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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 fill 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 briefly 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 multiple ortho-annulated aromatic or
heteroaromatic rings that due to a steric hindrance wind to define
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.4–16 Beside the chiral crystallization
and recognition studies, helicenes were of increasing interest in on-
surface chemistry17–24 and electrochemical sensing and catalysis25–27

as well as electron spin filtering aspects.28–31 Some of these catalytic
or spin filtering 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 significant 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]H molecules. (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 confinement due to the formation of porous
molecular networks.39–45 Photoemission 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.30,46,47 The 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 fill 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 configuration 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-
firmed by UPS spectroscopy using a monochromatic He Iα 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 170 ○C. 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 65 ○C for desorption of layers beyond the first 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 reflecting statistical uncertainties
from the count rates in the photoemission experiment. In addition
to the monochromatic He Iα 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 45○ 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 fluence
<0.04 W/cm2 to reduce beam induced damage to the molecules. The
samples were aligned for a specific azimuthal emission angle (high
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symmetry direction of the substrate) and scanned over the polar
angle along Γ-M direction. All photoemission spectra are acquired
at room temperature.

III. RESULTS AND DISCUSSIONS
A. Angle-resolved spin-integrated photoemission
spectroscopy results

Upon the substrate preparation (see details in Sec. II), spin-
integrated energy vs momentum cuts around the Γ point are
acquired and the results are plotted in Fig. 2. The clean Cu(111)
energy vs momentum map shown in Fig. 2(a) contains the typi-
cal parabolic dispersion of the Shockley surface state centered at
the Γ point, reaching to 0.40 ± 0.01 eV below the Fermi level, well
in line with the available literature.51–53 On the samples containing
1 ML of heptahelicene molecules, namely, rac-[7]H, (P)-[7]H, and
(M)-[7]H [Figs. 2(b)–2(d)], the Shockley surface state of Cu(111)
retained its parabolic dispersion around the Γ point, however, it is
shifted by 0.16 eV toward the Fermi level in all three cases. More-
over, significant spectral broadening originating from the inelastic
scattering from deposited materials is visible. Similar effects are
observed upon CO or pentacene adsorption on Cu(111) or Cu(110)
substrates, respectively.40,51 The presence of heptahelicene molecu-
lar monolayers also reduces the work function of the clean Cu(111)

interface by around 1 eV (Fig. S1 in the supplementary material)
due to a Pauli repulsion induced charge rearrangement in the sub-
strate (pushback effect).31,54–59 The work function reduction, in turn,
leads to a new spectroscopic feature often referred to as the Mahan
cone. The Mahan cone, visible between −0.8 and −1.2 eV, origi-
nates from the direct optical transitions between nearly free-electron
sp-bands of the Cu(111) substrate and is particularly relevant when
an excitation source of around 6 eV, like in our case, is used for the
photoemission experiment.52,60 Apart from the highly suppressed
Shockley surface state, the Mahan cone and the secondary electron
cut-off features, no spectral features originating from the Cu 3d
states or molecular layers are present. This is further corroborated
in the photoemission experiments performed using monochromatic
He Iα photon source (Fig. S1 in the supplementary material), con-
firming that the photoemitted electrons mostly originate from the sp
states of the Cu(111) substrate.

B. Angle- and spin-resolved photoemission
spectroscopy results

Following the spin-integrated angle-resolved photoemission
experiments, spin-resolved measurements are performed using a
VLEED spin detector. The spin polarization was calculated as the
normalized difference of the spectral intensities of spin up and spin
down electrons using the following equation:

FIG. 2. ARPES kx momentum maps around the Γ point with momentum cuts at the Γ point shown next to them of a clean Cu(111) substrate (a) and monolayers of (P)-[7]H
(b), rac-[7]H (c), and (M)-[7]H (d) molecules on a Cu(111) substrate. Dashed lines indicate the position of the Shockley surface state of the Cu(111) substrate as determined
from the momentum cuts at the Γ point (red curves). Highlighted red areas on the map represent area from which the cut at the Γ point is made. A significant but consistent
shift of about 0.16 eV is observed for all three molecular layers. Note that the map for rac-[7]H is acquired using a VLEED detector while the other three maps are acquired
using a CCD detector. All maps are acquired using a laser photon source (hν = 5.9 eV, p-polarized).
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, (1)

with S representing the spin sensitivity or Sherman function.
Detector calibration was checked by the acquisition of spin-

resolved spectra of a clean Cu(111) substrate at the Γ point and
12 degrees off the Γ point (Fig. S2 in the supplementary material).
No difference in spin polarization is visible for the longitudinal
(out-of-plane) spin polarization albeit a small positive offset of
polarization is present (Figs. S2a and S2b in the supplementary
material). Looking into the in-plane spin polarization, no polar-
ization is present at the Γ point (Fig. S2c in the supplementary
material), while the expected polarization flip from positive to neg-
ative values originating from the Rashba split Shockley surface state
is observed in the spectra acquired 12○ off the Γ point (Fig. S2d in
the supplementary material).53 The energy averages of spin polariza-
tions plotted in Fig. S2 are shown in Table SI in the supplementary
material.

First, spin-resolved spectra of rac-, (P)-, and (M)-heptahelicene
monolayers on Cu(111) are acquired at the Γ point and correspond-
ing out-of-plane spin polarizations are calculated using Eq. (1). The
results are summarized in Fig. S3 in the supplementary material.
The spectra fully resemble those acquired using the spin-integrated
detector with the surface state, the Mahan cone, and the secondary
electron cut-off feature. Interestingly, for all three molecular mono-
layers of different enantiomeric compositions, namely, rac-, (P)-,
and (M)-[7]H, similar spin polarization curves are observed. In
all the cases, a slight positive net spin polarization is observed.
The polarization is of similar magnitude as observed on the clean

Cu(111) during the calibration check (Fig. S2a in the supplementary
material). Moreover, a similar spin polarization is observed in the
spectra acquired at the Γ point of a multilayer of (M)-[7]H on
Cu(111) using a laser photon source (Fig. S4a in the supplementary
material) and in the spectra acquired at the Γ point of a mono-
layer of (M)-[7]H on Cu(111) using a monochromatic He Iα photon
source (Fig. S4b in the supplementary material). This is a surprising
result, given that the previous results on photoemission experiments
with the same molecules on Cu(332), Au(111), and Ag(110) sub-
strates were showing out-of-plane spin polarizations of around ±7%
for (P)- and (M)-[7]H in the normal incidence–normal emission
setup.30

Next, angle- and spin-resolved maps of the same monolayers
were acquired by varying the polar angle to around 32 degrees off
sample normal. Total intensity maps, constructed as sums of spin up
and spin down photoelectron intensities, corresponding spin polar-
ization maps constructed by applying Eq. (1) to every point/angle,
and angle averaged spin polarizations for monolayers of (P)-, rac-,
and (M)-[7]H molecules on Cu(111) are shown in Figs. 3(a)–3(c),
respectively. Upon the map acquisitions, samples were checked for
potential beam induced damage to molecular layers. This was per-
formed by comparing VUV spin-integrated spectra of a monolayer
of (P)-[7]H molecules on the Cu(111) substrate before and after
the acquisition of spin-resolved map (Fig. S5 in the supplementary
material). No changes in the spectra are observed, indicating that no
beam induced damage occurred during the time required to acquire
spin-resolved maps.

The total intensity maps, shown in the top panels of Fig. 3,
resemble the spin-integrated maps from Fig. 2—upward shifted

FIG. 3. Angle-resolved photoemission experiment using a VLEED spin detector. Angle-resolved spin sum maps (top), out-of-plane spin polarization maps (middle), and angle
averaged spin polarizations (bottom) of monolayers of (a) (P)-[7]H, (b) rac-[7]H, and (c) (M)-[7]H molecules on the Cu(111) substrate. Spin polarization was calculated using
Eq. (1). All maps were acquired using a laser photon source (hν = 5.9 eV, p-polarized).

J. Chem. Phys. 159, 044701 (2023); doi: 10.1063/5.0156581 159, 044701-4

© Author(s) 2023

 14 M
ay 2024 08:38:12

https://pubs.aip.org/aip/jcp


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

Shockley surface states of Cu(111), the Mahan cone, and sec-
ondary electron cut-off features are clearly visible. The spin-resolved
maps, shown in the middle panels of Fig. 3, look very similar
for all three molecular chiralities. In all the maps, slight positive
spin-polarization is present well in line with the results shown in
Figs. S2 and S3 in the supplementary material. These become even
more apparent looking at the bottom panels of Fig. 3, where the
angle averaged spin polarizations for all three molecular layers are
shown. Further to this, performing energy averaging onto these
angle averaged spin polarization plots results in the total raw spin
polarizations of around 1.25% ± 0.03% if averaging is performed
over energies above −1.26 eV, 1.28% ± 0.06% if performed from
−2.0 eV, and 1.4% ± 0.3% if it is performed over the whole energy
range for all three layers. Exact values for each energy range and
molecular chirality, not corrected to the spin polarizations of bare
Cu(111), are summarized in Table SI in the supplementary material.
The difference in values arises due to the interdependences of the
available energy range for different polar angles, thus resulting in
lower statistics in the region beyond −1.26 eV. The −1.26 eV value
was set as a limit for averaging for several reasons: first, spectro-
scopic data are available for all measured polar angles down to this
energy, which is essential for a better statistics in the averaged plot.
Second, the Mahan cone is present in this energy range. Last, due
to a higher work function of the heptahelicene/Cu(332) interface,
this was the region that was reachable in the previous photoemis-
sion experiment,30 making a comparison to the same energy ranges
easier.

Finally, we have studied one of the in-plane spin-polarization
components for (P)-[7]H and rac-[7]H molecular monolayers on
Cu(111). These maps are shown in Fig. 4. Both maps show a small
negative spin-polarization that coincides with the one of the cal-
ibration sample shown in Fig. S2 of the supplementary material.
However, no apparent difference related to molecular chirality is
observed.

The natural question that arises from our study is the possi-
ble reason for the absence of spin-polarization in our experiments,
in particular since the other photoemission studies have reported
sizable longitudinal spin-polarizations for similar metal–molecule
interfaces. The first option of the experimental error seems
unlikely—experiments in this comprehensive study were performed
with great care, and samples were checked for beam damage; the
energy and polar angle steps were chosen within the experimental
limitations of the experimental setup but taking into account the
acceptance angle of the analyzer for the −4 V bias that was applied
between the sample and the analyzer to ensure there are no miss-
ing data in the acquired steps. Similarly, the laser was defocused and
dwell time was optimized to avoid beam damage of the molecular
films but still providing sufficient counts for high signal to noise
ratio. The longitudinal (out-of-plane) spin was probed throughout
most of the paper since it has been shown that it is the preferential
spin filtering direction for helical moieties.30,46,49 Spin polarization
maps presented in Fig. 4 also show the absence of spin polariza-
tion in one of the in-plane components albeit focus was on detailed
investigation of the out-of-plane spin component.

At low temperatures, adsorbed heptahelicene molecules on the
Cu(111) substrate exhibit six different azimuthal orientations;6,12,61

however, that should not have an influence on the results shown
herein that are acquired at room temperature where molecules

FIG. 4. In-plane spin polarization maps of monolayers of (a) (P)-[7]H and (b) rac-
[7]H molecules on the Cu(111) substrate. Spin polarization was calculated using
Eq. (1). Maps are acquired using a laser photon source (hν = 5.9 eV, p-polarized).

should still exhibit significant mobility. This would just mean that
we are probing an average ensemble of heptahelicene molecules with
different azimuthal orientations. Moreover, similar structural motifs
are found for heptahelicene molecules on Ag(111) and Au(111)
substrates5 of which Au(111) was included in the previous photoe-
mission study performed at room temperature.30 The presence of
chirality dependent spin polarizations in their experiment on the
Au(111) substrate suggests that the azimuthal orientation of hep-
tahelicene molecules cannot be the origin of its absence in this
study.

Next, the work function differences of the heptahelicene/Cu
interfaces for surfaces with different crystallographic orientations
have to be considered. For monolayers of heptahelicene molecules
on Cu(111) and Cu(100), the work function is around 4 eV, while the
4.65 eV work function on the Cu(332) substrate is clearly larger.30,31

A smaller work function as detected in our case leads only to a
larger accessible kinetic energy range of the emitted photoelec-
trons and could affect the spin-dependent electron transmission
through the molecular layer. Noteworthy, no additional molecu-
lar or d-states of the Cu substrate are probed within the extended
energy range, as was discussed earlier. Moreover, averaging per-
formed to the comparable energy range to the one accessible on
the Cu(332) substrate shows no difference in spin polarization for
heptahelicene.
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The angle of incidence of incoming photons is the first appar-
ent difference when comparing our experimental setups with the one
used by Kettner et al.30 Despite the fact that both experiments use
laser light of around 5.9 eV as a photon source, the experiments
reported in Ref. 30 were conducted in normal incidence geome-
try while we use an incidence angle around 45 degrees off sample
normal. However, this is unlikely to cause this discrepancy, given
the variety of geometries employed in ARPES experiments.36–38

Moreover, Kettner et al. also investigated heptahelicene molecules
on Cu(332) substrates, where molecules adsorb with a tilt with
respect to the sample normal of around 10○,61 emulating the non-
normal light incidence orientation. The hypothesis that the angle
of photon incidence cannot be the reason for the absence of chi-
rality dependent spin polarization in this study is further corrobo-
rated in a recent publication where the same setup with 45○ light
incidence was used to fully vectorially resolve spin polarization orig-
inating from the all-chiral metal–molecule heterostructure consist-
ing of point-chiral 3-methylcyclohexanone molecules adsorbed on
Cu(643)R substrates.49 The same applies when the light polarization
is considered—Kettner et al. demonstrated comparable spin polar-
izations with different light polarizations, and the aforementioned
experiment with 3-methylcyclohexanone molecules was employing
same light polarization as in this study.

A significant difference between the two experiments lies in
the sample preparation procedure. In this work, molecules were
deposited on substrates kept at room temperature from effusion cells
held at 170 ○C and monolayer coverage was ensured by desorption
of excess molecules by annealing to 65 ○C. This temperature was
determined through stepwise annealing until no changes due to a
molecular desorption were observed in the UPS spectra. A previ-
ous study showed that a closed-packed monolayer of (M)-[7]H is
formed under such conditions.6 Potential heptahelicene dehydro-
genation or a Diels–Alder type cycloaddition can be excluded here
as it occurs at temperatures of 250–300 ○C.18,22,50 In the previous
work of Kettner et al., heptahelicene molecules were sublimed from
an effusion cell held at 160 ○C onto substrates kept at a tempera-
ture of 200 ○C,30 which is still lower than the temperatures for first
layer desorption or dehydrogenation. It is unclear if such different
preparation conditions would affect molecular packing or the CISS
effect.

The last striking difference we are aware of is the applied
bias between the samples and an analyzer. In this study, we have
applied a 4 V bias, which is typical for photoemission experiments
and should have almost no effect on the interface and angular res-
olution.52 In the previous photoemission study of Kettner et al.,
most likely a larger bias voltage was applied. However, a compari-
son of typical sample-analyzer distances (few centimeters) with the
thickness of a helicene monolayer (few Å) leads us to the conclu-
sion that the difference in voltage drop over the [7]H/Cu(111) is
negligible.

All of this lead us to the conclusion that either the different
sample preparation procedures or the high bias enables the CISS
effect through some unidentified mechanism and is the reason for its
absence in our experiments. Nevertheless, it is clear that there is no
signature of CISS in the here investigated samples of heptahelicene
layers on Cu(111) substrates. The herein investigated interfaces were
not part of the previous studies, leaving these possibilities equally
probable.

IV. CONCLUSION
In this contribution, detailed angle- and spin-resolved photoe-

mission study of heptahelicene layers on Cu(111) surfaces is pre-
sented, attempting to tackle the mechanism of the chirality induced
spin selectivity effect. Our spin-integrated results demonstrate a
work function change of about 1 eV upon molecular adsorption for
all the investigated molecular chiralities. At the same time, consis-
tent upward shifts of the Shockley surface states originating from the
Pauli repulsion induced charge rearrangement in the substrate were
observed and were accompanied by significant spectral broadening
originating from inelastic scattering on the molecular layers.

Our spin-resolved results reveal no differences in spin-
polarizations over large angle and energy ranges regardless of the
molecular chirality for the preferential out-of-plane but also in-plane
spins. This is in contrast with the previous photoemission experi-
ments dealing with the CISS effect, and differences between these
experiments are discussed in an attempt to identify the origin of
the absence of the CISS effect in our experiments. It has led us to
the conclusion that either a difference in sample preparation or the
unusually high bias employed in the previous experiments enables
the CISS effect through an unknown mechanism or there is no CISS
in the here investigated systems of heptahelicene layers on Cu(111)
substrates.

SUPPLEMENTARY MATERIAL

See the supplementary material for Figs. S1–S5 and
Tables SI–SII that include information about the sample prepara-
tion (Fig. S1), spin detector calibration check (Fig. S2 and Table
SI), spin-resolved photoemission spectra with corresponding spin
polarizations of molecular monolayers on Cu(111) at the Γ point
acquired using a laser photon source (Fig. S3), spin-resolved
photoemission spectra at the Γ point with corresponding spin
polarizations of a multilayer of (M)-[7]H on Cu(111) acquired
using a laser photon source and a monolayer of (M)-[7]H on
Cu(111) acquired using a VUV photon source (Fig. S4), VUV
spin-integrated photoemission spectra used to assess beam damage
(Fig. S5), and tabular representation of angle and energy averaged
spin polarizations for different molecular layers and energy ranges
(Table SII).
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42M. Baljozović, X. Liu, O. Popova, J. Girovsky, J. Nowakowski, H. Rossmann,
T. Nijs, M. Moradi, S. F. Mousavi, N. C. Plumb, M. Radović, N. Ballav, J.
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