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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(&83p) and Cy211). 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 théostemk-site atom and its
“bulk” nearest neighbor. Such modes are not observed ofbCl) and Cy17,1,1, although they are pre-
dicted in the theoretical calculations. We discuss the impact of these results on systems with bond-length—
bond-order correlation.

Vicinals are surfaces for which the macroscopic orientaand Ni® On the other hand, in early efforts to measure
tion forms a small angle with respect to a low-index plane.phonons at metal surfaces Ibach and Bruchrmasing elec-
Ideally, they are made up of terraces separated by regulartyon energy loss spectroscofgELS) had found a mode on
spaced steps of monatomic height. The lower coordinatioPt(775 whose frequency was higher than that of the bulk
and the reduced symmetry of atoms on vicinal surfaces, aghonon spectrum.
compared to those in the bulk solid and on flat surfaces, lead The presence of the high-frequency mode o P was
to characteristic variations in the surface electronic chargeonfirmed in tight-binding model calculations by Allin,
densities which may in turn affect their reactivity and pro-who related it to the stiffening of the force constants of the
pensity to harbor localized vibrational and electronic surfacestep atom resulting from the contraction in the top interlayer
excitations. Early interest in vicinals was motivated by thedistances. Recent studies on a number of Au, Cu, and Ni
need to comprehend in a rather controlled manner the sensticinal surfaces with different step-face and terrace orienta-
tivity of catalytic reaction5to atoms in step and kink sites. tions using empirical many-body potentialalso predict
Attention to vicinal surfaces has been renewed in recenhigh-frequency modes that lie above the bulk band. As in the
years, because of their technological importance asarlier work of Jianget al,'® the complex relaxation patterns
template$ for the growth of well ordered, laterally patterned near the step atoms found in Ref. 11 show a marked contrac-
nanostructures. For such technological purposes there is alson in the bond length between the step atom and its imme-
the need to understand the stability of vicinal surfaces as diate neighbors in the bulk. A general picture thus emerges
function of surface temperature. for systems in which there is a bond-length—bond-order cor-

The lower coordination of the step atoms compared taelation: high-frequency modes appear above the bulk band
terrace atoms causes them to “relax” around their nearesais a consequence of the relaxation at and near low-
neighbors. This means that in their minimum energy con-<coordinated atoms. In this paper, we show how this general
figuration the equilibrium positions of these atoms are dispicture is challenged by EELS measurements in which high-
placed from their bulk-terminated ones. Related to surfacérequency modes have been observed on2C1) and
relaxation is the anticipated smoothing of the charge densi€u(532), but not on C(511) and Cy{17,1,).
ties at and near step edges and kink sitiss this charac- In this paper the vibrational modes of two classes of
teristic that leads to structural, dynamical, and electronicstepped Cu surfaces have been investigated by EELS. The
changes at steps and kink sites and which is ultimately reehoice of these vicinals is partly motivated by the fact that
lated to the nature of the bonding between atoms. The pregheir terraces are nonreconstructed and hence this particular
ence of the surface, the step, and the kink can be thought aburce of interaction between stefysnagic vicinals”!?) is
as perturbations of increasing complexity on an otherwisesuppressed, and partly because available theoretical calcula-
periodic system. On flat surfaces the reduction in translations of their energetics and dynanics’ have the possibil-
tional symmetry in the direction perpendicular to the surfacdty of providing a linkage between surface relaxations,
leads to localized surface vibrational modes whose frequerchanges in surface interatomic force constants, and the ob-
cies are found to be lower than that of the maximum bulkserved EELS data on surface phonon frequencies. Since ex-
phonon band. The frequencies and dispersion of these sutraction of structural quantities from experimental data is
face localized modes have been of particular interest as thayever an easy task, any quantitative information that EELS
serve as a measure of the changes in surface force constanay be able to provide on the subject would be welcome. At
from values in the bulk. Recent experiments using the He the same time, it is heartening that techniques like low-
atom-surface scattering technique have also unveiled lowenergy electron diffractiofLEED) which measure relax-
frequency, step-localized modes on vicinals of Ref. 5 ations directly are now being applied to examine vicinal sur-

0163-1829/2000/68)/57145)/$15.00 PRB 61 5714 ©2000 The American Physical Society



PRB 61 HIGH-FREQUENCY PHONON MODES ON STEPPED AND. .. 5715

a)Cu (1117) b BICu(B1T) Cu211) ;
Ei=63 eV Ei=63 eV :.3
—| ™ i r near X
2| o=t18at Q=125A1 8 9
S| spr 9765.3°
o -
8
2z
‘B
S : —
2 g 7
KR
g =
‘®
[
@
5]
£
20 20 0 20 40 <40 =20 0 20 40
Energy loss [meV] Energy loss [meV] |
c)Cu(211) d) Cu (532)
E=150 eV E=150 eV
! i 12.9
(L] [-17 -8}
—_ Q=1.23 At 13'8 Q=113 A1 45
2 9=66.6° 8=43.5° a
c o 1 1 1 1 : 1 s 1 I
2 87! 60 -40 20 0 20 40 60
S
> Energy loss [meV]
B
= L . . .
2 FIG. 2. Variation of the cross section with primary electron
- energy for inelastic scattering on 11).
.
In the actual measurements the energy resolution is set to
6-10 meV in the specularly reflected electron beam. The
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Energy loss [meV] Energy loss [meV] scattering geometry, while in the dipole scattering mode the
o incident energy has been set to below 10 eV. Energy transfer
FIG: 1. Typical electron energy loss spectra recorded in 'mpactspectra have been recorded within about 20 min at a base
scattering geometry. pressure of 10'° Torr with the samples held at room tem-
perature. The Cu single crystals have been prepared using
faces. Recent LEED measurements by Seydieal!® on  established method§,and their orientation has been con-
Cu(21)) find a relaxation pattern in agreement with our cal-trolled with LEED. The four vicinal surfaces examined here
culations. Very recent relaxation data on(&1d) using x-ray  have different local surface geometries. Terraces o2 Cl)
scattering® appear to be not in complete agreement withare (111) oriented and separated by steps of monatomic
previous result§, making the subject of this paper all the height with a(001) microfacet. The steps on (882 are
more interesting. Conclusions from the present analysis ofimilar to those on Q211) except for an additional regularly
EELS data can thus complemefair raise further questions spaced kink. C{17,1,7 and(511) belong to a class of vici-
abou} the structural information from LEED and x-ray scat- nals whose terraces ai@01) oriented and separated k1)
tering and lead to a broader understanding of the relationshimicrofaceted steps. In Figs(al—(d) we show examples of
between surface structure and dynamics. energy loss spectra recorded in the impact scattering mode
On surfaces whose step structure i$081) microfacet, for the four surfaces under investigation. These spectra are
our EELS measurements have helped identify a vibrationalepresentative of those with primary incident electron ener-
mode propagating along the steps with frequency well abovgies between 50 eV and 200 eV, except for Bkl surface
the maximum of the surface-projected bulk phonon confor which a strong variation of the cross section with incident
tinuum. We associate the presence of these confined higlelectron energy of selected phonon modes has been ob-
frequency phonons with a significant relaxation of the stegserved, as shown in Fig. 2.
atoms on surfaces with this type of microfacet. Interestingly, For the purpose of this paper, the most striking observa-
modes with frequencies above the bulk band are not detecteaibn is the presence of a dipole-active mofig. 3) on
in these EELS measurements, on a Cu vicinal whose ste@u(211) and Cy532 with frequency larger than the maxi-
structure is a111) microfacet. In the accompanying lattice mum energy of the surface-projected bulk phonon con-
dynamical analysis using an embedded atom metB#dM)  tinuum. The intensity of these modes, as a function of angle,
type interaction potential, such high-frequency surface phoscales with the intensity of the elastically scattered electrons,
non modes are predicted for all four vicinal surfaces examindicating their dipole-active character. Energy loss spectra
ined here. These are found to be localized step excitationgken in the dipole scattering regime shéwig. 3) that such
resulting from an inward relaxation of atoms at and in themodes could not be detected in our experiments fai5C1)
vicinity of steps, and possess complex displacement patternand Cy¢17,1,). Due to the lack of intensity in the impact
whose amplitudes are maximum in the second layer and decattering regiorisee Fig. 1it is difficult to comment on the
cay into the bulk. presence of modes above 30 meV. Our experimental findings
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- ; " . values of the bond length and binding energy of the diatomic
| Comparison: a) Cu(1 1 17), b) Cu (1 15),c) Cu(l 1 2), d) Cu(5 32)

12| normalizedto | ] molecule are also included in the fitting of the potential func-
' tions, in addition to several bulk properties. For each system
10 . of interest we begin with all atoms in their bulk-terminated

positions arranged in layers in the form of a slab, and allow

them to relax to their minimum energy configuration, using a

=osl . conjugate gradient, energy-minimization algorithm. Surface
I relaxations and other structural quantities of interest are then

04T d i obtained. Next, with the atoms in the equilibrium configura-
oz b L N c 4 tion, the force constant matrix needed to calculate the vibra-
M b 1 tional dynamics of the system is extracted from the partial
oor . . IMWI""*““”I”"“””I““”““I a second derivatives of the EAM potentials. The secular equa-
0 25 50 75 100 tion with the dynamical matrix is then diagonalized in a
Energy loss [meV] straightforward manner to obtain the phonon frequencies and

o _ displacement patterns from the eigenvalues and eigenvectors
FIG. 3. Electron energy loss spectra in dipole scattering geomof the diagonalized matrix. To obtain smooth spectral densi-

etry on Cy1,1,17, Cu119, Culld), and Cu532. The incident  ties the number of layers varies from 210 for(€1d) to 620
electron energy is 4.1 eV and the incident and scattering angles ae, Cu(532.

64°. Previous studiés have already shown that vicinal sur-
faces undergo large and oscillatory multilayer relaxations
for all surfaces of interest in this paper are summarized irthat persist for several layers. As examples, we show in Fig.
Fig. 4. The low-frequency surface phonons propagating pars the relaxation patterns of Q211) and C¢511). There is a
allel to the average step direction of these vicinals are foundtriking similarity in the two curves which can be traced to
to be related to those observed on the corresponding lowhe the local atomic environment on the two surfaces since
Miller indices (flat) surfaces. Perpendicular to the average(211) has a(111) terrace and #001) step microfacet, while
step direction we observe in some cases the Rayleigh modhe (511) has the reverse arrangement. In the case of
“backfolded” into the reduced Brillouin zone, as imposed Cu(211), relaxations have also been calculated from first-

by the additional periodicity of the step lattice. principles electronic structure calculatiéhand are in good
To calculate surface structural quantities and dynamics oAgreement with our results.
Cu vicinals, we use EAM! which despite being empirical Related to surface multilayer relaxations are the changes

has had success in predicting several surface properties like bond lengths between the step atoms and their nearest
relaxations, reconstructions, and the dispersion of the surfaaeeighbors. For the cases of @41, Cu51l), and
phonons for Ag, Cu, and Ni’*"'° We have used here the Cu(17,1,), the step chaifSC) has a neighboring chain on
parametrization by Voter and CH&rin which experimental the same terrac@ C), another one on the next terra@eC),
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FIG. 4. Compilation of experimental results in various high-symmetry directions.
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TABLE I. Calculated percentage changesrf in bond length,

10} , — EAM-Cu(211) | its vertical componentAz), force constant4k,,) between the step

--— EAM-Cu(511) atom and its bulk nearest neighb@NN), for the four surfaces.
Here Av is the shift in the frequency of the step-localized mode
above the maximum bulk mode.

S0
~ Surface Ar (%) Az (%) Ak, (%) Av (meV)
+
T 51 Cu(211) -21 —2.7 38.3 +1.0
Cu(511) —2.2 -29 33.3 +1.0
10l Cu(17,1,1 —-2.4 —2.7 63.5 +1.8
Cu(532 —-3.5 -3.9 82.2 +2.8

0 2 4 6 8 10 12 14 16 18
1(layer number) the bulk band, and present a large amplitude for the BNN
atom on both C(211) and Cy511). The quantity of interest
in this paper, the upward shift of the surface modes above the
top of the bulk band, for the four surfaces of interest, is listed
and one just below itBBNN) (see Fig. 6.2 The most striking  in Table |.
feature is the Shortening of the bond between SC and BNN As apparent in F|g 7, calculations show two Step-
atoms. The step atoms try to enhance their effective coordincalized, high-frequency modes, one of which has fre-
nation by moving closer to their bulk nearest neighbor. Inquency above the bulk band, while the other is a resonance
Table I, we find that the shrinkage in bond length betweemode with frequency just below the top of the bulk band.
SC and BNN atoms is accompanied by a stiffening of theThe frequencies associated with these modes are 31.4 and
force constant between these two atoms in the direction pes2 5 meV for C211), 31.3 and 32.5 meV for G&11), and
pendicular to the macroscopic surface. Fo(Z) this stiff-  31.1 and 33.0 meV for Ga7,1,9. For CU532, the mode
ening is 38.3%, for C(b11) it is 33.3%, for C17,1,D itis  apove the bulk band at 33.8 meV has a much larger ampli-
63.5%, and for the kinked surface G82) it is 82.2%. En-  tyde than the one just below the bulk band at 30.9 meV.
hancement of this particular force constant is only one of thennalysis of the eigenvectors associated with these modes
consequences of surface relaxations at and near the stegmows that the maximum amplitude of the displacement is
Several other force constants are also affected. Some soft@gsociated with the BNN atoms, which together with the step
and some stiffes. atoms vibrate predominantly normal to the macroscopic sur-
Calculated phonon spectral densities at high-symmetryace plane, with the adjacent terrace and corner atoms mov-
points in the surface Brillouin zone for all surfaces StUdieding main]y in the surface p|ane and perpendicu|ar to the step,
here show the presence of modes above the bulk band i@rming a breathing_type mode. The Comp|ex and mixed po-
each case. To compare the specific contributions of the stepyrization associated with these modes may explain why the
BNN, and bulk atoms, we plot in Fig. 7 their projected vi-
brational density of states, at thé point, for Cu 211 and 3
Cu(511). There is a striking similarity in the vibrational char- e Step
acteristics of the two surfaces, particularly near the top of the —- BNN @
phonon bands. The projected density of states of the step
atoms on C(211) shows the backfolded Rayleigh mode at
an energy of 9.8 meV, in good agreement with He scattering
measurements of 10.9 meWyhile ab initio calculations find
a value of 11.5 meV! At higher energies, there is another
step mode with high amplitude at 25.9 meV similar to one
found at 24.7 meV, in thab initio calculations of Weiet
al.?! A similar list of modes and their frequencies can be
extracted from Fig. (b) for Cu(511). Note that the highest-
frequency modes in Figs(d and 7b) lie above the top of

FIG. 5. Multilayer relaxation pattern for €ol1) and Cy211).
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cross section for these modes was small in the EELS experiment between the structural and dynamical calculations on
ments on C(l7,1,) and Cy511). Cu(211) using EAM andab initio methods, as discussed
In summary, we have presented here arguments about tiéove, leads us to believe that the EAM potentials provide
existence and origin of modes above the bulk band on sevesults very similar to those extracted fraab initio meth-
eral vicinals of Cu. This joint experimental and theoretical0ds. However, similar comparisons may not hold for other
effort has raised some issues. The lattice dynamical calculgurfaces considered here. It may also be that any model
tions show that the high-frequency mod@bove the bulk base_d on coordlnathn and the bond_—length—bqnd-_order cor-
phonon bandand resonance modes just below the bulk edgé:elatlon is problematic when addressing subtleties in phonon
are a natural feature of vicinal surfaces of metals like Cu thatP€ctra.
have a bond-length—bond-order correlation, and should be We thank G. Witte for many stimulating discussions and
present regardless of whether the step microfacé04) or  for his contributions to the early stages of this project; J.
(111). Our EELS measurements, however, do not reveaBraun for providing the C{211) and Cy532 samples; and
modes above the bulk band for @#,1,1) and C511). We, P. Lavie, F. Merlet, and J. Shult for technical assistance. The
therefore, have two possible scenarios: the modes in questiamork of R.B. was supported in part by the EC-HCM pro-
exist but could not be detected in the present EELS measurgram. Computational resources were provided by the Con-
ments, or they do not exist and are merely artifacts of thevex Exemplar system funded partially by NSF Grant No.
interaction potential used in this work. It would thus be veryCDA-9724289. The work of T.S.R., P.S., and A.K. was sup-
useful to carry out calculations of the relaxations and forceported in part by the Basic Energy Sciences Division of the
constant changes using more accurate techniques,alike U.S. Department of Energy(Grant No. DE-FGO03-
initio electronic structure calculations. The excellent agree97ER45650(.
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