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Abstract: The adsorption of purely organic chiral molecules on ferromagnetic Co thin films is studied under
ultra high vacuum conditions by means of synchrotron radiation-based electron spectroscopies, namely X-ray
absorption and ultraviolet photoemission. X-ray absorption reveals that enantiomers with opposite handedness
(R,R)– and (S,S)– of two different molecules adsorb with different strength on the Co surfaces and their valence
band photoemission spectra also display distinctive features. In view of the recent reports describing the chiral-
induced spin selectivity (CISS) effect these results lead us to consider the possibility that some enantiosensitiv-
ity may appear when bonding chiral molecules to a substrate with an initial asymmetry in the population of the
different spin orientations.
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solid magnetic surface to chiral molecules
adsorbed onto it, as ameans to obtain enan-
tioselectivity. Considerable evidence exists
nowadays demonstrating the spin filtering
effect of chiral molecules. Large asym-
metries have been observed in the scatter-
ing of spin-polarized electron beams from
films of purely organic chiral molecules.[7]
Furthermore, unpolarized electrons have
been found to become strongly spin-polar-
ized upon crossing chiral DNA layers,[8]
and later work by the authors has also
shown that similar effects can be observed
in electrons transmitted through thin lay-
ers of non-helical chiral molecules.[9]
Spin-selective electron transmission has
been detected between metallic substrates
and adsorbed chiral molecules,[10–12] and
spin-polarized electrons can also influence
the kinetics of certain chemical reactions
inducing the appearance of enantiomeric
excess.[13]

2. Experimental

Two different types of chiral molecules
were employed for the experiments report-
ed here, each one with its corresponding
enantiomers. 1,2-Diphenyl-1,2-ethanediol
(DPED) possesses two chiral centers lo-
cated at the two carbon atoms of the eth-
ane chain. Its two enantiomers, (R,R)- and
(S,S)-DPED are shown in Fig. 1. This
molecule binds readily to Co through
its –OH groups but physisorbs weakly
on Cu. (1,2)-Diphenylethylenediamine
(DPEDA), on the other hand, has a very
similar atomic configuration as can be
seen in Fig. 1, but the hydroxyl groups are
substituted by amines (–NH

2
) which form

strong bonds with Cu at room temperature.
Both compounds were purchased from
Sigma-Aldrich and used without further
purification; the purity degrees quoted by
the supplier are 99% for DPED and 98%
for DPEDA.

The experiments were carried out in all
cases under ultra high vacuum (UHV) con-
ditions. The Cu(100) single-crystal was
cleaned by means of cycles of Ar+ bom-
bardment (~2 µA/cm2) and thermal anneal-
ing at 900 K. The surface crystallinity and
cleanliness was checked by means of low-
energy electron diffraction (LEED) and
spectroscopy measurements: either X-ray
absorption (XAS) at the carbon K-edge or
Auger electron spectroscopy (AES). Co
was sublimated from a high-purity rod
(99.995%) heated by electron bombard-
ment (1 keV, 18 W). The chiral organic
molecules were evaporated from Knudsen
cells equipped with glass crucibles heated
by direct current. All depositions were car-
ried out in situwith the sample at room tem-
perature. DPED has a melting temperature
of ~421 K, but due to its low vapor pres-
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that was a post-doctoral researcher at the
University of Wisconsin-Madison (USA).
His background is on surface physics and
low-dimensional magnetism, and his cur-
rent interests focus on magnetic nanostruc-
tures and molecular magnetism for spin-
tronics applications.

1. Introduction

Chiral molecules appear in two differ-
ent forms called enantiomers or stereo-
isomers that are mirror images of each
other. In principle, their physico-chemical
properties are expected to be practically
identical. Nevertheless, all living organ-
isms known to date use only one of the two
chiral forms: left-handed (l) amino acids
and right-handed (d) sugars.[1] The use of
the opposite enantiomers for bio-medical
applications can entail high risks, and for
this reason the pharmaceutical industry
faces a big challenge to develop methods
that allow only the desired stereo-isomer to
be obtained. Most chemical synthesis pro-
cedures yield both enantiomers with equal
probabilities (a racemic mixture). Their
separation and purification is a difficult
and costly process called chiral resolution.
Devising methods that allow for quick and
efficient recognition of the different helici-
ties of individual molecules and provide an
easy way to separate them is therefore of
great interest for industrial applications.

An attractive approach might be to
develop media displaying enantioselec-
tive adsorption characteristics, and for this
purpose we turn tomagnetic materials. The
relationship between molecular chirality
and magnetism has been a matter of debate
ever since Pasteur discovered the existence
of chiral molecules in the XIX century.
Nowadays it appears clearly established
that chiral asymmetries in physico-chem-
ical processes can only appear when they
take place in a true chiral environment.[2]
Magnetic fields can be used to establish
chirality under specific conditions: for in-
stance, magneto-chiral dichroism,[3] that
is, the different absorption of light by a sys-
tem of chiral molecules depending on the
alignment of the light beam with respect
to an applied magnetic field,[4] has been
shown to induce asymmetry in a chemical
reaction.[5] It must be kept in mind that a
static magnetic field is not enough to create
chirality; however, a spin-polarized elec-
tron in motion has true chirality according
to Barron’s criterion because space inver-
sion creates a distinguishable enantiomer
whereas time inversion does not.[6]

The basic idea underlying this research,
thus, is to explore the possible effects that
could appear associated to the transfer of
the spin-polarized electrons provided by a
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els decreases accordingly as a result of the
attenuation caused by the molecular over-
layer.With increased exposure the sticking
coefficient (slope of the C 1s curve) gradu-
ally decreases until a saturation coverage
is reached: no further molecules are con-
densed unless the substrate temperature
(295 K in these experiments) is lowered.

Fig. 2b shows the result of a fit to the
attenuation curve of the Co signal with a
model based on the scattering probability
of the photoemitted electrons. An electron
mean free path of 11.15 Å was used for
this calculation as derived from studies
carried out on alkanethiol layers adsorbed
on Au surfaces.[19] This fit yields a satura-
tion thickness of about 5 Å, which is con-
sistent with a molecular bilayer. From this
analysis we conclude that our DPED films
adsorbed on Co after a prolonged exposure

experimental system consists of an upper
preparation chamber where all the deposi-
tions were performed and a lower cham-
ber where the XAS measurements took
place. The samples were magnetized after
deposition by applying current pulses to
a set of rotatable coils that provide fields
up to 600 G. Photoemission experiments
have been carried out at the home labora-
tory in Madrid and also at synchrotron fa-
cilities: the I3 beamline of MAX-lab and
CASSIOPEE of Soleil (France). In these
two latter cases the spin-resolved photo-
emission stations were used, although for
the results discussed in this paper only
the integrated photoemitted intensities are
considered. In the experiments carried out
at the synchrotron UV light was used in a
linear vertical polarization state. The pho-
toemission spectra were collected under
normal emission geometry in all cases. In
order to minimize radiation damage to the
molecular layers the irradiated area of the
sample was periodically changed during
the measurements.

3. Results and Discussion

3.1 XPS Calibration of DPED Film
Thickness on Co/Cu(100)

The adsorption of DPED on Co/
Cu(100) has been investigated by means of
X-ray photoemission spectroscopy (XPS).
The deposited thickness has been charac-
terized by measuring the evolution of the
integrated intensity of the C 1s peak as a
function of exposure. The data correspond-
ing to (R,R)-DPED are presented in Fig.
2a; the (S,S)-DPED enantiomer shows a
similar behavior. It can be seen how the ad-
sorption proceeds rapidly at the beginning,
as the first DPED molecules arrive at the
clean Co surface, while at the same time
the signal corresponding to the Co 2p lev-

sure it was found that heating the crucible to
300 K was enough to produce a partial
pressure in the 10–8 mbar range in the UHV
chamber. The melting point of DPEDA is
even lower (~353 K), and it was not nec-
essary to heat the crucible containing the
molecules; opening the valve separating the
evaporator from the vacuum chamber was
enough to obtain the desired exposure.

Co grows layer-by-layer on Cu(100)
adopting initially the fcc structure and
forming films with high structural qual-
ity and low roughness.[14] The magnetic
properties of fcc Co films on Cu(100) are
well known;[15] they have in-plane mag-
netization with large domains and high
remanence. The deposited thicknesses are
determined by means of XAS or AES, de-
pending on the experimental system being
used; films of at least 2 molecular layers
(ML) have been used for these experiments
to ensure that their Curie temperature
would be above 300 K, so that the films
remain magnetized during the measure-
ments.[16]

The calibration of the adsorbed molec-
ular film thicknesses presented in Section
3.1 was carried out at the home labora-
tory in Madrid using X-ray photoemission
spectroscopy (XPS). The experimental
system is equipped with a monochromatic
aluminum anode producing photons of
1486.7 eV (Al Kα line) and a hemispheri-
cal energy analyzer (SPHERA-U7) with its
pass energy set to 20 eV to have a resolu-
tion of 0.6 eV. The core levels energies are
calibrated with respect to the Fermi edge
and the Cu 2p

3/2
peak of the clean Cu(100)

substrate (binding energy of 932.3 eV).[17]
XAS experiments were conducted

in total electron yield (TEY) mode and
normal X-ray incidence with linearly po-
larized light at the surface science UHV
station of beamline I1011 of the MAX-
lab synchrotron in Lund, Sweden.[18] This

Fig. 1. Atomic configurations of the enantiomers of DPED and DPEDA. For DPED the red spheres
represent the O atoms. For DPEDA, the large blue spheres correspond to the N atoms.
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Fig. 2. XPS calibration of the thickness of
(R,R)-DPED films adsorbed on Co/Cu(100).
(a) Evolution of the C 1s and Co 2p photo-
emitted intensities as a function of exposure.
(b) Thickness (in Ångström) of the DPED layer
as derived from the fit to the attenuation of the
Co 2p signal presented in (a). (c) Comparison
of N 1s spectra for (R,R)- and (S,S)-DPEDA
adsorbed on Co/Cu(100). Both spectra show
a similar splitting with two components sepa-
rated by ~2 eV, but the ratio of their intensities
is inverted for one enantiomer with respect to
the other.
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It should be mentioned that the spec-
tra presented here are the result of the ac-
cumulation of many iterations in order to
improve the signal-to-noise ratio. Some ef-
fects of beam damage were observed after
prolonged exposure of the molecular films
to the X-rays; for this reason, the irradiated
spot on the sample was changed periodi-
cally to minimize those alterations. In any
case the damage observed resulted in mod-
erate changes in the height of some of the
peaks used in the fit (the ones represented
with the Voigt functions and depicted with
brown solid lines in Fig. 3b) but did not
provoke significant changes in the height
of the steps discussed here.

(S,S)-DPED molecules were evapo-
rated onto 2.0 ML Co/Cu(001). The cor-
responding NEXAFS spectrum is de-
picted in Fig. 4, also in comparison with
a measurement on a physisorbed film of
the same enantiomer on Cu(100) at 150 K.
In this case the steps are quite different
depending on the substrate: the system
adsorbed on Co presents a larger Fermi
level step at 283.8 eV, implying that (S,S)-
DPED chemisorbs on Co with a stronger
hybridization than (R,R)-DPED.[21,23] A

continuum, and often labelled the ‘Vacuum
Level’ (VL) step.[21] The occurrence of the
VL step is well known in the gas phase
spectra as it corresponds to the C 1s state
binding energy which can be measured by
a photoemission experiment. The situation
is more complex in the case of physisorbed
or chemisorbed molecules. Due to the hy-
bridization between the substrate and the
molecular levels, an extra channel is avail-
able after photon excitation to the photo-
excited C 1s electron to reach a continuum
of final states, consisting of the density of
empty final states due to the existence of
the metallic substrate. Therefore, a second
step may appear in the NEXAFS spectra
directly linkedwith the hybridization of the
metal with the molecule and the transition
of the core electrons of the metal above the
Fermi level. This is usually referred to as
the ‘Fermi Level’ (FL) step.[21,22] The oc-
currence of this second step is well defined
energetically. The FL step is observed at
a lower energy versus the VL step, with
an energy difference versus the VL step
corresponding to the work function of the
substrate. For weakly adsorbed molecules,
a FL step with only a weak intensity is ob-
served. As the FL step intensity is reflect-
ing the hybridization strength between the
molecular levels with the substrate ones,
one expects to observe an increase in the
intensity of the FL step versus theVL step,
as the strength of the molecular binding
to the substrate increases. Ultimately, for
strong chemisorption only the FL level is
observed, as in such a case the two sys-
tems, the substrate and the adsorbed mol-
ecule, are forming a single entity in terms
of electronic structure. Several cases con-
sistent with this picture of hybridization
strength and the observation of a VL and
FL steps are known in the literature.[21,23]
Here we can use the previous observations
in NEXAFS spectra to obtain an idea of the
strength of the hybridization taking place
between the orbitals of the DPED mol-
ecules and the Cu(100) and Co/Cu(100)
surfaces, given the observation of aVL and
a FL step in the DPED NEXAFS spectra.

The corrected carbon K-edge spectrum
of the 2 ML thick (R,R)-DPED layer ad-
sorbed on 3.4 ML Co/Cu(100) is shown in
Fig. 3, where it is also compared with a
film of the same enantiomer physisorbed
on Cu; this latter experiment was carried
out at 150 K since DPED does not lead
to a stable adsorption state on Cu at room
temperature. The red line superimposed to
the data represents the fit to the experimen-
tal spectrum; it is obtained after adding up
the different components also indicated in
the graph. (R,R)-DPED is weakly chemi-
sorbed on Co/Cu(001) since its Fermi level
step at 283.8 eV is much lower than theVL
step at 288.5 eV. In fact, its height is quite
similar in both spectra.

consist of two monolayers of molecules:
the first one, which is in direct contact with
the metallic substrate and hence forms a
stronger bond, and a second layer of mole-
cules sitting on top of the former and more
loosely bound to them. In order to obtain
thicker films it was necessary to cool the
sample below room temperature. A similar
behavior has been found for DPEDA, also
resulting in a saturation coverage of 2 ML
at room temperature. A detailed account
of the coverage calibration and a full STM
study of the different ordered structures
formed by DPEDA on Cu(100) is currently
in preparation.[20]

It is interesting to note that some en-
antiosensitive effects are already observed
in the XPS measurements. As perhaps the
most striking example, Fig. 2c presents
spectra acquired at the N 1s core level after
the adsorption of (R,R)- and (S,S)-DPEDA
on similar Co films grown on Cu(100). A
clear splitting of nearly 2 eV is found in
both cases, but the relative height of the
two components is inverted when switch-
ing from one enantiomer to the other.
Further work is currently underway to try
to understand these observations.

3.2 NEXAFS Measurements on
DPED/Co/Cu(100)

Near edge X-ray absorption fine struc-
ture (NEXAFS) spectra were measured at
the C K-edge in TEY mode at beamline
I1011 of MAX-lab. Besides the usual nor-
malization of the measured intensities with
respect to the beam current I

0
, the raw spec-

tra were also divided by the signal acquired
from the clean Cu(100) surface in order to
remove the spurious features caused by the
X-ray absorption on the carbon deposits
existing on the beamline mirrors. The Co
film was magnetized in plane after absorb-
ing the molecules and before starting the
measurements. It was checked in situ by
Co L-edge dichroic measurements that the
Co filmwas in the ferromagnetic state after
absorbing the molecules.

The spectra obtained after this double
normalization process have been fitted us-
ing combinations of step and Voigt func-
tions. These latter represent transitions
bringing the C 1s electron from its initial
state into different unoccupied orbitals.
However, for the purpose of this paper
we shall focus only on the analysis of
the steps. These latter are observed in the
NEXAFS spectra due to the photon excita-
tion of the core electron to a continuum of
final states. For a gas-phase molecule the
occurrence of a continuum of final states
in the NEXAFS spectra is expected once
the X-rays have just sufficient energy to
ionize the molecule. For solids and gas
phase molecules only one step should be
found at the ionization energy, represent-
ing transitions of the core electrons into the
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Fig. 3. Carbon K-edge NEXAFS spectra at nor-
mal incidence for (R,R)-DPED (a) physisorbed
on Cu(100) at 150 K and (b) chemisorbed on
3.4 ML Co/Cu(100) at room temperature. In
this latter spectrum the red solid line repre-
sents the fit achieved by combining the differ-
ent contributions also shown in the plot. The
individual peaks depicted with brown lines
represent transitions of the core electron into
empty molecular orbitals. The two steps (Fermi
Level and Vacuum Level), in turn, correspond
to transitions into the continuum as discussed
in the text. The low intensity of the FL step for
(R,R)-DPED on both Cu(100) and Co/Cu(100) is
indicative of a weak adsorption.
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quantitative estimate of the associated
bonding energies will require a detailed
theoretical analysis of the data. It is also
remarkable that the relative height of the
π* resonance at 283.8 eV with respect
to the high-energy part of the spectrum
is considerably reduced for (S,S)-DPED/
Co in comparison with all the other cases.
Such an effect could be due to a different
orientation of the adsorbedmolecules with
respect to the incoming X-ray beam, but
that would also imply some differences in
the bonding of the two enantiomers with
the substrate. Further theoretical and ex-
perimental work is needed to fully clarify
these points.

3.3 Valence Band Photoemission
in DPEDA Films Adsorbed on Co/
Cu(100)

Ultraviolet photoemission spectrosco-
py (UPS) has been used to investigate the
valence band region for DPEDA films de-
posited also on epitaxial Co layers grown
on Cu(100). The UPS spectra presented in
the following have been fitted with a model
in which the background due to the sec-
ondary electrons is represented by a step

function. This background can be approxi-
mated by a constant due to the large pho-
ton energy employed in these experiments
(40 eV). Besides that, a set of Gaussians
represent occupied states below E

F
from

which electrons are photoemitted. They
are labelled with letters ‘A’ through ‘F’ for
clarity.

Fig. 5 shows the UPS spectrum mea-
sured on a 6 ML-thick Co film epitaxi-
ally grown on Cu(100), with no molecules
adsorbed on it. The film was magnetized
in-plane after adsorbing the molecules and
before starting the measurements. Since
the purpose of this paper is to highlight
the differences in the spectra that can be
associated to the different chirality of the
enantiomers while trying to eliminate
other possible influences, we only report
here data obtained for one orientation of
the Co magnetization vector, which will be
denoted as positive. We have also carried
out the corresponding measurements for
the negative magnetization, which show
similar differences between the two enan-
tiomers. These spectra are not presented
here for the sake of brevity.As for the study
of the influence of the sample magnetiza-

tion (positive versus negative), it will be
the subject of a future publication.

The relatively high background of sec-
ondaries is justified by the high density of
states near the Fermi level, characteristic of
a magnetic metal like Co. Three relatively
narrow peaks A, B and C can be identified
below E

F
, at binding energies of 0.32, 0.71

and 1.24 eV respectively. The component
closest to the Fermi level corresponds to
the minority sub-band.[24] At higher bind-
ing energies other broader peaks can be
observed at –2.7 (D), –5.1 (E) and –7.0 eV
(F). The small feature at –2.8 eV indicated
by means of an arrow corresponds to elec-
trons emitted from the d-band of the Cu
substrate, which can cross the Co layer due
to its small thickness.

Fig. 6 presents an analogous UPS
spectrum measured in the same energy
range, after covering the Co film with a
saturated (i.e. 2 ML thick) layer of (R,R)-
DPEDA. Several significant changes can
be observed with respect to the measure-
ment on the clean Co surface. In the first
place, the peak in the integrated intensity
right below E

F
has become sharper; the fit

to the spectrum reveals that component A,
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Fig. 4. Carbon K-edge NEXAFS spectra at
normal incidence for (S,S)-DPED (a) physi-
sorbed on Cu(100) at 150 K and (b) chemi-
sorbed on 2 ML Co/Cu(100) at room tempera-
ture. As in Fig. 3, the red solid line represents
the fit to the spectrum measured on Co/
Cu(100) with the components also shown in
the graph. In this case the FL step shows a
substantially higher intensity for (S,S)-DPED
adsorbed on Co/Cu(100), indicating that the
hybridization between the surface and the
molecular orbitals is stronger on Co than on
Cu, and also than for (R,R)-DPED on a similar
Co/Cu(100) substrate.
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spectrum of Fig. 5 and only some differ-
ences in their relative intensities can be
remarked.

Although these results are still prelimi-
nary, they unequivocally suggest that the
bonding of the DPEDA molecules on the
spin-polarized Co substrate shows signifi-
cant enantiosensitive differences that could
be exploited for instance for spintronic
applications or for chiral resolution of ra-
cemic compounds.[25] Further work is in
progress to try to identify the link between
the chiral symmetry of the molecules and
their bonding with spin-polarized sub-
strates.

4. Conclusions

The adsorption of chiral organic mol-
ecules on a ferromagnetic substrate has
been investigated by surface science tech-
niques carried out under ultra high vacu-
um. Synchrotron-radiation-based electron
spectroscopies allow us to characterize
both the substrate’s and molecular elec-
tronic states and to detect possible changes
provoked by the molecule–surface bond-
ing. In this way, significant differences
associated to the molecule’s helicity have
been detected. With the two chiral mol-
ecules employed in these studies, DPED
and DPEDA, a stronger interaction is ob-
served between the (S,S) enantiomer and
the spin-polarized Co substrate than for its
(R,R) counterpart. This behavior might be
related to the recently reported CISS (chi-
rality induced spin selectivity) effect, and
it can have long-ranging implications for
applications such as molecular spintronics
or chiral resolution of racemic compounds.
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which lies closest to the Fermi energy, has
now a higher intensity with respect to the
other two, B and C. This would imply that
either there has been a transfer of charge
from the adsorbed molecules into that mi-
nority band of Co (which had more empty
states before the adsorption) or, more like-
ly given the characteristics of the Co-N
bonds, some charge has been transferred
toward the molecules, preferentially from
the other states lying below in energy, par-
tially emptying them. Besides, all three
components are slightly shifted upwards
in energy, the largest shift being +0.15 eV
for peak C. The rest of the spectrum also
shows substantial differences in compari-
son to that of clean Co. The broad peaks
are shifted to higher binding energies (to
–3.0 and –6.0 eV for D and E) and their rel-
ative intensities also change: the first one
increases substantially while the second
one decreases and the third one (F) practi-
cally disappears. Finally, the traces of Cu d
electrons are no longer visible after coating
the Co film with the molecular layer.

Next we focus on the analysis of the
UPS spectrummeasured on a film of (S,S)-
DPEDA adsorbed on an analogous film of
Co, which is presented in Fig. 7. The dif-
ference with the one obtained for the (R,R)
enantiomer is striking. In the first place,
the relative intensity of the secondaries is
much higher with respect to the peaks. This
observation can be a hint of an enhanced
probability of scattering of the photoelec-
trons upon crossing the molecular layer,
supporting recent claims that this type of
chiral molecular films can act as spin fil-
ters.[8,9] Besides, the energy shifts of the
different components are very different: in
particular, peak B moves upwards by 0.16
eV and component C by as much as 0.46
eV, suggesting that these electronic states
are strongly modified by the bonding with
the molecular orbitals. The lower lying
states D, E and F, on the other hand, are
much less perturbed: they appear at practi-
cally the same energies as in the clean Co
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Fig. 7. Fit (red line)
to the UPS spec-
trum measured at
normal emission on
2 ML (S,S)-DPEDA
adsorbed on 6 ML
Co/Cu(100). The ex-
perimental data are
depicted with black
dots. The different
components used in
the fit are also depict-
ed with blue lines and
labelled as described
in the text.


