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We performed density-functional theory calculations, employing the all-electron full-potential linearized
augmented plane-wave(FLAPW) method, for the multilayer relaxations of the vicinal, high-Miller-index
Cu(210), Cu(211), and Cu(331) surfaces, as well as for the flat, low-Miller-index Cu(100), Cu(110), and
Cu(111) surfaces. Generally, it is expected that the interlayer relaxation-sequence at stepped metal surfaces
with n surface atom rows in the terraces exposed to the vacuum shown−1 contractions(indicated by −)
followed by one expansion(indicated by +). However, recent studies based on low-energy electron diffraction
(LEED) intensity analysis and all-electron FLAPW calculations suggested that the multilayer relaxation-
sequence of the stepped Cu(331) surface, for whichn=3, behaves anomalously, i.e., −+ +̄, instead of the
expected −−+̄ . From the results presented in this work, we did not find any indication of such anomalous
behavior for Cu(331) or for any of the investigated stepped Cu surfaces. For the flat surfaces we obtained the
expected contraction of the topmost interlayer distance. In the particular case of the Cu(110) surface, a
pronounced alternating oscillatory behavior extending over six interlayer distances was found, i.e.,−+−+−+.
For all studied Cu surfaces in the present work, we found a good quantitative agreement between our interlayer
relaxations and those obtained by LEED intensity analysis.
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I. INTRODUCTION

The creation of a surface significantly alters the electron
density in the outermost surface layers. Thus, the surface
atoms change their atomic positions due to the forces gener-
ated by the redistribution of the electron density, e.g., elec-
trons smooth and spread themselves out in a way that weak-
ens the electron-density corrugation mainly to lower their
kinetic energy. Hence, the outermost surface atomic layers
can shift perpendicular(inward or outward) and/or parallel to
the surface, which gives rise to a change of the interlayer
spacings. Furthermore, reconstructions of the surface might
occur, i.e., the translational symmetry is changed.1 The de-
termination of the atomic structure of solid surfaces, i.e., the
location of the atoms, and a microscopic understanding of
the surface relaxations and reconstructions are among the
basic questions in surface science due to the influence of the
surface structure on many physical and chemical processes
such as surface reactions, growth, and adsorption of adpar-
ticles (for a review see Ref. 2).

The understanding of these processes requires a micro-
scopic understanding of surface defects, namely, adatoms,
vacancies, steps, etc. In particular, steps are always present
on real solid surfaces, e.g., even the Pt(111) surface has a
density of atomic steps of 1% implying terrace widths of the
order of 300 Å.3 Surface atoms at the step edges change their
atomic positions easier than other surface atoms due to their
low coordination. Furthermore, steps provide preferential ad-
sorption sites for adparticles. Thus, atomic steps affect a
large number of surface properties such as morphology, re-
activity, relaxations, etc. Therefore, there is a clear interest in
understanding the structure of atomic steps at solid surfaces.
To obtain that goal, the study of surfaces with periodic dis-
tribution of atomic steps, which are commonly called
stepped surfaces, is the most simple and convenient ap-
proach.

For the past 30 years, the atomic structure of flat metal
surfaces has been the subject of extensive studies by low-
energy electron diffraction(LEED) intensity analysis and
theoretical calculations,4–22 however the study of the atomic
structure of stepped metal surfaces is quite recent.23–37It has
been found thatalmost all transition-metal surfaces show a
contraction of the topmost interlayer spacing, and it increases
with the openness of the surface. However, expansions of the
topmost interlayer spacing have been reported for free-
electronlike metal surfaces, e.g., Mg(0001),20–22 Be(0001).15

The contraction of the topmost interlayer spacing on
metal surfaces can be understood by thephysicalpicture,38

which relates the inward displacement to the Smoluchowski
charge smoothing of the electron density,39 while the expan-
sion of the topmost interlayer spacing for surfaces such as
Mg(0001) and Be(0001) is not as simple to explain as con-
traction of the topmost interlayer spacing. Feibelman15 re-
lated the outward displacement of the topmost interlayer dis-
tance of Be(0001) and Mg(0001) to the demotion of
electrons fromps- to s-states at the surface layer atoms,
which have different magnitude for different surfaces. In
both pictures, it is not straightforward to obtain information
of the trends for multilayer relaxations, i.e., whether there is
an interlayer contraction or expansion for the deep interlayer
spacings.

For many metal systems the flat surfaces exhibit an alter-
nating oscillatory behavior for the outermost interlayer spac-
ing relaxations. For example, Adamset al.7 reported an al-
ternating behavior of the interlayer relaxation for Cu(110),
i.e., −+, where the − and + signs indicate contractions and
expansions, respectively, of the interlayer distance between
two adjacent atomic layers parallel to the surface with re-
spect to the unrelaxed surface. Their work was restricted
only to the two topmost interlayer spacings. Thus, it is un-
clear whether this alternating behavior extends for several
interlayer spacings into the bulk region.
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A different type of behavior has been found for the
multilayer relaxation-sequence of stepped metal surfaces.
Based on a large number of results for different stepped
metal surfaces, obtained by quantitative LEED intensity
analysis, first-principles calculations, and semiempirical cal-
culations, it has been found that for a stepped metal surface
exhibiting terraces withn atom rows exposed to the vacuum,
the first n−1 interlayer spacings contract, while thenth in-
terlayer distance expands.32 For example, vicinal metal sur-
faces with a terrace width of 2, 3, and 4, atom rows exposed
to the vacuum, the multilayer relaxation-sequences are
−+¯, −−+¯, and −−−+̄ , respectively.

As shown in Fig. 1, the stepped Cu(331) surface has three
atom rows in the(111) terraces exposed to the vacuum(in-
dicated by numbers 1, 2, and 3), and a monoatomic(111)
step. Therefore, a multilayer relaxation-sequence given by
−−+¯ is expected. The same behavior is also expected for
stepped metal surfaces such as fcc(210), fcc(211), fcc(320),
and fcc(511), which have also three atom rows in the terraces
exposed to the vacuum. In the particular case of stepped Cu

surfaces, this trend has been found true for Cu(210),29,35,37

Cu(211),25–27,30and Cu(320).33,36However, experimental and
theoretical results seem to indicate an irregular behavior for
the Cu(331)23,25,26,32,34and Cu(511)31 surfaces.

For Cu(331), independent semiempirical calculations
based on the embedded-atom method(EAM)25,26 and
N-body effective potential (N-EP)23 have obtained a
multilayer relaxation-sequence given by −+−−−, instead of
the expected−−+. However, EAM calculations for geometri-
cally similar stepped metal surfaces, e.g., Ag(331) and
Pd(331), have obtained the expected trends−−+d.26 Thus,
based on the EAM andN-EP calculations, the Cu(331) sur-
face has an irregular behavior compared with geometrically
similar stepped transition-metal surfaces. Calculations based
on the corrected effective-medium(CEM) theory performed
by Sinnottet al.24 obtained that the outermost two interlayer
spacings contract, i.e., −−. The sign of the relaxation of the
third interlayer spacingsd34d is unclear, since only the relax-
ation of the two outermost interlayer spacings were consid-
ered in their work.

Quantitative LEED intensity analysis performed by Tian
et al.32 obtained that the multilayer relaxation-sequence of
Cu(331) is −+ +−. Thus, the LEED results seem to confirm
the contraction and expansion of the two outermost inter-
layer spacings obtained by EAM and N-EP
calculations,23,25,26 but it is in disagreement with the CEM
calculations.24 However, Tianet al. obtained that the third
interlayer distance expands, which is disagreement with the
EAM and N-EP calculations. Based on their LEED results,
Tian et al. suggested that there is an anomalous behavior for
Cu(331) compared with geometrically similar stepped
transition-metal surfaces, which follow the expected trend
s−−+¯d. The magnitude of the interlayer relaxations ob-
tained by Tian et al. are Dd12=−13.8±4%, Dd23=
+0.4±4%, andDd34= +4±4%. The determination of the
sign of the second interlayer spacing relaxation is a special
issue as pointed out by Tianet al., i.e., a large errors±4%d
compared with the value itselfs+0.4d.

Density-functional theory(DFT) calculations, employing
the all-electron full-potential linearized augmented plane-
wave (FLAPW) method, reported by Geng and Freeman34

also found that Cu(331) exhibits a multilayer relaxation-
sequence given by −+ +−̄, which is in agreement with the
LEED results obtained by Tianet al.32 They obtained
−22.0% for the interlayer relaxation of the topmost interlayer
spacing, which is almost two times larger than the LEED
result obtained by Tianet al.32 Calculations for Cu(211) were
also reported by Geng and Freeman.34 They reported that the
topmost interlayer spacing contracts by −28.4%, which is
almost two times larger than the LEED results−14.9%d ob-
tained by Seylleret al.30 However, first-principles calcula-
tions, employing the pseudopotential plane-wave(PPPW)
approach, performed by Weiet al.27 obtained a contraction of
−14.4% for the topmost interlayer spacing of the Cu(210)
surface, which is in close agreement with the contraction
reported by Seylleret al.30 Such large discrepancies between
first-principle calculations based on DFT and LEED intensity
analysis are rarely obtained nowadays.

Furthermore, we want to point out that the study of the
atomic structure of stepped metal surfaces by LEED inten-

FIG. 1. Schematic diagram of the Cu(331) surface. The Cu at-
oms are indicated by open circles(decreasing for deeper layers) and
the numbers indicate the layer number(increasing for deeper lay-
ers). (a) Top view. Directing the primitive vectoraW along thex axis,

the primitive surface unit vectors are given by,aW =sÎ2/2da0iW, and

bW =−sÎ2/4da0iW+sÎ38/4da0jW. The angle between the primitive vec-

torsaW andbW is 102.921°. (b) Side view. The(111) terraces with three
atom rows are indicated, as well as the monoatomic(111) steps. The
interlayer spacing for the unrelaxed Cu(331) surface is given by
a0/Î19=0.833 Å.
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sity analyses and first-principles calculations is quite recently
due to the complexity atomic structure of the stepped sur-
faces compared to the flat surfaces.1 It has been reported that
most of the computer programs used in the LEED intensity
analysis have found problems with the quantitative analysis
of the LEED intensities, when the interlayer distance is
smaller than 1.0 Å,28 which is the case of the Cu(210),
Cu(211), and Cu(331) surfaces. Hence, the determination of
the magnitude of the interlayer contractions and expansions
for stepped surfaces is not as easy as for flat surfaces.

Therefore, first-principles calculations such as those per-
formed with DFT, employing the all-electron FLAPW
method or the PPPW approach, can be considered as decisive
to provide the multilayer relaxations(magnitude and se-
quence) of high-Miller-index surfaces for interlayer distances
smaller than 1.0 Å, since there is no restriction in such cal-
culations with respect to the interlayer distance. However,
first-principles calculations of multilayer relaxations, surface
energy, work function, etc., for stepped metal surfaces are
still computationally expensive nowadays due to the large
size of the unit cell and large number of layers necessary to
simulate a periodic sequence of terraces.

To verify if the suggested anomalous multilayer
relaxation-sequence for the stepped Cu(331) surface, i.e.,
−++ instead of−−+, is thephysical behavior or an inaccu-
racy in the LEED intensity analyses and first-principles cal-
culations, we performed careful first-principles DFT calcula-
tions, employing the all-electron FLAPW method. For
comparison and to obtain a larger data base for providing an
understanding of the multilayer relaxation phenomenon, we
performed calculations also for the Cu(210) and Cu(211) sur-
faces. As an additional test of the quality of our FLAPW
calculations, we studied the multilayer relaxation of the
Cu(100), Cu(110), and Cu(111) surfaces.

This paper is organized as follows: In Sec. II, the theoret-
ical approach and the computational details are described. In
Sec. III, we present and discuss our results for the cohesive
bulk Cu properties, interlayer contractions, and expansions
of the low- and high-Miller-index Cu surfaces. Section IV
summarizes the main conclusions, while in the Appendix we
report the most important convergence tests performed in the
present work.

II. METHOD

A. Theoretical approach

In this section we will describe the theoretical approach
that we employed in our study, while the numerical param-
eters involved in the calculations will be reported in the next
section. All calculations were performed using DFT40,41

within the generalized gradient approximation proposed re-
cently by Perdewet al.,42 which is known as PBE functional,
for the exchange-correlation energy functional. The Kohn-
Sham equations are solved using the all-electron FLAPW
method.43 The core states are treated fully relativistically,
while the semicore and valence states are treated by the sca-
lar relativistic approximation, i.e., the spin-orbit coupling is
neglected.

The LAPW wave functions in the interstitial region are
represented using a plane-wave expansion truncated to in-
clude only plane-waves that have kinetic energies less than
some particular cutoff energy,Kwf, and for the potential rep-
resentation in the interstitial region plane-waves with wave
vectors up toGpot are considered. Inside the muffin-tin
spheres with radiusRmt, the wave functions are expanded in
radial functions times spherical harmonics up tolmax, and for
the representation of the potential inside the muffin-tin

spheres, a maximum ofl̃max is used. For the evaluation of the
nonspherical matrix elements of the Hamiltonian, we include
terms up tolmax

ns .

B. Computational details

All of the results that we are going to discuss in this paper
were obtained with the all-electron FLAPW method as it is
implemented in theFLEUR code.44 This implementation in-
cludes total energy and atomic force calculations which al-
lows a full structural optimization of bulk and surfaces. In
the FLEUR code the solid surfaces are simulated using the
approach proposed by Krakaueret al.,45 i.e., a single slab
(film) is sandwiched between two semi-infinite vacua. In the
vacuum region the wave functions are described by a product
of two-dimensional plane-wave and az-dependent function.
The vacuum wave functions are matched to the three-
dimensional plane-waves of the interstitial region at a dis-
tance of ±D /2 from the center of the slab.

To obtain the results that we show in this paper, we used
the following set of numerical parameters:Kwf=16.00 Ry,

Rmt
Cu=1.16 Å, lmax=9, Gpot=273 Ry,l̃max=9, andlmax

ns =6, and
D=sNl −1dd0+4Rmt

Cu. d0 is the interlayer spacing of the unre-
laxed Cu surfaces andNl is the number of atomic layers in
the slab. The linearization energiesEl were set to be in the
center of gravity of the occupied part of the band with the
respective character(s, p, d, f , . . .). To improve the basis set,
numerically calculated local-orbitals used to describe the
semicore states,46 were added to improve the description of
the valence Cu 3d-states.

The bulk Cu was simulated using an tetragonal unit cell
with two Cu atoms in the primitive cell. The primitive lattice

vectors areaW1=sÎ2/2daiW, aW2=sÎ2/2dajW, andaW3=akW, wherea
is the lattice constant of the face-centered cubic lattice. For
the integration over the bulk Brillouin zone(BZ) we used a
s14314310d Monkhorst-Pack grid,47 i.e., 140k-points in
the irreducible part of the BZ. A broadening of the Fermi
surface by the Fermi-Dirac distribution function with a
broadening parameter,kBTel=0.054 eV was used. The total
energy at zero temperature, i.e.,Tel=0 K, was obtained using
the correction proposed by Gillan.48 The theoretical equilib-
rium lattice constant,a0, which was used in our surface cal-
culations, was determined by minimization of the total en-
ergy with respect to the volume of the primitive unit cell.
Calculations were performed for 17 regularly spaced vol-
umes of the primitive unit cell.

The low- and high-Miller-index Cu surfaces were simu-
lated using as131d unit cell employing slabs with 7 to
20 Cu layers. To take advantage of the inversion symmetry
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present in the Cu surfaces, which reduces computer time and
memory requirements, both sides of the slab were relaxed.
The integration over the surface BZ were performed using a
two-dimensional Monkhorst-Packk-mesh, namely, s14
314d, s14310d, s14314d, s1038d, s1436d, s1436d, for
the Cu(100), Cu(110), Cu(111), Cu(210), Cu(211), and
Cu(331), surfaces, respectively. A broadening of the Fermi
surface withkBTel=0.054 eV was used in all surface calcu-
lations. The effect of the broadening parameter on the sur-
face properties was recently discussed by Da Silva21 using
the Pd(111) surface as an example. In the surface calcula-
tions, the atomic positions of the Cu atoms are determined by
force minimization, in which the equilibrium configuration is
assumed when the atomic force on each atom is smaller than
0.50 mRy/a.u. The dependence of the interlayer relaxations
with respect to the cutoff energy, number ofk-points in the
irreducible part of the BZ, and to the parameterD is dis-
cussed in the Appendix for the particular case of the Cu(100)
and Cu(110) surfaces.

III. RESULTS AND DISCUSSION

A. Cohesive bulk properties

The equilibrium lattice constanta0 and the bulk modulus
calculated at the equilibrium volumeB0 were obtained by
fitting the total energy results to Murnaghan’s equation of
state.49 To determine the cohesive energyEcoh for the bulk
Cu, a spin-polarized total energy calculation for the free Cu
atom was performed using a cubic box with a side length of
10.58 Å. Our results for the cohesive bulk Cu properties are,
a0=3.63 Å s55%d, B0=1.38 Mbars0.73%d, and Ecoh=
−3.74 eVs7.16%d, while the experimental results area0

=3.61 Å, B0=1.37 Mbar, andEcoh=−3.49 eV.50 The num-
bers in parentheses indicate the relative errors with respect to
the experimental results. Our results are close to the experi-
ments, as well as in agreement with other first-principles
calculations employing the generalized gradient approxima-
tion, e.g., a0=3.62 Å, B0=1.51 Mbar,51 a0=3.61 Å,19 a0
=3.63 Å, B0=1.42 Mbar, andEcoh=−3.51 eV.21,22

B. Low-Miller-index Cu surfaces

The interlayer spacings were calculated with respect to
the clean unrelaxed surface interlayer spacing, i.e.,Ddij
=100sdij −d0d /d0, wheredij is the interlayer spacing between
the layersi and j obtained by total energy minimization.d0
is the interlayer spacing of the clean unrelaxed surface, e.g.,
d0=a0/2=1.815 Å, Î2 a0/4=1.283 Å, and Î3 a0/3
=2.096 Å, for Cu(100), Cu(110), and Cu(111), respectively.
For each low-Miller-index Cu surface, calculations were per-
formed for two different numbers of layers in the slab, e.g.,
11 and 7 for Cu(100) and Cu(111), and 13 and 7 for Cu(110).
The magnitude of the interlayer relaxations are summarized
in Table I, along with LEED results and previous theoretical
calculations.

We found that the interlayer relaxations of the low-Miller-
index Cu surfaces calculated using 13- and 11(-) layers thick
slabs are almost the same as those calculated with 7-layers
thick slabs. Thus, the results reported in Table I are con-

verged with respect to the number of layers used to simulate
the flat Cu surfaces. From now, only the results obtained with
the largest number of layers for the flat Cu surfaces will be
discussed.

For Cu(100), we found that the topmost interlayer spacing
contracts, while the second interlayer spacing expands.
These results are in qualitative agreement with LEED8,10 and
spin-polarized LEED(SP-LEED)12 results. However, it can
be seen in Table I that there is a deviation in the magnitude
of the interlayer relaxations obtained by our FLAPW calcu-
lations and those obtained by LEED8,10 and SP-LEED12 in-
tensity analysis. The contraction of the topmost interlayer
spacing is larger by almost a factor of two compared with the
LEED and SP-LEED results. The expansion of the second
interlayer spacing is closer to the SP-LEED result, but
smaller by almost a factor of two compared to the LEED
results. Furthermore, we find that the two outermost inter-
layer relaxations are in agreement with previous DFT calcu-
lations, employing the PPPW approach, reported by Rodach
et al.16 However, there is a clear disagreement forDd34, i.e.,
we obtained an expansion while a contraction was
reported.16

To investigate this discrepancy between DFT calculations
and LEED intensity analysis results, the convergence of the
interlayer relaxations with respect to the cutoff energy and to
the number ofk-points in the irreducible part of the surface
BZ were checked(see Appendix). The reason for such de-
viation is not clear, but might be due to the presence of
impurities on Cu(100) such as sulphur atoms. Very recent
calculations(in progress) performed for the S/Cu(100) sys-
tem for 1/4 coverage indeed show that the topmost interlayer
contraction is reduced, while the expansion of the second
interlayer spacing increases, which is qualitatively in better
agreement with the LEED results. However, new LEED in-
tensity analysis for the flat Cu(100) might help to understand
this discrepancy between DFT and LEED.

For Cu(110), we clearly found an alternating oscillatory
behavior for the interlayer relaxation sequence, i.e.,−+−+
−+, which extends for six interlayer distances. This behavior
was not observed for Cu(100) and Cu(111). The absolute
values of the interlayer relaxations decrease with depth from
the surface, i.e.,uDdn,n+1u. uDdn+1,n+2u, which is intuitively
expected, but not a rule. This behavior has not been observed
by LEED studies yet, since only the topmost two interlayer
relaxation parameters have been determined in earlier LEED
intensity analysis studies.4,5,7,9,10

Table I shows a good agreement between our results and
those obtained by LEED intensity analysis.4,5,7,9,10 In fact,
the agreement is much better than for Cu(100). Furthermore,
our results are in excellent agreement with the results re-
ported by Rodachet al.,16 and Rosset al.,18 while there are
small discrepancies with the FLAPW calculations reported
by Redingeret al.14 They obtained a contraction of −6.2%
for the topmost interlayer spacing, while we obtained
−9.74%.

For Cu(111), we found that the first and second interlayer
spacing contracts slightly, while the third interlayer spacing
expands, i.e., −−+̄ , which contrasts to the oscillatory be-
havior found for Cu(110). The interlayer contraction of the
topmost interlayer spacing is in close agreement with LEED
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results,6,11 however, our results do not support the expansion
by almost 1% of the topmost interlayer spacing obtained by
very-low-energy electron diffraction(V-LEED).17 Further-
more, as was obtained for Cu(110) and Cu(100), our results
are in agreement with the PPPW calculations reported by
Rodachet al.16 and FLAPW calculations reported by Bihl-
mayeret al.19

It can be seen in Table I that FLAPW calculations, em-
ploying theWIEN code, reported by Da Silvaet al.21,22 ob-
tained a larger contraction for the topmost interlayer spacing
and a contraction for the third interlayer spacing. To under-
stand such differences, which is unexpected, since in both
methods the same method is used, calculations were per-
formed for Cu(111) using a large value for the parameterD.

Using 7-layers thick slabs andD=20.72 Å, we obtained con-
tractions of −0.80, −0.58, and −0.15% for the first, second,
and third interlayer spacings, respectively, which are closer
to the results reported by Da Silvaet al.21,22

The quantitative agreement between our FLAPW calcula-
tions and those employing the embedded atom method
(EAM)13,26 and the corrected effective-medium(CEM)
theory24 is far from satisfactory. The topmost interlayer con-
traction for Cu(100), Cu(110), and Cu(111) calculated with
the CEM theory are larger by almost a factor of two, while
the results obtained with the EAM are smaller by almost a
factor of two compared with our results.13,24,26Furthermore,
for the cases, where the magnitude of the interlayer relax-
ation is of the order of 1.0%, there are deviations in the sign

TABLE I. Multilayer relaxations,Ddij , of the Cu(100), Cu(110), and Cu(111) surfaces.Nl indicate the number of layers in the slab.
Ddij =100sdij −d0d /d0, wheredij is the interlayer spacing between the atomic layersi and j . d0 is the interlayer spacing in the unrelaxed
surface, i.e.,d0=1.815, 1.283, and 2.096 Å for Cu(100), Cu(110), and Cu(111), respectively. The + and − signs indicate expansion and
contraction of the interlayer spacing, respectively.

Surface Nl Reference Dd12 s%d Dd23 s%d Dd34 s%d Dd45 s%d Dd56 s%d Dd67 s%d

Cu(100) 11 FLAPW This work −2.92 +0.70 +0.45 +0.12 −0.02

11 FLAPW This worka −2.52 +0.84 +0.68 +0.46 +0.51

7 FLAPW This work −2.89 +0.67 +0.38

7 FLAPW This worka −2.55 +1.00 +0.68

7 PPPW 16 −3.02 +0.08 −0.24

EAM 13 −1.41 −0.33

CEM 24 −6.2 +0.5

LEED 10 −1.10±0.40 +1.70±0.60

LEED 8 −1.00±0.40 +2.00±0.80

SP-LEED 12 −1.2 +0.9

Cu(110) 13 FLAPW This work −9.74 +3.64 −1.17 +0.40 −0.09 +0.14

7 FLAPW This work −9.64 +3.62 −0.77

11 FLAPW 14 −6.2 +2.1

7 FLAPW 18 −10.2 +3.8

7 PPPW 16 −9.27 +2.77 −1.08

EAM 13 −4.93 +0.23

EAM 26 −4.5 +0.2 −0.5

CEM 24 −15.0 +1.4

LEED 7,9 −8.5±0.6 +2.3±0.8

LEED 4 −10.0±2.5 0.0±2.5

LEED 5 −8±3

LEED 10 −7.90 +2.40

Cu(111) 11 FLAPW This work −0.60 −0.18 +0.12 +0.40 +0.38

7 FLAPW This work −0.56 −0.45 +0.08

7 FLAPW 21,22 −1.19 −0.65 −0.24

9 FLAPW 19 −0.5 −0.3

7 PPPW 16 −1.27 −0.64 −0.26

EAM 13 −1.39 −0.05

CEM 24 −4.6 +0.5

LEED 6 −0.3±1

LEED 11 −0.7±0.5

V-LEED 17 ,+1.0

aCalculations usingKwf=25.00 Ry, instead of 16.00 Ry.
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of the relaxation, e.g., expansion is found instead of contrac-
tion. The potential used in the EAM is obtained by fitting
experimental bulk data such as equilibrium volume, bulk
modulus, elastic constants, cohesive energy, etc., i.e., the
EAM results depend on fitting parameters, and hence, EAM
studies are not as reliable and conclusive as first-principles
calculations.

C. High-Miller-index Cu surfaces

The atomic structure of a stepped surface differs from the
low-Miller-index surfaces in that it consists of an array of
monoatomic steps separated by low-Miller-index terraces, as
show in Fig. 1 for the particular case of the Cu(331) surface.
Stepped surfaces such as Cu(331) are obtained by cutting a
crystal along a plane at a small angle with respect to a prin-
cipal low-Miller-index direction and the width of the terraces
is the larger, the smaller the angle of the cut. Using the the-
oretical equilibrium lattice constantsa0=3.63 Åd, the inter-
layer distance,d0, for Cu(210), Cu(211), and Cu(331) are
a0/Î20=0.812 Å,a0/Î24=0.741 Å, anda0/Î19=0.833 Å,
respectively, while for Cu(100), Cu(110), and Cu(111), d0
=1.815 Å, 1.283 Å, and 2.096 Å, respectively. Thus, the in-
terlayer distance between two adjacent atomic layers parallel
to the surface at high-Miller-index surfaces are considerably
smaller than for the low-Miller-index surfaces.

In the stepped metal surfaces, opposite the flat surfaces
where there are no relaxations parallel to the surface, there
are relaxations parallel to the surface, which are called reg-
istry relaxations. The registry relaxations in the stepped sur-
faces studied in the present work occur perpendicular to the
steps. The registry relaxationsDr ij are defined similar to the
interlayer relaxations perpendicular to the surface, i.e.,Dr ij
=100sr ij −r0d / r0, wherer12, r23, and so on are indicated in
Fig. 1. r0 is the ideal registry interlayer distance of the unre-
laxed surfaces, e.g.,r0=s2Î5/10da0=1.623 Å, sÎ3/3da0

=2.096 Å, ands7Î38/76da0=2.061 Å for Cu(210), Cu(211),
and Cu(331), respectively. The registry relaxations are
smaller than the interlayer relaxations perpendicular to the
surface, e.g., for Cu(210), the topmost registry relaxation ob-
tained by LEED is −1.83±3.0%, while the topmost inter-
layer contraction is −11.12±2.0%.35

The LEED technique is not very sensitive to atomic dis-
placements parallel to the surface. Thus, most of the reported
LEED intensity analysis studies do not take in account the
registry relaxations i.e., only the vertical interlayer relax-
ations are included in the fitting of the LEED
intensities.29,30,32,33To verify the importance of the relax-
ations parallel to the surface in the interlayer relaxations per-
pendicular to the stepped surface, calculations were per-
formed in two steps. In the first step, only relaxations
perpendicular to the surface were included, while in the sec-
ond step, relaxations perpendicular and parallel to the surface
were included, i.e., the second step is a full geometric opti-
mization. Furthermore, calculations were done using differ-
ent numbers of layers for Cu(211) and Cu(331). Our results
obtained for the interlayer and registry relaxations are sum-
marized in Tables II and III, respectively, along with previ-
ous LEED and theoretical results.

We obtained that the interlayer relaxations of the Cu(211)
and Cu(331) surfaces calculated with 13- and 12(-), layers
thick slabs, respectively, are very close to the interlayer re-
laxations obtained with 19 and 20 layers thick slabs, respec-
tively. The difference between the interlayer relaxations are
close to 1.00%. Thus, it can be assumed that 13 layers in the
slab are enough to obtain high accurate interlayer relaxations
for open surfaces like the studied stepped Cu surfaces.

Furthermore, we found that the registry relaxations do no
play any critical role in the sign of the interlayer relaxations,
i.e., the multilayer relaxation-sequence does not change con-
sidering atomic displacements parallel to the surface, at least
for the studied Cu surfaces. However, there are changes in
the magnitude of the interlayer relaxations, mainly for the
atoms close to the step edges, as can be seen in Table II. For
example, we found that the contraction of the third interlayer
spacing increases forall studied stepped metal surfaces upon
registry relaxations.

We found that the multilayer relaxation-sequence forall
studied stepped Cu surfaces with three exposed inequivalent
atoms to the vacuum, e.g., Cu(210), Cu(211), and Cu(331),
can be represented by −−+−̄, i.e., the two topmost inter-
layer spacings contract, the third expands, and the fourth
contracts. Thus, our results are in agreement with the trends
observed for the multilayer relaxation-sequence of the
stepped metal surfaces. Hence, we did not find any anoma-
lous behavior in the multilayer relaxation-sequence of
Cu(331). We hope that our results initiate LEED intensity
analysis for Cu(331). From now, we will discuss the results
obtained using the second step(full optimization) and the
largest number of layers for each surface.

For Cu(210), the magnitude of the outermost interlayer
relaxation is a bit larger than the available LEED intensity
analysis results.29,35,37 These LEED results reported by
Ismail et al.35 and Sunet al.37 were obtained at a temperature
of 130 K, while the results reported by Guoet al.29 were
obtained at room temperature. This might explain the larger
difference between the experimental results. In contrast, the
interlayer relaxation for the deeper layers is close to the
LEED results. Furthermore, our results are in good agree-
ment with recent theoretical calculations employing the ul-
trasoft PPPW method37 and the projected augmented plane-
wave (PAW) method37 (see Table II).

The registry relaxations obtained by LEED intensity
analysis are available only for the particular case of the
Cu(210) surface. We found a registry relaxation-sequence
given by −−+−, which is in agreement with the LEED re-
sults reported in Refs. 35 and 37. Furthermore, there is quite
good agreement with respect to the magnitude of the relax-
ations. Due to the small value of the relaxations differences
between DFT and LEED is not surprising. However, we
want to point out that the trend predicted by LEED intensity
analysis is fully consistent with our results.

For Cu(211), the magnitude of the interlayer relaxations
are in good agreement with the LEED results obtained at a
temperature of 110 K by Seylleret al.30 A good agreement is
also obtained with the local-density approximation PPPW
calculations performed by Weiet al.27 However, our results
are not in agreement with the all-electron FLAPW calcula-
tions performed by Geng and Freeman.34 Their topmost in-
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terlayer relaxation is two times larger than our result.
For Cu(331), we found good agreement between our re-

sults and those obtained by quantitative LEED intensity
analysis reported by Tianet al.32 for Dd12 and Dd34. How-
ever, the same agreement is not obtained forDd23. Our cal-
culations predict a contraction, while LEED intensity analy-
sis found an expansion. It can be seen in Table II that the
error in the LEED intensity analysis is larger than the value
itself and our result is inside of the given range. As for the
Cu(211) surface, our results are not in good agreement with
the FLAPW results obtained by Geng and Freeman.34 For
example, their result for the topmost interlayer relaxation is
−22.0±1%, which is almost two times larger than our result.
Geng and Freeman obtained an expansion for the second

interlayer distance,Dd23= +1.6±1%, while we obtained a
contraction.

The source of the difference between our results and those
reported by Geng and Freeman34 is unclear, since the same
method was used in both calculations. To understand the dif-
ferences we performed test calculations for the Cu(211) and
Cu(331) surfaces using the same set of parameters as used by
Geng and Freeman, e.g.,Kwf=13 Ry, etc. We found that the
interlayer relaxations change slightly(see Table II), but the
trend did not change. Therefore, our tests calculations could
not identify the source of the differences between our results
and those by Geng and Freeman.34 Since we carefully
checked the convergence of the interlayer relaxations of the
Cu surfaces with respect to the cutoff energy and number of

TABLE II. Multilayer relaxationsDdij of the Cu(210), Cu(211), and Cu(331) surfaces.Nl indicate the number of layers in the slab.
Ddij =100sdij −d0d /d0, wheredij is the interlayer spacing between the atomic layersi and j obtained by total energy minimization.d0 is the
interlayer spacing in the unrelaxed surface, i.e.,d0=0.812, 0.741, and 0.833 Å, for Cu(210), Cu(211), and Cu(331), respectively. The + and
− signs indicate expansion and contraction of the interlayer spacing, respectively.

Dd12 Dd23 Dd34 Dd45 Dd56 Dd67 Dd78 Dd89

Surface Nl Reference s%d s%d s%d s%d s%d s%d s%d s%d

Cu(210) 15 This worka −15.30 −4.57 +5.63 −1.18 +0.44 −1.07 +0.39

15 This workb −15.93 −5.05 +6.45 −1.29 +0.04 −0.62 +0.29

21 37PPPW −16.4 −4.5 +7.2 −0.6 −0.9 +1.4

21 37PAW −17.1 −4.8 +7.0 −1.2 −0.9 +0.8
24CEM −25.3 −4.7
37LEED −11.1±1.9 −5.0±1.6 +3.7±1.7
35LEED −11.12±2.0 −5.68±2.3 +3.83±2.5 +0.06±3.0 −0.66±3.5
29LEED −5.7±5 −6.0±5 +6.8±4 −3.7±5 −0.5±4

Cu(211) 13 This worka −13.84 −7.03 +7.74 −1.92 −2.13 +1.19

13 This workb −13.24 −9.80 +9.39 −1.93 −1.91 +1.23

13 This workc −13.05 −8.32 +6.50 −1.82 −2.78 +0.55

19 This worka −13.20 −7.27 +7.78 −2.24 −1.76 +1.56 +0.11 −0.90

19 This workb −13.17 −9.43 +9.19 −2.04 −1.17 +1.17 +0.26 −0.74

15 34FLAPW −28.4±1 −3.0±1 +15.3±1 −6.6±1 +0.7±1 +3.0±1 0.0±1

17 27PPPW −14.4 −10.7 +10.9 −3.8 −2.3 +1.7 −1.0

72 25EAM −10.28 −5.41 +7.26 −5.65 −1.2 +3.99 −2.6
26EAM −10.3 −5.1 +7.3 −5.6 −1.1
30LEED −14.9±4.1 −10.8±4.1 +8.1±4.1

Cu(331) 12 This worka −12.10 −3.46 +5.84 −2.75 +0.67

12 This workb −13.09 −5.04 +7.54 −2.65 +0.67

20 This worka −12.25 −3.35 +5.33 −2.99 +0.65 +0.31 −0.13 +0.31

20 This workb −14.23 −3.95 +6.59 −2.80 +0.17 +0.21 +0.29 −0.07

20 This workc −13.18 −3.17 +4.64 −3.35 +0.57 −0.32 −0.36

13 34FLAPW −22.0±1 +1.6±1 +6.9±1 −2.4±1 −0.6±1 −0.4±1

72 25EAM −10.42 +1.72 −1.66 −0.27 −0.3 +0.54 −0.37
26EAM −10.5 +2.0 −1.5 −0.4 −0.2
24CEM −18.9 −5.7
23N-EP −8.8 +2.7 −1.8 −0.1
32LEED −13.8±4 +0.4±4 +4.0±4 −4.0±4

aOnly relaxations perpendicular to the surface were included in the force optimization.
bRelaxations parallel and perpendicular to the surface were included in the force optimization.
cUsing the same parameters used by Geng and Freeman(Ref. 34), e.g.,Kwf=13 Ry (only perpendicular relaxations).
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k-points in the irreducible part of the BZ, as well as with
respect to the number of layers in the slab, we believe that
our results are correct.

To complete the discussion for Cu(331), we find good
agreement between our results and those obtained by
EAM25,26 for the topmost interlayer spacing. However, the
same agreement is not obtained forDd23 andDd34. The EAM
calculations yield an expansion and a contraction by a few
percent, while our calculations predict a contraction and an
expansion forDd23 and Dd34, respectively. The results ob-
tained with CEM24 are in good agreement with our results
for the first and second interlayer spacing relaxations. Such
differences are to be expected since these methods are based
on nonfree-parameter ionic potentials fitted to bulk proper-
ties.

The contraction of the topmost interlayer spacing of low-
and high-Miller-index Cu surfaces can be explained by the
Smoluchowski charge smoothing of the electron-density.38,39

On a real solid surface, electrons smooth and spread them-
selves out mainly to lower their total kinetic energy. This
weakens the electron-density corrugation and means that the
electron density flows from the region above the atoms(on-
top site region) to the region between them(hollow site re-
gion), which in turn creates a layer of positive ion cores.
Thus, electrostatic forces cause the topmost surface plane to
move inwards, i.e., resulting in a contraction of the topmost
interlayer spacing.

Thus, for solid surfaces with a large electron-density cor-
rugation such as the fcc(110) surface, the contraction of the
topmost interlayer spacing is larger than for the more closely
packed fcc(111) surfaces, which is indeed obtained by LEED
intensity analysis and first-principles calculations. It is im-
portant to note that this explanation does not take in account
the difference in the nature of the chemical bonding in the
different metal surfaces.

For stepped surfaces several atom rows on the terraces
(which belong to different planes) are in direct contact with
the vacuum region. These atoms are affected by the Smolu-
chowski charge smoothing of the electron-density, and
hence, a contraction is obtained for several interlayer spac-
ings, whose number depends on the number of atom rows in
the terraces, which is in fact obtained in our calculations.

However, this picture cannot be used to determine the
multilayer relaxations for deeper atomic layers, i.e., cannot
predict the full multirelaxation sequence.

IV. SUMMARY

In the present work we performed DFT calculations, em-
ploying the all-electron FLAPW method, for the low- and
high-Miller-index Cu surfaces, namely, the Cu(100),
Cu(110), Cu(111), Cu(210), Cu(211), and Cu(331) surfaces.

For the low-Miller-index surfaces, we obtained good
agreement between our results and the LEED intensity
analysis for the(110) and (111) Cu surfaces, however, the
same level of agreement was not obtained for the Cu(100)
surface. We attribute this to the possible presence of impuri-
ties on the surface, e.g., sulfur atoms. Very recent calcula-
tions (in progress) performed for the S/Cu(100) system for
1/4 coverage indeed show that the topmost interlayer con-
traction is reduced, while the expansion of the second inter-
layer spacing increases, which qualitatively is in better
agreement with the LEED results. Furthermore, we obtained
a clearly alternating oscillatory behavior for the interlayer
contractions and expansions sequence for Cu(110), i.e., −+
−+−+¯, while for the Cu(100) and Cu(111) surfaces differ-
ent multilayer relaxation-sequences were obtained, e.g., −+
+¯ and −−+̄ , respectively.

We found that the stepped surfaces Cu(210), Cu(211), and
Cu(331), with three exposed surface atoms on the terrace,
have the same multilayer relaxation-sequence, i.e., −−+−¯.
The contraction of the two topmost interlayer spacings are in
accordance with the sequence expected from the Smolu-
chowsky corrugation smoothing38,39 for stepped surfaces
with three atom rows in the terrace. Therefore, based on our
all-electron FLAPW calculations, there is no anomalous be-
havior for the multilayer relaxation of the Cu(331) surface as
was suggested in the literature.32,34

Furthermore, we obtained that the registry relaxations do
not play any role for the sign of the interlayer relaxations
perpendicular to the surface, however, they are important for
the correct magnitude of the interlayer relaxations involving
atoms close to the step edges. In general, we found good
agreement between our all-electron FLAPW calculations and
the interlayer relaxations obtained with LEED intensity
analysis, however, discrepancies between DFT and LEED
still exist for particular cases, e.g., Cu(100) and Cu(331). We
expect that such discrepancies can originate new LEED in-
tensity analysis studies of Cu surfaces.
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APPENDIX

Here we will discuss the dependence of the interlayer re-
laxations,Ddij , of the Cu(100) and Cu(110) surfaces with
respect to computational parameters such as the cutoff en-
ergyKwf and number ofk-points in the irreducible part of the
BZ, NIBZ

k . For the particular case of the Cu(110) surface,

TABLE III. Registry relaxations,Dr ij , for the Cu(210), Cu(211),
and Cu(331) surfaces. The + and − signs indicate expansion and
contraction of the registry spacings, respectively.

Cu(210) Cu(211) Cu(331)

% Nl =15 Nl =13 Nl =19 Nl =12 Nl =20

Dr12 −0.98 −1.86 −1.77 −1.04 −0.81

Dr23 −0.67 −0.93 −0.95 −1.70 −1.78

Dr34 +2.08 −0.63 −0.56 +1.44 +1.52

Dr45 −0.47 +1.72 +1.80 +0.90 +0.55

Dr56 −0.76 −0.35 −0.25 −0.39 −0.39

Dr67 +0.11 +0.52 +0.34 +0.24

Dr78 +0.11 +0.01 −0.11

Dr89 −0.18 +0.01
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calculations were performed also as a function of the param-
eter D, which separates the slab(film) to the semi-infinite
vacuum region at both sides of the slab. It can be seen in
Table I that 7 layers in the slab are enough to obtain con-
verged interlayer relaxations for the flat surfaces. Thus, our
test calculations were performed employing 7-layers thick
slabs for the Cu(100) and Cu(110) surfaces. The results are
summarized in Tables IV and V.

For both surfaces, calculations were performed for eight
different values for the cutoff energy in the range from 10.56
to 25.00 Ry. These calculations were performed usings14
314d and s14310d two-dimensionalk-point meshes for
Cu(100) and Cu(110), respectively. We obtained that the cut-

off energy plays an important role in the magnitude and sign
of the interlayer relaxations. For example, usingKwf

=10.56 Ry, we found that the topmost interlayer spacing
contracts by −6.09 and −12.18% for the Cu(100) and
Cu(110) surfaces, respectively, however, using a cutoff en-
ergy of 25.00 Ry, we obtained thatDd12=−2.55 and −9.22%
for Cu(100) and Cu(110), respectively. For the deep inter-
layer spacings of Cu(100), which have small interlayer relax-
ations, the correct sign of the interlayer relaxation is obtained
only for cutoff energies higher than 14.06 Ry.

Furthermore, for both surfaces, calculations were per-
formed for seven different sets ofk-points using 16.00 Ry as
the cutoff energy. We found that the number ofk-points used
to perform the integration over the BZ does not play an
important role on the interlayer relaxations.

The Cu(110) surface was simulated with 7 layers in the
slab, hence, the minimum value for the parameterD is
10.02 Å, which depends on the interlayer distances1.283 Åd
and sphere Cu radiuss1.16 Åd by the following equation,
D=6d0+2Rmt

Cu. Calculations were performed using seven dif-
ferent values for the parameterD, which were obtained using
the following equation,D=6d0+nRmt

Cu, wheren=2, 3, 4, 5, 6,
7, and 8, respectively. These calculations were performed
usingKwf=16.00 Ry andNIBZ

k =35. We obtained that the pa-
rameterD does not play a critical role in the interlayer re-
laxations. The changes in the interlayer relaxations are al-
most negligible for values ofD larger than 12.36 Å.

From the test calculations reported in the present Appen-
dix we can conclude that a cutoff energy of 16.00 Ry is
sufficient to obtain well converged interlayer relaxations for

TABLE IV. Interlayer relaxations,Ddij of the Cu(100) and Cu(100) surfaces as a function of the cutoff
energyKwf and to the number ofk-points in the irreducible part of the BZNIBZ

k . The correspondent two-
dimensionalk-point meshes are indicated in parentheses.Ddij is calculated with respect to the interlayer
distance of the unrelaxed ideal surface. The + and − signs indicate expansion and contraction of the interlayer
spacing, respectively.

Cu(100) Cu(110)

Kwf sRyd Dd12 s%d Dd23 s%d Dd34 s%d Kwf sRyd Dd12 s%d Dd23 s%d Dd34 s%d

10.56 −5.83 −2.02 −2.56 10.56 −11.93 +1.80 −3.02

12.25 −4.14 −0.15 −0.47 12.25 −10.46 +2.89 −1.61

14.06 −3.34 +0.55 +0.34 14.06 −9.92 +3.37 −1.04

16.00 −2.89 +0.67 +0.38 16.00 −9.64 +3.62 −0.77

18.06 −2.85 +0.90 +0.60 18.06 −9.44 +3.79 −0.58

20.25 −2.66 +0.98 +0.54 20.25 −9.28 +3.78 −0.52

22.56 −2.58 +0.98 +0.67 22.56 −9.19 +3.75 −0.59

25.00 −2.55 +1.00 +0.68 25.00 −9.22 +3.75 −0.56

Cu(100) Cu(110)

NIBZ
k Dd12 s%d Dd23 s%d Dd34 s%d NIBZ

k Dd12 s%d Dd23 s%d Dd34 s%d
10 s838d −2.80 +0.62 −0.03 6s634d −8.95 +3.78 −0.54

15 s10310d −2.84 +1.03 +1.00 12s836d −9.62 +3.00 −0.76

21 s12312d −3.00 +0.48 +0.41 15s1036d −9.65 +4.19 −0.64

28 s14314d −2.89 +0.67 +0.38 24s1238d −9.35 +3.66 −0.41

36 s16316d −2.96 +0.65 +0.26 35s14310d −9.64 +3.62 −0.77

45 s18318d −2.79 +0.56 +0.41 48s16312d −9.49 +3.77 −0.63

55 s20320d −2.92 +0.60 +0.25 54s18312d −9.63 +3.70 −0.79

TABLE V. Interlayer relaxationsDdij of the Cu(110) surface as
a function of the parameterD (see text). D=6d0+nRmt

Cu andDdij is
calculated with respect to the interlayer distance of the unrelaxed
ideal surfaced0. The + and − signs indicate expansion and contrac-
tion of the interlayer spacing, respectively.

n D sÅd Dd12 s%d Dd23 s%d Dd34 s%d

2 10.02 −9.29 +3.65 −0.64

3 11.18 −9.49 +3.55 −0.85

4 12.36 −9.64 +3.62 −0.77

5 13.52 −9.58 +3.49 −0.90

6 14.68 −9.59 +3.50 −0.87

7 15.84 −9.62 +3.47 −0.94

8 17.00 −9.59 +3.48 −0.93
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Cu(110), but not for the Cu(100) surface, which requires a
larger cutoff energy. A large number ofk-points were used in
our final calculations discussed in the present paper, e.g., 28
and 35k-points in the irreducible part of the BZ, due to the
fact that we also calculated the surface energy for the men-
tioned surfaces which is going to be discussed in a further
publication. Similar high qualityk-point sets were used in all

other surface calculations. For the particular case of the pa-
rameterD, our calculations for the Cu(110) surface indicate
that D=12.36 Å, are sufficient to obtain converged results.
For the parameterD, which depends on the number of layers
in the slab, we used the following relation,D=sNl −1dd0

=4Rmt
Cu to determineD for all surface calculations reported in
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