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Enhanced multilayer relaxation at high-index stepped Cu surfaces
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Multilayer relaxation at high-index Cu(hkl) (hkl5511, 320, and 410! stepped surfaces were determined by
the first-principles all-electron full-potential linearized augmented plane-wave method within the framework of
the local-density approximation and the generalized gradient approximation. The calculated relaxation of the
interlayer distances, obtained by a geometry optimization procedure that minimizes the force on each atom,
were compared with low-energy electron-diffraction~LEED! analysis of experimental data. In the case of
Cu~511!, the calculated results are in good agreement with the LEED analyses. On the other hand, for Cu~320!
and Cu~410!, there are large differences that may be understood from the fact that the LEED analyses of
experiments consider up to only three or four layers from the surface, and that whereas even the fifth or sixth
layers show large relaxation in our calculations, our results suggest a reanalysis of the LEED data with the
inclusion of more layers.
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I. INTRODUCTION

High-index stepped surfaces have properties and app
tions that have attracted great interest among both basic
applied scientists. High-index surfaces can be made by
ting a crystal along a plane at a small angle with respect
principal ~low-Miller-index! direction. Such a surface con
sists of a sequence of flat low-Miller-index terraces separa
by monoatomic or diatomic steps. Generally speaking,
smaller the angle of the cut, the larger the width of the t
race and the shorter the interlayer distance. For this reas
high-index surface is also called a ‘‘stepped surface’’ o
‘‘small-interlayer-spacing surface.’’

In the case of metals such as Cu, the two-dimensio
symmetry of the surface does not change from that of
bulk-terminated surface. This is confirmed by the fact t
the low-energy electron-diffraction~LEED! pattern is the
same as that produced from the unrelaxed~bulk-terminated!
131 surface structure.1 However, multilayer relaxation and
registry shifts occur as a result of the different environm
around surface atoms compared to that around bulk atom
and cause different intensity spectra of the diffracted bea
from the spectra expected for the simple bulk-terminated
face. Thus, a quantitative analysis of these intensities u
scattering theory can give information about multilayer
laxation and registry shifts at the surface.

Steps affect a number of properties such as morpholo
reactivity, relaxation, etc., which in turn affect cryst
growth, oxidation, catalysis, and corrosion. The determi
tion of the location~relaxation! of the atoms at the steppe
surface is a starting point to study these properties. Howe
there are some difficulties in determining the multilayer
laxation of high-index surfaces: the shorter the interla
spacing, the more difficult the analysis of LEED intens
spectra, as discussed by Zhanget al.2 About ten small-
spacing interlayer surfaces have been studied to determ
0163-1829/2004/69~4!/045408~6!/$22.50 69 0454
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multilayer relaxation.1 Recently, a quantitative analysis o
LEED data was successfully carried out to determine
multilayer relaxation at a very high-index Cu~320! surface.3

On the theoretical side, systematic studies of multila
relaxation for surfaces, including high-index ones, were c
ried out by empirical potential methods such as the emb
ded atom method~EAM!.4–6 Recent progress in compute
power has been so remarkable that large scale calcula
have gradually become affordable, and so first-princip
studies have also been carried out for Cu(n11) (n
52,5,7,9) and Cu~331!,7 and Cu~211 and 331! surfaces.8

Previously, using the same full-potential linearized au
mented plane-wave~FLAPW! ~Ref. 9! code, some discrep
ancies between first-principles calculations and the LE
analysis were reported for high-index Fe surfaces such
Fe~310!.10 Similarly, the disagreement between LEED det
minations and first-principles calculations of the surfa
multilayer relaxation of reactive transition metals has bee
subject of recent interest. LEED measurements and ana
on Ti~0001!, Zr~0001!, Ru~0001!, Mo~110!, W~110!, and
Rh~001! give considerably smaller surface contractions th
first-principles calculations predict.11 With an enlarged data
set and greater variational freedom in the LEED analy
however, Arnoldet al.12 obtained a substantial surface rela
ation of W~110!, in good agreement with their first-principle
FLAPW calculations. This result was confirmed by anoth
independent LEED study by Teeteret al.13 New LEED re-
sults that agree well with first-principles calculations we
also obtained by Teeter and Erskine in the case of Rh~001!
and Ti~0001!. Considering these situations, we expect tha
reconsideration of LEED analysis would be urged by o
FLAPW calculations where the results disagree with
LEED analysis.

In this paper, we determined the multilayer relaxation
Cu(hkl5511, 320, and 410! surfaces by the first-principle
FLAPW method@within both the local-density approxima
©2004 The American Physical Society08-1
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tion ~LDA ! and generalized-gradient approximation~GGA!#
to investigate the high-index surface interlayer relaxation
compare the results with the experimental LEED analy
We find good agreement with the LEED analyses
Cu~511!, but large differences for Cu~320! and Cu~410! that
may follow from the fact that the LEED analyses of expe
ments consider up to only three or four layers from the s
face whereas even the fifth or sixth layers show large re
ation in our calculations.

II. CALCULATIONS

We calculated the electronic structures and multilayer
laxation for high-index fcc Cu surfaces within the framewo
of the LDA and the GGA. For LDA and GGA, we use th
Hedin-Lundqvist formula14 and the Perdew-Burke-Ernzerho
~PBE96! formula,15 respectively. In our calculations, thefilm
version of the FLAPW~Ref. 9! method is used to calculat
the electronic structure of free-standing~isolated! slabs. This
method includes no shape approximation for the charge d
sities, potentials, and matrix elements.

Our film code has advantages compared to other calc
tions made with bulk codes where the slab model is repe
with a large vacuum space between adjacent slabs in ord
have three-dimensional periodicity. Now, since the size
the vacuum region should be large enough to reduce
interaction between the repeated slabs, the large vacuum
gion needs a large plane-wave basis set, which makes
calculations heavy. On the other hand, the film-code treat
isolated slab, and so does not have any possible interac
with other slabs. In addition, the vacuum region beyond
surface can be greatly reduced compared to the repeated
model, and thus the size of the plane-wave basis set is gre
reduced.

The cutoff of the plane-wave expansion is 16 Ry, and
cutoff of the star function expansion is 140 Ry. The muffi
tin sphere radii for Cu is chosen as 2.0 a.u. Within t
muffin-tin spheres, lattice harmonics with angular mome
tum l up to 8 were adopted to expand the charge den
potential, and wave functions.

Using the above parameters, we determined theoretic
the lattice constants for bulk fcc Cu in both the GGA a
LDA cases. For fcc Cu, GGA, and LDA calculations giv
6.83 a.u.~0.0%! and 6.64 a.u. (22.8%), respectively.~The
value in parentheses is the percentage difference from
experimental lattice constant.! These lattice constants ar
used as in-plane lattice constants in our film calculatio
The Cu~511!, Cu~320!, and Cu~410! surfaces are simulate
by 19-layer, 21-layer, and 21-layer slabs, respectively. T
total number ofk points in the two-dimensional Brillouin
zone is 36, 32, and 24 for the~511!, ~320!, and~410! cases,
respectively.

The geometry optimization was carried out by minimizi
the atomic force on each atom. We chose the bulk-termina
one for the starting initial geometry. The surface cell is tak
as 131, i.e., no reconstruction is considered as in the exp
mental analysis. The equilibrium structure is assumed w
the atomic force on each atom becomes less than 0.002
a.u.
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III. RESULTS AND DISCUSSIONS

The interlayer relaxation and registry shift are expres
as Ddi ,i 11 and Dr i ,i 11, respectively, between thei th and
( i 11)th layers from the surface. They are defined as f
lows:

Ddi ,i 115~di ,i 112dbulk!/dbulk3100, ~1!

Dr i ,i 115~r i ,i 112r bulk!/r bulk3100. ~2!

Here, di ,i 11 means the interlayer distance betweeni th and
( i 11)th layers from the surface,r i ,i 11 is the distance paral
lel to the surface along a mirror plane, anddbulk andr bulk are
nonrelaxed bulk values determined from the theoretical
tice constant.

A. Cu„511…

The calculated results, obtained using GGA and LDA a
full geometry optimization for Cu~511! are summarized in
Table I. PP~LDA ! indicates the result from the pseudopote
tial calculations using mixed basis~plane waves and loca
orbitals! with LDA by Heid et al.7 Experimental analyses b
LEED ~Ref. 16! and x-ray17 diffraction are also given.

First, we compare our GGA and LDA results in Table
There are 3.7%, 2.6%, 3.7%, and 2.5% differences in
first-, second-, third-, and fourth-layer relaxatio
(Dd12,Dd23,Dd34,Dd45). However, the overall trend in the
layers is similar between the GGA and LDA results.

In the pseudopotential calculations7 with LDA, Cu(n11)
(n52,5,7,9) and Cu~331! surface relaxations were invest
gated systematically; the results showed that the step a
~1st layer! contracts inward, the corner atom moves outwa
and the atoms in the adjacent chain undergo a large inw
relaxation. In other words, if there aren11 rows on a ter-
race, the firstn layers exhibit inward relaxation and the (n
11)th layer~corner atom! has an outward relaxation.3 In the
case of Cu~511!, the third atom from the surface correspon
to the corner atom. Therefore,Dd12 andDd23 show contrac-
tions andDd34 shows an expansion, whose trend can be
noted as (221). Compared to our results, their inwar
relaxation of the first layer (Dd12) is significantly smaller.
However, this trend (221) is the same as that in our ca
culations. In deeper layers (i .3), the sign ofDdi ,i 11 is the
same between the PP result and our results except forDd67,
where the difference in sign is not so significant since
absolute values are small. The trend of registry sh
(Dr i ,i 11) in the PP results is quite similar to our results.

The analysis of the LEED experiment gives similar resu
compared to our results and those of PP calculations. H
ever, another analysis from x-ray measurements shows a
ferent result, namely, the second layer (Dd23) shows an out-
ward relaxation and the third layer (Dd34) shows a very
small inward relaxation, which is denoted as (212).

We compared the total energies of these different geo
etries: while the total energy of the geometry determined
x-ray diffraction was 127 meV~66.2 meV! lower than the
total energy of the bulk terminated surface in the GG
~LDA ! case, it is still higher than that of our fully relaxe
8-2
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TABLE I. Calculated and experimental relaxation for Cu~511!. Ddi j and Dr i j are the percentage o
relaxation with respect to bulk values (dbulk andr bulk) for interlayer distance and registry shift, respective
See text.

This work PP~LDA ! ~Ref. 7! LEED ~Ref. 16! X-ray ~Ref. 17!
GGA LDA

dbulk(a.u.) 1.315 1.279 1.311
Dd12(%) 217.1 213.4 29.3 213.2 215.4
Dd23(%) 213.8 211.2 210.7 26.1 18.1
Dd34(%) 111.0 17.3 17.2 15.2 21.1
Dd45(%) 27.4 24.9 22.9 20.1 210.3
Dd56(%) 10.6 11.9 11.1 12.7 15.4
Dd67(%) 20.8 20.4 11.7 20.7
Dd78(%) 23.7 22.4 21.5 26.9
Dd89(%) 10.7 11.8 11.6 13.6
Dd9,10(%) 21.7 21.0 20.5
r bulk(a.u.) 4.648 4.521 4.637
Dr 12(%) 20.65 20.44 21.17
Dr 23(%) 21.47 21.09 21.21
Dr 34(%) 12.17 11.33 10.98
Dr 45(%) 10.37 10.36 10.25
Dr 56(%) 20.92 20.63 20.31
Dr 67(%) 10.18 10.08 10.01
Dr 78(%) 20.18 20.07 0.00
Dr 89(%) 10.06 10.04 20.14
Dr 9,10(%) 10.01 10.02
e
h
on
d
in

o
f
es
at
su
un
sil

n

ex

ti-

ye

e

y

to
is
be
an

nd
m-

h
est-

line
geometry by 113 meV~103 meV! in the GGA~LDA ! case.
Furthermore, the geometry optimization calculations, wh
started from the x-ray geometry, finally converged to t
fully-relaxed geometry obtained from the bulk-terminati
starting point. For these reasons, the geometry obtaine
x-ray diffraction is far from the ground state of this system
our calculations.

For a better understanding of surface structure, we sh
the top view of the Cu~511! surface in Fig. 1. The radius o
each atomic sphere is the same as that of touching spher
the fcc structure. The number labeled on the sphere indic
the layer number counted from the surface. The area
rounded by dashed lines indicates the two-dimensional
cell parallel to the surface. From this figure, we can ea
understand that there are three atom rows~1, 2, and 3! on the
terrace and the third-layer atom, which is the so-called cor
atom, is the last atom~layer! exposed to the vacuum.

B. Cu„320…

Our calculated results and the analysis of the LEED
periment for interlayer relaxation for Cu~320! are summa-
rized in Table II. We found that there are two different op
mized geometries in the case of LDA: The first, labeled~1!,
is obtained from the starting geometry in which the interla
distance is the bulk one. The second, labeled~2!, is obtained
from the starting geometry that is the same as the experim
tal analysis. There is a 4.3% difference inDd34, which cor-
responds to about a 0.04 a.u. difference. The total energ
case~1! is lower than that of case~2! by 3.3 meV. This
04540
n
e

by

w

in
es
r-
it

y

er

-

r

n-

of

difference in the total energy is so small that it is difficult
conclude from first-principles calculations which geometry
the real ground state at this stage. In addition, it should
noted here that this difference might be an artifact due to
insufficientk-point sampling. In the case of GGA, the seco
case of the optimizations from the experimental initial geo
etries converged to the same geometry as case~1! within a

FIG. 1. Top view of the Cu~511! surface. The number on eac
sphere indicates the layer number from the surface. Near
neighbour spheres are shown touching each other. The dashed
indicates the two-dimensional unit cell.
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TABLE II. Calculated relaxation of interlayer distance for Cu~320! for the two cases described in the tex

di ,i 11 This work ~1! This work ~2! LEED ~Ref. 3!
GGA LDA LDA

dbulk(a.u.) 0.947 0.923 0.923
Dd12(%) 216.7 214.1 215.3 22466
Dd23(%) 213.8 213.0 215.0 216612
Dd34(%) 25.9 27.1 22.8 11066
Dd45(%) 27.1 23.1 25.0
Dd56(%) 116.7 112.9 112.2
Dd67(%) 24.6 22.2 22.9
Dd78(%) 21.7 20.5 21.6
Dd89(%) 10.5 10.1 11.3
Dd9,10(%) 25.8 22.1 23.0
Dd10,11(%) 12.2 10.7 10.5
r bulk 4.737 4.607 4.607
Dr 12(%) 20.12 20.07 20.08
Dr 23(%) 10.06 20.13 20.20
Dr 34(%) 10.39 10.52 10.52
Dr 45(%) 10.18 10.08 10.04
Dr 56(%) 21.28 20.93 20.91
Dr 67(%) 10.64 10.50 10.60
Dr 78(%) 20.09 20.17 20.12
Dr 89(%) 10.15 10.24 10.16
Dr 9,10(%) 10.00 20.02 0.00
Dr 10,11(%) 20.05 20.04 20.04
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1% difference inDdi ,i 11. Among these three cases, there a
common features: the first and second layers (Dd12 and
Dd23) from the surface show a large contraction and the fi
layer (Dd56) shows a large expansion.

The experimental analysis by Jonaet al.3 considers only
three layers for interlayer relaxation and shows that the th
layer undergoes a large expansion—in very clear contras
our results. Both calculated geometries do not show suc
large expansion of the third layer (Dd34). As stated above
when we started the second self-consistent geometry op
zation from the geometry determined by LEED analysis,
finally got the optimized geometries that are far from t
initial LEED geometry.

The compact step notation for the Cu~320! surface is
3~110!~100!, which means that~110! terraces with three atom
rows are separated by steps in the^100& direction. As stated
above, a general rule was found in the Cu~511! case, that if
there aren11 rows on a terrace, the firstn layers exhibit
inward relaxation and the (n11)th layer has an outward
relaxation.3 This rule was also assumed to be valid in t
Cu~320! case, where, however, the situation is different co
pared to other surfaces such as Cu~511!.

Looking at the top view of the Cu~320! surface in Fig. 2,
we can understand that the terrace on the Cu~320! surface is
significantly different compared to the terrace on the Cu~511!
surface. For the Cu~511! terrace, the fourth- and fifth-laye
atoms are almost completely hidden by first-, second-,
third-layer atoms. The third-layer atom is regarded as
corner atom~the last exposed atom! and the third-layer
(Dd34) shows an expansion. On the other hand, for
04540
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Cu~320! terrace, the fourth- and fifth-layer atoms are grea
exposed to the vacuum, and so we can no longer say tha
third layer is the last exposed. For this reason, we should
regard the third atom but the fifth atom from the surface
the corner atom or the last exposed atom. In this way

FIG. 2. Top view of the Cu~320! surface; notation as in
Fig. 1.
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makes sense that the fifth layer shows an outward relaxa
in our results, which now obey the general rule stated abo
From this, it appears that experimental analyses should
clude up to at least the fifth layer in order to properly acco
for the relaxation.

C. Cu„410…

The top view of the Cu~410! surface shown in Fig. 3
shows that it is a complicated one compared to the o
surfaces. We can see that five layers from the surface
greatly exposed to vacuum and that a small portion of e
the sixth, seventh, and eighth layers can also be seen
the top—making it a very open surface. For this reason,
can see that experimental and theoretical analyses for re
ation should consider more than five layers from the surfa

The calculated and experimental results for Cu~410! are
summarized in Table III. These results were obtained by
ometry optimization in which the initial geometry is a bu
terminated one. We tried the other initial geometry that is
same as the experimental analysis for Ag~410!,18 but we did
not get a different final geometry.

Another theoretical result by the EAM is shown in Tab
III. Compared to our results, there is a significant differen
In the EAM case,Dd45 shows expansion, whereasDd45
shows contraction in our case. We calculated the total en
of the EAM geometry to be lower than that of the bul
termination surface by 160 meV~148 meV! in the GGA
~LDA ! case. However, this total energy is still higher th
that of the fully optimized geometries by 109 meV~101
meV! in the GGA ~LDA ! case. Furthermore, the geomet
optimization starting from this EAM geometry converged
our fully optimized geometries stated above. Hence, we
say that the EAM geometry is far from the ground state.

There are two experimental analyses to compare with
results. The first one is the LEED study,19 which shows al-

FIG. 3. Top view of the Cu~410! and Ag~410! surface; notation
as in Fig. 1.
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most no relaxation ind12—in complete disagreement wit
our result. The second is the ion-scattering result,20 which
shows a large contraction ind12 in quite good agreemen
with our result. These results were discussed in previ
papers21 and compared with the calculated result by a mo
fied point-ion model of multilayer relaxation. The result
this model showed large compressions in bothDd12 ~26.7%!
andDd23 ~28.2%!.

IV. CONCLUSIONS

We performed multilayer relaxation of high-inde
Cu~511,320,410! surfaces by the FLAPW method. In th
case of Cu~511!, our calculated results are in good agreem
with the LEED analysis and a previous theoretic
calculation.7 In the Cu~320! and Cu~410! cases, we found
that even the fifth layer from the surface shows a large~out-
ward! relaxation. These optimized geometries show la
differences compared with the analysis of LEED expe
ments which, however, included only a few layers. Howev
our results are consistent with the general rule: the last
posed layer shows expansion and the other surface la
show contraction. In the case of Cu~320!, there are more than
one optimized geometries in which the total-energy diff
ence of the two was very small~of order of meV!. In addi-
tion, the calculated total energy assuming the geometries
termined from experimental analyses was significan

TABLE III. Calculated relaxation of interlayer distances fo
Cu~410! compared with EAM results. Exp~1! LEED, Dd1250%
~Ref. 19!; Exp~2! IS, Dd125221.766% ~Ref. 20!, deduced from
the value of depression, 0.1860.05 Å.

This work EAM ~Ref. 6!
di ,i 11 GGA LDA

dbulk(a.u.) 0.828 0.806
Dd12(%) 216.9 217.4 212.7
Dd23(%) 210.9 28.1 28.7
Dd34(%) 27.3 210.1 211.6
Dd45(%) 23.6 24.6 16.2
Dd56(%) 18.5 18.4 19.2
Dd67(%) 25.4 23.6 24.6
Dd78(%) 22.3 21.9 25.5
Dd89(%) 11.5 11.2 23.6
Dd9,10(%) 10.3 10.5
Dd10,11(%) 21.8 10.5
r bulk 3.314 3.223
Dr 12(%) 21.95 22.04
Dr 23(%) 20.54 20.23
Dr 34(%) 20.13 20.56
Dr 45(%) 21.48 21.80
Dr 56(%) 13.24 13.35
Dr 67(%) 10.46 10.74
Dr 78(%) 20.72 20.81
Dr 89(%) 20.47 20.62
Dr 9,10(%) 20.23 20.20
Dr 10,11(%) 10.12 10.12
8-5
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higher than the total energy for the optimized geometr
Hence, we suggest that the experimental analysis should
clude up to fifth or more layers for interlayer relaxation
very high-index surfaces such as Cu~320! and Cu~410!.

Very recently, the calculated results of atomic relaxatio
on the Ag~410! and Cu~320! stepped surfaces using embe
ded atom method were published.22 There are some discrep
ancies ind23, d34, and d45 between theirs and ours. Th
might be due to the very small energy differences amo
an

.

ys
.

04540
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some possible geometries. However, the most striking
ture, the large expansion between fifth and sixth layers (d56),
is commonly found.
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