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Aperiodic composite crystals belong to a new state of matter that possesses long-range order
without translational symmetry. We report measurements of low-lying phonon branches in a n-
alkane/urea compound that provide a new insight to the urea sub-lattice and the commensurate
basal plane dynamics. Focusing on the thoroughly studied n-nonadecane/urea compound makes
a comparison with other inelastic scattering results possible, allowing the observation of a new

aperiodic elastic signature.

Using three techniques, slight but reproducible difference in sound

velocities is observed between the transverse mode propagating along the aperiodic direction and
polarized in the commensurate basal plane, and the one polarized along the aperiodic direction

propagating in the basal plane.

I. INTRODUCTION

Phonon spectroscopy is widely used to obtain detailed
information on the interatomic or intermolecular inter-
actions in condensed matter, from the simplest regular
crystals to more complex structures. In contrary to light
scattering, neutron and X-ray inelastic scattering permits
investigations of excitations with very large wavevectors.
Challenging a lower resolution than with cold neutrons,
X-ray scattering nevertheless allows studies with a con-
stant resolution even far away from the null wavevector.
It is then easier to get a global point of view of the lattice
dynamics of a given structure.

Aperiodic crystals are long range ordered materials
that recover their periodicity in a higher dimensional
space.! The diffraction patterns of these aperiodic ma-
terials exhibit sharp Bragg peaks characteristic of long-
range order, although the systems are not invariant un-
der spatial translations of the lattice.? The dimension
(or rank) of the higher dimensional space corresponds
to the number of independent vectors required to de-
scribe the entire set of diffraction Bragg peaks (usually
4, 5 or 6). The crystallographic superspace that de-
scribes such materials thus decomposes into two orthog-
onal subspaces: the usual physical space and an inter-
nal one. These materials are conventionally divided into
three families: quasicrystals, incommensurately modu-
lated or magnetic crystals and composite inter-growth
crystals. Incommensurately modulated crystals are the
simplest of the three since they always stem from a proto-
type periodic high-symmetry (HS) phase. Furthermore,
the incommensurate phase can generally be treated as a
perturbation of this periodic HS phase.?> As an impor-
tant consequence, a mean Brillouin zone is defined as
being the HS zone and collective excitations can be read-
ily calculated as for AsBX, compounds.? Away from the
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irrational critical wavevector qs, which characterises any
incommensurate phase, the phonons are considered sim-
ilarly to the HS phase. Around qs a perturbation calcu-
lation shows that phonons separated by 2qs are coupled
by the static incommensurate modulation. The nature
of two phonons around +qs and —qg changes into two
new excitations, called phason and amplitudon respec-
tively, corresponding to phase and amplitude vibrations
of the modulation. The phason modes are represented
by collective excitations along the internal (supplemen-
tary) dimensions of the superspace. In the assumption of
continuous incommensurate modulation functions, their
branches present an acoustic-like linear dispersion from
+qs and —qs. However, these modes are not true Gold-
stone modes since they are dissipative and thus appear
as overdamped modes at +qs and —qs.

Such excitations have been directly observed by neu-
tron scattering in a few compounds, some compiled first
in reviews®% and later in another organic compound.”
These excitations are now much better understood, ei-
ther from the point of view of Landau structural phase
transitions or by using microscopic models.}38 In con-
trast, incommensurate composite crystals are composed
of at least two interpenetrating modulated crystalline
subsystems that are incommensurate in at least one di-
rection and neither a mean structure nor a mean Bril-
louin zone may be defined in the physical space at three
dimensions.? Consequently, no simple perturbation the-
ory of the collective dynamics can be developed. This is
one of the reasons for a continuing interest in the ape-
riodic inter-growth compounds.!® Some of them are ex-
pected to present unusual physical properties like lubri-
cation between out of register surfaces as indicated by
several theoretical studies.!! 13 However, observations of
the expected behaviors in reality are rather scarce, which
is probably due to non-ideal realizations.

Among such compounds, those possessing a struc-
ture with a one-dimensional aperiodicity are conceptu-
ally simpler and allow, in diffraction experiments, an easy
discrimination of Bragg peaks of the different sub-lattices
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FIG. 1. (Color online) Schematic representation of the
host/guest crystal of n-nonadecane/urea at room tempera-
ture, with the hexagonal unit cell vectors a, b, Chost, Cguest
and the characteristic parameters of the n-nonadecane CHs-
(CHz2)17-CHs molecule (internal periodicity d of the CoHy
and length L defining respectively the position and the width
of the intensity of the molecular form factor, the broad D
bands).

along the aperiodic direction, along which, different dy-
namics in composite structures are expected when the
sub-lattices differ elastically. The intrinsic vibrational
responses of each sub-lattice can be observed at large
wave vectors. Previous studies of phonons at non-zero
wave vector were reported in a few incommensurate com-
posites. Actually, they revealed the acoustic phonons of
different sub-lattices with a strong dependence on the
nature of the related Bragg peak: mercury chains in
AsFg'%, self-hosting phases in Rb IV under pressure!”,
superconducting cuprates like Bi-2212 and spin-ladder
systems'®18 using inelastic neutron (INS) and/or inelas-
tic X-ray scattering (IXS). At infinite wavelengths, these
vibrational responses should transform, on one hand,
into a regular acoustic mode, involving in-phase displace-
ments of both sub-lattices, and on the other hand, into
a phase mode characterized by out of phase displace-
ments similarly to an optic mode. In the case of weak
inter-modulations, the latter may be imagined by a rela-
tive sliding motion of the sub-lattices: the sliding mode,
which is also the phase mode alike to the phason in mod-
ulated phases. The characteristics of these modes have
been thoroughly analyzed.'? 15

The prototype example for such studies is HgAsFg,
where a crossover from the high energy dispersion of the
two longitudinal modes to a low energy mixing was ex-
pected to give rise to the longitudinal sound mode and
the sliding mode.'® A complex feature was also reported
in n-nonadecane/urea that was assigned to the coupling
of the longitudinal acoustic phonon of the host urea sub-
lattice and the predicted sliding mode.2? However, to our
best knowledge, direct unambiguous observations by ei-
ther neutron, X-ray or light scattering of underdamped
sliding modes have not been reported. Sliding modes are
not the unique signature of aperiodic composite struc-
tures since elastic properties are also modified by aperiod-
icity; for example, in acoustic modes polarized along ape-
riodicity directions, displacements of the different sub-
lattices may be decoupled as shown in ref.'®

In the case of n-alkane/urea compounds, which typ-
ically belong to the host-guest family, the honeycomb

like urea sub-lattice is very stiff due to hydrogen bond-
ing. However, it is unstable versus a basal shear strain
as proven by the alkane removal from the channels that
leads to the formation of the tetragonal pure urea struc-
ture. At room temperature, the pure n-alkane guests may
be liquid for the shortest molecules?"?2 or, in rotatory
phases characterized by strong conformational, transla-
tional and rotational disorders similar to plastic crystal
phases. When densely packed by co-crystallization inside
the urea channels, an intermodulated aperiodic crystal is
usually obtained, as illustrated in the Fig. 1. In the re-
stricted size of these channels, the alkane molecules are
linear with a small amount of gauche conformers at their
extremities®® and, at room temperature, they present ro-
tational and translational degrees of disorder. This fam-
ily of crystals gives a prototypical example of symmetry
breaking within crystallographic super spaces. For nan-
otubular structures with a single incommensurate direc-
tion ¢, a four-dimensional super-space description gives
the positions of all of the Bragg peaks:24:2>

Ghkim = ha™ + kb" + lcj, + mcg, (1)

where a*, b*, ¢, and c; are the conventional reciprocal
unit cell vectors, cj, and cg refer to the host and the guest
parameters. Four indices (h, k, [, and m) are needed to
describe the four different types of structure Bragg peaks.
A convenient but simplistic assignment is that the h £ 00
peaks are common Bragg peaks, the h kIl 0and h k 0 m
correspond to the host and guest respectively, whereas
the h k | m, with [ and m both different from zero, are
intermodulation satellite Bragg peaks. However, due to
sub-lattice intermodulation, the intensities of the host
and guest Bragg peaks exhibit contributions from both
substructures.

Among this series, the n-nonadecane/urea has been ex-
tensively studied in relation to its structural transitions
vs temperature and pressure.?6 28 The room tempera-
ture space group of n-nonadecane/urea is in dimension
4: P6122(0 0 7). The parameters of the hexagonal lattice

area = b = 8.22 A, choss = 11.02 A and v is the misfit pa-
rameter defining qs = 7y ¢}, = Chost/Cguest = Cu/Cca found
equal to 0.418 in the deuterated structure in contrary to
0.412 in the unlabeled compound. The existence of a 61
helical axis in the high symmetry phase strongly reduces
the number of Bragg peaks present along the purely lon-
gitudinal (0 0 ¢*) reciprocal line, as seen in the Fig. 1.
The dynamics of this crystal has been investigated by
nuclear magnetic resonance (NMR), light and neutron
scattering techniques revealing unusual features.20:29:30
Despite its one-dimensional simplicity, this aperiodic ma-
terial has not permitted up to now the possibility of a
complete overview of its collective dynamics. IXS, with
its potential large scattering wavevector at a constant res-
olution, provides for a unique opportunity to get a wider
scope on the lattice dynamics of this compound.
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FIG. 2. (Color online) a) Diffraction image of the (a* + b*, c*) reciprocal plane of n-nonadecane/urea as measured on ID29
at T = 300 K, revealing a quarter of the accessible zone in the reciprocal space when using the spectrometer ID28 with the
wavelength A = 0.54 A. The vertical axis scale gives the h = k values whereas the [ values are on the horizontal scale in c,
units. Along ¢, only urea peaks with 6¢;; and 12¢}, are visible whereas common peaks at a* +b* and 2(a* +b"*) are accessible.
Note the presence of diffuse scattering. The elongated rectangle is the crosscut of the 1°* Brillouin zone of the urea sub-lattice
by this scattering plane. The white dots are the location of the nine detectors for two different Q vectors. b) Hexagonal 1°° urea
Brillouin zone, the blue rectangle corresponds to the crosscut of the Brillouin zone in a), with on each side, half a zone edge
side of the neighboring Brillouin zones. The irreducible 1rst Brillouin zone is the prism TKMLAH, L' and M’ are equivalent
to L and M. c) In order to present the (hk0) plane: an image of one first Brillouin zone and its neighbor in the (hk0) plane
shows the main symmetry points, the a* and b* axes and the directions shown in Fig. 5 (in red).

II. EXPERIMENTAL

IXS measurements were performed on the ID28 spec-
trometer at the ESRF. The optical layout is based on
the triple-axis principle. The very high-energy resolution
is obtained by a monochromator, operating at a Bragg
angle very close to 90° i.e. close to back scattering ge-
ometry. The scattered photons are energy analyzed by
a perfect spherical silicon crystal analyzer, operated in
Rowland geometry, and at a Bragg angle of 89.98°. ID28
benefits from nine analyzers placed on the movable arm,
7 meters in length. The X-rays diffracted from the an-
alyzer crystal are recorded by solid-state detectors (low
noise silicon detectors), that provide a very low back-
ground. As a compromise between the energy resolu-
tion and the beam flux, the (12 12 12) configuration
was retained, yielding an incident photon wavelength of
A =0.5226 A (E ~ 23 keV) and allowing an energy res-
olution of ~ 1.5 meV3! in a wide part of the reciprocal
space up to ~ 10 A=1. The organic nature of the sample
C19Hy09/CO(NH;)2 requires a large single crystal, in this
case: 0.5x0.5x 1 cm?, in order to maximize the scattered
intensity.

Inelastic scattering is characterized by the transfer vec-
tor Q equal to the difference between the incident and
scattered beam wavevectors. Both its magnitude and
direction are important since the inelastic intensity scat-
tered by a phonon with a polarization e varies like (e.Q)?.
Phonon wavevectors are defined by: Q = Gpim + Q-
Most of the experiments were performed within the scat-
tering plane (a* 4+ b*,c¢*). This plane is shown in the
Fig. 2, as reconstructed from diffraction data obtained at
room temperature on the beam line ID29 at the ESRF.
At Gprpn = 0, Bragg reflections are common to both

sublattices, whereas the other points of the (a* + b*, c*)
plane may be distinguished with respect to the sub-lattice
periodicity. All strong Bragg peaks may be assigned to
the urea sub-lattice. This figure also shows that diffuse
scattering occurs at many locations in this plane with
three different origins outside Bragg locations. Very nar-
row parallel streak lines perpendicular to the c¢* axis,
called s-planes, define the reciprocal periodicity of n-
nonadecane (0.412 ¢}). They are the fingerprint of a
static lateral translational disorder in this sub-lattice.
Also in relation to the finite length L of the alkanes, but
due to their internal periodicity d of the CyHy species,
as defined in the Fig. 1, broader lines (D-planes) appear
at ¢, = 4.34 ¢}, and 8.68 ¢}, created by the dynamical
translational and rotational disorder of the alkanes.32:33
Finally, pretransitional diffuse scattering grows around
locations (h + 0.5 k 4+ 0.5 1 m), like in (1.5 1.5 3 0) lo-
cated close to the upper right corner of the grey rect-
angle on Fig. 2a, where superstructure Bragg peaks ap-
pear at lower temperatures.?* At small wavevectors, close
to strong Bragg peaks, acoustic modes are expected to
be strong scatterers, but since only a few faint Bragg
peaks with the alkane periodicity appear, all attempts to
record inelastic spectra in these locations during a rea-
sonable time remained unsuccessful. Consequently, for
q. # 0 nearly all the observed inelastic peaks are re-
lated to the dynamics of the urea sub-lattice, which is a
three dimensional (modulated) long-range ordered struc-
ture connected by well-defined hydrogen bonds between
urea molecules.

Even if both sub-lattices contribute to the intensity of
any Bragg peak, the guest sub-lattice contribution, lo-
cated at the urea reciprocal positions is in proportion
to its modulated fraction, which is not expected to be
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FIG. 3. (Color online) Raw IXS spectra from phonons prop-
agating along different symmetry directions. Titles indicates
Q components in the reciprocal urea frame whereas (¢ ¢) in-
dicates relative equal components along the a*, b* hexagonal
axes as explained later in text. In (a) and (b) they propagate
either along the aperiodic channel direction with a longitudi-
nal (a) or transverse polarization (b) or in the commensurate
basal plane with longitudinal (¢) or out-of-plane transverse
polarization (d). In (c), acoustic (blue peaks) and optic (yel-
low peaks) modes are visible whereas in the other panels only
acoustic modes are observed. Notice the log scales in (a, b
and d).

significant. So, in order to get a broad overview of the
inelastic modes we will begin by the simplest assump-
tion that the observed dynamics out of the basal plane
is mainly due to urea, with only some weak perturba-
tions. Consequently, we may use a Brillouin zone defined
by the hexagonal urea reciprocal sub-lattice; its trace
in the scattering plane appears as a rectangle elongated
along the (a* + b*) direction (Fig. 2(b)). It should be
noticed that the area beyond the +K reciprocal points,
ie. 0.33 < |lg|| < 0.5 is in fact at the Brillouin zone
boundary. The nine detectors may cover several Bril-
louin zones, by reducing all the detectors locations inside
the first irreducible Brillouin zone, we obtained ca. 240
non-equivalent phonon wavevectors scattered inside such
a zone. The related inelastic spectra have been fitted by
the convolution of damped harmonic oscillators (DHO)
and/or relaxation profiles weighted by the Bose factor
with the apparatus function, which is a weighted sum
of a Gaussian and a Lorentzian functions with typical
full-width at half maxima (FWHM) of ~ 1 and 3 meV,
respectively. The weight of the Lorentzian contribution
is in the 10 % range. These parameters vary somewhat
with the analyser used.

Spectra were usually recorded in a range of a few
tens of meV in steps of 0.3 meV; each data point lasted
30 seconds, sufficient to have manageable data statis-

tics. Fig. 3 displays typical spectra of different kinds of
phonons propagating along the aperiodic channel direc-
tion (q || TA) or in the basal plane along the (a* + b*)
direction (q || I'K): a longitudinal acoustic (LA) in a)
and c), a transverse acoustic (TA) in b) and d), whereas
and optic mode about 10 meV in ¢) shows an intensity
increase when ¢ goes towards the zone boundary, unlike
the acoustic modes becoming less visible at large ¢ values.

III. DYNAMICAL MODEL

Aperiodic composites are intergrowth intermodulated
crystals and treating separately the host and guest sub-
systems is a crude assumption. However, since the inter-
modulation Bragg peaks are rather weak at room tem-
perature, two different sets of phonons can be considered
in a first approximation with the present energy resolu-
tion. This is however not possible at the lowest energies,
where excitations may reveal very specific features such
as gap opening and/or acoustic phonon overdamping. As
the alkane sub-lattice can be simply described by a single
molecule per alkane cell with a 6-fold orientational dis-
order around the channel axis, the frequency dispersion
along this direction reduces to a single branch character-
ized by the intermolecular force constant that has been
indirectly determined.?> This dispersion branch appears
later on the Fig. 7. Other alkane modes like librations,
translations and more localized modes seem to occur only
in the diffuse scattering D-bands. The remaining modes
seem to involve only the urea channel dynamics.

In order to describe the different experimental frequen-
cies and understand their dispersion, it is necessary to use
the result of lattice dynamics calculations. Standard dy-
namical calculations for urea would involve six molecules
perturbed by a strong guest disorder in an aperiodic en-
vironment. A complete description, even restricted to ex-
ternal modes, would be an intractable task. For a partial
description, simplifications are necessary. At a simpler
level, we will first ignore the aperiodicity, allowing the
use of Brillouin zones for this sub-lattice and secondly
try to decouple different directions. We have calculated
the dispersion curves using two basic models mimicking
the structure in the basal plane and along the channel
axis.

The structure of these compounds is characterized by
the honeycomb shape of the urea sub-lattice inside which
n-alkanes are densely packed. Honeycomb walls are made
of a network of urea molecules tethered by hydrogen
bonds, as shown in Fig. 4, top panel. The hexago-
nal structure P6,22 (D?2) contains in its primitive cell
three of the six walls of a urea channel built by its six-
urea molecules. On each channel corner, three molecules,
slightly canted from the channel axis, stack their oxygen
atom nearly above each other along this axis in order to
realize hydrogen bonds with the nitrogen atoms of urea
molecules belonging to the neighboring corner. A three
helices picture is necessary to respect the oxygen posi-
tions since two of them lie in the wall, two others are



slightly above it whereas the remaining two are slightly
below as shown in the ¢* view of Fig. 4.

Urea molecules occupy Cs sites with a lower symme-
try than the one commonly admitted for the molecule
(Cay). This produces mixing of the molecular rotations
R; and translations T; in the dynamic representation.
Since we are only interested in lattice modes resulting
from these motions along the three spatial directions, we
may write the decomposition of the urea external modes
representation at the zone center on the Dg irreducible
representations as:

Toxt = 2A1 +4A5 + 2By +4By + 6E; + 6E5. (2)

This formula includes the urea sub-lattice acoustic
modes of symmetry As and E; since they are related
only to a sub-lattice and not to the whole crystal. This
decomposition shows that each irreducible representation
involves pairs of molecular translations and librations: 1
for A; and B; both polarized along the channel axis, 2
for A, and 4 for B polarized in the basal plane, and 3 for
FE; and Es involving all directions. It should be pointed
out that in the lowest symmetry points of the Brillouin
zone, 36 different frequencies are expected in the exter-
nal modes range below 30 meV (240 cm™!), whereas the
apparatus linewidth cannot resolve more than 24 lines
within this window without any broadening. Therefore,
some observed peaks, probably the broadest, are unre-
solved multiplets, even along symmetry directions. How-
ever, the inelastic structure factor decreases the number
of visible modes by sorting them out with respect to their
polarization.

The study of all these modes is outside the scope of this
work due to obvious experimental limitations, and to the
fact that we are mainly interested in the lower branches
more likely to present features directly related to ape-
riodicity. Another major simplification occurs when re-
placing urea molecules by point masses restricting the
analysis to translational modes. By doing so, we divide
by two the number of computed modes. In the basal
plane projection, this structure looks somewhat similar
to the familiar honeycomb lattice of graphene, even if
the symmetries are a bit different. In particular, the
absence of a mirror plane perpendicular to the 6 fold
axis in this aperiodic structure does not, in contrary to
graphene, allow the dynamics decoupling between the in-
and out-of-plane motions. Numerous theoretical studies
on graphene dynamics have been reported in the liter-
ature, as for example in Ref.?¢ and cited therein. For
our calculation of the dispersion branches along symme-
try directions, we chose the convenient formulation of
Adamnyan and Zavalniuk®” with two force constants (.J;,
J2). It involves first and second nearest neighbors central
forces in order to stabilize the lattice against a collaps-
ing shear. Within this model, the second neighbor in-
teraction in graphene stabilizes the lattice, while in urea
inclusion compounds this effect is likely obtained by an
alkane guest nearest neighbor, via van der Waals forces
and/or steric hindrance. Another lattice dynamics model

FIG. 4. (Color online) Ball-and-stick diagrams of urea chan-
nels wall from the side (a+b) (top panel) and along ¢ (lower
panel). In the top panel, atoms are inflated to their maxi-
mum size in order to improve a 3D visualization of the wall
further enhanced by black lines showing the orientation of the
hydrogen bonds between oxygen and nitrogen atoms. The up-
per four nitrogen atoms pointing towards the viewer and the
lower four pointing backwards belong to adjacent walls. The
¢ view shows hydrogen atoms (in white) with smaller size of
balls allowing distinguishing the different locations of oxygen
atoms at each channel corner.

of urea channels has been previously reported with some
success,>® using two force constants along the channel
direction, but without any second order neighbor in the
basal plane, precluding the study of transverse acoustic
phonons polarized in this plane. Here we describe the out
of plane transverse modes T'A, and T'O,, by the simplest
formula compatible with hexagonal symmetry:

3+ FO(q)>1/2 (3)

Dz =Q (1 + 3
where )y is the maximum frequency, with Fy(q) =
2[cos(qra—qaa)+cos(qra)+cos(gza)], q being the phonon
wavevector of components (qi, g2) parallel to the recipro-
cal hexagonal basis vectors (a*, b*). Consequently our
description will be limited to in-phase (LA, T A) and out-
of-phase motions (LO, TO) in three directions of the two
infinitely rigid stacks of the primitive cell, requiring only



three adjustable parameters for describing six dispersion
branches (LA, LO, TA, TO, TA,, TO,).

Along the perpendicular direction, the main struc-
tural feature is the presence of three urea helices de-
scribed above, resulting in a triple folding of the dis-
persion branches eventually without a gap. Henceforth,
we have described them by a linear chain model with
three identical masses per cell, each built by two urea
molecules moving in-phase in the primitive cell. In con-
trast, the motions considered in the basal plane involve
relative displacements inside helices, so we cannot expect
any description along general directions of propagation in
the scattering plane. However, these simple models de-
scribe the shape of phonon branches even at 30° away
from the principal directions. Noting that transverse
modes are degenerate due to the 6-fold symmetry, we
use models with three adjustable parameters in the (a*,
b*) plane and two along the z directions for 17 disper-
sion segments between high symmetry points of the first
Brillouin zone. These parameters can be expressed either
by the maximum frequency of the highest optic branch
or by the initial slope of the acoustic one, when knowing
the mass multiplicity along any direction (see Tab. I).
In the commensurate plane these parameters computed
from the first and second neighbors force constants in
graphene, are found to have a ratio of about 1 : 8 that
is in accordance with a rather strong hydrogen bond be-
tween urea molecules and a van der Waals interaction
between urea and nearest neighboring alkane.

Since spectra have been recorded around many recip-
rocal locations, the variation of inelastic intensities for
the same mode provides information on its polarization
e due to its inelastic scattering structure factor and al-
lows some discrimination. Theoretically, any mode per-
pendicular to the scattering plane should not appear in
the spectra if recorded with a perfect collimation. This is
the case for the transverse modes polarized in the basal
plane since most of the time we used the (a* + b*, c*)
scattering plane.

IV. PHONONS DISPERSION

Although many spectra were recorded in the whole
cross section of the urea first Brillouin zone, we will
mainly focus on the presentation of dispersion branches
of phonons propagating along the symmetry directions
TA, where q = ¢q (c}), T'K with ¢; = g2 = ¢ and I'M,
where ¢ or g2 equals zero. Figure 5 gathers all the fre-
quencies of the DHOs found in the fit of inelastic spectra
for propagation in the main directions of the basal plane
on the right side, and along the channels on the left one.
Many data points may be interpreted by the dispersion
models described above. However, other points obviously
do not belong to these branches but to other vibrations,
possibly librations. It should be noted that phonons po-
larized in the commensurate (a,b) plane (drawn by full
lines) involve both sub-lattices, in contrast to those polar-
ized along the channel direction (drawn by dashed lines),

which, due to aperiodicity, may involve mainly one sub-
lattice.

Along I'K, the longitudinal acoustic mode and the
transverse one polarized along c* have been studied close
to the more intense (2 2 0 0) Bragg reflection. This
direction corresponds, in real space, to the normal to
the hexagon sides, along which a unique periodicity ap-
pears. Consequently, no gap in the related dispersion
branches is either expected or observed within the res-
olution (~ 1 meV) and the scarcity of points at the
zone edge. About half of these points come from (2 2
0 0) reflection (Fig. 3(c) and (d)), while the others result
from different scattering geometries in the same scatter-
ing plane. Two points (blue triangles, T A,,) seem re-
lated to the transverse acoustic mode polarized in the
basal plane that should not contribute to the scattered
intensity; however they are not well-resolved in the spec-
tra and only appear from the best fits with quite weak
intensity.

Beyond K, propagation occurs on the KM’ zone edge
with no obvious changes with respect to the I' K branch,
but new data points appear close to the lowest disper-
sion branch. These points have been recorded around an
M point at the (1.5 1.5 3 0) location, close to the crit-
ical wavevector of the lowest temperature phase where
previous observations of low frequency dynamics could
be observed. Although the frequency of these modes are
very close (1 meV) to the lowest acoustic branch, such
an assignment is impossible for several reasons. First, it
would correspond to an increase of the transverse sound
velocity by more than 20% that is inconsistent with neu-
tron and Brillouin scattering measurements, or with the
6-fold symmetry. Secondly, and more conclusive, they
are very intense, weakly damped and unique in their fre-
quency range, as shown in Fig. 6(a), suggesting that their
polarization belongs rather to the (a* + b*, c*) scatter-
ing plane than to the (a* — b*) direction, mandatory for
this transverse branch. This mode may be followed for
q- # 0 as shown in Fig. 6(b), where its dispersion is shown
along KH, ST and ML; KM presented in Fig. 5. We
observe a weaker dispersion along the ¢* in the neighbor-
hood of M than in the vicinity of K that is in agreement
with a structural phase instability at M £0.09c}, at lower
temperatures, practically without any vibrational energy
cost.

Along the I'M direction, only two experiments were
performed by tilting the sample, resulting in a poorer
resolution at q = I'M/2 and q = (3/4)’'M. In real
space, this corresponds to a propagation along the direc-
tion where short and long periods alternate, leading to a
frequency gap between the optic and acoustic branches.
This geometry with Q = (1.5 — z)a* + (1.5 + z)b* + 3¢},
generates a phonon wavevector with a component paral-
lel to the (a* — b*) direction equal to za* that activates
the lowest transverse mode polarized along (a* — b*),
whereas the longitudinal acoustic mode almost vanishes.
This propagation direction was previously investigated
by inelastic neutron scattering (INS) for the acoustic
branches.? The related data points () reported in Fig. 5



TABLE I. Fit parameters for the dispersion of the different branches obtained either by giving the maximum frequency of the
optic branch or by their initial slope at infinite wavelengths (¢ ~ 0). The first index labeling transverse modes defines the
propagation direction whereas the second one is for polarization. For Ly and Ty, modes in the hexagonal plane, the ratio of
the second to the first neighbors force constants J2/J1 is equal to 0.12.

Disp. branch Lrwm Ty Ty L. Tow
Max. freq. (meV) 13.7 8.57 13.7 21.0 6.9
Sound velocity (km s™1) 3.64 2.18 1.36 5.84 1.87
q,=0.412¢,*
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FIG. 5. (Color online) Dispersion of the lower phonon branches along the channel direction (I'A) at the left and along the
principal directions of the basal plane (K M’) in the middle and (M’'T”) at the right. The dotted vertical line close to A
indicates the wavevector of the intermodulation qs = 0.412c),. The length of the segments A", TK, KM’ and M'T’ are
proportional to their absolute values, so that sound velocities along these directions are visually comparable. Notice that the
ticks origin lies at I". Solid data points come from IXS and asterisks from INS.2% Colors of points and lines are listed in the
legend. Black circles at the zone center I' are Raman frequencies of the urea sub-lattice.3® The points on the left axis are for
the Ai(e) and E:1 (A) symmetries polarized completely or partially along z, whereas at the far right, for frequencies assigned

to the A;(e) and E2 (A) symmetries polarized in the basal plane (1 meV = 8.06 cm™' = 242 GHz).

are in good agreement with the present results. Here, Ra- mode. As for several spectra quasielastic components

man frequencies are close to the gap edges where flat dis-
persion branches present a high density of states and not
very far from the LO maximum calculated at 13.8 meV
and found at 16 meV by Raman scattering.?® At higher
frequencies, Raman lines about 20 meV could also be as-
signed to librational modes as in pure quadratic urea.*’

Along I'A, longitudinal and transverse acoustic modes
have been investigated around the strongest reflections
along ¢}, (006 0) and (00 0 12) the latter visible in Fig. 3
(a) and (b). Along this direction, dispersion branches
may be assumed to be triply folded when ignoring pertur-
bations by libration branches as explained above. At this
resolution, no additional acoustic-like branch appears, as
could be expected in case of an underdamped sliding

with a width in the 2 meV range have been included
in the fits of spectra recorded around (0 0 6 0). Such
contributions with a similar width are not so astonish-
ing, when one considers the amount of disorder inside
this compound. Moreover, it has been previously shown
that the D bands have a partial dynamical origin like the
pre-transitional diffuse scattering.*!

Obviously, other modes appear in the diagram (cir-
cles) in the 10 meV range that are not described by the
few computed branches. However, it is interesting to no-
tice that our simple model could explain the origin of
the three lowest Raman frequencies on the left ordinate
axis. Their frequencies are very close to the values of the
three transverse branches at the intersection occurring
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FIG. 6. (Color online) a) Inelastic spectrum recorded in the neighborhood of Q = (1.5 1.5 3 0) showing the raw data (red
dots), the non-convoluted DHO profiles in green lines and a quasielastic profile in blue. The sum of these inelastic contributions
weighted by the Bose factor is in gray whereas the elastic contribution in orange is added to the convoluted spectrum in
bold black. b) Zone edge dispersion of the related phonon branches along ¢*. The lowest branch in blue is along —LML at
qz = —0.5; 0; + 0.5, respectively, whereas the highest branch in red corresponds to —H K H and the intermediate branch in
green to —S'T’S’ at a location halfway between M and K. The frequency (3.85 meV) from the spectrum on the left is located

on this curve at q,/c* = —0.14.

at qs ~ 0.412c},, which activates Raman scattering like
a zone center. It also appears that the two frequencies
above could be activated on the longitudinal optic mode

for the same reason.

V. APERIODIC FEATURES

At a first sight, one might think that these dispersion
curves are similar to those of a regular periodic crystal,
but that is not the case if we look more thoroughly at
the phonon branches polarized along c* (dashed lines in
Fig. 5). First, in the unlabeled composite, the dispersion
curve of the longitudinal mode along c* has a slope of
5.84kms~!. This value is much larger than the sound
velocity of the n-nonadecane/urea measured by Brillouin
scattering of 4.8 kms~! 42 or in other n-alkane/urea com-
pounds like C12%? or Cyy and Capy in.*3 Obviously, with
the possibility to sort out the sub-lattices along this di-
rection, it seems reasonable to assign this larger value
to the stiffer honeycomb urea sub-lattice. Due to its in-
stability with respect to non-inclusion of guests, we may
only compare it with sound velocities of the tetragonal
urea phase, where ultrasonics**, Brillouin scattering®®
and INS*C investigations reasonably agree on a Cs3 value
around 51(2) GPa. As shown in Tab. II, such a value
corresponds to sound velocities of about 6.2kms~! in
unlabeled urea with a mass density of 1.334kgm™3, or
5.9kms~! in the deuterated crystal with a heavier den-
sity of 1.423kgm™3.

Despite a different packing in tetragonal and honey-
comb lattices, the orientation of hydrogen bonds is com-
parable, leading to a similar anisotropy of the elastic
properties that make some sense in this comparison.
For completeness, we also report data related to the n-
nonadecane/urea composite, both for the urea sub-lattice
by INS and the whole composite by Brillouin scattering.
We notice that the velocity in the deuterated urea sub-
lattice measured by INS?? at 160 K is equal to the one of
unlabeled tetragonal urea and larger than the unlabeled
urea sub-lattice velocity in the present study at 300 K.
However, we also performed some IXS experiments at
the same temperature and observed a 9% increase of the
velocity of this mode with respect to the 300 K value. If
we apply this anharmonic correction to the deuterated
crystal, we obtain a velocity of 5.6kms™! at room tem-
perature that is in very good agreement with the present
value, taking into account the change of mass.

It is also noteworthy that this anharmonic relative vari-
ation of the urea sub-lattice longitudinal velocity is ex-
actly the same as the one measured by Brillouin scatter-
ing on the composite longitudinal acoustic mode, while
it is more than twice smaller in tetragonal urea®. This
equality strongly suggests a common origin lying in the
anharmonicity of the urea hydrogen bonds, which can be
considered as the main elastic interactions in the whole
composite structure. Then, in a first approximation, we
could expect to explain these different sound velocities
in the composite only by different mass densities in the

equation: +/(p1 + p2)V_ = /p1V1, where p is a mass

density, V' a velocity and subscripts 1 or 2 refer to urea



TABLE II. Mass densities and longitudinal velocities in pure tetragonal urea, urea hexagonal sub-lattice, and in n-nonadecane-
urea composite for deuterated and unlabeled species. The 300 K value of the deuterated hexagonal sub-lattice is computed
from an anharmonic variation, as described in the text.

Urea Mass density (kgL™!) Highest Long. velocity (kms™!)
Tetragonal H 1.334 6.244:4°
Tetragonal D 1.423 5.910
Hexagonal Sub H 0.933 5.8
Hexagonal Sub D 150 K - 300 K 0.995 6.2%0- (5.6)
C-19 urea H 1.224 4.842
C-19 urea D 1.328 -
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FIG. 7. (Color online) Dispersion of longitudinal acoustic FIG. 8. (Color online) Dispersion of transverse acoustic

modes along the c¢* axis. Measured IXS dispersion profile
(V1) and the initial slope from Brillouin scattering (BS: V_)
data are in solid lines red and orange respectively whereas the
initial slope of the hypothetical sliding mode (V) and the
calculated velocity of the alkane sub-lattice (V2) are drawn
in green and blue dashes respectively. Solid symbols and as-
terisks refer to IXS and INS data corrected for anharmonic
variation.

and alkane, respectively, while V_ is the sound velocity
of the composite. Consequently, the ratio V_/V; = 0.828
should be equal to the root square of the related den-
sities equal to 0.873. For such a simple approximation,
the agreement is reasonable; hovewer, it could be im-
proved by taking into account the intermodulation of sub-
lattices. For example, a fraction of the urea sub-lattice
modulated with the alkane period results in a urea ef-
fective mass density lower than the uncoupled one. If
sufficiently smooth, this intermodulation may also pro-
duce the occurrence of a dynamic phase mode (or sliding
mode), which in case of a rather unlikely underdamped
regime would generate a symmetric doublet in inelastic
spectra at the lower wavevectors. In the frame of a har-
monic double chain model Radulescu and Janssen express
the sound and sliding mode velocities by the following

equation®:

modes in the (a* + b*, ¢*) plane, polarized along c* labeled
T(U.) in red, and polarized along (a* + b*) labeled T'(Us)
in green. Solid lines are related to calculated dispersion from
the lattice dynamics model, dashed lines to Brillouin scatter-
ing measurements, solid symbols to IXS and asterisks to INS
corrected of anharmonic variation. D in the legend is related
to a deuterated crystal.

1 (V2 = V&) (p1 — p2)

(V2 +VE) o1+ p2) |

VEm (VP +V5) |1+ (4)

N

where V5 is the sound velocity of the alkane sub-lattice.

This formula agrees with the anharmonic description
of Finger and Rice for the sound velocity whereas their
sliding mode is relaxational.'® We have plotted the dis-
persion of these related quantities in Fig. 7 after hav-
ing computed the alkane sub-lattice longitudinal velocity
Vo = 4kms™! from the force constant obtained by a spe-
cific compressibility experiment.3® It gives 4.7 kms~! and
5.2kms~! for V_ and V, that is in close agreement, for
the lowest value, with the composite acoustic velocity. A
perfect agreement would be obtained by an increase of
the alkane velocity up to 4.1kms™! yielding to a sliding
mode velocity of 5.3kms™!. Anyway, this indicates that
in inelastic scattering experiments both modes would lay
at close frequencies in the absence of defects and singu-



larities pinning the modulation.

However, this condition is not obvious since under pres-
sure, selective compressibility of sub-lattices occurs only
above a threshold pressure about 1 kbar corresponding to
a rather low energy barrier in the 0.1 meV/guest range,
more likely related to scattered defects along the channels
than to intrinsic singularities of the intermodulation, re-
peating all along the channels. As previously noted, the
alkane sub-lattice presents along the channel direction a
simple dispersion for the longitudinal mode with a slope
at the origin defined by V5, and reaching a maximum
value of 2.7 meV around 0.13 A~! at its zone boundary
as displayed in Fig. 7. This value is very close to the high-
est frequency previously detected in the decomposition of
the D planes diffuse scattering.*! Since this diffuse scat-
tering is expected to be due to librations or translations
of the center of mass of the molecules, the agreement be-
tween these values suggests the highest component could
be related to longitudinal translations. This maximum
value, associated to a high density of states, is also very
commonly found in the fits of quasielastic components of
our IXS spectra.

Due to symmetric strain and stress tensors, the trans-
verse acoustic waves propagating along directions where
a single elastic constant is involved, have a velocity equal
to the one of the mode propagating along the polariza-
tion direction of the former and polarized along its prop-
agation direction. Such directions occur in case of or-
thogonal symmetry axes and, in particular, in any plane
containing the 6-fold axis in hexagonal crystals. This ve-

locity equal to ,/% in the Voigt notation is expected

for a propagation along this axis as well as for any per-
pendicular direction to this axis.#” This is related to the
equality of the shearing force constants occurring along
theses directions in usual periodic crystals.

As already pointed out,'® aperiodic host-guest struc-
tures could break this symmetry. The modes, possi-
bly anomalous with respect to regular hexagonal peri-
odic crystals are the transverse acoustic polarized and
propagating in planes containing the c* direction. The
anomaly rests upon the structural difference between, on
the one hand, a TA mode polarized perpendicular to c*
with equal displacements of the molecules of both sub-
lattices like in a regular crystal and, on the other hand, a
propagation of the T'A mode in the perpendicular plane
with a polarization along c*. In that case, the absence
of restoring forces between sub-lattices allows indepen-
dent translations of sub-lattices. This yields to different
velocities which break the rotational symmetry since the
molecular packing is different along c¢* and any direc-
tion in the basal plane, as sketched on Fig. 1. Conse-
quently, the transverse velocity will be larger for single
urea displacements along the incommensurate direction
than the one with displacements of the whole crystal in
the (a*, b*) plane. Here again, the ratio of the veloc-
ities of these modes should be equal to the reciprocal
ratio of the square root of the involved densities as for
the longitudinal mode. Figure 8 gathers IXS results and
the previous BS*? and INS results.?’ The neutron values
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have been corrected from a checked 9% anharmonic vari-
ation. Although these velocities are rather close to the
uncertainty limit, they are comforted by two very simi-
lar observations previously realized by different inelastic
techniques. In each case, the difference between these two
modes was at the limit of the error range so we adopted
the same velocity 2.040.1 kms~! for these modes. How-
ever, it should be noted that this rather small difference
presents always the same sign with a larger velocity for
a polarization along the aperiodic direction. Such a re-
producibility for three dfferent techniques with different
samples has a poor probability of 12% in case of a random
origin. Consequently we may say with a confidence close
to 90% that this difference has a physical origin. Among
the possible origins, piezoelectricity may stiffen crystals
along some directions. It can easily be ruled out since in
622 symmetries, only two opposite piezoelectric constants
€123 = —eg13 are non-zero but they are inactive along
principal axes.*® With velocities of 2.18 km s~ for T(U,)
and 1.87kms~! for T(U,) as quoted in Tab. I, their ratio
of 0.858 is very close to the square root of masses (0.873)
and strongly suggests an aperiodic physical origin. Nev-
ertheless, the small difference does not preclude any in-
termodulation affecting the effective masses although to
a lesser extent. Moreover, experimental uncertainties are
not negligible at this scale.

VI. CONCLUSION

In summary, we have reported an extended
study of phonons in an aperiodic composite of n-
nonadecane/urea. The use of inelastic X-ray scattering
has allowed for the first time a rather complete de-
scription of the rigid host sub-lattice. A combined
analysis of these results with coherent cold neutrons and
Brillouin scattering data provide a new insight in that
complicated topics of collective vibrations in crystals
without an overall Brillouin zone. A large number of
dynamical modes are now observed and identified along
several directions. Despite of the disorder of the guest, it
was possible to sort dynamic features of each sub-lattice.

In the vicinity of common Bragg peaks, we have de-
tected phonons of the whole composite structure which,
for the acoustsic mode have a dispersion in agreement
with previous BS and INS measurements. Those polar-
ized in the hexagonal commensurate plane do not exhibit
anomalies whereas the transverse acoustic one polarized
along the channel presents a slightly larger velocity than
the transverse one propagating along the channel direc-
tion and polarized in the hexagonal plane. This small de-
viation is at the error limit but, since the same deviation
has been also observed by previous Brillouin scattering
and inelastic neutron scattering experiments, it is reason-
able to assign, with a large probability, this difference to
an elasticity symmetry breaking predicted in aperiodic
composite structures. This difference is generated by the
difference of mass densities of the involved urea and com-
posite lattices. This is one of the rare observations of this



elastic symmetry breaking in aperiodic structures like in

mercury chains

16 or spin ladder systems'® with some dif-

ferences due to the nature of sub-lattices.
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