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Measurements of surface-phonon dispersion at th@®4) 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 B@001) 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.

[. INTRODUCTION is nearly semiconducting, with a minimum in the DOS near
the Fermi level(Fig. 1). Furthermore, the/a ratio, which
Be is an interesting material, because many of the physicharacterizes the hcp crystal structure, is 4% smaller for Be
cal properties are anomalous compared to those of other ethan for Mg. Thec/a ratio of Mg is equal to the “ideal”
ements. The properties of bulk Be are a result of the uniqu&alue(calculated from the packing of hard spheresd con-
position of Be in the Periodic Table: second row and secongequently the nearest in- and out-of-plane neighbors are
column. This gives rise to unusual bonding characteristicsequidistant. However, in Be, the bonds to out-of-plane neigh-
which can be illustrated by comparing the properties of HepPors are shorter. Chou, Lam, and Cohen have shown that the
Be, and Mg. The valence shells of these elementssdile smallc/a ratio of Be is associated with an anisotropy in the
and closed (8 for Be). In the simplest conceptual picture, P-derived DOS!
as two atoms are brought together to form a dimer the bond- The bonding between atoms in a solid determines the dis-

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 Béref.

1) and 0.05 eV for Mg (Ref. 2. The ability of second-
column elements to form bonds depends on the ability to
“promote” an electron from the closesl shell to an unoccu-
pied p or d level. The cost of promotion is offset by the
energy-gain associated withp (or s-d) hybridization. This
hybridization is highly sensitive to the local atomic geom-
etry: the energy per bond in bulk B&2 near neighbojss
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 sm@ig: 2.6;

Be: 2.8 eV}, and stable hcp phases exist at room temperature.

Despite the fact that theto-p promotion energies of Be and
Mg are nearly equal, the cohesive energy of bulk Be is nearly
3 times larger than that of M§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 entrkke
core (1s?), which presents no orthogonalization barrier to
states derived from atomig levels. This leads to enhanced
hybridization ofs and p states relative to that occurring for
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Mg. This can be most easily illustrated by comparing the FIG. 1. Calculated electronic density of states for bulk(Ref.
calculated electronic density of statd30S). The DOS for  4) and Mg (Ref. 3. Solid lines indicate the corresponding free-
bulk Mg is nearly free-electron-like, whereas that of bulk Beelectron densities of state.
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interaction between nearest neighbors within #0901

30 Mg Bel 85 planes, that is, by the noncentral nature of in-plane forces.
] K The strong dependence gfp hybridization on coordina-
] K, ! tion and local geometry raises interesting questions about the
] K, K bonding in Be structures of reduced dimensionality. First-
1 K; 3 principles calculations for the Be dimer, hexagonal mono-
20.] K; K¢ layer, and hcp dilayer indicate a strong dependence of the
S K electronic and structural properties on the local geome-
g 6 - 50 try.11518 For example, the calculated cohesive energy of the
5o I Be monolayer is nearly that of bulk B@.94 eV vs 3.34 eV
g ] - 40 for bulk Be),'® whereas the bonding between planes in the
. I Be dilayer is weaker than that of bulk XBAt a crystal
10 r 30 surface, one can experimentally probe cohesion in such a
'_ 20 low-dimensional structure. We have studied the structure and
| dynamics at Be surfaces in order to better understand the
] | 10 effects of reduced coordination on the bonding of Be atoms.
] I In this paper, we report on measurements of the phonon dis-
0] 0 persion at the close-packé€di00l) surface. Our investigation
r KT K was motivated by the analysis of low-energy electron diffrac-

tion (LEED) data, which indicates that the surface layer is
FIG. 2. The measured bulk phonon dispersion alonglth&  €Xpanded outward by nearly 6%.Large relaxations at
direction for Mg (Ref. 12 and Be(Ref. 13. close-packed surfaces are unusual, and based on charge-
smoothing arguments, one expects only a sitiaiard re-
persion of vibrational modes. For bulk Be, the directionall@xation at the surfact. The measurement of surface-

nature of the bonding leads to phonon dispersion, which iohonon qispersion can provide more detailed information on
very different from that of other hcp metals. The differencest® bonding at the surface, because the energy cost associ-
arise because the electronic DOS of bulk Be is more like tha@!€d With the symmetric distortions of the lattice are closely
of a covalently bonded semiconductor: the density of stateie/ated to the bonding and stability of the surface. We find
is low at the Fermi energy, and the Fermi surface isthat the vibrations at the B@00J) surface are qualitatively
nonspherical. The vibrational motion of the ions leads to different from the predictions of an accurate bulk-terminated
restoring forces arising from both the direct ion-ion interac-(BT) model. Most significantly, the sign of the measured
tion, as well as the screening response of the valence electr&ifY!€igh wave(RW) dispersion along the zone boundary is
distribution. When the electronic screening of the ion motionn©t correctly reproduced in the BT calculation. The correct
is anisotropic, noncentral forces result. This is common folRW dispersion is only obtained if noncentral forces are sub-

semiconductors, where noncentral interactions are ofteft@ntially reduced in magnitude at the surface. This runs
modeled using phenomenological  “angle-bending” counter to the expectation that noncentral forces are en-

forces®” or as interactions between ions and interstitialn@nced at the surface: Eguiluz and co-workers have shown
“bond charges,®° or higher-order electrostatic multi- that the abrupt termination of the chgrge de_nsr[y norr_nal toa
poles®® metal surface leads to inherently anisotropic screening, and

For hcp materials, the influence of noncentral forces caf® €nhanced noncentral .forc.@§,° However, for the
be inferred directly from the bulk phonon dispersidrin ~ B&(000D surface, a reduction in the in-plane noncentral
Fig. 2, the dispersion of bulk phonons modes for [Bef. forces at the sur_face is consstgnt Wlth our knowledge of '_the
13) and Mg(Ref. 12 is shown for momentum parallel to the surface electronic structure, which is domlnate_d l_:)y the exist-
line T to K in the bulk Brillioun zone. The symmetry of the €NC€ of a large numbe_r of surface states. As is |Ilustr_ated in
K point in the bulk zone is such that the energies of the si¥19- 3, surface states increase the DOS at the Fermi energy
bulk phonon modes are functions of only four independenfEr) Py nearly a factor of 5 in the surface Ia_l)?érand con-
interaction constanfé. Four of the modes involve circular S€duéntly screening in the surface region is more efficient
motion (K,Ks,Ks) of the ions parallel to théd003) planes, than in bqu_Be. In addition, the surface-induced DOS is
and the remaining two are polarized perpendicular to th&nOre isotropic than that of bulk Be. In short, the(B&01)
(000D planes Kg). Roy et al. have shown that for any surface is a hlg'h—densny, fre_e—electrt_)n metal=(1.9),
model based on pairwise central interactions, one of the fouf/nereas bulk Be is nearly semiconducting.
parameters is identically zetd.This restriction leads to an
ordering of the circularly polarized modes, which is charac-
teristic of all central-forc CF) models: the energy of the
doubly degeneratk; mode always falls in between those of  The data presented in this paper were obtained from two
theK,; andK; modes, as is seen for Mg. The measured bulkmechanically polished samples cut from separate Be boules.
phonon dispersion of Be does not exhibit the CF ordeting, One of these crystals was also used for a structural study of
and consequently, any quantitative description of the latticéhe B&0001) surface’’ Surface-phonon dispersion measure-
dynamics requires a model that incorporates noncentral inments were performed using a standard ultrahigh vacuum
teractions. Our modeling shows that, for Be, the anomaloushamber equipped with an electron-energy-loss spectrometer
ordering of modes at thi€ point is largely determined by the capable of energy resolution below 2.0 meV. A clean, well-

Il. EXPERIMENT
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FIG. 3. Calculated layer-resolved DOS for tte central layer
and (b) surface layer of a nine-layer B#01) slab (Ref. 2J).
Shaded region indicates the contribution from surface states.

ordered B€000J) 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 Loss Energy (meV)
high-symmetry directions of th€001) surface.

We have measured EELS spectra along the high- FiG. 5. EELS spectra illustrating surface-mode dispersion along
symmetry directions of the B@001) surface for a number of = the line[—K—M. Weaker surface modes are indicated by vertical
impact energies in the range 20—150 eV. This was done so @ifies. The Rayleigh wavéRW) and shear-horizontal mod&H) are
to exclude primary energies for which bulk modes mightindicated.
have anomalously large cross sections. Most of the data pre-

sented in this paper were recorded using impact energies F—IZ— M are shown in Fig. 5. For these spectra the scatter-
the range 40 to 80 eV for which the RW cross section near . —_ = . .
ing plane was aligned along the-K direction, that is, along

the zone boundary was Iarge.st. — the line joining in-plane nearest neighbors. The intense dis-

'A'n EELS spectrum sgmplmg the pomt N the surfac;e persing feature is the RW, which in the long-wavelength
Br|II|0L_|n zone is shown in Fig. 4. T_he solid Ilne_, det_ermlned limit (q—0) corresponds to the surface acoustic mode that
by a fit to the measured feature, is a Lorentzian line shapgan be calculated using continuum elastic theory. Along the

(FWHM = 1.4 me\} convolved with the elastic peak. A . ;
series of EELS spectra for parallel momenta along the Iineedges of the zone(-M), the RW consists of motion of the

top-layer atoms normal to the surface. At the point, a
second mode is observed at roughly 50 meV. This mode is a

L shear-horizonta(SH) vibration, which is polarized entirely
] p E=90eV t within the (0002 plane. Several weaker, high-energy modes
1 e Bi=01" are also observed. These modes reside near the edges of gaps
] 3 T 6,=29 E in the continuum of surface-projected bulk bands and are
60 't TR - surface resonances.
] % , _ ot
S 4ﬁ;v g ME . lll. LATTICE DYNAMICS OF BULK Be AND Be (0001)
Téo_ e ! [ 3 We have modeled the lattice dynamics of bulk Be and
@] ee E Be(000) using a Born—von Karman scheme, in which the
] e q . potential energy of the lattice is expanded to second order in
204 8 o - the ion displacementsy;”:
1 :
:{ - 1 g
5 : E=5 2 uplihunf,
O*I A R LR LEAR RERRN RARRE LARLY eARAE nARAS U 01:,3
0 20 40 60 80

Energy Loss (meV) where

FIG. 4. EELS spectrum sampling a point néarThe solid line
is a Lorentzian line shape convolved with the elastic peak. The inset cI)aB(i J)=
shows the B&001) surface Brillioun zone.
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TABLE |. Force constants for the noncentral force model of bulk Be, in N/m, determined from a fit to the
neutron scattering data of Stedmeinal. (Ref. 13. The matrices shown correspond to atoms that are linked
by the unit vectors found in the left-hand column. Thaxis of the slab is parallel to theaxis of the hcp
crystal structure.

Neighbor number n,m, nm, n.m,
rn,m=(x,y,Z) ®(n,m)= nymy nym, nym, N/m
nm, nm, nm,

.—a1 51 —

INN B a;=—11.93 Bi=-3.98

+0.59,+0.00,—0.81 & v y:1=—19.59 8,=+13.33
-0, 5, ]

2NN -6 B2 a,=-3.15 B,=-19.14

+0.00, + 1.00, +0.00 72 v,=—129 85,=—6.92

3NN BZ q3= — 1.56 B3= +2.35

—0.83,+0.00,+0.56 & m ¥3=+0.13 83=+4.45
-a, -

4NN ay

+0.00,+0.00, — 1.00 Ba a,=—-220 By=—467

[ as e &5 ]

as=—1.48 Bs=—0.55
5NN € Bs \s ys=—0.327 S5=+2.15
—0.67,+0.58,+0.46 8 Ns Vs €s=+0.46 As=—0.14
- o -
6NN Bs ag=—1.76 Be=+1.34
+1.00, +0.00, +0.00 e Ye=—0.75
@y — €7 _57
a,=+0.19 B,=-0.09
7NN € B M\ ¥7=+0.33 8=+1.12
+0.00, +0.54, +0.84 & Ny v €=-0.77 A,=—0.50

The indicesa and 8 label the Cartesian coordinates, andand measured bulk phonon dispersion along the high-
i andj specify the ions. The fundamental quantities of thesymmetry directions of the bulk zone are shown in Fig. 6.
model are the 3 matrices® ,4(i,j), which describe the  We have investigated the uniqueness of the fit by varying
interaction between atomisand j. Typically, a particular the range of interaction as well as the initial values of the
form for the interaction between two ions is assurfieel, a ~ Parameters. From the parameter values given in Table |, it is
central force:E=V(r)] and the matricesb are calcula,ted evident that the forces are “large” for the first three or four

: . . __neighbor shells, beyond which the interactions are much
analytically. However, one can also determine the matrice o orer. Consequently, the minimum model that can qualita-

from a fit to the measured dispersion. The advantage of thige|y describe the bulk lattice dynamics requires interactions
approach is that one is guaranteed to reproduce the measurgg to fourth-nearest neighb&t.If more neighbor shells are
dispersion provided the range of interaction is chosen to béhcluded, quantitative agreement between the model and the
large enough. The form of the matricds are restricted by measured dispersion improves. However, the values of the
the symmetry of the lattice, and one can determine the indgparameters for the near-neighbor interactions do not change
pendent parameters from symmetry considerattéAdFor  significantly. Beyond tenth-nearest neighbor, the large num-
bulk Be, the forms of the matrices for the first- through ber of free parameters begins to destabilize the fitting pro-
seventh-nearest neighbd&\NN-7NN) are given in Table |, cess. We have included a relatively large number of neighbor
along with the values of the parameters determined by a fit tghells in order to arrive at a quantitatively correct description
the neutron scattering data of Stednedral 1> The calculated  of the bulk lattice dynamics.
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FIG. 6. Bulk phonon dispersion along the high-symmetry direc-
tions of the hcp Brillioun zone. The measured dispergiRef. 13
(filled circles is compared to that calculated using the noncentral
model with parameters given in Table I.

M
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For a model based e_xc_luswely (_)n central interactions, FIG. 8. Dispersion of vibrational modes at the(B@0J) surface.
each force-consta_m matrix is a function of, at most, two Pa-The filled (open circles indicate intens@veak) features in the mea-
!’ame.ters' In addition, some of the quel parameters argreq dispersion. Solid lines indicate the calculated dispersion of
identically zero for any CF model. This is the case for thegyrface modes for a bulk-terminated 500-layer slab. The shaded

&, parameter of the 2NN interaction. From our fit to the area corresponds to the projection of bulk phonon modes onto the
bulk lattice dynamics, we find that a large, nonzero value ofo00) surface.

&, is required in order to arrive at the correct ordering of

bulk modes aK. Physically, 5, describes the coupling be- 8, superimposed on the calculated vibrational modes for a
tween the perpendicular displacements of in-plane neares00-layer Be slab. The calculated surface modes are in quali-
neighbors(Fig. 7). In a CF model, when atorf is displaced tative agreement with the unpublished Green’s function cal-
parallel to an in-plane bond, the symmetry of the interactiorculation of Sameth and Mef&:?® In that calculation, a pair-
potential results in a force on atoB which is always di- wise harmonic model, which is constrained to agree with
rected along the boridFig. 7(a)]. However, if the response of measured bulk dispersion at the high-symmetry points in the
the valence electron distribution is anisotropic, then theBrillouin zone, is applied to the semi-infinite surface. We
charge density induced by the displacement of atowan  take the agreement between our calculation and that of
lead to a resultant force on atoB with components both  Sameth and Mele as evidence that the application of our bulk
perpendicular and parallel to the boffeig. 7(b)]. It is pri-  model to the slab geometry has been implemented correctly.
marily this coupling that leads to the observed ordering ofThe shaded regions of Fig. 8 represent the projection of bulk
modes ak in bulk Be. At the B€000J) surface, where the phonon modes onto th@001) surface, and the solid lines
surface states make the charge density more isotropic, wadicate the calculated dispersion of surface-localized vibra-
find that the measured surface-phonon dispersion is consisional modes and resonances. Surface modes are defined as

tent with a purely central interactiod,=0. those modes for which the displacements in the top two lay-
ers comprise more than 50% of the total displacement. Since
IV. VIBRATIONAL MODES AT THE Be (0001) SURFACE the model parameters have not been modified in the surface

region, the calculated phonon dispersion shown in Fig. 8

The measured phonon dispersion along the higheorresponds to a BT surface.
symmetry directions of the B@00J) surface is shown in Fig. 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; neaf'the
point, the RW penetrates far into the bulk, whereas along the
zone boundary K—M), it is highly surface localized. At
M, the parallel mode is a shear-horizontal vibration.KAt
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-

FIG. 7. Arrows indicate the force on atoBwhen atomA is  ated close to, or within, gaps in the projected bulk-band den-
displaced assuminga) central-force interactions, antb) non-  Sity. In order to reproduce these modes in a calculation, one
central interactions. Shaded area indicates schematically the chargequires a model that correctly reproduces the band gaps.
density induced by the displacement of atdm Because these modes are situated near the projected bulk
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TABLE Il. Calculated surface-mode eigenvectord\]atandlz for the bulk-terminated B@001) surface.
The displacement amplitude#\Y are normalized to unity, and the phases) (are given in degrees. The
longitudinal mode aM is representative of a high density of surface-localized modes at this energy.

M K

Rayleigh Shear Longitudinal Rayleigh Parallel

44.6 meV 47.5 meV 70.9 meV 43.7 meV 48.5 meV

A 1) A 1) A 1) A 1) A [0
x1 0.07 +0 0.00 +0 0.10 +120 0.00 +0 0.57 +0
yl 0.00 +0 0.59 +0 0.00 +0 0.00 +0 0.57 +90
z1 0.91 +0 0.00 +0 0.06 +120 0.92 +0 0.00 +0
X2 0.13 +60 0.00 +0 0.20 +0 0.27 +180 0.00 +0
y2 0.00 +0 0.45 +60 0.00 +0 0.27 +90 0.00 +0
z2 0.33 +60 0.00 +0 0.12 +0 0.00 +0 0.47 +180
x3 0.00 +0 0.00 +0 0.05 +120 0.00 +0 0.24 +180
y3 0.00 +0 0.37 +0 0.00 +0 0.00 +0 0.24 -90
z3 0.15 +0 0.00 +0 0.07 +120 0.06 +90 0.00 +0
x4 0.01 +0 0.00 +0 0.10 +0 0.03 +180 0.00 +0
N2 0.00 +0 0.31 +60 0.00 +0 0.03 +90 0.00 +0
z4 0.09 +60 0.00 +0 0.09 +0 0.00 +0 0.12 +0
x5 0.00 +0 0.00 +0 0.03 -60 0.00 +0 0.07 +0
y5 0.00 +0 0.26 +0 0.00 +0 0.00 +0 0.07 +90
z5 0.04 +0 0.00 +0 0.08 +120 0.01 +0 0.00 +0

density, they have relatively large penetration depths. That igjicular to both the wave vector and the surface normal
the higher-lying surface modes are more sensitive to the bulk'shear”), and parallel to the wave vect@fongitudinal” ).

environment than the low-lying RW. To illustrate this point, The largest feature in the normal-weighted DOS is the RW,
the displacement patterns of the surface modds ahd M situated just below the bulk-band edge at 9.5 meV. The mea-
are given in Table I The high-energy mode av is a  sured feature, at 14 meV, is significantly higher in energy

longitudinal resonance that penetrates well beyond the fourtfhan the calculated RW. Since the density of bulk modes in
layer of the crystal. the vicinity of the RW is small, it is unlikely that the mea-

sured loss feature is a superposition of more than one mode.

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 dispersioriFig. 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 penetratedFig. 10, coupling to bulk modes may be im- 5
portant. These issues can be addressed by comparing the f
measured EELS spectra to the calculated density of vibra-

15

10

Rayleigh Wave Energy (meV)

e T-M m T-K

tional states at the surface. This latter quantity is computed I __ IBIT RW e
by weighting each mode of a 500-layer slab by the amplitude 0'_0 0'_1 0'_2 0'.3 0',4 0'_5
of vibration (in a given directionin the surface region, de- Momentum Transfer (inv. A)

fined here as the top two layers of the slab. In Fig. 11, an

EELS spectra corresponding to a momentum transfer of giG. 9. Comparison of the calculatédashed ling and mea-
0.17T'M is shown with the corresponding surface-weightedsured(solid line) long-wavelength RW dispersion along the high-
density of states computed for displacements along the folsymmetry directions of the Be001) surface. Circlegsquaresin-
lowing directions: normal to the surfa¢ormal” ), perpen-  dicate measurements from thé/ (I'K) direction.
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From the point of view of continuum elastic theory, a
stiffening of the RW dispersion can have two origins. One

FIG. 10. Filled circles indicate the FWHM of the RW loss, after possibility is that the influence of the surface extends beyond
deconvolution of the instrumental resolution, along the high-the first or second surface layer, essentially modifying the
symmetry directions of th€d00]) surface. Shaded area corresponds«p,|k” elastic properties that enter the RW dispersion. Mea-
to wave vectors for which the RW feature is situated within theg,rement of surface core-level shifts indicate that this is in-
projected bulk-band density. deed the case: three shifted surface core levels have been

measuretf and calculate® at the B€0001) surface, indicat-

The largest feature in the shear density, at 12 meV, is thehg that the chemical environment of the first few surface
shear-horizontal surface mode, which should not be eXCitefbyers is not “bulklike.” In Comparison, the surface core lev-
using this scattering geometry, because it is odd under reflegis of the A(111) surface exhibit no measurable shift in bind-
tion in the scattering plane. One can also see that the featujgg energy*° A second possible mechanism behind the large
measured at 21 meV corresponds to a high density of longisiope of the RW dispersion is surface stress. The boundary
tudinal modes. The calculated DOS shows that the contribuconditions at the solid-vacuum interface are modified when
tion of bulk modes to the measured loss feature at 14 meVhe surface is subject to either tensile or compressive sttess.
cannot account for the discrepancy between the calculategiress may be particularly important for the (B@01) sur-
and measured losses. A similar conclusion holds for the longrace; first-principles calculations indicate that tensile stress at
wavelength RW dispersion along tiie-K direction; there is  the B€0001) is extremely largé® No attempt has been made
an intrinsic “stiffening” of the long-wavelength RW disper- to adjust the parameters of our microscopic model in order to
sion compared to that calculated using the BT theory. 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

AT TN TN SRR AN E IR E NI BN NN AU N NN RN AW

80 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-

60 eters were calculated from first principles.

z

E 40 B. Rayleigh wave dispersion at the zone boundary

5 The most striking discrepancy between the BT theory and
the measurements concerns the dispersion of the RW along

205 the zone boundaryK—M). The measured RW energy at
M is lower than that aK, whereas the opposite is found in

04 the BT calculation. This discrepancy is unusual in the sense

that it is directional: the RW energy is too low fslt, but not
at K. 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®? One can then invoke weaker or stronger interplanar
d bonding(or surface stregsi.e., modify a central interaction,
T T T e 80 in order to reproduce the observed dispersion. At otind
Energy (meV) M the RW consists almost entirely of motion of the top
layer normal to the surfadéig. 12). Since the displacement
FIG. 11. EELS spectrum for momentum transfer of 0.27'A  patterns are similar, i.e., the same bonds are stretched in the
along the TM direction (0.1TM) compared to the surface- motion, modifications to the central interactions are likely to
weighted DOS from the bulk-terminated calculation. effect both modes in the same way. It is unlikely that the
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effect of modifying a central interaction is to increase the

energy of the RW am, while having no effect on the RW at % @
K. The dependence of the RW dispersion fr&mto M on 457 s

the details of the central and noncentral parts of the interac- -,

tion is addressed in detail below. 407 T,

In order to understand the apparent stiffening of the RW 35— S A
near theM point, one must examine the displacement pat- . .
terns, given numerically in Table Il, more closely. Th 30°
point is contained within a mirror plane of the surface, and 507 (b)

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, aK, the modes are combinations of per-

Rayleigh Wave Energy (meV)
S
=
i

pendicular motion and in-plane circular motion; that is, the 357
in-plane displacements have both parallel and perpendicular 30
components. The differences between the motioi a&tnd 50
M become more significant when one considers the phonon ©

dispersion of bulk Be. In the Introduction, it was shown that 457
the ordering of bulk modes &t is not consistent with purely

central interactions. From our fit to the bulk phonon disper- 40
sion, we find that the largest noncentral interaction is that 357
which couples the perpendicular in-plane displacements of N
in-plane neighborgFig. 7). The circularly polarized bulk 307

modes aK are very sensitive to this coupling{ parameter T—
from Table ), which is large in our model, whereas motion
perpendicular to the plane is not. We find that it is precisely FIG. 13. Measured RW dispersion compared to that calculated
this interaction that is responsible for the discrepancy beusing (@ the bulk-terminated model. In panéb) the in-plane,
tween the calculated and measured RW dispersion faim  nearest-neighbor interaction@NN) have been replaced with a
M_ The effect of two modifications to the model on the RW purely central interaction in the top two surface layers. In pécjel
dispersion fromlz to M are illustrated in Fig. 13. In panel the model is modified further by the replacement of the first-
@ pthe bulk-terminated dispersion is shov?/ﬁ folr re]f(;rencenearest-neighbor interactidbetween the first two surface planes

’ . aisp .~ ~by a central force.
The effect of fixingd,=0 in the top two layers of the slab is
shown in panelb). Only this parameter has been Changed:sensitive to thes, coupling and are unchanged. If one re-

all others are taken from the fit to the bulk dispersion. Theplaces the INN and 2NN interactions by purely central

RW atK moves up significantly in energy, while the RW at ¢, ce5 at the surface, the RW dispersion shown in pégjel

M shows a small stiffening. The slope of the dispersion fronyesylts. Specifically, the force-constant matrices for the first-
K to M reverses, and becomes slightly negative. The impliand second-nearest neighbors in the top two layers of the
cation of this change is that the in-plane forces in the surfacelab have been replaced with those calculated from a simple
region are more “central” than those of bulk Be, and, there-spring model. The specific parameters chosen correspond to
fore, that the electronic environment is more isotropic withinsignificantly weaker interplanar bonding, which lowers the
the surface plane. This conclusion runs counter to the expeenergy of the RW throughout the zone.

tation that noncentral forces are enhanced at a surface. Egui- One must be careful in interpreting the resultsadfhoc

luz and co-workers have shown that the abrupt decay of theprce-constant modifications at the surface, especially with
charge density normal the surface leads to anisotropigegards to uniqueness. In the present case, one must deter-
screening and to larger noncentral interactitt®®However,  mine if a reversal of the sign of the RW dispersion can be
for Be(000D, a reduction of the noncentral forces is plau- brought about by varying the central parts of the interactions.
sible, given our knowledge of the electronic structure of theas noted above, this is unlikely because the displacement
Be(000) surface. The large enhancement to the DOS neapatterns are similar. In Fig. 14, the energies of the surface
the Fermi energy makes the surface DOS more free-electromnodes at the high-symmetry points of the surface Brillioun
like and isotropic within the planéFig. 3). Furthermore, the zone are displayed as a function of the model parameters in
observed RW dispersion frol to M is similar to that mea- the top layer. In panel), the modes are shown as a function
sured at the fdd11) surfaces of most noble metals, all of of the central part of the interplanar interaction; that is, a
which are adequately described using CF motfelhe con-  “spring” has been added or subtracted from the nearest-
nection between the RW dispersion and the circularly polarneighbor(1NN) interaction. In pane{b), the same procedure
ized K5 mode can be illustrated using a bulk calculation. If has been applied to the 2NN in-plane interaction. In panel
one calculates the bulk phonon dispersion wif=0, and  (c), a stretched or compressed spring has been added to the
the remaining parameters taken from Table I, one finds tha2NN interaction. In CF models, this type of interaction is
the K mode moves up in energy by roughly 6 meV, falling related to surface stress. Calculatithiadicate that the ten-
between theK; and K; modes. The modes a#l are not sile stress is very large at this surface; however, our model-
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the bulklike and modified layers. A more physically reason-
FIG. 14. Calculated surface-mode energies as a function of addable approach is to gradually increase the central parts of the
ing or subtracting a central force to tli@ nearest-neighbor inter- interactions as the surface is approached from the bulk. The
action (between plangs and (b) second-nearest-neighbor interac- RW dispersion at long wavelength, as well as the core-level
tion (in plang. Panel(c) shows the effect of adding a compressive studies® reinforce this view. It would be interesting to de-
or tensile stress term to the second-nearest-neighbor interaction. termine if these effects are predicted within a first-principles

L density-functional theory near the surface.
ing indicates that surface stress alone cannot account for the y y

sign of the dispersion frorK to M. Stress may be the im-
portant mechanism in increasing the energy of the band of
parallel modes. The BT calculation exhibits a band of shear-horizontal
As the data presented in Fig. 14 illustrate, modifying onlymodes just at the band edgeMt whereas the EELS data
the near-neighbor central interactions in the surface layegnhow a weak feature &l near 50 meV, well above the bulk
cannot reproduce the observed RW dispersion; that is, thgand edge. The geometry of @001 surface is such that
ordering of the RW energies & and M is not reversed. modes aM can be excited in two different scattering geom-
However, the average energy of the RW is a strong functionyjes(see inset to Fig.)8 TheT—M direction coincides with
of these parameters: stronger m_terplanar bon(_jmg_ INCreasesmirror plane of the surface, and modes which are odd with
the energy of the RW, stronger in-plane bonding increasegsgpect to reflection in the scattering plane will not be ex-

the energy of the shear mode, as one might expect. Surfaggeq sing this scattering geometry. However, modes that
stress has a large effect on all of the modes. From thes T

modifications we conclude that the discrepancy between th§re odd in th_ M scattering Qlar_we hf_we longitudinal com-
calculated BT dispersion and the measurements can only kpeonents V\{'th respect to thie—K direction, gnd gan be ex-
reconciled if noncentral forces are modified at the surfaceSt®d- In Fig. 15, EELS spectra froM, obtained in the two
Further modifications are required in order to bring thedifferent scattering geometries, are shown superimposed on
model into quantitative agreement with the measured dispefl® surface-weighted DOS. The RW, with displacements al-
sion. Modifying the central interactions, as is shown in Fig.MOSt entirely normal to the surface, is present in both spec-
14, provides one way of accomplishing this. It should belf@ However, the mode at 50 meV is more intense in the
stressed, however, that the modifications required in order t8P€ctra obtained in thd'-=K—M geometry (=2.75
bring all modes into agreement with the measured valued ™*). In theI'—M direction, a weak feature is visible at,
most likely require changes to the model parameters in sewerhaps, slightly higher energ$2 me\). From the surface-
eral layers. If, in order to reproduce the observed RW and Shveighted DOS, shown in the lower part of the figure, it is
dispersion, one introduces purely central interactions in onhgvident that the 50 meV feature does not arise from a high
the first two layers, surface modes appear that are localizedensity of bulk modes. In fact, below 51 meV, the entire bulk

in the second and third layers, i.e., at the interface betweePOS atM is due to shear modes. The weak feature at 52

C. The shear-horizontal mode atM
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meV in theupperspectrum may be due to the excitation of mental observations can be explained. The anomalous out-
longitudinal or normal bulk modes at the band edge withward expansion of this surfadéis a consequence of the fact
unexpectedly large cross sections. However, inltheK di- that the isotropic surface state charge distribution allows the
rection, the “longitudinal” modes will not be excited, be- surface to relax back towards the ideéh ratio. The large,
cause they have shear character with respect to this scatteringgative core level shifts at the @01 surface’® com-
geometry. We conclude that the feature observed at 50 mepared to other metals and to the more-operi1B&0) sur-

in thelower spectrum is due primarily to the shear-horizontalface *3, are a result of the increased final-state screening by
surface mode. In this scattering geometry, the shear mode the surface states. Finally, the high energy of the free-
not forbidden—it has the character of a longitudinal vibra-electron-like multipole plasmon mode observed at the
tion and possesses a large surface weight. Our assignmentBg(0001) surfacé” is a direct consequence of the high den-
supported by the calculated DOS, which shows that the dersity of delocalized(in the plané surface states. Finally, we
sity of perpendicular mode@.e., those modes which could note that our conclusions concerning the importance of sur-
contribute in both scattering geometiies vanishingly face states at the B&001) surface can be tested by compar-
small, and which does show a very large feature arising froning the dynamics of the B8001) surface with those of
the shear-horizontal mode. Mg(0001) and B&1010).

V. CONCLUSIONS
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