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The phonon-dispersion curves of the Cu(111) surface have been calculated in the framework of an

electronic multipole model. The electronic pseudocharges are located at the midpoints between nearest-

neighbor ions of the lattice and are expanded in terms of their dipole and quadrupole deformabilities.
The anomalous longitudinal resonance observed by helium-atom scattering (HAS) is accounted for by in-

creasing the dipolar and quadrupolar bulk deformabilites at the surface. Moreover the model explains in

a straightforward way the apparent contradiction between force constants obtained from a fit of the
HAS data and of similar dispersion curves measured by electron scattering. Thus the enhanced inelastic
HAS intensity of the longitudinal resonance, which previously required extreme force-constant adjust-
ments, is instead attributed to an additional contribution from the inelastic interaction of the He atoms
with the dipolar and quadrupolar modulations of the surface electron density.

I. INTRODUCTION

Structural changes such as relaxation and reconstruc-
tion' indicate that at the surface of a crystal the forces
between atoms are different than those in the bulk. These
phenomena illustrate how the reduction in dimensionality
at surfaces provide a sensitive test of physical models of a
solid. More direct information on the forces at surfaces
is now becoming available from measurements of
surface-phonon-dispersion curves by the two complemen-
tary techniques of inelastic electron scattering (EELS)
and helium-atom scattering'3 (HAS). It is important for
the later discussion to recall that the interaction of elec-
trons and He atoms with the surface atoms is fundamen-
tally different. In EELS as in low-energy electron
diffraction (LEED) the high-energy (100—200-eV) elec-
trons penetrate several layers into the crystal where they
interact mostly with the inner shells of the ions, whereas
the low-energy (=20-meV) helium atoms are scattered
from the outer electrons with a density of only about
10 A at distances of about 3 A above the first layer
of atoms.

One of the most surprising observations made already
in the first He phonon studies of metal surfaces was the
discovery of an anomalous dispersion curve attributed to
a longitudinal resonance in the closed-packed (111) sur-
faces of the noble metals Cu, Ag, and Au. For Ag and
Au, Bortolani, Santoro, and co-workers explained the ap-
pearance of this mode by assuming a large softening of
the first-layer longitudinal force constant of 30% and
70%, respectively. This strong reduction was attri-
buted to electron spillout which weakens the sp-d hybrid-
ization in the surface layer. The phenomenon is never-
theless unexpected since these surfaces, with the excep-
tion of Au(111), do not show any significant relaxation
nor reconstruction. The HAS-measured surface phonon
dispersion curves for Cu(111) along the I -M direction
have recently been confirmed by EELS experiments, re-
ported by Mohamed, Kesmodel, Hall, and Mills. ' In ad-

dition to the longitudinal resonance, they were able to
detect a longitudinal-gap surface mode, designated S2,
with an energy of 26 meV at the zone boundary. These
data were analyzed with a single radial force-constant
model for the bulk and could be fitted with only a 15%
softening of the longitudinal intraplanar force constant in
the first layer. Such force-constant models, however, ap-
pear to be entirely inadequate to reproduce HAS intensi-
ties associated with the longitudinal resonance. A recent
unpublished analysis by Bortolani, Franchini, and San-
toro" of the new He data for the Cu(111) surface present-
ed in Sec. II shows that the simultaneous fit of surface
phonon frequencies and HAS intensities requires a 67%
softening of the longitudinal (intraplanar) force constant
and, in addition, a 60% stiffening of the force constant
between the first two layers. These large, rather unphysi-
cal perturbations, while compensating each other to give
still a good fit of the dispersion curves, cooperate in giv-
ing the polarization vectors a sufficiently large vertical
component to account for the large intensity of the longi-
tudinal mode with respect to the Rayleigh mode observed
along both symmetry directions. This apparent contrad-
iction between force constants from EELS data, on the
one hand, and from He-atom scattering, on the other
hand, which has been referred to as the "Bortolani-Mills
paradox, "' calls for a critical reexamination of the
dynamical interaction of the atoms with a metal sur-
face. '

In the theory used by Bortolani and Santoro, '
this interaction is described by a summation of additive
two-body potentials between the impinging He atom and
the surface atoms of the top layer. Celli, Eichenauer,
Kaufhold, and Toennies have demonstrated that with a
realistic two-body potential, this theory with only one ad-
justable potential parameter is able to explain all the
scattering observations for He scattering from LiF(001),
including diffraction intensities, selective adsorption reso-
nances, and the Rayleigh wave inelastic intensities, very
successfully. For the metal surfaces Cu(111) and
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Ag(111), a similar additive potential model was also able
to predict the Rayleigh inelastic intensities over the entire
range of phonon wave vectors. ' No attempt was, how-
ever, made to fit the longitudinal resonance. In this work
and in Ref. 19, the predicted diffraction intensities were
larger than actually observed. This was accounted for by
including the Smoluchowski electron smoothing of the
surface potential corrugation.

If the surface electrons affect the diffraction, it would
appear that they might also affect the inelastic coupling
of the He atoms with the surface phonons. To account
for this interaction, we need to understand how the elec-
trons of a metal couple to the lattice vibrations, especially
at the surface. In addition, we have to estimate the cou-
pling of the He atoms to the vibrations via an interaction
with the delocalized conduction electrons as well as with
the localized valence electrons bound to the ion cores.
There has been considerable progress in the first-
principles calculation of surface-phonon-dispersion
curves for aluminum surfaces in the local-density approx-
imation of density-functional theory ' and for the more
complicated metals such as Au(110) (Ref. 26) and recent-
ly even for Cu(111) (Ref. 27). However, these methods do
not provide information on the electronic distortions ac-
companying the lattice vibrations and cannot therefore
be used to model the dynamics of He scattering.

To deal with this problem, we have further developed a
semiempirical lattice-dynamical model of metals based on
the idea that the ions couple not only with each other
directly but also indirectly via an adiabatic coupling to
the electrons. The electrons are thus introduced as pseu-
doparticles with negligible mass (ghosts) but are endowed
with deformabilities with well-defined symmetries
matched to the motions of the surrounding ion cores.
The idea behind this model is similar in spirit to the very
successful shell model of insulators ' or the bond-
charge model for semiconductors. Its application to
bulk materials was first suggested as early as 1971 by
Hanke and Bilz. ' Similar models have been developed
and applied to the calculation of bulk phonons in metals
by Wakabayashi, Allen, and recently by Li and God-
dard. The model was first applied to the calculation of
surface-phonon-dispersion curves of the noble metals by
Jayanthi, Bilz, Kress, and Benedek. With a physically
justified adjustment of the surface force constants, it was
possible to explain the anomalous longitudinal mode in
Cu(111) and Ag(111), but only partially in Au(111). In
this early study the electron pseudocharges were located
at points of high symmetry. This had the advantage of
introducing the least number of pseudocharges, but the
disadvantage that, in fact, they were located in positions
with the lowest electron density and, moreover, that con-
siderable adjustments were needed to satisfy the bound-
ary conditions at the surface. Here we have considered a
more refined choice of the pseudocharge expansion points
by placing them at the midpoints between nearest-
neighbor ions. Since these are at the expected saddle
points of the electron density for this particular choice,
we may speak of bond pseudocharges. The deviations
from the Cauchy relations are accounted for by including
the quadrupolar deformation to mimic many-body

effects. Thus this model gives not only a rather accurate
mapping of the conduction-electron charge distribution
but also its dynamic fluctuations within the unit cell as
indicated by the very good fit of the bulk dispersion
curves. With only five parameters, the fitted surface
dispersion curves for a slab of 33 atomic layers reproduce
very well the experimental dispersion of the Rayleigh
waves, as well as that of the longitudinal resonance and
of the gap mode.

The present choice of the expansion points is also quite
convenient for modeling the dynamics of the (111) sur-
face, because all the pseudocharges are now located in the
surface plane and do not have to be displaced as in the
earlier model in order to recover equilibrium. The new
pseudocharge model also offers a suitable framework for
estimating the inelastic-scattering amplitudes, for either
He atoms or electrons, through the oscillations of elec-
tronic coordinates. As an example, we report the
surface-phonon densities projected onto the electronic de-
grees of freedom. They contain information on the
frequency-dependent mean-square dipolar and quadrupo-
lar oscillations of the conduction electrons at the surface
during the atomic motion. Such electron density oscilla-
tions may be converted into modulations of the particle-
surface potential and hence into scattering amplitudes
via, e.g. , the N&rskov criterion. In this way it has been
possible to calculate the time-of-flight spectra and com-
pare the model directly with experiment. We obtain the
important result that the comparatively large scattering
amplitude of the longitudinal resonance approaching the
zone boundary comes essentially from the quadrupolar
deformation of the surface charge, and to a minor extent
from the dipolar part. On the contrary, the dipolar de-
formation at the first layer contributes strongly to the
density of states of a flat branch at about 26 meV. This
may be related to the large intensity of this mode in
EELS experiments. ' The previous interpretation of the
EELS mode' attributed it entirely to ion-core displace-
ments in the second layer. Thus, the present lattice-
dynamical model provides a more realistic description of
the surface phonons and their coupling to the probe par-
ticles than either of the force-constant models used by
Bortolani and co-workers and by Mills and co-workers.

The paper starts with a presentation of new He-
scattering data for the phonons on the Cu(111) surface.
The electronic pseudocharge model is described and dis-
cussed next. In Sec. IV the model is applied to predicting
the bulk-phonon-dispersion curves of Cu. The calcula-
tions of surface-phonon-dispersion curves for Cu(111) are
then presented and compared with the experimental re-
sults. The role of pseudocharges in the dynamic corruga-
tion of the surface is illustrated through the calculation
of the surface-projected phonon densities of states. Final-
ly, the He-scattering time-of-flight (TOF) spectra are
simulated by including the interactions with the pseudo-
charges. The paper closes with a discussion of other evi-
dence in support of the model used.

II. EXPERIMENTAL RESULTS

In view of the controversial interpretation of the earlier
HAS surface-phonon data, new experiments were carried



ELECTRONIC PSEUDOCHARGE MODEL FOR THE Cu(111). . . 13 511

out. The experimental techniques' and the methods of
crystal preparation and characterization are essentially
the same as used in the earlier work. The improvements
in the new data over the earlier work result from the cu-
mulative effect of a large number of, in themselves, minor
technical modifications made since the first set of mea-
surements was reported in 1985.

Figures 1 and 2 show some typical time-of-Aight spec-
tra taken for the two symmetry directions. In all cases
there is clear evidence for two well-resolved inelastic
peaks, of which the one with the greatest energy transfer
is attributed to the longitudinal anomaly. Figure 3
compares the new surface-phonon-dispersion curves from
the HAS data with the EELS data, which is only avail-
able for the (112) direction. It is seen that the two sets
of data are in reasonable agreement not only for the Ray-
leigh mode but also for the anomalous longitudinal mode
in the (112) direction. In addition, the EELS data con-
tain a few points which pin down the location of the gap
mode Sz and provide some evidence for a surface mode
just below the uppermost bulk band edge. For compar-
ison the band edges and surface modes of a calculation
based on a single constant fitted to the bulk are also
shown.

Whereas the two sets of experimental dispersion curves
appear to be in reasonable agreement, their interpretation
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FIG. 1. Time-of-fiight spectra measured for the scattering of
He atoms with incident energies in the range between E; =23.2
and 35.0 meV (k;=6.67—8.20 A ) from Cu(111) along the
(110) azimuth for a surface temperature of T, =160 K. The
first peak with the smallest energy transfer is attributed to the
Rayleigh mode (RW), and the second peak, which is more in-
tense at angles removed from the specular, is atrributed to the
longitudinal resonance (LR).

FIG. 3. Comparison of the present HAS experimental disper-
sion curves ( Cj ) for Cu(111) for both symmetry direction with
the EELS data (A ) reported in Ref. 10. The surface modes and
bulk band boundaries are from a calculation based on a single
bulk force constant fitted to bulk phonons (Ref. 41). The X and
Y designations refer to the polarizations of the corresponding
modes as identified in the reduced zone diagram in the inset.
The surface temperature for the HAS data is 160 K and for the
EELS data, 300 K.
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leads to vastly different results for the force-constant
changes at the surface, as mentioned in the Introduction.
Here it is important to realize that the interpretation of
phonon-dispersion curves is only unique if the polariza-
tion of the modes is purely accounted for by also fitting
the inelastic intensities. Table I summarizes the surface
force constants determined by the different groups. With
regard to the bulk force constants, the only difference be-
tween the data analysis of the EELS and HAS data arises
from the number of terms in the Born —von Karman
fitting procedure. Bortolani, Franchini, and Santoro
went to great effort to fit not only the bulk-dispersion
curves to better than 2% but also the elastic constants.
To satisfy the breakdown of the Cauchy relations, they
had to include three-body angle-bending forces described
by the force constant 6„. Altogether, 14 force con-
stants were determined, of which only the larger ones are
shown in Table I. As expected, the largest force con-
stant, the nearest-neighbor radial force constant pt, is

nearly the same as the single force constant used by Hall
et al. ' At the surface, however, the group of Hall et al.
find it necessary to reduce the interplanar force constant
p, ,

~

by only 15% in order to fit both the longitudinal
mode' and the S2 gap mode. The fit of the Sz gap mode
is found to be especially sensitive to P~~. A softening by
30%, which is equivalent to the softening obtained by
Jayanthi et al. with the pseudocharge model, is
definitely not compatible with the energy of the S2 mode.
Recent calculations in our laboratory similar to those re-
ported by Hall et al. ' lead to somewhat different re-
sults. 44

In their fit of the surface-phonon data Santoro et al.
find, however, that much larger force-constant changes
are needed. The problem is not so much to fit the disper-
sion curves but rather the relative intensity of the
longitudinal-mode peak with respect to the Rayleigh
mode. This is illustrated for a typical time-of-flight spec-
trum shown in Fig. 4." The dashed line shows the simu-
lated time-of-flight spectrum calculated with the one
force-constant model of Hall et a/. with a 15% softening
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of the intraplanar (longitudinal) force constant in the sur-

face plane. Similar differences between the predicted and
measured time-of-flight spectra were found for all the
other time-of-flight spectra for both symmetry direc-
tions. " The solid-line results are from a calculation
based on a 67% softening of p~~

and a 60% stiffening of
P~. Obviously, the latter calculation provides a better fit

FIG. 4. Comparison of two different computer simulations of
the time-of-flight spectra with the HAS experiment measured
for E; =31.8 rneV (k; =7.8 A ') at an incident scattering angle
of 0;=35' (T, =160 K) assuming only single phonon interac-
tions. RW and LR mark the peaks attributed to the Rayleigh
mode and the longitudinal resonance, respectively. The calcu-
lated spectrum for a one-force-constant model with a 15%%uo

softening in the surface intraplanar force constant (dashed line)

is not able to explain the relative experimental peak intensities.
A calculation with a 67%%uo softening of the intraplanar force con-
stant and a 60/o stiffening of the force consatnt between the
outer layers (solid line) provides a much better fit of the peak
positions and relative intensities. The dotted line shows a cal-
clation of the energy-loss distribution for multiphonon excita-
tion without a one-phonon contribution.

TABLE I. Comparison of best-fit surface force constants with bulk force constants (all values in N/m) determined from an

analysis of EELS and HAS data of surface-dispersion curves for Cu(111).

Data fitted

EELS

HAS

HAS

HAS, EELS

Bulk force constants'

P, =27.0

A,g =30.3

a, = —0.20, Pt= —31.34, 5~= —0.49,
a2= —0.32, Pz=0. 11, fiz= —0.47, etc.

A,~=35.0

Surface force
constants

Pfi =0.85P
Pl= 1 oP'

0.70 A

Pfi =0.33P,
Pi = l. 59P,
P'l =— ',s. =0.70A, s.

P~= 1.0A,s

Reference

Hall et al. (Ref. 10)

Jayanthi et al. (Ref. 36)

Bortolani et al. (Ref. 11)

Present work

'The indices 1,2 refer to the first and second nearest neighbors.

p~~ denotes the intraplanar force constant (within the first layer), p~ the interplanar force constant (between the first and second lay-

ers).
'This value was not reported by Jayanthi et al. (Ref. 36) but was established as an effective value by Hall et al. (Ref. 10) by fitt»g t&e

gap mode calculated in Ref. 36.
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where u (I~Q,j) is the ionic displacement vector of the
atom in the surface layer (1) along the a direction. They
are compared in Fig. 5 (Ref. 45), where the dashed lines
are calculated with the surface force constants proposed
by Mohamed et al. ' and the solid lines are obtained by
Bortolani, Franchini, and Santoro. " The latter calcula-
tion, as already pointed out in the above discussion of the
TOF simulations, shows a very good agreement with the
experimental data. It is worthwhile noting the behavior
of the peak associated with the longitudinal resonance
(LR) in the shear-vertical polarized phonon density of
states (DOS), which is denoted by p„.At M/2 [Fig. 5(a)]
its intensity is large and on1y slightly lower than the in-
tensity of the Rayleigh-wave (RW) peak. At the zone
boundary [Fig. 5(b)], the p„DOSof the LR peak in-
creases and exceeds that of the RW peak in good agree-
ment with the experimental TOF. This is indicative of a
hybridization of the two modes accompanied by a
changeover in polarization. However, this calculation
has the shortcoming that it also predicts an additional
surface mode at about 31 meV which is shifted upwards
out of the maximum of the bulk bands. The results of
Mohamed et al. do not exhibit this feature and thus it
probably is an artifact resulting from the unphysically
large changes in the surface force constants. From an ex-
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of both the peak positions and the relative intensities of
the HAS time-of-Aight spectra.

A further comparison between the two previously out-
lined force-constant approaches is furnished by the sur-
face densities of states, given by

p (Q, E)= g ~
u ( I ~Q,j ) ~'&(E —&~(Q,j)),

amination of Fig. 5, it is evident that the one force-
constant calculations of Mohamed et al. do not accurate-
ly describe the Rayleigh-wave and longitudinal-resonance
peak positions and their relative intensities. For example,
at the position of the longitudinal resonance, there is no
pronounced peak in the shear-vertical density of states
p„which is needed to explain the HAS-TOF spectra.
Thus, Fig. 5 clearly indicates that, in fact, neither of the
force-constant parametrizations can explain all the data
in a satisfactory way.

Recent work indicates that multiphonon processes also
cannot explain the discrepancy. The results of a multi-
phonon calculation of HAS inelastic intensities based on
the formula of Brako and Newns, which has recently
been successfully tested by a more accurate calculation, '

yield the dotted line in Fig. 4. Obviously, multiphonon
excitation also cannot explain the observed differences.

III. THE PSEUDOCHARGE MULTIPOLE MODEL

As opposed to the two Born —von Karman force-
constant schemes compared above, the lattice-dynamical
model used in the present paper accounts explicitly for
the electronic degrees of freedom. The electron density
within each unit cell is expanded in multipole com-
ponents around symmetry points, and the expansion
coe5cients are treated as time-dependent dynamical vari-
ables similar to the ion displacements with which they
are coupled. The choice of symmetry points is justified
by the best convergence with regard to the number of
electronic degrees of freedom. The coupling of the elec-
tronic with the ionic coordinates is treated in the adiabat-
ic approximation. In this approach the coupling force
constants may be either adjustable parameter or can, in
principle, be obtained from a density-functional calcula-
tion. The phenomenological version of the electronic
multipole model, used here, has the advantage over the
Born —von Karman force-constant model in that both
bulk- and surface-dispersion curves as well as the elastic
constants are nicely reproduced with a comparatively
smaller number of parameters. Four of the five parame-
ters can be understood in terms of a dynamic mixing of
well-defined electronic band states, with dipole polariza-
bilities associated with p states and quadrupole polariza-
bilities associated with d states. Of course, higher-order
terms can also be added if necessary.

The basic model used here can be derived from
density-functional theory by considering the total ener-
gy of the system as a sum of the total energies of the ions
E; and of the electrons E, :

E =E;+E,[n) . (2)

I I I I I

0 8 1fi 24, 32 0 8 16 24 32

Ener g y (rneV] Energy trneV)

FIG. 5. Calculated relative phonon densities of states at {a)
half-way between I and M (M/2) and (b) at M (Ref. 45). The
continuous lines are calculated with the best-fit force constants
of Bortolani, Franchini, and Santoro (Ref. 11), the dashed lines
are obtained with the force constants proposed by Mohamed
et al. (Ref. 10). The densities of states are normalized to 1.

The energy of the electrons is a unique functional of the
electron density n ( r),

E, [n] =F[n] +f w(r)n (r)d r,

where the functional F includes the electron-electron po-
tential, as we11 as the kinetic and exchange-correlation
energies, and w (r) is the external potential acting on the
electron system. In our case, w(r) is the potential of the
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ions at their instantaneous positions.
%e perform a partition of the electron density into

contributions associated with each unit cell:

n(r)= g nI(r),

where I labels the unit cells of the lattice. Each partial
density nI is then mapped within the unit cell over a set
of special points r&, e.g. , a set of equivalent symmetry
points, by performing the multipole expansion

nI(r)= g crk(jl)Yrk(r r,, )
—.

j, I k

(5)

Each basis function Y~k is the product of an appropriate
radial function R &k and some harmonic function, which
transforms according to the kth component of the I th ir-
reducible representation of the point group at rt .
Spherical harmonics —more precisely, their combina-
tions transforming as I —appear to be a particularly
good choice. The set of special points should be chosen
to have a rapid convergence with the smallest number of
multipoles. On the other hand, a larger number of

equivalent low-symmetry points will provide a more real-
istic mapping of the electronic density than a smaller
number of high-symmetry points. The electrons in these
points will be referred to as pseudocharges.

The expansion coefficients crk(lj ) in the multipolar
representation act in the lattice dynamics as time-
dependent variables dynamically coupled to the ion coor-
dinates. They are the components of a pseudovector c(lj )

which transform as the respective irreducible representa-
tions I . Such multipolar components will follow the ion-
ic motion performing distortions hc&k around the equi-
librium values cori, (lj). The latter correspond to the
ground-state density no(r), which minimizes the total
crystal energy when the ions are at their equilibrium posi-
tion. Thus, in the multipole representation the electronic
ground state may be defined by the conditions

BE/Berk(lj)=0 (for all I,k, j) .

The total energy is then expanded in a Taylor series for
a given equilibrium structure ( [ ro ) ) not only with respect
to the ionic displacements u& but also with respect to the
electronic multipole distortions b,c(lj ):

E =Eo+—,
' g4 &(II')u (I)u&(l')+ —,

' g g [4 k(I;I', Ij )u (I')berk(lj )+4k (I;lj, l')u (I')berk(lj ) j
la I Ijk
I'P I'a

+ —,
' g g 4kk (I,I";Ij,l'j ')berk(lj )hcr k (Ij''),

I I ' Ijk
I'k'k'

where Eo is set equal to zero and 4 &, 4 k, and 4kk are the harmonic force constants for the ion-ion, ion-multipole,

and the multipole-multipole interactions, respectively. They are defined by

B E I d3 B 5E (gb)

BE
Berk(IJ )Bcr k (I'j')

d r d r', Y&k r —r Ij Y&k r' —r I'j'5E
5n(r)5n(r')

(gc)

In addition, we note that, in principle, this approach is
exact in the harmonic limit, provided we can neglect
nonadiabatic electronic transitions which occur as a re-
sult of the atomic displacements. As discussed in detail
by Brovman and Kagan, such processes can be neglect-
ed with reasonable confidence.

The equations of motion of the nuclei and of the elec-
tron degrees of freedom are, respectively, given by

Mii (I)= —g 4 p(ll')up(l')
I'P

mrhcrf, (lj )= —+41, (I;Ij,l')u (I')

1
' I'j'k'

X Ecy~k~{ I j )

where M is the ionic mass and m z denotes the effective

mass of the electron pseudocharge. In the adiabatic ap-
proximation used here, the electronic mass is set equal to
zero. Physically, this means that the electrons have no
inertia and can instantaneously follow the motion of the
ion cores.
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R ( ) ~ C (g~)eiq[r(l') —r(l)]
~p q ~ ~p (1 la)

(1 lb)

Next, the equations of motion are Fourier transformed,
resulting in new coupling terms: ——~

—~ ———————

0
0-

~- ———0

—- ~

—~——

/

D
)
t
I
I
I
I

(1 lc)

with the adiabatic condition m&=0. Equation (10) al-
lows us to eliminate hc„z(lj)from Eq. (9). Thus, the
equation of motion can be reduced to the following equa-
tion for the ionic displacement vectors u(q, i) and their
associated frequencies co(q, i ):

Mco2(q, i)u(q, i)=(R —TH 'T )u(q, i) . (12) c)

Diagonalization of the dynamical matrix in Eq. (12) pro-
vides the frequencies and the polarization vectors of the
phonon modes of the solid.

The multipolar oscillations of the electronic pseudo-
charges resulting from the ionic displacements can also
be calculated in an analogous fashion from Eq. (10):

b crz (q, i }= H'T u—(q, i). (13)

The generalized force-constant matrices R, T, and H are
subject to the usual constraints which follow from the in-
variance of the total energy with respect to infinitesimal
rigid-body translations and rotations. '

IV. CALCULATION OF BULK-PHONON-DISPERSION
CURUES

R
&

=(—,', —
—,', 0)a, R2=( —,', 0, —,')a, R3 =(0,—,', —

—,
' )a,

(14)
R4=( —,', —,', 0)a, R&=(—,',0, —

—,')a, R6=(0, —,', —,')a,
0

where a =1.805 A is half of the cubic cell edge in bulk
copper. The resulting fcc unit cell with four atoms with
the location of the 24 electronic pseudocharges is shown
in Fig. 6. In Fig. 6(a) we see that the pseudocharges are
in planes normal to the three Cartesian axes. They form
simple square lattices in planes containing the ion cores
and face-centered square structures in the planes midway
between the lattice planes. Figure 6(b) shows the local

The integrals in Eqs. (8) containing the functional
derivatives of the total energy with respect to n(r), are
quantities which may in principle be obtained from ab in-
itio density-functional calculations. In the phenomeno-
logical approach adopted here, they are treated as fitting
parameters. By an appropriate choice of the special
points, both an accurate mapping of the electron density
as well as its dynamical behavior are achieved with a
small number of independent multipole components.

In this work we have chosen the midpoints between
nearest-neighbor ions as expansion centers (point group
in the bulk: D2&). There are six pseudocharges per unit
cell. Those surrounding the ion at the origin have the po-
sitions

FIG. 6. (a) Schematic diagram showing the unit cell of a fcc
crystal with the locations of the pseudocharges (solid circles).
The unit cell contains four ion cores and 24 electronic pseudo-
charges. (b) The local lattice of ion cores surrounding one of
the pseudocharges. (c) The first-nearest- and second-nearest-
neighbor ion cores of a single pseudocharge are shown and la-
beled by 1 and 2 and 3, 4, 5, and 6, respectively.

geometry of the ion cores surrounding one of the pseudo-
charges in the dynamical model used here. The "cluster"
of ions is shown separately in Fig. 6(c) and indicates the
numbering of the six atoms surrounding the pseudo-
charge. It consists of two nearest-neighbor (NN) nuclei
labeled 1 and 2 at a distance of a/(2&2) and four next-
nearest nuclei (NNN) labeled 3, 4, 5, and 6 at a distance
of (a/2)&3/2. This cluster belongs to the point group
D2&, whose eight irreducible representations I;
(i =1,2, . . . , 8) are all one dimensional. The atomic
displacements of the cluster and the associated distor-
tions of the pseudocharge located at its center are pro-
jected onto a set of symmetry coordinates which trans-
form according to the irreducible representations I;. I &,r„and I s are contained three times (once for radial and
twice for shear displacements}; I 2, I 3, I 4, and I 6 are
contained twice (I 4 and I 6 have one radial coordinate;
all the others are shear); and I 5 is contained only once
(shear). The I,. are even for i =1 to 5 and odd for i =6
to 8. The electronic degrees of freedom of each pseudo-
charge, which are here considered as the most important
and included in the model, are (i) one dipolar component
(rigid displacement) polarized along the NN bond; this
pseudocharge motion is coupled to the radial in-phase
displacement I 6 of the NN atoms (Fig. 7, bottom left)
through a coupling term 8; (ii) two dipolar components
(rigid displacements) polarized normal to the NN bond;
these pseudocharge motions are coupled to the radial an-
tisyrnmetric displacements I 7 and I 8 of the NN atoms
(Fig. 7, bottom center and right) through the same cou-
pling term H; and (iii) one single quadrupolar component,
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Although the present model neglects any direct in-
teractions between different pseudocharges, the diagonal
elements of the pseudocharge-pseudocharge matrix
Hkk(l j, I j;q) are in general nonvanishing as a conse-
quence of the invariance conditions. The detailed deriva-
tion of all of the matrix elements can be found in Ka-
den. "

The above coupling terms are related to the elastic con-
stants by

'

"~'Cd [l)0) BCd (OOl j 4aC„=4A+2B +12H —(2C + 18F 4CF—)/(B +2H)

(j [))0] —:4A,H, (15)

FIG. 7. Symmetry displacement patterns of the nearest-
neighbor (1,2) and second-nearest-neighbor (3—6) Cu ions
which couple to the pseudocharge dipolar (bottom) and quadru-
polar polarizations (top, center, and right) with the correspond-
ing irreducible representations I, (point group D2&) and cou-
pling terms (8 and H for dipolar polarization; C and F for qua-
drupolar polarization). Nearest-neighbor atoms are directly
coupled by the force constant A.

transforming a sphere into a rotation ellipsoid with the
axis along the NN bond; such a pseudocharge deforma-
tion, which is volume conserving and keeps the center of
mass at rest, is coupled to the symmetric radial displace-
ment I, of both NN and NNN atoms (Fig. 7, top center
and right) through the coupling terms C and F, respec-
tively.

Furthermore, the NN atoms are directly coupled
through the radial force constant A (Fig. 7, top left). The
coupling of the quadrupolar component transforming a
sphere into a triaxial ellipsoid to the radial symmetric
displacements I z of the NNN atoms is here neglected, as
well as the coupling to all shear displacements. Thus, we
include altogether only five effective force constants. The
motions associated with the different couplings terms are
described in Table II.

4aC, &
=2A +B +6H —(C +9F 10CF—)/(B+2H),

(16)

4aC«=2A +B+6H (C +F—+2CF)/(B+2H) .

(17)

By analogy with the nearest-neighbor force-constant
model, Eq. (15) is used to define the effective nearest-
neighbor force constant A,&. The experimental values
for the elastic constant of copper are

C»(exp)=1. 68X10" N/m

C,z(exp)=1. 21X10" N/m

C44(exp) =0.75 X 10" N/m

The large derivation from the Cauchy relation
(C,2=C«) is generally attributed to electron-mediated
many-body forces. The best fit of the Cu bulk-phonon-
dispersion curves which can be obtained with one single
parameter, the Cu-Cu first-nearest-neighbor radial force
constant A =28 N/m is shown in Fig. 8(a). This best fit

yields the elastic constants

TABLE II. Motions and displacements associated with the
force constants used in the present lattice-dynamical model. C&&:c4/a = 1.55X 10 N/m

B:

C:

The radial nearest-neighbor (NN) Cu-Cu force constant
The term coupling the I 6 dipolar polarization
to in-phase radial displacements
of the two first NN Cu ions
The term coupling the I I quadrupolar polarized
antiphase radial displacements
of the two first NN Cu ions
The term coupling the I I, dipolar polarizations
to in-phase radial displacements
of the four second NN Cu ions
The term coupling the I l quadrupolar polarized
antiphase radial displacements
of the four second NN Cu ions

and

C&2=C44= A/2a =0.77X10" N/m

and, of course, cannot account for the large breakdown in
the Cauchy relation.

Although the fit of the dispersion curves might be re-
garded as satisfactory, the only way to reproduce the
correct elastic constants is to include the additional dipo-
lar (B,H) and quadrupolar (C,F) coupling terms. It can
be simply shown that the Cauchy difference implies at
least a nonvanishing of F since
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FIG. 8. The comparison of experimental neutron data (open
circles) (Ref. 53) for bulk-dispersion curves of copper with those
calculated from (a) the one-force-constant model with A =28.0
N/m and from (b) the multipole model. The multipole model
provides a better fit which can be seen, for example, in the
lowest T branch between X and Wand I and L.

C~2 —C~ =2F(3C 2F)/(B +2—H)a . (19)

The best fit of the bulk neutron dispersion curves shown
in Fig. 8(b), as obtained by minimizing y, leads to the
coupling parameters in Table III. As shown in Fig. 8(b),
the overall agreement with the neutron data is very good
and the average deviation is 1.4%. The corresponding
elastic constants are

difference is 0.40X 10" N/m and 13% smaller than the
experimental value of 0.46X 10"N/m .

V. CALCULATION OF SURFACE-PHONON-
DISPERSION CURVES

The surface-phonon-dispersion curves and the surface
projected phonon densities have been calculated for the
(111) surface using a slab of 33 atomic layers. As shown
in Fig. 9, in the (111)direction the atomic layers contain
three pseudocharges per unit surface cell and are inter-
calated by layers containing only pseudocharges, also
three per unit cell. Thus, one of the two slab surfaces ter-
minates with a pseudocharge layer, and symmetry re-
quires that its charge is equally redistributed between the
two slab surfaces. Thus, —', pseudocharges per unit cell in
addition to the three already in the surface layer have to
be accounted for. Assuming one conduction electron per
ion core, —,

' of an electron is available per pseudocharge
and —,

' of an electron has to be accommodated in the sur-
face layer or slightly below. This corresponds to adding
0.25 electrons to each surface ion. This agrees nicely
with the calculations of Euceda et al. for Cu(111)
which predict that there are in the bulk 1.115 sp electrons
per atom, whereas at the surface there are 1.346 sp elec-
trons per atom, i.e., an increase of 0.231 more electrons
per atom. The dynamical effect of such an increase in
charge is accounted for in the model by changing the di-
polar and quadrupolar deformabilities at the surface. In
this calculation the unit cell has 33X24—12=780 elec-
tronic degrees of freedom, which gives a 879 X 879
dynamical matrix for the slab. Adiabatic conditions yield
a 99 X 99 effective dynamical matrix which has to be diag-
onalized.

The additional charge at the surface is expected to
affect both the dipolar and quadrupolar coupling terms
linking the surface pseudocharges to the ion cores. In or-
der to Qt the experimental surface-phonon-dispersion

C&&(fit)=1.68X10" N/m (1.68),

C&z(fit)=1. 18X10"N/m (1.21),
C44(fit)=0. 77X10" N/m (0.75),

(20)

where the values in parentheses are the experimental
values. The average deviation of the elastic constants
from the experimental values is about 5%. The Cauchy

TABLE III. Coupling terms (all values in N/m) obtained
with the present model from a best fit of bulk- and surface-
phonon-dispersion curves and bulk elastic constants.

A

B
C
H
F

Bulk coupling term

28.6
1.1
7.8
2.5
2.4

Surface coupling term

28.6
1.1

11.0
0.9
2.4

FIG. 9. Schematic diagram showing the atoms (dashed cir-
cles) and the pseudocharge locations (solid circles) used in the
multipole expansion for a set of (111) planes of a fcc crystal ~

The atoms are located in each second plane only, whereas the
pseudocharges form the same triangle-honeycomb lattice in a11

planes.
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+ F —C EC
B +2H A,~

(21)

With the values of Table III and the values for AH and
AC given above, we obtain the dipolar and quadrupolar
contributions to the effective nearest-neighbor force con-
stant:

AA, q = —0.26( dipole ) —0.09(quadrupole )

= —0.35 .

The total reduction amounts to 35%%uo, in essential agree-
ment with Jayanthi et al. , 26% coming from dipolar
and 9% from quadrupolar contributions.

One of the attractive features of the present theory is
that no assumptions about the physical size of the dipolar
and quadrupolar polarizabilities are required. The actual
electronic distortions he& do not enter in explicitly since
their effect is projected onto the ion-core displacements

&112&

C LI (111)

(110&
I

curves and reproduce the softening of the anomalous lon-
gitudinal resonance and the gap mode frequency at M
measured by EELS, ' we need a softening of the second-
neighbor dipolar coupling term H by AH= —1.6 N/m
and a more substantial increase of the nearest-neighbor
quadrupolar coupling term C by AC=3. 2 N/m. The
best-fit calculated surface-phonon-dispersion curves along
both symmetry directions with the parameters in the
second column of Table III are compared with all the
available He scattering and EELS data in Fig. 10. The
quality of the fit is comparable to the best fit obtained us-

ing a total of 14 force constants in a Born —von Karman
scheme.

The relative change of the effective nearest-neighbor
force constant is approximately given by differentiating
Eq. (15):

~ jef C +9F —2CF AH=3 1+
(8 +2H)

TABLE IV. Comparison of the pseudocharge dipole and
quadrupole polarizabilities in the bulk and at the surface of
CU(111).

Dipole polarizability
ad (cm')

Bulk

2.26X10 '4

Surface

6.04 X 10-"

Quadrupole polarizability

a, (cm') 2.1X10-" 2.9X10 "

via Eq. (13). For a better physical understanding, we now
estimate the actual physical size of the pseudocharges.
First, we note that the above force-constant adjustments
and the change in surface charge will jointly contribute to
an enhancement of the dipolar and quadrupolar polariza-
bilities of the pseudocharges, ad and a, respectively.
The isotropic component of the bulk dipolar polarizabili-
ty is given by an average over the inverse of the dipolar
force constants

b zb 1 1
a& =— +—=2.26X 10 cm

3 2B H
(22)

where zb =
—,
' X1.115e is the pseudocharge in the bulk if

we use the charge distribution calculated by Euceda, By-
lander, and Kleinman. At the surface the isotropic
component of the dipole polarizability becomes

Zs 1 1 =6.04X 10 cm
3 2B H +AH

(23)

where bH is given above. The value of ad as given in Eq.
(23) was obtained with z, =

—,
' X1.346e from the work of

Euceda, Bylander, and Kleinman. Similarly, the cou-
pling term C has an empirical link to the quadrupolar po-
larizability. For an assumed isotropic quadrupole polari-
zability, the bulk value is proportional to the average
over the inverse quadrupolar coupling terms:

a = a —+—=2.1X10 cm
zb 2 1 2

(24)
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The surface quadrupole polarizability is then calculated
to be

os = a
Zs 2 1 2+—=2.9X 10 cm
12 C+AC F (25)

VI. SURFACE DENSITY OF STATES

where the increase in charge z, more than outweighs the
increase in the force constant C. As summarized in Table
IV, o.'d is increased by 125% and a by 38% at the sur-

face compared to the bulk.

FIG. 10. Comparison of surface-phonon-dispersion curves of
Cu(111) calculated by the pseudocharge multipole model along
the two symmetry directions with the experimental He-
scattering data (open squares) and the EELS data (open trian-
gles) which is available only for the I -M direction.

The contribution of the pseudocharge motion to the
dynamic corrugation of the surface is surprisingly large
compared to that of the atomic motion. In Fig. 11 we

compare the surface-phonon densities of states of the
ion-core motions (top) with those of the pseudocharge
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feature in Figs. 11 and 12 is that at both values of Q,
there is a large contribution of the pseudocharges to the
longitudinal resonance in the shear-vertical normal direc-
tion. This provides by itself a mechanism for the intense
He-atom scattering from the longitudinal resonance.
This, however, is more directly demonstrated by a de-
tailed calculation of the inelastic-scattering cross section,
which is discussed in Sec. VII.

N
N X

X VII. CALCULATION OF INTENSITIES
FOR COMPARISON %'ITH HAS-TOF SPECTRA

0 I I

0 10.0 20.0 30.0

Energy [meV)

0 I I I

0 10.0 20.0 30.0
Energy fmeV]

motions (bottom) of the first surface layer for Q at one
half of the zone in the I M direction. The DOS's are cal-

1 t d according to Eq. (1), but in the case of the pseu-
in thedocharge, the multipolar oscillations are used

equation instead of the ionic displacement components.
On the left side, we show the surface DOS for shear-
vertical displacements normal to the surface, and on the
right side, the DOS component for longitudinal displace-
ments. In Fig. 12 we plot the same surface DOS com-
ponents for Q at the M point. For simplicity the contri-
butions of the dipolar and quadrupolar deformations to
the pseudocharge components have been given the same
weig . is i

'
ht It '

interesting to note a good qualitative agree-
ment between the ion-core density of states in igs.
and 12 with that calculated with the single force-constant
model of Mohammed et a/. ' in Fig. 5. The most salient

FIG. 11. Calculated phonon density of states for M/2 for (a)
the shear-vertical and (b) the longitudinal displacements of the
ion-core motions (top) and pseudocharge motions (bottom) of
the first layer. The pseudocharge calculation contains both the
dipole and the quadrupole contributions with the same weig t.

In the resent pseudocharge multipolar scheme, an ad-
ditional coupling to the phonons is provide y e

n e pre
ied b the

modulation of the density of the electrons induced by the
atomic vibrations at distances of about 3 A above the 6rst
layer where the impulsive interaction of the helium atoms
takes place. At the surface the partitioning of the elec-
tronic density given by Eq. (4) has to obey the require-
ment that the total electron density including that of the
ion cores is nearly perfectly smooth along the surface, as
ind ated by the very weak He diffraction intensities on
the low index surfaces. This is shown schematically in
Fig. 13(a) where in equilibrium the electronic densities as-
sociated with the ions and the pseudocharges are shown
to add up to a constant value at distances of about 3 A
from the surface. Figure 13(b) illustrates how a rigid lon-
gitudinal displacement of the entire pseudocharge, corre-
sponding to a dipolar deformation, yields a corrugation

a) undistorted lattice

12 I

0)
I

ion cores b)
I

ion cores
BCdipoie

b) dipole distortion of pseudocharge
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FIG. 12. Same as Fig. 11 for the M point.

FIG. 13. (a) Schematic diagram showing the electron density
distribution due to the ion cores (dashed areas) and the pseudo-
charges (open areas) ~ (b) The same surface is shown but with a
lateral shift of a pseudocharge corresponding to a dipole distor-
tion as a result of the interaction with an incident helium atom.
(c} The same surface is shown but with a broadening of the
pseudocharge distribution corresponding to a quadrupole distri-
bution as a result of the interaction with an incident helium
atom.
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of the surface charge density. A quadrupolar volume-

conserving deformation of the pseudocharge leads to a
more complex corrugation of the surface electron density
profile as shown in Fig. 13(c). A similar corrugation and

partitioning are also expected to hold for the scattering
potential if it is assumed that the potential is directly re-

lated to the electron density as for example in the
N5rskov relationship or any other linear relationship:

V(r)= f k(r, r')n(r')dr', (26)

b, V(r)= g Fi&rk(r)berk(lj ),
1jl k

where

F»rk(r) = f k(r, r') Yr„(r' Rti )dr'—

(28)

(29)

are generalized force components describing the He
atom-phonon coupling.

The inelastic-scattering probability will be proportional
to the square modulus of the matrix element of the two-
dimensional Fourier transform of AV(r) between initial
and final states of the He atom. This matrix element is

expressed by

linking the scattering potential V(r) of a He atom at r to
the electron density n (r ), where k (r, r') is some function.

From Eqs. (4) and (5) we have

V(r) = g cr&(lj ) f k(r, r') Y„„(r'—Ri, )dr', (27)
Ijl k

where Rt represent either the equilibrium surface atomic
positions for the tightly bound core electrons (d-like;

j =0) or the equilibrium pseudocharge positions for the
conduction electrons (sp; j =1,2, 3). The potential oscil-
lations due to the surface vibrations are then given by

F~d ~(r) =vo/3e ~p~lp, j =0, 1,2, 3,
2

&=voPe @' 3 —1, j=123
P

(31)

(32)

with P=2. 2 A
For lack of any a priori information on the He-atom

pseudocharge potential, we have had to rather arbitrarily
assume that the repulsive parameter d(3 is the same for the
electronic charge density surrounding the ions, which is

mainly of d origin, and that of the pseudocharges, which
is mainly of sp origin. Since the He interaction potential
for these surfaces, however, shows very little corruga-
tion, it seems quite reasonable to assume the same
repulsive force parameters for the pseudocharges between
the atoms and at the ion-core positions.

Integration of Eq. (30) gives

f, =v,'&(Pu, +iQu„),

fd =
3

v
~~ g [P&cd, (j )+ t Q &cd, (j)]e

J
—i Q.R

f~= 3v,'&g pic 3»(j)e

(33)

(34)

(35)

pseudocharge dipole deformation b, cd d( j); and the third
term is proportional to the pseudocharge quadrupole de-
formation Ac, ,(j), where a is the component of

q, 3a —pp—= r —R on the axis of the jth pseudocharge. Note that
there are three contributions from the three pseudo-
charges (j= 1 —3) to each of the two pseudocharge terms
in the unit cell, weighted by the respective phase factors

iQ R
e

Consistent with the Born-Mayer exponential form
v(p)=voexp( —Pp) chosen by Bortolani et al. for the
He-surface atom potential, we set

&X„I~V(Qz) lxf, &

f, e' "(Z;,~F, rt,.(r) ~yl, )
jrk 4~

with

Bv
V if +iz ~ +fzaz

X berk(Q j )=fa+fd+f, — (30)

where Q is the phonon wave vector, and y;, and y&, are
the wave functions for the He-atom motions normal to
the surface in the initial and final states, respectively. We
have set r=(R, z), R being the two-dimensional projec-
tion of r on the surface plane. The vectors R, F, and hc
refer now to any arbitrary cell l, say, l =0, and the index
l has been dropped for simplicity. The cell origin is taken
at the ion site RO=O.

In the present dynamical model only the pseudo-
charges are polarizable, whereas the bound electrons are
assumed to follow rigidly the motion of their respective
ion cores, their polarizabilities being neglected. Thus the
bound-electron dipole displacements are identical to the
respective ion displacements

The components of the pseudovector b,crk(j) are in turn

related to the ion displacement vectors through Eq. (13).
In the framework of the distorted-wave Born approxi-

mation, we have calculated the inelastic one-phonon
scattering cross section per unit area for an incident atom
with initial momentum (Kj,k,, ) and energy E, , and final

momentum (K&, k&, ) and energy E&. The expression first

derived by Bortolani et al. ' is easily modified by in-

cluding Eqs. (34) and (35) for the forces on the pseudo-
charges:

d &g z (2mE& )'

dE~dQ~
' co(Q, j))k;, )/kl, /

Xexp( —Q'/Q, ')n [co(Q,j)]5(K~—K; —Q)

Acd;„„,(Q, O) —= u (Q) .
X5(Et E; fico(Q,j )) . —— (36)

The matrix element Eq. (30) is therefore a sum of three
terms, one of which is proportional to the atomic dis-
placement u; the second term is proportional to the

Here, m is the mass of the helium atom; Q, is the cutoff
0

parameter, which for Cu is 0.73 A ', n(co) is the Bose
occupation number, and co(Q, j) is the phonon frequency
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of the jth mode with parallel wave vector Q. Note that
the force components are functions of the phonon wave
vector Q and branch index j through the corresponding
vectors u and hc.

In order to gain insight into the role of the electronic
density deformations in the scattering mechanism, we
calculated the effective force-weighted surface-phonon
density of states given by f, /v'f. The results for the ion-
core motion (f, ) are compared with the total pseudo-
charge displacement (fd+f ) obtained for wave vectors
along the I M direction in Fig. 14. The ion-core density
of states [Fig. 14(a)] reveals a large intensity of the
surface-localized Rayleigh wave as well as the high-
frequency gap mode Sz which reach a maximum at the
zone boundary. Although the position in the energy
spectrum is in agreement with the experimental data, the
longitudinal resonance exhibits a negligible intensity.
The contribution from the pseudocharge dipolar and qua-
drupolar deformations is shown in Fig. 14(b). Here the
effective density of states is characterized by a strong in-
crease in the intensity of the longitudinal resonance start-

ing at a phonon wave vector of about one-half the dis-
tance to the zone boundary and extending out to the zone
boundary. The Rayleigh-wave density of states reaches
its maximum at one-half of the Brillouin zone and then
decreases to zero at the zone boundary. In connection
with the EELS experiments, it is interesting to note that
in the antiphase vertical motion of the 6rst two planes,
the surface pseudocharges are pushed up and pulled
down by the motion of the underlying ions. This may
provide the explanation for the intense and broad reso-
nance in the high-energy part of the EELS spectrum.

Figure 15 compares the dipolar contribution of the
force-weighted density of states with the quadrupolar
contribution. The results in Fig. 15(a) suggest that the di-
polar distortions may be essentially responsible for the
high-frequency vertical resonance at about 30 meV and
to a lesser extent to the gap mode S2. Finally, in Fig.
15(b) it is seen that the purely quadrupolar deformations
contribute substantially to the longitudinal resonance,
with a maximum intensity at about two-thirds out to the
zone boundary. The crucial role of the electronic defor-
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FICs. 14. Force-weighted surface-phonon density of states
entering the He-scattering cross section for Cu{111)along I I:
(a) shows the ion-core displacement contribution (maximum
corresponds to 5.02 arbitrary units). (b) shows the pseudo-
charge contribution (maximum corresponding to 4.69 arbitrary
units).

FIG. 15. Force-weighted surface-phonon density of states
entering the He-scattering cross section for Cu(111) along I M:
(a) shows the pseudocharge dipoloar contribution (maximum
corresponds to 3.66 arbitrary units); (b) shows the pseudocharge
quadrupolar contribution (maximum corresponds to 2.44 arbi-
trary units).
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mations will be even more evident from the comparison
with the calculated HAS inelastic one-phonon scattering
intensities discussed next.

In Fig. 16 we compare the time-of-flight spectra calcu-
lated from Eq. (36) including first only the purely atomic
contribution (dashed line) and also with the additiona
forces due to the pseudocharge deformations (solid line)
with the He-scattering data for both symmetry direc-
tions. The dashed-line time-of-flight spectra is calculated
as in the work of Bortolani et al. with only the interac-
tion with the ion cores (f~ =fd =0). The results indicate
that only the Rayleigh wave has an appreciable intensity,
whereas there is usually only a relatively small or negligi-
ble intensity associated with the longitudinal resonance.
The inclusion of the pseudocharge contributions
(f WO f WO) increases substantially the intensities of&q & d

the longitudinal mode in the time-of-flight spectra. Since
the data are not calibrated in terms of absolute cross sec-
tions, the ordinates of each calculated time-of-flight spec-
trum with both pseudocharge and ion-core contributions
were adjusted to fit the maximum of the Rayleigh peak at
O =32'. The relative distributions for the two theoreti-I

cal curves are, of course, determined by the theory.
While the peaks attributed to the Rayleigh wave near the
zone boundary are practically unaffected by the addition-
al pseudocharge contribution, the features due to the lon-
gitudinal resonance show a remarkable increase, especial-
ly near the zone boundary. At the zone boundary the an-
tiphase shear-vertical normal motion of neighboring ions
keeps the pseudocharge at rest, and the indirect forces via
interactions of the He atoms with the pseudocharges are
expected to be small. On the contrary, the antiphase in-
plane motion of neighboring surface ions in the longitudi-
nal mode squeezes the interposed charges inducing qua-
drupolar deformation, and the coupling of the He atoms
to these motions is expected to be much greater. This
effect is responsible for the large intensity at the longitu-
dinal resonance, particularly at large wave vectors.

A comparison of the two calculations of the
longitudinal-mode intensities indicates that the pseudo-
charge contributions are considerable. This explains in a
simple way the unexpectedly large He-scattering intensity
from the longitudinal resonance. We recall that the pre-
vious explanation by Bortolani et al. " invoked an unusu-
ally strong surface force-constant perturbation in order
to endow the resonance with a strong elliptical polariza-
tion, with an especially large vertical component. The

resent picture explains the appearance, the position, andP
the intensity of the longitudinal resonance, as well as

~ ~ of
the EELS gap mode S2 and of the high-frequency EELS
active branch, only in terms of enhanced electron defor-
mabilities in the surface region.

10&-
'l00' 38o Ol

C

a

2513
100F

'

po

QJ
Ill

Ol
IA

C

O
O

a
C
CA

7
5

0.7.-.-~ '—
2.5=

36o

CLJ

LA

EJ

V&

C

O
LP

10+ '~-

50

0.6 T
2.5

37o

0.5 "
1.2 1.I 1.6 1 8

Time of Flight [msec]

0.54 '~
1.0- 320

'l. 5 1.7 1.9 2.1
Time of Flight [rnsec]

FIG. 16. Comparison of simulated time-of-flight spectra for
two models with the measured time-of-flight spectra (histo-
grams). The calculation based only on ion-core interaction
(dashed-line curve) and those with dipolar and quadrupolar cou-

0
pling have been normalized at the Rayleigh peak at 0;=32 . In
(a) the experimental spectra and the conditions are the same as
those shown in Fig. 1 and in (b) they are the same as those of
Fig. 2.

VIII. DISCUSSION

The present study points out in a very striking way the
much greater sensitivity of surface-phonon-dispersion
curves to the details of the lattice-dynamical models as
compared to bulk phonons. Figure 8 showed that a sin-

gle force constant could already fit the neutron data quite
well. With the five-parameter pseudocharge model, a
much better fit is achieved and the elastic constants are
also well simulated. But for the bulk the same good
description could have been obtained by the Born —von
Karman procedure simply by adding additional longer-
ranged two- and three-body force constants. At the sur-
face, however, the Bortolani-Mills paradox resulted from
the extreme sensitivity of the dispersion curves and the
experimental inelastic intensities to the actual force-
constant model used. And, as discussed in connection
with Fi . 5, in fact neither model was entirely satisfacto-
ry. Since Bortolani et al. ' went to great efforts to op-
timize their fit we can, in fact, conclude that since so far
no satisfactory set of Born —von Karrnan force constants
could be found, it appears quite likely that in fact none
exists. As discussed in Sec. V, the pseudocharge model
does an excellent jot not only of describing the bulk-

dispersion curves but also of fitting the surface-phonon-
dispersion curves in a much more satisfactory way than
the force-constant models.

Whereas the pseudocharge model has been used previ-
ously for the calculation of bulk-phonon-dispersion
curves' "as well as surface-phonon-dispersion curves, '"
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the present paper contains the first investigation to in-
clude the inelastic interaction of gas atoms with the elec-
tronic pseudocharges at the surfaces. As a result of this
coupling, in addition to that included previously through
the ion cores, we find significant differences between the
relative inelastic phonon intensities for the Rayleigh wave
and the longitudinal resonance in He-atom and electron
inelastic scattering. Since the coupling to the pseudo-
charges is not expected to affect the EELS intensities, be-
cause of their low-electron density, the only test of the
new model is provided by the HAS intensity calculations
presented in Fig. 16. There we saw that the inclusion of
the inelastic interaction with the pseudocharges could
indeed explain nearly quantitatively the large intensity of
the longitudinal peaks.

At the same time as this theoretical study of surface
phonons was going on, a series of HAS experiments on
Cu(001) were carried out in our laboratory. This sys-
tem had already been investigated previously by EELS by
two groups. For both symmetry directions only evi-
dence for a Rayleigh mode was found, and the results
from the two different groups were in good agreement.
Thus it was most surprising to find that the HAS time-
of-flight spectra showed a strong longitudinal resonance
in both the (100) and (110) directions. ' In the (100)
direction the longitudinal peak was up toPve times more
intense than the Rayleigh peak. The dispersion curve for
the Rayleigh mode was in excellent agreement with the
EELS data. The intensity ratio was less dramatic in the
(110) direction where the intensity of the longitudinal
mode was always less than the Rayleigh mode. This ex-
periment thus suggests that indeed effects similar to those
discussed here can be very important. Calculations us-
ing the same theory presented here are presently under
way for this surface.

Of course, it would be highly desirable to have a more
rigorous theory to describe the coupling of a He atom to
the pseudocharges and the surface lattice dynamics. Un-
fortunately, most of the calculations of He metal surface
interaction treat the surface as unstructured as in the jel-
lium calculations of Lang ' and others. It is interesting
to note that these calculations do show a substantial
charge redistribution in the solid directly opposite to the
interacting rare-gas atom similar to that shown in Figs.
13(b) and 13(c). More detailed calculations in which an
explicit account of the cores is included are not known to
us.

It should be pointed out, however, that for the analo-
gous problem of vibrational excitation of a diatomic (H2)
by He approaching from the broadside direction,
quantum-chemical calculations reveal a significant charge
redistribution in the bonding region of H2 which was

shown to lead to an attraction of the H atoms in the mol-
ecule at relatively large distances of approach of the He
atom. This was attributed to an increased electronic
charge buildup between the protons which, via the
Hellmann-Feynman theorem, leads to an additional at-
traction. This coupling thus leads to a mechanism for vi-
brational excitation of the molecule in addition to the
direct repulsive interaction with the atoms of the mole-
cule which dominates at smaller distance of approach.
This charge redistribution interaction is the analog to the
one discussed here.

As alternative description of the pseudocharge effect is
to consider locally fluctuating dipole moments. As point-
ed out by Celli, as the surface atoms move laterally to
and fro, the dipole moment normal to the surface will
also fluctuate in magnitude. This assumes that the free
electrons will be largely decoupled from the ionic cores.
This change in dipole moment will lead to a change in
electron spillout into the vacuum which in turn will affect
the interaction potential with the He atom.

Finally we point out that the present model of atom-
surface interactions has important implications for the
interpretation of HAS surface-phonon data in terms of
surface force constants. Here it must be recalled that an
analysis of the polarization of the different modes is a
prerequisite to being able to derive unique information on
surface force constants. ' Thus the relative HAS intensi-
ties of different modes as discussed here have a direct
effect on the force constants, and previous analysis must
be reexamined in the light of the new mechanism dis-
cussed here. Beyond this, the new type of interaction
proposed here has far-reaching consequences for our un-
derstanding of a variety of macroscopic phenomena, such
as energy accommodation coefficients, in terms of the de-
tailed elementary processes describing atom-surface in-
teractions in which inelastic effects are important.
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