisted into the SmA phase during

cooling. The measurements were performed using a Rigaku Screen Machine with microfocus

sealed copper x-ray tube with a copper anode (λ =1.54 Å). Images were collected using

a Mercury 3-CCD detector with resolution 1024×1024 pixels and pixel size of 73.2×73.2

µm2 placed 78.5 mm from the sample. The 2D x-ray patterns were analyzed using the

software FIT2D after subtracting the background measured with an empty capillary in the

sample position. The data were calibrated against silver behenate standards traceable to the

National Institute of Standards and Technology.
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