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A B S T R A C T

Low-energy high-resolution electron energy-loss spectroscopy (HREELS) is a useful technique for the charac
terization of various excitation processes at solid surfaces. However, no successful work has been reported on 
molecular single-crystal samples yet. In the present study, low-energy angle-resolved HREELS measurements 
were conducted on single-crystal pentacene, an organic semiconductor. The results confirmed the excitonic 
bands exhibiting energy–momentum dispersion and anisotropy of these depending on the surface crystallo
graphic directions, corroborating the occurrence of exciton delocalization, contrary to the ordinary notion of the 
Frenkel exciton for weakly interacting van der Waals molecular solids. The present results demonstrate that low- 
energy angle-resolved HREELS is applicable to the precise examination of the excitonic characteristics of solid- 
state surfaces, even for molecular semiconductor single crystals.

1. Introduction

The exciton, a quasiparticle representing a pair of an electron and a 
hole bound to each other due to Coulombic interactions, is typically used 
to describe photon-electron interconversion in semiconductor opto
electronic devices. In molecular solids, they are commonly considered to 
be localized within individual molecules, similar to the case of indi
vidual electrons and holes. In contrast to this conventional notion, 
substantial delocalization of the electronic states over several molecules 
occurs in various crystalline organic semiconductor species. This delo
calization is indicated by the observation of energy–momentum 
dispersion of the electronic bands, which can be measured using angle- 
resolved photoelectron spectroscopy (AR-PES) [1,2]. The excitonic 
characteristics in such molecular crystals presumably deviate from those 
of ordinary single-molecular Frenkel excitons and thus represent a 
research subject of great interest [3,4].

Electron energy-loss spectroscopy (EELS) is an experimental tech
nique that probes the energy loss due to inelastic scattering of electrons 
incident onto a sample, allowing the characterization of various exci
tation processes of solid-state materials [5–8]. With angle-resolved 
high-resolution EELS (AR-HREELS), the monochromatized electron en
ergy and collimated electron beam enable the measurement of the 
energy–momentum dispersion relations of quasiparticles in solids, since 
the distributions of the energy and direction of scattered electrons are 
independently analyzed [9–11]. Practical realizations of EELS can be 
categorized based on the energy of the primary electron beam into 
high-energy (a few hundred keV) and low-energy (several hundred eV or 
lower) techniques: in the former case, the electrons scattered and 
transmitted through the sample are analyzed, while the latter technique 
deals with the electrons reflected from the sample surface [6]. Whereas 
the high-energy EELS has been successfully applied to molecular semi
conductor single-crystal samples [12–15], one restriction in measurable 
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systems is that the sample has to be microtomed to allow transmission of 
the electron beam. In contrast, low-energy EELS is applicable to speci
mens without such pretreatments and is generally used as a surface 
analysis technique because of the short mean-free-path of the electrons 
(with energies ranging from a few ten to a few hundred eV) inside solids 
[16,17]. Despite several studies applying this methodology to organic 
semiconductor materials [18–25], no successful results on molecular 
semiconductor single-crystal samples have been reported so far.

In this study, low-energy AR-HREELS measurements were conducted 
on the single-crystal surface of pentacene (C22H14, Fig. 1(a)). This 
molecule is one of the most intensively studied organic semiconductors 
and is known to exhibit energy–momentum dispersion of its electronic 
bands [26–35], thereby displaying high charge carrier mobility [36–38]
in its crystalline phases. In addition, pentacene is well-known for its high 
singlet fission efficiency [39–43], which has attracted particular interest 
regarding the excitonic characteristics of this material. Our experiments 
successfully confirmed the energy–momentum dispersion of the lowest 
singlet excitonic state as well as its anisotropy depending on the surface 
crystallographic directions. The present results demonstrate that 
low-energy AR-HREELS is applicable to molecular single-crystal sur
faces for the elucidation of their various excitation processes.

2. Experimental

Pentacene single-crystal (Pn-SC) samples were produced by a hori
zontal physical vapor transport technique in a purified nitrogen (N2) 
stream with an apparatus described in Ref. [44]. The obtained 
plate-shaped crystal pieces of pentacene are generally single-crystalline 
with a (001) surface, however, misoriented crystal fragments often 
adhere on the surface as detected previously [45]. The crystals were 
directly transferred into a N2-filled glovebox. They were glued onto 
Au-coated Si wafer pieces with conductive Ag paste to ensure sufficient 

electrical contact [2], and then encapsulated within an airtight 
container. To minimize the exposure of the Pn-SC samples to the 
ambient atmosphere and thus to avoid the formation of oxidized species 
on the surface [46], the samples were introduced into the HREELS 
equipment by using a plastic bag (glove bag) filled with N2 [34].

AR-HREELS experiments were carried out using a measurement 
system reported previously [11]. Primary electrons monochromatized 
by two 146◦-deflectors were focused at the sample position by a 
specially designed electron transfer lens system. Electrons scattered at 
the sample surface were detected by a hemispherical electron analyzer 
(Scienta R4000) in a two-dimensional (2D) manner: one axis of the 
recorded intensity distribution corresponds to the scattering angle along 
a certain crystallographic orientation of the sample, while the other axis 
corresponds to the electron kinetic energy. The primary electron energy 
Ep was accurately determined by the specular electron profiles. The 
specular reflection spot as typically observed on the 2D electron detector 
is shown in Fig. 1(b). The crystallographic orientation of the Pn-SC 
sample was specified using low-energy electron diffraction enhanced 
by a micro-channel plate detector (MCP-LEED) and then was accurately 
determined by detection of the 100 and 010 Bragg spots. To enhance 
photoconductivity and thus prevent charging of the sample [47], the 
sample was illuminated by continuous-wave laser light with a wave
length of 445 nm for the MCP-LEED and of 405 nm for the HREELS 
measurements. All measurements were conducted at room temperature 
(RT).

3. Results and discussion

First, the electron energy-loss features in an energy range lower than 
the electronic excitation are briefly described. Fig. 1(e) shows AR- 
HREELS spectra in an energy-loss range of 0 – 0.5 eV for the Pn-SC 
(001) surface, measured along its a*-axis (Γ − X direction). For 

Fig. 1. (a) Molecular structure of pentacene. (b) Typical electron beam spot for the specular reflection from the Pn-SC(001) sample. (c) Profile of (b) in the angular 
direction. (d) Profile of (b) in the energy direction. (e) AR-HREELS spectra in the energy range corresponding to the vibronic energy losses for the Pn-SC(001) surface 
measured in the Γ − X direction. For clarity, the spectra with different electron detection angles θ are vertically offset from the spectrum for the specular direction. 
The red curve represents the FT-IR absorbance spectrum through a (001)-oriented Pn-SC sample taken from Ref. [48]. Results of a quantum chemical calculation for 
the frequencies of IR-active and IR-inactive vibration modes for a single pentacene molecule are displayed as pale-red and gray vertical bars, respectively. (Inset) 
Schematic drawing of the measurement geometry.
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comparison, a Fourier transform infrared (FT-IR) absorption spectrum of 
Pn-SC measured in transmission geometry along its c*-axis is repre
sented together with quantum chemical calculation results for the en
ergy distribution of the intramolecular vibrational modes [48]. Peaks 
observed in the energy range of 0.35 – 0.4 eV are attributed to C–H 
stretching modes, while spectral features below 0.2 eV originate from 
energy transfer to lower-frequency vibrational modes such as C–C 
stretching modes, C–H and C–C bending modes, and so on. For small 
values of θ (electron detection angle close to the specular reflection), 
several energy-loss components are resolved in the low-energy region, 
whose energies correspond well to the FT-IR peaks as well as the 
calculated vibrational frequencies. Further increase in the detection 
angle offset from the specular direction resulted in a broadening of these 

spectral components. A detailed discussion on the characteristics of in
dividual vibrational modes is difficult because the present measure
ments lack sufficient energy resolution. Nevertheless, it can be clearly 
seen that within this energy loss range corresponding to the molecular 
vibronic excitations, no energy shift of the spectral components was 
observed.

We now turn to AR-HREELS spectra in the excitonic energy-loss re
gion along the Γ − X direction of the Pn-SC(001) surface, shown in Fig. 2. 
In the energy range of 1.8 – 2.5 eV, the spectral components reproduce 
characteristics of spectroscopic ellipsometry results on single-crystal 
pentacene [49] fairly well. The peak intensities are strongly reduced 
upon increasing the detection angle away from the specular angle, as 
also observed in the vibrational energy region. Nevertheless, two spec
tral peaks in the energy range 1.8 – 2.2 eV are resolved across the whole 
θ range. In contrast to the case of the vibrational energy region, Fig. 2
clearly shows that the first peak exhibits an obvious energy shift to 
higher energy-loss values when increasing θ relative to the specular 
reflection angle.

Further analysis of the excitonic states needs adequate removal of the 
background (BG) intensity from the spectra, which was performed for 
the present case in the following two steps: (1) a baseline function 
proportional to Ek

1.5 (where Ek is the kinetic energy) was assumed by the 
extrapolation of the intensity slope in an Ek range higher than the onset 
of the first excitonic peak (Ek = 8.43 – 8.55 eV), and (2) an additional BG 
intensity at each energy position assumed to be proportional to the in
tegrated intensity of the baseline-subtracted spectra from the excitonic 
peak onset to the respective energy was further removed. A BG intensity 
profile for one HREELS spectrum is exemplified in Fig. 2 by the dotted 
curve. The energy shift of the excitonic energy-loss peaks can be 
recognized more distinctly for the BG-subtracted spectra as mapped in 
Fig. 3 as a function of the momentum transfer q in the in-plane di
rections. In the Γ − X direction, it is clearly seen that the first peak, 
located at an approximate energy loss value of 1.9 eV (Ek ~ 8.3 eV) for 
the specular direction (Γ point), shifts to the lower Ek side upon 
increasing q toward the X point, as shown in Fig. 3(a). Fig. 3(b), (c), and 
(d) are the BG-subtracted AR-HREELS spectra measured in the Γ − Y, 
Γ − M, and Γ − Mʹ directions, respectively. In the Γ − Y direction, the 
smallest energy-loss component exhibits a significant intensity drop as 
predicted theoretically [50,51], and thus, the first peak exhibits the 
maximal intensity in the middle of the Brillouin zone (BZ). On the other 
hand, the overall trends in the shifts for the Γ − M and Γ − Mʹ directions 
are considered to be similar to that of the Γ − X direction.

Fig. 2. AR-HREELS spectra in the energy range corresponding to the excitonic 
energy-losses at the Pn-SC(001) surface measured in the Γ − X direction. The 
spectra are normalized by the intensity measured in the energy range of 3.1 – 
3.2 eV, where no prominent structure was observed at any angle, and are 
vertically offset for different θ for clarity. The spectrum corresponding to the 
specular direction (θ = 0◦) is highlighted with a thick line, and the energy 
position of its smallest energy-loss peak is indicated with a vertical dashed line. 
A background curve deduced from the slope at the smaller energy-loss side of 
the first excitonic peak is displayed as a dotted line. (Inset) Surface Brillouin 
zone of the Pn-SC(001) surface.

Fig. 3. 2D mapping image of AR-HREELS spectra of Pn-SC(001), taken in the (a) Γ − X, (b) Γ − Y, (c) Γ − M, and (d) Γ − Mʹ directions. The background intensity was 
subtracted from the raw spectra, and the displayed intensity was normalized by the total intensity for each angle. The right axis indicates the electron kinetic energy 
for each spectrum, and the left axis is based on the common energy-loss range for all four images.
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The energies of excitonic losses are determined by least-squares 
fitting of the individual BG-subtracted HREELS spectra. These posi
tions are plotted as a function of q in the in-plane directions for the 
Γ − X, Γ − Y, Γ − M, and Γ − Mʹ directions in Fig. 4(a), (b), (c), and (d), 
respectively. Around the Γ point, the 1st excitonic peak of each spec
trum is further separated into two components separated from each 
other by 85 ± 4 meV. This could be attributed to the Davydov split
ting. However, the present energy split was narrower than the past 
theoretical and experimental values (0.12 – 0.15 eV [14,15,50–52]), 
and the energy position of the greater energy-loss component is sub
stantially independent of the momentum, contradicting the theoretical 
prediction [52]. Another possible explanation for this energy splitting 
is symmetric and antisymmetric exchange interactions of the 
electron-hole pairs between two inequivalent pentacene molecules, as 
predicted by another theoretical work [51]. A clear conclusion about 
this point cannot be deduced from the present results. Nevertheless, 
the smaller energy-loss component shifts to a higher energy-loss value 
by approximately 0.05 eV when moving from Γ to X. On the other 
hand, the energy of the second excitonic peak at 2.1 – 2.2 eV does 
not change with θ. Similar behaviors are also observed in the 
Γ − Y, Γ − M, and Γ − Mʹ directions.

Knupfer, Berger, and coworkers reported the energy dispersion of the 
lowest singlet excitonic state of Pn-SC(001) measured by high-energy 
(Ep = 170 keV) HREELS in wide |q| ranges up to 16 nm− 1 except for 
around the reciprocal space origin (|q| < 0.8 nm− 1). These results were 
concluded to represent significant evidence for the generation of 
“charge-transfer (CT) excitons” released from single-molecule confine
ment [12,14,15,53,54]. They also demonstrated the azimuthal 
orientation-dependent anisotropy of the excitonic energy dispersion: in 
the Γ − X and Γ − M directions, leading edge energies of the excitonic 
energy-loss peaks reached a minimum near the reciprocal space origin 
and increased when approaching each next reciprocal point. These 
energy-momentum dispersion trends E±(q) of two Davydov branches of 
the excitonic bands are modeled by a tight-binding (TB) description in 
the two-dimensional manner as in Ref. [27]: 

E±(q) = E0 − 2(tacos[q⋅a] + tbcos[q⋅b])

±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
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(
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2

)]
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[

q⋅
(

a − b
2

)])2
√

,

where t are the transfer integrals, ΔE is the energy difference between 
the two inequivalent sites, and E0 is the excitonic energy of the isolated 
molecules.

Intermolecular transfer integrals are assumed to be negligibly small 
except for those of the molecular combinations indicated in Fig. 4(e), and 
the interactions between translationally equivalent molecules are set 
equal for two inequivalent pentacene molecules in the unit cell (i.e., 
tá = ta and tʹb = tb). Using previously reported lattice constants of single- 
crystal pentacene [55], this TB modeling reproduces the present results 
as displayed in Fig. 4(a – d), where the transfer integrals ta, tb, tab, and  
tab are assumed to be 5 ± 1 meV, 1.5 ± 0.5 meV, 6 ± 2 meV, and 
7 ± 2 meV, respectively. On the other hand, the values (ta = 2.3 meV and 
tab = 10.9 meV) reported in the literature [54] fail to reproduce the 
present results except for the Γ − X direction as presented as dotted curves 
in Fig. 4(a – d).1 For the present best fit TB curves (solid lines), although 
some mismatch was found for large q values which can be ascribed to 
inaccurate peak positions caused by vanishing peak intensities, the 
calculated dispersion trends well agree with the experimental 

Fig. 4. (a – d) Excitonic energy-loss peak positions plotted as a function of in- 
plane momentum transfer for the (a) Γ − X, (b) Γ − Y, (c) Γ − M, and (d) Γ − Mʹ 

directions. The color tone of the symbol represents the peak intensity (dark: 
intense, pale: weak). The thick solid curves display the best fit results for the 
energy-momentum relations in the two-dimensional TB formulation [27], 
whereas the thin dotted curves correspond to those using the parameters sug
gested in Ref. [54]. (e) Schematic illustration of the molecular arrangement of 
the (001) surface of single-crystal pentacene and transfer integrals to the 
adjacent molecules taken into account for the present TB analysis. 1 The TB formula given in Ref [54] is derived by putting ΔE = 0 and tab = tab 

and by inverting the signs of transfer integrals. The value of tb was not pre
sented in that literature. In this article, tb = 0, tab = tab, and ΔE = 0 are 
assumed to reproduce the E(q) relations based on the literature parameters.
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energy-momentum relations. This confirms the presence of the delo
calized CT characters of the excitons and an anisotropy of the intermo
lecular excitonic couplings at the surface of the single-crystal pentacene. 
Nevertheless, further work is necessary to perform a more precise anal
ysis of the excitonic energy dispersions in wider momentum ranges under 
optimized conditions where, e.g., greater excitonic energy-loss intensity 
can be achieved.

4. Conclusions

In this study, HREELS measurements with a low electron primary 
energy of 10 eV were performed on molecular single-crystal samples of 
an organic semiconductor pentacene. AR-HREELS spectra revealed that 
the energy shift of the lowest singlet exciton-derived energy-loss peak 
depends on the electron scattering angle with respect to the specular 
direction, thereby confirming that the excitons exhibit ener
gy–momentum dispersion. Furthermore, different dispersion trends 
were observed along different crystal high-symmetry directions by in- 
plane azimuthal angle dependence. The present results indicate the 
applicability of low-energy AR-HREELS to demonstrate delocalized CT 
excitonic states at the surfaces of molecular semiconductor single crys
tals, just as AR-PES is able to assess charge carrier delocalization. This 
opens further possibilities for spectroscopic analyses of the excitonic 
characteristics at well-defined molecular heterojunctions built on mo
lecular single-crystal surfaces [56,57].
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