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Measurements of surface-phonon dispersion at the Be~0001! surface are reported that are found to differ
significantly from the predictions of an accurate model of the truncated bulk: the sign of the Rayleigh wave
dispersion along the zone boundary is reversed in theory and experiment. The measured dispersion implies a
reduction in the magnitude of noncentral forces at the surface. Such a reduction is compatible with the
electronic structure of the Be~0001! surface, which is more free-electron-like than that of bulk Be due to a high
density of surface states. We conclude that the properties of the surface states dominate the dynamics of surface
atoms.

I. INTRODUCTION

Be is an interesting material, because many of the physi-
cal properties are anomalous compared to those of other el-
ements. The properties of bulk Be are a result of the unique
position of Be in the Periodic Table: second row and second
column. This gives rise to unusual bonding characteristics,
which can be illustrated by comparing the properties of He,
Be, and Mg. The valence shells of these elements ares like
and closed (2s2 for Be!. In the simplest conceptual picture,
as two atoms are brought together to form a dimer the bond-
ing and antibonding states formed from the overlap of the
closeds shells are both fully occupied, and dimer ground
state is formally repulsive. As expected, the binding energy
of alkaline-earth-metal dimers is small: 0.1 eV for Be2 ~Ref.
1! and 0.05 eV for Mg2 ~Ref. 2!. The ability of second-
column elements to form bonds depends on the ability to
‘‘promote’’ an electron from the closeds shell to an unoccu-
pied p or d level. The cost of promotion is offset by the
energy-gain associated withs-p ~or s-d! hybridization. This
hybridization is highly sensitive to the local atomic geom-
etry: the energy per bond in bulk Be~12 near neighbors! is
nearly three times larger than the binding energy of the Be
dimer. For He, the energy cost of promotion is so large that
metallic bonding is not possible. However, for both Be and
Mg, the promotion energy is comparatively small~Mg: 2.6;
Be: 2.8 eV!, and stable hcp phases exist at room temperature.
Despite the fact that thes-to-p promotion energies of Be and
Mg are nearly equal, the cohesive energy of bulk Be is nearly
3 times larger than that of Mg.3 The increased bond strength
of Be reflects the dramatic energy lowering of the unoccu-
piedp states in the highly coordinated bulk environment. Be
is a second-row element, and as such, has an entirelys-like
core (1s2), which presents no orthogonalization barrier to
states derived from atomicp levels. This leads to enhanced
hybridization ofs andp states relative to that occurring for
Mg. This can be most easily illustrated by comparing the
calculated electronic density of states~DOS!. The DOS for
bulk Mg is nearly free-electron-like, whereas that of bulk Be

is nearly semiconducting, with a minimum in the DOS near
the Fermi level~Fig. 1!. Furthermore, thec/a ratio, which
characterizes the hcp crystal structure, is 4% smaller for Be
than for Mg. Thec/a ratio of Mg is equal to the ‘‘ideal’’
value~calculated from the packing of hard spheres!, and con-
sequently the nearest in- and out-of-plane neighbors are
equidistant. However, in Be, the bonds to out-of-plane neigh-
bors are shorter. Chou, Lam, and Cohen have shown that the
smallc/a ratio of Be is associated with an anisotropy in the
p-derived DOS.4

The bonding between atoms in a solid determines the dis-

FIG. 1. Calculated electronic density of states for bulk Be~Ref.
4! and Mg ~Ref. 3!. Solid lines indicate the corresponding free-
electron densities of state.
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persion of vibrational modes. For bulk Be, the directional
nature of the bonding leads to phonon dispersion, which is
very different from that of other hcp metals. The differences
arise because the electronic DOS of bulk Be is more like that
of a covalently bonded semiconductor: the density of states
is low at the Fermi energy, and the Fermi surface is
nonspherical.5 The vibrational motion of the ions leads to
restoring forces arising from both the direct ion-ion interac-
tion, as well as the screening response of the valence electron
distribution. When the electronic screening of the ion motion
is anisotropic, noncentral forces result. This is common for
semiconductors, where noncentral interactions are often
modeled using phenomenological ‘‘angle-bending’’
forces,6,7 or as interactions between ions and interstitial
‘‘bond charges,’’8,9 or higher-order electrostatic multi-
poles.10

For hcp materials, the influence of noncentral forces can
be inferred directly from the bulk phonon dispersion.11 In
Fig. 2, the dispersion of bulk phonons modes for Be~Ref.
13! and Mg~Ref. 12! is shown for momentum parallel to the
line G to K in the bulk Brillioun zone. The symmetry of the
K point in the bulk zone is such that the energies of the six
bulk phonon modes are functions of only four independent
interaction constants.14 Four of the modes involve circular
motion (K1 ,K3 ,K5) of the ions parallel to the~0001! planes,
and the remaining two are polarized perpendicular to the
~0001! planes (K6). Roy et al. have shown that for any
model based on pairwise central interactions, one of the four
parameters is identically zero.11 This restriction leads to an
ordering of the circularly polarized modes, which is charac-
teristic of all central-force~CF! models: the energy of the
doubly degenerateK5 mode always falls in between those of
theK1 andK3 modes, as is seen for Mg. The measured bulk
phonon dispersion of Be does not exhibit the CF ordering,13

and consequently, any quantitative description of the lattice
dynamics requires a model that incorporates noncentral in-
teractions. Our modeling shows that, for Be, the anomalous
ordering of modes at theK point is largely determined by the

interaction between nearest neighbors within the~0001!
planes, that is, by the noncentral nature of in-plane forces.

The strong dependence ofs-p hybridization on coordina-
tion and local geometry raises interesting questions about the
bonding in Be structures of reduced dimensionality. First-
principles calculations for the Be dimer, hexagonal mono-
layer, and hcp dilayer indicate a strong dependence of the
electronic and structural properties on the local geome-
try.1,15,16For example, the calculated cohesive energy of the
Be monolayer is nearly that of bulk Be~2.94 eV vs 3.34 eV
for bulk Be!,15 whereas the bonding between planes in the
Be dilayer is weaker than that of bulk Xe.16 At a crystal
surface, one can experimentally probe cohesion in such a
low-dimensional structure. We have studied the structure and
dynamics at Be surfaces in order to better understand the
effects of reduced coordination on the bonding of Be atoms.
In this paper, we report on measurements of the phonon dis-
persion at the close-packed~0001! surface. Our investigation
was motivated by the analysis of low-energy electron diffrac-
tion ~LEED! data, which indicates that the surface layer is
expanded outward by nearly 6%.17 Large relaxations at
close-packed surfaces are unusual, and based on charge-
smoothing arguments, one expects only a small~inward! re-
laxation at the surface.18 The measurement of surface-
phonon dispersion can provide more detailed information on
the bonding at the surface, because the energy cost associ-
ated with the symmetric distortions of the lattice are closely
related to the bonding and stability of the surface. We find
that the vibrations at the Be~0001! surface are qualitatively
different from the predictions of an accurate bulk-terminated
~BT! model. Most significantly, the sign of the measured
Rayleigh wave~RW! dispersion along the zone boundary is
not correctly reproduced in the BT calculation. The correct
RW dispersion is only obtained if noncentral forces are sub-
stantially reduced in magnitude at the surface. This runs
counter to the expectation that noncentral forces are en-
hanced at the surface: Eguiluz and co-workers have shown
that the abrupt termination of the charge density normal to a
metal surface leads to inherently anisotropic screening, and
to enhanced noncentral forces.19,20 However, for the
Be~0001! surface, a reduction in the in-plane noncentral
forces at the surface is consistent with our knowledge of the
surface electronic structure, which is dominated by the exist-
ence of a large number of surface states. As is illustrated in
Fig. 3, surface states increase the DOS at the Fermi energy
(EF) by nearly a factor of 5 in the surface layer,21 and con-
sequently screening in the surface region is more efficient
than in bulk Be. In addition, the surface-induced DOS is
more isotropic than that of bulk Be. In short, the Be~0001!
surface is a high-density, free-electron metal (r s51.9),
whereas bulk Be is nearly semiconducting.

II. EXPERIMENT

The data presented in this paper were obtained from two
mechanically polished samples cut from separate Be boules.
One of these crystals was also used for a structural study of
the Be~0001! surface.17 Surface-phonon dispersion measure-
ments were performed using a standard ultrahigh vacuum
chamber equipped with an electron-energy-loss spectrometer
capable of energy resolution below 2.0 meV. A clean, well-

FIG. 2. The measured bulk phonon dispersion along theG–K
direction for Mg ~Ref. 12! and Be~Ref. 13!.
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ordered Be~0001! surface was prepared via repeated cycles
of 1.0 keV Ne ion bombardment at a temperature of 450 °C,
followed by annealing periods also at 450 °C. Adsorption of
contaminants was monitored using electron-energy-loss
spectroscopy ~EELS! and auger-electron spectroscopy.
LEED was used to align the EELS scattering plane to the
high-symmetry directions of the~0001! surface.

We have measured EELS spectra along the high-
symmetry directions of the Be~0001! surface for a number of
impact energies in the range 20–150 eV. This was done so as
to exclude primary energies for which bulk modes might
have anomalously large cross sections. Most of the data pre-
sented in this paper were recorded using impact energies in
the range 40 to 80 eV for which the RW cross section near
the zone boundary was largest.

An EELS spectrum sampling theK̄ point in the surface
Brillioun zone is shown in Fig. 4. The solid line, determined
by a fit to the measured feature, is a Lorentzian line shape
~FWHM 5 1.4 meV! convolved with the elastic peak. A
series of EELS spectra for parallel momenta along the line

Ḡ2K̄2M̄ are shown in Fig. 5. For these spectra the scatter-
ing plane was aligned along theḠ–K̄ direction, that is, along
the line joining in-plane nearest neighbors. The intense dis-
persing feature is the RW, which in the long-wavelength
limit ( q→0) corresponds to the surface acoustic mode that
can be calculated using continuum elastic theory. Along the
edges of the zone (K̄–M̄ ), the RW consists of motion of the
top-layer atoms normal to the surface. At theM̄ point, a
second mode is observed at roughly 50 meV. This mode is a
shear-horizontal~SH! vibration, which is polarized entirely
within the ~0001! plane. Several weaker, high-energy modes
are also observed. These modes reside near the edges of gaps
in the continuum of surface-projected bulk bands and are
surface resonances.

III. LATTICE DYNAMICS OF BULK Be AND Be „0001…

We have modeled the lattice dynamics of bulk Be and
Be~0001! using a Born–von Karman scheme, in which the
potential energy of the lattice is expanded to second order in
the ion displacements,ui
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FIG. 3. Calculated layer-resolved DOS for the~a! central layer
and ~b! surface layer of a nine-layer Be~0001! slab ~Ref. 21!.
Shaded region indicates the contribution from surface states.

FIG. 4. EELS spectrum sampling a point nearK̄. The solid line
is a Lorentzian line shape convolved with the elastic peak. The inset
shows the Be~0001! surface Brillioun zone.

FIG. 5. EELS spectra illustrating surface-mode dispersion along
the lineḠ2K̄2M̄ . Weaker surface modes are indicated by vertical
lines. The Rayleigh wave~RW! and shear-horizontal mode~SH! are
indicated.
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The indicesa andb label the Cartesian coordinates, and
i and j specify the ions. The fundamental quantities of the
model are the 333 matricesFab( i , j ), which describe the
interaction between atomsi and j . Typically, a particular
form for the interaction between two ions is assumed@i.e., a
central force:E5V(r )# and the matricesF are calculated
analytically. However, one can also determine the matrices
from a fit to the measured dispersion. The advantage of this
approach is that one is guaranteed to reproduce the measured
dispersion provided the range of interaction is chosen to be
large enough. The form of the matricesF are restricted by
the symmetry of the lattice, and one can determine the inde-
pendent parameters from symmetry considerations.22,23 For
bulk Be, the forms of the matrices for the first- through
seventh-nearest neighbors~1NN–7NN! are given in Table I,
along with the values of the parameters determined by a fit to
the neutron scattering data of Stedmanet al.13 The calculated

and measured bulk phonon dispersion along the high-
symmetry directions of the bulk zone are shown in Fig. 6.

We have investigated the uniqueness of the fit by varying
the range of interaction as well as the initial values of the
parameters. From the parameter values given in Table I, it is
evident that the forces are ‘‘large’’ for the first three or four
neighbor shells, beyond which the interactions are much
weaker. Consequently, the minimum model that can qualita-
tively describe the bulk lattice dynamics requires interactions
out to fourth-nearest neighbor.24 If more neighbor shells are
included, quantitative agreement between the model and the
measured dispersion improves. However, the values of the
parameters for the near-neighbor interactions do not change
significantly. Beyond tenth-nearest neighbor, the large num-
ber of free parameters begins to destabilize the fitting pro-
cess. We have included a relatively large number of neighbor
shells in order to arrive at a quantitatively correct description
of the bulk lattice dynamics.

TABLE I. Force constants for the noncentral force model of bulk Be, in N/m, determined from a fit to the
neutron scattering data of Stedmanet al. ~Ref. 13!. The matrices shown correspond to atoms that are linked
by the unit vectors found in the left-hand column. Thez axis of the slab is parallel to thec axis of the hcp
crystal structure.
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For a model based exclusively on central interactions,
each force-constant matrix is a function of, at most, two pa-
rameters. In addition, some of the model parameters are
identically zero for any CF model. This is the case for the
d2 parameter of the 2NN interaction. From our fit to the
bulk lattice dynamics, we find that a large, nonzero value of
d2 is required in order to arrive at the correct ordering of
bulk modes atK. Physically,d2 describes the coupling be-
tween the perpendicular displacements of in-plane nearest
neighbors~Fig. 7!. In a CF model, when atomA is displaced
parallel to an in-plane bond, the symmetry of the interaction
potential results in a force on atomB which is always di-
rected along the bond@Fig. 7~a!#. However, if the response of
the valence electron distribution is anisotropic, then the
charge density induced by the displacement of atomA can
lead to a resultant force on atomB with components both
perpendicular and parallel to the bond@Fig. 7~b!#. It is pri-
marily this coupling that leads to the observed ordering of
modes atK in bulk Be. At the Be~0001! surface, where the
surface states make the charge density more isotropic, we
find that the measured surface-phonon dispersion is consis-
tent with a purely central interaction:d250.

IV. VIBRATIONAL MODES AT THE Be „0001… SURFACE

The measured phonon dispersion along the high-
symmetry directions of the Be~0001! surface is shown in Fig.

8, superimposed on the calculated vibrational modes for a
500-layer Be slab. The calculated surface modes are in quali-
tative agreement with the unpublished Green’s function cal-
culation of Sameth and Mele.25,26 In that calculation, a pair-
wise harmonic model, which is constrained to agree with
measured bulk dispersion at the high-symmetry points in the
Brillouin zone, is applied to the semi-infinite surface. We
take the agreement between our calculation and that of
Sameth and Mele as evidence that the application of our bulk
model to the slab geometry has been implemented correctly.
The shaded regions of Fig. 8 represent the projection of bulk
phonon modes onto the~0001! surface, and the solid lines
indicate the calculated dispersion of surface-localized vibra-
tional modes and resonances. Surface modes are defined as
those modes for which the displacements in the top two lay-
ers comprise more than 50% of the total displacement. Since
the model parameters have not been modified in the surface
region, the calculated phonon dispersion shown in Fig. 8
corresponds to a BT surface.

Two surface modes, split off below the bulk-band edge,
are present in the BT calculation. The lowest-lying surface
mode is the RW, and the upper mode, just at the band edge,
has displacements parallel to the surface. The RW consists
mainly of motion normal to the surface, with a penetration
depth that increases with increasing wavelength; near theḠ
point, the RW penetrates far into the bulk, whereas along the
zone boundary (K̄2M̄ ), it is highly surface localized. At
M̄ , the parallel mode is a shear-horizontal vibration. AtK̄,
the motion is circularly polarized. A discussion of the agree-
ment between theory and experiment for these modes is de-
ferred to the following sections.

There are several higher-lying surface modes that are situ-
ated close to, or within, gaps in the projected bulk-band den-
sity. In order to reproduce these modes in a calculation, one
requires a model that correctly reproduces the band gaps.
Because these modes are situated near the projected bulk

FIG. 6. Bulk phonon dispersion along the high-symmetry direc-
tions of the hcp Brillioun zone. The measured dispersion~Ref. 13!
~filled circles! is compared to that calculated using the noncentral
model with parameters given in Table I.

FIG. 7. Arrows indicate the force on atomB when atomA is
displaced assuming~a! central-force interactions, and~b! non-
central interactions. Shaded area indicates schematically the charge
density induced by the displacement of atomA.

FIG. 8. Dispersion of vibrational modes at the Be~0001! surface.
The filled~open! circles indicate intense~weak! features in the mea-
sured dispersion. Solid lines indicate the calculated dispersion of
surface modes for a bulk-terminated 500-layer slab. The shaded
area corresponds to the projection of bulk phonon modes onto the
~0001! surface.
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density, they have relatively large penetration depths. That is,
the higher-lying surface modes are more sensitive to the bulk
environment than the low-lying RW. To illustrate this point,
the displacement patterns of the surface modes atK̄ and M̄
are given in Table II.27 The high-energy mode atM̄ is a
longitudinal resonance that penetrates well beyond the fourth
layer of the crystal.

A. The long-wavelength Rayleigh wave dispersion

As the wavelength of the RW is increased, the displace-
ment pattern extends farther into the bulk. In the long-
wavelength limit, the energy of the RW is a linear function of
the momentum transfer, with a slope which can be expressed
in terms of the bulk elastic properties. This is the case, be-
cause the RW mode is a superposition of transverse and lon-
gitudinal bulk waves, which satisfy the surface boundary
conditions. However, we find that the slope of the measured
RW dispersion is roughly 35% larger than that of the calcu-
lated RW dispersion~Fig. 9!. Since the RW mode falls en-
tirely within the projected bulk band density, one must be
sure that the feature that is measured corresponds to the RW,
and not to a high density of bulk modes. Since the width of
the loss feature increases significantly when the bulk density
is penetrated~Fig. 10!, coupling to bulk modes may be im-
portant. These issues can be addressed by comparing the
measured EELS spectra to the calculated density of vibra-
tional states at the surface. This latter quantity is computed
by weighting each mode of a 500-layer slab by the amplitude
of vibration ~in a given direction! in the surface region, de-
fined here as the top two layers of the slab. In Fig. 11, an
EELS spectra corresponding to a momentum transfer of
0.17ḠM̄ is shown with the corresponding surface-weighted
density of states computed for displacements along the fol-
lowing directions: normal to the surface~‘‘normal’’ !, perpen-

dicular to both the wave vector and the surface normal
~‘‘shear’’!, and parallel to the wave vector~‘‘longitudinal’’ !.
The largest feature in the normal-weighted DOS is the RW,
situated just below the bulk-band edge at 9.5 meV. The mea-
sured feature, at 14 meV, is significantly higher in energy
than the calculated RW. Since the density of bulk modes in
the vicinity of the RW is small, it is unlikely that the mea-
sured loss feature is a superposition of more than one mode.

TABLE II. Calculated surface-mode eigenvectors atM̄ and K̄ for the bulk-terminated Be~0001! surface.
The displacement amplitudes (A) are normalized to unity, and the phases (f) are given in degrees. The
longitudinal mode atM̄ is representative of a high density of surface-localized modes at this energy.

M̄ K̄
Rayleigh Shear Longitudinal Rayleigh Parallel
44.6 meV 47.5 meV 70.9 meV 43.7 meV 48.5 meV

A f A f A f A f A f
x1 0.07 10 0.00 10 0.10 1120 0.00 10 0.57 10
y1 0.00 10 0.59 10 0.00 10 0.00 10 0.57 190
z1 0.91 10 0.00 10 0.06 1120 0.92 10 0.00 10
x2 0.13 160 0.00 10 0.20 10 0.27 1180 0.00 10
y2 0.00 10 0.45 160 0.00 10 0.27 190 0.00 10
z2 0.33 160 0.00 10 0.12 10 0.00 10 0.47 1180
x3 0.00 10 0.00 10 0.05 1120 0.00 10 0.24 1180
y3 0.00 10 0.37 10 0.00 10 0.00 10 0.24 -90
z3 0.15 10 0.00 10 0.07 1120 0.06 190 0.00 10
x4 0.01 10 0.00 10 0.10 10 0.03 1180 0.00 10
y4 0.00 10 0.31 160 0.00 10 0.03 190 0.00 10
z4 0.09 160 0.00 10 0.09 10 0.00 10 0.12 10
x5 0.00 10 0.00 10 0.03 -60 0.00 10 0.07 10
y5 0.00 10 0.26 10 0.00 10 0.00 10 0.07 190
z5 0.04 10 0.00 10 0.08 1120 0.01 10 0.00 10

FIG. 9. Comparison of the calculated~dashed line! and mea-
sured~solid line! long-wavelength RW dispersion along the high-
symmetry directions of the Be~0001! surface. Circles~squares! in-
dicate measurements from theḠM̄ (ḠK̄) direction.
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The largest feature in the shear density, at 12 meV, is the
shear-horizontal surface mode, which should not be excited
using this scattering geometry, because it is odd under reflec-
tion in the scattering plane. One can also see that the feature
measured at 21 meV corresponds to a high density of longi-
tudinal modes. The calculated DOS shows that the contribu-
tion of bulk modes to the measured loss feature at 14 meV
cannot account for the discrepancy between the calculated
and measured losses. A similar conclusion holds for the long-
wavelength RW dispersion along theḠ–K̄ direction; there is
an intrinsic ‘‘stiffening’’ of the long-wavelength RW disper-
sion compared to that calculated using the BT theory.

From the point of view of continuum elastic theory, a
stiffening of the RW dispersion can have two origins. One
possibility is that the influence of the surface extends beyond
the first or second surface layer, essentially modifying the
‘‘bulk’’ elastic properties that enter the RW dispersion. Mea-
surement of surface core-level shifts indicate that this is in-
deed the case: three shifted surface core levels have been
measured28 and calculated29 at the Be~0001! surface, indicat-
ing that the chemical environment of the first few surface
layers is not ‘‘bulklike.’’ In comparison, the surface core lev-
els of the Al~111! surface exhibit no measurable shift in bind-
ing energy.30 A second possible mechanism behind the large
slope of the RW dispersion is surface stress. The boundary
conditions at the solid-vacuum interface are modified when
the surface is subject to either tensile or compressive stress.31

Stress may be particularly important for the Be~0001! sur-
face; first-principles calculations indicate that tensile stress at
the Be~0001! is extremely large.29 No attempt has been made
to adjust the parameters of our microscopic model in order to
reproduce the observed long-wavelength dispersion for two
reasons: the parameter space of possible modifications is
large, and the effects of surface stress cannot be taken into
account unambiguously using our model. The discrepancy
between the measured and calculated RW dispersion at long
wavelengths could perhaps be resolved if the model param-
eters were calculated from first principles.

B. Rayleigh wave dispersion at the zone boundary

The most striking discrepancy between the BT theory and
the measurements concerns the dispersion of the RW along
the zone boundary (K̄2M̄ ). The measured RW energy at
M̄ is lower than that atK̄, whereas the opposite is found in
the BT calculation. This discrepancy is unusual in the sense
that it is directional: the RW energy is too low atM̄ , but not
at K̄. In fact, as one proceeds around the edge of the hex-
agonal zone, the measurements and the BT calculation are
completely out of phase. What is commonly observed when
measured RW dispersion is compared to BT theory is that the
RW dispersion is too high throughout the entire Brillioun
zone.32 One can then invoke weaker or stronger interplanar
bonding~or surface stress!, i.e., modify a central interaction,
in order to reproduce the observed dispersion. At bothK̄ and
M̄ the RW consists almost entirely of motion of the top
layer normal to the surface~Fig. 12!. Since the displacement
patterns are similar, i.e., the same bonds are stretched in the
motion, modifications to the central interactions are likely to
effect both modes in the same way. It is unlikely that the

FIG. 10. Filled circles indicate the FWHM of the RW loss, after
deconvolution of the instrumental resolution, along the high-
symmetry directions of the~0001! surface. Shaded area corresponds
to wave vectors for which the RW feature is situated within the
projected bulk-band density.

FIG. 11. EELS spectrum for momentum transfer of 0.27 Å21

along the ḠM̄ direction (0.17ḠM̄ ) compared to the surface-
weighted DOS from the bulk-terminated calculation.

FIG. 12. Rayleigh wave displacement patterns at~a! M̄ and~b!
K̄. The planes of constant phase move from left to right across the
page.
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effect of modifying a central interaction is to increase the
energy of the RW atM̄ , while having no effect on the RW at
K̄. The dependence of the RW dispersion fromK̄ to M̄ on
the details of the central and noncentral parts of the interac-
tion is addressed in detail below.

In order to understand the apparent stiffening of the RW
near theM̄ point, one must examine the displacement pat-
terns, given numerically in Table II, more closely. TheM̄
point is contained within a mirror plane of the surface, and
consequently all vibrational modes are either odd or even
under reflection within the plane. The RW is even under
reflection, and the in-plane displacements of all atoms are
parallel. However, atK̄, the modes are combinations of per-
pendicular motion and in-plane circular motion; that is, the
in-plane displacements have both parallel and perpendicular
components. The differences between the motion atK̄ and
M̄ become more significant when one considers the phonon
dispersion of bulk Be. In the Introduction, it was shown that
the ordering of bulk modes atK is not consistent with purely
central interactions. From our fit to the bulk phonon disper-
sion, we find that the largest noncentral interaction is that
which couples the perpendicular in-plane displacements of
in-plane neighbors~Fig. 7!. The circularly polarized bulk
modes atK are very sensitive to this coupling (d2 parameter
from Table I!, which is large in our model, whereas motion
perpendicular to the plane is not. We find that it is precisely
this interaction that is responsible for the discrepancy be-
tween the calculated and measured RW dispersion fromK̄ to
M̄ . The effect of two modifications to the model on the RW
dispersion fromK̄ to M̄ are illustrated in Fig. 13. In panel
~a!, the bulk-terminated dispersion is shown for reference.
The effect of fixingd250 in the top two layers of the slab is
shown in panel~b!. Only this parameter has been changed:
all others are taken from the fit to the bulk dispersion. The
RW at K̄ moves up significantly in energy, while the RW at
M̄ shows a small stiffening. The slope of the dispersion from
K̄ to M̄ reverses, and becomes slightly negative. The impli-
cation of this change is that the in-plane forces in the surface
region are more ‘‘central’’ than those of bulk Be, and, there-
fore, that the electronic environment is more isotropic within
the surface plane. This conclusion runs counter to the expec-
tation that noncentral forces are enhanced at a surface. Egui-
luz and co-workers have shown that the abrupt decay of the
charge density normal the surface leads to anisotropic
screening and to larger noncentral interactions.19,20However,
for Be~0001!, a reduction of the noncentral forces is plau-
sible, given our knowledge of the electronic structure of the
Be~0001! surface. The large enhancement to the DOS near
the Fermi energy makes the surface DOS more free-electron-
like and isotropic within the plane~Fig. 3!. Furthermore, the
observed RW dispersion fromK̄ to M̄ is similar to that mea-
sured at the fcc~111! surfaces of most noble metals, all of
which are adequately described using CF models.32 The con-
nection between the RW dispersion and the circularly polar-
izedK5 mode can be illustrated using a bulk calculation. If
one calculates the bulk phonon dispersion withd250, and
the remaining parameters taken from Table I, one finds that
theK5 mode moves up in energy by roughly 6 meV, falling
between theK1 and K3 modes. The modes atM are not

sensitive to thed2 coupling and are unchanged. If one re-
places the 1NN and 2NN interactions by purely central
forces at the surface, the RW dispersion shown in panel~c!
results. Specifically, the force-constant matrices for the first-
and second-nearest neighbors in the top two layers of the
slab have been replaced with those calculated from a simple
spring model. The specific parameters chosen correspond to
significantly weaker interplanar bonding, which lowers the
energy of the RW throughout the zone.

One must be careful in interpreting the results ofad hoc
force-constant modifications at the surface, especially with
regards to uniqueness. In the present case, one must deter-
mine if a reversal of the sign of the RW dispersion can be
brought about by varying the central parts of the interactions.
As noted above, this is unlikely because the displacement
patterns are similar. In Fig. 14, the energies of the surface
modes at the high-symmetry points of the surface Brillioun
zone are displayed as a function of the model parameters in
the top layer. In panel~a!, the modes are shown as a function
of the central part of the interplanar interaction; that is, a
‘‘spring’’ has been added or subtracted from the nearest-
neighbor~1NN! interaction. In panel~b!, the same procedure
has been applied to the 2NN in-plane interaction. In panel
~c!, a stretched or compressed spring has been added to the
2NN interaction. In CF models, this type of interaction is
related to surface stress. Calculations29 indicate that the ten-
sile stress is very large at this surface; however, our model-

FIG. 13. Measured RW dispersion compared to that calculated
using ~a! the bulk-terminated model. In panel~b! the in-plane,
nearest-neighbor interactions~2NN! have been replaced with a
purely central interaction in the top two surface layers. In panel~c!,
the model is modified further by the replacement of the first-
nearest-neighbor interaction~between the first two surface planes!
by a central force.

53 2097PHONON DISPERSION AT THE Be~0001! SURFACE



ing indicates that surface stress alone cannot account for the
sign of the dispersion fromK̄ to M̄ . Stress may be the im-
portant mechanism in increasing the energy of the band of
parallel modes.

As the data presented in Fig. 14 illustrate, modifying only
the near-neighbor central interactions in the surface layer
cannot reproduce the observed RW dispersion; that is, the
ordering of the RW energies atK̄ and M̄ is not reversed.
However, the average energy of the RW is a strong function
of these parameters: stronger interplanar bonding increases
the energy of the RW, stronger in-plane bonding increases
the energy of the shear mode, as one might expect. Surface
stress has a large effect on all of the modes. From these
modifications we conclude that the discrepancy between the
calculated BT dispersion and the measurements can only be
reconciled if noncentral forces are modified at the surface.
Further modifications are required in order to bring the
model into quantitative agreement with the measured disper-
sion. Modifying the central interactions, as is shown in Fig.
14, provides one way of accomplishing this. It should be
stressed, however, that the modifications required in order to
bring all modes into agreement with the measured values
most likely require changes to the model parameters in sev-
eral layers. If, in order to reproduce the observed RW and SH
dispersion, one introduces purely central interactions in only
the first two layers, surface modes appear that are localized
in the second and third layers, i.e., at the interface between

the bulklike and modified layers. A more physically reason-
able approach is to gradually increase the central parts of the
interactions as the surface is approached from the bulk. The
RW dispersion at long wavelength, as well as the core-level
studies,28 reinforce this view. It would be interesting to de-
termine if these effects are predicted within a first-principles
density-functional theory near the surface.

C. The shear-horizontal mode atM̄

The BT calculation exhibits a band of shear-horizontal
modes just at the band edge atM̄ , whereas the EELS data
show a weak feature atM̄ near 50 meV, well above the bulk
band edge. The geometry of the~0001! surface is such that
modes atM̄ can be excited in two different scattering geom-
etries~see inset to Fig. 8!. TheḠ–M̄ direction coincides with
a mirror plane of the surface, and modes which are odd with
respect to reflection in the scattering plane will not be ex-
cited using this scattering geometry. However, modes that
are odd in theḠ2M̄ scattering plane have longitudinal com-
ponents with respect to theḠ2K̄ direction, and can be ex-
cited. In Fig. 15, EELS spectra fromM̄ , obtained in the two
different scattering geometries, are shown superimposed on
the surface-weighted DOS. The RW, with displacements al-
most entirely normal to the surface, is present in both spec-
tra. However, the mode at 50 meV is more intense in the
spectra obtained in theḠ2K̄2M̄ geometry (q52.75
Å21). In the Ḡ2M̄ direction, a weak feature is visible at,
perhaps, slightly higher energy~52 meV!. From the surface-
weighted DOS, shown in the lower part of the figure, it is
evident that the 50 meV feature does not arise from a high
density of bulk modes. In fact, below 51 meV, the entire bulk
DOS at M̄ is due to shear modes. The weak feature at 52

FIG. 14. Calculated surface-mode energies as a function of add-
ing or subtracting a central force to the~a! nearest-neighbor inter-
action ~between planes!, and ~b! second-nearest-neighbor interac-
tion ~in plane!. Panel~c! shows the effect of adding a compressive
or tensile stress term to the second-nearest-neighbor interaction.

FIG. 15. EELS spectra samplingM̄ from two different scatter-
ing geometries. The lower panel shows the surface-weighted DOS
from the bulk-terminated calculation.
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meV in theupperspectrum may be due to the excitation of
longitudinal or normal bulk modes at the band edge with
unexpectedly large cross sections. However, in theḠ2K̄ di-
rection, the ‘‘longitudinal’’ modes will not be excited, be-
cause they have shear character with respect to this scattering
geometry. We conclude that the feature observed at 50 meV
in the lowerspectrum is due primarily to the shear-horizontal
surface mode. In this scattering geometry, the shear mode is
not forbidden—it has the character of a longitudinal vibra-
tion and possesses a large surface weight. Our assignment is
supported by the calculated DOS, which shows that the den-
sity of perpendicular modes~i.e., those modes which could
contribute in both scattering geometries! is vanishingly
small, and which does show a very large feature arising from
the shear-horizontal mode.

V. CONCLUSIONS

In summary, we find that the vibrational modes at the
Be~0001! surface are qualitatively different from those cal-
culated using a model that is highly successful in reproduc-
ing the bulk phonon dispersion: a Born–von Karman model
that includes generalized tensor-force interactions between
atoms. The experiment and theory can only be reconciled
easily if noncentral forces are reduced in magnitude at the
surface. We conclude that the large density of surface states
is the determining factor in the electronic, structural, and
dynamical properties of this surface. Given this hypothesis,
that the surface states on Be~0001! are crucial to an under-
standing of the properties of this surface, many other experi-

mental observations can be explained. The anomalous out-
ward expansion of this surface17 is a consequence of the fact
that the isotropic surface state charge distribution allows the
surface to relax back towards the idealc/a ratio. The large,
negative core level shifts at the Be~0001! surface,28 com-
pared to other metals and to the more-open Be~101̄0! sur-
face33, are a result of the increased final-state screening by
the surface states. Finally, the high energy of the free-
electron-like multipole plasmon mode observed at the
Be~0001! surface34 is a direct consequence of the high den-
sity of delocalized~in the plane! surface states. Finally, we
note that our conclusions concerning the importance of sur-
face states at the Be~0001! surface can be tested by compar-
ing the dynamics of the Be~0001! surface with those of
Mg~0001! and Be~101̄0!.
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