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Avoided crossing of vibrational modes in Ag(110) observed by He time-of-flight measurements
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The phonon spectrum of the Ag(110) surface along the {110 direction is studied by He inelas-
tic scattering with time-of-flight detection. The Rayleigh mode and two surface vibrational reso-
nances are described up to the surface Brillouin-zone boundary. The dispersion curves of the res-
onances show the avoided crossing behavior predicted but never observed for the (110) surfaces of
fcc metals. Surface lattice-dynamics calculations using a simple central nearest-neighbor force-

constant model are performed and found to be in close agreement with the experiment.

The study of surface vibrations is a fundamental step in
understanding many processes of large interest in pure
and applied physics such as adsorption-desorption of
gases, gas-surface energy accommodation, surface recon-
struction, and phase transitions.! This has led to a rapid
growth in the experimental studies of surface vibrations
for a wide class of single crystals?3 and for a few adsorbed
1ayers.4'6 Metal surfaces, in particular, were recently in-
vestigated with high-resolution apparatuses by inelastic
He scatteringm and electron energy loss spectroscopy
(EELS).*® These studies yield extensive data for several
(111) and (100) surfaces of fcc metals. More open metal
surfaces received up to now limited attention: Cu(110)
was studied along the (100) direction by inelastic He
scattering'® while Cu(110) and Ni(110) were explored by
EELS measurements'!»!? at the T point.

In this paper high-resolution measurements by He
time-of-flight (TOF) scattering for the Ag(110) surface
along {110), yielding the dispersion curves for the surface
vibrational modes, are reported. A short description of
the apparatus is reported in Ref. 13. The measurements
are performed with beam energies £, =17.6 and 19.0
meV, velocity spread Av/v=1% full width half max-
imum, angles of incidence 6; ranging from 33° to 77° and
scattering angles 6y =110.3° —6;. The surface, cleaned
by ion bombardment, annealing, and oxygen exposure, '
is held at room temperature during the measurements.
The (110) crystal direction (x axis) and the surface nor-
mal (z axis) are set in the scattering (sagittal) plane by
maximizing the specular and diffracted He intensities.
The low corrugation of the surface electron density along
(110) makes the elastic diffraction peaks quite small, a
few parts in 10* of the specular peak. This, in turn, is only
1% of the direct beam due to strong out-of-plane scatter-
ing and to thermal attenuation. As a consequence, TOF
spectra with quite low counting rates are measured and
surface phonon creation-annihilation processes with paral-
le]l momentum exchange mostly limited to the first surface
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Brillouin zone (SBZ) are detected. As shown in Fig. 1,
phonon annihilation processes are observed in the TOF
spectra measured for 6; > 6y (lower panel) while phonon
creation is detected for 6; < 6, (upper panel). The Ray-
leigh mode S; and two other singularities in the surface
phonon spectrum indicated by MS, and MS; are resolved.
The analysis of the whole set of about one hundred TOF
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FIG. 1. He TOF spectra taken along the (110) direction of
the Ag(110) surface with beam energy £, =17.6 meV and sur-
face temperature 75 =300 K. Positive time delays correspond to
phonon creation. E and S, label the elastic incoherent peak and
the Rayleigh mode, respectively, while MSo and MS; refer to
the surface resonances discussed in the text. The angle of in-
cidence is given in the upper right corner of each plot.
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spectra yields the description of the surface phonon spec-
trum presented in Fig. 2. Q and Aw are the parallel
momentum and the energy of the surface phonons, respec-
tively. The Rayleigh mode S, is observed with a group ve-
locity vg in quite good agreement with the predictions of
the continuum elastic theory (dashed line).!> No substan-
tial decrease of v, is observed up to the SBZ boundary.
The effectiveness of the surface modes in transferring en-
ergy to the He atoms may be evaluated with the help of
Fig. 3, where a few momentum loss spectra obtained from
the TOF spectra are reported. It is seen that MS; yields
counting rates decreasing with increasing Q and that MS,
is highly effective for Q = 0.4n/b where it dominates even
with respect to the Rayleigh mode.

As shown in Table I, the energy f w7 of the mode MS;
at the I point, with respect to the energy hw; of the lon-
gitudinal bulk mode at X, !% scales in the way observed for
Cu and Ni by Stroscio, and co-workers. !'"'2 Furthermore,
the dispersion curves for the MSy and MS; modes present
features very similar to those predicted for Ni(110) by
Persson, Stroscio, and Ho.!” These authors perform lat-
tice dynamics calculations by using a simple model ac-
counting only for central forces between nearest-neighbor
atoms. For the Ag(110) case, similar calculations using a
value suggested by Black, Shanes, and Wallis'® for this
single force constant lead to the dispersion curves shown
in Fig. 2 (full lines). The calculations show that the two
modes MSy and MS; originate from the avoided crossing
of surface vibrational modes belonging to the same sym-
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FIG. 2. Energy Aw vs parallel momentum Q for the surface
phonons detected for Ag(110) along (110). The surface Bril-
louin zone boundary corresponds to Qb/n=1 where b=2.89 A
is the nearest-neighbor distance. The dashed line shows the be-
havior of the Rayleigh mode as predicted by the continuum elas-
tic theory (see Ref. 15). The full lines refer to the present
lattice-dynamics calculations for the unrelaxed surface.
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FIG. 3. Momentum loss spectra obtained from the TOF spec-
tra detected at the angles of incidence given in the upper left
corners of each plot. The peak labels, the beam energy, and the
surface temperature are the same as in Fig. 1. Q* is the phonon
momentum in the extended zone.

metry class at the surface. One of these modes is split off
from a bulk sub-band and the other one is a pseudo-
band-gap resonance mode. As a consequence of the
avoided crossing, MSo and MS; present an interchange of
polarization moving from I" to X. The lower branch, MSg
is polarized in the x direction close to I" and to X, while it
becomes z polarized in the region of the avoided crossing.
As the He atoms are coupled to the phonon spectrum
mainly via the z-projected vibrational amplitudes of the
surface atoms,! the above predictions are in complete
agreement with the experiment. In fact MSy eludes ob-
servation for Q < 0.25n/b, yields quite low counting rates
for Q > 0.75x/b, and relatively high counting rates for
Q = 0.4n/b. The experimental results shown in Fig. 3 also
confirm that the upper branch MS; is z polarized at the "
point and x polarized at the crossing.

In spite of our simple model for the lattice dynamics of
Ag a rather surprising overall good agreement between
the calculated and measured dispersion curves is obtained.

TABLE 1. Energies of the bulk longitudinal modes at
X(hwr) and of the surface resonances MS; at I'(Aw7) mea-
sured in a few metals.

Ag(110) Cu(110) Ni(110)
hoy (meV) 13.72 21.0* 26.3°
hw7 (meV) 12.9° 20¢ 24¢

2Reference 16. °Reference 11.

bPresent work.
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The slight discrepancies observed for the Rayleigh mode
and for the MSy mode at the SBZ boundary may be due
to the softening of the interaction between the silver atoms
in the topmost layer. According to Bortolani and co-
workers, %20 this softening originates the relaxation of the
modes polarized in the surface plane and increases sub-
stantially the density of states for the sagittal modes
without affecting their frequencies. For this reason a
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quantitative analysis of the scattering intensities for the
MS, mode to be compared to the results by Bortolani,
Franchini, and Santoro?® appears to be highly interesting.

Stimulating discussions with Dr. M. Rocca and the full
cooperation of Dr. P. Cantini, Dr. L. Mattera, and Dr.
S. Terreni are gratefully acknowledged.

1G. Benedek, in Nonequilibrium Phonon Dynamics, edited by
W. E. Bron (Plenum, New York, 1985).

2J. P. Toennies, J. Vac. Sci. Technol. A 2, 1055 (1984).

3H. Ibach and D. L. Mills, Electron Energy Loss Spectroscopy
and Surface Vibrations (Academic, New York, 1982).

4M. Rocca, H. Ibach, S. Lehwald, and T. S. Rahman, in Struc-
ture and Dynamics of Surfaces I, edited by W. Schommers
and P. Von Blankenhagen, Topics in Current Physics, Vol. 41
(Springer-Verlag, Berlin, 1986).

SW. R. Lambert, M. J. Cardillo, P. L. Trevor, and R. B. Doak,
Surf. Sci. 145, 519 (1984).

6K. Kern, R. David, R. L. Palmer, G. Comsa, and T. S. Rah-
man, Phys. Rev. Lett. 56, 2064 (1986).

7U. Harten, J. P. Toennies, and C. Woll, Faraday Discuss.
Chem. Soc. 80, 137 (1985); U. Harten, J. P. Toennies,
C. Woll, and G. Zhang, Phys. Rev. Lett. 55, 2308 (1985).

8K. Kern, R. David, R. L. Palmer, G. Comsa, and T. S. Rah-
man, Phys. Rev. B 33, 4334 (1986).

9M. Wauttig, R. Franchy, and H. Ibach, Solid State Commun.
57,445 (1986).

10B, F. Mason, K. McGreer, and B. R. Williams, Surf. Sci. 130,
282 (1983).

113, A. Stroscio, M. Persson, S. R. Bare, and W. Ho, Phys. Rev.
Lett. 54, 1428 (1985).

12M. Persson, J. A. Stroscio, and W. Ho, J. Electron Spectrosc.
Relat. Phenom. 38, 11 (1986).

13G. Bracco, E. Cavanna, A. Gussoni, C. Salvo, R. Tatarek,
S. Terreni, and F. Tommasini, Vuoto 16, 29 (1986).

14M. G. Dondi, S. Terreni, and F. Tommasini (unpublished).

15G. W. Farnell, in Physical Acoustics, edited by W. Mason and
R. N Thurston (Academic, New York, 1970), Vol. 6.

16See, e.g., P. H. Dederichs, H. Schober, and D. J. Sellmayer, in
Metals: Electron States and Phonon States. Fermi Sur-
faces, edited by K. H. Hellwege and J. L. Olsen, Landolt-
Bornstein, Group 3, Vol. 13 (Springer-Verlag, Berlin, 1981).

17M. Persson, J. A. Stroscio, and W. Ho, Phys. Scr. (to be pub-
lished).

183 E. Black, F. C. Shanes, and R. F. Wallis, Surf. Sci. 133, 199
(1983).

19V . Bortolani, A. Franchini, F. Nizzoli, and G. Santoro, Phys.
Rev. Lett. 52, 429 (1984).

20y, Bortolani, A. Franchini, and G. Santoro (private communi-
cation).



