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Phonon dispersion measurements and first-principles calculations for the Au(110) surface
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We have measured the dispersion of surface phonons on the (1 x2) reconstructed Au(110) sur-

face along the high-symmetry directions using momentum resolved electron-energy-loss spectros-

copy. The frequencies of surface modes at high-symmetry points of the surface Brillouin zone
have been calculated with force constants determined from first-principles self-consistent total-
energy calculations and are in excellent agreement with the experimental data. "Glue-model"
calculations which predicted an experimentally not observed dipole active mode peeling off the top
of the bulk phonon band seem to overestimate the bonding strength of atoms near the surface.

The clean (110) surface of Au undergoes a (1 x2)
reconstruction. The structure of this surface has been the
subject of extensive investigations using different experi-
mental techniques. ' All experiments favor the missing
row model, i.e., every other row of Au atoms along [110]
is missing. Concerning the surface relaxation, however,
glancing-incidence x-ray diffraction and high-resolution
electron microscopy experiments suggested an outward
relaxation of the first layer whereas, on the other hand,
the results of low-energy electron-diffraction' (LEED),
ion-scattering, ' and He-diffraction experiments indicat-
ed a contraction of' the top interlayer spacing. Recent
reanalysis of this system with electron microscopy and
with x-ray diffraction now also indicates a contraction.
So the controversy as to the direction of the relaxation
seems to have been settled in favor of an —18% contrac-
tion between the first and second layers. This is also in

good agreement with recent first-principles calculations. '

The reconstruction, the very open surface structure, and
the large contraction should have a major influence on the
surface-phonon modes. Qualitatively, one may distin-
guish two different effects. On the one hand, the smaller
coordination at the surface should lead to a reduction of
the bonding strength of surface atoms, and hence, the
surface-phonon modes peel off the bottom of the bulk pho-
non band. The Rayleigh phonon is the classical example.
On the other hand, the large contraction between the first
and second layers should lead to an increase in the bond-
ing strength at the surface which gives rise to an enhanced
frequency of the Rayleigh mode at the zone boundary or
even result in new surface modes above the top of the bulk
phonon band. Examples for such modes are phonons lo-
calized at step edges. " A recent molecular-dynamics
study' of the Au(110) surface predicted also high-
frequency modes above the top of the bulk phonon band.
The interaction potential was constructed by a phenome-

nological many-body force scheme called the "glue-
model, " which is very similar to the embedded-atom
method. ' Experimentally the surface-phonon dispersion
was measured so far only by He scattering. ' The high-
frequency modes predicted by the glue model were, how-
ever, not accessible to this method.

Here, we report on electron-energy-loss spectroscopy
(EELS) measurements and on 6rst-principles calculations
of the surface phonons on the (1 x 2) reconstructed
Au(110) surface and 6nd good agreement between theory
and experiment. Both experiment and the first-principles
calculations exclude the high-frequency modes above the
bulk phonon band predicted by the glue model.

The sample was cleaned by repeated cycles of ¹ ion
sputtering and heating to 900 K. After final annealing
—1 h at 450 K we observed the sharpest (1 x 2) LEED
structure. Auger-electron spectroscopy (AES) and also
EELS spectra showed no traces of surface contamina-
tions. Phonon spectra were recorded using high-resolution
EELS. Spectra were recorded at different impact energies
and scattering angles to selectively tune into high scatter-
ing cross sections for the different phonon modes. The en-
ergy resolution in the reflected beam was set to 23-28
cm ' full width at half maximum. We measured the
phonon dispersion along the [001] (I Y) and the [110]
(IA') azimuth. Sample spectra are shown in Fig. 1 and
the complete dispersion is displayed in Fig. 2. The diffuse
elastic intensity for the scattering plane along [001]
(suppressed in Fig. 1) is rather high compared to the
diffuse elastic intensity along [110] directions. This is
caused by a one-dimensional disorder perpendicular to the
chain orientation. This disorder was also observed before
in scanning tunneling microscopy (Ref. 7), LEED (Ref.
1), and x-ray diffraction experiments.

As shown in Figs. 1 and 2 (solid circles), we observe
three surface-phonon modes. Along the I -X direction the
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FIG. 2. Phonon dispersion of the (I X2) reconstructed gold
surface along I -X and I -Ydirections. Our EELS results (filled

circles) and first-principle calculations (crosses at I and X) are
compared to He scattering data (open circles) and glue-model

calculations (dashed curves).
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FIG. 1. Sample spectra with the scattering plane aligned
along [001l (I - Y) and [TIOI (I -X) directions, respectively. (is
the wave vector in reduced units, where g 1 refers to the
Brillouin-zone boundary.

Rayleigh phonon runs up to a frequency of 56 cm ' at X
(at room temperature). At —50 cm ' we measure a
rather dispersionless surface resonance in both directions.
This resonance arises due to a "backfolding" of the Bril-
louin zone on the reconstructed surface (inset in Fig. 2).
Along [001] this inode originates from a mode near Y' on
the unreconstructed surface [S3(Y')]. This mode is verti-
cally polarized at Y' and has been observed on several
(110) surfaces. 's Because of the reconstruction the mode
is folded back to the I point of the reconstructed surface
and appears as a resonance mode there. Because of the
reconstruction the Y'-S' direction of the reciprocal space
is also folded onto the I -X direction. Since the above-
mentioned mode near Y' exists all the way along the Y'-S'
direction on the unreconstructed surface the backfolding
causes the resonance near 50 cm ' along I -L. Further-
more, we observe along the I -X and I -Ydirections a sur-
face resonance between 125 and 145 cm '. The data
points show a large energy spread depending on the
scattering conditions used. Measurements at room tem-
perature and at 100 K resulted in the same frequency
values within the experimental error. Despite extensive
searching a surface phonon above the bulk phonon band
(above 157 cm ') was not observed in the whole course

of experiments and can be excluded. The two observed
surface resonances (around 50 and 135 cm ') are not di-
pole active.

It is interesting to compare these results with the He-
scattering data' (open circles in Fig. 2). In the energy
range accessible to both methods, the Rayleigh phonon
(along I -X) and the mode at -50 cm ' are in good
agreement. Even the small dip of the —50-cm ' mode
along I -X around g 0.3 is consistently measured by He
scattering and EELS. Further on we can see the comple-
mentary capacities of both methods: He scattering
resolves also the Rayleigh phonon along the I"-Ydirection
because of its better energy resolution, whereas EELS has
access to the high-frequency mode at —135 cm ' which
will be essential for the comparison with the theoretical
models.

The comparison of surface phonons calculated within
the semiempirical glue model' to the measured dispersion
shows that the Rayleigh phonons are reasonably repro-
duced by this molecular-dynamics study (dashed curves in
Fig. 2). However, at I the measured surface resonance at
50 cm ' is not reproduced. At the I point these calcula-
tions predict surface resonances at 28 and 80 cm ' (not
shown in Fig. 2). In the high-frequency regime the glue
model predicts two modes above the calculated bulk pho-
non maximum at 137 cm ' and at 165 cm ' at I". The
mode at 165 cm ' is even predicted to be dipole active.
However, our dipole spectra showed no dipole-active
mode. For a comparison of the unexpected high-fre-
quency modes predicted by the glue model to the experi-
mental data we have to take into account that the bulk
phonon maximum obtained by the glue model calculations
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is 17% lower than the (true) bulk phonon maximum
(ro,„157 cm ') measured by neutron diffraction. '

The measured band between 125 and 145 cm ' is a band
of surface resonances, below the bulk phonon maximum,
whereas both calculated modes are true surface modes,
above the calculated bulk phonon band at 130 cm '. The
correspondence of the calculated mode at 137 cm ' to the
observed-loss band between 125 and 145 cm ' is there-
fore fortuitous. The mode at 165 cm ' is predicted to be
z polarized and should therefore be observed with a
higher-scattering cross section than the y-polarized mode
at 137 cm '. Since we ind no mode at all above the bulk
phonon band we conclude that the glue model overesti-
mates the bonding strength at the surface.

A calculation of surface modes based on the use of bulk
force constants ' also fails completely for this surface.
The calculations predict for Y a surface instability not
seen experimentally. Furthermore, the surface resonances
at 43 and 58 cm ' for the I point are not in agreement
with the observed modes. In addition, no strong resonance
around 120 cm ' is present in these calculations.

The comparison between experimental results and
theoretical predictions based on bulk force constants or
the semiempirical glue model clearly demonstrates the
need for first-principles calculations of surface phonons.
Total-energy calculations based on density-functional
theory have recently successfully determined the equilibri-
um geometry of the (1 X2) missing row structure. ' Since
this method includes the full microscopic electron screen-
ing at the surface and contains no adjustable parameters
to be fitted to the experiment, the results are expected to
provide an accurate description of the surface dynamics.
The method allows for the determination of the force-
constant matrices coupling the various atoms in the unit
cell. This goes beyond conventional frozen phonon calcu-
lations. Because of the calculation of force-constant ma-
trices, no assumptions about the polarization vectors of
the surface modes have to be made. Having calculated
the surface force constants we set up the dynamical ma-
trix for a Au(110) slab 153 layers thick. The coupling be-
tween the inner layers of our slab were described using pa-
rameters determined from measured bulk phonon disper-
sion curves, ' whereas the couplings involving the first
three layers, which are strongly affected by the recon-
struction, are determined from our microscopic calcula-
tions. Details of the method can be found in Ref. 14 and
references given there. While previous calculations have
been restricted to the I point' in the surface Brillouin
zone, we present here results for the X point as well.
Spectral densities for the X point are sho~n in Fig. 3, ob-
tained by weighting the frequencies with the square of the
vibration amplitude of the last layer atoms.

Some of the interplanar surface force constants ob-
tained from our microscopic first-principles calculations
differ by 50-100% from those obtained with bulk atomic
force constants. ' These changes are localized at the sur-
face and result from the large inward relaxation of the
first layer of atoms which accompanies the reconstruction.
With these changes surface resonances at I were predict-
ed at 53 cm ' with z polarization, 60 cm ' with x polar-
ization, and at 53 cm ', 117 cm ', and 156 cm ' with y
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FIG. 3. Theoretical results for the surface-phonon density of
states at the X point of Au(110) for various polarizations. The z
direction corresponds to the [110] direction (surface normal),
the y direction corresponds to [001],and x corresponds to [110].

polarization. The directions x, y, and z denote the crystal-
lographic directions [110], [001], and [110],and the po-
larization vectors refer only to the last layer atoms.
Among these resonances the very strong modes at 53 and
117 cm ' are in agreement with the experimental results
given in Fig. 2, whereas the 60-cm mode is not resolved
experimentally because it is so close to the strong 53-
cm ' loss.

For the W point the calculations indicate two strong sur-
face modes at 59 cm ' with z and y polarization, respec-
tively, and one at 121 cm ' with x polarization. A weak-
er surface resonance with z polarization is present at 132
cm ' as well as one with x polarization at 156 cm
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The low-lying mode is again in excellent agreement with
the experiment. A value of 58 cm ' was measured at a
temperature of 110 K. The modes at 121, 132, and 156
cm ' (at X) correspond to the broadband of observed
losses between 125 and 145 cm ' along the I -X direc-
tion. Depending on the scattering conditions, varying con-
tributions of the three modes are picked up. Another res-
onance shows up at 94 cm ', which is not seen experi-
mentally because it has y polarization and thus belongs to
the class of shear horizontal modes which are not accessi-
ble in our experiment.

Preliminary results for the Y point again indicate a res-
onance around 120 cm '. Furthermore, the instability
observed with bulk force constants is no longer present. In
contrast to the glue model, we do not find surface modes

well above the upper bulk band edge at any of the high-
symmetry points of the Brillouin zone, which is in agree-
ment with the experiment. It is therefore concluded that,
at least for gold surfaces, only microscopic first-principles
calculations provide a correct description of the surface
dynamics.
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