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Chiral interfaces and substrates are of increasing importance in the field of enantioselective chemistry.
To fully understand the enantiospecific interactions between chiral adsorbate molecules and the chiral
substrate, it is vital that the chiral orientation of the substrate is known. In this Letter we demonstrate that
full-hemisphere angle-resolved photoemission permits straightforward identification of the orientation of
a chiral surface. The technique can be applied to any solid state system for which photoemission

measurements are possible.
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Any two objects which are nonsuperimposable mirror
images of one another are chiral; this property is widely
exhibited in nature, particularly in the biological realm.
Materials that exhibit a chiral or nonsymmetric surface
structure have the potential to play a significant role as
environments for enantioselective adsorption, permitting
for instance, heterogeneous catalysis of small enantiopure
molecules. Such materials include in situ grown Cu oxides
[1], surfaces templated with chiral molecules [2], and
certain high Miller index body- centered cubic (bcc) and
face- centered cubic (fcc) metal surfaces [3—5]. The latter
surfaces have seen increased attention due to their reactiv-
ity and ability to distinguish between two chiral enantiom-
ers [6]. In general, the surface of a fcc material will be
chiral provided that its Miller indices {hkl} satisfy the
constraints 4 # k # [ and hkl # 0. These surfaces contain
kink atoms that are formed by the intersection of {111},
{110} and {100}-oriented microfacets, with the rotational
order of the microfacets used as a basis for labelling of the
chiral orientation [7]. An example is shown in Fig. 1(a),
for the chiral surfaces Cu{421}® and Cu{421}S. Here, the
kink atom is viewed from above, and the microfacets
intersecting at the site are given an order of priority
{111} > {110} > {100} based on the atomic densities of
the planes. If this sequence runs clockwise or anticlock-
wise the surface is denoted “R” or ““S,” respectively.

A critical aspect of enantiospecific experiments is
knowledge of the chiral orientation of the surface.
Conventional (single energy) low energy electron diffrac-
tion (LEED) can be used to determine the orientation of
many of these surfaces; however, it is not possible for those
surfaces possessing an achiral unit cell (e.g., the fcc {421}
and fcc {531} systems) [3]. This can be overcome with a
more complex LEED-IV experiment; recent studies on
Cu{531} and Pt{531} implemented a detailed experimental
and theoretical LEED-IV analysis of the clean R and S
surfaces, yielding the absolute chiral orientation in both
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cases [8,9]; however, the analysis is quite involved. X-ray
diffraction (XRD) also permits identification of chiral ori-
entation; however, this is not a typical instrument available
inside modern ultra high vacuum (UHV) surface science
chambers, and is instead done ex situ[3]. For novel systems
that are prepared in situ in the UHV environment, the range
of options for determining the chiral orientation is limited.
Surface science techniques such as photoelectron spectros-
copy have so far proved invaluable in probing the interac-
tion of chiral molecules on surfaces [10,11], and thus it is
natural to ask whether photoemission itself can reveal the
absolute chirality of the surface. The photoelectron angular
emission distribution is intrinsically related to molecular
and crystalline symmetry; in principle, the complete full-
hemisphere (or “27) photoelectron emission from a
sample should yield details of the chiral orientation. Full-
hemisphere angle-resolved photoemission measurements
are usually applied in two distinct experimental tech-
niques: x-ray photoelectron diffraction (XPD) and Fermi
surface (FS) mapping [12-14]. In the context of chiral
systems only a few studies exist in which full-hemisphere
photoemission has been applied, using XPD to investigate
the local absorption geometry of chiral molecules onto
chiral or achiral substrates. For example, Greber et al
measured full-hemisphere XPD from R and S cysteine
adsorbed on Au(17 11 9), in which the chirality of the
substrate was already known [15]. Fasel et al investigated
the absorption of heptahelicene on Cu(111) and Cu(332),
utilizing XPD to characterize the geometrical orientation
of this chiral molecule on the achiral substrates [16]. In this
Letter we demonstrate that the absolute orientation of a
chiral single crystal surface can be determined using either
full-hemisphere core level XPD or valence band FS map-
ping. We show that in each case the emission distribution is
a straightforward reflection of the symmetry of the under-
lying lattice, leading to an unambiguous assignment of the
chiral orientation.
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FIG. 1 (color online). (a) Hard sphere models of the Cu{421}%
(left) and Cu{421}¥ (right) surfaces. The surface unit cell and
directions are indicated. The {111}, {100} and {110} microfacets
are shown (black, dark grey and light grey, respectively).
(b) Stereographic projection of the key low-index planes and
directions onto each surface portrayed in Fig. 1(a); the projection
of the (111), (100) and (110) planes are shown in black, dark
grey and light grey, respectively. Three nonequivalent
planes from the {111} family are shown as thin red [medium
gray] lines. (c) Experimental XPD data (left) (hv = 600 eV)
shown in stereographic projection. Features A to E are ascribed
to key forward focussing structures, and are described in the
Letter. The right-hand side overlays the stereographic projec-
tion of planes associated with the {421}* surface as shown in
Fig. 1(b).

The angle-resolved photoemission experiments were
performed on a prototypical chiral surface, Cu{421}, using
the toroidal angle-resolving electron spectrometer located
at beam line UES5S6/2-PGM1, BESSY [17]. The full-
hemisphere photoemission measurements were performed
by stepping the sample’s azimuthal angle and measuring
over all polar emission angles, resulting in a dense sam-
pling mesh (> 65k points) of emission directions from the
surface. The electron analyzer was adjusted in each case to
collect electrons from an energy window centered at the
relevant initial state. The XPD measurement was carried
out by measuring the Cu 3p3/, core level excited with a
photon energy of Av = 600 eV, while the FS data were
obtained at ~v = 200 eV using electrons excited from the
Fermi energy.

We begin by discussing the results of the XPD experi-
ment. The left-hand side of Fig. 1(c) shows the experimen-
tal results, plotted as an intensity modulation function
using a smooth polar-angle dependant background as
described by Fasel er al [16]. The data is plotted as a
stereographic projection, with the center of the plot corre-
sponding to normal emission, and the edges to grazing
emission, from the surface. The plot shows strong intensity
variations in the azimuthal and polar emission angles. For
example, three distinct bands of intensity traverse the data
(lines A, B and C). At the three points at which these bands
cross, a clear enhancement in intensity is observed (points
D, E, and F), forming the vertices of a downward-pointing
triangle. The origin of these features in XPD is well under-
stood for systems studied with photoelectron energies
greater than 500 eV [18-21]. The differential elastic scat-
tering cross section for the photoelectrons is dominated in
this instance by the forward-scattering component, result-
ing in a “forward focussing effect” in which the photo-
emission intensity is enhanced along low-index planes and
directions of high atomic density. The intensity distribution
shown in Fig. 1(c) obtained at hr = 600 eV can essen-
tially be interpreted as the projection of the bulk geometry
of the underlying copper lattice onto the surface. To under-
stand which key crystal directions contribute to the data,
we consider the stereographic projection of low-index
planes and directions for the ideal Cu{421}’
Cu{421}® surfaces. The use of stereographic projections
in describing the symmetry and orientation of chiral sur-
faces from fcc and bcc lattices is well known, and has
recently been reviewed by Jenkins and Pratt [22], Hard
sphere models of both surfaces are shown in Fig. 1(a). The
stereographic projection of the (111), (100), and (110)
planes (black, dark grey, and light grey, respectively)
onto each surface are shown in Fig. 1(b), as well as the
projection of three planes from the {111} family: (111),
(111), and (11 1). The intersection of neighboring pairs of
planes from this latter set correspond to low-index direc-
tions from the {110} family; these are indicated as black
circles. The data clearly shows structure related to these
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features, but importantly a closer inspection and compari-
son with the calculated projections for each surface re-
veals that the relative orientation of features in the data is
only compatible with those for the R surface. Features A,
B, and C agree exactly with the {I111}-type plane projec-
tions (red [medium gray] lines), and D, E, and F repre-
sent the strong forward focussing along the {110}-oriented
atomic chains. It is impossible to rotate the data (a
symmetry preserving operation) such that points D, E,
and F form an upward pointing triangle, with features A,
B, and C oriented in the correct way, in order to match the
geometrical projection for the S surface. The exact agree-
ment with the R surface is highlighted on the right side of
Fig. 1(c), where the calculated projections are overlaid
onto the data. The results suggest that since high energy
full-hemisphere XPD directly yields a bulk projection of
real-space structure through the crystal surface, the ex-
tension of the method to determine the orientation of
more complex chiral structures such as in situ grown
layers is straightforward. One only requires a model of
the ideal real-space geometry for the pair of opposing
chiral surfaces, which can be directly compared with
the experiment; it would be applicable, for example, to
chiral facets of quartz, which can be grown in UHV on
suitable substrates as bulklike thin film layers [23-25].
Comparison of the XPD data with a series of stereo-
graphic projections of the known bulk lattice would lead
to the identification of the orientation of the film.

The complementary results and calculations for the FS
experiment are shown in Fig. 2. The absorption of photons
at the Fermi level results in energy and wave-vector (k)
conserving transitions to unfilled final states above the
vacuum level [26]. The component of photoelectron
wave vector parallel to the crystal surface is conserved
upon emission into the vacuum, and the symmetry of the
external wave-vector distribution will equal the symmetry
of the underlying lattice with respect to the surface. This is
expected to hold true even for these chiral surfaces, which
are known to exhibit surface roughening and faceting
[27-29]. Figure 2(a) shows the experimental FS data taken
at hv = 200 eV, in which the full-hemisphere wave-vector
distribution has been resolved into orthogonal components
in the surface plane. Intense and sharp contours correspond
to direct transitions from the copper FS, with the origin of
these features being well understood [30-32]. Two salient
features are highlighted for discussion. Feature 1 repre-
sents the sampling of the final state across four FS bodies,
resolving the well-known FS ““dogsbone” for copper [33].
Feature 2, a flowerlike contour with a circular structure at
the center, corresponds to the final-state cutting across the
FS “neck” along a {111} direction. A comparison of the
data can be made with a simple approximation of direct
transitions from the FS, the so-called free electron final
state (FEFS), which is a valid model at the photon energy
used here [26]. The results of a FEFS calculation for the S

(a) FS Experiment (hv=200eV)

(b) FEFS calculations
Cu{421)

Cu{421)

FIG. 2 (color online). (a) Full-hemisphere FS data taken on
Cu{421} (hv =200 eV); k. and &l , represent the surface-
resolved components of the vacuum wave vector. Features 1 and
2 represent key structures that are discussed accordingly in the
Letter. (b) Free electron final-state (FEFS) calculation of the full-
hemisphere emission from the FS for the Cu{421}* and Cu{421}%
surfaces (hv = 200 eV, Inner Potential = 12 eV). The k”)C and
Kl y surface directions are indicated for each calculation.

and R surfaces is shown in Fig. 2(b); the calculation also
incorporates k-space broadening due to the small inelastic
mean free path of the electrons [34]. The FEFS approxi-
mation has been applied to a density functional theory
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(DFT) band structure calculation for copper. Within the
calculations for both surfaces, one can identify spectral
structures closely resembling features 1 and 2. Clearly,
there exists discrepancy in the intensity between the ex-
perimental and calculated data; however, the FEFS is a
simple model of the photoemission process, and does not
contain photoemission matrix elements. However, any in-
tensity disagreements are of minor importance as it is the
symmetry and position of the direct transition features that
will reveal the chiral orientation. In a similar manner to the
XPD analysis, comparison of the calculations with the data
reveals that the relative orientation of features 1 and 2 as
calculated for the S surface do not match those measured in
the experiment. On the other hand, the data is in excellent
agreement with the calculation from the R surface, and the
chirality is unambiguously determined. Full-hemisphere
emission distributions from the valence band can also be
calculated with the use of photoemission codes [13].
Hence, for applications involving novel chiral substrates
of unknown orientation, calculations can be compared
against a full-hemisphere valence band measurement in
order to deduce the chiral orientation, in a manner similar
to that described for the XPD analysis.

In conclusion, we have demonstrated that the absolute
orientation of a chiral Cu{421} single crystal surface can
be determined in a straightforward manner using full-
hemisphere angle-resolved photoemission. From the
XPD collected at relatively high electron energies, the
orientation of the chiral substrate is revealed via careful
comparison of the data with the stereographic projection of
the real-space lattices of the two possible chiral structures.
As an alternative technique, full-hemisphere FS mapping is
able to reveal the orientation by a direct comparison of the
data with a model of photoemission from the FS, applied to
an appropriate electronic structure calculation. The appli-
cation of these methods to elucidate the chiral orientation
of more complex and novel chiral systems, especially those
grown in situ in a vacuum environment is straightforward,
provided the system is amenable to photoemission.
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