
PHYSICAL REVIEW B 15 FEBRUARY 2000-IIVOLUME 61, NUMBER 8
High-frequency phonon modes on stepped and kinked Cu surfaces: Experiments and theory
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Using electron energy loss spectroscopy, we have found step-localized vibrational modes with frequencies
higher than those of the bulk phonons on Cu~532! and Cu~211!. From structural and lattice dynamical calcu-
lations based on many-body interaction potentials, we trace the origin of these modes to local effects involving
surface relaxations and resulting stiffening of force constants between the step~or kink-site! atom and its
‘‘bulk’’ nearest neighbor. Such modes are not observed on Cu~511! and Cu~17,1,1!, although they are pre-
dicted in the theoretical calculations. We discuss the impact of these results on systems with bond-length–
bond-order correlation.
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Vicinals are surfaces for which the macroscopic orien
tion forms a small angle with respect to a low-index plan
Ideally, they are made up of terraces separated by regu
spaced steps of monatomic height. The lower coordina
and the reduced symmetry of atoms on vicinal surfaces
compared to those in the bulk solid and on flat surfaces, l
to characteristic variations in the surface electronic cha
densities which may in turn affect their reactivity and pr
pensity to harbor localized vibrational and electronic surfa
excitations. Early interest in vicinals was motivated by t
need to comprehend in a rather controlled manner the se
tivity of catalytic reactions1 to atoms in step and kink sites
Attention to vicinal surfaces has been renewed in rec
years, because of their technological importance
templates2 for the growth of well ordered, laterally patterne
nanostructures. For such technological purposes there is
the need to understand the stability of vicinal surfaces a
function of surface temperature.

The lower coordination of the step atoms compared
terrace atoms causes them to ‘‘relax’’ around their nea
neighbors. This means that in their minimum energy c
figuration the equilibrium positions of these atoms are d
placed from their bulk-terminated ones. Related to surf
relaxation is the anticipated smoothing of the charge de
ties at and near step edges and kink sites.3 It is this charac-
teristic that leads to structural, dynamical, and electro
changes at steps and kink sites and which is ultimately
lated to the nature of the bonding between atoms. The p
ence of the surface, the step, and the kink can be though
as perturbations of increasing complexity on an otherw
periodic system. On flat surfaces the reduction in tran
tional symmetry in the direction perpendicular to the surfa
leads to localized surface vibrational modes whose frequ
cies are found to be lower than that of the maximum b
phonon band. The frequencies and dispersion of these
face localized modes have been of particular interest as
serve as a measure of the changes in surface force cons
from values in the bulk.4 Recent experiments using the H
atom-surface scattering technique have also unveiled l
frequency, step-localized modes on vicinals of Cu~Ref. 5!
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and Ni.6 On the other hand, in early efforts to measu
phonons at metal surfaces Ibach and Bruchmann7 using elec-
tron energy loss spectroscopy~EELS! had found a mode on
Pt~775! whose frequency was higher than that of the bu
phonon spectrum.

The presence of the high-frequency mode on Pt~775! was
confirmed in tight-binding model calculations by Allan8

who related it to the stiffening of the force constants of t
step atom resulting from the contraction in the top interla
distances. Recent studies on a number of Au, Cu, and
vicinal surfaces with different step-face and terrace orien
tions using empirical many-body potentials9 also predict
high-frequency modes that lie above the bulk band. As in
earlier work of Jianget al.,10 the complex relaxation pattern
near the step atoms found in Ref. 11 show a marked cont
tion in the bond length between the step atom and its imm
diate neighbors in the bulk. A general picture thus emer
for systems in which there is a bond-length–bond-order c
relation: high-frequency modes appear above the bulk b
as a consequence of the relaxation at and near l
coordinated atoms. In this paper, we show how this gen
picture is challenged by EELS measurements in which hi
frequency modes have been observed on Cu~211! and
Cu~532!, but not on Cu~511! and Cu~17,1,1!.

In this paper the vibrational modes of two classes
stepped Cu surfaces have been investigated by EELS.
choice of these vicinals is partly motivated by the fact th
their terraces are nonreconstructed and hence this partic
source of interaction between steps~‘‘magic vicinals’’11! is
suppressed, and partly because available theoretical cal
tions of their energetics and dynamics9–13 have the possibil-
ity of providing a linkage between surface relaxation
changes in surface interatomic force constants, and the
served EELS data on surface phonon frequencies. Since
traction of structural quantities from experimental data
never an easy task, any quantitative information that EE
may be able to provide on the subject would be welcome.
the same time, it is heartening that techniques like lo
energy electron diffraction~LEED! which measure relax-
ations directly are now being applied to examine vicinal s
5714 ©2000 The American Physical Society
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faces. Recent LEED measurements by Seylleret al.14 on
Cu~211! find a relaxation pattern in agreement with our c
culations. Very recent relaxation data on Cu~511! using x-ray
scattering15 appear to be not in complete agreement w
previous results,9 making the subject of this paper all th
more interesting. Conclusions from the present analysis
EELS data can thus complement~or raise further question
about! the structural information from LEED and x-ray sca
tering and lead to a broader understanding of the relation
between surface structure and dynamics.

On surfaces whose step structure is a~001! microfacet,
our EELS measurements have helped identify a vibratio
mode propagating along the steps with frequency well ab
the maximum of the surface-projected bulk phonon c
tinuum. We associate the presence of these confined h
frequency phonons with a significant relaxation of the s
atoms on surfaces with this type of microfacet. Interesting
modes with frequencies above the bulk band are not dete
in these EELS measurements, on a Cu vicinal whose
structure is a~111! microfacet. In the accompanying lattic
dynamical analysis using an embedded atom method~EAM!
type interaction potential, such high-frequency surface p
non modes are predicted for all four vicinal surfaces exa
ined here. These are found to be localized step excitat
resulting from an inward relaxation of atoms at and in t
vicinity of steps, and possess complex displacement patte
whose amplitudes are maximum in the second layer and
cay into the bulk.

FIG. 1. Typical electron energy loss spectra recorded in imp
scattering geometry.
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In the actual measurements the energy resolution is se
6–10 meV in the specularly reflected electron beam. T
incident energy is between 60 eV and 200 eV in imp
scattering geometry, while in the dipole scattering mode
incident energy has been set to below 10 eV. Energy tran
spectra have been recorded within about 20 min at a b
pressure of 10210 Torr with the samples held at room tem
perature. The Cu single crystals have been prepared u
established methods,16 and their orientation has been co
trolled with LEED. The four vicinal surfaces examined he
have different local surface geometries. Terraces on Cu~211!
are ~111! oriented and separated by steps of monatom
height with a ~001! microfacet. The steps on Cu~532! are
similar to those on Cu~211! except for an additional regularly
spaced kink. Cu~17,1,1! and ~511! belong to a class of vici-
nals whose terraces are~001! oriented and separated by~111!
microfaceted steps. In Figs. 1~a!–~d! we show examples o
energy loss spectra recorded in the impact scattering m
for the four surfaces under investigation. These spectra
representative of those with primary incident electron en
gies between 50 eV and 200 eV, except for the~211! surface
for which a strong variation of the cross section with incide
electron energy of selected phonon modes has been
served, as shown in Fig. 2.

For the purpose of this paper, the most striking obser
tion is the presence of a dipole-active mode~Fig. 3! on
Cu~211! and Cu~532! with frequency larger than the max
mum energy of the surface-projected bulk phonon c
tinuum. The intensity of these modes, as a function of an
scales with the intensity of the elastically scattered electro
indicating their dipole-active character. Energy loss spec
taken in the dipole scattering regime show~Fig. 3! that such
modes could not be detected in our experiments for Cu~511!
and Cu~17,1,1!. Due to the lack of intensity in the impac
scattering region~see Fig. 1! it is difficult to comment on the
presence of modes above 30 meV. Our experimental find

ct

FIG. 2. Variation of the cross section with primary electro
energy for inelastic scattering on Cu~211!.
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5716 PRB 61ABDELKADER KARA et al.
for all surfaces of interest in this paper are summarized
Fig. 4. The low-frequency surface phonons propagating p
allel to the average step direction of these vicinals are fo
to be related to those observed on the corresponding
Miller indices ~flat! surfaces. Perpendicular to the avera
step direction we observe in some cases the Rayleigh m
‘‘backfolded’’ into the reduced Brillouin zone, as impose
by the additional periodicity of the step lattice.

To calculate surface structural quantities and dynamic
Cu vicinals, we use EAM,17 which despite being empirica
has had success in predicting several surface properties
relaxations, reconstructions, and the dispersion of the sur
phonons for Ag, Cu, and Ni.17–19 We have used here th
parametrization by Voter and Chen20 in which experimental

FIG. 3. Electron energy loss spectra in dipole scattering ge
etry on Cu~1,1,17!, Cu~115!, Cu~112!, and Cu~532!. The incident
electron energy is 4.1 eV and the incident and scattering angle
64°.
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values of the bond length and binding energy of the diatom
molecule are also included in the fitting of the potential fun
tions, in addition to several bulk properties. For each sys
of interest we begin with all atoms in their bulk-terminate
positions arranged in layers in the form of a slab, and all
them to relax to their minimum energy configuration, using
conjugate gradient, energy-minimization algorithm. Surfa
relaxations and other structural quantities of interest are t
obtained. Next, with the atoms in the equilibrium configur
tion, the force constant matrix needed to calculate the vib
tional dynamics of the system is extracted from the par
second derivatives of the EAM potentials. The secular eq
tion with the dynamical matrix is then diagonalized in
straightforward manner to obtain the phonon frequencies
displacement patterns from the eigenvalues and eigenve
of the diagonalized matrix. To obtain smooth spectral den
ties, the number of layers varies from 210 for Cu~211! to 620
for Cu~532!.

Previous studies13 have already shown that vicinal su
faces undergo large and oscillatory multilayer relaxatio
that persist for several layers. As examples, we show in F
5 the relaxation patterns of Cu~211! and Cu~511!. There is a
striking similarity in the two curves which can be traced
the the local atomic environment on the two surfaces si
~211! has a~111! terrace and a~001! step microfacet, while
the ~511! has the reverse arrangement. In the case
Cu~211!, relaxations have also been calculated from fir
principles electronic structure calculations21 and are in good
agreement with our results.

Related to surface multilayer relaxations are the chan
in bond lengths between the step atoms and their nea
neighbors. For the cases of Cu~211!, Cu~511!, and
Cu~17,1,1!, the step chain~SC! has a neighboring chain o
the same terrace~TC!, another one on the next terrace~CC!,

-

re
FIG. 4. Compilation of experimental results in various high-symmetry directions.
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and one just below it~BNN! ~see Fig. 6!.22 The most striking
feature is the shortening of the bond between SC and B
atoms. The step atoms try to enhance their effective coo
nation by moving closer to their bulk nearest neighbor.
Table I, we find that the shrinkage in bond length betwe
SC and BNN atoms is accompanied by a stiffening of
force constant between these two atoms in the direction
pendicular to the macroscopic surface. For Cu~211! this stiff-
ening is 38.3%, for Cu~511! it is 33.3%, for Cu~17,1,1! it is
63.5%, and for the kinked surface Cu~532! it is 82.2%. En-
hancement of this particular force constant is only one of
consequences of surface relaxations at and near the s
Several other force constants are also affected. Some s
and some stiffen.9

Calculated phonon spectral densities at high-symm
points in the surface Brillouin zone for all surfaces stud
here show the presence of modes above the bulk ban
each case. To compare the specific contributions of the s
BNN, and bulk atoms, we plot in Fig. 7 their projected v
brational density of states, at theG point, for Cu~211! and
Cu~511!. There is a striking similarity in the vibrational cha
acteristics of the two surfaces, particularly near the top of
phonon bands. The projected density of states of the
atoms on Cu~211! shows the backfolded Rayleigh mode
an energy of 9.8 meV, in good agreement with He scatte
measurements of 10.9 meV,5 while ab initio calculations find
a value of 11.5 meV.21 At higher energies, there is anoth
step mode with high amplitude at 25.9 meV similar to o
found at 24.7 meV, in theab initio calculations of Weiet
al.21 A similar list of modes and their frequencies can
extracted from Fig. 7~b! for Cu~511!. Note that the highest
frequency modes in Figs. 7~a! and 7~b! lie above the top of

FIG. 6. Side view of a fcc vicinal surface.

FIG. 5. Multilayer relaxation pattern for Cu~511! and Cu~211!.
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the bulk band, and present a large amplitude for the B
atom on both Cu~211! and Cu~511!. The quantity of interest
in this paper, the upward shift of the surface modes above
top of the bulk band, for the four surfaces of interest, is lis
in Table I.

As apparent in Fig. 7, calculations show two ste
localized, high-frequency modes, one of which has f
quency above the bulk band, while the other is a resona
mode with frequency just below the top of the bulk ban
The frequencies associated with these modes are 31.4
32.5 meV for Cu~211!, 31.3 and 32.5 meV for Cu~511!, and
31.1 and 33.0 meV for Cu~17,1,1!. For Cu~532!, the mode
above the bulk band at 33.8 meV has a much larger am
tude than the one just below the bulk band at 30.9 m
Analysis of the eigenvectors associated with these mo
shows that the maximum amplitude of the displacemen
associated with the BNN atoms, which together with the s
atoms vibrate predominantly normal to the macroscopic s
face plane, with the adjacent terrace and corner atoms m
ing mainly in the surface plane and perpendicular to the s
forming a breathing-type mode. The complex and mixed
larization associated with these modes may explain why

TABLE I. Calculated percentage changes (Dr ) in bond length,
its vertical component (Dz), force constant (Dkzz) between the step
atom and its bulk nearest neighbor~BNN!, for the four surfaces.
Here Dn is the shift in the frequency of the step-localized mo
above the maximum bulk mode.

Surface Dr ~%! Dz ~%! Dkzz~%! Dn ~meV!

Cu~211! 22.1 22.7 38.3 11.0
Cu~511! 22.2 22.9 33.3 11.0
Cu~17,1,1! 22.4 22.7 63.5 11.8
Cu~532! 23.5 23.9 82.2 12.8

FIG. 7. Projected vibrational density of states, atG, for step
~dashed!, BNN ~dot-dashed!, and bulk ~solid line! atoms on~a!
Cu~211! and ~b! Cu~511!.
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5718 PRB 61ABDELKADER KARA et al.
cross section for these modes was small in the EELS exp
ments on Cu~17,1,1! and Cu~511!.

In summary, we have presented here arguments abou
existence and origin of modes above the bulk band on s
eral vicinals of Cu. This joint experimental and theoretic
effort has raised some issues. The lattice dynamical calc
tions show that the high-frequency modes~above the bulk
phonon band! and resonance modes just below the bulk ed
are a natural feature of vicinal surfaces of metals like Cu t
have a bond-length–bond-order correlation, and should
present regardless of whether the step microfacet is~001! or
~111!. Our EELS measurements, however, do not rev
modes above the bulk band for Cu~17,1,1! and Cu~511!. We,
therefore, have two possible scenarios: the modes in que
exist but could not be detected in the present EELS meas
ments, or they do not exist and are merely artifacts of
interaction potential used in this work. It would thus be ve
useful to carry out calculations of the relaxations and fo
constant changes using more accurate techniques, likeab
initio electronic structure calculations. The excellent agr
c
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ment between the structural and dynamical calculations
Cu~211! using EAM andab initio methods, as discusse
above, leads us to believe that the EAM potentials prov
results very similar to those extracted fromab initio meth-
ods. However, similar comparisons may not hold for oth
surfaces considered here. It may also be that any mo
based on coordination and the bond-length–bond-order
relation is problematic when addressing subtleties in pho
spectra.
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