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Growth Dynamics and Electron Reflectivity in Ultrathin
Films of Chiral Heptahelicene on Metal (100) Surfaces
Studied by Spin-Polarized Low Energy Electron Microscopy

Miloš Baljozović, André L. Fernandes Cauduro, Johannes Seibel, Anaïs Mairena,
Stéphane Grass, Jérôme Lacour, Andreas K. Schmid,* and Karl-Heinz Ernst*

1. Introduction

Molecular layers on surfaces have been
widely used to study effects occurring at
molecule/substrate interfaces. By control-
ling kinetic and thermodynamic conditions
during the assembly of nano-objects, in
particular molecules and atoms, various
patterns of self-assembled, metal-
coordinated or covalently linked structures
have been obtained by careful selection of
the components and surface symmetry.[1]

Not only are these patterns interesting
for their topologies, they also were found
to induce interesting interface phenomena.
For example, (sub)monolayer films of pen-
tacene molecules on Cu(110) were intro-
ducing significant surface state shifts
dependent on the coverage.[2] In addition,
Co phthalocyanine molecules were used

to manipulate the topological interface of Bi2Se3 and Mn phtha-
locyanine molecules induced formation of Yu–Shiba–Rusinov
states when adsorbed on superconducting Pb(111) substrate.[3,4]

Assembled in checkerboard manner Mn and Fe phthalocyanine
molecules formed a 2D ferrimagnet via Ruderman–
Kittel–Kasuya–Yosida interactions through the surface state of
Au(111).[5] Molecules were also shown to induce magnetism
at Au interface “creatio ex nihilo”.[6] Recently, it was demon-
strated that molecular layers of Buckminsterfullerenes can
induce ferromagnetism in Cu and Mn by beating the Stoner cri-
teria.[7] Molecular layers of chiral molecules, on the contrary,
showed the so-called chirality-induced spin selectivity (CISS),
an effect of chirality-dependent transmission of electrons
through the molecules.[8] Chiral molecules where shown to
switch magnetization of underlying ferromagnetic Ni sub-
strate.[9] And there are even examples of enantioseparation
due to differences in interaction with underlying magnetic
substrates.[10,11] Depending on the magnetization direction, dif-
ferences of �80meV in work function of chiral peptide layer on
top of an out-of-plane ferromagnetic substrate were reported.[12]

Helical aromatic hydrocarbons, so-called helicenes, have
played an important role in understanding chiral crystallization
when studied at surfaces by scanning tunneling microscopy
(STM).[13] At coverages above a monolayer of rac-[7]H, enantio-
specific separation from zigzag rows with alternating enantiom-
ers into the separate layers occurred leading to a layered racemate
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Interaction of electrons with chiral matter gives rise to interesting phenomena
such as the chirality-induced spin selectivity. The interdependence of reflectivity
of spin-polarized low energy electrons and the absolute handedness of chiral
molecules is investigated. First, the growth of homochiral films of helical aro-
matic hydrocarbons, so-called helicenes, on a Cu(100) surface is studied by
means of low energy electron microscopy and scanning tunneling microscopy in
ultrahigh vacuum. As soon as the coverage exceeds one monolayer, double-layer
nucleation and growth is favored such that depletion in the first layer occurs.
Spatially resolved work function measurements show that second-layer patches
have a lower work function than first-layer areas. Reflectivity spectra of spin-
polarized electrons do not show any asymmetry between homochiral films of the
enantiomers. Laterally resolved work function measurements do not confirm
work function differences such as those reported earlier for photoelectron studies
of chiral peptide films on ferromagnetic substrates.
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with enantiopure layers.[14,15] Multilayers of enantiopure (M)- or
(P)-[7]H on Cu(111) showed enantiomorphous moiré patterns as
well as extended 3D islands on top of a completely filled second
layer (Stranski–Krastanov growth mode).[16] Apart from the inter-
esting phenomena accompanying self-assembly and crystalliza-
tion of helicenes, they also showed significant electron spin
polarizations via CISS effect, piezoelectric response of single
molecules or selective chiroptical responses.[17–20]

Low energy electron microscopy (LEEM) is a powerful surface
imaging technique with good spatial resolution. Originating from
changes in intensity of reflected electrons as a function of their
landing energy (E0 [eV], here referred to as start voltageUS [V]) spec-
tral information is also available. Moreover, low electron energies
make the technique very sensitive to local electronic structure.[21,22]

LEEM has been used to follow the growth of carbon-based and
metallic layered materials as well as investigation of electron quan-
tum interference effects that arose between those layers by measur-
ing the energy dependence of electron reflectivity.[23–33] When a
spin-polarized electron beam is used for illumination (SPLEEM),
the technique becomes sensitive to surface magnetization, thus
allowing for complete vector-magnetometric imaging.[34,35]

In this contribution we have investigated growth of racemic
and enantiopure [7]H on Cu(100) and (12ML)Ni/Cu(100) sub-
strates, thereby evaluating interface effects such as changes in
work function, electron reflectivity, or spin asymmetries.
Exceeding 1ML coverage, nucleation of the second layer induces
initially depletion in the first layer, which was also corroborated
by scanning tunneling microscopy (STM). Spatially resolved dif-
ferences in work function and electron reflectivity are observed
between first and second layer of [7]H on Cu(100). Moreover,
neither differences in spin asymmetry nor in work function of
(P)-7[H] on Cu(100) and on top of opposite magnetized domains
on Ni(100) film are observed. As possible explanations of the
absence of effects, cancellation due to opposite spin-versus-
momentum alignment in reflection and signal to noise limits
of work function measurements are discussed.

2. Results and Discussions

2.1. Growth of Ultrathin Heptahelicene Films on Cu(100)

The deposition of molecules has been monitored in situ by elec-
tron reflectivity changes averaged on the complete LEEM field-of-
view over time. Figure 1b shows an example for (P)-[7]H growing
on Cu(100) at room temperature. At the start of (P)-[7]H deposi-
tion (1. LEEM image), the LEEM image appears bright due to the
presence of extended Cu(100) crystalline terraces with monoa-
tomic steps observed as dark lines. Continued molecule deposi-
tion leads to monotonic reflectivity decrease until about 745 s (2.
LEEM image). At the low energy used here, electron wavelength
is comparable with the thickness of a monolayer, thus leading to
quantum-size effects. At low coverage, mobile molecules can be
regarded as virtual increase in step density, explaining the drop
in reflectivity at submonolayer coverages. Nucleation and growth
of extended molecular islands in the first molecular layer subse-
quently reduce such virtual step density, leading to an increase in
reflectivity. A short saturation after about 835 s of deposition time
(3. LEEM image) corresponds to completion of the first

monolayer. The saturation reflectivity is different from the initial
reflectivity due to a significant difference in electronic structure
of the molecular layer with respect to the clean Cu(100) surface.
With nucleation and growth of the second layer (bright tiles in 4.
LEEM image after 876 s), the average reflectivity increases nearly
linearly (5. LEEM image). Another intensity maximummarks the
second-layer saturation after about 1064 s (6. LEEM image) before
the intensity starts to drop slightly as the third layer nucleates and
grows in the form of needle-shaped structures (darker features in
7. and 8. LEEM image). That the second layer is formed much
faster than the first layer under constant deposition rate confirms
earlier observations made for [7]H double-layer formation on the
(111) surfaces of Au, Ag, and Cu.[14,15] As soon as second-layer
nucleation occurs, molecules from the first layer are transferred
into the second layer, which leads to a depleted first layer at that
stage. This phenomenon is captured by LEEM when the helicene
growth is observed at Us¼ 4.7 V, and it will now be discussed in
more details along with Figure 2.

The (P)-[7]H deposition on Cu(100) at room temperature and
US¼ 4.7 V reveals an intriguing effect observed in LEEM, as sum-
marized in a sequence of images shown in Figure 2a–d. After
789 s from the start of deposition, formation of the first layer is
observed (Figure 2a). The first layer appears gray at this electron
energy, and it is accompanied by bright areas. After 798 s, a LEEM
image (Figure 2b) shows the first layer almost complete, i.e., the
gray area is expanded almost to the complete field-of-view at
the expense of bright areas. At room temperature it is unlikely that
the bright areas are representing bare substrate. These are rather
disordered areas covered with mobile molecules (2D gas) in equi-
librium with ordered areas. Once the coverage approaches certain

Figure 1. Time lapse of (P)-[7]H growth on Cu(100) monitored by LEEM.
a) Ball-and-stick molecular structures of the two [7]H enantiomers. (M)-[7]
H is the left-handed helical sense and (P)-[7]H is the right-handed sense.
rac-[7]H represents a 50%:50% mixture of (M)-[7]H and (P)-[7]H.
b) Average reflected electron intensity versus time of deposition together
with corresponding LEEM images at different stages during the growth.
US¼ 3.2 V, field of view is 12 μm. (A small shift of the probed area
occurred between frame 6. and 7.).
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threshold, molecular mobility is reduced and the self-assembly
into 2D islands occurs. A previous STM investigation of [7]H
on Cu(100) supports this assignment.[36] With continuing mole-
cule deposition, second-layer molecular islands start to form once
the molecular coverage exceeds the amount that can be accommo-
dated into the first layer (Figure 2c). The second layer appears
black at this electron energy. Surprisingly, the first layer shows

now disordered areas again, observed as bright areas next to
the second-layer islands (Figure 2c). These bright patches repre-
sent depleted first-layer areas. That is, second-layer island size does
not strictly depend on the amount of coverage beyond the filled
first layer. Upon second-layer nucleation, material must be trans-
ferred from the first layer toward the double-layer islands. In ear-
lier STM work on double layer of [7]H, first-layer depletion due to

Figure 2. Sequence of consecutive LEEM (US¼ 4.7 V) and STM images of initial second-layer growth of [7]H on Cu(100). a–d) LEEM images acquired at
different times during the growth of (P)-[7]H (contrast enhanced). The arrow in (c) points to a depleted area in the first layer induced by second-layer
nucleation, which becomes filled upon further deposition (d). Values at each frame represent time elapsed from the start of molecule deposition. Image
field-of-view is 12 μm. e) STM image (60 nm� 60 nm, U¼�2.9 V, I¼ 26 pA) of (M)-[7]H at the coverage where formation of the second layer starts.
f ) STM image (60 nm� 60 nm, U¼�2.9 V, I¼ 25 pA) of (M)-[7]H of a dense second-layer island and depleted first layer next to it (upper right corner).
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second-layer formation was also observed on the (111) surfaces of
Au, Ag, and Cu,[14,15] as well as for pentahelicene on Cu(111).[37]

Already excess of 1% above the complete first-layer coverage
induced relatively large double-layer island growth.[37]

It is likely that the first layer underneath the second layer has a
different structure and density than the first layer alone. This has
been clearly shown for [7]H on Cu(111) by LEED and STM.[15]

There, both layers of the completed double layer have the same
periodicity and 1.6 times the number of molecules per area than
the complete first-layer before second-layer nucleation. For
Cu(100) here, the second-layer nucleation STM image show an
intermediate structure with molecules partly in the first and in
the second layer (Figure 2). Consequently, the time to complete
the second layer (counted from first-layer completion) is signifi-
cantly shorter than the time needed to complete the first layer.

What is new here with respect to the previous STM studies is
the fact that the first-layer depletion effect is observed for a
dynamic system. In the previous STM studies, the effect was
ascribed to double-layer nucleation and growth upon cooling
at slightly higher temperatures than nucleation of ordered struc-
tures in the first layer. The in-situ LEEM observation here, how-
ever, is performed at room temperature. Therefore, first-layer
depletion and preference of double-layer formation occur
already in this highly dynamic film with enhanced molecular
mobility. Such behavior suggests rather entropic effects as origin
of depletion instead of previously favored enthalpic and kinetic
effects.[37] Once the second-layer islands are formed and stop
growing, previously disordered bright areas in the first layer
become filled and ordered and give gray contrast in LEEM again
(Figure 2d).

For the 2D aggregation of [7]H on Cu(100), homochiral quad-
ruplets have been observed for pure enantiomers as well as for
the racemate.[36] For corresponding STM studies of the double-
layer growth, (M)-[7]H was deposited on clean Cu(100) substrates
at room temperature and images with coverage above 1ML
acquired after cooling samples to 50 K. Figure 2e shows an
STM image of (M)-[7]H revealing coexistence of the first-layer
quadruplet structure,[36] disordered areas in the first layer and
an ordered row structure. Large-scale overview STM images at
the same coverage shows mirror domains of the row structure
with an angle of 83� 2 degrees between them (Figure S1a,
Supporting Information). The row structure seems to be an inter-
mediate with molecules partly still in the first layer and second
layer rows on top. Further increase in coverage leads to filling up
the space between the bright rows and to formation of a compact
double layer (Figure 2f ). High mobility next to the double-layer
domain (upper right corner in Figure 2f ) points again to a
depleted first layer. A large-scale STM image (Figure S1b,
Supporting Information) shows second-layer islands together
with first-layer tetramers and disordered first-layer molecules.
The effect of first-layer depletion is also observed in STM for
racemic double-layer samples (Figure S1c–f, Supporting
Information). It is noted again that STM and LEEM studies
are not directly comparable as they are performed at different
temperatures. Due to cooling before STM imaging, additional
nucleation and growth phenomena may occur. Qualitatively,
however, both methods reveal the phenomenon of molecular
depletion in the first-layer upon second-layer nucleation.

2.2. Work Function of [7]H Films on Cu(100) and on Ni(100)
Substrates

Even for materials with low density of states at the vacuum level,
LEEM is well suited for measuring the work function,[30] there-
fore allowing investigation of laterally resolved work function dif-
ferences. The energy EL at which the electrons land on the
surface is given by

EL ¼ eUS þ EC �ΦS (1)

To have electrons interacting with the surface, the sum of the
electrostatic energy gained via the applied potential eUS plus the
emitting energy at the cathode EC needs to overcome the sample
work function ΦS (US is the potential difference applied between
the electron cathode and the sample, the so-called start voltage).
As long as the sum of eUSþ EC is smaller than ΦS, EL has nega-
tive values and electrons are simply repelled. As the landing
energy approaches 0 eV with increasing eUSþ EC, electrons start
interacting with the sample and a steep drop of reflectivity is
observed (so-called mirror mode transition). The work function
can be determined by finding the start voltage (U0

S) at which
inflection of this reflectivity drop occurs. This is best achieved
by fitting I–V LEEM curves using the complementary error func-
tion (erfc(U )) that takes into account energy spread of electrons
emitted from the cathode.[38] As EL is exactly 0 eV atU0

S, the sam-
ple work function can be determined by

ΦS ¼ eU0
S þ E0

C (2)

E0
C represents the maximum of the energy distribution of elec-

trons emitted from the cathode.[39,40] Combined with the spatial
resolution provided by LEEM, a pixel-by-pixel fitting of I–V curves
allows then for the extraction of 2D work function maps.[39]

With respect to the clean Cu(100) surface, monolayers of pure
[7]H enantiomers and rac-[7]H have roughly a 1 eV lower work
function (Φ, Figure S2, Supporting Information). Such decrease
is based on charge rearrangement in the substrate caused by Pauli
repulsion, as observed for similar aromatic adsorbates.[41] Figure 3
shows a LEEM image (Figure 3a), a Φ-map (Figure 3b), and a line
profile (Figure 3c), which highlight differences in Φ between the
first and the second layer of (P)-7[H] on Cu(100). The samples have
been prepared such that the depletion in the first layer was filled.
In the 2D Φ difference map, the work function color scale is nor-
malized to the average Φ of dark first-layer regions and plotted
pixel-by-pixel in color (Figure 3b) according to the color scale
shown below panel (b). Then a 20 pixels� 120 pixels line profile
is constructed such that it crosses both first and second-layer
regions (Figure 3c). The according analysis for (M)-[7]H is shown
in Figure S3, Supporting Information. For both enantiomers, the
work function of a double layer is found to be 15� 5meV lower
than that of the closed-packed monolayer. In a pure dipole model,
the second layer usually causes a reversal in work function change,
due to depolarization effects. The further decrease here is there-
fore attributed to a structural change of density in the monolayer,
in accordance with the STM observation of a transition from a qua-
druplet structure to the row structure (Figure 2e).
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2.3. Spin-Polarization-Resolved Electron Reflectivity and Work
Function Differences on Magnetic Films

In photoelectron emission experiments through enantiopure [7]H
layers, a profound electron spin selectivity has been observed
recently.[18] Therefore, it is interesting to see if there are asymme-
tries in electron reflection from homochiral layers of [7]H.
Reflectivity spectra represent a fingerprint of the unoccupied den-
sity of states with momentum in the surface normal direction.
Beam electrons propagating in these states are lost to the reflec-
tivity measurements, thus high reflectivity indicates low density
of states and vice versa. Figure 4 shows reflectivity spectra as func-
tion of start voltage for 1ML and 2ML of the (P)-enantiomer and
the racemate. The respective spectra for the (M)-enantiomer are
shown in Figure S4, Supporting Information. The racemate serves
as reference, as no spin selectivity can be expected for its films.
However, even for the enantiopure samples the reflectivity curves
are identical for spin-up and spin-down polarizations of the elec-
tron beam. Such result can be indeed expected for a perfectly
reflected beam because at the molecular reference frame electron
momentum-versus-spin alignment of an incoming electron is
reversed upon reflection; consequently, there is no CISS effect
for electron reflection. Any effect is cancelled due to the opposite
alignment of electron spin polarization and momentum upon
reflection. The latter possibility can be discussed on the basis of
the phase accumulation model, which is widely accepted for
SPLEEM reflectivity in thin film systems.[30,42] In this picture a thin
film system is described as a 1D staircase potential, accounting for
the energy of the electron in vacuum and the inner potentials of
the film and substrate materials. A reflectivity measurement such
as SPLEEM is then described by superposition of two contribu-
tions, 1) the Bloch state transmission and reflection at the step

from vacuum level to the inner potential of the thin film and
2) transmission and reflection at the step from the inner potential

Figure 3. LEEM image, 2D work function differences map (ΔΦ [eV]¼Φ�Φdark) and line profile of a (P)-[7]H film. a) LEEM bright-field image of (P)-[7]H
showing 2ML tiles (bright) and first layer (dark). b) Pixel-by-pixel map of ΔΦ of the film shown in (a) plotted in color scale shown below panel (e),
exhibiting work function contrast between the two layers. c) 20 pixels� 120 pixels line profile showing that the double-layer regions have 15� 5meV lower
work function with respect to the 1ML regions.

Figure 4. SPLEEM reflectivity versus start voltage spectra. a) SPLEEM
reflectivity versus start voltage plots for 1 ML films of (P)-[7]H with
spin-down (solid yellow line) and spin-up (yellow diamonds) electron
polarizations and rac-[7]H with spin-down (solid red line) and spin-up
(red diamonds) electron polarizations. b) SPLEEM reflectivity versus start
voltage spectra for 2 ML films of (P)-[7]H with spin-down (solid green line)
and spin-up (green squares) electron polarizations and rac-[7]H with spin-
down (solid red line) and spin-up (red squares) electron polarizations. The
reflectivity in the mirror mode (I0, 100% reflection) is used for intensity
normalization. Notably, no difference is observed between datasets
obtained with opposite electron polarizations.
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of the film to that of the substrate. If one assumes spin-
independent inner potentials, then the two reflectivity contribu-
tions in thismodel do not imply any spin dependence. CISS effects
may still be expected to occur during transmission through the
chiral filmmaterial.[8] However, the only contribution that involves
transmission and that is observed in a SPLEEM image is the Bloch
wave that was reflected at the film/substrate interface. This contri-
bution propagates the film twice, before and after reflection at the
film/substrate interface. As upon reflection at the film/substrate
interface the momentum vector is reversed (k becomes –k), but
the spin is conserved (s remains s, –s remains –s), their relative
alignment is different upon the reflection. For the fixed molecular
chirality, such change in alignment would lead to the opposite sign
of the CISS effect.[8] Therefore, a possible CISS effect in electron
propagation in the chiral film would be canceled and therefore
unobservable in SPLEEM reflectivity measurements.

Differences in work function on magnetic surfaces have been
measured previously for chiral peptides by photoelectron emis-
sion with unpolarized light.[12] In such experiments, Φ is deter-
mined by the difference of the photon energy and the secondary
cutoff energy (Ekin¼ 0; EB¼max.)

Φ ¼ hv� Emax
B (3)

In case of a preferred spin orientation of transmitted electrons
induced by the helical sense of the chiral film (CISS effect), the
combination with the spin state of majority spin electrons of a
ferromagnetic substrate will cause a difference in the energy
barrier for transmission of oppositely polarized electrons.
Consequently, a difference in Φ is expected for opposite handed
films on a ferromagnetic substrate.[12] As LEEM experiments are
known to provide comparable work function values as those
obtained in photoemission experiments,[39] a difference in Φ
is expected for a single homochiral film on domains with oppo-
site out-of-plane magnetization. Despite the absence of CISS in
electron reflectivity experiments, there is a spin polarization at
the interface of the ferromagnet surface and the chiral molecule.
The surface potential (i.e., alignment of the vacuum level)
depends on the combination of out-of-plane magnetization direc-
tion and sense of helicity.[12]

To investigate the dependence of Φ on the magnetization
direction of a Ni substrate, a SPLEEM study of the (P)-[7]H/
Ni(100) interface was conducted. Molecules at the coverage equal
to 1ML were deposited onto a 12ML thick Ni film grown on a
Cu(100) substrate. At this molecular coverage, SPLEEM can still
resolve the orientation of Ni magnetic domains (up/down) at
US¼ 7.5 V (Figure 5a). Notably, the work function (more pre-
cisely, U0

S) map shown in Figure 5b is uniform, i.e., no evidence
of work function difference upon reversal of the magnetization
direction is seen. However, a noise of about �15meV (green to
red, i.e., 2.55–2.58 V) is observed and differences below 30meV
remain therefore unobservable. The magnitude of this noise is
probably due to roughness of the molecular layer, as [7]H on Ni
surfaces has low mobility and does not form well-ordered films.
In addition, the I–V curves in Figure 5c of the selected regions in
opposite magnetized Ni domains (black and blue rectangles in
Figure 5a) overlap on each other very well, demonstrating no
apparent work function difference above 30meV. The same

conclusion derives from the U0
S values obtained by the comple-

mentary error function fittings of I–V curves.

3. Conclusion

Exceeding the maximum coverage of [7]H molecules that can be
accommodated into a single layer on the Cu(100) surface, the sys-
tem undergoes at room temperature a critical transition toward
more double-layer nucleation and growth. Increased electron
reflectivity observed by SPLEEM in the first layer suggests a deple-
tion of molecules in the first layer near second-layer islands which
is confirmed by STM studies at cryogenic temperatures. Laterally
resolved work function maps show that double-layer islands
exhibit a 15� 5meV lower work function than the first layer.

Spin-dependent reflectivity spectra acquired from homochiral
films as well as from the racemic layers do not show any asym-
metries, neither in spin polarization nor between enantiomers.

Figure 5. SPLEEM analysis of 1 ML of (P)-7[H] on a Ni(100)/Cu(100) sub-
strate (12ML Ni). a) SPLEEM image of (P)-7[H/Ni(100)/Cu(100)
(US¼ 7.5 V). Dark domain represents magnetization out-of-plane (point-
ing up), while bright domain represents magnetization out-of-plane
(pointing down). Black and blue rectangles mark regions from which
the I–V spectra shown in (c) were measured. b) Pixel-by-pixel 2D map
of the work function of the area shown in (a). The black dashed line marks
the ferromagnetic domain boundary as observed in (a). c) Normalized
LEEM intensity versus start voltage acquired from regions marked by black
and blue boxes in (a). I0 is the reflectivity in the mirror mode (100% reflec-
tion) and is used for intensity normalization. The black squares and the
blue circles represent the normalized average intensity of about 4000 pix-
els2. Complementary error function fits used to measure work function
from the LEEM intensity drop-off are plotted as dashed black and blue
lines. The perfect overlap of these lines indicates identical values of the
work function independent of Ni magnetization direction.
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The absence of a CISS effect in our electron reflectivity measure-
ments does not preclude the possible existence of spin selective
transport in helicene films, as it can be attributed to cancellation
resulting from reversal of electron momentum-versus-spin align-
ment upon reflection at the chiral film/substrate interface.
Finally, no differences in work function above 30meV for homo-
chiral films of [7]H with respect to out-of-plane ferromagnetic
domains in a Ni(100) film are observed.

4. Experimental Section

Heptahelicene Enantioseparation: rac-[7]H was purchased from Chiracon
GmbH (Luckenwalde, Germany). Resolution of the (M)- and (P)-enantiomers
was performed using an Agilent 1260 Infinity II high-performance liquid
chromatography (HPLC) system using an UV detector at 254.4 nm under
semipreparative conditions. The best separation was achieved with a
semipreparative Chiralpak IG column (250� 10mm, 5 μm) and a 4:1 solvent
mixture of dichloromethane and hexane with a 2 mL min�1 flow rate.
Temperature was set and controlled at 25 �C, injection at 400 μL per
run. Under those conditions, well-separated fractions were obtained with
retention times of 15 and 19 min for each enantiomer affording, from
130mg of racemic material, 53 and 44 mg of the first and second eluted
enantiomers, respectively. The enantiomeric purity (>99.9%) of the iso-
lated fractions was verified using the following conditions, Chiralpak IG
(250� 4.6 mm 5 μm), 1 mL min�1, a 4:1 CH2Cl2:hexane (Figure S5,
Supporting Information).

The assignment of absolute handedness has been performed with
UV/vis circular dichroism in comparison with previously performed
experimental and modeled vibrational circular dichroism spectra.[43]

Substrate Preparation: The Cu(100) surfaces have been cleaned by repet-
itive Arþ-ion sputtering and annealing at 550 �C. In the first several
cycles of sputtering, small amount of oxygen was added for carbon
removal. The cleanliness of the substrate was confirmed by Auger spec-
troscopy. (M)-, (P)-, and rac-[7]H molecules were deposited on sub-
strates kept at room temperature from home-made effusion cells
held at 170 � C. The coverage was adjusted by evaporation times and
corroborated by LEEM, Auger spectroscopy or STM. For LEEM meas-
urements, deposition was performed directly in the SPLEEM chamber
and coverage was monitored in situ by LEEM intensity/reflectivity
changes. For the Ni(100)/Cu(100) sample preparation, Ni was depos-
ited from a home-made E-beam evaporator onto a clean Cu(100) sub-
strate. The 12 ML Ni coverage was determined by LEEM oscillations in
step density on the surface.[44]

SPLEEM: Measurements were performed at the National Center for
Electron Microscopy of the Lawrence Berkeley National Laboratory.
Cesiated GaAs cathode with the peak of energy distribution of emitted
electrons at around E0C ¼ 1.4 eV was used as an electron source.[45] All
samples were prepared under ultrahigh vacuum (UHV) conditions directly
in the SPLEEM chamber, with a base pressure lower than 1.0� 10�10

mbar. Samples were initially corrected for the tilt and electron beam
aligned for homogeneous irradiation over the complete field of view with
out-of-plane polarized electron spins.

STM Measurements: STM experiments were performed under ultrahigh
vacuum conditions (base pressure lower than 1.0� 10�10 mbar) in
constant-current mode with electrochemically etched tungsten tips and
the bias voltage applied to the sample using variable-temperature STM
(Omicron Nanotechnology GmbH) operated at 50 K. The samples were
prepared in situ in the same chamber.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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