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Enhanced multilayer relaxation at high-index stepped Cu surfaces

Masatake Yamaguchi and Hideo Kaburaki
Center for Promotion of Computational Science and Engineering, Japan Atomic Energy Research Institute, Tokai-mura, Naka-gun,
Ibaraki 319-1195, Japan

Arthur J. Freeman
Department of Physics and Astronomy, Northwestern University, 2145 Sheridan Road, Evanston, Illinois 60208-3112, USA
(Received 18 June 2003; revised manuscript received 30 October 2003; published 22 January 2004

Multilayer relaxation at high-index Chkl) (hkl=511, 320, and 41)0stepped 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-diffracticEED) analysis of experimental data. In the case of
Cu(512), the calculated results are in good agreement with the LEED analyses. On the other han@326y Cu
and Cy410), 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 multilayer relaxatiort. Recently, a quantitative analysis of
LEED data was successfully carried out to determine the

High-index stepped surfaces have properties and applicanultilayer relaxation at a very high-index @320) surface®
tions that have attracted great interest among both basic and On the theoretical side, systematic studies of multilayer
applied scientists. High-index surfaces can be made by cutelaxation for surfaces, including high-index ones, were car-
ting a crystal along a plane at a small angle with respect to d@ed out by empirical potential methods such as the embed-
principal (low-Miller-index) direction. Such a surface con- ded atom methodEAM).*~® Recent progress in computer
sists of a sequence of flat low-Miller-index terraces separatedower has been so remarkable that large scale calculations
by monoatomic or diatomic steps. Generally speaking, thdaave gradually become affordable, and so first-principles
smaller the angle of the cut, the larger the width of the terstudies have also been carried out for &L{) (n
race and the shorter the interlayer distance. For this reason,=a2,5,7,9) and C(831),” and C211 and 331 surface$
high-index surface is also called a “stepped surface” or a Previously, using the same full-potential linearized aug-
“small-interlayer-spacing surface.” mented plane-wavéFLAPW) (Ref. 9 code, some discrep-

In the case of metals such as Cu, the two-dimensionancies between first-principles calculations and the LEED
symmetry of the surface does not change from that of thanalysis were reported for high-index Fe surfaces such as
bulk-terminated surface. This is confirmed by the fact that~e(310).1° Similarly, the disagreement between LEED deter-
the low-energy electron-diffractiodLEED) pattern is the minations and first-principles calculations of the surface
same as that produced from the unrelagealk-terminatedd  multilayer relaxation of reactive transition metals has been a
1x 1 surface structureHowever, multilayer relaxation and subject of recent interest. LEED measurements and analysis
registry shifts occur as a result of the different environmenbon Ti(0001), Zr(0001), Ru(0001), Mo(110, W(110), and
around surface atoms compared to that around bulk atoms-Rh(001) give considerably smaller surface contractions than
and cause different intensity spectra of the diffracted beamirst-principles calculations preditt.With an enlarged data
from the spectra expected for the simple bulk-terminated surset and greater variational freedom in the LEED analysis,
face. Thus, a quantitative analysis of these intensities usingowever, Arnoldet al1? obtained a substantial surface relax-
scattering theory can give information about multilayer re-ation of W(110), in good agreement with their first-principles
laxation and registry shifts at the surface. FLAPW calculations. This result was confirmed by another

Steps affect a number of properties such as morphologyndependent LEED study by Teetet al!* New LEED re-
reactivity, relaxation, etc., which in turn affect crystal sults that agree well with first-principles calculations were
growth, oxidation, catalysis, and corrosion. The determinaalso obtained by Teeter and Erskine in the case dD&hH
tion of the location(relaxatior) of the atoms at the stepped and Ti0001). Considering these situations, we expect that a
surface is a starting point to study these properties. Howevergconsideration of LEED analysis would be urged by our
there are some difficulties in determining the multilayer re-FLAPW calculations where the results disagree with the
laxation of high-index surfaces: the shorter the interlayel.EED analysis.
spacing, the more difficult the analysis of LEED intensity In this paper, we determined the multilayer relaxation for
spectra, as discussed by Zhamg al? About ten small- Cu(hkl=511, 320, and 410surfaces by the first-principles
spacing interlayer surfaces have been studied to determifdLAPW method[within both the local-density approxima-
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tion (LDA) and generalized-gradient approximati@GA) ] lll. RESULTS AND DISCUSSIONS
to investigate the high-index surface interlayer relaxation and . . . .
compare the results with the experimental LEED analysis, The interlayer relaxation anq registry shift are expressed
We find good agreement with the LEED analyses for®> Adi;y1 and Arii.y, respectively, between thih and

Cu(511), but large differences for G820 and Cy410) that (i+1)th layers from the surface. They are defined as fol-

may follow from the fact that the LEED analyses of experi- lows:
ments consider up to only three or four layers from the sur- S
face whereas even the fifth or sixth layers show large relax- Ad; 1= (dj 41~ dpui)/dpui< 100, 1)
ation in our calculations.
Ari 1= (i1~ Toud /1 puik< 100. )
[l. CALCULATIONS Here,d; ; ., means the interlayer distance betweém and

(i+1)th layers from the surface; ;. is the distance paral-
We calculated the electronic structures and multilayer refel to the surface along a mirror plane, amg, andr ,, are
laxation for high-index fcc Cu surfaces within the framework nonrelaxed bulk values determined from the theoretical lat-
of the LDA and the GGA. For LDA and GGA, we use the tice constant.
Hedin-Lundqvist formuld and the Perdew-Burke-Ernzerhof
(PBE96 formula?® respectively. In our calculations, ttigm A. Cu(511)
version of the FLAPWRef. 9 method is used to calculate '
the electronic structure of free-standifigolated slabs. This The calculated results, obtained using GGA and LDA and
method includes no shape approximation for the charge derull geometry optimization for C(%11) are summarized in
SitieS, potentia]sy and matrix elements. Table I. PF{LDA) indicates the result from the pseudopoten-
Our film code has advantages compared to other calculdia! calculations using mixed basiplane waves and local
tions made with bulk codes where the slab model is repeate@fbitals with LDA by Heid et al.” Experimental analyses by
with a large vacuum space between adjacent slabs in order ¥EED (Ref. 16 and x-ray’ diffraction are also given.
have three-dimensional periodicity. Now, since the size of First, we compare our GGA and LDA results in Table I.
the vacuum region should be large enough to reduce théhere are 3.7%, 2.6%, 3.7%, and 2.5% differences in the
interaction between the repeated slabs, the large vacuum rtst-,  second-, third-, and fourth-layer relaxation
gion needs a large plane-wave basis set, which makes tH&d12,Ad23,Adsg,Adys). However, the overall trend in the
calculations heavy. On the other hand, the film-code treats al@yers is similar between the GGA and LDA results.
isolated slab, and so does not have any possible interactions In the pseudopotential calculatidnsith LDA, Cu(n11)
with other slabs. In addition, the vacuum region beyond thdn=2,5,7,9) and C(831) surface relaxations were investi-
surface can be greatly reduced compared to the repeated sl@@ted systematically; the results showed that the step atom
model, and thus the size of the plane-wave basis set is great{y:st layer contracts inward, the corner atom moves outward,
reduced. and the atoms in the adjacent chain undergo a large inward
The cutoff of the plane-wave expansion is 16 Ry, and thagelaxation. In other words, if there aret1 rows on a ter-
cutoff of the star function expansion is 140 Ry. The muffin-race, the firsin layers exhibit inward relaxation and the (
tin sphere radii for Cu is chosen as 2.0 a.u. Within the+ 1)th layer(corner atornhas an outward relaxatichin the
muffin-tin spheres, lattice harmonics with angular momen-<ase of C(611), the third atom from the surface corresponds
tum | up to 8 were adopted to expand the charge densityto the corner atom. Thereforad,, andAd,; show contrac-
potential, and wave functions. tions andAds, shows an expansion, whose trend can be de-
Using the above parameters, we determined theoreticallpoted as ¢ —+). Compared to our results, their inward
the lattice constants for bulk fcc Cu in both the GGA andrelaxation of the first layer Ad,,) is significantly smaller.
LDA cases. For fcc Cu, GGA, and LDA calculations give However, this trend  — +) is the same as that in our cal-
6.83 a.u.(0.0% and 6.64 a.u. £ 2.8%), respectively(The culations. In deeper layers> 3), the sign ofAd; ;. is the
value in parentheses is the percentage difference from thgame between the PP result and our results exceptdgy,
experimental lattice constantThese lattice constants are where the difference in sign is not so significant since the
used as in-plane lattice constants in our film calculationsabsolute values are small. The trend of registry shifts
The Cu511), Cu320), and Cy410 surfaces are simulated (Ar;;.4) in the PP results is quite similar to our results.
by 19-layer, 21-layer, and 21-layer slabs, respectively. The The analysis of the LEED experiment gives similar results
total number ofk points in the two-dimensional Brillouin compared to our results and those of PP calculations. How-
zone is 36, 32, and 24 for th&11), (320, and (410 cases, ever, another analysis from x-ray measurements shows a dif-
respectively. ferent result, namely, the second layard,3;) shows an out-
The geometry optimization was carried out by minimizingward relaxation and the third layerA@l;,) shows a very
the atomic force on each atom. We chose the bulk-terminatesimall inward relaxation, which is denoted as  —).
one for the starting initial geometry. The surface cell is taken We compared the total energies of these different geom-
as Ix 1, i.e., no reconstruction is considered as in the experietries: while the total energy of the geometry determined by
mental analysis. The equilibrium structure is assumed wher-ray diffraction was 127 me\(66.2 meVj lower than the
the atomic force on each atom becomes less than 0.002 Ridtal energy of the bulk terminated surface in the GGA
a.u. (LDA) case, it is still higher than that of our fully relaxed
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TABLE |. Calculated and experimental relaxation for (6id). Ad;; and Ar;; are the percentage of
relaxation with respect to bulk valued,{,, andry) for interlayer distance and registry shift, respectively.

See text.
This work PP(LDA) (Ref. 7 LEED (Ref. 16 X-ray (Ref. 17

GGA LDA
dpu(a.u.) 1.315 1.279 1.311
Ad(%) -17.1 -134 -93 -13.2 -15.4
Adyy(%) —13.8 —-11.2 —-10.7 -6.1 +8.1
Ads4(%) +11.0 +7.3 +7.2 +5.2 -1.1
Ads(%) —-7.4 —-4.9 -2.9 -0.1 —-10.3
Adsg(%) +0.6 +1.9 +1.1 +2.7 +5.4
Adg(%) -0.8 -0.4 +1.7 -0.7
Adg(%) -3.7 —-2.4 -15 -6.9
Adgy(%) +0.7 +1.8 +1.6 +3.6
Adg 1o%) -1.7 -1.0 -0.5
rou(@a.u.) 4.648 4.521 4.637
Ar15(%) —0.65 —0.44 -1.17
Ar55(%) —1.47 —1.09 -1.21
A1 34(%) +2.17 +1.33 +0.98
Ar 45(%) +0.37 +0.36 +0.25
Argg(%) —-0.92 —-0.63 -0.31
Arg(%) +0.18 +0.08 +0.01
Ar1g(%) -0.18 -0.07 0.00
Argg(%) +0.06 +0.04 -0.14
Arg1d%) +0.01 +0.02

geometry by 113 meVY103 meV in the GGA(LDA) case. difference in the total energy is so small that it is difficult to
Furthermore, the geometry optimization calculations, wherconclude from first-principles calculations which geometry is
started from the x-ray geometry, finally converged to thethe real ground state at this stage. In addition, it should be
fully-relaxed geometry obtained from the bulk-termination noted here that this difference might be an artifact due to an
starting point. For these reasons, the geometry obtained higsufficientk-point sampling. In the case of GGA, the second
x-ray diffraction is far from the ground state of this system in case of the optimizations from the experimental initial geom-
our calculations. etries converged to the same geometry as ¢aswithin a

For a better understanding of surface structure, we show
the top view of the C(b11) surface in Fig. 1. The radius of
each atomic sphere is the same as that of touching spheres
the fcc structure. The number labeled on the sphere indicate
the layer number counted from the surface. The area sur
rounded by dashed lines indicates the two-dimensional uni
cell parallel to the surface. From this figure, we can easily
understand that there are three atom réy2, and 3 on the
terrace and the third-layer atom, which is the so-called cornel
atom, is the last atorflayer exposed to the vacuum.

B. Cu(320

Our calculated results and the analysis of the LEED ex-
periment for interlayer relaxation for €320 are summa-
rized in Table Il. We found that there are two different opti-
mized geometries in the case of LDA: The first, label&qd

a 6‘ 0 A‘
A
is obtained from the starting geometry in which the interlayer
distance is the bulk one. The second, labé®dis obtained

from the starting geometry that is the same as the experimen- FiG. 1. Top view of the C(511) surface. The number on each
tal analysis. There is a 4.3% differenceAmls,, which cor-  sphere indicates the layer number from the surface. Nearest-

responds to about a 0.04 a.u. difference. The total energy @feighbour spheres are shown touching each other. The dashed line
case(1) is lower than that of casé€2) by 3.3 meV. This indicates the two-dimensional unit cell.
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TABLE II. Calculated relaxation of interlayer distance for(@R0) for the two cases described in the text.

diis1 This work (1) This work (2) LEED (Ref. 3
GGA LDA LDA

dpuk(a.u.) 0.947 0.923 0.923

Ad(%) —-16.7 —14.1 —15.3 —24*+6

Ad,y(%) —13.8 —13.0 —15.0 —16*+12

Ad3(%) -5.9 -7.1 -2.8 +10+6

Adg(%) —-7.1 —-3.1 -5.0

Adgg(%) +16.7 +12.9 +12.2

AdgA(%) -4.6 -22 -29

Adg(%) -17 -05 -1.6

Adgg(%) +0.5 +0.1 +1.3

AdQ,l((%) —-5.8 —-2.1 —3.0

Adyg,1(%) +2.2 +0.7 405

Mbulk 4.737 4.607 4.607

Ar 15(%) -0.12 —-0.07 —-0.08

Ar53(%) +0.06 -0.13 -0.20

Ar34(%) +0.39 +0.52 +0.52

Ar 45(%) +0.18 +0.08 +0.04

Ar (%) -1.28 -0.93 -0.91

ArgA%) +0.64 +0.50 +0.60

Ar7g(%) -0.09 -0.17 -0.12

Argo(%) +0.15 +0.24 +0.16

Arg 14 %) +0.00 —0.02 0.00

Ar101(%) —-0.05 —0.04 —0.04

1% difference imMAd; ; ;. Among these three cases, there areCu(320) terrace, the fourth- and fifth-layer atoms are greatly
common features: the first and second layetsd,;, and exposed to the vacuum, and so we can no longer say that the
Ad,,) from the surface show a large contraction and the fifththird layer is the last exposed. For this reason, we should not
layer (Adsg) shows a large expansion. regard the third atom but the fifth atom from the surface as

The experimental analysis by Joraal2 considers only the corner atom or the last exposed atom. In this way, it
three layers for interlayer relaxation and shows that the third
layer undergoes a large expansion—in very clear contrast t
our results. Both calculated geometries do not show such i
large expansion of the third layeA¢ls,). As stated above,
when we started the second self-consistent geometry optimi
zation from the geometry determined by LEED analysis, we
finally got the optimized geometries that are far from the
initial LEED geometry.

The compact step notation for the 320 surface is
3(110(100), which means thatl10) terraces with three atom
rows are separated by steps in {190 direction. As stated
above, a general rule was found in the(&ll) case, that if
there aren+1 rows on a terrace, the first layers exhibit
inward relaxation and then(+1)th layer has an outward
relaxation® This rule was also assumed to be valid in the
Cu(320) case, where, however, the situation is different com-
pared to other surfaces such as(&ii).

Looking at the top view of the G820 surface in Fig. 2,
we can understand that the terrace on th€3€0 surface is
significantly different compared to the terrace on th¢51a)
surface. For the QB11) terrace, the fourth- and fifth-layer
atoms are almost completely hidden by first-, second-, anc
third-layer atoms. The third-layer atom is regarded as the
corner atom(the last exposed atomand the third-layer FIG. 2. Top view of the C(B20) surface; notation as in
(Ads,) shows an expansion. On the other hand, for theFig. 1.
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TABLE I1ll. Calculated relaxation of interlayer distances for
Cu(410 compared with EAM results. Exp) LEED, Ad;,=0%
(Ref. 19; Exp(2) IS, Ady,=—21.7+-6% (Ref. 20, deduced from
the value of depression, 0.18.05 A

This work EAM (Ref. 6
dii+1 GGA LDA
dpuik(a.u.) 0.828 0.806
Ady(%) —-16.9 —-17.4 —-12.7
Aday(%) -10.9 -8.1 -8.7
Ad34(%) -73 -10.1 —-11.6
Ad,5(%) -36 46 +6.2
Adsg(%) +85 +8.4 +9.2
AdgA%) 5.4 -36 46
Adg(%) -23 -1.9 -55
Adgg(%) +1.5 +1.2 -3.6
Adg 1 %) +0.3 +0.5
Adlo,ll(%) -1.8 +0.5
I bulk 3.314 3.223
0, — —
FIG. 3. Top view of the C(#10 and Ag410 surface; notation ArlZ(OA)) 1.95 2.04
as in Fig. 1. Ar (%) -0.54 -0.23
Ar3,(%) -0.13 ~0.56
makes sense that the fifth layer shows an outward relaxatio/ﬁr45(z/°) h 1';'8 —1.80
in our results, which now obey the general rule stated abové§r56(0/°) +3.24 +3.35
From this, it appears that experimental analyses should in’érfﬂ(f) +0.46 +0.74
clude up to at least the fifth layer in order to properly account}" 7s(%) —0.72 -0.81
for the relaxation. Argy(%) —0.47 —-0.62
Ar g1 %) —0.23 —0.20
Ar0,1/(%) +0.12 +0.12

C. Cu(410

The top view of the C(#10 surface shown in Fig. 3
shows that it is a complicated one compared to the othemost no relaxation ird;,—in complete disagreement with
surfaces. We can see that five layers from the surface awur result. The second is the ion-scattering reSulthich
greatly exposed to vacuum and that a small portion of eveshows a large contraction id;, in quite good agreement
the sixth, seventh, and eighth layers can also be seen fromith our result. These results were discussed in previous
the top—making it a very open surface. For this reason, weaper$' and compared with the calculated result by a modi-
can see that experimental and theoretical analyses for relajied point-ion model of multilayer relaxation. The result of
ation should consider more than five layers from the surfacethis model showed large compressions in hvth , (26.7%
The calculated and experimental results for4l0) are  andAd,; (28.2%.
summarized in Table Ill. These results were obtained by ge-
ometry optimization in which the initial geometry is a bulk
terminated one. We tried the other initial geometry that is the
same as the experimental analysis fo(4t),'® but we did We performed multilayer relaxation of high-index
not get a different final geometry. Cu(511,320,41D surfaces by the FLAPW method. In the
Another theoretical result by the EAM is shown in Table case of C(611), our calculated results are in good agreement
[ll. Compared to our results, there is a significant differencewith the LEED analysis and a previous theoretical
In the EAM case,Ad,s shows expansion, whereasd,s calculation! In the Cy320) and C@410 cases, we found
shows contraction in our case. We calculated the total energihat even the fifth layer from the surface shows a ldme-
of the EAM geometry to be lower than that of the bulk- ward relaxation. These optimized geometries show large
termination surface by 160 me¥148 me\j in the GGA differences compared with the analysis of LEED experi-
(LDA) case. However, this total energy is still higher thanments which, however, included only a few layers. However,
that of the fully optimized geometries by 109 mg¥01  our results are consistent with the general rule: the last ex-
meV) in the GGA(LDA) case. Furthermore, the geometry posed layer shows expansion and the other surface layers
optimization starting from this EAM geometry converged to show contraction. In the case of (320), there are more than
our fully optimized geometries stated above. Hence, we canne optimized geometries in which the total-energy differ-
say that the EAM geometry is far from the ground state. ence of the two was very smalf order of meV. In addi-
There are two experimental analyses to compare with oution, the calculated total energy assuming the geometries de-
results. The first one is the LEED stutiwhich shows al- termined from experimental analyses was significantly

IV. CONCLUSIONS
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higher than the total energy for the optimized geometriessome possible geometries. However, the most striking fea-
Hence, we suggest that the experimental analysis should inure, the large expansion between fifth and sixth layegg) (
clude up to fifth or more layers for interlayer relaxation atis commonly found.
very high-index surfaces such as (@20 and Cy410).

Very recently, the calculated results of atomic relaxations
on the Ag410 and Cy{320 stepped surfaces using embed- ACKNOWLEDGMENTS
ded atom method were publish&lThere are some discrep-
ancies ind,3, ds4, andd,s between theirs and ours. This ~ We thank T. Shishido and Yu-Jun Zhao for helpful discus-
might be due to the very small energy differences amongions.
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