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Phonons at the surface of the nearly-free-electron metal Al(111):
Realization of an ideal surface
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Surface phonons of the nearly-free-electron metal Al(111) have been measured by high-resolution
He-atom time-of-flight experiments for four different directions. This is the first surface which
shows no evidence for an anomalous resonant mode found on the noble metals and Pt and attribut-
ed to a strong (=50%) reduction of surface lateral force constants. By fitting the time-of-flight
spectra via a lattice-dynamical simulation the surface interlayer force constant is found to agree to
within 3% with the bulk value and the lateral force constant reduction is less than 20%.

In the last four years it has become possible to measure
surface-phonon dispersion curves on metal surfaces using
He-atom time-of-flight spectroscopy' and electron-
energy-loss spectroscopy (EELS).? The high resolution of
the He-atom scattering has made it possible to observe an
unexpected mode in addition to the Rayleigh mode in
both the ={112) and T{110) directions of the (111) sur-
faces of Cu,® Ag,"3 Au,* and Pt.> This mode has been at-
tributed to an anomalous longitudinal surface resonance
resulting from a strong (50-75 %) softening of the lateral
force constants*® in the first layer. Although no com-
pletely satisfactory theory for this effect has been put
forth, the currently favored model attributes the soften-
ing to a reduction in the sp-d hybridization in the surface
layer.>® To test this model and to make data available
for a direct comparison with surface-phonon frequencies
obtained by ab initio pseudopotential calculations, we
have carried out the first measurements on a simple
nearly-free-electron (NFE) metal surface with an optimal-
ized He time-of-flight spectrometer which allows a pre-
cision of 0.1 meV (Ref. 5) in the measurement of disper-
sion curves. The measurements for Al(111) in the =, T,
and—for the first time—two additional directions in be-
tween show only the Rayleigh mode. This is the first
crystal surface for which there is no evidence for the
anomalous longitudinal mode. Because of the increased
precision, previously used lattice-dynamical models,
which rely on only one or two force constants, are no
longer adequate. Thus it has been necessary to use a
force field which takes into account very-long-range in-
teractions extending to 10 nearest neighbors to fit both
the bulk-phonon dispersion curves and elastic constants.
The modification of the radial force constants at the sur-
face is determined from a best fit of the time-of-flight
spectra and reveals a negligible change in the vertical in-
terlayer force constant and less than 20% lateral soften-
ing, which is consistent with the absence of sp-d hybridi-
zation in Al. Since ab initio pseudopotential calculations
of surface-phonon frequencies have already been reported
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for Al(110),” similar calculations for the present system
are expected shortly.® For comparison with theory, the
(111) surface has the advantage that relaxation is small
(—0.9%),” whereas it is about an order of magnitude
larger on Al(110).

The apparatus and measuring procedures are similar to
those described previously.® The Al crystals were orient-
ed to better than 0.5° and mechanically polished. The
final preparation of the surface was done in situ by exten-
sive ( > 20 h) Ne-ion sputtering and annealing at tempera-
tures up to 800 K. The quality of the surface was first
controlled by low-energy electron diffraction (LEED).
The Auger spectra measured with a cylindrical-mirror
analyzer revealed C and O contaminations of less than
1% of a monolayer. From an analysis of the wide-angle
incoherent scattering, the defect density was found to be
very low (< 1%).!° Over 500 time-of-flight (TOF) spectra
were measured at crystal temperatures of 7 =300 and
150 K.

In Fig. 1 we present a few selected low-temperature
TOF spectra for the high-symmetry direction T(110).
In this direction the highest peaks are associated with a
single surface-phonon branch which is attributed to the
Rayleigh mode. At 6,=40.91° [Fig. 1(c)], the second
peak at large energy transfer is split because of two inter-
sections of the kinematic scan curve with the Rayleigh
dispersion curve as shown in the inset of Fig. 1. At the
next angle the two peaks coalesce, leading to an extraor-
dinary width of the second peak at 6,=40.28° and
fio=—17.4 meV [Fig. 1(d)]. This is attributed to the
phenomenon of kinematic focusing realized when the ki-
nematic scan curve is tangent to the Rayleigh branch.
This phenomenon has been extensively studied in the al-
kali halides,!! but has not yet been reported for metals.
Its occurrence depends very critically on the scattering
angle and, as demonstrated below, provides an especially
sensitive test of the phonon dispersion relations.

In general, to determine the surface modification of the
force constants by a theoretical fit, we need (1) an accu-
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FIG. 1. Comparison of calculated and experimental TOF
spectra for Al111) at T,;=150 K, with Q along the T(110)
direction, for E;=30.4 meV. The inset presents the Rayleigh
dispersion (bold solid line) and the folded kinematic scan curves
corresponding to each TOF spectrum. The dashed scan curve is
for —Q. The smooth curves represent the calculated averaged
reflection coefficients, while the histogram represents the experi-
mental data: (a) 6,=42.79°, (b) 6,=41.83", (c) 6,=40.91°, (d)
0;=40.28°, and (e) 6;=39.61°. Note that (d) corresponds to the
kinematic focusing condition, where the kinematic scan curve is
tangent to the Rayleigh dispersion curve (see inset).

rate parametrization of the force constants of the bulk,?
(2) a model for the He-atom-—surface potential,l3 3)
distorted-wave Born-approximation (DWBA) calculation
of the inelastic reflection coefficient,'*!5 and (4) the ex-
perimental smearing functions for averaging these
reflection coefficients. The available neutron data'® on Al
at 300 K consisting of 100 points and the bulk elastic
constants all were fitted using a force-constant parame-
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trization including central interactions up to 10 nearest
neighbors (NN’s), corresponding to a range of V5a,=~9.1
A, and angular interactions up to four NN’s with a pre-
cision of better than 1% over the entire Brillouin zone.
Note that the analysis of the bulk force constants does in-
dicate the importance of the three-body terms mimicked
by the angular force constants & which give a non-
negligible contribution also to the interaction between
surface atoms. The large number of nearest neighbors is
consistent with previous experience in fitting Al bulk
dispersion curves'”'®!° and is to be compared with the
optimal number of nearest neighbors of only four in Ag
and Au and six in Ni, Cu, Pd, and Pt.?>?! The 23 force
constants obtained for Al are listed in Table I.

In the slab calculations 90 atomic planes were used to
accurately reproduce the density of states and- to avoid
interference from the two surfaces. A precise fit of the Q
dependence of the Rayleigh-mode intensities was
achieved with a He-surface repulsive potential, approxi-
mated by the Esbjerg-Ngrskov procedure.’? Note that
potential parameters affect only the intensities and not
the dispersion curves, which are of sole interest here.

On the basis of previous experience the lateral coupling
of nearest neighbors in the surface plane and the nearest-
neighbor coupling with atoms in the second plane were
treated separately and assigned radial force constants j,
and fB,, respectively. A best fit of all the time-of-flight
spectra could be achieved for all four directions studied,
as shown in Fig. 2 by varying only these two force con-
stants while keeping all the other force constants fixed
(Table I). The best-fit force constants of the surface Ray-
leigh mode are B[‘lzﬁb and B5=1.0158°. The overall
agreement between experiment and theory is very good.
The largest disagreement is along the (112) direction be-
tween Q =0.6 and 0.8 A~!, while at the zone boundary
the agreement is again good. A satisfactory explanation
for this deviation is not yet available. Some minor
discrepancies between the calculated Rayleigh dispersion
curve and the peaks in the He-atom time-of-flight spectra
are also present at small Q. An extended theoretical in-
vestigation has revealea that at small Q the coupling of
He atoms to surface vibrations is dominated by the in-

TABLE I. Bulk force constants obtained from a best fit of the bulk data of Stedman and Nielsen
(Ref. 18) measured at 300 K. (a denotes the tangential, S the radial, and 6 the angular force constants.)
The force constants for the 150-K data differ by less than 1%. The values in parentheses are best-fit
force constants if interactions up to two NN’s only are included.

a, B. 8,/3a}
n (ergs/cm?) (ergs/cm?) (ergs/m?)
1 1.1727x 10° (—3.07) 2.6449 % 10* (2.3992 % 10*) —1.1537x10* (—7.9966 % 10?)
2 1.9564 % 10? (+3.07) 2.6924 % 10° (1.4297 % 10%) —5.1585X% 10! (3.6258< 10?%)
3 1.1789 % 10! —6.5290 10? 0
4 —2.0923 X 10? —9.3868 % 10! 3.9235 10?
5 8.2131x 10! —7.5734 0
6 8.1249 < 10! 4.2362 % 10? 0
7 7.4504 1.1551 % 10? 0
8 —1.0871x 10! 2.0603 X 10? 0
9 —7.5627 % 10! 1.2813x 10? 0
10 6.4154 3.7503 % 10? 0
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FIG. 2. Comparison of calculated (solid line) and experimen-
tal (points) dispersion curves of the Rayleigh mode along the
four directions shown in the inset. The solid line is calculated
with B} and Bi adjusted and 10NN interactions, while the
dashed line is calculated for a 2NN interaction model (see Table
D).

teraction with bulk modes.

A comparison of the best-fit calculations with some of
the experimental TOF spectra can be seen in Fig. 1. In
the T(110) direction the agreement of theory with the
experimental locations of the shown two Rayleigh peaks
is very good for all scattering angles. Note that at
0, =40.28° the calculated reflection coefficient predicts a
single peak at fio=—17.4 meV with an increased width,
in excellent agreement with the experiment. The
broadening is related to the behavior of the reflection
coefficient, which_near kinematic focusing at E;=E/[*
behaves as 1/1 E,—E[°.?* The inverse square root
averaged over all permissible incident energies leads to
the widening of the peak. There are still noticeable
differences between the theoretical and experimental in-
tensities in the TOF spectra at energy transfers beyond
the first peak and especially between the two main peaks,
which are not understood. Since the simulation takes full
account of the interaction with bulk phonons, these can-
not explain the discrepancies, unless possibly the poten-
tial used is less successful in describing the coupling to
bulk modes at the surface. Multiphonon processes also
appear unlikely because their contribution should scale
with the ratio of the collision energy to the phonon fre-
quencies, which for Al(111) is smaller when compared to
other systems, especially Pt(111),° where the multiphonon
contribution appears to be small.

To assess the precision of the fit, we evaluate, for the
focusing condition of Fig. 1(d), the reflection coefficients
by alternately varying either the lateral B [Fig. 3(a)] or
the transverse 3] [Fig. 3(b)] nearest-neighbor radial force
constants with respect to the bulk value B°. From Fig.
3(a) we observe that for B;=0. 8B (dashed curve) the
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peak related to kinematic focussing disappears entirely.
At B;=0.58" (dotted curve) a slight shoulder correspond-
ing to a longitudinal surface resonance!’® becomes visible
on the left-hand side of the Rayleigh peak (—10 meV)
and is seen more clearly because of kinematic focusing at
the —Q intersection (see inset of Fig. 1) at —13 meV.
The observed weak dependence on JBj of the low-energy
Rayleigh peak is explained by its predominant vertical
polarization. The change in the frequency of this mode
and the appearance of the anomalous longitudinal reso-
nance is observable only for B <0. 88° and thus B) can
ozlly be determined to within about 20% with respect to

The high accuracy in measuring the small increase in
B} compared to the bulk can be explained by the extreme
sensitivity provided by the kinematic focusing angles,
which in our apparatus can be measured with a digital
angle encoder with an absolute precision of <0.1°. This
is illustrated in Fig. 3(b), where the simulated time-of-
flight spectra are shown for different choices of B]. As
one can see, a 5% change of B} in both directions away
from the best-fit value B}=1.0158° produces strong
modifications of the kinematical focusing peak. Both an
increase and decrease in 3] lead to significant shifts in
peak location to lower energies and reduction in intensi-
ties and disappearance of the kinematical focusing peak,
and the precision in determining S} is estimated to be
1+3%.

The necessity of using a large number of force con-
stants to fit phonons along all directions in the two-
dimensional Brillouin zone is demonstrated by applying
the same best-fit scheme reported above to a model,
where interactions beyond two NN’s are neglected. The
dispersion curve obtained with this simplified 2NN model
for the T(110)-symmetry direction is displayed as a
dashed line in Fig. 2. It lies considerably below both the
experiment and the more extensive calculations. Calcula-
tions using a best-fit value for only one single force con-
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FIG. 3. Comparison of reflection coefficients calculated for
different choices of Bj and B] with the experimental histogram
(the same in each panel) of Fig. 1(d). In both panels the solid
line is the theoretical calculation with Bj=p° and B;=1.0155".
In (a) the effect of modifying Bj is shown, where the dashed line
is for Bj=0.8B° and the dotted line for Bj=0.58°. In (b) the
dotted line shows the effect of modifying B5=1.078° and the
dashed line for 85 =0.978"°.
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stant B also lie close to the dashed line. An interpretation
based on the results of this oversimplified model, used ex-
tensively in the past,> would therefore lead to the errone-
ous conclusion that the surface force constants are
strongly modified compared to the bulk.

In summary, we point out that we have been able to fit
He-atom TOF spectra without any significant changes in
the force constants at the surface by starting from a set of
23 different force constants obtained from a best fit of
bulk dispersion curves. From spectra taken near kine-
matic focusing conditions the nearest-neighbor interlayer
force constant S is found to be insignificantly (1.5+3 %)
larger than in the bulk, while the nearest-neighbor lateral
force constant B, is definitely greater than 80% of the
bulk value. In the case of noble and transition metals it
was found that a strong weakening of the lateral interac-
tion ranging from Bflzo. 20-0.408° for Cu, Au,* and Pt
to B;~0. 5B8° for Ag (Ref. 6) was necessary in order to
reproduce a strong longitudinal resonance in the continu-
um of the bulk modes, which was observed as a second
anomalous peak in the TOF spectra.

The physical reason for the lack of a lateral softening
in aluminum is consistent with our earlier explanation of
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the lateral softening in the noble and transition metals as
being due to sp-d hybridization. Obviously, for the NFE
metal aluminum, which does not have any d shells, sp-d
hybridization is totally absent. Thus Al(111) is the first
surface which does not show a noticeable change in struc-
ture and dynamics compared to the bulk.

Recently, ab initio calculations were reported for
Al(110).7 Similar calculations are in progress for
Al(111),%* and it will be interesting to compare them with
these measurements. Finally these results should also
provide a test of a new pseudoparticle model of phonons
recently proposed for explaining the surface-phonon
anomalies seen in the noble metals.?®
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