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The phonon dispersion of the organic semiconductor, rubrene, is experimentally measured by the inelastic
x-ray scattering experiments performed at room temperature. In organic crystals, weak van der Waals interaction
among the molecules increases the amplitude of the lattice vibration. Therefore, phonons are essential in organic
crystals. However, there are few experimental reports on phonon dispersion in organic semiconductors and
no reports on modern high-mobility organic semiconductors, which hampers the complete understanding of
many phenomena in organic semiconductors. The dispersion of low-energy optical and acoustic phonon modes,
including both intermolecular and intramolecular modes, is measured along the orthorhombic principal axes.
Short-wavelength modes are expected to be affected by the anisotropic molecular shape, and the experimental
result suggests that even the phonons having a wavelength of 140 A are well modified, showing strong
mixing of local and nonlocal phonon modes. This study provides a robust foundation for investigating organic
semiconductors and understanding the lattice dynamics of highly anisotropic motifs.

DOI: 10.1103/PhysRevB.105.205205

I. INTRODUCTION

Lattice vibration is one of the fundamental phenomena in
condensed-matter physics. It is the primary source of heat ca-
pacity and electrical resistivity. The coupling of phonons and
electrons modulates electronic states, leading to interesting
electronic properties, such as superconductivity or charge-
density waves. In the literature, phonons are introduced with
the atomistic model. However, not all materials are well
approximated using isotropic atoms. Molecular or organic
crystals are typical examples of such materials composed of
anisotropic units. The illustration of the lattice dynamics in
such materials is essential for understanding organic materi-
als; however, this is a challenging task in solid-state physics.
The anisotropic shape of molecules should affect the short-
wavelength phonon eigenmodes, which can be examined only
by the inelastic scattering experiments with quantum beams
having a wavelength of A.

Due to weak intermolecular interactions, the phonons in
organic materials have large amplitudes, resulting in strong
phonon effects on their various properties [1-5]. Organic
conductors often exhibit Peierls instability [6], charge-density
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wave [1,7] and superconductivity [8]. The properties of
organic semiconductors, which enable their application in
light-emitting diodes, lasers [9], solar cells, and field-effect
transistors [10—12], are also believed to be related to phonons
[3,13-17]. Large Seebeck coefficients have been reported for
many organic semiconductors [18-20]. This increases the re-
search interest in low-energy optical phonon modes, as they
can increase the thermal resistivity by scattering acoustic
phonons.

The charge transport mechanism in organic semiconduc-
tors involves carrier scattering by nonlocal (Peierls) and
local (Holstein) carrier—phonon coupling [2,3,21]. The local
phonon modes modulate the energy of the molecular orbital,
which scatters the carrier, leading us to the classical Marcus
theory of electron transfer [2]. The other extreme, nonlocal
phonon side, is the rigid molecule model. It works rather well
for the vibrational property of simple rigid molecules, such as
acenes [22,23]. For the charge transport in acenes, nonlocal
phonon dispersion is reported to have significant importance
[24-26]. The mixing effect of the intramolecular modes com-
pared to that of the intermolecular modes is more significant
in the typical high-mobility organic semiconductor, rubrene
[26-30], which has phenyl groups extended from the tetracene
backbone. Therefore, the lattice dynamics for both inter- and
intramolecular vibration are essential.

©2022 American Physical Society
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Unfortunately, experimental studies on the phonon dis-
persion of organic semiconductors are scarce. Only the
deuterated naphthalene crystal has been measured using the
inelastic neutron-scattering experiment [22]. The neutron-
scattering experiment requires deuteration to reduce the strong
background intensity caused by the incoherent scattering of
protons. However, this substitution alters the lattice vibra-
tion frequency [31], as well as the electronic property of
molecular crystals [32,33]. In this study, we measured the
phonon dispersion of rubrene, one of the most studied organic
semiconductors [3,4,11,12,18,20,34,35], by the inelastic x-ray
scattering (IXS) technique. This technique allows us to mea-
sure the phonons of molecules with many protons without
deuteration. In addition, a well-focused synchrotron beam
enables the measurement of the phonon excitation from one
piece of a small single crystal.

II. EXPERIMENTS

Throughout this paper, we employ the orthorhombic unit
cell with the space group Bbam [36]. Thin plate-shaped single
crystal samples were grown by the physical vapor transport
method. The typical size of the crystals used was 4 mm X
1 mm x 0.1 mm along the a, b, and ¢ directions. X-ray ther-
mal diffuse scattering (TDS) measurements were performed
with a four-circle diffractometer attached to an 18 kW Mo K«
x-ray generator. The incident x-ray beam was monochroma-
tized with a bent graphite monochromator, and the scattered
beam was measured using a CdTe detector. The Bragg peak
positions were not measured to prevent the detector from
saturation. The air-scattering background was measured by
successive measurements without the sample. The IXS mea-
surement was performed at BL35XU of SPring-8, Japan with
a 21.747 keV x ray provided by the Si 11 11 11 backscat-
tering monochromator optics [37]. The energy resolution of
the optics was 1.5 meV. The typical detector acceptance in
the reciprocal space is smaller than 0.12 reciprocal lattice
unit (r.L.u.) in the a* direction and 0.24 r.l.u. in the b* and
¢* directions. The detector center measures on the intended
lines within this acceptance range. All the measurements were
performed at room temperature in air. To avoid radiation dam-
age, the sample was replaced every 24 h of the synchrotron
experiment.

Density functional theory (DFT) calculations were per-
formed using the projector augmented wave (PAW) [38]
method as implemented in the QUANTUM ESPRESSO [39,40]
package. The wave functions and charge densities were ex-
panded in terms of the plane-wave basis set with the kinetic
energy cutoffs of 100 and 1000 Ry, respectively. We employed
the rev-vdW-DF2 [41] functional for the exchange-correlation
energy and potential. The PAW potentials were constructed
using input files adopted from the PSlibrary [42] (version
1.0) and the exchange-correlation functional, which is con-
sistent with the rev-vdW-DF2 functional [43]. Calculations
were performed on a primitive cell containing two rubrene
molecules, and the Brillouin zone integration was performed
using a 2 x 2 x 2 k-point mesh. Atomic positions, as well as
the cell degrees of freedom, were relaxed until the maximum
force decreased to a value smaller than 10~* Rydberg/bohr.
The harmonic phonon frequencies were obtained by linear
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FIG. 1. Left: Calculated eigenmodes at the I" point. Right: The
intensity distribution of the TDS on the (hk0) plane calculated with
the Einstein approximation for (a) mode 5-, (b) mode 13-, and
(c) mode 4-character phonon branches.

response formalism [44]. The elastic constants were derived
from stress tensor calculated as a function of the strain up to
+1.5% of the lattice parameters using the THERMO_PW [45].

III. RESULTS AND ANALYSIS
A. DFT calculations

The experimentally reported lattice parameters a, b, and
c at 20 K are 7.1599, 14.1519, and 26.795 10\, respectively
[35]. The optimized cell parameters based on our DFT cal-
culations are a = 7.159 A, b = 14.093 A, and ¢ = 26.663 A.
The difference between them is less than 0.5%. The eigenen-
ergies and eigenmodes of the lattice vibration along the high
symmetry directions in the Brillouin zone were obtained by
the DFT calculation. The modes are numbered in the order
of increasing energy at the I' point. The first three modes
are acoustic modes, while the rest are optical modes. Some
examples of the eigenmodes are shown in Fig. 1. Details are
provided in the Supplemental Material [46].

B. Thermal diffuse scattering

The thermal diffuse scattering (TDS) intensity distribution
on the (hk0), (h0l), and (0k/) planes are shown in Figs. 2(a)—
2(c). The air-scattering and linear background were subtracted
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FIG. 2. (a)—(c) TDS intensity distribution on the (hk0), (h0l), and (Okl) planes measured with Mo K« x ray. Bragg peak positions were not
measured. Air scattering and linear background were subtracted for presentation. (d)—(f) Those calculated with the Einstein approximation for

the 25 lowest energy phonon branches.

for the presentation. A strong diffuse scattering signal was
observed in several regions in the reciprocal space.

Long-wavelength acoustic-mode phonons afford strong
diffuse signals around strong Bragg reflections. Conven-
tionally, the long-wavelength acoustic-mode phonons are
assumed to displace the unit cell without local deformation.
Based on this assumption, the intensity, /05, at the scattering
vector @ is written as [46]

L3Q) =Y (@ u ) IFG) /o] . M)

where s is the branch index, u; is the polarization vector, G
is a reciprocal lattice vector, F cell(G) denotes the structure
factor for the Bragg peak, and w, ¢ denotes the frequency of
a phonon characterized by the wave vector ¢ = O — G. Since
wy, 1s proportional to |g| for small ¢, the diffuse signal inten-
sity around a Bragg peak originating from the acoustic-mode
phonons is proportional to 1/¢. The longitudinal acoustic
(LA) mode is observed under the condition of Q parallel to
both u; and ¢, and the transverse acoustic (TA) modes are
measured under the condition that @ is parallel to u, and
perpendicular to g because of the coefficient of (Q - u)* for
the intensity.

Conversely, the intensity originating from optical-mode
phonons shows a slight g dependence within the Brillouin
zone because of their rather flat dispersion. Instead, each opti-
cal branch exhibits a characteristic Q dependence of the TDS
intensity distribution through the spatial correlation of the
atomic displacement. Therefore, one can examine the atomic
displacement caused by the low-energy phonon modes based
on the TDS intensity distribution.

This is the principle of the examination of phonons used in
Refs. [47,48]. However, one has to be careful to interpret the
TDS intensity distribution as it strongly reflects the molecular

structure through F!! in Eq. (1). The acoustic-mode phonons
in crystals composed of planar molecules always produce
an intensity distribution perpendicular to the molecular plane
(see Supplemental Material [46] for more details). If we know
the eigenmodes constituting a branch, we can calculate the
TDS intensity distribution by assuming the phonon energy.
Unfortunately, it is practically impossible to calculate the
eigenmodes for ¢ in the whole Brillouin zone by the DFT
calculations because of the tremendous computational cost.
Here, we approximated the atomic displacement of the mth
atom in the nth molecule caused by the sth mode, u,, ;(R,,), as

uO
m,s .
o expli(q - R, + ¢s,q)],

s

Up s(R,;)

where R, denotes the average position of the nth molecule,
u, ; denotes the DFT-derived atomic displacement of the mth
atom for the mode s at the I" point, w; is the calculated fre-
quency of the mode s, and ¢; , denotes a random phase factor.
We employed the Einstein approximation for the energy; for
the a-, b-, and c-polarized acoustic branches, the I"-point ener-
gies of modes 5, 13, and 4 were used for the TDS calculation,
respectively. Some examples of the mode-discriminated TDS
intensity calculation are presented in Fig. 1.

Figures 2(d)-2(f) show the calculated TDS intensity dis-
tribution, derived from the incoherent sum of the scattering
intensity from each mode. These calculations reproduce the
overall feature of the experimentally observed TDS intensity
distribution. Therefore, we employ the above-approximated
lattice dynamics as the initial model in our study.

C. Inelastic scattering and phonon dispersion

Figures 3(d)-3(f) show the typical IXS energy spectra
measured on the (6, 1 + 1, 0), (0,10 — 5, 0), and (0, n, 12)
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FIG. 3. (a)—(c) Calculated mode-discriminated TDS intensity along the (a) (6, k, 0), (b) (0, k, 0), and (c) (0, k, 12) lines. The calculated
intensities of modes 5, 13, and 4, respectively, are indicated with triangles. (d)—(f) Scattered x-ray energy spectra at (6, 1 4+ n, 0), (0, 10 — n, 0),
and (0, n, 12). Strong Bragg reflections are observed at the n = 0 positions; thus, the n < 0.5 regions display strong signals from the acoustic
modes. The bright regions in panels (a)—(c) show the range of IXS measurements shown in panels (d)—(f). The > 0.5 regions are dominated

by modes 5, 13 and 4, respectively.

lines, respectively. There are strong Bragg reflections at n = 0
points; thus, the acoustic-mode phonon signal having atomic
displacements along the a, b, and ¢ directions should be
strong at small n regions for the three lines, respectively.
In the n > 0.5 region, the phonons in the next Brillouin
zone are measured. The peak positions reflect the phonon
energy of the optical modes characterized by the wave vector
(0,1 —n, 0). Figures 3(a)-3(c) show the calculated mode-
discriminated TDS intensity along the measured lines. Based
on the calculation, modes 5, 13, and 4 are expected to provide
the strongest signal in n > 0.5 for panels (d)—(f), respec-
tively. Following this procedure, we selected the Q vector
for the IXS measurements to obtain the energy of certain
modes.

The molecular displacement of mode 5 at the I" point is
presented in Fig. 1(a). Although it involves some amount of
atomic displacement parallel to the b axis, this mode is similar
to the a-polarized TA mode characterized by the wave vector
(0,1,0), which is outside the first Brillouin zone. Therefore, the
connection of mode 5 to the a-polarized acoustic mode at the
(0,0.5,0) position is reasonable. Additionally, similar relations
are found for modes 13 and 4 for the b- and c-polarized
acoustic modes, respectively.

The extracted phonon dispersions along the a*, b*, and
c* directions are summarized in Fig. 4(b) together with the
calculated dispersion. The symbol color shows the measured
line in the Q space, the symbol shape shows the vibrational
mode, and the open symbols show the calculated ones.

The DFT calculation reproduces the dispersion curves
well, particularly along the ¢* direction, except for the over-
estimation of the phonon energy by 10%-20% on average.
The largest discrepancy between the calculation and the ex-
periment was found in the LA mode (red circles) and the
branch having mode 13 characters (orange squares) on the
(0n0) line. We presume that the discrepancy is attributed to
the finite temperature effect on the crystal structure, or the
thermal expansion; use of the larger lattice parameters for the
calculation may lead to better agreement with the experiment
performed at the room temperature. The effect of the lattice
parameters on the vibrational properties has been discussed in
Ref. [31].

The measured LA mode on the (0n0) line appears missing
in the small n region; red closed circles in Fig. 4(b) fall on the
a-polarized TA branch. This result will be discussed later.

The shape of the Brillouin zone is presented in Fig. 4(a).
The line along the (£00) line goes across the X point (§ ~
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FIG. 4. (a) Brillouin zone and (b) phonon dispersion relation of rubrene. Symbol colors for the experimental results (closed symbols),
exhibiting the scattering vectors for the IXS measurements, and the symbol shape represents the mode. The black solid curves show the result
of the fitting of the acoustic modes to A sin(Bq). The vertical dashed line shows the X point. The open symbols show the result of the DFT
calculation; open circles on the I" point show the calculated optical modes 6—12 and 14-20 (some of them are too close to be discriminated
on the figure). The dashed lines are guides to the eyes. (c) Schematic view of mode 13 within the a-b plane. The square shows the size of
the unit cell. The gray lines connecting the molecules drawn in orange and red indicate the strong intermolecular interaction path [35]. The
blue arrows indicate the displacement of the center of gravity, and the black arrows indicate the intramolecular displacement. (d) That of the

long-wavelength b-polarized LA mode.

0.53) and subsequently along the zone boundary. The wave
vector (100) points to the Z point, the same wave vector with
(001). The I'-X line indicates ¢ = (&, 0, 0), while the X-Z line
indicates ¢ = (1 — &, 0, 1).

The dispersion curves on the (£00) line show that the a-
polarized acoustic mode (black circles on I'-X) is connected
to mode 5 (green upside-down triangles on X-Z), and the
b-polarized acoustic mode (red circles on I'-X) is connected
to mode 13 (red squares on X-Z). In addition to the above-
mentioned Y point, (0, 0.5, 0), we found the correspondence
between these two sets of modes also at the X point.

IV. DISCUSSION
A. Long-wavelength limit

The diagonal elements of the elastic stiffness, c;;, are de-
rived from the slopes of the acoustic-mode phonon dispersion
curves at the I point. The slopes were extracted by fitting to
A sin(Bq), where A and B are the fitting parameters; the results
of the fitting are represented in Fig. 4(b) by the solid black
curves. The obtained elastic stiffness is summarized in Table I.
The values are similar to those obtained by previous Brillouin
scattering experiments [49], showing good agreement in the
long-wavelength limit except for a systematic difference of
~25%.

B. Mixing of the local and nonlocal modes

One of the most interesting issues in the phonon disper-
sion of molecular materials is the ¢ dependence of the local
and nonlocal mode mixing. Let us examine the effect of the

mixing of the local and nonlocal modes. The spectra along
the (0, 10 — n, 0) line shown in Fig. 3 were measured to
observe the LA mode along the b* direction; notably, the
signal has the same energy as that in the TA mode, as shown
in Fig. 4(b). This is uncommon because conventionally, the
frequency of the LA mode is nearly two times higher than that
of the TA modes. Actually, the elastic constant c;, estimated
by the phonon energy close to the zone boundary, n ~ 0.4
in Fig. 4(b), agrees well with the calculation and previous
reports [49]. Therefore, it is likely that the inelastic signal
measured at (0, 10 — n, 0) reflects the TA mode in the low n
region. Considering the a-polarized long-wavelength acous-
tic phonons, the polarization vector u, in Eq. (1) is parallel
to a. In other words, the whole unit cell rigidly displaces
along the a direction. In such a situation, we expect no signal
for the a-polarized phonon on the (0k0) line, as Q - u; = 0.
Experimentally, we observe the TA mode phonon on the

TABLE 1. Elastic stiffness of rubrene obtained by IXS (present
work), DFT calculations (present work and DFT with optB86b-vdW
[49]), and Brillouin scattering [49] (BS) in GPa.

XS DFT BS [49] DFT [49]
cn 107 £ 1.3 17.7 1339 £ 0.10  17.0 £ 1.0
cn 116 £ 15 13.2 143 £ 04 139 £ 1.0
33 124 £ 06 21.7 18.48 &+ 0.08 253 & 1.1
Cu 26 £ 0.1 3.6 2.80 + 0.10 44 £ 04
css 2.19 £ 0.04 35 6.80 + 0.04 3.7 +£05
Cos 39 +£ 02 7.4 6.46 £ 0.17 6.7 £ 0.4
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(0k0) line. This means the eigenmodes of the a-polarized
TA mode phonons involve the atomic displacement along
the b direction. This should be the character of mode 5,
which is connected to the a-polarized acoustic mode. Based
on the experimental result, even a ¢ as small as 0.1b%, i.e.,
wavelength of 140 A, is enough to involve noticeable atomic
displacement along the b direction. In other words, the low-
energy acoustic-mode phonons in rubrene are associated with
significant molecular deformation, attributed to the mixing of
the local and nonlocal modes.

Let us examine the atomic displacement in the LA mode.
Figure 4(c) shows a schematic view of mode 13 within the
a-b plane. The gray lines connecting the molecules drawn
in orange and red show the strong intermolecular interaction
path [35]. The blue arrows show the displacement of the
center of gravity, and the black arrows show the intramolecu-
lar displacement. The molecular displacement of the center
of gravity is identical to that in the b-polarized LA mode
characterized by the wave vector (0,1,0). The intermolecular
interaction is highly anisotropic, and the molecular bending
in the tetracene backbone is induced by the conflict between
the inertia of the central molecule and the surrounding ones.
Following this picture, we developed a simple model for the
long-wavelength LA mode, as presented in Fig. 4(d). The
central molecule has no displacement on average, while both
ends are pulled by the surrounding molecules, which results in
the librational motion. This is different from the translational
motion we originally assumed for the long-wavelength limit.
This mode is similar to mode 22, which involves librational
motion (see Supplemental Material [46] for the atomic mo-
tion). Our mode-discriminated TDS calculation shows that
the phonons having mode 22 characters provide low-intensity
signals at (0, 10 — n, 0) even with a rather large amplitude.
This explains why high-intensity signals corresponding to the
b-polarized LA mode were not observed in Fig. 3(e).

V. SUMMARY

The low-energy phonon modes in the most studied organic
semiconductor, rubrene, were clearly observed experimen-
tally, and the modes were characterized by DFT calculations.
The procedure to measure the phonon energies of particular
modes was demonstrated; using the calculated phonon modes
at the I point, mode-discriminated TDS was calculated, and
the IXS measurements at which strong TDS is expected for a
certain mode provides the phonon energy for the mode. Such
measurements revealed that the b-polarized LA mode involves
librational motion in the small ¢ region, while it involves
molecular bending in the large g region. This knowledge of
the lattice dynamics provides a robust foundation for the study
of electron transport, thermoelectric, and finite-temperature
electronic properties of organic semiconductors, as well as a
good starting point for understanding the lattice dynamics of
highly anisotropic motifs.
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