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Observation of Surface Optical Phonons in NaF(001) by Inelastic He-Atom Scattering
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Previous time-of-flight experiments at 20-meV He beam energies, which provided the dispersion
curve of Rayleigh surface phonons, have been extended to 90-meV energies on NaF(001) along
(100) . Despite a large multiphonon background from the Rayleigh phonons it has been possible to
detect small peaks due to optical surface phonons. The results provide the first direct experimental
evidence in the dispersion curves of microscopic surface optical modes.

PACS numbers: 68.30.+z, 79.20.Rf

Inelastic scattering of He atoms from crystal surfaces
has been recently used for the first direct observation
of surface phonons over the entire surface Brillouin
zone. ' The dispersion curves of Rayleigh waves have
now been determined from time-of-flight (TOF) spec-
tra in five ionic crystals, a semiconductor, and the
three noble metals. 2 s More recently electron energy-
loss spectroscopy (EELS) has also been employed and
the dispersion of acoustical surface modes in a clean
Ni(100) surface and optical modes with an oxygen
overlayer have been obtained. 6 He scattering has a
resolution ten times better than EELS and no draw-
backs due to surface charging. Still, it has until now
been considered to be relatively insensitive to surface
optical modes. Unlike neutrons, He atoms interact
with crystal nuclei via the surrounding electrons at re-
latively large distances, from which, in the absence of
net charge, they can only weakly couple to the optical-
mode counterphase motion of oppositely charged
Ions.

Notwithstanding these unfavorable conditions, we
have been able to obtain the first extensive evidence
of microscopic optical surface vibrations in an ionic
crystal using He scattering. The dispersion curves of
the two optical modes, which are polarized in the
scattering plane defined by the incident and outgoing
wave vectors (sagittal plane), and are denoted by S4
(mainly longitudinal) and S2 (mainly transverse), have
been measured in NaF(001) along (100) out to the
zone boundary. a We have observed also the quasi-
longitudinal acoustic surface mode S6 in the region of
strong hybridization with S4. Microscopic surface op-
tical modes have been theoretically predicted by Lucas
as early as 1968,9 but no clear experimental evidence
was given until now.

The apparatus, the crystal-surface preparation, and
the procedure used in the present experiment are the
same as those thoroughly described in Ref. 2. Com-
pared to the previous investigation of NaF(001) Ray-

leigh waves, we have used a lower surface tempera-
ture ( T, = 180 K) and a higher beam-source tempera-
ture ( TH, = 450 K) resulting in a larger incident
momentum (k;=13.36 A ', E, =93.0 meV). At this
energy a multiphonon background arises on the pho-
non creation side and the lower-energy part of the
phonon spectrum including Rayleigh waves is
broadened by multiphonon processes.

Most of the spectra have been recorded for incident
angles 0;(Of =90 —0;) in the range 30 to 40' where
we expect a resonance enhancement of the scattering
intensity due to the in-plane inelastic resonances
(m, n)„= (1,1)„(m,n are reciprocal-lattice-vector in-
dices) with the atom-surface bound states u = 0, 1, 2. '
Several sequences of TOF spectra were obtained by
varying 0; in steps of 0.3' or 0.2' in order to check the
reproducibility of the spectral features and to follow
the rapid changes in angular locations of the reso-
nances. Here, however, we observed that inelastic res-
onances possibly show visible effects only when in
tune with a surface mode, these effects consisting in
reshaping and slightly amplifying the response of opti-
cal modes. Still, the optical-mode features were ob-
servable also out of resonance; in particular, a few
zone-boundary modes have been detected in a non-
resonant region around Ht —52'.

In Fig. 1(a), we show an example of TOF spectrum
taken at the incident angle 0; = 38.3'. The same spec-
trum is plotted in Fig. 1(b) as a function of the
phonon frequency co (co ( 0 for phonon creation
processes) and compared with another spectrum taken
at a slightly larger incident angle (0;= 38.5'). The two
spectra look very similar, except for small differences
in the shape of the peaks at to ———3.8 and —4.9X 10'3
rad s ~. From a comparison with the calculated one-
phonon reflection coefficient [Fig. 1(b)] we see that
these two peaks fall in the positions where the creation
of two surface optical modes S4 and S2 are predicted,
while the major peaks correspond to Rayleigh waves
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FIG. 1. (a) Time-of-flight spectrum of He scattered from
the NaF (001) surface along (100) for an incident angle
8, =38.3' and momentum k, =13.36 A . (b) The same
spectrum is plotted as a function of phonon frequency to-
gether with another spectrum taken at slightly larger 0; and
compared with the theoretical one-phonon reflection coeffi-
cients. S~ labels the Rayleigh waves, S2 and S4 the optical
surface modes, and S6 the quasilongitudinal acoustic surface
mode. Vertical bars mark the structures attributed to
resolved surface modes.

(St), of which two are observed corresponding to two
different Brillouin zones.

The theoretical spectrum has been obtained by use
of a Morse potential for the He-surface interaction, the
eikonal approximation for the scattering process, with
no resonance effect included, " and the Green's-
function method for surface dynamics. We show only
the result for 0;= 38.3' as the calculated spectrum for
0, = 38.5' is almost identical. Thus the observed shape
change of the S2 and S4 peaks produced by such a
small angular variation is hardly significant, although
the sharpening of S2 for 0, = 38.5' may be attributed to
the resonance ( m, n) „=(1,1)o.

In the sequence of spectra shown in Fig. 2, the in-
tensity of the larger peak is shared between the Ray-
leigh mode St and the quasilongitudinal surface acous-
tic mode S6. The S2 mode is no longer visible, while
the Lucas mode S4 has an oscillating intensity with the
sharpest maximum at 39.8'. The enhancement at this
angle is probably connected with the inelastic reso-
nance (1, 1)t and a predicted large surface-phonon
density of states. The gradual shift of the S4 frequency
with increasing 0; gives a picture of the dispersion of
the sagittal Lucas mode.

FIG. 2. A series of inelastic He-scattering spectra taken at
increasing incident angles. Vertical bars mark the features
that are attributed to resolved surface modes.

The experimental points corresponding to frequency
and parallel-momentum transfers of the observed
peaks in the optical region are plotted in Fig. 3 (solid
circles) together with the calculated surface-phonon
dispersion curvess (solid lines) and the surface-
projected bulk-phonon continuum (cross-hatched re-
gion). The reproducibility of the experimental points
and their close correspondence to the theoretical
dispersion curves provides compelling evidence that
we are observing optical surface modes. The group of
points found at one half of the zone around
m ——3X10'3 rad s ', and attributed to S6, is rather
dispersed. It seems, however, that S4 and S6 do not
follow the complex hybridization scheme indicated by
the theory. Rather, and more simply, the S4 branch
goes continuously up to the zone edge, whereas S6
bends down and connects with Ss. In LiF(001) the
Rayleigh wave frequency at the M point was found to
be about 11% below the theoretical value. 2 A 17%
larger F polarizability at the surface was assumed in
order to remove the discrepancy. A similar discrepan-
cy is not found in NaF(001), since here the F ions
are not involved in M-point Rayleigh wave motion,
because they are lighter than the Na+ ions. Converse-
ly, it is not surprising that some misfit occurs for
NaF(001) optical branches. Perhaps this misfit could
be removed by a simple adjustment of the surface F
polarizability. We note also that the Chen, Alldredge,
and de Wette slab calculation, based on the shell
model, gives the S2 mode much closer to the LO band
bottom' in disagreement with the present data. This
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exponential cutoff factor Q, relates to the steepness of
the coupling potential. For the alkali halide LiF(001)
Q,2= 2.4 A ', whereas for Ag(111) Q,2=0.56 A
For nearly equal ionic masses, the above expression
qualitatively holds also for optical modes, as they can
be regarded as a prolongation into the next Brillouin
zone of the acoustic branches, with wave vector
(2m. /rp) Q. Thus, if we take account of the differ-
ences in g„ the zone-center optical modes are expect-
ed to undergo an intensity reduction similar to that of
zone-boundary modes in metals.

The results presented here call attention to the ex-
perimental difficulties of detecting small structures su-
perimposed on a large multiphonon background which
are to be expected in extending He time-of-flight spec-
troscopy to studying modes of higher frequency such
as the extrinsic optical modes of adsorbates on metals.
Here EELS has a definite advantage since for the same
Debye-Wailer factor

FIG. 3. Calculated surface-phonon dispersion curves for
sagittal polarization in NaF(001) along (100) (solid lines)
and surface-projected bulk bands (cross-hatched regions).
Solid circles are the present experimental data obtained with

0
a high-energy He beam (k, =13.36 A ); open circles are
previous data obtained with a lower-energy beam (ki= 6
0 ]A; from Ref. 2). The representative error bars indicate

the energy half width of the He beam.

illustrates further how sensitive certain surface modes
are to the details of bulk dynamical models.

We want to stress a few relevant differences
between the situation existing in NaF(001) and in oth-
er crystals studied to date. Optical modes could not be
resolved in the initial investigation of LiF with a low-
energy He beam. In both cases, NaF and LiF, the
fluorine ion has the larger interaction with He because
of its larger size; but in NaF it moves predominantly in
the optical modes, as a result of its lighter mass, while
in LiF it moves mostly in the acoustic modes. Thus in
NaF (001) a more intense scattering from optical
modes is expected. A similar situation occurs in
KCl(001), where experimental points lying along the
crossing mode Ss have already been reported. 2 Furth-
ermore we note that in crystals having a large
acoustic-optical gap, surface optical modes can be
highly locahzed. From this point of view NaF(001)
represents a challenging case: Here only small gaps
exist as a result of the almost equal ionic masses, and
most of the optical surface modes are just resonant
(mixed) modes. '2

We can estimate the scattering intensity for a local-
ized surface optical mode from a simple theory for
Rayleigh modes, which predicts that the relative inten-
sity falls off with Q as exp ( —Q / g, ) & n (r0 ( g) ),
where n (tu( g) ) is the Bose temperature factor. ' The

m iz 8 surf

Msurf (kBOn)

(m is the projectile particle mass, M,„,r is the surface
atom mass, T,„,r is the surface temperature, and On is
the surface Debye temperature), which determines the
amount of multiphonon background, '~ the perpendicu-
lar electron energy E„can be 3 orders of magnitude
larger because of its lower mass, compared to the He
atom. The present experiments demonstrate, howev-
er, that He scattering may provide useful information
up to energies of about 0.6 eV, which can be readily
achieved by heating the beam source to 2600 K.

The authors gratefully acknowledge many discus-
sions with R. B. Doak. This work was supported in
part by NATO through Grant No. SA.5-205 RG
(571/83) 463/83/TT.

~~~Present address: Es Clos, CH-1852 Roche, Switzerland.
~b~Permanent address: Department of Physics, Florida

State University, Tallahassee, Fla. 32306.
&G. Brusdeylins, R. B. Doak, and J. P. Toennies, Phys.

Rev. Lett. 46, 437 (1981).
2G. Brusdeylins, R. B. Doak, and J. P. Toennies, Phys.

Rev. B 27, 3662 (1983).
3R. B. Doak, U. Harten, and J. P. Toennies, Phys. Rev.

Lett. 51, 578 (1983).
4M. Cates and D. R. Miller, Phys. Rev. 28, 3615 (1983).
For a recent review, see J. P. Toennies, to be published.

6S. Lehwald, J. M. Szeftel, H. Ibach, T. S. Rahman, and
D. L. Mills, Phys. Rev. Lett. 30, 518 (1983); J. M. Szeftel,
S. Lehwald, H. Ibach, T. S. Rahman, J. E. Black, and D. L.
Mills, Phys. Rev. Lett. 51, 268 (1983).

7G. Benedek and G. Seriani, Jpn. J. Appl. Phys, Suppl. 2,



VOLUME 54, NUMBER 5 PHYSICAL REVIEW LETTERS 4 FEBRUARY 1985

Pt. 2, 545 (1974). In this early prediction the role of the
repulsive corrugated potential was underestimated. As a
consequence, the scattering intensity from the surface opti-
cal modes in these distorted-wave Born calculations was also
underestimated.

8G. Benedek, G. P. Brivio, L. Miglio, and V. R. Velasco,
Phys. Rev. B 26, 497 (1982).

9A. Lucas, J. Chem. Phys. 48, 3156 (1968). The Sq and
S& modes are known as Lucas modes.

~OD. Evans, V. Celli, G. Benedek, R. B. Doak, and J. P.
Toennies, Phys. Rev. Lett. 50, 1850 (1983).

~A. C. Levi, G. Benedek, L. Miglio, F. Garcia-Moliner,
G. Platero, and V. R. Velasco, Surf. Sci. 143, 253 (1984).

~2T. S. Chen, G. P. Alldredge, and F. W. de Wette, Phys.
Rev. B 15, 1167 (1977).

~3V. Celli, G. Benedek, U. Harten, J. P. Toennies, R. B.
Doak, and V. Bortolani, Surf. Sci. Lett. 143, L376 (1984).

t4J. R. Weare, J. Chem. Phys. 61, 2900 (1974).


