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Ab initio calculations of multilayer relaxations of stepped Cu surfaces
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We present trends in the multilayer relaxations of several vicinals ¢i@uand Cy111) of varying terrace
widths and geometries. The electronic structure calculations are based on density-functional theory in the
local-density approximation with norm-conserving, nonlocal pseudopotentials in the mixed basis representa-
tion. While relaxations continue for several layers, the major effect is concentrated near the step and corner
atoms. On all surfaces the step atoms contract inward, in agreement with experimental findings. Additionally,
the corner atoms move outward and the atoms in the adjacent chain undergo a large inward relaxation.
Correspondingly, the largest contracti@i) is in the bond length between the step atom and its bulk nearest
neighbor(BNN), while that between the corner atom and the BNN is somewhat enlarged. The surface atoms
also display changes in registry of up to 1.5%. Our results are in general in good agreement with low-energy
electron-diffraction data including the controversial case of5Cl). Subtle differences are found with results
obtained from semiempirical potentials.
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[. INTRODUCTION impact of local coordination on the structural and dynamical
properties of a surface. In an earlier paffea comparative
Structural properties of regularly stepped metal surfacestudy of the local structural and vibrational properties of
have been the focus of a broad range of theoretical and excu(211), Cu511), and Cy@331) was performed using empiri-
perimental studies, because of the eminent role they play inal potentials from the embedded atom meti&hM).*2
technologically important phenomena such as thin-filmThis study found that the first two surfaces displayed similar
growth, epitaxial layer formation, nanostructuring of materi-local characteristics, while the third surface was somewhat
als, and catalysis.According to crystallographic notation, different. An explanation provided for this behavior was the
these surfaces are denoted by high Miller indices, and arsimilarity in the local environment of thé211) and (511)
called vicinals of their low Miller index counterparfflat  surfaces of fcc metalfa combination of(100) and (111)
surfaces The presence of arrays of atomic steps separatetérrace geometry and the step fhcand its consequent dif-
by flat terraces creates regions of differing local coordinaference from that of thé331) surface[a (111) terrace geom-
tions, and makes the microscopic structure of a vicinal suretry and a(111)-microfaceted step fa¢eThe issue of the
face distinct from that of a flat surface. According to Smolu-local geometry was further raised in a joint theoretical and
chowski’s idea of charge smoothiAdor example, electronic  experimental study of the vibrational dynamics of (210)
charge densities are expected to rearrange in the vicinity dind Cu511) together with those of the kinked surface
the steps, thereby causing the ion cores to relax to new coru(532).'® Experimental data from electron-energy-loss
figurations. The modified electronic structure may also bespectroscopy found modes above the bulk band of2 Tl
expected to impact the reactivity and the nature of the forcéut not on C@511) [or on Cy17,1,1, which has the same
fields in the region around the steps. A knowledge of atomictep geometry as @bi11)], but theoretical calculations based
relaxations in the equilibrium positions near the step andn EAM potentials predicted modéslightly) above the bulk
kink sites is thus a step toward understanding the vibrationgbhonon spectrum for each of these surfaces. While the simi-
and electronic properties of vicinal surfaces. larity between the calculated structural relaxation patterns of
Fortunately, with advances in atomic scale experimentaCu(211) and Cy511) argues in favor of a similarity in the
techniques, there has been a surge in investigations of tHecal vibrational dynamics of these two surfaces, the dis-
structure of vicinal surfaces in recent years. The majority ofagreement between the experimental and theoretical results
the experimental data have undoubtedly cdffrom the  for the high-frequency modes on @Gill) [and C17,1,D]
low-energy electron diffractiolLEED) technique, which is  remains unreconciled. For (211) the agreement of EAM-
now capable of detecting changes even for interlayer spadased results with available structural data from LER®f.
ings smaller than 1 R. For some surfaces the x-ray- 14) and withab initio calculations for both the structure and
scattering technique has provided much needed complemethe dynamic¥ provides considerable confidence in its pre-
tary structural dati.An impressive number of theoretical dicted properties. The case of (1) is not as simple, due
calculations of multilayer relaxatiofs™ has also helped in to a lack of calculations based on potentials more accurate
bringing several issues related to the characteristics of vicingahan EAM, and because of conflicting conclusions from the
surfaces to the forefront. Of particular interest here are exanalysis of experimental data from LEE@Ref. 16 and
perimental and theoretical studies of a set of vicinals ofx-ray-scattering measuremefitShe most striking difference
Cu(100 and Cy111), which addressed the question of the in these two sets of data is the relaxation pattern for the
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second layer, which is inward in LEED and outward in the
x-ray data. The oscillatory pattern found in the x-ray data is
also in disagreement with the conclusion from a series of
previous experimental and theoretical findings on steppec
surfaces. Based on these studied;}’ there is a definite
symmetry in the relaxation patterns of stepped surfaces. All
terrace atoms, save for the corner one, display inward relax
ations. EAM-based calculatiohfurther predicted this oscil-
latory relaxation pattern to continue into the bulk with a
damping in the amplitud® Thus the expected relaxation  FIG. 1. Sideview of a fo611) surface showing the interlayer
pattern for the(211), (511), and (331) surfaces, each with separations, and the labeling of the atoms and the layers.
three-atom-wide terraces, would fe- + - - +...), al-

though questions have been raised whethgB81) follows ~ any plane of symmetry and there are two different ways of
this rulel® Similarly, the patterns fof711) and (911) sur-  generating monoatomic stepped surfaces. In one type of such
faces with, respectively, four and five atoms on the terracevicinals, the step edge hag00) microfacet, while the other
would be predicted to bé - - + --- +...)and(---- + has a(111) microfacet(these are the so call@landB types,

- - - - +...). The LEED data on the first three surfacesrespectively. In standard nomenclature, the vicinals of a
follow these predicted trends in relaxations, at least for thécc(111) surface with monoatomic steps afid0) step edges

top three layers. Very recent LEED dHtdor Cu(711) also  are denoted by r(;n,n+2), while those with(111) step
display the patter- - - +) for the top layers, in good agree- edges are labeled as,fi,n—2), wheren is the number of
ment with EAM-based predictions. However, a small dis-atoms on the terrace. THtype vicinal Cy331) considered
crepancy in the sign of the relaxation is found for bothhere is named accordingly, while tietype vicinal C211)
Cu(711) and Cu511), for a particular layer separatiqlss ~ S€ems to be a misnomer. Similarly, vicinals of a(1€0)

for Cu511) and d.g for Cu(711)],'® beyond that expected surface consisting of monoatomic step edges witflH)

from the error bars. Arguably the actual numbers involved inmicrofacet are labeled (2-1,1,1). The C(l1l) vicinals
these comparisons are small, but the systematic nature of tig@nsidered here are created by cutting the crystal at angles of
discrepancies, and the fact that it negates the prediction of #9.5° and 22° away from thel11) plane toward th¢211]

periodicity in the oscillatory relaxation pattetr} raise in-  gng [211] directions to producé211) and (331) surfaces,
teresting questions about the complexities of the atomic disr'espectively whereas the three vicinals @00), (511)
placements in these systems. Given the above uncertaintig] 1) and(911) surfaces are constructed by slicing the crys-
arising from experimental obser_vauons, it is opportune to ot angles of 15.8°, 11.4°, and 8.9°, respectively, from the
carry out_ more acpurate ca!culatlons of these relaxatlpn pahoo) plane toward thé011] direction. To facilitate the dis-
terns using techniques which are capable of revealing theyssjon we have also labeled the atoms that play the domi-
accompanying changes in the surface electronic structure. fant role in our calculatio For surfaces consisting of three

is with this goal in mind that we have carried aalt initio  ~hains of atoms on the terrace, we label them as corner
electronic structure calculations of the surface geometry anghsin  a terrace chaififC1), and a step chaiSC). The
interlayer spacing for this set of vicinals of Q00 and  chain just underneath the step chain is called a bulk nearest-
Cu(11D. In addition to C@211), Cu331, and CUS1D,  nheighbor(BNN) chain. The other two surfaces, @d1) and
which help to address the question of the influence of th%u(Qll), contain, respectively, one and two extra chains of

local geometry on the structure, we have extended the invegarace atoms, labeled accordingly as TC2 and TC3. In our
tigation to Cu711) and Cy911) to examine the influence of qtation thex andy axes to lie in the surface plane, thaxis

increasing terrace width of the relaxation pattern. Of course, erpendicular to the step, tlyeaxis along the step, and tlze
for all surfaces a comparison with available experimental;y;s along the surface normal. In Fig. 1, we display a side

data is of prime concern.. _ view of the(511) surface, with an appropriate labeling of the
The rest of this paper is organized as follows. In Sec. Il,5t6ms and interlayer spacing.

the system geometries are presented together with some
computational details. Section Il contains the results
and their discussion. Concluding remarks are presented il SOME DETAILS OF THEORETICAL CALCULATIONS

Sec. IV.

Ab initio electronic structure calculations are performed
within a pseudopotential approach to density-functional
.. SURFACE GEOMETRIES theory in the local-density fappr(_)ximatiéﬁ.The numerical
implementation of the technique is based on a computer code
Vicinal surfaces can easily be constructed by cutting thedeveloped by Meyeet al?! The local-density approximation
crystal at an angle slightly away from the lower-index crystalis applied using a Hedin-Lundqvist form of the exchange-
planesli.e., (100), (111), and (110]. For reasons discussed correlation functionaf? A norm-conserving pseudopotential
above, here we are interested in the vicinals of(#89) and  for Cu, constructed according to a scheme proposed by Ha-
(111 surfaces of fcc metals, for which the most tightly mann, Schlueter, and ChiaAghas been used, which was
packed steps are along th&10) direction. In the case of a already successfully employed for calculations of the struc-
(111) surface, however, th€l10) direction is not parallel to  ture and the phonons of low index surfaces of?&A.mixed
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TABLE I. Calculated changes in interlayer separations as perconcept of layers is different here from that on flat surfaces
centage of the ideal separatidp. (see Fig. 1 The firstn layers, for example, are all exposed to
the vacuum, whera is the number of atoms on the terrace.
Correspondingly, the interlayer separations are small, and

Layer Cu21) Cu@331) Cu11) Cu(71) Cu(91)

dy 0736 A 0828 A 0694 A 0505 A 0443 A €ven large percentage changes in interlayer separations cor-
d, —12.2% —12.7% —93% —7.3% —11.2% respond to small numbers in distances. It is important to bear
das —95% —33% —10.7% —15% —2.2% this point in mind when comparing results for a particular
day +8.7% +45% +7.2% —14.8% +0.6% surface either with those for flat surfaces or with results from
das —21% —20% —2.9% +80% —13.9%  Other methods. o _
deg ~16% +01% +1.1% —10% +5.4% A common feature of all surfaces. examined in Table | is
de, $15% —01%  +1.7% —11%  —1.3% that all ter(acg_ atoms excep_t those in the corner chak)
dog _01%  +08%  —15% +14%  —4.1% undergo significantly large inward relaxatlons. The corner
dag _03%  —06% +16% +17%  +45% atoms are always found to relax outward. Additionally, atoms
d +07%  +09% —05% —15%  +3.0% in the terrace adjacent to t_he CC atom exhl_blt a compara-
d9'1° ' : : 0 '40(y _0'50/ tively large inward relaxation whose magnitude may be
1011 e =7 larger than that of the step atorfes SC atom For example,
di1.12 +20%  —2.5% for Cu(511), Cu(711), and C911) changes, respectively, in
di213 +03%  +1.2% d,; (involving a TC1 atony, d3, (involving a TC2 atormy, and
dig +1.6% dys (involving a TC3 atonp, are larger than that af;,. Thus,
dig1s +3.0% in keeping with Schmolkowski’sideas of charge smoothing,
dis5,16 —22% the maximum relative change in interlayer separation is fo-

cussed around the corner atoms. This is particularly true for
. ) ) ~ the vicinals of C¢100). The situation with the more close-
basis set is applied to represent valence states consisting &gcked surface @831 is somewhat different, As seen in
five d-type local functions at each Cu site, smoothly cut off Taple |, the outward relaxation of the corner atom and the
at a radius of 2.3 a.u., and of plane waves with a kinetiGnyard relaxation of the preceeding atom on the terrace on
energy of 11 Ry. Increasing the cutoff energy to 16 Rycy(331) are less than half of that for similar atoms on the
showed no significant effect on the results. A Brillouin-zonegther surfaces considered here. Incidentally, this conclusion
(BZ) integration was carried out using a special point samis jn good agreement with results from previous studies
pling techniqué* together with a Gaussian broadening of the\which were based on semiempirical potentfaig.

energy levels of 0.2 eV. For simulating surfaces we used & There is, however, a disconcerting difference in the results
supercell approach with cells containing 21-35 atdot®  gptained here fronab initio electronic structure calculations
atom per layey, depending on the surface orientation. The gnq those from semiempirical potentials. An intriguing result
dimension of all cells was 47.7155 a.u. The distance betweeg, multilayer relaxations of the vicinals of €100) obtained

the top and bottom layers of the slabs were thus 31.2761 a.yth EAM potentials in Ref. 9 was that the pattern of inward
for Cu33D, 27.8277 a.u. for QR11), 26.2340 a.u. for ang outward relaxations continued well into the bulk
Cu(51D), 25.7715 a.u. for Q1), and 25.4390 a.u. for with an exponentially decreasing amplitude. Thus, for
Cu(911). Structure optimization was carried out until forces Cu(711), the relaxation pattern predicted by the EAM was
on all atoms were smaller than 19 Ry/a.u., which is two (---+,--+4,---+,...) with an eventual damping of the

orders of magnitude smaller than the forces present on thg|axations. The pattern for CI11) from Table | is instead
unrelaxed surfaces. With increasing terrace width, the Ca|CU(-_ -+, -+ +,--+ +). Thatis, our present calculations do
lations become increasingly tedious, since the reduction imet predict a periodically oscillatory relaxation pattern with a
interlayer spacing makes it more difficult to achieve geom-gecaying amplitude as we move into the bulk. As we shall
etries converged to 1% of the interlayer spacing. We also findee, this particular feature is more in agreement with experi-
that results for terraces witf100) geometry are more sensi- mental data, and helps to remove the slight discrepancy be-
tive to the number ok points sampled, as compared to thoseyyeen experiment and theory presented by the EAM result
with (111) geometry. For the latter case 30 points in the BZpginted by Walteet al*® Again, it should be recalled that the
are sufficient for a determination of the equilibrium structure,nymbers involved are very small and within the limits of
while for surfaces wit{100) terraces at least twice as many accuracy ofab initio calculations. In particular, the small
points are needed to obtain converged results. numbers for the relaxations of the inner layers of(€l1)
have to be taken with caution, as our convergence criteria for
this surface were not as good as that for the others because of
the demands on computational resources imposed by a sys-
Our results for the multilayer relaxations of @d1), tem as large as this one.
Cu(331), Cu(511), Cu(711), and Cy911) are summarized in Unlike flat surfaces, vicinal surfaces relax in bathndz
Table I. As in previous theoretical studfe$'3 of relax-  directions, since the existence of steps at the surface leads to
ations on stepped Cu surfaces, we find changes in interlay&roken symmetry in both these directions. While relaxations
separations, from bulk-terminated configurations, to persistlong thez direction yield the characteristic interlayer sepa-
on all surfaces for a large number of layers. Of course, theations we discussed above, those alongxtldérection pro-

IV. RESULTS AND DISCUSSIONS
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TABLE II. Calculated changes in the registries as percentage of Cu(511)
that for the ideal surface, .

TC1

Registty C@211) Cu(33) Cu(51) Cu(71) Cu91l) T §9 - @ §@
Iy 2083 A 2048 A 2454 A 2500 A 2519 A O

BNN O BNN
I -1.22% -0.10% —1.17% —1.37% +0.99% O O
M3 ~0.54% —1.74% —1.21% —0.32% —0.40% O O
M ~0.22% +1.46% +0.98% —0.41% +0.28% O o)
as +150% +0.62% +0.25% +0.77% —0.60% O o © o
Fog ~0.26% —0.50% —0.31% +0.23% +0.38% o O o O
le7 +0.19% +0.24% +0.01% +0.82% —0.01% O O
I 0.00% —0.19% 0.00% —0.89% +0.55%
'8 -0.11% +0.23% —0.14% —0.01% +0.16% Cu(711)
Fo.10 —~0.31% —0.44%
F1011 —~0.20% —0.14% TC1

i +011%  +0.40%
s ~0.23% é @ ’? 79@ @ P ?\

l1213

1314 —0.25%
o O

BNN O O BNN

vide new registries of atoms as compared to those in the O O
bulk. Our calculated percentage intralayer registries for five O @)
surfaces are summarized in Table II. As in the observations O
from EAM calculations, the changes in the registries of the
atoms are small. It is thus not useful to make a one-to-one
comparison with results from semiempirical calculations.
However, the changes in the registries of the atoms are not
inconsequential, since they affect the changes in the bond Cu(911)

lengths between the atoms in these regions of low coordina-

tions. In Table Ill, we tabulate our results for the total TCl TC1

changes in the distances between the step atoms and theil€c @ (1% ? cc TC3 (? ?
nearest neighbors. For comparison, in parentheses we in- Cé /@ é @”

clude the results obtained earlier for the same quantities with

EAM potentials'®® The largest changes in the bond lengths o © Q @)

(from unrelaxed configurationsare for those between the o O O O O

step atoms and their bulk nearest neight®XN), which lies O O O

right below them. The bonds between the CC and BNN show O O O O

a small enlargement, while all other bonds in Table Ill are O © O O O O

found to undergo shortening. In Figs. 2 and 3, we draw the

actual displacements of the atoms on the five surfaces ob- FIG. 2. Schematic representation of displacements of atoms dur-
tained from our calculations. While the sizes of the arrowsng the relaxation process for (Gl1), Cu711), and C¢911).

are exaggerated, it is their relative length and direction that is

of consequence. As already noted by Durukanagflal,’®  “like” to relax to enhance their own coordination. For
all atoms in low-coordinated sites move to enhance theireaders who are interested in the exact positions of the
local coordination. The complex displacement pattern thaatoms on the relaxed surfaces, we summarize them
emerges is thus the net outcome of the competition between Table IV. The unusual behavior of the G31) terrace

the different directions in which the various atoms wouldatom is more apparent from this table than the earlier one

O

TABLE lIl. Changes(in %) in bond lengths between the step atom and its nearest neighbors. The results
from EAM are in parantheses.

Surface sc-TC sc-cc SC-BNN CC-BNN
cu211) —~1.78 (- 1.27) —2.27 (-2.67) —3.22 (-2.10) +0.61 (+0.7)
Cu(331) —1.36 (—0.45) —2.39 (- 1.86) —3.66 (—3.09) +1.42 (+0.5)
cu(511) —1.80 (- 2.29) —1.42 (-0.98) —3.13 (-2.30) +1.49 (+1.5)
cu(711) —1.59 (—2.16) ~1.36 (—1.11) —2.88 (—2.26) +1.06 (+1.8)
Cu(911) —1.22 (—2.08) —1.47 (-1.06) —3.06 (—2.31) +0.51 (+1.93)
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Cu(331) approximation calculation’s, based on the pseudopotential
approximation and with results from EAM-based method.
TC1 SC TC1 sC Theoretical calculations using the full potential linearized-
cc @,/—ﬁ@\\ cc ’@,/—f\ augmented-plane-wavé-LAPW) method?® however, pre-
- \@”" ) dict a much larger relaxation—28.4%) of the step atom
O BI?N e o than any of the previous theoretical or experimental studies.
O O This brings us to the discussion of ionic relaxation on
@) O Cu(33)) in Table VI for which also we do not get the large
O O O O relaxation reported in Ref. 26. The present results for
O O Cu(331) are, however, in good agreement with the LEED
O O datal’ The discrepancy with the results from LEED fib,
O O should not be taken too seriously, given an error bar of 4% in
O O the analysis of the LEED data. With respect to EAM-based
O O O O resultst® we find a noticeable difference fafz,, for which
the present results agree better with the LEED data and also
Cu(211) preserve the predicted relaxation pattérn +) for the ter-
race atoms. This trend is in keeping with what was reported

o TC1 5¢ cc TC1 sc in calculations on AB31).8 In trying to reconcile our results
& /,,,@«/“’ﬁ;\\\@ /,,Q—/"ﬁ‘;\\ with those of Geng and Freem&hwe note that the latter
- Q - Q predicted an outward displacement of the TC1 atomic chain
o O BNN o O BNN for both Cu211) and C¢331), while we find this not to be
o O o O the case. As already mentioned, while the changes in the
O O bond lengths of the terrace atoms of(B81) are no different
O O O o from those of the other surfaces, the displacement of a TC1
O o O O atom is strikingly smaller than that of the TC atoms on other
@ O surfaces.
o O O O The case of multilayer relaxations for &G11) is interest-
O O O O ing because of the differences in the published data from

LEED (Ref. 16 and x-ray measuremerftsThese are dis-
FIG. 3. Schematic representation of displacements of atoms duplayed in Table VII. Except for the displacement of the step
ing the relaxation process for (381 and Cy211). atoms, for which all results point to a large inward relax-
ation, the results from x-ray-scattering measurments are in
concerning changes in the bond lengths. The TC1 atom afisagreement with present results and with those from LEED
Cu(331) undergoes the least displacement among its counteas well as EAM calculations. We do not understand the rea-
parts. Its displacement is also smaller than that of a TC3ons for this disagreement, except for the notion that x-ray
atom(1.4, 0.0, and-2.6) on Cu711), and of both TC20.8, measurements may be very sensitive to the quality of the
0.0, and—2.0) and TC3(0.1, 0.0, and—2.3) atoms on crystal surface. It should be noted that differences from the
Cu(911). The coordinates of the displacements above in pax-ray results are both qualitative and quantitative, beyond the
rentheses are in the same units as those in Table IV. established error bars in the experiments and calculations.
We now turn to comparisons of the results obtained heréecause of the controversy in the experimentally determined
for individual surfaces with those available from experimen-multilayer relaxations of G%11), we have carried out an
tal measurements. In Table V we show that for(Zlil) the  extensive analysis of the dependence of the theoretical re-
salient features in the trends in the relaxation patterns presults on the approximations necessary to produce computa-
dicted by our calculations are observed in the experimentdional feasibility: the choice of pseudopotentials, the maxi-
data. Apart from the large inward relaxation of the step atmum kinetic energy of the plane wavesy,,), the number of
oms, the major change occurs at the corner atom and itgyers in the supercell, and the number of points used to
adjacent terrace atom. Our results are in good agreemesample the surface Brillouin zone. As already mentioned,
with previous density-functional theofpFT) local-density  changingE.,; to a higher valug16 Ry) for the chosen norm-

TABLE IV. Atomic displacements from bulk terminated to relaxed positipA¢x 1072)].

Surface SC TC1 cC BNN

Cu(211) (—1.8,0.0-10.9) (0.7,0.07 1.9) (1.7,0.0,5.1 (2.3,0.0;-1.4)
Cu(33)) (—0.4,0.0-10.0) (-0.1,0.0,0.5) (3.5,0.0,3.2 (0.6,0.0,-0.8)
Cu(511) (—2.5,0.0-9.2) (0.1,0.0+-2.7) (2.7,0.0,4.7 (0.2,0.0-0.3)
Cu(71) (—2.8,0.0-7.2) (0.6,0.0-3.4) (2.4,0.0,4.8 (0.5,0.0,0.8
Cu(91) (—2.7,0.0-7.4) (—=0.2,0.0-2.9) (1.6,0.0,3.2 (0.7,0.0,1.1
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TABLE V. Relaxation of C@211): experiment and theory.

Relaxation  This work FLAPWRef. 2§ EAM (Ref. 10 DFT-PW(Ref. 15 LEED (Ref. 19

dip —12.2% —28.4% ~10.3% —14.4% ~14.9%
das —9.5% —3.0% —5.41% ~10.7% ~10.8%
day +8.7% +15.3% +7.26% +10.9% +8.1%
das —2.1% ~6.6% —5.65% —3.8%
dsg ~1.6% +0.7% ~1.2% —2.3%
dey +1.5% +3.0% +4.0% +1.7%
drg -0.1% —2.6% —1.0%
dso -0.3% ~0.17% —0.05%
dg 10 +0.7% +0.0% +0.0%

conserving pseudopotential, in the mixed-basis representéween our results and those from the FLAPW method for
tion, has little effect on the results presented above. To ex€u(211) and Cy331) could be attributed t&-point sampling.
amine the dependence of our results, then, on the choice of Finally, we come to a comparison of our results for
the pseudopotentials, we have carried out calculations witlCy(711) with those from experimentgve are not aware of
two other sets oéb initio electronic structure codes employ- any data on C{911), so faf. The LEED dat& for this sur-

ing an ultrasoft, Vanderbilt-tyé pseudopotential, in the face has been very carefully analyzed and compared to ex-
plane-wave representation, using a valueEgf; of 30 Ry  isting calculations. Table IX shows that thé initio results
(which we find to be adequatewe find our calculated val- gpiained here are in excellent agreement with the data, and
ues of muliilayer relaxations to have the same behaviohy,at the small differences from the EAM results that the
qualitatively, and to lie, quantitatively, within 3% of the ones authord® noted is removed by the present calculations. As in

reported here. One of the plane-wave codes used for thttie1 ;
o8 e case of C(b1l), the largest percentage change in the
purpose was developed by Bartial,”” and the other by interlayer spacing is not fod;,. In this case it is fordg,

Kresse and Hafnér. Thus the choice of the pseudopotential _, .
does not appear to influence the results in any significan;fi:hICh separates the CC atom from the TC2 atom. As before,

manner. We also find our choice of supercell size to be ad-'c'¢ Is an outward relaxation of the spacing between the CC
equate. There is, however, a strong dependence of the resuﬂgd the BI.\IN.atoms. The fact that relaxations near t.he C,:C
on the number of BZ points sampled. For the case ofitom persist in belng strong, even as the terrace width in-
Cu(511) this dependence is illustrated in Table VIII. Calcu- C€ases, is mtere;tmg in |tself. This parucglar argument has
lations performed with a few points could give erroneousnot been made in any previous theoretical result to our
relaxations as signified by the casedf, in Table VIIIl. An  knowledge. Our calculated values for @) further sup-
inward relaxation of 1.8% is found with four points, while Port this argument as the largest percentage change is found
the converged result is 10.7%. Convergence in the calculate@ dss, the interlayer spacing between the CC and TC3
relaxation is reached once the number of points is increasegtoms(in this cas¢ While these results are intriguing, the

to 24 and beyond. Thus, when comparing results frdmn main outcome of relaxations that ensue when a surface is
initio calculations, one has to keep these technical points igreated is in the actual displacements of the atoms from their
mind. Unless sufficient checks are made for convergence ibulk terminated positions to the new equilibrium positions.
the reported values, quantities such as the equilibrium posiAs already stated, these values are summarized in Table V,
tions of surface atoms may differ in different calculations,and the related patterns are presented in Figs. 2 and 3. Ob-
and lead to a disagreement in the calculated relaxations. Wiously, for stepped surfaces there is a complex rearrange-
would be worthwhile to clarify whether the differences be- ment of most terrace atoms. Our calculations show that de-

TABLE VI. Comparison of multilayer relaxation of C831): experiment and theory.

Relaxation This work FLAPWREef. 26 EAM (Ref. 10 LEED (Ref. 19
dq —12.7% —22.0% —10.4% —13.8%
dos —-3.3% +1.6% +1.7% +0.4%
das +4.9% +6.9% -1.7% +4.0%
dys —-2.0% —2.4% —0.3% —4.0%
dse +0.1% —-0.6% —0.3%

dgy -0.1% —0.4% +0.5%

dsg +0.8% —0.4%

dgg ~0.6% +0.2%

dg 10 +0.9% +0.0%
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TABLE VII. Relaxation of CY511): experiment and theory.

Relaxation This work EAMRef. 10 LEED (Ref. 16 X-ray (Ref. 6
d, -9.3% —~9.5% —13.2% ~15.4%
dys —10.7% —7.9% —6.1% +8.1%
day +7.2% +8.8% +5.2% -1.1%
dys —2.9% —4.2% —0.1% —10.3%
dsg +1.1% —4.0% +2.7% +5.4%
de7 +1.7% +3.4% -0.7
dsg —-1.5% —-1.7% -6.9%
dgg +1.6% —-1.1% +3.6%
dg 10 —0.5% +0.0%

spite this complexity, all terrace atoms except for the CCcontinue into inner layers. We also find that the percentage
move inwards. contraction of the spacing between the TC and CC atoms is
generally larger than that between SC and TC atoms. While
V. CONCLUSION the actual magnitudes of th_e changes in_ the spa_cing consid-
ered here are small, there is a systematic trend in the relax-
In summary, we have performed a comparative study oftion pattern which points to significant rearrangements in
multilayer and atomic relaxations of five stepped Cu surfacethe electronic charge densities near SC and CC atoms. By
which are vicinals of C(100) and Cy111) usingab initio  and large our results are in good agreement with available
electronic structure calculations based on density-functionadtructural data on these surfaces, except for the case of
theory and nonlocal, norm-conserving pseudopotentials. ThEu(511), for which we favor LEED results over those from
set of three of these surfaces—@ul), Cu331), and x-ray-scattering meaurements. We believe our results will
Cu(511)—provides a comparison of structural changes fromhelp settle the issues that have emerged on this particular
bulk termination, for vicinals of similar terrace widths but surface. Our systematic examination of five surfaces also
differing local geometry. The other set, consisting ofhelps to address the question of whether the relaxations on
Cu(511), Cu(711), and Cy91)) offers a comparative study of Cu(331) are anomalous. The only striking difference be-
relaxation patterns with changing terrace widths. In eachween this surface and the others is in the relaxation of the
case we find the relaxation of the step atoms to be proTC1 atom which is very small. Otherwise the relaxation pat-
nouncedly inward, and that of the corner atom to be outwardtern and the changes in bond lengths are similar to those on
The other terrace atoms and their nearest neighbors also utie other surfaces.
dergo relaxations following a complex displacement pattern. The main message from these observations is that the im-
Subsequently, the bond lengths between all the surface atorpsrtant quantity to examine is the displacement pattern of the
and their nearest neighbors change from the bulk-terminatesurface atoms as they relax to their equilibrium positions
values; while the bond length between CC and BNN atomgrom their bulk-terminated configurations. The deeper ques-
experiences an elongatigabout 1%, all other surface bond tion, of course, is the nature of the accompanying changes in
lengths shrink anywhere from 1% to 4%. Most of our find- the surface electronic structure. It will be interesting to ex-
ings are in agreement with previous calculations which were@mine the characteristics of the local electronic densities of
based on semiempirical model potentials, except that we dstates in the different regions of low symmetry that are natu-
not find the pattern of inward relaxations of SC, TC1, TC2
atoms, etc., followed by outward relaxation of CC atoms to  TABLE IX. Relaxation of Ci711): experiment and theory.

TABLE VIII. Relaxation of Cu511): effect of the number ok Relaxation This work EAM LEEDRef. 18
points in the BZ. dis —7.3% —10.0% —13%
Interlayer 65k pts 44k pts 24k pts 4k pts A2z —1.5% —5.3% —2%

das —14.8% —9.7% ~10%
dy, ~9.3%  —99%  —10.6% —151%  dg +8.0% +13.8% +7%
dys ~10.7% —10.6% —11.2%  —1.8% deg ~1.0% —4.5% 1%
dag +72%  +7.3%  +7.9%  +5.4% de; ~1.1% —4.5% —4%
dys —2.9% —-3.4% —4.1% —-0.1% dsg +1.4% —4.6% +7%
dsg +11%  +1.0%  +05%  +1.4% dgo +1.7% +8% 0%
de; +1.7%  +17%  +27%  +0.2% do 10 ~1.5% —2%
dyrg ~15%  —17% = —26%  +12% dio.11 ~0.4% ~3%
dao +1.6%  +17%  +17%  +2.9% d1112 +2.0% —2%
do.10 —05%  —04%  +02%  +2.2% d1213 +0.3% +3%
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rally present on the stepped surfaces considered here. V8812397 and by the Basic Energy Research Division, De-

leave this as an exercise for the future.
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