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Phonon spectral densities of Cu surfaces: Application to Cu„211…
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Power phonon spectra of vicinal stepped surfaces of Cu~211! 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 ~SBZ!, and the mean square displacements~MSD’s! of atoms of the Cu~211! surface. The calculated

projected phonon spectra atḠ and at two new SBZ points~at X̄ andȲ) compare favorably with experiment and
theory when available. The MSD of the Cu~211! surface is also well reproduced and its temperature depen-
dence shows that anharmonicity of the atomic motion becomes important above 200 K.

DOI: 10.1103/PhysRevB.63.205422 PACS number~s!: 68.35.Ja, 63.20.2e, 78.30.2j
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I. INTRODUCTION

Stepped vicinal surfaces consisting of ordered arrays
atomic steps separated by low-index terraces represent
models for the real surfaces, which play an important role
catalysis, nucleation, and crystal growth. For the real s
faces the structural defects reproduced on the vicinal surf
by steps are often found to be preferred for adsorption
atoms and molecules and can be sites of chemical acti
At certain conditions, these defects can cause either acce
tion or retardation of a process taking place at surface,
example, a chemical reaction. Understanding of surface p
nomena often necessitates information about the microsc
energy transfer on surfaces and thus requires a deta
knowledge about surface phonon spectra and dynamic
surface atoms.

The phonon spectra of stepped surfaces have been stu
by modern experimental surface science techniques. W
et al.1 and Niu et al.2 used the helium atom scatterin
method ~HAS! to obtain the phonon dispersion curves f
Cu~211!, Cu~511!, and Ni~977! surfaces for phonons with
frequencies below 130 cm21. Recently, results of the exper
mental study of phonon spectrum in different symme
points of surface Brillouin zone~SBZ! using high-resolution
electron energy loss spectroscopy~HREELS! have been re-
ported by Karaet al.3 for Cu~211!, Cu~511!, and Cu~331!
surfaces. For stepped surfaces with~100! step facet the au
thors of Ref. 3 gave evidence of a vibrational mode with
frequency at the center of SBZ above the bulk cut-off ba

A widely used model for theoretical description of a su
face is the slab model4–6 where the solid-gas interface
represented as two terminal surfaces of a slab formed b
sequence of atomic layers. Various theoretical methods
ploy the slab model to calculate the phonon spectrum
phonon dispersion curves of surfaces. Some of these m
ods make use of the harmonic approximation~HA!, and oth-
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ers do not. Thus, in one of such HA method the phon
frequencies are obtained via diagonalization of a dynam
matrix ~DM!, a matrix of second derivatives of the potenti
energy with respect to the atomic displacements. Eigen
ues of the dynamical matrix, obtained at each allowed po
of the SBZ, serve to construct phonon dispersion curv
whereas the corresponding eigenvectors permit us to iden
the atomic motions associated with a particular vibratio
mode. The necessary dynamical matrix can be obtaine
different ways. Particularly, harmonic potentials can be u
to construct such a dynamical matrix, the dynamical-ma
force constant~DM FC!. These force constants are fitte
from the experimental elastic constants and bulk or/and
face phonon frequencies, or computed directly from se
empirical andab initio calculations. Studies of the phono
spectra of stepped surfaces using the DM method with
harmonic effective potentials have been performed for un
laxed stepped nickel surfaces by Armand and Masri,7 Black
and Bopp,8 and Knipp.9 Ab initio calculations have been pe

formed for Cu~211! surfaces atḠ point of the SBZ by Wei
et al.10 The authors used DM-FC method to obtain the vib
tional spectrum and revealed vibrational modes that can
be seen by the HAS experiment. Sklyadnevaet al.11 used the
DM method together with an embedded-atom poten
model~EAM! to calculate the vibrational spectra for relaxe
stepped surfaces of Ag, Cu, Al, and Pd.

Another HA method, where the surface is treated a
perturbation of the bulk lattice, uses the Green function~GF!
perturbational approach. This method gives informat
about surface phonon density of states and permits a c
discrimination between surface localized modes and sur
resonances. Using the GF method Durukanogulu
co-workers12,13 calculated the local vibrational densities
states for~211!, ~511!, and ~331! surfaces of Cu. Tian and
Black14 studied the local density of phonons for Cu(11n)
©2001 The American Physical Society22-1
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surfaces using an EAM potential and the GF-HA meth
coupled with the continued fraction solution for the mat
inversion. In addition to the phonon frequencies, the
technique yields mean-square displacements~MSD’s! of at-
oms, surface specific heats, and other thermodynamic
servables.

A method based on the slab model that has not been
as extensively for the calculations of surface phonons is
MD technique. In the MD method the atomic dynami
evolves according to laws of classical mechanics and
phonon spectrum is obtained as Fourier transformation of
autocorrelation function of velocity of atoms.15–17 The cal-
culations are not limited by the harmonic approximation a
they permit us to study the influence of temperature on
spectrum.18–23 The MD simulations have been used b
Lynden-Bell and co-workers24–26 in their studies of the
roughening transition, relaxation at stepped surfaces, and
gration of adatoms on such surfaces. The authors employ
many-body potential proposed by Sutton and Chen27 ~SC!
based on the analytic form of Finnis and Sinclair.28 Using the
MD method and the same potential, Koleske and Siben21

~KS! calculated the surface phonon spectral densities
basal planes of Ni and Cu metals.

In this paper we use the MD method to calculate the p
non spectra and to identify surface and resonance vibrati
states of the stepped~211! surface of Cu. To achieve this aim
we have rescaled the SC potential28,27 in such a way to fit the
phonon spectra of bulk Cu metal. We show that this resca
potential~RSC! gives excellent agreement between the c
culated phonon spectrum of the flat~100! and ~111! and
stepped~211! surfaces and the experiment. Particularly f
the ~211! surface we obtain an agreement with the spec
obtained by Witteet al.1 using HAS and by Karaet al.3 us-
ing HREELS experiments. We then compute the tempera
dependence of the theoretical phonon spectrum and the M
of atoms up to temperature of 450 K. Results of the calcu
tions are compared with data obtained by Durukanogulu
co-workers12,13 using the GF method in the HA approxima
tion.

The paper is organized as follows. In the next section
present the computational approach and provide some de
of the calculation. To verify the validity of the rescaled S
potential detailed in the Appendix, the third section fi
briefly discusses the phonon spectra computed with the R
potential for Cu~100! and Cu~111! surfaces. A subsequen
part of this section is devoted to the results about the pho
spectra~local and projected in SBZ! of the Cu~211! surface,
the MSD and dependences of these characteristics on
system temperature. The fourth section discusses the re
obtained and presents the conclusions.

II. MODEL

A reasonable physical model to study the dynamics
metallic surfaces consists of atoms interacting through
effective interatomic potential optimized so that they mim
as closely as possible an observable, here the vibrati
spectrum of the bulk. The MD method then provides alg
rithms to solve the Hamilton equations of motion of the cla
20542
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sical dynamics for the system atoms interacting via the
tential. We start this section by presenting a way used
calculate the vibrational properties from an MD simulatio
We then describe the SC and RSC potentials and end
computational details.

A. Molecular dynamics and vibrational spectra

In a MD simulation the coordinates and velocities of t
atoms are computed in a step-by-step procedure for a s
ciently long period of time, and thus a trajectory of the sy
tem in the phase space is obtained. Assuming ergodicit
the system, its characteristics are then extracted by avera
their instantaneous values along the trajectory. Particula
the vibrational dynamics can be expressed through the po
spectrumS(n) obtained by the Fourier transform of the v
locity vW j (t) autocorrelation function:

S~n!5 (
a5x,y,z

Sa~n!

} (
a5x,y,z

(
j 51

N E
0

`

e2ipnt^v j a~ t !v j a~0!&dt, ~1!

wherev j a is the component of the velocity of thej th atom in
the directiona (a5x,y,z denotes the Cartesian axes!. If one
wants to obtain the spectrum of a particular set of atoms,
sum in Eq.~1! is restricted to that set of atoms and polariz
tion. Hereafter this quantity is called a local spectral dens
of phonons~LSDP!.

LSPD of a surface layer computed via Eq.~1! contains
contributions to theS(n) from all allowed points~and their
transferred momentum! of the SBZ. The local spectral den
sity of phonons in a particularKW point of the SBZ is obtained
from the layer-averaged velocity for this point given by t
following equation:16,17,19–22,29

Va~KW ,t !5 (
j P layer

v j a~ t !eiKW •rW j (t), ~2!

whereKW •rW j (t) denotes the inner product between the tw
dimensional vectorKW of the SBZ and the positionrW j (t) of
j th atom. A projected local spectral density of phono
~PLSDP! is then computed by the Fourier transform of t
autocorrelation function of the velocity~2!:

Sa~n,KW !}E
0

`

e2ipnt^Va~KW ,t !Va~2KW ,0!&dt

5E
0

`

e2ipntK F(
j

eiKW •rW j (t)v j a~ t !G
3F(

j
e2 iKW •rW j (0)v j a~0!G L dt. ~3!

The calculation of PLSDP is described in detail in Refs. 1
30, 19, and 23. To evaluateS(n) andSa(n,KW ) one does not
need to calculate the autocorrelation functions explicitly.
stead, one can take advantage of the Wigner-Khinc
2-2
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theorem31 and compute the spectra via the Fourier transfo
~FT! of the time history of thev j a(t) andVa(KW ,t) quantities.
From the physical point of view, PLSDP defined by Eq.~3!
is proportional to an observable corresponding to the pho
excitation process due to, e.g., a particle collision with
surface with a momentum transferKW to or from the surface.
In the next sections we will also calculate LSDPSa

I (n) and

PLSDPSa
I (n,KW ), whereI denotes the index of theI th layer

of the slab. The larger the value ofI, the more deeply the
layer is situated, and the maximum value ofI corresponds to
the bulk. Such a calculation of the power spectra in the lay
by-layer manner allows us to discriminate between surf
and bulk vibrational states and resonances. Respectiv
these states are localized at the surface, in the bulk, or re
from an interaction of the surface and bulk states.

Regardless of the effective interatomic potential used
the MD simulations, the anharmonicity is inherently i
cluded in the calculated spectra because no harmonic
proximation is made in the formulation presented abo
However, it is worth noticing that in the classical M
method, the temperature is defined through the classica
netic energy of the system. To include the quantum ze
point motion contribution that is important at low temper
tures we follow the work of Wanget al.30 and adopt a simple
rescaling procedure of the temperature of the system. In
ticular, for the Cu system a rescaling coefficient for the te
perature is taken from Fig. 10 of the work of Tian an
Black.14

The statistical noise of the peak intensities in the co
puted spectra depends on both the number of particles
in the spectra calculation and on the number of points in
time history of thev j a(t) and Va(KW ,t) quantities. Having
fixed the number of atomsN the noise can therefore be re
duced by either taking one long trajectory or several sh
trajectories subsequently averaged. The last method seem
be preferable because~i! the use of the different initial con
ditions in the MD simulations at a given temperature allo
one to sample a larger portion of the phase space and~ii ! the
energy conservation criterion is better obeyed for a sh
trajectory. Thus, having obtained a set of power spectra
rived from n independent trajectoriesT1 , T2 , . . . ,Tn the re-
sulting power spectrum is then given as the following av
age:

S~n!5
1

n (
i 51

n

STi~n!, ~4!

resulting from an insufficient number of averages a
the finite length of the MD trajectories, and the LSDP giv
by Eq.~4! is convoluted with a Gaussian function of a wid
7 cm21. This width has a typical experimental resolution
2–8 cm21 in HAS and HREELS experiments.1,3 Note that
the published theoretical results have also been obtained
the use of such a convolution procedure for the spectra.12–14

For PLSDP we do not perform such a convolution beca
we are interested in peak positions only.
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B. Sutton-Chen potential

A widely used physical model for the study of the dynam
ics of metallic systems consists of ions placed in a sea of
outer electrons. The ions, being the nuclei plus inner e
trons, interact with the outer electrons via an effective pot
tial. If the potential is semiempirical, as in the present stu
the clue is to optimize its parameters so that it matches
closely as possible, a wide range observables.

Finnis and Sinclair28 ~FS! have proposed an analytic form
of the interatomic potential appropriate for transition met
having nearly filledd shells, such as Ni and Cu. This pote
tial is based on the second-moment approximation to
tight binding~TB! model, where the binding energy per ato
varies as the square root of the atomic coordination.
these metals in general, and for Cu in particular, Sutton
Chen ~SC! have suggested a semiempirical parametrizat
based on the FS functional form.27 In the SC potential the
energy of atoms embedded in a ‘‘sea’’ of electrons of a lo
densityr i is written as

U5(
i

eF1

2 (
j Þ i

S a

r i j
D n

2cAr i G , ~5!

where the local density of the electrons is represented a

r i5(
j Þ i

S a

r i j
D m

~6!

and r i j signifies distance between atomsi and j. The first
term in Eq.~5! accounts for the repulsion between the ion
whereas the second term stands for the attraction energy
to the ion–outer-electron interactions. According to Sutt
and Chen,27 only two of three parametersa, c, ande of the
potential are independent, namely,e scales the energy anda
the lattice spacing. The choice ofn determines the steepnes
of the repulsive potential, whereasm determines it for the
attractive interactions. The total number of meaningful p
rameters of the potential is therefore equal to four. Desp
the many-body character of the second term of Eq.~5!, the
potential energy and the force on each atom can be writte
a sum of pairwise contributions.28 The SC potential can be
interpreted as being similar to the EAM potential.32

Requiring integern andm with n.m and fixing the co-
hesion energy, Sutton and Chen27 have fitted the parameter
of Eqs.~5! and~6! to the elastic bulk constants of a particul
metal. For Cu metal the retained values for the expone
n andm are 9 and 6, respectively. The results of the previo
computational studies24–26,21showed that the SC potential i
adequate for the qualitative and semiquantitative descrip
of the structure and dynamics of flat surfaces of transit
metals.

Compared to the experimental data,33–36 our preliminary
results obtained with the FS-SC potential revealed a gen
downward shift of bands in the phonon spectra for the b
and for flat ~100! and ~111! surfaces. Instead of modifying
the FS-SC potential, one can use a different analytic fo
Using Ni bulk and surface characteristics as a reference,
made a detailed comparison between potentials constru
with the inverse power~FS-SC! functional based on four
2-3
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independent parameters and the original EAM based o
large number of parameters. In general, the EAM poten
yields the bulk and surface spectra that compare favora
with the experiment, whereas the spectra obtained with
FS-SC potential are displaced to lower wave numbers. T
feature was related by KS to a nonexplicit calculation of
second-order changes in thed-band structure in FS-SC
model. In the present work no electronic calculations w
performed and therefore we cannot discuss this point
rectly. Levanovet al.37 used a potential with the same num
ber of parameters as FS and SC, where the inverse po
functional form is replaced by an exponential form. We tri
to use this exponential form and found that, because o
faster decay with the atom-atom distance than the inve
power form, the resulting phonon spectrum can give frequ
cies not higher than 160 cm21.

In the present work we keep the inverse power functio
form of the potential and, to obtain a quantitative agreem
between the experiment and calculations, we rescale
FS-SC potential by fitting to the experiment the phon
spectrum and elastic constants of thebulk Cu. The details of
the rescaling procedure and the performed tests for the
Cu metal are given in the Appendix. Using the RSC, t
selected vibrational frequencies in the bulk Cu power sp
trum, the longitudinal mode (nL) at 163 cm21 and the trans-
versal mode (nT) at 224 cm21, are calculated close to th
experiment and to the other theoretical results~see Table I!.
However, the RSC potential gives a cohesive energyEcoh
10% above the experimental value, while the elastic c
stants remain in the range of the experimental values~see
Table II for a detailed comparison!. The above energetic dif
ference should play a marginal role for the properties of
terest where what matters is the local shape of the pote
but not the absolute value of energy at the potential m
mum.

TABLE I. Experimental and calculated positions~in cm21) of
two selected peaks in the bulk phonon spectrum of Cu.

Frequency Expt.a Ref. 13 Ref. 14 SCb RSC

nL 224 305 230 204 223
nT 163 145 150 135 155

aReference 46.
bReference 27.

TABLE II. Comparison of the cohesive energy and elastic co
stants~units are eV Å21) for bulk Cu computed using the SC an
RSC potentials.

Calc. Ecoh ~eV! c11 c12 c44

Experiencea 3.50 1.10 0.78 0.51
SCb 3.50 1.06 0.81 0.36
RSC ~present! 3.80 1.14 0.87 0.39

aReference 47.
bReference 27.
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C. Computational details

The size and shape of the system used in the MD sim
lations are described in the corresponding sections of
paper in detail~vide infra!. The calculations were carried ou
with periodic boundary conditions and the minimum ima
convention38 applied to system in three and two directio
for the bulk and surfaces simulations, respectively. Follo
ing Ref. 39 the thermal expansion of the Cu crystal w
taken into account by defining the temperature-depend
lattice nearest-neighbor distance aNN5aNN

0 exp@1.2
31025T#, whereaNN

0 52.552 66 Å andT is the temperature
of the system in kelvins. TheaNN distance was then used t
obtain the parameters of the MD box employed in the sim
lations. A cutoff radius of 3.5aNN for the interatomic
potential24–26 was employed.

The classical equations of motion were integrated with
use of the velocity form of Verlet algorithm with time step o
0.8 fs. TheS(n) spectrum in Eq.~4! was obtained as an
average of 30 independent trajectoriesTi . Each of the trajec-
tories Ti was calculated starting from the randomly chos
atomic velocities corresponding to a Maxwell distribution
the desired temperature. The system was then equilibrate
the temperatureT by coupling to a temperature bath40 during
50–80 ps. The equilibration stage was longer for step
surfaces than that for flat surfaces or bulk. This proced
ensures that the bulk or surface relaxation process has
completed and the system is in thermodynamical equilibri
at the desired temperature. After the equilibration, the sim
lation was continued in the microcanonical (NVE) ensemble
for 132 ps and the positions@rW j a(t)# and velocities@vW j a(t)#
of the atoms were stored for a subsequent analysis. Du
the NVE stage of the calculations, the drift of the total e
ergy from its initial value was less than 1024%, and the ratio
s(Etot)/s(Ekinetic) of the root mean square fluctuations of th
total and kinetic energies was less than 2%.

III. RESULTS

In this section we present the LSDP, PLSDP, and MSD
of the atoms for flat and stepped~211! surfaces of Cu. We
have also calculated a variation of LSDP and MSD with t
temperature. Detailed studies concerning the relaxation
surface layers and the energetics of the step-step intera
on these surfaces have been published by the group
Lynden-Bell and co-workers.24–26 We have obtained simila
results for this relaxation and we will omit the related d
cussion in the following sections.

A. Phonon spectra of flat Cu„100… and Cu„111… surfaces

To test the RSC potential for the properties of a surfa
we have computed the LSDP and PLSDP for the
Cu~100! and Cu~111! surfaces. In the calculations, the sla
was composed of 27 atomic layers each built from 8 ato
~or elementary cells! in every crystallographic direction par
allel to the surface, totally 1728 atoms. All the atoms we
allowed to move and consequently each effective layer u
in the spectra calculations is composed of two layers that
equivalent with respect to the middle layer of the slab. T

-

2-4
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present system permits calculation of 81 and 73 points in
SBZ for the ~100! and ~111! surfaces, respectively. TheZ
axis of the Cartesian frame was chosen to be normal to
surfaces. In the direct space theX axis corresponds to@100#

and @ 1̄10# crystallographic directions for Cu~100! and
Cu~111! surfaces, respectively. In the reciprocal space

axis is defined by theḠX̄ direction. TheY axis corresponds

in the direct space to the@010# and @111̄# directions for
Cu~100! and Cu~111!, respectively. In the reciprocal spac

the Y axis is given byḠX̄ and ḠM̄ directions for the~100!
and ~111! surfaces, respectively.

Figure 1 displays the LSDP calculated at the tempera
of 150 K for the first three layers of Cu~100! and Cu~111!
surfaces. The LSDP of the first layer in theZ direction~or for
Z polarization! has sharp peaks at 111 cm21 and 105 cm21

for the~111! and also~100! surfaces, respectively. The pea
diminish in the second and disappear in the third layer
high-frequency band located at 190 cm21 for ~100! and at
197 cm21 for ~111! surfaces in the first layer andX and Y
directions reveals a monotonic upward shift while goi
from the first layer toward the bulk. In the spectra of t
second layer this band is calculated to be at about 215 c21

for both surfaces and it converges to the bulk frequencynL at
223 cm21 in the spectra of the third layer. Small differenc
between the LSDP inX andY directions for the~111! surface
are due to the fact that these two directions are not equiva
in the reciprocal space. Note that inZ direction, the high-
frequency edge of the spectrum is less sensitive to the p
ence of the surface. The calculated spectra are in an exce

FIG. 1. Local spectral density of phonons~LSDP! at the tem-
perature of 150 K for the first three layers of Cu~100! ~left! and
Cu~111! ~right! surfaces in three directionsX ~@100# respective

@ 1̄10#), Y ~@010# respective@111̄#), andZ ~@100# respective@111#!.
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agreement with the work of Tian and Black,14 who used an
EAM potential and the Green function formulation in ha
monic approximation.

Using Eq.~3! we evaluate the PLSDP for a selected set
points of the SBZ. Table III gathers the results of the calc
lations and compares them with the results of calculations
KS and the experimental data for Cu~100! ~Refs. 33 and 34!
and for Cu~111! ~Refs. 35 and 36! surfaces. The agreemen
between the present results and the experimental dat
much better than that in the simulations done by KS. T
improvement is directly related to the RSC potential op
mized to reproduce the bulk properties. The present test
culations of the flat Cu surfaces with the RSC poten
showed that this potential is suitable for the calculation
the surface phonon spectra. We will now proceed with
calculation of the vibrational spectra of the stepped Cu~211!
surface.

B. Stepped Cu„211… surface

The stepped~211! surface of a fcc crystal is built from
~100! steps of two rows and~111! terraces of three rows~Fig.
2!. We have chosen the surface plane with theX coordinate
along@011̄# parallel to the step-edge atoms andY coordinate

TABLE III. Phonon modes frequency~in cm21) in selected
points of SBZ for Cu~100! and Cu~111! surfaces. The labeling fol-
lows the established nomenclature~Refs. 4–6!. The experimental
data are taken from Refs. 33 and 34 and from Refs. 35 and 36
Cu~100! and Cu~111! surfaces, respectively.

K̄ Point Polarization Layer Mode KSa Present Expt.

Cu~100!

X̄ Z 1 S4 85.4 101 108.161.61

M̄ Z 1 S1 113.7 126 133.862.41

Cu~111!

M̄ Z 1,2 S1 84.6 106 104.861.61

Z 2 R1 133.0 150 147.564.83
X 1 S2 172.6 195 205.661.61
X 2 R2 200.8 225 228.261.61

aReference 21.

FIG. 2. Coordinate system used in the MD simulations of
~211! surface of Cu.
2-5
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along @11̄1̄# perpendicular to the steps. By definition of th
surface cut theZ direction is along@211# perpendicular to the
surface ~Fig. 2!. It can be demonstrated that on (n11)
surfaces with n5even, the angle between the@111#
direction and@n11# is arcsin@A2/3(21n2)21/2# @19.5° for
~211! surface# and the spacing between (n11) planes is
aNN(21n2)21/2. It follows that, regardingX and Y direc-
tions, the first and seventh layers are equivalent. In our
calculations we use 6 and 4 atoms inX and Y directions,
yielding 35 allowed points in the SBZ of the Cu~211! sur-
face, and we take a slab composed by 72 layers.

Figure 3 presents the LSDP calculated for the Cu~211!
surface. The spectrum of the first layer~step-edge-atom
chain, SC! in the Y direction perpendicular to the steps di
plays a soft mode at 83 cm21 due to the loss of the neare
neighbors at the step edge~see Fig. 2!. This mode is also
present in the spectra computed with the Green func
method.12,9 In the X direction parallel to the steps and in th
Z direction perpendicular to the surface the spectra are s
lar to the corresponding LSDP of the first layer of t
Cu~100! surface. Thus, theX- andZ-polarized spectra of the
~211! surface reveal two peaks at 123 cm21 and 124 cm21,
appearing in inverted order on the Cu~100! surface~see Fig.
1!. In addition, above 200 cm21 the Z-polarized spectra
present a high-frequency peak at 213 cm21 and 228 cm21,
respectively, for the~100! and ~211! surfaces.

The spectrum of the second layer~terrace-atom chain
TC; see Fig. 3! in theZ direction displays a pronounced pea
at 100 cm21, which is similar in position and shape to aZ
polarized peak in the first atomic layer of~111! surface~see
Fig. 1!. For the TC layer, high-frequency vibrations withX
and Y polarization are shifted downward to 200 and 1
cm21, respectively, from an unique mode at 223 cm21 on
the ~111! surface. For the third atomic layer~corner step-
terrace-atom chain, CC! these vibrations appear at 200 a
210 cm21 for X and Y directions, respectively. For TC an
CC layers of the stepped~211! surface the frequency of th
X-polarized vibration remains unchanged at 200 cm21,
whereas the frequency of theY-polarized vibration in the CC
layer is shifted upwards by 32 cm21. This shows that atoms
of the TC layer are less bound in theY direction than in the
CC layer, with no difference in theX direction. This behav-
ior will further be compared with the mean square atom
displacements in the layers~vide infra!.

The above comparison of power spectra of flat a
stepped surfaces reveals similarities between the SC and
layers and, respectively, the~100! and ~111! surfaces. Thus
the spectra reflect chain and local orders along and per
dicular to the step. The analysis of Fig. 3 also reveals
presence of localized modes: one withY polarization in the
first layer at 83 cm21 and the other withZ polarization in the
second layer at 100 cm21.

The temperature dependence of the LSDP spectrum
MSD for ~211! stepped surfaces reveals the different en
ronments of the surface atoms. In Fig. 4 we present
LSDP spectrum of the first layer of Cu~211! surface in theY
direction ~perpendicular to the steps!, where the spectrum
variations with an increase of the temperature are cle
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identified. As a general trend the temperature dependenc
the spectrum is weak and it is mainly due to the anharm
nicity of the potential that becomes more pronounced w
the increase of temperature~vibrational amplitudes!. More
specifically, going from 100 to 450 K there is a downwa
shift of 8 cm21 in the region above 100 cm21 and of 4–5
cm21 for the low-energy edge of the spectrum. When t
temperature rises a shoulder at 75 cm21 disappears and the
relative peak intensity is slightly changed~for example, the
peak at 105 cm21 relative to the peak at 125 cm21). Note
also a broadening of the peaks in the spectra.

To establish a qualitative relation between the phon
spectrum and the MSD we assume that at low tempera
the system can be described as an ensemble of harm
oscillators~normal modes!. The Cartesian atomic displace
ments are then a linear combination of the normal mode
the system and the MSD in a directiona depends on the
distribution of the normal modes in the spectrum of the

FIG. 3. LSDP at the temperature of 150 K for the first fo

layers of the Cu~211! surface in three directionsX (@011̄#), Y

(@11̄1̄#), andZ ~@211#!. The first layer corresponds to the step-ed
atom chain~SC!, the second layer to the terrace-atom chain~TC!,
and the third to the corner step terrace-atom chain~CC!.
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oms Sa(n). It is straightforward to show that an effectiv
amplitudeA of a normal mode with frequency,n is

A25
kBT

4p2n2m
, ~7!

where m is an effective mass of the oscillator. The abo
equation shows that the vibrational amplitude is invers
proportional to mode’s frequency, and particularly, o
might expect that the atoms with an intense low-freque
part of the spectrum have larger vibrational amplitudes.

Let us analyze the LSDP displayed in Fig. 3 from th
viewpoint and compare it with MSD displayed in Fig. 5. A
expected from the environment of the atoms, the MSD’s
minish from SC to TC and to CC atoms inX and Y direc-
tions. TheY-polarized spectrum of the SC atoms has an
tense low-frequency part~Fig. 3!, in line with a large MSD
calculated in this direction~see^Dr y

2& graph in Fig. 5!. A
Similar analysis performed for theY-polarized LSDP of the
TC and CC atoms shows that the MSD of the former ato
is larger than that of the latter, again in line with LSD
displaced to higher frequencies for CC atoms. Now in thX
direction~see^Dr x

2& graph in Fig. 5! the spectral densities o
phonons for the CC and TC atoms are similar, in an agr
ment with similar MSD’s. Note that such an analysis ha
qualitative character because for a quantitative descrip
one should know, the spectral density of phonons~normal
modes!, the effective massm of each oscillator, and a coef
ficient that a particular normal mode contributes to the C
tesian displacement.

In Fig. 5 we also compare the MSD’s obtained in t
present MD simulations using the RSC potential with resu
calculated using GF-HA method by Rahmanet al.13

Schommers41 established that for Lenard-Jones solids the
harmonic contributions to MSD become important at te
peratures above13 Tmelting and 1

6 Tmelting for bulk and flat sur-
faces, respectively. Figure 5 shows that differences betw
the data of MD simulations and those obtained in HA b
come significant at 150 K for MSDY

SC, 250 K for MSDY
TC,CC,

250 K for MSDX
SC, and 300 K MSDX

TC,CC. This indicates that

FIG. 4. LSDP of the first layer~CC! in the Y (@11̄1̄#) direction
perpendicular to the step edges for several temperatures bet
120 and 450 K.
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for a stepped surface there is no unique temperature, e.g
the SC atoms in theY direction the anharmonicity plays a
important role already atT5 1

8 Tmelting @taking Tmelting51350
K for Cu ~Ref. 42!#. For Cu~211! the present calculation
reveal that the difference between the results of the fin
amplitude MD simulations and those obtained in the H
becomes globally important at15 Tmelting. The calculated
higher temperature for the~211! surface is related to the
many-body potential that stiffens the interaction for atoms
a stepped surface. We relate this stiffening to the lower
ordination of stepped surfaces as compared to the flat sur
atoms.

Let us now discuss the PLSDP at 250 K for a selec

points of the surface Brillouin zone, namely forX̄, Ȳ, andḠ
points. For frequencies below 130 cm21, the calculated
spectra are compared with HAS experiments of Witteet al.1

and for higher frequencies with the HREELS experiments
Karaet al.3 Note thatX̄ andȲ points of the SBZ in the HAS
spectra were obtained by extrapolating data from neighb
ing reciprocal space points.

In Fig. 6 we display the PLSDP computed for the fir
four surface layers and for the bulk projection at theX̄ point
of the reciprocal space. Note that the bulk projection sp
trum in Fig. 6~e! corresponds toSa

36(n,X̄), i.e., the PLSDP of
the middle (36th) layer of the slab. For this bulk projectio
the three polarizations are identical and a single spectrum
therefore displayed. The low-frequency part of our calcula
spectrum for SC and CC atoms@Figs. 6~a! and 6~c!# shows a
step-localized mode at 82 cm21 with mainly Y andZ polar-
izations. This mode lies below the bulk band at 99 cm21

en

FIG. 5. Temperature dependence of the MSD’s of atoms in
first layer ~SC!, in the second layer~TC!, and in the third layer
~CC!. MD and HA refer to the results obtained in the MD simul
tions and by GF-HA method~Ref. 13!, respectively.
2-7
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@Fig. 6~e!#. In their HAS experiments Witteet al.1 found a
vibrational mode at 89.568 cm21 and suggested that thi
mode has a large component with polarization parallel to
surface. Extrapolating to the zone boundary the authors1 also
found a degenerated~Rayleigh and a flat step! mode with the
frequency about 112.968 cm21. In this spectral region the
calculated spectra of first two layers reveal a terrace mod
112 cm21 with mainly Z polarization, which has a typica
Rayleigh behavior. For the SC atoms we also compute
mode at 122 cm21 havingX polarization. These two mode
can correspond to the experimental peak found at 11
68 cm21 but our calculation shows that they are not deg
erate. In all four layers the calculated spectra show a re
nance mode at 123 cm21 having, respectively,Y polarization
for SC atoms,Y for TC, Y andZ for CC, andZ for the atoms
of the fourth layer. This resonance cannot be observed in
HAS experiment, which is sensitive to theZ motion perpen-
dicular to the surface. For TC and CC atoms the high-ene
region of the spectrum shows a surface mode at 200 cm21

with an X polarization that can be compared with the 2
cm21 peak found in the HREELS experiment3. Also, in
agreement with the finding of HREELS,3 the calculated spec
trum displays a considerable number of lines between
and 125 cm21. In the fourth layer we have also computed
mode at 235 cm21 @see Fig. 6~d!#, which lies the maximum
of the bulk frequencies. The high-frequency position of t
mode is due to an increase of the force constant in Cu~211!
surfaces between the first and fourth layer. Similar ab

bulk frequencies were also found and calculated at theḠ
point ~see discussion below and Ref. 3!.

In Fig. 7 we display the calculated PLSDP spectra of

FIG. 6. PLSDP for Cu~211! surface at theX̄ point in the recip-
rocal space. The bulk PLSDP corresponds to that of the 36th l
of the slab. The definition of layers is the same as in the prece
figures.
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first four layers and of the bulk at theȲ point of the SBZ.
Analysis of these spectra shows aZ-polarized mode at 44
cm21 interpreted as a Rayleigh mode, which appears
slightly lower frequencies down to the bulk band. For the S
atoms we found a mode withX polarization at 53 cm21. A
resonance mode havingY polarization is found at 55 cm21 in
the spectrum of the first layer, whereas a mode at this
quency is computed for theZ-polarized spectra of the secon
and third layers. The spectrum of the SC atoms also rev
a surface localized mode at 79 cm21 havingY andZ polar-
izations. The phonon spectra at theȲ point of the reciprocal
space have been measured in the HAS experiments1 not di-
rectly but using an extrapolation procedure. For a lo
frequency range Witteet al.1 found a Rayleigh mode a
44.461.6 cm21. Two modes at 61.363.2 cm21 and 84.7
62.4 cm21 were also observed near theȲ point. Therefore,
the calculated vibrational modes at 44.6 (Z polarized!, 55 (X
polarized!, and 79 (Y and Z polarized! cm21 can be com-
pared with the peaks found in the HAS spectra at 4
61.6, 61.363.2, and 84.762.4 cm21. Taking into account
that the experimental results for this point of the SBZ we
obtained using an extrapolation procedure and that the p
at 55 cm21 has no component inZ polarization and therefore
should be invisible in the HAS experiment, we can conclu
that the agreement with experiment is excellent.

Figure 8 presents the PLSDP calculated for theḠ point of
the SBZ. For this symmetry point the comparison of t
calculated spectra can be done not only with the experim
tal data by Witteet al.1 but also with theoretical results ob
tained from ab initio calculations by Weiet al.10 and by
using an EAM potential by Karaet al.3

The present MD calculations show a backfolded Rayle

er
g

FIG. 7. PLSDP for the Cu~211! surface at theȲ point in the
reciprocal space.
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mode at 90 cm21 lying in the ZY plane for first two layers
@see Figs. 8~a! and ~b!#. This result agrees with calculation
by Wei and co-workers, who predicted a Rayleigh mode
92.7 cm21, being even under reflection through the (011̄)
mirror plane (ZY plane!.10 Witte et al.1 measured a surfac
phonon mode at 87.961.6 cm21. Our calculated spectra
@Figs. 8~a! and 8~c!# display another peak at 74 cm21, a step
mode peak characteristic for the SC and CC atoms. T
peak is in qualitative agreement with a step mode that is
under reflection through the (011̄) mirror plane calculated a
91.1 cm21 by Wei et al.10 Therefore, we support the assig
ment of Wei et al.10 and found that this mode is mainl
polarized in the@01̄1# X direction. The difference in the
calculated positions of this mode comes from the electro
relaxation nearby the surface step. This effect is explic
included in theab initio calculations, but ignored in the ca
culations using the RSC potential. As for all mainlyX polar-
ized modes, this mode is a poor candidate for a study u
the HAS method. In summary, the low-frequency region

the PLSDP spectrum atḠ point is very well reproduced by
our calculations.

At the high-frequency edge of the calculated PLSDP

the Ḡ point there is a resonance mode withY andZ polariza-
tion appearing in the first four layers at 209 cm21. The mode
is located just below a peak of the bulk band at 211 cm21.
This feature is in a fair agreement with a peak at 210 cm21

observed in the HREELS experiment3 and with a mode at
200 cm21 computed in theab initio calculations.10 Similarly
to the X̄ point of the SBZ, we find here a mode above t
bulk band at a frequency of 244 cm21 with Z polarization
@see Figs. 8~d! and 8~e!. Such a peak has also been measu
in the HREELS experiment of Karaet al.3 at around 270

FIG. 8. PLSDP for the Cu~211! surface at theḠ point in the
reciprocal space.
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cm21. Thus, the present calculations support the results
Karaet al.3 that for step surfaces with~100! step facets there
exists a vibrational mode above the bulk band. This mo
was suggested to be due to a relaxation between first
fourth layer.3 As mentioned above this effect is not proper
taken into account by the RSC potential, which leads to co
puted lower frequency of the mode as compared to the o
methods.

IV. DISCUSSION AND CONCLUSION

The results presented in this paper show that MD simu
tions using an appropriate effective interatomic potential c
provide a reasonable description of the phonon spectra
stepped surfaces. In the present calculations we have
the RSC potential, which gives a phonon spectrum for
and vicinal surfaces in good agreement with the experime
and the other theoretical calculations. We have tested
potential for the flat Cu~100! and Cu~111! surfaces and found
excellent agreement for LSDPSa(n) and PLSDPS(n,k̄)
with the experimental spectra for Cu~100! and Cu~111!
~Refs. 33–36; Table III and Fig. 1!. Due to its numerical
simplicity the RSC potential is suitable for MD simulation
of the dynamics for quasiperiodic systems such as surfa
for which taking a large number of elementary cells in t
simulation means sampling many points in the recipro
space. Also, the RSC potential reproduces the MSD’s w
for the flat and stepped surfaces. The MD method permits
calculation of the influence of the temperature on obse
ables such as the phonon spectrum and MSD. The influe
of the anharmonicity on these observables have also b
discussed.

Results of the MD simulations show that for the stepp
Cu~211! surface the spectra parallel to the steps (X direction!
and perpendicular to the surface (Z direction! are similar to
those for the flat~100! surface. The spectrum in the directio
perpendicular to the step (Y direction! is similar to that of
the flat~111! surface. In the present study a detailed analy

has been carried out for the LSDP and the PLSDP at theḠ,

X̄, and Ȳ points of the surface Brillouin zone. At theḠ
reciprocal space point, the low-frequency region of the c
culated PLSDP is in a good agreement with the HAS exp
ments ~see Fig. 8!, namely, we reproduce the backfolde
Rayleigh mode at 90 cm21. Our calculations also reproduc
a localized step mode polarized along step edges appea
at 74 cm21 that cannot be seen in the HAS experiment.
the high region of the spectrum and for the fourth layer,
find a transversal mode with a frequency slightly above
cutoff frequency of the bulk spectrum. This result qualit
tively agrees with HREELS experimental and EAM theor
ical work of Karaet al.3 The RSC semiempirical potentia
neglects the electronic density redistribution at the Cu~211!
surface suggested by Karaet al.3 to be important for this
mode and therefore the agreement with their results is o
qualitative. As far as we know,ab initio calculations for the

Cu~211! phonon spectrum in theḠ point of the SBZ have
been performed only by Weiet al.10. The agreement of the
spectra computed in the present work with the results of W
2-9
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and co-workers10 is excellent except for the localized hor
zontal step mode calculated here at 74 cm21 and by Weiet
al. at 91.1 cm21. Again the discrepancy is probably due
the electronic relaxation at steps that is not properly ta
into account by the RSC potential.

To our knowledge, no calculations have been reported

the literature for the surface phonon spectra at theX̄ and Ȳ

points of the SBZ. For theX̄ and Ȳ points the spectra ob
tained here~see Figs. 6 and 7! are in fair agreement with the

data of the HAS1 and HREELS3 experiments. For theȲ
point we provide evidence of a shear horizontal mode at

cm21 polarized in theX direction. For theX̄ point we sug-
gested that degenerate Rayleigh and flat step modes obs
at 112.968 cm21 in HAS are not degenerate; the Rayleig
mode is calculated here at 112 cm21 and the flat step mode
at 122 cm21. In the high-frequency region the calculate

spectrum at theX̄ point of the SBZ is in excellent agreeme

with the HREELS data of Karaet al.3 As for Ḡ point, we
also provide evidence of the modes lying above the b
cutoff band due to surface relaxation.

Taking advantage of the MD method, we have follow
the influence of the temperature on the phonon spectrum~see
Fig. 4! and on the MSD’s~see Fig. 5! of atoms. The tem-
perature increase only slightly modifies the vibrational sp
tra by displacing to lower wave numbers and by broaden
of the peaks. Some intensity redistribution also occurs.
MSD’s reveal a roughly linear temperature dependence w
a larger slope perpendicular to rather than along the st
The difference between the harmonic approximation and
calculation including anharmonic effects becomes signific
at about 200 K or15 Tmelting @taking Tmelting51350 K for Cu
~Ref. 42!#. This difference is particularly important for atom
of the first surface layer. This temperature of 200 K is high
than that obtained from the expression given
Schommers41 for the flat Lennard-Jones surfaces.

The origin of the analytic form and parametrization of t
original SC and the present RSC semiempirical potent
comes from the TB model discussed by Finnis and Sincla28

in their original paper. Therefore, we suggest that a m
elaborate study based on a combination of TB electro
structure calculations and the molecular dynamics techn
could provide better insight into the system’s behavior. P
ticularly, such a combined method would take explicitly in
account the electronic relaxation in our system and will
produce high-energy edge dipole modes and a localized
mode at energies beyond the maximum bulk frequency. T
will improve the agreement between the calculated spect
and the results using the HREELS experiment of Karaet al.3

and theab initio calculations of Weiet al.10

The present RSC potential can also be used to study
adsorption at the stepped surface taking into account the
ergy exchange between adsorbate and surface. For exa
MD simulations predicted that that a migration of the C
molecule on a rigid Cu~211! surface begins at 175 K,43

whereas the scanning tunneling microscopy experime
showed a lower migration temperature.44,45It is expected that
the consideration of the microscopic energy exchange
20542
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tween the adsorbate and the surface via surface phonons
lower the migration temperature and considerably impro
the theoretical results. Other phenomena related to the
sorption and desorption processes will also be better ta
into account.
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APPENDIX: SEMIEMPIRICAL POTENTIAL RESCALED
FOR THE BULK PHONON SPECTRUM OF CU

In their original paper Sutton and Chen have fitted the fi
parameters of the potential, Eq.~5!, to the lattice constanta0
at 0 K and the three elastic constants in the bulk cubic so
Cu, namely,c11, c12, andc44.

42 However, the constraint o
integer m and n (n.m) and of the fixed cohesive energ
valueEcoh did not permit a perfect fit of the calculated valu
to the experimental data.

Using the original parameters of the SC potential we ha
tried to reproduce the vibrational spectrum for bulk Cu a
compared it with experimental46 and previous theoretica
results.13,14,27In our simulation of the bulk Cu we took 150
atoms and used a slab geometry with periodic condition
all three directions. For a quantitative comparison betwe
results of different calculations and the experiment we h
selected two peaks in the bulk phonon spectrum. The
peak corresponds to the projected longitudinal mode at
Brillouin zone boundary (nL) and the second one to the pro
jected transverse mode (nT). Comparison between the ex
perimental and SC frequencies in Table I shows that p
tions of peaks obtained with the original SC potential we
shifted downwards by 10–20 %.

To improve the agreement between the experiment
the simulations we multiplied the original parametere in the
SC potential by a factor 1.15 (enew51.15e). The resulting
potential, called below rescaled SC~RSC!, yields a power
spectrum in better agreement with experiment~see Table I!,
particularly fornL at the high-energy edge.

To verify that RSC gives reasonable results for other
servables, we recalculated the cohesive energyEcoh, the
elastic constants, and the elastic properties of the crystal.
energy and elastic constants are presented in the Table II
one sees that, compared to experiment, the cohesive en

TABLE IV. The experiment/calculation ratio for the elastic co
stants computed in the limit of large wavelengths using the R
potential. Digits in parentheses refer to the corresponding ratio
the original paper of Sutton and Chen~Ref. 27!. L and T denote
longitudinal and transversal polarizations, respectively.

Direction @n1 n2 n3# Cn1n2n3

L Cn1n2n3

T1 Cn1n2n3

T2

@100# 0.96 ~1.04! 1.30 ~1.42! 1.30 ~1.42!
@110# 1.03 ~1.12! 1.30 ~1.42! 1.18 ~1.28!
@111# 1.06 ~1.15! 1.25 ~1.36! 1.25 ~1.36!
2-10
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~not fixed anymore! rises by 10% and the elastic constan
keep reasonable values.

Second, to calculate the elastic properties of the cry
we assume it to be a homogeneous continuous med
rather than a periodic array of atoms. Such a continu
medium model is valid for elastic waves with waveleng
l}1026 cm ~frequencies below 8 cm21). In cubic solids~sc,
fcc, bcc! in this range of wavelengths, the dispersion relati
for elastic wave in the crystallographic direction@n1 n2 n3#
reads

pvn1n2n3

2 ~kW !5
1

r
Cn1n2n3

p k2, ~A1!

wherer is the density of the solid,k52p/l the wave vec-
20542
al
m
s

n

tor, Cn1n2n3

p a constant that depends on the crystallograp

direction @n1 n2 n3# and p the polarization of the elastic
wave. In fact, for a cubic solid the constantCn1n2n3

p is a

combination of the three elastic constantsc11, c12, andc44

displayed in Table II. Table IV presents the ratio between
experimental and calculatedCn1n2n3

p constants for different

directions and polarizations of the elastic wave in the
metal. On the average the results using the RSC potentia
in better agreement with the experiment than those obta
using the original SC potential. In conclusion, the RSC p
tential, optimized to reproduce the phonon spectrum of b
Cu, gives other observables in good agreement with exp
ment.
-
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