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Power phonon spectra of vicinal stepped surfaces d2Ciy have been calculated using a molecular
dynamics method combined with a semiempirical potential. The potential is based on an analytic form of
inverse powers proposed by Finnis and Sinclair with the parametrization of Sutton and Chen. One of the four
independent parameters of the potential was rescaled to reproduce the bulk phonon spectrum of Cu while
retaining other properties of the bulk Cu close to the experimental values. Using this potential, we calculated
the power surface phonon spectra, projection of the spectra at the high-symmetry points of surface Brillouin
zone (SB2), and the mean square displacemeiM$SD’s) of atoms of the C(211) surface. The calculated

projected phonon spectralatand at two new SBZ point(atfand?) compare favorably with experiment and
theory when available. The MSD of the @d1) surface is also well reproduced and its temperature depen-
dence shows that anharmonicity of the atomic motion becomes important above 200 K.
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[. INTRODUCTION ers do not. Thus, in one of such HA method the phonon
frequencies are obtained via diagonalization of a dynamical
Stepped vicinal surfaces consisting of ordered arrays omatrix (DM), a matrix of second derivatives of the potential

atomic steps separated by low-index terraces represent goegiergy with respect to the atomic displacements. Eigenval-
models for the real surfaces, which play an important role inues of the dynamical matrix, obtained at each allowed point
catalysis, nucleation, and crystal growth. For the real surof the SBZ, serve to construct phonon dispersion curves,
faces the structural defects reproduced on the vicinal surfacgghereas the corresponding eigenvectors permit us to identify
by steps are often found to be preferred for adsorption ofhe atomic motions associated with a particular vibrational
atoms and molecules and can be sites of chemical activityyode, The necessary dynamical matrix can be obtained in
At certain conditions, these defects can cause either accelergierent ways. Particularly, harmonic potentials can be used
tion or retardation of a process taking place at surface, f0f; construct such a dynamical matrix, the dynamical-matrix

example, a chemical (eactiqn. Understanding of surface ph‘?brce constant(DM FC). These force constants are fitted
nomena often necessitates information about the microscop

. PHom the experimental elastic constants and bulk or/and sur-
energy transfer on surfaces and thus requires a detaulqc%fj
o]

. ce phonon frequencies, or computed directly from semi-
knowledge about surface phonon spectra and dynamics . L ) .
surface atoms empirical andab initio calculations. Studies of the phonon

The phonon spectra of stepped surfaces have been studi Bectra_of stepped surfat_:es using the DM method with the
by modern experimental surface science techniques. Witt armonic effective potentials have been performed for unre-

etall and Niu etal? used the helium atom scattering 2xed stepped nickelgsurfgc_e_s by Armand and Magtack
method (HAS) to obtain the phonon dispersion curves for @1d Bopg; and Knipp? Ab initio calculations have been per-
Cu(211), Cu511), and Ni977 surfaces for phonons with formed for C§211) surfaces al” point of the SBZ by Wei
frequencies below 130 cit. Recently, results of the experi- et all° The authors used DM-FC method to obtain the vibra-
mental study of phonon spectrum in different symmetrytional spectrum and revealed vibrational modes that cannot
points of surface Brillouin zonéSB2) using high-resolution ~ be seen by the HAS experiment. Sklyadnetal* used the
electron energy loss spectroscoyREELS have been re- DM method together with an embedded-atom potential
ported by Karaet al® for Cu(211), Cu511), and Cy331) model (EAM) to calculate the vibrational spectra for relaxed
surfaces. For stepped surfaces witld0 step facet the au- stepped surfaces of Ag, Cu, Al, and Pd.

thors of Ref. 3 gave evidence of a vibrational mode with a Another HA method, where the surface is treated as a
frequency at the center of SBZ above the bulk cut-off bandperturbation of the bulk lattice, uses the Green functi®R)

A widely used model for theoretical description of a sur- perturbational approach. This method gives information
face is the slab mod&l® where the solid-gas interface is about surface phonon density of states and permits a clear
represented as two terminal surfaces of a slab formed by discrimination between surface localized modes and surface
sequence of atomic layers. Various theoretical methods emesonances. Using the GF method Durukanogulu and
ploy the slab model to calculate the phonon spectrum ando-workers®*3 calculated the local vibrational densities of
phonon dispersion curves of surfaces. Some of these methtates for(211), (511), and (331 surfaces of Cu. Tian and
ods make use of the harmonic approximatibi#\), and oth-  Black** studied the local density of phonons for Cufi)1
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surfaces using an EAM potential and the GF-HA methodsical dynamics for the system atoms interacting via the po-
coupled with the continued fraction solution for the matrix tential. We start this section by presenting a way used to
inversion. In addition to the phonon frequencies, the GFcalculate the vibrational properties from an MD simulation.
technigue yields mean-square displacemémSD’s) of at- We then describe the SC and RSC potentials and end with
oms, surface specific heats, and other thermodynamic olwomputational details.
servables.

A method ba.sed on the Slab mOdel that haS not been Used A. Molecular dynamics and vibrational Spectra

as extensively for the calculations of surface phonons is the ) ) ) "
y P In a MD simulation the coordinates and velocities of the

MD technique. In the MD method the atomic dynamics qi b dure i
evolves according to laws of classical mechanics and thgtoms are computed in a step-by-step procedure for a suffi-

phonon spectrum is obtained as Fourier transformation of thgientlly long period of timg, and Fhus a trajecf[ory of th?‘ Sys
autocorrelation function of velocity of atom&: 1’ The cal- €M in the phase space is obtained. Assuming ergodicity of

culations are not limited by the harmonic approximation anothe system, its characteristics are then extracted by averaging

they permit us to study the influence of temperature on théﬂeir .Estgntarlw((ajous vglues alt())ng the trajzctr?ry. Pharrt1icularly,
spectrum®=2% The MD simulations have been used byt e vibrational dynamics can be expressed through the power

Lynden-Bell and co-workef426 in their studies of the spectrumS(v) obtained by the Fourier transform of the ve-

roughening transition, relaxation at stepped surfaces, and miocity v;(t) autocorrelation function:
gration of adatoms on such surfaces. The authors employed a

many-body potential proposed by Sutton and GhéBC) S(v)= 2 S,(v)

based on the analytic form of Finnis and Sincf&itsing the aixyz

MD method and the same potential, Koleske and Sil¥éner \
(KS) calculated the surface phonon spectral densities for * it

basal planes of Ni and Cu metals. oca;;’y,z J-Z’l o€ (ja(Dva(0)dt (1)

In this paper we use the MD method to calculate the pho-
non spectra and to identify surface and resonance vibration#fherev,, is the component of the velocity of théh atom in
states of the steppe@11) surface of Cu. To achieve this aim the directione («=x,y,z denotes the Cartesian axel$ one
we have rescaled the SC poterffial’in such a way to fit the Wwants to obtain the spectrum of a particular set of atoms, the
phonon spectra of bulk Cu metal. We show that this rescale8um in Eq.(1) is restricted to that set of atoms and polariza-
potential (RSO gives excellent agreement between the caltion. Hereafter this quantity is called a local spectral density
culated phonon spectrum of the fle100) and (111) and  of phonons(LSDP).
stepped(211) surfaces and the experiment. Particularly for LSPD of a surface layer computed via E@d) contains
the (211) surface we obtain an agreement with the spectrgontributions to theS(v) from all allowed pointsand their
obtained by Witteet al® using HAS and by Kar@t al®> us-  transferred momentupof the SBZ. The local spectral den-
ing HREELS experiments. We then compute the temperatursity of phonons in a particuld€ point of the SBZ is obtained
dependence of the theoretical phonon spectrum and the MSfoom the layer-averaged velocity for this point given by the
of atoms up to temperature of 450 K. Results of the calculafollowing equation6:17:19-22.29
tions are compared with data obtained by Durukanogulu and
co-workerd?*3 using the GF method in the HA approxima-
tion.

The paper is organized as follows. In the next section we )
present the computational approach and provide some detailﬂqerel%-rj(t) denotes the inner product between the two-
of the calculation. To verify the validity of the rescaled SC gimensional vectoK of the SBZ and the position(t) of
potential detailed in the Appendix, the third section firstjyh atom. A projected local spectral density of phonons

briefly discusses the phonon spectra computed with the RS{p| spp is then computed by the Fourier transform of the

part of this section is devoted to the results about the phonon
spectralocal and projected in SBZof the Cy211) surface, - o - .

the MSD and dependences of these characteristics on the Sa(V,K)OCfo e” TV (K )V, (—K,0))dt
system temperature. The fourth section discusses the results
obtained and presents the conclusions.

V(K= > v, (h)ekno, ?)

j elayer

0

— J'weZiwvt< [2 ei'Z'Fi(t)vja(t)}

Il. MODEL
X

; e"Z‘FJ(O)vja(O)}>dt. 3)

A reasonable physical model to study the dynamics of
metallic surfaces consists of atoms interacting through an . . ) . o
effective interatomic potential optimized so that they mimic The calculation of PLSDP is described |nedeta|l in Refs. 16,
as closely as possible an observable, here the vibration&0, 19, and 23. To evalua®v) andS,(»,K) one does not
spectrum of the bulk. The MD method then provides algo-need to calculate the autocorrelation functions explicitly. In-
rithms to solve the Hamilton equations of motion of the clas-stead, one can take advantage of the Wigner-Khinchin
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theoreni! and compute the spectra via the Fourier transform B. Sutton-Chen potential

(FT) of the time history of the;(t) andV,(K,t) quantities. A widely used physical model for the study of the dynam-
From the physical point of view, PLSDP defined by E8).  ics of metallic systems consists of ions placed in a sea of free
is proportional to an observable corresponding to the phonoButer electrons. The ions, being the nuclei plus inner elec-
excitation process due to, e.g., a particle collision with thetrons, interact with the outer electrons via an effective poten-
surface with a momentum transfirto or from the surface. tial. If the potential is semiempirical, as in the present study,
In the next sections we will also calculate |_s|5§>( v) and the clue is to optimize its parameters so that it matches, as
PLSDPS),(v,K), wherel denotes the index of thith layer ~ Cl0S€ly as possible, a wide range observables.

of the slab. The larger the value bfthe more deeply the _ Finnis and Sinclaff’ (FS) have proposed an analytic form

layer is situated, and the maximum valuel @orresponds to of the interatomic potential appropriate for transition metals

the bulk. Such a calculation of the power spectra in the Iayerb"’“’i.ng nearly filledd shells, such as Ni and Cu. Thi_s poten-
al is based on the second-moment approximation to the

by-layer manner allows us to discriminate between surfacd S -
and bulk vibrational states and resonances. Respective[‘\fht binding(TB) model, where the binding energy per atom
t

these states are localized at the surface, in the bulk, or restfftf1€S @s the square root of the atomic coordination. For
from an interaction of the surface and bulk states ese metals in general, and for Cu in particular, Sutton and
; Chen(SC) have suggested a semiempirical parametrization

Regardless of the effective interatomic potential used irlt)ase d on the FS functional fofIn the SC potential the

the MD simulations, the anharmonicity is inherently in- f bedded in a “sea” of el f 2 local
cluded in the calculated spectra because no harmonic aﬁ_nergyo _atom_s embedded In a “sea” of electrons of a loca
densityp; is written as

proximation is made in the formulation presented above.
However, it is worth noticing that in the classical MD
method, the temperature is defined through the classical ki- Uu=> e
netic energy of the system. To include the quantum zero- i
point motion contribution that is important at low tempera-
tures we follow the work of Wangt al3° and adopt a simple
rescaling procedure of the temperature of the system. In par-

a
rij

n

where the local density of the electrons is represented as

>

1
2J|

: ©)

m
ticular, for the Cu system a rescaling coefficient for the tem- pi= a (6)
perature is taken from Fig. 10 of the work of Tian and j#i \Tij
Black!*

andrj; signifies distance between atomsndj. The first

puted spectra depends on both the number of particles usé fm in Eq.(5) accounts for the repulsion betwgen the ions,
ereas the second term stands for the attraction energy due

in th Iculati h f points in th . ; : ;
in the spectra calculation and on the number of points in t o the ion—outer-electron interactions. According to Sutton

time history of thev;,(t) andV,(K,t) quantities. Having . Cher?’ only two of three parametews ¢, and e of the
fixed the number of atomhl the noise can therefore be re- otential are independent, nametyscales the energy ared
duced by either taking one long trajectory or several shory,e |5tice spacing. The choice ofdetermines the steepness
trajectories subsequently averaged. The last method seemsdp e renuisive potential, whereas determines it for the
be preferable becauss the use of the different initial con-  4yractive interactions. The total number of meaningful pa-
ditions in the MD simulations at a given temperature allows;;eters of the potential is therefore equal to four. Despite
one to sample a larger portion of the phase spaceinthe  yhe many-hody character of the second term of &g, the
energy conservation criterion is better obeyed for a shorf,ential energy and the force on each atom can be written as
trajectory. Thus, having obtained a set of power spectra d&; g, m of pairwise contributiorfé. The SC potential can be
rived fromn independent trajectorie®y, 7, . .., 7, the ré-  jpiermreted as being similar to the EAM potenfil.
sulting power spectrum is then given as the following aver- Requiring integem andm with n>m and fixing the co-
age: hesion energy, Sutton and CRéhave fitted the parameters
of Egs.(5) and(6) to the elastic bulk constants of a particular
N metal. For Cu metal the retained values for the exponents
S(v)= 1 E STi(v) @) nandmare 9 and 6, respectively. The results of the previous
e s e computational studié$2%?'showed that the SC potential is
adequate for the qualitative and semiquantitative description
of the structure and dynamics of flat surfaces of transition
resulting from an insufficient number of averages andmetals.
the finite length of the MD trajectories, and the LSDP given Compared to the experimental data® our preliminary
by Eq.(4) is convoluted with a Gaussian function of a width results obtained with the FS-SC potential revealed a general
7 cmi L. This width has a typical experimental resolution of downward shift of bands in the phonon spectra for the bulk
2-8 cm ! in HAS and HREELS experiments’ Note that  and for flat(100) and (111) surfaces. Instead of modifying
the published theoretical results have also been obtained witthe FS-SC potential, one can use a different analytic form.
the use of such a convolution procedure for the spéérd.  Using Ni bulk and surface characteristics as a reference, KS
For PLSDP we do not perform such a convolution becausenade a detailed comparison between potentials constructed
we are interested in peak positions only. with the inverse powefFS-SQ functional based on four

The statistical noise of the peak intensities in the com
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TABLE I. Experimental and calculated positiofis cm %) of C. Computational details

two selected peaks in the bulk phonon spectrum of Cu. The size and shape of the system used in the MD simu-

lations are described in the corresponding sections of the
paper in detailvide infra). The calculations were carried out

Frequency Expf Ref.13 Ref.14 SE& RSC

v 224 305 230 204 223 with periodic boundary conditions and the minimum image
vr 163 145 150 135 155 conventior® applied to system in three and two directions
for the bulk and surfaces simulations, respectively. Follow-
°Reference 46. ing Ref. 39 the thermal expansion of the Cu crystal was
"Reference 27. taken into account by defining the temperature-dependent

lattice  nearest-neighbor  distance ayy= aﬁ,N exdg1l.2

independent parameters and the original EAM based on % 10 °T], whereag=2.55266 A andT is the temperature
large number of parameters. In general, the EAM potentiaPf the system in kelvins. Thayy distance was then used to
yields the bulk and surface spectra that compare favorablgbtain the parameters of the MD box employed in the simu-
with the experiment, whereas the spectra obtained with thiations. A cutoff radius of 3&y for the interatomic
FS-SC potential are displaced to lower wave numbers. Thigotentiaf*"**was employed. . _
feature was related by KS to a nonexplicit calculation of the The classical equations of motion were integrated with the
second-order changes in thethand structure in FS-SC US€ of the velocity form of Verlet algorithm with time step of

model. In the present work no electronic calculations were-8 fS- TheS(») spectrum in Eq.(4) was obtained as an

performed and therefore we cannot discuss this point didVerage of 30 independent trajectoris Each of the trajec-

rectly. Levanovet al3” used a potential with the same num- tories 7; was calculated starting from the randomly chosen

ber of parameters as FS and SC, where the inverse powﬁfomic velocities corresponding to a Maxwell distribution at
: ) ' . . e desired temperature. The system was then equilibrated at
functional form is replaced by an exponential form. We trledthe temperaturé’pby coupling to); temperature bé??during

to use this exp_onennal form and fqund that, becaus_e of 80-80 ps. The equilibration stage was longer for stepped
faster decay with the. atom-atom distance than_the INVETSE rfaces than that for flat surfaces or bulk. This procedure
power form, the resulting phonon spectrum can give frequengg res that the bulk or surface relaxation process has been
cies not higher than 160 cm. _ _ completed and the system is in thermodynamical equilibrium
In the present work we keep the inverse power functionaby the desired temperature. After the equilibration, the simu-
form of the potential and, to obtain a quantitative agreemenfztion was continued in the microcanonic&lVE) ensemble

between the experiment and calculations, we rescale the, 3, ps and the positiors ()] and veIocities[Jja(t)]

. . . . ]
FS-SC potential by fitting to the experiment the phononys the atoms were stored for a subsequent analysis. During

spectrum and elastic constants of thek Cu. The details of he NVE stage of the calculations, the drift of the total en-
the rescaling procedure and the performed tests for the bulk.qy from its initial value was less than 1%, and the ratio

Cu metal are given in the Appendix. Using the RSC, tWOy(E, )/ o (Eynesd Of the root mean square fluctuations of the
selected vibrational frequencies in the bulk Cu power speciotal and kinetic energies was less than 2%.

trum, the longitudinal mode( ) at 163 cm ! and the trans-

versal mode ¢) at 224 cm'!, are calculated close to the Ill. RESULTS
experiment and to the other theoretical resdise Table)l '
However, the RSC potential gives a cohesive endegy, In this section we present the LSDP, PLSDP, and MSD’s

10% above the experimental value, while the elastic conef the atoms for flat and steppédll) surfaces of Cu. We
stants remain in the range of the experimental valigee have also calculated a variation of LSDP and MSD with the
Table Il for a detailed comparis@riThe above energetic dif- temperature. Detailed studies concerning the relaxation of
ference should play a marginal role for the properties of insurface layers and the energetics of the step-step interaction
terest where what matters is the local shape of the potenti@n these surfaces have been published by the group of
but not the absolute value of energy at the potential miniLynden-Bell and co-worker&:-2® We have obtained similar
mum. results for this relaxation and we will omit the related dis-
cussion in the following sections.

TABLE II. Comparison of the cohesive energy and elastic con-
stants(units are eV A'') for bulk Cu computed using the SC and ~ A. Phonon spectra of flat Cu(100) and Cu(111) surfaces

RSC potentials. To test the RSC potential for the properties of a surface,
Calc E_ (V) . . . we have computed the LSDP and PLSDI_D for the flat
: coh u 12 44 Cu(100) and Cy111) surfaces. In the calculations, the slab
Experiencé 3.50 1.10 0.78 0.51 was composed of 27 atomic layers each built from 8 atoms
sch 3.50 1.06 0.81 0.36 (or elementary cellsin every crystallographic direction par-
RSC (present 3.80 1.14 0.87 0.39 allel to the surface, totally 1728 atoms. All the atoms were
allowed to move and consequently each effective layer used
aReference 47. in the spectra calculations is composed of two layers that are
bReference 27. equivalent with respect to the middle layer of the slab. The
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T T TABLE Ill. Phonon modes frequencyn cm ') in selected

Fd X points of SBZ for C¢100 and Cy111) surfaces. The labeling fol-
lows the established nomenclatuiiRefs. 4—8. The experimental
data are taken from Refs. 33 and 34 and from Refs. 35 and 36 for
Cu(100 and Cy111) surfaces, respectively.

K Point Polarization Layer Mode K$& Present Expt.

Cu(100)
g X z 1 S, 854 101 108.:x1.61
= M z 1 S, 1137 126 133.8241
s Cu(11d)
- M z 1,2 S, 846 106 104.81.61
z 2 R, 1330 150 147.54.83
X 1 S, 1726 195 205.61.61
X 2 R, 2008 225 2282161

8Reference 21.

L A agreement with the work of Tian and Blatkwho used an

0 50 100 150 200 250 300 50 100 150 200 250 300 EAM potential and the Green function formulation in har-
Energy (cm ) monic approximation.
Using Eq.(3) we evaluate the PLSDP for a selected set of

FIG. 1. Local spectral density of phonofisSDP) at the tem-  points of the SBZ. Table Ill gathers the results of the calcu-
perature of 150 K for the first three layers of @QO (left) and  |ations and compares them with the results of calculations by
C_u(lll) (right) surfaces in tﬁree directionX ([100] respective ks and the experimental data for @00 (Refs. 33 and 3%
[110]), Y ([010] respectivg 111]), andZ ([100] respectivd111]).  and for Cy111) (Refs. 35 and 3Bsurfaces. The agreement
between the present results and the experimental data is

present system permits calculation of 81 and 73 points in thEuch better than that in the simulations done by KS. This
SBZ for the (100) and (111) surfaces, respectively. Th# mprovement is directly related to t_he RSC potential opti-
axis of the Cartesian frame was chosen to be normal to thized to reproduce the bulk properties. The present test cal-

surfaces. In the direct space tKeaxis corresponds tfL00] culations of the flat Cu surfaces with the RSC potential
- . . . showed that this potential is suitable for the calculation of
and [110] crystallographic directions for QLOO and  ihe surface phonon spectra. We will now proceed with the

Cu(11Y) surfaces, respectively. In the reciprocal space thiga|cylation of the vibrational spectra of the steppeda)
axis is defined by th& X direction. TheY axis corresponds surface.

in the direct space to thf010] and [111] directions for

Cu(100) and Cy111), respectively. In the reciprocal space B. Stepped Cy211) surface
the Y axis is given byl’X andI'M directions for the(100 The stepped211) surface of a fcc crystal is built from
and(11)) surfaces, respectively. (100 steps of two rows an@l11) terraces of three rowig.

Figure 1 displays the LSDP calculated at the temperatur@). We have chosen the surface plane with ¥heoordinate
of 150 K for the first three layers of €00 and CU11l)  along[011] parallel to the step-edge atoms andoordinate
surfaces. The LSDP of the first layer in tAelirection(or for
Z polarization has sharp peaks at 111 cmand 105 cm'*
for the(111) and alsa100) surfaces, respectively. The peaks
diminish in the second and disappear in the third layer. A
high-frequency band located at 190 ¢hnfor (100 and at
197 cm ! for (111) surfaces in the first layer and andY
directions reveals a monotonic upward shift while going
from the first layer toward the bulk. In the spectra of the
second layer this band is calculated to be at about 215'cm
for both surfaces and it converges to the bulk frequencgt
223 cm 1 in the spectra of the third layer. Small differences
between the LSDP iX andY directions for thg111) surface
are due to the fact that these two directions are not equivalent | Z [211]
in the reciprocal space. Note that #hdirection, the high-
frequency edge of the spectrum is less sensitive to the pres- FIG. 2. Coordinate system used in the MD simulations of the
ence of the surface. The calculated spectra are in an excellett11) surface of Cu.
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along[111] perpendicular to the steps. By definition of the
surface cut th& direction is alond211] perpendicular to the
surface (Fig. 2). It can be demonstrated that omi(l)
surfaces with n=even, the angle between thgl11]
direction and[n11] is arcsifi\2/3(2+n?) 2] [19.5° for
(211 surfacd and the spacing betweemX1) planes is
ann(2+n?) Y2 It follows that, regardingX and Y direc-

tions, the first and seventh layers are equivalent. In our MD

calculations we use 6 and 4 atomsXnand Y directions,
yielding 35 allowed points in the SBZ of the @Q11) sur-
face, and we take a slab composed by 72 layers.

Figure 3 presents the LSDP calculated for the(21d)
surface. The spectrum of the first layéstep-edge-atom
chain, SQ in the Y direction perpendicular to the steps dis-
plays a soft mode at 83 cm due to the loss of the nearest
neighbors at the step eddsee Fig. 2 This mode is also

present in the spectra computed with the Green function

method'?° In the X direction parallel to the steps and in the

Z direction perpendicular to the surface the spectra are simi-

lar to the corresponding LSDP of the first layer of the
Cu(100 surface. Thus, th&- andZ-polarized spectra of the
(211) surface reveal two peaks at 123 chand 124 cm?,
appearing in inverted order on the @00 surface(see Fig.
1). In addition, above 200 cnt the Z-polarized spectra
present a high-frequency peak at 213 ¢nand 228 cm?,
respectively, for thé100) and(211) surfaces.

The spectrum of the second layé&errace-atom chain,
TC; see Fig. Bin theZ direction displays a pronounced peak
at 100 cm'!, which is similar in position and shape toZa
polarized peak in the first atomic layer @f11) surface(see
Fig. 1). For the TC layer, high-frequency vibrations with

and Y polarization are shifted downward to 200 and 178

cm 1, respectively, from an unique mode at 223 ¢non

the (111) surface. For the third atomic layécorner step-
terrace-atom chain, QGhese vibrations appear at 200 and
210 cm ! for X andY directions, respectively. For TC and
CC layers of the steppe@11) surface the frequency of the
X-polarized vibration remains unchanged at 200 ém
whereas the frequency of thepolarized vibration in the CC
layer is shifted upwards by 32 cmh. This shows that atoms
of the TC layer are less bound in tivedirection than in the
CC layer, with no difference in th¥ direction. This behav-

PHYSICAL REVIEW B63 205422

«(V) (arb. units)

bt

76}

-1
Energy (cm )

FIG. 3. LSDP at the temperature of 150 K for the first four
layers of the C(211) surface in three directionX ([011]), Y

([111]), andZ ([211]). The first layer corresponds to the step-edge
atom chain(SC), the second layer to the terrace-atom chdi®),
and the third to the corner step terrace-atom cl@id).

identified. As a general trend the temperature dependence of
the spectrum is weak and it is mainly due to the anharmo-

ior will further be compared with the mean square atomicnicity of the potential that becomes more pronounced with

displacements in the laye(side infra).

the increase of temperatufgibrational amplitudes More

The above comparison of power spectra of flat andspecifically, going from 100 to 450 K there is a downward
stepped surfaces reveals similarities between the SC and T&hift of 8 cmi ! in the region above 100 cit and of 4-5

layers and, respectively, tH&00) and(111) surfaces. Thus,

cm! for the low-energy edge of the spectrum. When the

the spectra reflect chain and local orders along and perpetemperature rises a shoulder at 75 ¢nuisappears and the
dicular to the step. The analysis of Fig. 3 also reveals theelative peak intensity is slightly changétr example, the

presence of localized modes: one wittpolarization in the
first layer at 83 cmt and the other wittz polarization in the
second layer at 100 cni.

peak at 105 cm! relative to the peak at 125 cm). Note
also a broadening of the peaks in the spectra.
To establish a qualitative relation between the phonon

The temperature dependence of the LSDP spectrum argpectrum and the MSD we assume that at low temperature
MSD for (211) stepped surfaces reveals the different envi-the system can be described as an ensemble of harmonic
ronments of the surface atoms. In Fig. 4 we present thescillators(normal modes The Cartesian atomic displace-

LSDP spectrum of the first layer of @011) surface in they
direction (perpendicular to the stepswhere the spectrum

ments are then a linear combination of the normal modes of
the system and the MSD in a directian depends on the

variations with an increase of the temperature are clearlgistribution of the normal modes in the spectrum of the at-
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where u is an effective mass of the oscillator. The above FIG. 5. Temperature dependence of the MSD's of atoms in the
equation shows that the vibrational amplitude is inverselyfirst layer (SO, in the second laye(TC), and in the third layer
proportional to mode’s frequency, and particularly, one(_cc)' MD and HA refer to the results obtalngd in the MD simula-
might expect that the atoms with an intense low-frequencyions and by GF-HA methodRef. 13, respectively.

part of the spectrum have larger vibrational amplitudes.  for a stepped surface there is no unique temperature, e.g., for
Let us analyze the LSDP displayed in Fig. 3 from thisthe SC atoms in th& direction the anharmonicity plays an
viewpoint and compare it with MSD displayed in Fig. 5. As jmportant role already &f = %Tmemng [taking T mering= 1350
expected from the environment of the atoms, the MSD’s diK for Cu (Ref. 42]. For Cu211) the present ca?culations
minish from SC to TC and to CC atoms KandY direc-  reveal that the difference between the results of the finite-
tions. TheY-polarized spectrum of the SC atoms has an in-amplitude MD simulations and those obtained in the HA
tense low-frequency patFig. 3), in line with a large MSD  becomes globally important & Tpeying. The calculated
calculated in this directiomsee(Arf,) graph in Fig. 5. A higher temperature for th€211) surface is related to the
Similar analysis performed for thé-polarized LSDP of the many-body potential that stiffens the interaction for atoms on
TC and CC atoms shows that the MSD of the former atom# Stepped surface. We relate this stiffening to the lower co-
is larger than that of the latter, again in line with LSDP ordination of stepped surfaces as compared to the flat surface

displaced to higher frequencies for CC atoms. Now inXhe &toms. _

direction(see(Ar2) graph in Fig. 5 the spectral densities of ~ L€t Us now discuss the PLSDP at 250 K for a selected
phonons for the CC and TC atoms are similar, in an agreePoints of the surface Brillouin zone, namely fr Y, andI’
ment with similar MSD’s. Note that such an analysis has aPoints. For frequencies below 130 ¢y the calculated
qualitative character because for a quantitative descriptiofPectra are compared with HAS experiments of Wettel.

one should know, the spectral density of phonomsrmal and for higher frequencies with the HREELS experiments of
mode3, the effective mass. of each oscillator, and a coef- Karaet al® Note thatX andY points of the SBZ in the HAS
ficient that a particular normal mode contributes to the CarSpectra were obtained by extrapolating data from neighbor-
tesian displacement. Ing rec!procal space points. .

In Fig. 5 we also compare the MSD's obtained in the [N Fig. 6 we display the PLSDP computed for the first
present MD simulations using the RSC potential with resultdour surface layers and for the bulk projection at ¥@oint
calculated using GF-HA method by Rahmaetal!®  of the reciprocal space. Note that the bulk projection spec-
Schommer¥ established that for Lenard-Jones solids the antrum in Fig. 6e) corresponds tsff(v,f), i.e., the PLSDP of
harmonic contributions to MSD become important at tem-the middle (36th) layer of the slab. For this bulk projection
peratures aboveT meiing @8N & Tmering fOr bulk and flat sur-  the three polarizations are identical and a single spectrum is
faces, respectively. Figure 5 shows that differences betweetherefore displayed. The low-frequency part of our calculated
the data of MD simulations and those obtained in HA be-spectrum for SC and CC atorfBigs. 6a) and Gc)] shows a
come significant at 150 K for MSPY, 250 K for MSD{““®,  step-localized mode at 82 crh with mainly Y and Z polar-

250 K for MSDR®, and 300 K MSE}“CC. This indicates that izations. This mode lies below the bulk band at 99 ¢m
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of the slab. The definition of layers is the same as in the preceding

figures. . &
first four layers and of the bulk at thé point of the SBZ.

Analysis of these spectra showsZgpolarized mode at 44
cm ! interpreted as a Rayleigh mode, which appears at
élightly lower frequencies down to the bulk band. For the SC
atoms we found a mode witK polarization at 53 cm'. A

[Fig. 6(e)]. In their HAS experiments Wittet al! found a
vibrational mode at 89:58 cm ! and suggested that this
mode has a large component with polarization parallel to th
surface. Extrapolating to the zone boundary the auttaise . T i
found a degeneraté®Rayleigh and a flat stepnode with the resonance mode havn"ngpolanzatmn is found at 55 cnt in
frequency about 112:98 cm L. In this spectral region the the spectrum of the first layer, whereas a mode at this fre-

calculated spectra of first two layers reveal a terrace mode &uencyis computed for thé-polarized spectra of the second
112 cm ! with mainly Z polarization, which has a typical and third Iayerg. The spectrum (zf the SC atoms also reveals
Rayleigh behavior. For the SC atoms we also computed & Surface localized mode at 79 chhavingY andZ polar-
mode at 122 cm® having X polarization. These two modes izations. The phonon spectra at tiipoint of the reciprocal
can correspond to the experimental peak found at 112.8Pace have been measured in the HAS experirhewtsdi-

+8 cm ! but our calculation shows that they are not degentectly but using an extrapolation procedure. For a low-
erate. In all four layers the calculated spectra show a resdrequency range Witteet al! found a Rayleigh mode at
nance mode at 123 cn having, respectivelyy polarization ~ 44.4+1.6 cni*. Two modes at 61.83.2 cni* and 84.7

for SC atomsy for TC, Y andZ for CC, andZ for the atoms ~ *=2.4 cmi ! were also observed near tNepoint. Therefore,

of the fourth layer. This resonance cannot be observed in théne calculated vibrational modes at 44&olarized, 55 (X

HAS experiment, which is sensitive to tifemotion perpen- polarized, and 79 ¥ and Z polarized cm ! can be com-
dicular to the surface. For TC and CC atoms the high-energpared with the peaks found in the HAS spectra at 44.4
region of the spectrum shows a surface mode at 200'cm +1.6, 61.3-3.2, and 84.72.4 cm . Taking into account
with an X polarization that can be compared with the 201that the experimental results for this point of the SBZ were
cm ! peak found in the HREELS experiméntAlso, in  obtained using an extrapolation procedure and that the peak
agreement with the finding of HREEL*She calculated spec- at 55 cn ! has no component if polarization and therefore
trum displays a considerable number of lines between 108hould be invisible in the HAS experiment, we can conclude
and 125 cm?. In the fourth layer we have also computed athat the agreement with experiment is excellent.

mode at 235 cm* [see Fig. &)], which lies the maximum Figure 8 presents the PLSDP calculated forfthgoint of
of the .bulk frequenples. The high-frequency position of theihe SBZ. For this symmetry point the comparison of the
mode is due to an increase of the force constant iRCD  4jculated spectra can be done not only with the experimen-
surfaces between the first and fourth layer. Similar abovgy gata by Witteet al® but also with theoretical results ob-
bulk frequencies were also found and calculated atlthe tained fromab initio calculations by Weiet al’® and by
point (see discussion below and Rej. 3 using an EAM potential by Karat al?

In Fig. 7 we display the calculated PLSDP spectra of the The present MD calculations show a backfolded Rayleigh
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L cm 1. Thus, the present calculations support the results of
@ Scforl oY Karaet al2 that for step surfaces witt100) step facets there
) X exists a vibrational mode above the bulk band. This mode
LY. was suggested to be due to a relaxation between first and
150 2o fourth layer’ As mentioned above this effect is not properly
b TCforT taken into account by the RSC potential, which leads to com-
3 ; puted lower frequency of the mode as compared to the other
T Y . methods.
= 50 150 150 200
g c.CCforT"
-g IV. DISCUSSION AND CONCLUSION
Q L L The results presented in this paper show that MD simula-
e 150 2ba tions using an appropriate effective interatomic potential can
o’ d. 4" layer for I provide a reasonable description of the phonon spectra of
stepped surfaces. In the present calculations we have used
s N LA the RSC potential, which gives a phonon spectrum for flat
1 Tk T a0 and vicinal surfaces in good agreement with the experiments
e. bulk projection for T and the other theoretical calculations. We have tested the
potential for the flat C(L00) and Cy111) surfaces and found
pad WYTY WO My m excellent agreement for LSDB,(») and PLSDPS(v,k)
50 100 150 200 250 with the experimental spectra for 900 and Cy11l)
Energy (cm™) (Refs. 33-36; Table lll and Fig.)1Due to its numerical
FIG. 8. PLSDP for the Q@11 surface at thd" point in the simplicity the _RSC potent.ial i; s_uitable for MD simulations
reciprocal space. of the dynamics for quasiperiodic systems such as surfaces

for which taking a large number of elementary cells in the
simulation means sampling many points in the reciprocal
space. Also, the RSC potential reproduces the MSD’s well
{or the flat and stepped surfaces. The MD method permits the
1 . . — calculation of the influence of the temperature on observ-
92.7 cm °, being even under reflection through the 01 ;1,05 gych as the phonon spectrum and MSD. The influence

H 10 H 1
mirror plane €Y plane. W'tt?let al measured a surface ¢ 4o anharmonicity on these observables have also been
phonon mode at 8791.6 cm . Our calculated spectra yiscussed.

[Figs. 8a) and 8c)] display another peak at 74 crh a step
mode peak characteristic for the SC and CC atoms. Thig,y17) surface the spectra parallel to the stejisi{rection
peak is in qualitative agreement with a step mode that is od nd perpendicular to the surfacg (lirection are similar to
under reflection through the (@) mirror plane calculated at - those for the flat100) surface. The spectrum in the direction
91.1 cm by Wei et al.” Therefore, we support the assign- perpendicular to the stepy(direction is similar to that of
ment of Weietal™" and found that this mode is mainly the flat(111) surface. In the present study a detailed analysis
polarized in the[011] X direction. The difference in the has heen carried out for the LSDP and the PLSDP althe
calculated positions of this mode comes from the electronie- —

relaxation nearby the surface step. This effect is explicitl r ’ ia?d YI points ofi::etr?urravc\:/(_afrBrlllozln ionie.nAtf mE I
included in theab initio calculations, but ignored in the cal- eciprocal space point, the fow-lrequency region of the ca

culations using the RSC potential. As for all maitdypolar- culated PLSD.P is in a good agreement with the HAS experi-
ized modes, this mode is a poor candidate for a study usin ents(see Fig. 8 namely, we reproduce the backfolded

the HAS method. In summary, the low-frequency region of ayleigh mode at 90 cirt. Our calculations also reproduce
— ' a localized step mode polarized along step edges appearing

the PLSDP spectrum dt point is very well reproduced by 4t 74 ¢! that cannot be seen in the HAS experiment. In
our calculations. _ the high region of the spectrum and for the fourth layer, we
At the high-frequency edge of the calculated PLSDP infing a transversal mode with a frequency slightly above a
theI point there is a resonance mode witlandZ polariza-  cutoff frequency of the bulk spectrum. This result qualita-
tion appearing in the first four layers at 209 ¢t The mode  tively agrees with HREELS experimental and EAM theoret-
is located just below a peak of the bulk band at 211°&m ical work of Karaet al® The RSC semiempirical potential
This feature is in a fair agreement with a peak at 210 tm neglects the electronic density redistribution at theé22a)
observed in the HREELS experim@rgnd with a mode at surface suggested by Kaet al® to be important for this
200 cm * computed in theab initio calculations'® Similarly ~ mode and therefore the agreement with their results is only
to the X point of the SBZ, we find here a mode above thequalitative. As far as we knovab initio calculations for the
bulk band at a frequency of 244 crhwith Z polarization ~ Cu(211) phonon spectrum in th€ point of the SBZ have
[see Figs. &) and §e). Such a peak has also been measuredeen performed only by Wt al’’. The agreement of the
in the HREELS experiment of Karat al® at around 270 spectra computed in the present work with the results of Wei

mode at 90 cm? lying in the ZY plane for first two layers
[see Figs. &) and(b)]. This result agrees with calculations
by Wei and co-workers, who predicted a Rayleigh mode a

Results of the MD simulations show that for the stepped
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and co-worker¥ is excellent except for the localized hori- TABLE IV. The experiment/calculation ratio for the elastic con-
zontal step mode calculated here at 74 ¢érand by Weiet stants computed in the limit of large wavelengths using the RSC
al. at 91.1 cnmt®. Again the discrepancy is probably due to potential. Digits in parentheses refer to the corresponding ratio in
the electronic relaxation at steps that is not properly takef'® °riginal paper of Sutton and ChéRef. 27. L and T denote
into account by the RSC potential. longitudinal and transversal polarizations, respectively.

To our knowledge, no calculations have been reported irlbirection[n Ny ns] cL T, T,
— 112113

the literature for the surface phonon spectra atXhand Y fuhals Ml M

points of the SBZ. For th and Y’ points the spectra ob- [100] 0.96(1.04 1.30(1.49 1.30(1.42

tained herdsee Figs. 6 and)7are in fair agreement with the [110 1.03(1.13  1.30(142 1.18(1.2§
17] 1.06(1.15 1.25(1.36 1.25(1.36

data of the HAS and HREELS experiments. For ther
point we provide evidence of a shear horizontal mode at 55

cm ! polarized in theX direction. For theX point we sug- tween the adsorbate and the surface via surface phonons will
gested that degenerate Rayleigh and flat step modes obserdeder the migration temperature and considerably improve
at 112.9-8 cm ! in HAS are not degenerate; the Rayleigh the theoretical results. Other phenomena related to the ad-
mode is calculated here at 112 thand the flat step mode sorption and desorption processes will also be better taken
at 122 cmL. In the high-frequency region the calculated into account.

spectrum at thes' point of the SBZ is in excellent agreement

with the HREELS data of Karat al® As for ' point, we

also provide evidence of the modes lying above the bulk The authors would like to thank Dr. Pascal Parneix for

cutoff band due to surface relaxation. very useful discussions concerning the MD method and its
Taking advantage of the MD method, we have followedapplication.

the influence of the temperature on the phonon spectsa&

Fig. 4 and on the MSD'S(see Fig. 3 of atoms. The tem-  AppENDIX: SEMIEMPIRICAL POTENTIAL RESCALED

perature increase only slightly modifies the vibrational spec- FOR THE BULK PHONON SPECTRUM OF CU

tra by displacing to lower wave numbers and by broadening

of the peaks. Some intensity redistribution also occurs. The In their original paper Sutton and Chen have fitted the five

MSD's reveal a roughly linear temperature dependence witfparameters of the potential, E&), to the lattice constara,

a larger slope perpendicular to rather than along the stepgt 0K and the three elastic constants in the bulk cubic solid

The difference between the harmonic approximation and MOCuU, namelyc,;, C;, andc,,.*? However, the constraint of

calculation including anharmonic effects becomes significanintegerm and n (n>m) and of the fixed cohesive energy

at about 200 K or%Tmenmg [taking Teping= 1350 K for Cu  valueEq, did not permit a perfect fit of the calculated values

(Ref. 42]. This difference is particularly important for atoms to the experimental data.

of the first surface layer. This temperature of 200 K is higher Using the original parameters of the SC potential we have

than that obtained from the expression given bytried to reproduce the vibrational spectrum for bulk Cu and

Schommer¥ for the flat Lennard-Jones surfaces. compared it with experimentl and previous theoretical
The origin of the analytic form and parametrization of the results™>**?"In our simulation of the bulk Cu we took 1500

original SC and the present RSC semiempirical potential&toms and used a slab geometry with periodic conditions in

comes from the TB model discussed by Finnis and Sirflair all three directions. For a quantitative comparison between

in their original paper. Therefore, we suggest that a morgesults of different calculations and the experiment we have

elaborate study based on a combination of TB electroniselected two peaks in the bulk phonon spectrum. The first

structure calculations and the molecular dynamics techniqupeak corresponds to the projected longitudinal mode at the

could provide better insight into the system’s behavior. ParBrillouin zone boundary %, ) and the second one to the pro-

ticularly, such a combined method would take explicitly into jected transverse mode). Comparison between the ex-

account the electronic relaxation in our system and will re-perimental and SC frequencies in Table | shows that posi-

produce high-energy edge dipole modes and a localized stdjpns of peaks obtained with the original SC potential were

mode at energies beyond the maximum bulk frequency. Thishifted downwards by 10—20 %.

will improve the agreement between the calculated spectrum To improve the agreement between the experiment and

and the results using the HREELS experiment of Katral®  the simulations we multiplied the original parametein the

and theab initio calculations of Wekt al*° SC potential by a factor 1.15¢{.,=1.15). The resulting
The present RSC potential can also be used to study thgotential, called below rescaled SRSO, yields a power

adsorption at the stepped surface taking into account the elspectrum in better agreement with experimgsgte Table ),

ergy exchange between adsorbate and surface. For examppgrticularly for v, at the high-energy edge.

MD simulations predicted that that a migration of the CO  To verify that RSC gives reasonable results for other ob-

molecule on a rigid C211) surface begins at 175 €  servables, we recalculated the cohesive endfgy,, the

whereas the scanning tunneling microscopy experimentslastic constants, and the elastic properties of the crystal. The

showed a lower migration temperatdfé®It is expected that energy and elastic constants are presented in the Table Il and

the consideration of the microscopic energy exchange besne sees that, compared to experiment, the cohesive energy
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(not fixed anymorkgrises by 10% and the elastic constantstor, Cﬁlnzns a constant that depends on the crystallographic
keep reasonable values. ) i irection [n; n,n3] and p the polarization of the elastic
Second, to calculate the elastic properties of the cryst ave. In fact, for a cubic solid the constagf .. is a
we assume it to be a homogeneous continuous medium 1M2N3
rather than a periodic array of atoms. Such a continuou§ombination of the three elastic constanig, €1, andcy,
medium model is valid for elastic waves with Wave|ength dISplayed in Table Il. Table IV presents the ratio between the
A10"® cm (frequencies below 8 cit). In cubic solidg(sc, ~ experimental and calculate@ﬁ1nzn3 constants for different
fce, beg in this range of wavelengths, the dispersion relationgirections and polarizations of the elastic wave in the Cu
for elastic wave in the crystallographic directipn; n,n3]  metal. On the average the results using the RSC potential are
reads in better agreement with the experiment than those obtained
1 using the original SC potential. In conclusion, the RSC po-
Pwﬁ n (|Z): —CcP .. k2, (A1) tential, optimized to reproduce the phonon spectrum of bulk
v p 2 Cu, gives other observables in good agreement with experi-
wherep is the density of the solick=2#x/\ the wave vec- ment.

* Author to whom correspondence should be addressed. ElectronféR. M. Lynden-Bell, Surf. Sci278 129 (1991).

address: georges.raseev@ppm.u-psud.fr 27A. P. Sutton and J. Chen, Philos. Mag. L&, 139(1984.

1G. witte, J. Braun, A. Lock, and J. P. Toennies, Phys. Re§2B  28M. W. Finnis and J. E. Sinclair, Philos. Mag. 0, 45 (1984
2165(1995. 297, Shneider and E. Stoll, Phys. Rev.1B, 1216(1976.

L. Niu, D. D. Koleske, D. Gaspar, and S. Siebener, J. Chem30¢c_ 7. Wang, C. T. Chan, and K. M. Ho, Phys. Rev4B 11 276
Phys.102, 9077(1995. (1990.

°A. Kara, P. Staikov, T. S. Rahman, J. Radnik, R. Biagi, and H.-J31yy 1. press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flan-
Erns, Phys. Rev. B1, 5714(2000.

nery, Numerical Recipies in FortrarfCambridge, New York,
4R. E. Allen, G. P. Alldrege, and F. W. de Wette, Phys. Rev, B

1992.

5616;‘8&373- e Al W de Wette. Phve Req g M- S: Daw and M. J. Baskes, Phys. Rev28 6443(1987.
1'66'6(19;61?6’ - = Allen, and . W. de VVette, Fhys. ReVLB 33\ wutting, R. Franchy, and H. Ibach, Solid State Comnif.
: 445(1986.
6
Rig%z?l”g;i)& Alldrege, and F. W. de Wette, Phys. Revd, 34M. Wutting, R. Franchy, and H. Ibach, Z. Phys. B: Condens.
7G. Armand and P. Masri, Surf. SA30, 89 (1983. 45, atter 65, 71(1986.
83 E. Black and B Bopp, Surf. S40, 275(1984 B. M. Hall, D. L. Millis, M. Mohamed, and L. L. Kesmodel,
9p. Knipp, Phys. Rev. B3, 6908 (1990. 4, TTys. Rev. B8, 5856(1988. _
10C. Y. Wei, S. P. Lewis, E. J. Mele, and A. M. Rappe, Phys. Rev. U. Harten, J. P. Toennies, and C. Woll, Faraday Discuss. Chem.
B 41, 439 (1990_ Soc.80, 137 (1985.
17 (1998. H. Dederichs, A. Katsnelson, and C. Massobrio, Phys. Rev. B
125, Durukanogulu, A. Kara, and T. S. Rahman, Phys. Re&3B 61, 2230(2000.
15 489(1996. 38M. P. Allen and D. J. TildeseyComputer Simulation of Liquids
133, Durukanogulu, A. Kara, and T. S. Rahnam, Phys. Re&5B (Clarendon, Oxford, 1987
13 895(1997). 3%E. T. Chen, R R. N. Barnett, and U. Landman, Phys. Re¥1B
147, 3. Tian and J. E. Black, Surf. S@03 395 (1994. 439(1990.
15A. Rahman, Phys. Rew.36, 405 (1964 404, J. C. Berendsen, J. P. M. Postma, W. F. van-Gunsteren, A.
163, P. Hansen and M. L. Klein, Phys. Rev.1B, 878(1975. DiNola, and J. R. Haak, J. Chem. Phgd, 3684(1984).
17X. Q. Wang, L. Chiarotti, and E. Tosatti, Phys. Rev3B 8131  “W. SchommersStructure and Dynamics of SurfacéSpringer,
(1988. Berlin, 1986.
18D D. Koleske and S. J. Sibener, J. Electron Spectrosc. Relaf2C. Kittel, Introduction to Solid State Physi¢®viley, New York,
Phenom54/55, 363 (1990. 1971).
9D, D. Koleske and S. J. Sibener, Surf. S8 406 (1991). 43H. L. Rouzo, P. Parneix, G. Raseev, and K. Smirnov, Surf. Sci.
20D, D. Koleske and S. J. Sibener, Surf. S268 418(1997). 415, 131(1998.
21D, D. Koleske and S. J. Sibener, Surf. S290, 179 (1993. 44G. Meyer, S. Zophel, and K.-H. Riedel, Phys. Rev. L&#.2113
22C. 7. Wang, A. Fasolino, and E. Tosatti, Phys. Rev3B 2116 (1996.
(1987. 45G. Meyer, S. Zophel, and K.-H. Riedel, Phys. Rev. L#&.1512
23L. Yang, T. S. Rahman, and M. S. Daw, Phys. Revi313 725 (1997).
(1991). 46R. M. Nicklow, Phys. Rev164, 922 (1967).
24B. D. Todd and R. M. Lynden-Bell, Surf. S&81, 191 (1993. 47G. Simmons and H. Wanggingle Crystal Elastic Constants and
25K. D. Hammonds and R. M. Lynden-Bell, Surf. S@i78 437 Calculated Aggregated Propertie§MIT Press, Cambridge,
(1992. Massachusetts, 1971

205422-11



