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We present a combined quantitative low-energy electron diffraction �LEED� and density-functional theory
�DFT� study of the chiral Cu�531� surface. The surface shows large inward relaxations with respect to the bulk
interlayer distance of the first two layers and a large expansion of the distance between the fourth and fifth
layers. �The latter is the first layer having the same coordination as the Cu atoms in the bulk.� Additional
calculations have been performed to study the likelihood of faceting by comparing surface energies of possible
facet terminations. No overall significant reduction in energy with respect to planar �531� could be found for
any of the tested combinations of facets, which is in agreement with the experimental findings.
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I. INTRODUCTION

Chiral metal and mineral surfaces show enantioselective
behavior with regard to the adsorption and reactions of or-
ganic molecules;1–6 however the mechanisms responsible for
this behavior are not very well understood on the molecular
scale. The main emphasis in recent studies of intrinsically
chiral substrates has been on high-Miller-index kinked sur-
faces of metal single crystals with cubic bulk lattice symme-
try, such as Pt or Cu. If the three Miller indices h , k , l are
different from each other and from zero, these surfaces have
no mirror symmetry and therefore cannot be superimposed
onto their mirror images, which makes them chiral sub-
strates. It has been found that such surfaces show enantiose-
lectivity with respect to the adsorption and reactions of chiral
molecules.7–9 In principle, the specific Miller indices �hkl�
unambiguously define the chirality of a surface. For crystals
with cubic symmetry it is easy to verify that a change in sign

of one index, �hkl�→ �h̄kl�, or a permutation of two indices,
�hkl�→ �khl�, leads to the opposite chirality. Since there are
only two enantiomorphs within each family of �hkl�
surfaces,10 McFadden et al.2 have introduced the notation
�hkl�R/S in order to distinguish between them in analogy to
chiral molecules, which was later generalized by Attard.7 The
latter notation is based on the existence of kink atoms, which
are surrounded by microfacets of different atomic densities
�e.g., �111�, �100�, and �110� for surfaces of face-centered-
cubic �fcc� crystals�. Following these facets in order of de-
creasing density describes either a clockwise or anticlock-
wise rotation, which defines the surface chirality as “R” or
“S,” respectively. More recently Jenkins and Pratt suggested
an alternative approach, which is based on the rotation of
high-symmetry crystallographic directions around the sur-
face normal.11,12 This notation, using “D” and “L” instead of
R and S, is also applicable to crystal structures �such as bcc�
where the chiral surfaces do not have kink atoms. For fcc
crystals the R surface always corresponds to the D surface
and S to L; such a statement of equivalence does not hold
generally for other crystal structures, where the D /L notation
is preferred.

Intrinsically chiral surfaces and adsorption thereon have
been studied with surface science methods in some detail

mainly by scanning tunneling microscopy, photoemission
spectroscopies �x-ray photoelectron spectroscopy �XPS�,
near-edge x-ray-absorption fine structure�, IR spectroscopy,
and density-functional theory �DFT� �see Refs. 5 and 13–15,
and references therein�. Due to the choice of experimental
methods, very little is known to date about the exact geom-
etries of chiral adsorption complexes on such surfaces al-
though this information is crucial for the understanding of
stereoselectivity in any system. For fcc transition metals,
such as Cu or Pt, �531� surfaces have the smallest unit cell of
all possible chiral surfaces and are therefore well suited for
ab initio modeling and quantitative low-energy electron-
diffraction intensity vs voltage �LEED-IV� structure analysis.
The surface unit cell also has the right proportions to accom-
modate small amino acids such as alanine or glycine.6,9 Our
recent combined quantitative LEED-IV and DFT studies of
Pt�531� �Refs. 16 and 17� showed that this surface does not
reconstruct and has an arrangement of atoms very similar to
bulk termination except for very strong inward relaxation of
the kink atoms in the topmost layer. On the other hand, the-
oretical and experimental studies also showed that Pt�531� is
thermally relatively unstable16,18 and tends to roughen. This
instability is due to the low �sixfold� coordination of the kink
atoms in the topmost surface layer and the short-range bond-
ing between Pt atoms. Cu�531� can be expected to be less
affected by roughening because the long-range interaction
between substrate atoms beyond the nearest neighbors is
more important for Cu than for Pt atoms.

A number of studies report that medium-size chiral mol-
ecules show enantioselective behavior on chiral Cu surf-
aces.6,8,9,19–25 In addition, Zhao and co-workers26–29 showed
that the adsorption of amino acids can modify the surface
morphology of achiral stepped or close-packed Cu surfaces
such that they expose chiral facets. The structures of several
clean open Cu surfaces have been studied by LEED-IV and
DFT, including �211�,30 �210�,31,32 �311�,33 �320�,34 and
�532�.35 These studies report no indications of large-scale
reconstructions; however large relaxations of the under-
coordinated atoms are observed in all these surfaces. STM
studies of the clean chiral Cu�643� and Cu�5 8 90� surf-
aces29,36 show high mobility of the Cu surface atoms but, on
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average, a regular arrangement of kinks and steps is shown
for �643�.

In this paper we present a quantitative LEED-IV analysis
of the clean Cu�531� surface and compare the results with
those of first-principles DFT calculations. Additional calcu-
lations have been performed for more close-packed surfaces
that would be exposed if the �531� surface undergoes a “me-
sofaceted” reconstruction.12 None of the likely combinations
for faceting has been found significantly more stable than
�531�.

II. EXPERIMENTAL AND THEORETICAL PROCEDURES

A. Experiment

The LEED experiments were performed in an UHV sys-
tem, described elsewhere,37 which routinely reached a base
pressure in the 10−11 mbar range. Two Cu single crystals
�from MaTecK� were used in the experiments, terminated by
�531�R and �531�S surfaces2,7 �equivalent to �531�D and
�531�L, respectively11,12�, which were oriented with a preci-
sion of 0.1°; the bulk-terminated surface geometry of the S
surface is shown in Fig. 1. The standard cleaning procedures
involved repeated cycles of sputtering at room temperature
and annealing in vacuum to 1000 K. Prior to that, annealing
cycles in oxygen �1�10−7 mbar; 350–500 K� were carried
out in order to remove any carbon and sulfur contaminants
from the surface. Dosing of oxygen was, however, avoided
in the final stage of the cleaning process since even small
amounts cause significant surface faceting, which can only
be removed by sputtering and high annealing temperatures
�1050 K. These cleaning procedures had been established
and checked by XPS in previous experiments.9

The UHV chamber was equipped with a computer-
controlled four-grid rear-view Omicron LEED system, from
which the LEED-IV data were recorded using a video-rate
charge-coupled device camera. LEED images were recorded
over an energy range from 15 to 300 eV in steps of 1 eV at
a sample temperature of 140 K. Since there was no risk of
electron-beam damage a relatively high beam current of

around 1.2 �A was used. This has the advantage of a high
signal-to-noise ratio and short data-acquisition times �less
than 10 min�. The spot intensities were extracted off line
from the digitally stored LEED images using our own pro-
gram MKIV.38 This program records the intensities of all vis-
ible spots at once and determines the reciprocal lattice from
their positions. Therefore, the traces of spots with low inten-
sity are not lost even for extended “dark” periods. Finally,
the IV curves were processed using Fourier transform
smoothing to eliminate the high-frequency noise without af-
fecting the significant peak structure. The cutoff frequency
corresponds to features 4 eV wide. Because the Cu�531� sur-
face has no symmetry, normal incidence cannot be found in
the usual way by comparing symmetry-equivalent beams. In-
stead the sample was adjusted by eye close to normal inci-
dence, and the polar and azimuthal angles of incidence were
incorporated as additional search parameters in the structural
analysis with starting values estimated from the spot posi-
tions in the recorded LEED images.

B. LEED calculations

The model calculations for the LEED structure determi-
nation were performed with our “CLEED” program package39

which is an implementation of fully dynamical scattering
theory based on algorithms described by Pendry40 and Van
Hove and Tong.41 Because of the small interlayer distance of
0.61 Å, layer doubling could not be employed and the re-
flection matrix for the entire surface had to be calculated by
using the combined space or “giant matrix inversion”
method. The surface was modeled by using a stack of 16
layers ��9 Å� after test calculations had shown that increas-
ing the stack thickness beyond this number did not lead to
significant changes in the IV curves. In earlier studies, LEED
calculations using the same method and similar stack thick-
ness for other stepped and kinked surfaces led to good agree-
ment with experimental data.17,42,43

LEED intensities were calculated for electron energies be-
tween 30 and 250 eV in steps of 4 eV. The constant damping
potential V0i was set to 5.0 eV, which is equivalent to the
inelastic mean-free path of around 5 Å in the relevant en-
ergy range. The rms thermal displacement, ���r�2	, was ini-
tially set to 0.065 Å for all Cu atoms, which is the value
calculated from the bulk Debye temperature of Cu, 343 K,
and the sample temperature of 140 K. In the final step of the
geometry optimization the rms displacements were opti-
mized to 0.11, 0.10, 0.09, 0.08, and 0.065 Å for the four
uppermost layers �where the atoms have lower coordination�
and the bulk atoms, respectively. The scattering phase shifts
for the copper atoms were calculated with the program pack-
age provided by Barbieri and Van Hove.44 Phase shifts were
used up to a maximum angular-momentum quantum number
lmax=7. For the structure optimization and the determination
of the angles of incidence, the downhill simplex method45,46

was used. The convergence criterion was that the R factor
values did not change within 1�10−4. Pendry’s RP and RR
factors47 were used to compare experimental and theoretical
IV curves in the geometry optimization, and for estimating
the error margin of each geometry parameter, respectively.

[013]

[112]

[2
31

]=
y

[013] = x

FIG. 1. �Color online� Diagram of the bulk-terminated Cu�531�
�Cu�531�S� surface indicating the main crystallographic directions,

the surface unit cell �a�1= �01̄3�; a�2= �11̄2̄��, and the coordinate sys-
tem used in the LEED calculations.
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Data from 28 spots were used in the analysis. Since the sur-
face has no symmetry, the IV curves of all spots are different
from each other, which leads to a large cumulative energy
range of inequivalent spots in the R-factor analysis. The R
surface had sharper LEED spots whose intensities could be
extracted over a wider energy range. A cumulative energy
range, �E, of 2935 eV could be used for the structure analy-
sis of this surface, whereas only 1454 eV could be used for
the less well-ordered S surface. These result in RR factors of
10% and 14%, respectively. More details about the error es-
timation can be found in Refs. 17 and 47. As mentioned
before, the azimuthal and polar angles of incidence could not
be set with sufficient accuracy ��0.2°� in the experiment.
These were optimized alongside the geometrical parameters
in each search with starting values estimated from the re-
corded LEED images.

C. First-principles DFT calculations

In addition to the experiments above, the rearrangement
of atoms at the Cu�531� surface was studied by means of
DFT calculations using the CASTEP computer code.48 The
generalized gradient approximation as proposed by Perdew
et al.49 was applied �henceforth referred to as GGA-PW91�
for exchange and correlation, combined with Vanderbilt ul-
trasoft pseudopotentials50 for electron-ion interactions. For
the clean Cu�531� surface, the plane-wave basis set was trun-
cated at a kinetic energy of 340 eV to describe the electronic
wave functions. The bulk lattice constant �a=3.606 Å� for
use in the Cu surface calculations was determined with a
8�8�8 Monkhorst-Pack sampling of the bulk Brillouin
zone.51 The surface was modeled using a 35-layer bulk slab
with the lower 14 layers fixed at their bulk positions and the
upper 21 layers mobile. Periodic boundary conditions were
used to model an extended surface. A Monkhorst-Pack mesh

of 5�5�1 was used to sample the Brillouin zone. This
represents a comparable depth to that used previously for
eight-layer slabs on the Cu�110� surface52 and ensures a high
level of accuracy.

For comparison of surface energies and in order to esti-
mate the likelihood of faceting reconstructions, similar cal-
culations were also performed for Cu�111�, �100�, �110�,
�311�, and �210�. For each surface a double-sided �1�1� slab
was constructed. Special consideration is needed to be given
to the length of the supercell employed because a bulk cal-
culation had to be carried out in the same unit in order to
keep numerical consistency in terms of k-point convergence,
Fourier transform grid, and other computational sources of
error. Therefore, the total number of atomic layers, n, in the
direction of the surface normal �i.e., slab+vacuum� must be a
multiple of the bulk repeat periodicity perpendicular to the
�hkl� plane, i.e., n=m�h2+k2+ l2� �h2+k2+ l2=3 for �111�, 1
for �100�, 2 for �110�, 5 for �210�, 11 for �311�, and 35 for
�531��. The surface energy, �hkl, was determined using the
following equation:

�hkl =
1

2AS

 nS

nB
EB − ES� , �1�

where EB and ES are the total energies from the bulk and
surface calculations, respectively, nS and nB are the numbers
of atoms in the surface and bulk calculations, and AS is the
surface area of the �1�1� unit cell. It is not possible for each
system to use the same calculation parameters; therefore
each surface is treated individually and tested for conver-
gence self consistently. Table I lists the results and the pa-
rameters used in each calculation.

TABLE I. Results of the calculation for Cu�531� and several vicinal surfaces: key details of the calculation �MPM=Monkhorst-Pack
mesh; nS /nB=number of layers for the surface/bulk�, Nmiss= total number of missing neighbors, AS=area of the �1�1� unit cell, �
=surface energy, dn,n+1, dbulk= interlayer distances �in Å�. Comparison with experimental results from LEED-IV analysis.

Surface
termination MPM nS nB Nmiss AS /Å2 � /eV Å−2�J m−2� d12 d23 d34 d45 dbulk

�111� 7�7�1 9 15 3 5.73 0.089 �1.42� 2.06 �−1%� 2.09 �+1%� 2.08 �0%� 2.09 �0%� 2.08

Expt.a 2.12 �+1%� 2.08

�100� 8�8�1 9 16 4 6.50 0.095 �1.52� 1.76 �−2%� 1.83 �+2%� 1.81 �0%� 1.80 �0%� 1.80

Expt.b 1.78 �−1%� 1.83 �+2%� 1.80

�110� 12�7�1 8 16 6 9.19 0.102 �1.63� 1.14 �−11%� 1.33 �+4%� 1.27 �0%� 1.27

Expt.b 1.18 �−8%� 1.31 �+2%� 1.28

�311� 10�6�1 12 22 7 10.78 0.102 �1.63� 0.94 �−14%� 1.13 �+4%� 1.08 �−1%� 1.09 �0%� 1.09

Expt.c 0.96 �−12%� 1.11 �+2%� 1.09

�210� 7�9�1 14 30 10 14.54 0.106 �1.69� 0.68 �−16%� 0.75 �−7%� 0.87 �+8%� 0.80 �−1%� 0.81

Expt.d 0.72 �−11%� 0.77 �−5%� 0.84 �+4%� 0.81

�531� 5�5�1 21 35 13 19.23 0.1065 �1.70� �see Table II� 0.61

aReference 53.
bReference 54.
cReference 33.
dReferences 31 and 32.
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III. RESULTS

A. LEED-IV

As mentioned above, the LEED pattern of the Cu�531�R

surface �see Fig. 2� was significantly sharper than that of the
S surface �not shown�. Small traces of oxygen at the level of
a few percent of a monolayer �ML� led to long-range face-
ting on both surfaces, which could be completely removed
by annealing to 1050 K on the R surface; on the S surface,
however, only sputtering together with annealing restored the
�1�1� LEED pattern. This is most likely due to a slightly
greater miscut of the S surface. Trace impurities other than
oxygen are unlikely since both samples were cut from the
same single crystal.

The main analysis was performed with the data from
Cu�531�R. The LEED spots from this surface could be
tracked over a wider energy range than for the S surface. At
the beginning of the study neither the chirality nor the abso-
lute orientation of the surface were known. Since the posi-

tions of the LEED spots �not the intensities� have a twofold
rotation symmetry, R and S surface geometries had to be
tested for two orientations rotated by 180°. In all cases, the
calculations were performed explicitly for the �531� �or S�
surface as shown in Fig. 1. The theoretical IV curves were
then compared with the experimental data after the relevant
mirror and rotation operations were applied, as shown in Fig.
3. Starting from the bulk-terminated surface geometry, in the
first step only the vertical coordinates of the atoms in the six
topmost layers were optimized �together with the angles of

(a) (b)

FIG. 2. �Color online� LEED pattern of the Cu�531�R surface at
�a� 120 and �b� 220 eV.
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FIG. 3. Rotation and mirror operations used to compare the
intensities of experimental LEED spots with those calculated for the
Cu�531� �Cu�531�S� surface.
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incidence� for all four orientations shown in Fig. 3. The low-
est RP factors were 0.813 �S�, 0.818 �S, rotation by 180°�,
0.296 �R�, and 0.826 �R, rotation by 180°�. These results
clearly identify the chirality and orientation of the surface. In
the next step the lateral coordinates �x and y� and rms vibra-
tional displacements of the topmost four atomic layers were
optimized in addition to parameters optimized before �in to-
tal 14 geometrical parameters�, which led to a final RP value
of 0.230. Calculated and experimental IV curves for a selec-
tion of LEED spots are shown in Fig. 4. The atom coordi-
nates of the best-fit surface geometry are listed in Table II
and the geometry is sketched in Fig. 5.

The best-fit geometry and rms displacements found for
the R data were used as start parameters for the analysis of
the data from the S surface. The same level of optimization
led to a final RP factor of 0.142, which is significantly lower
than for the R data. The S data set is, however, much smaller,
with many spots only contributing over a range of 50–100
eV; therefore the data analysis has a statistical error of simi-
lar magnitude as for the R surface �the RR factor is 14% for
the S and 10% for R data�. A comparison between calculated
and experimental IV curves is shown in Fig. 6 for a selection
of LEED spots. Note that the beam indices in both Figs. 4
and 6 refer to the enantiomorph, for which the calculation
was explicitly performed �i.e., S�; however IV curves with
identical indices are still not expected to be equal because
the experiments were performed for different angles of inci-
dence.

The results of both structure determinations are listed in
Table II. In general, there is very good agreement in the
absolute x and y coordinates of all atoms with differences
well below the statistical error bars, around 0.10 Å, which
are typical for lateral coordinates in LEED. �Note that the x
coordinates of the R and S surfaces have opposite signs.� The
exception is the x coordinate of the Cu atom in the fourth
layer, for which the difference is slightly bigger than the
error bar. In relation to the relevant error bars there is a larger
difference in the absolute z coordinates but if we compare
relative coordinates �i.e., the vertical distance between con-
secutive layers, �zn,n+1, which is the quantity that predomi-
nantly influences the LEED intensities� the agreement is sig-
nificantly better. All �zn,n+1 are within 0.04 Å, which is a
typical error bar for vertical parameters in LEED structure
determinations. Somewhat surprising is the fact that the big-
gest deviation is found for �z1,2, which should be the most
accurate structure parameter.

B. DFT calculations, faceting

The optimized Cu�531� surface geometry resulting from
the DFT calculations is also included in Table II. The agree-
ment with the results from the LEED-IV analyses is well
within the error bars of the latter; in particular, the signs of
layer relaxations agree with the LEED analysis for all inter-
layer distances that deviate significantly from the bulk val-
ues.

Table I lists the surface energy of Cu�531� together with
the energies for Cu�111�, �100�, �110�, �311�, and �210�,
which are the most likely facet orientations that could be
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exposed if the �531� surface undergoes a large-scale recon-
struction. The total-energy differences between bulk and sur-
face calculations �not included in Table I� scale well with the
number of missing nearest-neighbor atoms per surface unit
cell �about 0.16 eV per missing neighbor�. Also listed in
Table I are the key parameters of experimental LEED-IV
structure determinations of these surfaces.32,33,53,54 The cal-
culated and experimental values show very good agreement,
usually within a few hundredths of an Ångström, which is a
typical error bar for LEED-IV results.

The surface energies of the above facets are all smaller
than that of �531� but if faceting occurs the effective surface
area increases, which needs to be accounted for in the energy
balance. In order to predict whether a particular combination

of facets would be thermodynamically favored, one has to
multiply the relative surface areas and surface energies of
each facet and compare these values with the surface energy
of �531�. Faceting will occur if the average surface energy of
the faceted surface is less than that of the unreconstructed
�531� surface.

Figure 7 shows schematically one-dimensionally and two-
dimensionally faceted surfaces. For a one-dimensional re-
construction, the relative areas of the two facets area�A� and
area�B� on either side of the ridge scale like the lengths LA
and LB relative to the length L531 parallel to the �531� plane.
From simple trigonometric considerations �see the Appen-
dix� we find that one-dimensional faceting will occur if

�531 �
area�A��A + area�B��B

area�AB531�
=

sin 	�A + sin 
�B

sin�
 + 	�
, �2�

or

�531 �
�n�B � n�531� · �A + �n�A � n�531� · �B

�n�A � n�B�
, �3�

where n�A, n�B, and n�531 are unit vectors normal to the surfaces
under consideration.

Likely one-dimensional reconstructions of the �531� sur-

face, shown in Fig. 8, contain ridges along either the �11̄2̄� or

�12̄1� directions, which are parallel to the closest-packed
rows of atoms within the unreconstructed surface. The cor-

responding facet planes are �311�/�110� for �11̄2̄� and �111�/
�210� or �111� / �311̄� for �12̄1� ridges �the latter is not shown
in Fig. 8�. Using the above Eq. �2� or �3� we get surface
energies 0.1059 eV /Å2 for �311�/�110�, 0.1062 eV /Å2 for

�111�/�210�, and 0.1093 eV /Å2 for �111� / �311̄� �see Table
III�. The first two values are only marginally smaller than
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FIG. 5. �Color online� Arrangement of surface atoms in the
Cu�531�S surface. Top and side views of best fit geometry from the
LEED-IV analysis defining the geometry parameters. The numbers
refer to the atomic layers with nearest-neighbor coordinations of 6
�first layer�, 8 �second layer�, 10 �third layer�, and 11 �fourth layer�.
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�531=0.1065 eV /Å2 and not outside the error margin of the

calculations while faceting into �111� / �311̄� would lead to a
significantly higher surface energy.

For a two-dimensional faceting reconstruction we get a
similar condition for three facet surfaces A, B, and C:

�531 �
area�A��A + area�B��B + area�C��C

area�ABC531�
, �4�

with the areas of the facets A, B, and C defined as

area�A� =
��n�C � n�A� · n�B�

��n�C � n�A� · n�531� · ��n�A � n�B� · n�531�
, �5�

area�B� =
��n�A � n�B� · n�C�

��n�A � n�B� · n�531� · ��n�B � n�C� · n�531�
, �6�

area�C� =
��n�B � n�C� · n�A�

��n�B � n�C� · n�531� · ��n�C � n�A� · n�531�
, �7�

and the corresponding area on the �531� surface as

area�ABC� = n�A ·
��n�C � n�A� · n�B�

��n�C � n�A� · n�531� · ��n�A � n�B� · n�531�

+ n�B ·
��n�A � n�B� · n�C�

��n�A � n�B� · n�531� · ��n�B � n�C� · n�531�

+ n�C ·
��n�B � n�C� · n�A�

��n�B � n�C� · n�531� · ��n�C � n�A� · n�531�

�8�

�see the Appendix, parameter a set to one�. From the values
in Table I the most likely faceting arrangement is A= �111�,
B= �100�, and C= �110�. This combination of facets leads to
an average surface energy of 0.1070 eV /Å2 for the faceted
surface, which is slightly higher but again within the error
margin of �531. Table III lists other possible facet combina-
tions, which have been identified in Ref. 12. These are all
significantly higher in surface energy than �531.

In the above consideration all energy contributions due to
the lower coordination of atoms at facet boundaries are ig-
nored. These will most likely further increase the energy of
the faceted surfaces; we therefore conclude that “mesofac-

A LL

L = 1hkl

An Bn

hkln
hkl

B

n
βα

{hkl}
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FIG. 7. �Color online� Schematic geometries of �a� one-
dimensional and �b� two-dimensional faceted surfaces. See the Ap-
pendix for details.
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FIG. 8. �Color online� Two examples of possible one-
dimensional faceting reconstructions of the Cu�531� surface. �a�
�111� and �210� facets with ridges along the �12̄1� direction; the
top-layer atoms of the �210� facet are highlighted. �b� �311� and

�110� facets with ridges along �11̄2̄�; the ridge atoms are
highlighted.
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eted” reconstructions are energetically not favored for
Cu�531�.

IV. DISCUSSION

The surface geometries of Cu�531� resulting from the
LEED experiments and the ab initio calculations agree well,
within the error bars of the LEED-IV analysis. In particular,
the pattern of vertical relaxation is the same: contractions of
the first three interlayer distances �z1,2, �z2,3, and �z3,4 with
respect to the bulk distance of 0.61 Å, and a large expansion
for �z4,5, followed by layers which are essentially bulklike.
With two exceptions �layers 3 and 4 in the LEED results for
the S surface� the lateral displacements from the bulk posi-
tions are all less than 0.1 Å, again within the error bar of the
analysis. As in the case of Pt�531� �Ref. 17� the largest in-
terlayer distance separates the undercoordinated atoms from
those which are surrounded by a complete shell of 12 atoms
�layers 5 and below�. The same pattern of behavior was also
found in the DFT study of Cu�532� by Mehmood et al.35 By
moving closer together, the electron density and hence the
effective coordination numbers are increased for the under-
coordinated atomic layers. The vertical relaxations of the
Cu�531� surface atoms are between −10 to −17% ��z1,2� and
+11% ��z4,5�. This is similar to Cu�532� �between −17% and
+24%� but significantly less than the relaxations found for
Pt�531�, which range from −30 /22% to +43 /18% �LEED/
DFT�. Another important difference between the structures
of these two surfaces is the fact that Pt�531� has a strong
tendency to roughen, which not only affects the widths of the
diffraction spots but also their IV curves.16 Destructive inter-
ference of electron waves diffracted from atoms at different
heights causes additional broad minima in the LEED-IV
curves that cannot be reproduced by assuming a flat surface.
Such effects have not been found for Cu�531�; the experi-
mental IV curves agree well with those calculated for a flat
surface, as can be seen in Figs. 4 and 6. This is probably also

the reason for the much better agreement between LEED-IV
analysis and DFT calculations that was achieved in the
present study as compared to Ref. 17.

Roughening was predicted theoretically for Pt�531� by
Power et al.,18 using a Monte Carlo-type molecular simula-
tions approach, and is thermodynamically favored if the
change in the entropy-related contribution to the free-surface
energy is greater than the energy needed to create an adatom-
vacancy pair.16 The latter can be expected to be small since
both adatoms and top-layer atoms have the same coordina-
tion of nearest neighbors. �This can be shown to be a prop-
erty of all kinked, and therefore all chiral fcc surfaces11,12.�
For Pt the interatomic bond is dominated by the short-range
interaction of d electrons, which mainly affect nearest-
neighbor atoms. For Cu on the other hand, sp electrons play
a greater role in the bond and, hence, the number of next-
nearest neighbors is more important, which is different for
adatoms and surface layer atoms. Atomic roughening is,
therefore, less likely for open Cu surfaces. If only nearest-
neighbor interactions would contribute to the surface energy,
one would expect ratios

�111:�100:�110:�311:�210:�531 = 1.00:1.15:1.22:1.24:1.31:1.29

�9�

�we also assume here that the energy contribution per miss-
ing neighbor is independent of the position of a surface
atom�, whereas instead the calculated values in Table I show
much smaller differences with ratios

�111:�100:�110:�311:�210:�531 = 1.00:1.07:1.14:1.14:1.19:1.20.

�10�

It is interesting to note that the bigger differences in surface
energies �Eq. �9�� would tip the balance in favor of faceting
for all combinations listed in Table III �the relative differ-
ences are included in the last column�; however the differ-
ences with respect to the unreconstructed �531� surface are

TABLE III. Possible faceting combinations for the �531� surface and their average surface energies; the
values in brackets are the relative energy changes with respect to the unreconstructed surface; the last column
“NN appr.” lists the relative energy changes if calculated using the nearest-neighbor approximation �see text
for details�.

Facets Angles w/r �531� Surface area change Surface energy /eV Å−2 NN appr.

Two-dim. faceting

�100�, �111�, �110� 32.3°, 28.6°, 17.0° +10.9% 0.1071 �+0.5%� −2.0%

�311�, �111�, �111̄� 14.5°, 28.6°, 46.9° +14.6% 0.1093 �+2.6%� −0.7%

�100�, �111�, �111̄� 32.3°, 28.6°, 46.9° +21.6% 0.1104 �+3.7%� −1.8%

One-dim. faceting

�311�, �110� 14.5°, 17.0° +3.9% 0.1059 �−0.5%� −0.9%

�111�, �311̄� 30.0°, 28.6° +14.6% 0.1093 �+2.6%� −0.7%

�111�, �210� 28.6°, 10.7° +4.9% 0.1062 �−0.3%� −0.5%

No faceting

�531� 0.1065
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still only at the level of a few percent or of the order
10−3 eV Å−2, which is near the level of error in our DFT
calculations. The �negative� contribution of the surface en-
tropy that leads to roughening of this surface is at a similar
level and the �positive� contribution from boundary sites can
also be estimated of the order 10−3 eV Å−2 �assuming facet
areas around 100 nm2 and an energy of 0.16 eV, i.e., one
extra missing neighbor, per boundary site�. These consider-
ations show that the energy difference between the most
likely faceting reconstructions and the unreconstructed sur-
face are always close to zero. In this case, kinetic effects are
very important and small surface modifications can tip the
balance in one or the other direction. As mentioned before,
even very small amounts of oxygen can induce faceting on
Cu�531�. The most likely adsorption sites of oxygen atoms at
small coverages are near the low-coordinated atoms at the
facet boundaries55 and could lower the surface energy con-
tribution of these sites enough to tip the balance in favor of
faceting. These observations are in line with studies of
Knight et al.56,57 on Cu�410� and Cu�610�, and Reinecke and
Taglauer58 on Cu�115� and Cu�119�, where large-scale
oxygen-induced faceting was observed.

In view of the above considerations it is difficult to pre-
dict the nature of enantioselective effects on either Cu or
Pt�531� surfaces. Small modifications of the surface energy
due to the adsorption of molecules can lead to either large-
scale reconstructions or stabilization of the bulk-terminated
�531� surface, depending on the interaction between adsor-
bate and surface atoms.

V. SUMMARY

Our quantitative LEED-IV analysis and first-principles
DFT study of the clean Cu�531� surface show large inward
relaxations of the uppermost two layers of around 10% with
respect to the bulk interlayer distance, and a similarly large
expansion of the distance between the fourth and fifth layers.
The latter is the first layer with the same coordination as the
Cu atoms in the bulk. Additional DFT calculations have been
performed to study the likelihood of faceting by comparing
surface energies of possible facet surfaces. The facet combi-
nations with the lowest surface energies are �311�/�110�,
�111�/�210� �both one-dimensional faceting�, and �111�/
�100�/�110� �two-dimensional faceting�, which are all within
1% of the calculated surface energy of Cu�531�. Faceting
does not, therefore, lead to a significant reduction in surface
energy �within the likely error margin of the calculations�,
which is in accordance with the experimental observations.
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APPENDIX: FACETING

1. One-dimensional faceting

For a one-dimensional faceting reconstruction �see Fig.
7�a��, the relative areas of the two facets A and B on either

side of the ridge scale like the lengths LA and LB relative to
the length Lhkl parallel to the �hkl� plane of the unrecon-
structed surface, which can be set equal to one for simplicity.
Simple trigonometric considerations lead to the conditions:

LA sin 
 = LB sin 	 , �A1�

and

Lhkl = 1 = LA cos 
 + LB cos 	 . �A2�

As far as thermodynamic considerations are concerned, face-
ting will occur if the average surface energy of the faceted
surface is less than that of the unreconstructed �531� surface,
hence

�hkl � LA�A + LB�B =
sin 	�A + sin 
�B

sin�
 + 	�
. �A3�

In order to arrive at an expression that depends only on the
Miller indices, the sine functions can be expressed in terms
of cross products between the unit vectors normal to the
surfaces under consideration, n�A, n�B, and n�hkl. For cubic bulk
lattices

n�hkl =
1

�h2 + k2 + l2�h

k

l
� .

With these the condition for faceting is

�hkl �
�n�B � n�hkl� · �A + �n�A � n�hkl� · �B

�n�A � n�B�
. �A4�

2. Two-dimensional faceting

Two-dimensional faceting of a general macroscopic �hkl�
surface �surface normal n�hkl� with three facet terminations, A,
B, and C, can be described as a combination of pyramids
�with apex ABC in Fig. 7�b�� and inverted pyramids �with
minimum at ABC��. The facets A, B, and C have Miller
indices �hAkAlA�, �hBkBlB�, and �hCkClC�, and surface normals
n�A, n�B, and n�C, respectively. Important for our considerations
are the vectors v�AB, v�BC, and v�AC lying along the intersecting
lines of A and B, B and C, and A and C, respectively �see
Fig. 7�b��. We choose that all three vectors have unit length
and are pointing toward the point ABC, i.e., their vertical
components with respect to the macroscopic �hkl� plane are
positive, v�AB ·n�hkl�0; �v�AB�=1. If A, B, and C are arranged in
mathematical positive sense �counterclockwise� around the
point ABC �as in Fig. 7�b��, these conditions are equivalent
to

v�AB =
n�A � n�B

�n�A � n�B�
; v�BC =

n�B � n�C

�n�B � n�C�
; v�AC =

n�C � n�A

�n�C � n�A�
.

�A5�

The intersecting lines along the facet boundaries are mul-
tiples of these vectors, i.e., aAB ·v�AB, aBC ·v�BC, and aAC ·v�AC.
Therefore the area of each facet can be expressed through the
following vector products:
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area�A� = ��aAC · v�AC� � �aAB · v�AB�� = aACaAB · �v�AC � v�AB� ,
�A6�

area�B� = aABaBC · �v�AB � v�BC� , �A7�

area�C� = aBCaAC · �v�BC � v�AC� . �A8�

The footprint, area�ABC�, of both pyramids �i.e., upright to-
gether with inverted� with respect to the �hkl� surface is the
area between the vectors w� B and w� C �dashed line in Fig.
7�b��. w� C is the diagonal of C and can be resolved into the
sum of boundary vectors between A and C, and between B
and C,

w� C = aBC · v�BC − aAC · v�AC, �A9�

and similarly,

w� B = aBC · v�BC − aAB · v�AB. �A10�

The footprint area can be expressed through the vector prod-
uct of w� B and w� C:

area�ABC� = �w� C � w� B� , �A11�

hence

area�ABC� = �aBCaAC · �v�BC � v�AC� + aABaBC · �v�AB � v�BC�

+ aABaAC · �v�AC � v�AB�� . �A12�

�Here we have taken into account that v�BC�v�BC=0 and used
the fact that v�AC�v�AB=−v�AB�v�AC.� Both w� B and w� C are
within the �hkl� surface and must therefore be perpendicular
to n�hkl. This leads to the conditions:

w� B · n�hkl = 0 ⇒ aBC · �v�BC · n�hkl� − aAB · �v�AB · n�hkl� = 0,

�A13�

w� C · n�hkl = 0 ⇒ aBC · �v�BC · n�hkl� − aAC · �v�AC · n�hkl� = 0,

�A14�

which define the relationship between the prefactors aAB,
aBC, and aAC:

aAC =
�v�BC · n�hkl� · aBC

v�AC · n�hkl

, �A15�

aAB =
�v�BC · n�hkl� · aBC

v�AB · n�hkl

. �A16�

All areas only depend on one scaling parameter which we
define as a=aBC · �v�BC ·n�hkl�. Now the expressions for the ar-
eas can be rewritten as

area�A� = a2 �v�AC � v�AB�
�v�AC · n�hkl� · �v�AB · n�hkl�

, �A17�

area�B� = a2 ·
�v�AB � v�BC�

�v�AB · n�hkl� · �v�BC · n�hkl�
, �A18�

area�C� = a2 �v�BC � v�AC�
�v�AC · n�hkl� · �v�BC · n�hkl�

, �A19�

area�ABC� = a2 ·  �v�AC � v�AB�
�v�AC · n�hkl� · �v�AB · n�hkl�

+
�v�AB � v�BC�

�v�AB · n�hkl� · �v�BC · n�hkl�

+
�v�BC � v�AC�

�v�AC · n�hkl� · �v�BC · n�hkl�
 . �A20�

With the original definitions of the vectors v�AB etc., Eq.
�A5�, it is possible to express all areas only in terms of the
surface normals n�A, n�B, n�C, and n�hkl, e.g.,

area�A� = a2 ��n�C � n�A� � �n�A � n�B��
��n�C � n�A� · n�hkl� · ��n�A � n�B� · n�hkl�

,

�A21�

This can be further simplified using Lagrange’s formula
�a� �b�c�=b�ac�−c�ab�; we use a= �n�A�n�B�, b=n�B, and
c=n�C�, leading to the final expressions

area�A� = a2 ��n�C � n�A� · n�B�
��n�C � n�A� · n�hkl� · ��n�A � n�B� · n�hkl�

,

�A22�

area�B� = a2 ��n�A � n�B� · n�C�
��n�A � n�B� · n�hkl� · ��n�B � n�C� · n�hkl�

,

�A23�

area�C� = a2 ·
��n�B � n�C� · n�A�

��n�B � n�C� · n�hkl� · ��n�C � n�A� · n�hkl�
,

�A24�

area�ABC� = a2 · n�A ·
��n�C � n�A� · n�B�

��n�C � n�A� · n�hkl� · ��n�A � n�B� · n�hkl�

+ n�B ·
��n�A � n�B� · n�C�

��n�A � n�B� · n�hkl� · ��n�B � n�C� · n�hkl�

+ n�C ·
��n�B � n�C� · n�A�

��n�B � n�C� · n�hkl� · ��n�C � n�A� · n�hkl�
 .

�A25�

These are entirely defined by the Miller indices of the three
facets A, B, and C, and the macroscopic surface �hkl�. The
condition for two-dimensional faceting only depends on ra-
tios of areas times surface energies and is therefore indepen-
dent of a:

�hkl �
area�A��A + area�B��B + area�C��C

area�ABC�
. �A26�
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