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First-principles investigation of the multilayer relaxation of stepped Cu surfaces
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We performed density-functional theory calculations, employing the all-electron full-potential linearized
augmented plane-wavg-LAPW) method, for the multilayer relaxations of the vicinal, high-Miller-index
Cu210, Cu211), and C433) surfaces, as well as for the flat, low-Miller-index @00), Cu110), 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 shdwcontractiongindicated by
followed by one expansiofindicated by 4. 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 @81) 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 C¢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 th&OCsurface, a
pronounced alternating oscillatory behavior extending over six interlayer distances was found +.e5+.

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 For the past 30 years, the atomic structure of flat metal

The creation of a surface significantly alters the electrorpurfaces has been the .SUbjECt of 'extensive studies by low-
density in the outermost surface layers. Thus, the Surfacgnergy_electron diffractioL EED) intensity analysis and
atoms change their atomic positions due to the forces genefd€oretical fcalculatg)n‘é: row?ver the study Oé,ég% a:lomm
ated by the redistribution of the electron density, e.g., elecStructure of stepped metal surfaces is quite recentlt has

trons smooth and spread themselves out in a way that weaReen found thaalmost alltransition-metal surfaces show a

ens the electron-density corrugation mainly to lower thejrcontraction of the topmost interlayer spacing, and it increases

kinetic energy. Hence, the outermost surface atomic Iayertﬁ'Ith theto.p?nrlless of the _surfahce. H%wever, exp?nd3|?ns ?f the
can shift perpendiculainward or outwargland/or parallel to opmost Interiayer spacing have been reported for Iree-

i 20-22 15
the surface, which gives rise to a change of the interlaye(laIeCtronllke metal surfaces, e.g., 0§01, Be(000D.

! . ) The contraction of the topmost interlayer spacing on
spacings. Furthermore, reconstructions of the surface m'g%etal surfaces can be understood by phsical picture3t
occur, i.e., the translational symmetry is changddhe de- !

o . . . which relates the inward displacement to the Smoluchowski
term|_nat|on of the atomic structure of soll_d surfaces, ie., th harge smoothing of the electron denghyyhile the expan-
location of the atoms, and a microscopic understanding O§jon of the topmost interlayer spacing for surfaces such as
the surface relaxations and reconstructions are among thgg0001) and B&000Y) is not as simple to explain as con-
basic questions in surface science due to the influence of theaction of the topmost interlayer spacing. Feibel?iame-
surface structure on many physical and chemical processegied the outward displacement of the topmost interlayer dis-
such as surface reactions, growth, and adsorption of adpagance of B€O001) and Mg0001) to the demotion of
ticles (for a review see Ref.)2 electrons fromp,- to s-states at the surface layer atoms,
The understanding of these processes requires a micre¢thich have different magnitude for different surfaces. In
scopic understanding of surface defects, namely, adatombpth pictures, it is not straightforward to obtain information
vacancies, steps, etc. In particular, steps are always presesftthe trends for multilayer relaxations, i.e., whether there is
on real solid surfaces, e.g., even thélP1) surface has a an interlayer contraction or expansion for the deep interlayer
density of atomic steps of 1% implying terrace widths of thespacings.
order of 300 A3 Surface atoms at the step edges change their For many metal systems the flat surfaces exhibit an alter-
atomic positions easier than other surface atoms due to themating oscillatory behavior for the outermost interlayer spac-
low coordination. Furthermore, steps provide preferential ading relaxations. For example, Adanes al.” reported an al-
sorption sites for adparticles. Thus, atomic steps affect &ernating behavior of the interlayer relaxation for(CLO),
large number of surface properties such as morphology, ra-e., —+, where the — and + signs indicate contractions and
activity, relaxations, etc. Therefore, there is a clear interest iexpansions, respectively, of the interlayer distance between
understanding the structure of atomic steps at solid surfacesvo adjacent atomic layers parallel to the surface with re-
To obtain that goal, the study of surfaces with periodic dis-spect to the unrelaxed surface. Their work was restricted
tribution of atomic steps, which are commonly calledonly to the two topmost interlayer spacings. Thus, it is un-
stepped surfaces, is the most simple and convenient aptear whether this alternating behavior extends for several
proach. interlayer spacings into the bulk region.
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Top view of the Cu(331) surface surfaces, this trend has been found true foK210),2°3537
Cu(211),25-2730%and Cy320).3%*5However, experimental and
theoretical results seem to indicate an irregular behavior for
the Cy331)232526:32349nd Cy511)%* surfaces.

For Cu33l), independent semiempirical calculations
based on the embedded-atom meth@EAM)?>2¢ and
N-body effective potential (N-EP)?3 have obtained a
multilayer relaxation-sequence given by —+, instead of
the expected—+. However, EAM calculations for geometri-
cally similar stepped metal surfaces, e.g., (280 and
Pd331), have obtained the expected tree-+).2° Thus,
based on the EAM anll-EP calculations, the @831 sur-
face has an irregular behavior compared with geometrically
similar stepped transition-metal surfaces. Calculations based
on the corrected effective-mediu(@EM) theory performed
by Sinnottet al?* obtained that the outermost two interlayer

Side view of the Cu(331) surface spacings contract, i.e., ——. The sign of the relaxation of the
third interlayer spacingds,) is unclear, since only the relax-
(111) terrace  (111) step ho | Bs ation of the two outermost interlayer spacings were consid-
ered in their work.
1 dpy Quantitative LEED intensity analysis performed by Tian
_____________________________________ % s et al® obtained that the multilayer relaxation-sequence of
_____ @@@ -Gy Cu(331) is —+ +—. Thus, the LEED results seem to confirm
------------ @@@} 5 the contraction and expansion of the two outermost inter-
------- @@@@C@@i 6 layer spacings obtained by EAM andN-EP
""""""""""""""""""""""""""""" 7 calculationg®?5?6put it is in disagreement with the CEM
-------------- 1%8

calculations® However, Tianet al. obtained that the third
(b) interlayer distance expands, which is disagreement with the
EAM and N-EP calculations. Based on their LEED results,
FIG. 1. Schematic diagram of the (331) surface. The Cu at-  Tjgn et al. suggested that there is an anomalous behavior for
oms are indicated by open circlegecreasing for deeper laygend Cu331) compared with geometrically similar stepped
the numbers indicate the layer numiercreasing for deeper lay-  yansition-metal surfaces, which follow the expected trend
ers. (a) Top view. Directing the primitive vecta alor_lg the{axis, (——+---). The magnitude of the interlayer relaxations ob-
tpe pr@ltlveesurfﬂ:e unlE vectors are given i (V2/2)agl, and  t5ined by Tian et al. are Ad;,=—13.8+4%, Ady,=
b=-(\2/4)agi +(\38/4agj. The angle between the primitive vec- +0.4+4%, andAds,=+4+4%. The determination of the
torsd andb is 102.921. (b) Side view. The(111) terraces with three  sign of the second interlayer spacing relaxation is a special
atom rows are indicated, as well as the monoataitid) steps. The issue as pointed out by Tiaet al, i.e., a large errof+4%)
interlayer spacing for the unrelaxed @81) surface is given by  compared with the value itse(f0.4).
a9/V19=0.833 A. Density-functional theoryDFT) calculations, employing
the all-electron full-potential linearized augmented plane-
A different type of behavior has been found for the wave (FLAPW) method, reported by Geng and Freerdfan
multilayer relaxation-sequence of stepped metal surfaceslso found that C{831) exhibits a multilayer relaxation-
Based on a large number of results for different steppedequence given by —+ +-, which is in agreement with the
metal surfaces, obtained by quantitative LEED intensityLEED results obtained by Tiaret al3? They obtained
analysis, first-principles calculations, and semiempirical cal—22.0% for the interlayer relaxation of the topmost interlayer
culations, it has been found that for a stepped metal surfacgpacing, which is almost two times larger than the LEED
exhibiting terraces witm atom rows exposed to the vacuum, result obtained by Tiaet al 32 Calculations for C(211) were
the firstn—1 interlayer spacings contract, while thth in-  also reported by Geng and Freenthey reported that the
terlayer distance expand&For example, vicinal metal sur- topmost interlayer spacing contracts by —28.4%, which is
faces with a terrace width of 2, 3, and 4, atom rows exposedimost two times larger than the LEED res(i14.9%) ob-
to the vacuum, the multilayer relaxation-sequences areained by Seylleret al3® However, first-principles calcula-

=+, ——+---, and ———+--, respectively. tions, employing the pseudopotential plane-waRPPW
As shown in Fig. 1, the stepped @331) surface has three approach, performed by Wet al?’ obtained a contraction of
atom rows in thg111) terraces exposed to the vacuyim- -14.4% for the topmost interlayer spacing of the(Zi0)

dicated by numbers 1, 2, and,3nd a monoatomi¢11l)  surface, which is in close agreement with the contraction
step. Therefore, a multilayer relaxation-sequence given byeported by Seylleet al3° Such large discrepancies between

—-—+:-- is expected. The same behavior is also expected fdfirst-principle calculations based on DFT and LEED intensity
stepped metal surfaces such ag2d€), fco(211), fce(320), analysis are rarely obtained nowadays.

and fcg511), which have also three atom rows in the terraces  Furthermore, we want to point out that the study of the
exposed to the vacuum. In the particular case of stepped Catomic structure of stepped metal surfaces by LEED inten-
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sity analyses and first-principles calculations is quite recently The LAPW wave functions in the interstitial region are
due to the complexity atomic structure of the stepped surrepresented using a plane-wave expansion truncated to in-
faces compared to the flat surfaddshas been reported that clude only plane-waves that have kinetic energies less than
most of the computer programs used in the LEED intensitysome particular cutoff energif, and for the potential rep-
analysis have found problems with the quantitative analysisesentation in the interstitial region plane-waves with wave
of the LEED intensities, when the interlayer distance isvectors up toGP® are considered. Inside the muffin-tin
smaller than 1.0 &8 which is the case of the C&10), spheres with radiuR,,,, the wave functions are expanded in
Cu(211), and Cy331) surfaces. Hence, the determination of radial functions times spherical harmonics up g, and for

the magnitude of the interlayer contractions and expansionthe representation of the potential inside the muffin-tin

for stepped surfaces is not as easy as for flat surfaces.  gpheres, a maximum ., is used. For the evaluation of the

Therefore, first-principles calculations such as those pemonspherical matrix elements of the Hamiltonian, we include
formed with DFT, employing the all-electron FLAPW terms yp ta

method or the PPPW approach, can be considered as decisive maxe

to provide the multilayer relaxationgmagnitude and se-

quencg of high-Miller-index surfaces for interlayer distances B. Computational details

smaller than 1.0 A, since there is no restriction in such cal- Il of th its th . . i thi
culations with respect to the interlayer distance. However All of the results that we are going to discuss in this paper

first-principles calculations of multilayer relaxations, surfacewere obtained with the all-electron FLAPW method as it is

i 44 This i ion in-
energy, work function, etc., for stepped metal surfaces argnplemented in theFLEUR code_. This |mplem§ntat|on_|n
Cludes total energy and atomic force calculations which al-

still computationally expensive nowadays due to the larg ows a full structural optimization of bulk and surfaces. In
size of the unit cell and large number of layers necessary t%W P ) o
e FLEUR code the solid surfaces are simulated using the

simulate a periodic sequence of terraces. roach or d by Krakauet al.% | inale slab
To verify if the suggested anomalous multilayer a:‘ﬁrgloicsaﬁd(wi?:izd bgtweZnatlflflzo ze.,mi-i.r?fi,niat‘esvagjasli the
relaxation-sequence for the stepped(¥31) surface, i.e., (film) ) . . :
vacuum region the wave functions are described by a product

~++ instead of-—+, s thephysical behavior or an inaccu- of two-dimensional plane-wave andzadependent function
racy in the LEED intensity analyses and first-principles cal- P . P '
The vacuum wave functions are matched to the three-

culations, we performed careful first-principles DFT calcula-dim nsional plane-way f the interstitial reqion at a dis-
tions, employing the all-electron FLAPW method. For Ha\ncee zfﬂslzpf?ori thi: icht)er 0? theeslsaba egion at a dis
comparison and to obtain a larger data base for providing a To obtain the results that we show in this paper, we used

understanding of the multilayer relaxation phenomenon, w : : i
performed calculations also for the @d0) and C211) sur- ?he following set of numerical parameteis! _nSlG‘OO Ry,

faces. As an additional test of the quality of our FLAPW Ry=1.16 A 150 =9, GP'=273 Ry, | n0=9, andlfy, =6, and
calculations, we studied the multilayer relaxation of theD=(N;=1)do+4RG. dy is the interlayer spacing of the unre-
Cu(100), Cu110), and Cy111) surfaces. laxed Cu surfaces anl, is the number of atomic layers in
This paper is organized as follows: In Sec. Il, the theoretthe slab. The linearization energi&s were set to be in the
ical approach and the computational details are described. igenter of gravity of the occupied part of the band with the
Sec. lll, we present and discuss our results for the cohesiviespective charactgs, p, d, f,...). To improve the basis set,
bulk Cu properties, interlayer contractions, and expansiongumerically calculated local-orbitals used to describe the
of the low- and high-Miller-index Cu surfaces. Section [V Semicore state®,were added to improve the description of
summarizes the main conclusions, while in the Appendix wehe valence Cu &states.
report the most important convergence tests performed in the The bulk Cu was simulated using an tetragonal unit cell
present work. with two Cu atoms in tbe primitive cell. The prh:nitive lattice
vectors ared; =(v2/2)ai, d,=(2/2)aj, andaz=ak, wherea
is the lattice constant of the face-centered cubic lattice. For
Il. METHOD the integration over the bulk Brillouin zon®Z) we used a
(14X 14x% 10) Monkhorst-Pack grid! i.e., 140k-points in
the irreducible part of the BZ. A broadening of the Fermi
In this section we will describe the theoretical approachsurface by the Fermi-Dirac distribution function with a
that we employed in our study, while the numerical param-broadening parameteksT,=0.054 eV was used. The total
eters involved in the calculations will be reported in the nextenergy at zero temperature, i.€,=0 K, was obtained using
section. All calculations were performed using 8%  the correction proposed by Gilld#f.The theoretical equilib-
within the generalized gradient approximation proposed refium lattice constantg,, which was used in our surface cal-
cently by Perdevet al,*2 which is known as PBE functional, culations, was determined by minimization of the total en-
for the exchange-correlation energy functional. The Kohn-ergy with respect to the volume of the primitive unit cell.
Sham equations are solved using the all-electron FLAPWCalculations were performed for 17 regularly spaced vol-
method*® The core states are treated fully relativistically, umes of the primitive unit cell.
while the semicore and valence states are treated by the sca- The low- and high-Miller-index Cu surfaces were simu-
lar relativistic approximation, i.e., the spin-orbit coupling is lated using a(1x 1) unit cell employing slabs with 7 to
neglected. 20 Cu layers. To take advantage of the inversion symmetry

A. Theoretical approach
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present in the Cu surfaces, which reduces computer time angerged with respect to the number of layers used to simulate
memory requirements, both sides of the slab were relaxedhe flat Cu surfaces. From now, only the results obtained with
The integration over the surface BZ were performed using &he largest number of layers for the flat Cu surfaces will be
two-dimensional Monkhorst-Pack-mesh, namely, (14  discussed. _ _

X 14), (14X 10), (14X 14), (10X 8), (14X 6), (14X 6), for For Cu100), we found that the topmost interlayer spacing
the Cy100, Cul10, Culll), Cu210, Cu21l), and contracts, while Fhe se_cond interlayer spacing expands.
Cu(331), surfaces, respectively. A broadening of the Fermi! €S€ results are in qualitative agreement with LEETand
surface withksT.=0.054 eV was used in all surface calcu- SPIN-Polarized LEEIXSP-LEED™ results. However, it can

. : e seen in Table | that there is a deviation in the magnitude
lfggcem;()g;?tideﬁggfrzizntilr;ﬁsgsgge%ar&mgge%{;38222 Suﬁf the interlayer relaxations obtained by our FLAPW calcu-

the Pd11l) surface as an example. In the surface calcula!atIons and those obtained by LEEE and SP-LEED? in-

. h . ”» fh d ined btensity analysis. The contraction of the topmost interlayer
tions, the atomic positions of the Cu atoms are determined by, :inq s larger by almost a factor of two compared with the

force minimization, in which the equilibrium configurationis | EED and SP-LEED results. The expansion of the second
assumed when the atomic force on each atom is smaller thapterjayer spacing is closer to the SP-LEED result, but
0.50 mRy/a.u. The dependence of the interlayer relaxationgmaller by almost a factor of two compared to the LEED
with respect to the cutoff energy, numberlopoints in the  results. Furthermore, we find that the two outermost inter-
irreducible part of the BZ, and to the parameRris dis-  |ayer relaxations are in agreement with previous DFT calcu-
cussed in the Appendix for the particular case of thél00)  |ations, employing the PPPW approach, reported by Rodach

and Cy110 surfaces. et al1® However, there is a clear disagreementAaly,, i.e.,
we obtained an expansion while a contraction was
Ill. RESULTS AND DISCUSSION reported-®

To investigate this discrepancy between DFT calculations
and LEED intensity analysis results, the convergence of the

The equilibrium lattice constara, and the bulk modulus interlayer relaxations with respect to the cutoff energy and to
calculated at the equilibrium volumB, were obtained by the number ok-points in the irreducible part of the surface
fitting the total energy results to Murnaghan’s equation ofBZ were checkedsee Appendix The reason for such de-
state?® To determine the cohesive enerfy,, for the bulk  Vviation is not clear, but might be due to the presence of
Cu, a spin-polarized total energy calculation for the free Cumpurities on C¢100) such as sulphur atoms. Very recent
atom was performed using a cubic box with a side length ofalculations(in progres$ performed for the S/Qa00) sys-
10.58 A. Our results for the cohesive bulk Cu properties aretem for 1/4 coverage indeed show that the topmost interlayer
a,=3.63 A(55%), B,=1.38 Mbar(0.73%, and E.,=  contraction is reduced, while the expansion of the second
-3.74 eV(7.16%, while the experimental results am interlayer spacing increases, which is qualitatively in better
=3.61 A, By=1.37 Mbar, andE.,,=—-3.49 eV The num- agreement with the LEED results. However, new LEED in-
bers in parentheses indicate the relative errors with respect t§nsity analysis for the flat @uO0) might help to understand
the experimental results. Our results are close to the experibis discrepancy between DFT and LEED. _
ments, as well as in agreement with other first-principles For Cu110), we clearly found an alternating oscillatory

calculations employing the generalized gradient approximabehavior for the interlayer relaxation sequence, ke:-+
tion, e.g., ap=3.62 A, By=1.51 Mbar®! a,=3.61 A% a,  —+, Which extends for six interlayer distances. This behavior

=3.63 A, B,=1.42 Mbar, andE,,;=—-3.51 eV2122 was not observed for QLOO) and Cy111). The absolute
values of the interlayer relaxations decrease with depth from
the surface, i.e.|Ad,p+1|>|Adn1 02, Which is intuitively
expected, but not a rule. This behavior has not been observed
The interlayer spacings were calculated with respect tgy LEED studies yet, since only the topmost two interlayer

A. Cohesive bulk properties

B. Low-Miller-index Cu surfaces

the clean unrelaxed surface interlayer spacing, i, relaxation parameters have been determined in earlier LEED
=100d;; —do)/do, whered;; is the interlayer spacing between intensity analysis studi¢s>’-%:10
the layersi andj obtained by total energy minimizatiods Table | shows a good agreement between our results and

is the interlayer spacing of the clean unrelaxed surface, e.gthose obtained by LEED intensity analy$i?-%1In fact,
dy=a,/2=1.815A, 2ay,/4=1.283A, and 3ay/3 the agreementis much better than for @0). Furthermore,
=2.096 A, for C100, Cu110), and Cy@l111), respectively. our results are in excellent agreement with the results re-
For each low-Miller-index Cu surface, calculations were per-ported by Rodaclet al.*® and Rosst al,'® while there are
formed for two different numbers of layers in the slab, e.g.,small discrepancies with the FLAPW calculations reported
11 and 7 for C(100) and C111), and 13 and 7 for Q110). by Redingeret all* They obtained a contraction of —6.2%
The magnitude of the interlayer relaxations are summarizetbr the topmost interlayer spacing, while we obtained
in Table I, along with LEED results and previous theoretical-9.74%.
calculations. For Cu111), we found that the first and second interlayer
We found that the interlayer relaxations of the low-Miller- spacing contracts slightly, while the third interlayer spacing
index Cu surfaces calculated using 13- an@hlfayers thick  expands, i.e., ——+-, which contrasts to the oscillatory be-
slabs are almost the same as those calculated with 7-layeh@vior found for C110). The interlayer contraction of the
thick slabs. Thus, the results reported in Table | are contopmost interlayer spacing is in close agreement with LEED
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TABLE I. Multilayer relaxations,Ad;;, of the Cy100, Cu110), and Cy11l) surfacesN; indicate the number of layers in the slab.
Adj;;=100(d;; —do)/do, whered;; is the interlayer spacing between the atomic layeasd |. d, is the interlayer spacing in the unrelaxed
surface, i.e.dy=1.815, 1.283, and 2.096 A for C100), Cu110), and Cy@l111), respectively. The + and — signs indicate expansion and
contraction of the interlayer spacing, respectively.

Surface N Reference Ady5 (%) Ad,3 (%) Ad3, (%) Adys (%) Adsg (%) Adg7 (%)
Cu(100) 11 FLAPW This work -2.92 +0.70 +0.45 +0.12 -0.02
11 FLAPW This workR -2.52 +0.84 +0.68 +0.46 +0.51
7 FLAPW This work -2.89 +0.67 +0.38
7 FLAPW This work? -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
Cu110 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 -45 +0.2 -0.5
CEM 24 -15.0 +1.4
LEED 79 -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(112) 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 2122 -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 n -0.7+0.5
V-LEED 1 <+1.0

3Calculations using{"#'=25.00 Ry, instead of 16.00 Ry.

results®11 however, our results do not support the expansioriJsing 7-layers thick slabs aridl=20.72 A, we obtained con-

by almost 1% of the topmost interlayer spacing obtained byractions of —0.80, —0.58, and -0.15% for the first, second,
very-low-energy electron diffractioiv-LEED).1” Further-  and third interlayer spacings, respectively, which are closer
more, as was obtained for Cii0) and C@100), our results to the results reported by Da Sila al2%22

are in agreement with the PPPW calculations reported by The quantitative agreement between our FLAPW calcula-
Rodachet all® and FLAPW calculations reported by Bihl- tions and those employing the embedded atom method
mayeret al!® (EAM)1326 and the corrected effective-mediuf(CEM)

It can be seen in Table | that FLAPW calculations, em-theory* is far from satisfactory. The topmost interlayer con-
ploying thewiEN code, reported by Da Silvat al?2??2ob-  traction for C100), Cu110), and Cu111) calculated with
tained a larger contraction for the topmost interlayer spacinghe CEM theory are larger by almost a factor of two, while
and a contraction for the third interlayer spacing. To underthe results obtained with the EAM are smaller by almost a
stand such differences, which is unexpected, since in botfactor of two compared with our resuft$?426Furthermore,
methods the same method is used, calculations were peier the cases, where the magnitude of the interlayer relax-
formed for Cy111) using a large value for the paramefg@r  ation is of the order of 1.0%, there are deviations in the sign
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of the relaxation, e.g., expansion is found instead of contrac- We obtained that the interlayer relaxations of theZu)
tion. The potential used in the EAM is obtained by fitting and Cy331) surfaces calculated with 13- and (12 layers
experimental bulk data such as equilibrium volume, bulkthick slabs, respectively, are very close to the interlayer re-
modulus, elastic constants, cohesive energy, etc., i.e., tHaxations obtained with 19 and 20 layers thick slabs, respec-
EAM results depend on fitting parameters, and hence, EAMively. The difference petween the interlayer relaxations are
studies are not as reliable and conclusive as first-principleglose to 1.00%. Thus, it can be assumed that 13 layers in the
calculations. 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
C. High-Miller-index Cu surfaces play any critical role in the sign of the interlayer relaxations,
é’.e., the multilayer relaxation-sequence does not change con-
Sidering atomic displacements parallel to the surface, at least
monoatomic steps separated by low-Miller-index terraces for the stgd|ed Cu surfaces. However, _there are changes in
S . ' e magnitude of the interlayer relaxations, mainly for the
show in Fig. 1 for the particular case of the(GBl) surfgce. atoms close to the step edges, as can be seen in Table Il. For
Stepped surfaces such as(€80) are obtained by cutting & gyample, we found that the contraction of the third interlayer
crystal along a plane at a small angle with respect to a pringpacing increases fail studied stepped metal surfaces upon
cipal low-Miller-index direction and the width of the terraces registry relaxations.
is th_e Iargerz _th(_e smalle_r the angle of the cut. Using the the- \we found that the multilayer relaxation-sequence dbr
oretical equilibrium lattice constarieo=3.63 A), the inter-  syydied stepped Cu surfaces with three exposed inequivalent
layer distanceds, for Cu210, Cu21l), and Cy33)) are  aroms to the vacuum, e.g., @10), Cu211), and C¢33D),
ap/\20=0.812 A, ay/v24=0.741 A, anda,/V19=0.833 A,  can be represented by ——+- i.e., the two topmost inter-
respectively, while for C00), Cu110), and Cyl1ll), dy  |ayer spacings contract, the third expands, and the fourth
=1.815 A, 1.283 A, and 2.096 A, respectively. Thus, the in-contracts. Thus, our results are in agreement with the trends
terlayer distance between two adjacent atomic layers parallglpserved for the multilayer relaxation-sequence of the
to the surface at high-Miller-index surfaces are considerablgtepped metal surfaces. Hence, we did not find any anoma-
smaller than for the low-Miller-index surfaces. lous behavior in the multilayer relaxation-sequence of

In the stepped metal surfaces, opposite the flat surfacesy331). We hope that our results initiate LEED intensity
where there are no relaxations parallel to the surface, ther@nalysis for C(B31). From now, we will discuss the results
are relaxations parallel to the surface, which are called regoptained using the second stéll optimization) and the
istry relaxations. The registry relaxations in the stepped suttargest number of layers for each surface.
faces studied in the present work occur perpendicular to the For Cy210), the magnitude of the outermost interlayer
steps. The registry relaxatiods; are defined similar to the rejaxation is a bit larger than the available LEED intensity
interlayer relaxations perpendicular to the surface, ie;, analysis resultd®3%37 These LEED results reported by
=100(r;;=ro)/ro, Whereryy, 3 and so on are indicated in |smail et al2® and Suret al3” were obtained at a temperature
Fig. 1.rq is the ideal registry interlayer distance of_the unre-of 130 K, while the results reported by Guet al?® were
laxed surfaces, e.9.ro=(215/10a,=1.623 A, (\3/3)a;  obtained at room temperature. This might explain the larger
=2.096 A, and7y38/76a,=2.061 A for C§210), Cu211), difference between the experimental results. In contrast, the
and Cuy331), respectively. The registry relaxations are interlayer relaxation for the deeper layers is close to the
smaller than the interlayer relaxations perpendicular to th& EED results. Furthermore, our results are in good agree-
surface, e.g., for G10), the topmost registry relaxation ob- ment with recent theoretical calculations employing the ul-
tained by LEED is —-1.83+3.0%, while the topmost inter- trasoft PPPW methdd and the projected augmented plane-
layer contraction is —11.12+2.098. wave (PAW) method’ (see Table ).

The LEED technique is not very sensitive to atomic dis- The registry relaxations obtained by LEED intensity
placements parallel to the surface. Thus, most of the reporteghalysis are available only for the particular case of the
LEED intensity analysis studies do not take in account theCu(210) surface. We found a registry relaxation-sequence
registry relaxations i.e., only the vertical interlayer relax-given by ——+-, which is in agreement with the LEED re-
ations are included in the fitting of the LEED sults reported in Refs. 35 and 37. Furthermore, there is quite
intensities?®3932.33To verify the importance of the relax- good agreement with respect to the magnitude of the relax-
ations parallel to the surface in the interlayer relaxations perations. Due to the small value of the relaxations differences
pendicular to the stepped surface, calculations were pebetween DFT and LEED is not surprising. However, we
formed in two steps. In the first step, only relaxationswant to point out that the trend predicted by LEED intensity
perpendicular to the surface were included, while in the secanalysis is fully consistent with our results.
ond step, relaxations perpendicular and parallel to the surface For Cu211), the magnitude of the interlayer relaxations
were included, i.e., the second step is a full geometric optiare in good agreement with the LEED results obtained at a
mization. Furthermore, calculations were done using differtemperature of 110 K by Seyllet al3° A good agreement is
ent numbers of layers for C211) and C331). Our results also obtained with the local-density approximation PPPW
obtained for the interlayer and registry relaxations are sumealculations performed by Wait al?” However, our results
marized in Tables Il and Ill, respectively, along with previ- are not in agreement with the all-electron FLAPW calcula-
ous LEED and theoretical results. tions performed by Geng and Freenfi heir topmost in-

The atomic structure of a stepped surface differs from th
low-Miller-index surfaces in that it consists of an array of
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TABLE II. Multilayer relaxationsAd;; of the Cy210), Cu211), and Cy332) surfacesN, indicate the number of layers in the slab.
Adj;;=100(d;; —do)/do, whered; is the interlayer spacing between the atomic layeasd j obtained by total energy minimizatiod, is the
interlayer spacing in the unrelaxed surface, dg50.812, 0.741, and 0.833 A, for 21.0), Cu211), and C331), respectively. The + and
- signs indicate expansion and contraction of the interlayer spacing, respectively.

Ady, Adys Ads, Adys Adsg Ads7 Adzg  Adgg
Surface N Reference (%) (%) (%) (%) (%) (%) (%) (%)
Cu(210) 15  This worl -15.30 -4.57 +5.63 -1.18 +0.44 -1.07 +0.39
15  This worl -15.93 -5.05 +6.45 -1.29 +0.04 -0.62 +0.29
21 S’PPPW -16.4 -45 +7.2 -0.6 -0.9 +1.4
21 STPAW -17.1 -4.8 +7.0 -1.2 -0.9 +0.8
24CEM -25.3 -4.7
S71LEED -11.1+1.9 -5.0+1.6 +3.7+£1.7
S5_LEED -11.12+2.0 -5.68+2.3 +3.83+25 +0.06+3.0 -0.66+3.5
29 EED -5.7+5 -6.0+5 +6.8+4 -3.7+5 -0.5+4
Cu211) 13 This worl® -13.84 -7.03 +7.74 -1.92 -2.13 +1.19
13 This worl -13.24 -9.80 +9.39 -1.93 -1.91 +1.23
13 This worlé -13.05 -8.32 +6.50 -1.82 -2.78 +0.55
19  This worl® -13.20 -7.27 +7.78 -2.24 -1.76 +1.56 +0.11  -0.90
19  This worl -13.17 -9.43 +9.19 -2.04 -1.17 +1.17 +0.26  -0.74
15  3FLAPW -28.4+1 -3.0+1 +15.3+1 -6.6+1 +0.7+1 +3.0¢1 0.0%1
17 2ipppw -14.4 -10.7 +10.9 -3.8 -2.3 +1.7 -1.0
72 2EAM -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 -149+4.1  -10.8+4.1  +8.1%4.1
Cu(331) 12 This worl® -12.10 -3.46 +5.84 -2.75 +0.67
12 This worl -13.09 -5.04 +7.54 -2.65 +0.67
20  This work -12.25 -3.35 +5.33 -2.99 +0.65 +0.31 -0.13  +0.31
20  This worle -14.23 -3.95 +6.59 -2.80 +0.17 +0.21 +0.29  -0.07
20  This work -13.18 -3.17 +4.64 -3.35 +0.57 -0.32 -0.36
13 ¥FLAPW -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 -15 -0.4 -0.2
24CEM -18.9 -5.7
2N-EP -8.8 +2.7 -1.8 -0.1
32 EED -13.8+4 +0.4+4 +4.0+4 -4.0+4

@0nly relaxations perpendicular to the surface were included in the force optimization.
bRelaxations parallel and perpendicular to the surface were included in the force optimization.
Using the same parameters used by Geng and FreéR&in34), e.g.,KW =13 Ry (only perpendicular relaxations

terlayer relaxation is two times larger than our result. interlayer distanceAd,;=+1.6+1%, while we obtained a
For Cu331), we found good agreement between our re-contraction.
sults and those obtained by quantitative LEED intensity The source of the difference between our results and those
analysis reported by Tiaat al®? for Ad,;, and Ad;,. How-  reported by Geng and Freenféims unclear, since the same
ever, the same agreement is not obtainedNfds;. Our cal- method was used in both calculations. To understand the dif-
culations predict a contraction, while LEED intensity analy-ferences we performed test calculations for th€220) and
sis found an expansion. It can be seen in Table Il that th€u(331) surfaces using the same set of parameters as used by
error in the LEED intensity analysis is larger than the valueGeng and Freeman, e.¢"'=13 Ry, etc. We found that the
itself and our result is inside of the given range. As for theinterlayer relaxations change slightfgee Table Ij, but the
Cu(21)) surface, our results are not in good agreement witltrend did not change. Therefore, our tests calculations could
the FLAPW results obtained by Geng and FreerffaRor  not identify the source of the differences between our results
example, their result for the topmost interlayer relaxation isand those by Geng and Freen®nSince we carefully
—-22.0£1%, which is almost two times larger than our result.checked the convergence of the interlayer relaxations of the
Geng and Freeman obtained an expansion for the secor€u surfaces with respect to the cutoff energy and number of
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TABLE Ill. Registry relaxationsAr;, for the Cy210), Cu21D), However, this picture cannot be used to determine the
and Cy33)) surfaces. The + and - signs indicate expansion andnultilayer relaxations for deeper atomic layers, i.e., cannot

contraction of the registry spacings, respectively. predict the full multirelaxation sequence.
Cu210 Cu(211) Cu(33)) V. SUMMARY

% N=15  N=13 N=19 N=12 N=20

In the present work we performed DFT calculations, em-
Arygp -0.98 -1.86 -1.77 -1.04 -0.81  ploying the all-electron FLAPW method, for the low- and
Aryg -0.67 -0.93 -0.95 -1.70 -1.78 high-Miller-index Cu surfaces, namely, the @00,
Arg, +2.08 -0.63 -0.56 +1.44 +1.52 Cu(110, Cu(111), Cu210), Cu211), and Cy331) surfaces.
Args —0.47 +1.72 +1.80 +0.90 +0.55 For the low-Miller-index surfaces, we obtained good
Areg ~076 ~035 _025 ~039 _039 Aagreement between our results and the LEED intensity

analysis for the(110) and (111) Cu surfaces, however, the

Are7 011 +0.52 034 +0.24 same level of agreement was not obtained for th¢1QQ)
Arzg +0.11 +0.01 -0.11 surface. We attribute this to the possible presence of impuri-
Argg -0.18 +0.01 ties on the surface, e.g., sulfur atoms. Very recent calcula-

tions (in progres$ performed for the S/QA00) system for

1/4 coverage indeed show that the topmost interlayer con-
tl{iaction is reduced, while the expansion of the second inter-
3 yer spacing increases, which qualitatively is in better

k-points in the irreducible part of the BZ, as well as with
respect to the number of layers in the slab, we believe th

ourTresuIrt: ?r? cg}rreccziti. ion for 2 we find q agreement with the LEED results. Furthermore, we obtained
0 complete the discussion for (B1), we goo a clearly alternating oscillatory behavior for the interlayer

agreement between our results and those obtained bé/ontractions and expansions sequence foll0D), i.e., -+

EAM?526 for the topmost interlayer spacing. However, the : .

. . faf ' —+—+---, while for the C100) and Cy111) surfaces differ-
same agreement is not obtalr_ned 23 andAd,, T_he EAM  ont multilayer relaxation-sequences were obtained, e.g., —+
calculations yield an expansion and a contraction by a few, 4 7. respectively

percent, while our calculations predict a contraction and an We found that the stepped surfacegZiD), Cu211), and

expansio_n fom&zf and_Ad34, respectively. Th_e results ob- Cu(331), with three exposed surface atoms on the terrace,
tained with CEM* are in good agreement with our results ave the same multilayer relaxation-sequence, i.e., ——+—

for the first and second interlayer spacing relaxations. Suc he contraction of the two topmost interlayer spacings are in

differences are to be expected since these methods are basaec ordance with the sequence expected from the Smolu-
on nonfree-parameter ionic potentials fitted to bulk proper

i ‘chowsky corrugation smoothif®®® for stepped surfaces
Ies':I;h tracti f the t tinterl . £l with three atom rows in the terrace. Therefore, based on our

€ contraction ot the fopmost Interiayer spacing o Owéﬁll-electron FLAPW calculations, there is no anomalous be-
. . ; avior for the multilayer relaxation of the C281) surface as
Smoluchowski charge smoothing of the electron-deri&ity. was suggested in the literatfe

Or;va real tsr?]lldinTurIacle,WeI;ec;Lroir:st strr}olc()itr? :[’:imd zp:ead_l'_tﬂiem— Furthermore, we obtained that the registry relaxations do
Selves out mainly to lower heir tota etic energy. S not play any role for the sign of the interlayer relaxations

. . n
weakens the (_electron-densny corrugation and means that ﬂE)eié:rpendicular to the surface, however, they are important for
electr_on def.‘s'ty flows fro_m the region above the a_t(ﬁms the correct magnitude of the interlayer relaxations involving
top site regioin to the region between theghollow site re- atoms close to the step edges. In general, we found good
gion), which in trn creates a layer of positive ion cores. reement between our aII—eIect.ron FLAPW,caIcuIations and
Thus, electrostatic forces cause the topmost surface plane e interlayer relaxations obtained with LEED intensity
move inwards, i.e., resulting in a contraction of the tOmeStanaIysis, however, discrepancies between DFT and LEED

interlayer spacing. . . .
Thus, for solid surfaces with a large electron-density cor-StIII exist for particular cases, e.g., (100 and Cy331). We

rugation 'such as the fC_blO).surface, the contraction of the teé(rfgtc; ;?]aatlysslijghsti'jgse p())?rgjezucr?; Cé)sr{gmate new LEED in-
topmost interlayer spacing is larger than for the more closely
packed fc€111) surfaces, which is indeed obtained by LEED
intensity analysis and first-principles calculations. It is im- ACKNOWLEDGMENT
portant to note that this explanation does not take in account The authors would like to thank G. Bihimayer for his help
the difference in the nature of the chemical bonding in theyith the FLEUR code.
different metal surfaces.

For stepped surfaces several atom rows on the terraces APPENDIX
(which belong to different plangsre in direct contact with
the vacuum region. These atoms are affected by the Smolu- Here we will discuss the dependence of the interlayer re-
chowski charge smoothing of the electron-density, andaxations,Ad;;, of the CY100) and Cyl110) surfaces with
hence, a contraction is obtained for several interlayer spagespect to computational parameters such as the cutoff en-
ings, whose number depends on the number of atom rows iargy K" and number ok-points in the irreducible part of the
the terraces, which is in fact obtained in our calculationsBZ, N:(BZ' For the particular case of the @10 surface,
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TABLE IV. Interlayer relaxationsAd;; of the Cy100) and Cy100) surfaces as a function of the cutoff
energyK"! and to the number of-points in the irreducible part of the B:‘BZ. The correspondent two-
dimensionalk-point meshes are indicated in parenthesed; 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.

Cw100 Cu110
K¥ (Ry) Adyp (%)  Adyz (%)  Adsy (%) KY (Ry)  Adpp (%)  Ady (%) Adzg (%)
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
Nigz Adp (%) Adps (%) Adsy (%) Nigz Adi; (%) Adps (%) Adag (%)
10 (8% 8) -2.80 +0.62 -0.03 @6 4) -8.95 +3.78 -0.54
15 (10X 10 -2.84 +1.03 +1.00 128 X 6) -9.62 +3.00 -0.76
21(12x 12 -3.00 +0.48 +0.41 1%10X% 6) -9.65 +4.19 -0.64
28 (14x 14 -2.89 +0.67 +0.38 2412% 8) -9.35 +3.66 -0.41
36 (16x 16) -2.96 +0.65 +0.26 3%14x10) -9.64 +3.62 -0.77
45 (18x 18 -2.79 +0.56 +0.41 4816X12) -9.49 +3.77 -0.63
55 (20X 20) -2.92 +0.60 +0.25 5418x12) -9.63 +3.70 -0.79

calculations were performed also as a function of the paranmeff energy plays an important role in the magnitude and sign
eter D, which separates the sldfilm) to the semi-infinite  of the interlayer relaxations. For example, using"’
vacuum region at both sides of the slab. It can be seen ir10.56 Ry, we found that the topmost interlayer spacing
Table | that 7 layers in the slab are enough to obtain concontracts by —6.09 and -12.18% for the (C00) and
verged interlayer relaxations for the flat surfaces. Thus, oufW110 surfaces, respectively, however, using a cutoff en-
test calculations were performed employing 7-layers thickergy of 25.00 Ry, we obtained thatl;,=-2.55 and -9.22%
slabs for the C(100) and Cy110) surfaces. The results are for Cu100) and Cul10, respectively. For the deep inter-
summarized in Tables IV and V. layer spacings of Qu.00), which have small interlayer relax-
For both surfaces, calculations were performed for eighftions, the correct sign of the interlayer relaxation is obtained
different values for the cutoff energy in the range from 10.560nly for cutoff energies higher than 14.06 Ry.
to 25.00 Ry. These calculations were performed ugibg Furthermore, for both surfaces,' calcu'lations were per-
X 14) and (14x10) two-dimensionalk-point meshes for formed for seven different sets kfpoints using 16.00 Ry as

Cu(100) and Cy110), respectively. We obtained that the cut- the cutoff energy. We found that the numbeikepoints used
to perform the integration over the BZ does not play an

TABLE V. Interlayer relaxationsd; of the Cu110) surface as ~ important role on the interlayer relaxations. _
a function of the parametdd (see text D=6dy+nR5) and Ad;; is The Cy110 surface was simulated with 7 layers in the
calculated with respect to the interlayer distance of the unrelaxeslab, hence, the minimum value for the paramelleris
ideal surfacal,. The + and - signs indicate expansion and contrac-10.02 A, which depends on the interlayer distac@83 A)

tion of the interlayer spacing, respectively. and sphere Cu radiugl.16 A) by the following equation,
D=6d,+ ZR%’ Calculations were performed using seven dif-
n D (A) Ady; (%) Adys (%) Adzy (%) ferent values for the paramet®r which were obtained using
2 10.02 929 +3.65 _0.64 the following equaFlonD:6d0+an1”, Whgren:Z, 3,4,5,6,
7, and 8, respectively. These calculations were performed
3 11.18 =949 +3.55 085 usingK"=16.00 Ry and\;, =35. We obtained that the pa-
4 12.36 -9.64 +3.62 -0.77 rameterD does not play a critical role in the interlayer re-
5 13.52 -9.58 +3.49 -0.90 laxations. The changes in the interlayer relaxations are al-
6 14.68 -9.59 +3.50 -0.87 most negligible for values db larger than 12.36 A.
7 15.84 -9.62 +3.47 -0.94 From the test calculations reported in the present Appen-
8 17.00 -9.59 +3.48 -0.93 dix we can conclude that a cutoff energy of 16.00 Ry is

sufficient to obtain well converged interlayer relaxations for

245411-9



DA SILVA, SCHROEDER, AND BLUGEL PHYSICAL REVIEW B69, 245411(2004

Cu110), but not for the C(L00) surface, which requires a other surface calculations. For the particular case of the pa-
larger cutoff energy. A large number bfpoints were used in  rameterD, our calculations for the G@10) surface indicate
our final calculations discussed in the present paper, e.g., 2Bat D=12.36 A, are sufficient to obtain converged results.
and 35k-points in the irreducible part of the BZ, due to the For the parameted, which depends on the number of layers
fact that we also calculated the surface energy for the merin the slab, we used the following relatio®=(N,—1)d
tioned surfaces which is going to be discussed in a furthet4R,?1‘t‘ to determineD for all surface calculations reported in

publication. Similar high qualitk-point sets were used in all the present paper.
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