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Parameter-free first-principles phonon calculations are used in conjunction with multiple-scattering
electron-energy-loss calculations to reveal new localized modes on Cu(111) and Ag(111). The discovery
of these z-polarized localized modes along I'M and T'K provides for the first time good agreement be-
tween theory and all the existing helium-atom-scattering and electron-energy-loss experimental results.
The new results indicate that it is not necessary to evoke exotic models such as anomalous surface

dynamical effects on these densely packed surfaces.

PACS numbers: 61.14.Hg, 63.20.Dj

Over the past decade, inelastic He atom scattering
(HAS) and high-resolution electron-energy-loss spectros-
copy (EELS) have contributed substantially to our un-
derstanding of surface phonon modes for a wide variety
of clean and adsorbate-covered metal and semiconductor
surfaces. The availability of accurate measurements
from the two techniques and the complementary nature
of such data have contributed significantly to the resolu-
tion of some long-standing issues of surface lattice dy-
namics. However, despite promising progress, there still
exists major difficulties in the interpretation of recent
HAS and EELS data even on some simple surfaces.

The noble and transition metal surfaces, Ag(111) and
Cu(111), are the best known examples [1-8]. It was
known from structural studies that they underwent very
small geometric relaxations [9,10]; therefore no large
force constant modifications could be expected on these
densely packed surfaces. This simple physical picture,
however, seemed to be in strong disagreement with obser-
vations based on HAS measurements. The difficulty
arose from the fact that HAS measurements revealed two
surface modes along high symmetry directions I' A and
K. Theoretical results based on simple force constant
models have long predicted also two surface modes along
these directions: a low-lying z-polarized (i.e., normal to
the surface) Rayleigh mode S| and a longitudinal mode.
The disagreement occurs for the predicted frequencies of
the longitudinal mode, which were substantially higher
than those of the second mode measured by HAS [1,2].
To explain this discrepancy, novel surface dynamical
models were proposed which softened the intralayer sur-
face force constants by 48% in Ag(111) [3] and 67% in
Cu(111) [11]. It was proposed that the HAS data were
evidence that anomalous surface dynamical effects exist-
ed in Ag(111) and Cu(111). Major attempts were made

to explain the dramatic softening, e.g., in terms of charge
redistribution at the surface [5], weakening of sp-d hy-
bridization [4], and changes in coordination for the sur-
face atoms [6].

When EELS data for Cu(111) [7] became available,
analysis of the data by Hall er al. [7] led to a major
clarification of the modes. The longitudinal mode (S,)
along ' M was measured and its frequency lay in the pho-
non band gap near M [7]. Clearly this mode cannot be
the second mode observed by HAS. The measured fre-
quency of this mode could be well fitted by a simple force
constant model with a small (15%) softening of the in-
tralayer surface force constant. This raised some serious
questions on the large-softening force constant models. A
semiempirical embedded-atom-model (EAM) study ex-
plained the second mode observed by HAS along T'M in
terms of a dispersion crossing avoidance of first- and
second-layer sagittal modes [8]. In this interpretation,
the second mode along T'M has a surface-layer-domi-
nated longitudinal character in the first half of the zone.
In the second half of the zone, this mode switched to hav-
ing a second-layer z character. However, this assignment
could not fit well the measured second mode dispersion.
This problem is particularly serious for Ag(111), where it
is again necessary to apply a large (~50%) surface force
softening to bring the calculated frequency in agreement
with that of the HAS measurement.

In this paper, we suggest a completely different inter-
pretation based on a parameter-free first-principles total-
energy and phonon calculation {12]. Along I' M, our re-
sults revealed two first-layer-dominated z-polarization
structures; they are the Rayleigh mode S, and a :z-
polarized resonance which we call R;. These two fea-
tures explain the observations of He scattering which are
primarily sensitive to the z-direction charge fluctuation.
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A third localized structure, longitudinal in its first-layer
polarization, is the S; mode whose frequency falls in the
band gap near M. This mode was measured by EELS for
Cu(111) [7]. We show that the presence of these three
localized structures is demonstrated by analyzing the en-
ergy dependence of the EELS cross section. Using dif-
ferent incident electron energies and scattering geom-
etries, we seek out conditions in which either the Ray-
leigh mode S, the longitudinal mode S,, or the :z-
polarized resonance R, dominate over the EELS spectra.
A series of comparisons between theory and experiment
for the EELS cross sections are presented to isolate
the effects of the three localized structures. There is
no longer a need for evoking an anomalously large
surface force-constant softening in either Cu(l11) or
Ag(111) and our results for the first time provide a con-
sistent explanation of all existing HAS and EELS data.
The theoretical model is based on the first-principles
calculation using a norm-conserving pseudopotential [13]
and the interpolated form of the Hedin-Lundqvist formu-
la [14] for the electronic exchange and correlation. In
addition to the total energy, the forces exerted on each
atomic layer are calculated using the Hellmann-Feynman
theorem [15]. We first determine the equilibrium posi-

Cu (1115

FIG. 1. Contours of constant charge density for Cu(111) in
the (110) plane.
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TABLE 1. Comparison of calculated and me;_a_sured_(from
Ref. [2]) frequencies (in THz) of the S mode at M and K.

Calculation Experiment
Cu(111) M 3.3 3.2
K 3.4 3.4
Ag(l11) M 2.2 2.1
K 2.1 2.2

tions of the surface atoms. The calculated relaxations are
indeed very small [16], in excellent agreement with the
experimental results. The calculated surface charge den-
sities are shown in Fig. 1. It is apparent from the figure
that the surface charge density is very bulklike, except for
regions well outside the first layer of atoms. This picture
is consistent with what we expect for a densely packed
surface. Based on these structural and electronic proper-
ties, a large softening in the intralayer surface force con-
stants is very unlikely.

To calculate the phonon spectra at high symmetry
points M and K, as well as the half-zone point between T
and M, we distort the equilibrium geometry according to
the two-dimensional wave vector under consideration.
We then calculate the intraplanar and interplanar force
constants coupling the outermost layer to the interior lay-
ers from first principles. The surface force constants are
then used together with bulk force constants obtained
from neutron scattering experiments [17] to set up a
dynamical matrix for a fifty-layer slab. By diagonalizing
this matrix, eigenvalues and eigenvectors for the bulk and
surface modes are obtained. Examining the surface in-
tralayer force constants we found a small softening of
~8% for Ag(111) and ~13% for Cu(111). It is worth
mentioning that this approach goes beyond the conven-
tional “frozen phonon” calculation because no assump-
tions about the eigenvectors have to be made. In Table I,
we show a comparison between experiment, taken from
Ref. [2], and theory for the low-lying Rayleigh mode S
at the high symmetry points M and K. The agreement
with experiment is excellent.

To resolve the z-polarized and longitudinal localized
structures, it is best to carry out a systematic comparison
between theory and experiment of the EELS cross section
at different impact energies and scattering geometries.
The three panels of Fig. 2 illustrate this procedure. For
the calculations, the eigenvectors and eigenvalues of the
first-principles calculations are fed into a multiple-
scattering slab calculation to evaluate the EELS cross
section. Comparisons with experimental data taken from
Ref. [7] are made at M for Cu(111) at the following
scattering conditions: (a) E; =110 eV, 6,=78.3°; (b)
E;=175 eV, 6;=49.1°; and (c) E; =150 eV, 6,=48.1°,
respectively. These scattering conditions are chosen be-
cause at condition (a), the Rayleigh mode S, is the
strongest and the data show a sharp peak at 107 cm ~!
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FIG. 2. Calculated (solid line) and measured (dashed line)
electron-energy-loss spectra for Cu(111) at M. Each vertical
line represents an individual mode energy-loss intensity. The
elastic intensity is fitted to data, taken from Ref. [7]. The cal-
culated curves are obtained by Gaussian broadening the indivi-
dual energy-loss intensities with a full width at half maximum
of 55 cm ~!. The asterisk denotes energy-gain cross section.

with a weak shoulder above 200 cm ~!. The two features

correspond well to the loss cross sections of S| and S5, re-
spectively. The z-polarized resonance provides R, little
contribution to the EELS spectra under condition (a).
Under condition (b), while the contribution from R,
remains small, the relative intensities between the S and
S, modes are reversed. Here, the S, mode dominates
over the spectra. Finally, under condition (c), the cross
sections of both S, and S, are small, while that of the
resonance R, is large. Therefore, the nature of the mul-
timode contributions to the EELS spectra is unravelled in
these comparisons. The EELS spectra are consistent with
the results of three surface localized modes along T Af:
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FIG. 3. Calculated phonon spectral densities at A in
Cu(111) and Ag(111) using the first-principles method. p.(1)
is the surface-layer shear vertical component and p.(1) is the
surface-layer longitudinal component. The measured frequen-
cies by HAS and EELS are indicated by arrows.

S (Rayleigh), R; (z-polarized resonance), and S, (lon-
gitudinal gap mode). In Figs. 2(a)-2(c), there is also a
contribution from a resonance near the top of the bulk
phonon band. This resonance has a small first-layer z po-
larization and a large second-layer longitudinal polariza-
tion.

In Fig. 3, the surface layer phonon spectral densities at
M are shown for Cu(111) and Ag(111). In both cases,
the spectral densities show two surface modes S| and S,
and a z-polarized resonance R;. The arrows indicate
peak positions from either HAS or EELS measurements;
specifically, Sy and R; for Ag(111) and Cu(111) were
first measured by HAS [1,2] while S, for Cu(111) was
measured by EELS [7]. Along the T' K direction, the sit-
uation is more complicated due to the fact that there is no
mirror plane, thus resulting in a mixture of shear horizon-
tal and sagittal plane modes. Our first-principles results
again show three localized modes: The lowest two
branches are z polarized while the highest branch is lon-
gitudinal. These results again explain well the existing
HAS data [1,2]. It is also interesting to point out that
the first-principles results along the T'K direction are in
agreement with those obtained by the EAM model [8].
Both sets of theoretical calculations along 'K predict
three localized structures: The z-polarized S| (Rayleigh
wave), a higher z-polarized pseudo-Rayleigh wave
(PRW), and a longitudinal mode. We present in Figs.
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FIG. 4. Schematic surface phonon dispersions along T'M and
'K for Ag(111). Only even-symmetry components are shown
with shear vertical (z) and longitudinal (L) polarizations.
Crosses mark first-principles calculated frequencies and dots
denote HAS data.

4(a) and 4(b) the localized structures along T M and
'K for Ag(111) determined by first-principles theory
(crosses) along with HAS data [2] (dots).

In summary, results of first-principles calculations to-
gether with cross-section calculations of EELS rule out
large softening in the intralayer surface force constants or
the presence of anomalous longitudinal resonances on
these surfaces as proposed in previous studies. It is clear
from Figs. 4(a) and 4(b) that the longitudinal modes
(dashed lines) are substantially higher in frequency than
those of the HAS (dots) measurement. Instead, we ex-
plain the higher mode measured by HAS along T'M as
due to a z-polarized R resonance. This mode seems to
be absent in all the previous parameter-based phonon cal-
culations. Along T K, the first-principles studies support
again the z polarization for the two modes measured by
HAS, a result consistent with the findings of EAM [8].
The combination of first-principles lattice dynamics with
multiple-scattering EELS cross-section calculations was
previously used to clarify the number of modes and their
polarizations on Cu(001) and Ag(001) [18]. Results of
these studies suggest that highly accurate theoretical
models are necessary for the proper characterization of
surface lattice dynamics on even simple metallic surfaces.
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