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ABSTRACT

It has been demonstrated previously that electrons interact differently with chiral molecules depending on their polarization. For enantiomeric
pure monolayers of heptahelicene, opposite asymmetries in spin polarization were reported and attributed to the so-called chirality-induced
spin selectivity effect. However, these promising proof-of-concept photoemission experiments lack the angular and energy resolution that
could provide the necessary insights into the mechanism of this phenomenon. In order to �ll in the missing gaps, we provide a detailed spin-
and angle-resolved photoemission spectroscopy study of heptahelicene layers on a Cu(111) substrate. Throughout the large accessible energy
and angle range, no chirality induced spin asymmetry in photoemission could be observed. Possible reasons for the absence of signatures of
the spin-dependent electron transmission through the chiral molecular layer are brie�y discussed.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/).https://doi.org/10.1063/5.0156581

I. INTRODUCTION

Molecular chirality on surfaces has been focus of growing
research interest in recent years.1–3 Among many molecular classes,
helicenes have been of particular interest in this regard. These poly-
cyclic compounds consist of multipleortho-annulated aromatic or
heteroaromatic rings that due to a steric hindrance wind to de�ne
helicenes' helical structure and chirality. Examples of (M)- and
(P)-heptahelicene ([7]H ) molecules are shown in Fig. 1(a). Owing to
their helical chirality, they provided insight into chiral crystallization
and chiral recognition at surfaces in numerous scanning tunneling

microscopy (STM) experiments.4–16Beside the chiral crystallization
and recognition studies, helicenes were of increasing interest in on-
surface chemistry17–24and electrochemical sensing and catalysis25–27

as well as electron spin �ltering aspects.28–31Some of these catalytic
or spin �ltering effects were explained within the wider Chirality-
Induced Spin Selectivity (CISS) effect, standing for spin-dependent
transmission of electrons through the layers of chiral molecules.32–35

The CISS has drawn signi�cant attention to molecular layers of
helical entities on surfaces.

Angle-Resolved Photoemission Spectroscopy (ARPES) has
been playing a paramount role in the development of novel
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FIG. 1.(a) Molecular structures and ball-and-stick representations of the (M)- and
(P)-[7]Hmolecules. (b) Experimental setup of the photoemission experiment (see
details in Sec. II).

topological and low-dimensional materials.36–38 ARPES momen-
tum mapping of the Fermi surface in proximity to the interface
represents a powerful tool for investigation of molecule/substrate
interfaces as well. As such, it was employed to study changes in the
Shockley surface states of Au, Ag, and Cu substrates upon molecu-
lar adsorption and their con�nement due to the formation of porous
molecular networks.39–45Photoemission experiments involving spin
detectors have also played their part in the establishment of the
aforementioned CISS effect; spin polarizations up to 60% were
demonstrated for DNA layers, while polarizations of 6%–8% or
up to 24.4% were shown for layers of helicenes and oligopeptides,
respectively.30,46,47The effect was also demonstrated for non-helical
chiral molecular layers.48,49 Albeit these spin-resolved photoemis-
sion experiments showed promising results, they lack the angu-
lar and/or energy resolution that is necessary to glimpse into the
mechanism of this phenomenon.

In this contribution, a detailed angle- and spin-resolved pho-
toemission study of heptahelicene layers on Cu(111) surfaces is
presented, attempting to �ll in the missing gaps. Experimental setup
depiction is shown in Fig. 1(b), while further details are provided
in Sec. II of the paper. Our spin-integrated ARPES results demon-
strate a sizable but consistent shift of the Shockley surface state
of the Cu(111) substrate for all three molecular layers of heptahe-
licene molecules made, respectively, from racemic, right-handed,
and left-handed con�guration samples abbreviated (rac)-[7]H ,
(P)-[7]H, and (M)-[7]H, respectively. At the same time, no dif-
ference in the work function in these layers was observed. Our

experimental attempts to energy and/or angle resolve spin polar-
izations in these layers using an advanced very-low-energy electron
diffraction (VLEED) spin detector did not show a difference between
the layers consisting of molecules of opposite handedness. Through-
out the wide accessible energy and angle range, no difference in
spin polarization is observed for the longitudinal (out-of-plane) spin
component as well as for the one of the in-plane spin components.

II. EXPERIMENTAL SECTION/METHODS

A. Heptahelicene enantioseparation

Rac-[7]H was purchased from Chiracon GmbH (Luckenwalde,
Germany), and separation of enantiomers was performed using
high-performance liquid chromatography (HPLC) under semi-
preparative conditions. The assignment of absolute handedness to
the eluted enantiomers has been performed with UV/VIS circular
dichroism. More details about conditions for the separation can be
found in the literature.31

B. Substrate preparation

The Cu(111) surfaces have been cleaned by repetitive Ar� -ion
sputtering and annealing. The cleanliness of the substrate was con-
�rmed by UPS spectroscopy using a monochromatic He I� photon
source (21.2 eV).Rac-, (P)-, and (M)-[7]H molecules were deposited
on substrates kept at room temperature from home-made effusion
cells held at 170XC. A monolayer (ML) coverage was ensured by
deposition of an excess of molecules on the surface and subsequent
step-wise annealing until no changes were observed in the UPS spec-
tra as shown in Fig. S1 in the supplementary material. A temperature
of 65XC for desorption of layers beyond the �rst one is consistent
with previous studies.6,50

C. Photoemission electron spectroscopy
measurements

The angle- (momentum-) and spin-resolved photoemission
experiments were conducted with a hemispherical analyzer (SPECS
PHOIBOS 150). The analyzer is equipped with a CCD detec-
tor system as well as the very-low energy electron diffraction
(VLEED) commercial spin detector (Focus FERRUM). The FER-
RUM spin detector also possesses a spin rotator lens that allows us to
record spin-resolved photoemission data for three orthogonal spin
components—two spin components parallel to the surface plane (in-
plane spin components) and the out-of-plane spin component along
the surface normal. The spin sensitivity or Sherman function (S) of
the detector is 0.29 for all three spin components. Spin polarization
curves are plotted with error bars re�ecting statistical uncertainties
from the count rates in the photoemission experiment. In addition
to the monochromatic He I� photon source (21.2 eV), the fourth
harmonic of a Ti:sapphire laser oscillator (Tsunami long pulse,
Ti:sapphire oscillator system) with a photon energy of 5.9 eV and
p-polarized light was used as a photon source. The angle of incidence
was 45X with respect to the surface normal for normal emission, and
a sample bias of� 4 V was applied during the experiments. The laser
spot (0.025 cm2) on the sample was defocused, keeping the �uence
@0.04 W/cm2 to reduce beam induced damage to the molecules. The
samples were aligned for a speci�c azimuthal emission angle (high
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