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Surface-phonon dispersion curves of KBr(001) via helium-atom scattering:
Comparison with calculations
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A helium-atom surface-scattering instrument, employing a time-of-Aight technique to observe
inelastically scattered He atoms, has been used to measure the surface-phonon dispersion curves of
the KBr(001) surface. Data were collected in the two high-symmetry directions, ( 100) and (110),
over the entire Brillouin zone for a target temperature of —115 K and incident He wave vector

o

k; =7 A . The results show important differences from some theoretical predictions of shell-model
calculations that use parameters obtained by fitting bulk dispersion curves. In addition, the mea-
sured surface dispersion curves of KBr and of RbCl (reported previously) deviate from "mirror-
symmetry" behavior, unlike their bulk dispersion curves.

I. INTRODUCTION

The most elementary model for the lattice dynamics of
ionic insulators is the rigid-ion model of Kellermann, in
which the interactions are basically just the Coulombic
attractions and overlap repulsions among the anions and
cations. Foldy and co-workers have pointed out that if
the Kellermann model provided a complete description
of the lattice dynamics of ionic crystals, then reversing
the charges of the anions and cations should have no
effect on properties of the crystal, which depend on the
lattice vibrations. These authors note that for the alkali
halides this interchange of charge can almost be
"achieved" experimentally. In particular, one should ob-
serve "mirror" symmetry in the phonon dispersion
curves of pairs of alkali halides such as NaI-CsF, NaBr-
RbF, NaCl-KF, and KBr-RbCl, where the masses of the
alkali-metal and mirror halide are nearly the same and
"extended" symmetry or pseudomonatomic behavior of
the phonon dispersion curves in crystals of NaF, KC1,
and RbBr, where the masses of the cation and anion are
nearly the same. In examing the available data, Foldy
and co-workers find that in the latter group the bulk
acoustic and optical dispersion curves do nearly match
up at the Brillouin-zone edges, and in the first group the
dispersion curves of these pairs are indeed similar, espe-
cially for the KBr-RbCl pair.

In actually fitting the measured bulk dispersion curves
by models of the lattice dynamics, one finds that various
shell models which try to account for the polarizability,
short-range overlap, and non-nearest-neighbor interac-
tions of the ions give far better agreement with the data
than does the Kellermann model. This means that the
simple, rigid-ion model is not sufhcient to describe the
physics of the lattice vibrations. However, one would ex-
pect that a close examination of the deviations from ex-

tended and mirror symmetry m. ight provide a more prob-
ing test of the ability of the shell models to reproduce the
true interactions of ions in crystals.

De Wette and co-workers have made use of an 11-
parameter shell model to calculate the surface dynamics
of nearly all of the fcc alkali halides by a slab-dynamics
technique. At the same time Benedek and co-
workers ' have used the breathing-shell model with a
Green's-function technique to calculate the surface dy-
namics of a number of the same alkali halides, including
KBr. Kress et a/. note, significantly, that "since the
bulk [shell models] represent fits to bulk dispersion
curves, the models may implicitly contain effects of sym-
metry cancellations which do not occur at the surface. In
other words, surface structure and surface dynamics are
more stringent tests for particle-interaction models than
bulk structure and bulk dynamics. "

The scattering of low-energy He atoms from crystalline
surfaces is a nearly ideal way to investigate the static and
dynamic properties of insulator surfaces. '" ' The mo-
menta (4—14 A ') and energies (10—100 meV) of the He
atoms match the momenta and energies of the surface
phonons and the atoms do not penetrate, react with, or
charge the surface. The intensity of the scattered He
atoms as a function of incident angle provides informa-
tion on the surface geometry, corrugation, and He-
surface bound states. The inelastic scattering from single
phonon-annihilation or -creation events provides the data
from which the surface-phonon dispersion curves can be
constructed and, hence, provides information that
characterizes the surface dynamics. When these data ex-
tend to the 8rillouin-zone boundary, the dispersion
curves are particularly sensitive to the nature of the
forces between surface species.

The first experiments that used atomic beams to deter-
mine the surface-phonon dispersion curves of crystals
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were carried out on I.iF." Since then the only other al-
kali halides to have been examined by this technique are
NaF, NaCl, and KC1, and of these only NaF (which does
show extended symmetry behavior) has been studied in
detail. In general, these experimental results agree with
the slab calculations of de Wette and co-workers ' and
with the Green's-function calculations of Benedek
et al. ' However, Kress et al. point out that the sur-
face dispersion curves of the heavier alkali halides, and
particularly their optical branches, should be more sensi-
tive to relaxation and to the features of the shell models.

We have recently finished the construction of a new
helium-atom surface-scattering instrument for carrying
out surface-spectroscopy experiments on a variety of
crystalline materials, including the ionic insulators. The
alkali halides are the simplest of the latter, which include,
for example, the technologically important perovskite
crystals LiNb03 and BaTi03, among many others. The
bulk dynamics measurements of all these crystals have
been interpreted with shell models, but there have been
no previous He-atom surface-spectroscopic studies on the
heavier alkali halide crystals, nor on any of the more
complicated ionic insulators. In light of the comments of
de Wette and co-workers noted above, we believe that it
is important to validate the use of the shell models not
just for the calculation of the surface dynamics but also,
more fundamentally, for the interpretation of both the
surface and the bulk dynamics. Our effort toward under-
standing the alkali halides is the first step in this direc-
tion.

The first results from this new instrument were ob-
tained for the RbC1(001) surface and are reported else-
where. ' For this crystal only the lowest-energy S

&

curves (Rayleigh wave) were observed, which agreed fair-
ly well with the slab-dynamics calculations for an unre-
laxed surface. In this paper we report the results of mea-
surements on the mirror compound KBr, for which we
have been able to observe optical as well as acoustic
modes. The general appearance (energies and shapes) of
the calculated dispersion curves in these two crystals are
somewhat similar. However, the slab calculations for
KBr (Ref. 7) predict a crossing surface resonance in each
high-symmetry direction that looks like the "sagittal res-
onance" discussed by de Wette et al. for NaCl, which is
absent for RbC1. ' These modes have nearly the same en-
ergy as the S& modes near the X and M points in the sur-
face Brillouin zone. We will refer to them here generally
as "crossing resonances. " The Green's function calcula-
tion for KBr (Ref. 10) does not show this feature.

II. EXPERIMENT: HELIUM-ATOM
SURFACE SPECTROSCOPY

The apparatus for these experiments is shown schemat-
ically in Fig. 1 with a description of some of the corn-
ponents given in Table I. A schematic highlighting the
scattering geometry is given in Fig. 2. It is similar in a
number of respects to instruments which have been de-
scribed in the literature. " Briefly, the He beam is
produced as a nozzle jet in the source chamber with a ve-
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FIG. 1. Schematic of the instrument. The various components are identified in Table I. The sump chamber which follows the
detector chamber serves to reduce the background He pressure in the detector region by allowing the considerable fraction of the
beam which is not ionized ( & 99%) to pass through the quadrupole mass spectrometer and be pumped away.
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locity spread b U /U = 1%. The beam passes through the
skimmer into the chopper chamber. For the inelastic-
scattering experiments the beam is chopped into pulses
which are employed in a time-of-flight (TOF) technique
for determining the energy transferred; for the angular
distribution experiments the chopper is displaced out of
the beam path. In both cases the atoms then pass
through two stages of di6'erential pumping to the target
chamber, where they collide with the crystal. At the
present time the angle between the incoming beam and
the detector axis is fixed at 90'." The scattered He atoms
then pass through four stages of difFerential pumping to
the detector chamber, where their flux is measured by a
quadrupole mass spectrometer operated in a pulse-
counting mode.

The nozzle produces a continuous He beam from an
aperture with a nominal diameter d =30 pm. Presently

it can be operated from room temperature ( —300 K)
down to about 80 K, employing pressures (that vary with
the temperature) ranging up to 100 atm. In the experi-
ments reported here the typical operating pressure,
po =35 atm, produces a He beam with incident wave vec-

0
tor k; =7 A '. The pod for these conditions is 80
torr cm, which corresponds to a speed ratio of about 100
and a measured beam full width at half maximum
(FWHM) of =1.2% (see below). The chopper is normal-
ly operated at a frequency of 320 Hz to give pulses with a
FWHM of 7 ps. In a TOF experiment the operating
pressures in the target and detector chambers are about
5 X 10 ' torr and in the beam path between the crystal
and the detector about 2X10 torr. All the vacuum
seals after the security valve V& (Fig. 1) are standard
ultrahigh-vacuum (UHV) bakable copper gaskets; before
the valve the seals are Viton 0 rings.

Component

Pumps
DP-1

DP-2

DP-3,4,6,7,8,9

DP-5, 10

DP-11

SP

TP-1,2

Valves
Vl

~2 V~ ~4

Slits (defining beam)
Si

S2,S~,S4

Skimmer

Nozzle aperture

Manipulator

Mass spectrometer

TABLE I. Description of apparatus components.

Description

Varian HS-20, backed by roots pumps
Balzers WKP 1000, WKP 250A and forepump
Leybold-Heraeus D-60A

Varian VHS-6, backed by forepump
Leybold-Heraeus D-30A

Edwards Diffstak 100F, Santovac-5 oil,
backed by forepumps Edwards E2M18

Edwards Diffstak 63C, Santovac-5 oil,
backed by forepumps Edwards E2M5

Edwards Diffstak 63F, Santovac-5 oil,
backed by forepump Edwards E2M2

Ti Sublimation Pump, Leybold-Heraeus
V 150/2

Turbomolecular pumps, Balzers TPU-510

Pneumatic security valve, VAT Gate Valve
No. 08028-FA40

Variable-aperture valves, Kalrez seals

0.5 mm

Variable apertures —1.5, 3.0, 6.0 mm

1.0 mm, nickel, Beam Dynamics, Inc.

30 pm, molybdenum disk 2.0 mm diam,
0.6 mm thick, Balzers electron-microscope
apertures

Wide-bore, Vacuum Generators LBT-165,
mounted on differentially pumped rotatable
platform, Thermionics RNN-400

Quadrupole, Extrel No. 4-270-9 with power
supply No. 011-10 and ionizer No. 041-1, and
Galileo No. 4830 Channeltron
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FIG. 2. Schematic showing the geometry of the instrument
about the target. The various components are identified in
Table I. Distances are given in mm. The angles and wave vec-
tors are defined in the text.

however, was ever observed.
The manipulator itself is mounted on a di6'erentially

pumped rotatable platform so that the incident angle of
the He beam onto the crystal, 8, (measured normal to the
crystal surface, see Fig. 2), may be changed without dis-
turbing the alignment controls. A stepper motor under
computer control is used to drive the platform. The He
beam is calculated to have a cross-sectional area of
roughly 5 mm at the crystal, and the calculated angular
resolution (FWHM) of the detector is approximately
0.15 .

The data-acquisition system consists of a computer-
controlled CAMAC interface which interacts directly
with the instrument. The heart of this system is a
custom-made multichannel sealer (Lawrence Livermore
Laboratory) which is used for the time-of-flight measure-
ments. A security system protects the instrument from
damage due to power, water, or vacuum failure.

Three diferent kinds of experiments can be carried out
with this instrument.

The path length from the chopper to the crystal is 550
mm and that from the crystal to the ionizer of the mass
spectrometer is 1060 mm (Fig. 2). The ionizer region is
estimated to be, at most, 10 mm long, and, therefore, for
a typical He beam used in these experiments, with speeds
of about 1100 m/s, contributes a width in the TOF spec-
tra of at most 9 ps. If one assumes that the He velocity
distribution, the chopper function, and the ionizer func-
tion are approximately Gaussian, then the measured TOF
width should be the square root of the sum of the squares
of the contributing widths. Since the measured width is
about 18 ps, the intrinsic beam width is approximately
(18 —7 —9 )'~ = 14 ps, or about 1% of the beam veloci-
ty. The path lengths have been checked by direct mea-
surement and have an uncertainty of less than 2 mm.
The velocity determinations have been verified by
measuring the angular positions of the Bragg peaks of
LiF, the surface lattice spacings of which are well
known" (see below for the conditions for Bragg scatter-
ing).

The crystal is mounted on a manipulator which allows
it to be aligned in the proper orientation (at the intersec-
tion of the beam and detector axes) by permitting transla-
tion in the x, y, and z directions, azimuthal rotation, and
several degrees of tilting. The heating and LNz-cooling
attachments of the manipulator also permit variation of
the temperature of the crystal from approximately 110 to
1300 K. In the experiments reported here the KBr crys-
tal was prepared by cleaving in air and then quickly
mounted on the manipulator. The vacuum system was
then pumped down and baked for about 24 h at 150,
after which the crystal was heated in vacuum for approxi-
mately 2 h at about 675 K. After this procedure the
alignment and measurements started. Because of the low
surface Debye temperature (-100 K) for KBr, all the ex-
periments reported here were carried out at target tem-
peratures near 115 K. To prevent contamination at these
temperatures, the crystal was periodically flashed at 675
K (usually every 24 h). No evidence of contamination,

6K=K~ —K; =G,
where K; and KI ( see Fig. 2) are the surface projections
of the incident and final He-atom wave vectors k; and k&,
respectively, and G is a surface reciprocal-lattice vector.
K; =k;sin8; and K& =k&sinO& =k;cos8; for elastic
scattering and our 90' apparatus geometry. That is, one
expects a Bragg scattering peak only at those angles for
which the conditions of Eq. (1) are met. Since the speeds
(see below) and angles can be measured, this allows one to
determine the surface geometry.

In addition to the Bragg scattering, but at about 2—3
orders of magnitude lower in intensity, the angular distri-
bution contains the inelastic scattering spread out over all
angles. However, sharp scattering features due to bound
state resonances are usually very evident. We defer dis-
cussion of these resonances in KBr to a later paper.

B. Time-of-flight experiments

He-scattering time-of-fight experiments are primarily
used to determine the energy transferred to or picked up
from the surface at difFerent incident laboratory angles.
These data are then used to map out the surface-phonon
dispersion curves. The kinematic requirements for
single-collision phonon-creation and -annihilation events
modify Eq. (1) to

b,K=—KI —K; =Cx+Q,

where Q is the surface projection of the phonon wave
vector, and the phonon energy is

Ace=Pi (k~ —k; )/2m . (3)

A. Angular distribution experiments

Angular distribution experiments are performed by
measuring the total scattered intensity of the He beam ar-
riving at the detector as a function of the incident angle
of the beam. The condition for Bragg (elastic) scattering
1s
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A negative value for m means that a phonon has been
created in the atom-surface collision, and a positive value
means that a phonon has been annihilated. Thus, by us-
ing Eqs. (2) and (3) one can convert the inelastic peaks in
the TOF to points on the dispersion curve co(Q). More
convenient for this purpose is to combine these equations
into that of a scan curve, "

100—

He - KBr (001)
&100)

kl-—6.97 A

0

(0,0)

Aco /E; = [(b K +k; sin 6); ) /k; cos 8; ]—1 . (4) 50

At a given angle 0; and incident energy E, =A k, /2m,
Eq. (4) gives the possible values of phonon energy and
crystal momentum consistent with Eqs. (2) and (3). That
is, the peaks in the TOF spectrum at angle 49,. must corre-
spond to intersections of the scan curve with the surface
dispersion curves (or possibly with bulk bands) (see Fig.
7).

N

& 0

fJ) 2
z'.
LLlI-

{2,2)

C. Low-pressure time-of-Bight experiments

Low-pressure time-of-Aight experiments on the specu-
larly scattered He beam can be carried out to determine
bound-state resonances in the He-surface potential.
These are similar to "drift TOF" experiments reported
elsewhere. The technique involves using low He
pressure in the nozzle so as to produce a beam with a
broad velocity distribution. One then observes "dips" or
"bumps" in the TOF spectrum of the specularly scattered
beam wherever the speed or really the wave vector k,
satisfies the resonance condition

20
I

30
I I

40 50

9, (deg)

I

60 70

FIG. 3. Angular distribution for the KBr(001) surface in the
(100) direction. The lower panel has had the vertical scale ex-

panded by a factor of 100. The intensities are given in kHz.

where c &0 is a bound state in the He-surface potential.
(Note that this relation also applies to the resonances in
subsection A. ) A discussion of the bound states of He
arid KBr and other alkali halides wi11 be left to another
paper.

factor of 100 to reveal the inelastic and bound-state reso-
nance structure refered to above.

2. (110)direction

III. RESULTS

A. Angular distributions

1. (100) direction

Figure 3 shows the angular distribution for He scatter-
ing from KBr(001) in the (100) direction. The FWHM
of the specular peak (0,0) is 0.1', in agreement with that
expected from the slit geometry (0.15'). The angular po-
sitions of the peaks correspond to the reciprocal-lattice
points G„„as indicated by (n, n) values in the figure. For
KBr the calculated spacing from Eq. (1) is 1.89 A, in
agreement with the direct 1attice constant 6.60 A. ' An
analysis of the Bragg-peak heights with an eikonal treat-
ment ' gives a peak-to-valley height of about 0.3 A for
the corrugation in this direction. This value is about
twice that obtained for the same RbCl surface. ' That
KBr is more corrugated than RbC1 is not surprising since
Rb and Br lie below K and Cl, respectively, in the Period-
ic Table. One would therefore expect that Br and K+
are the largest and smallest of these ions, respectively,
and that Rb+ and Cl are of comparable size. In the
lower half of the figure the vertical scale is expanded by a

In Fig. 4 we show the angular distribution for
KBr(001) in the [110]direction. A comparison with Fig.
3 clearly shows how the differences in both lattice spacing
and corrugation show up. In the (110) direction the
Bragg peaks correspond to the reciprocal-lattice vectors
G„o. From the angular positions in the KBr scan the cal-
culated spacing in reciprocal space in this direction is
found to be 1.34 A ', in agreement again with the bulk
lattice constant given above.

One should note that on the surface the vectors
de6ning the square unit mesh are rotated by 45 from
those defining the unit cell in the bulk. " (100) is the
direction of the KBrKBrKBr. . . rows, whereas (110) is
along rows of K's or Br's. On the surface the unit mesh
therefore has the length 2~/1. 34 A '=4. 67 A=6. 60
A/&2.

In the lower panel of the figure the vertical scale is
again expanded by a factor of 100 to show the inelastic
and resonance structure in the angular distribution.

B. Time-of-Bight measurements

In Figs. 5 and 6 are shown, respectively, representative
series of TOF spectra for KBr in each high-symmetry
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direction to illustrate the quality of the data. In compar-
ison with the RbC1 spectra which have been reported, '

one can see that the signal-to-noise ratio is much im-
proved and many more peaks are resolved. The
significant di6'erence here is that the operating conditions
of the mass-spectrometer ionizer were optimized only
after the RbC1 crystal had been taken out and replaced.
Nevertheless, despite the poorer resolution in the earlier
TOP spectra, one can see that there are qualitative
di6'erences between the crystals. The richness of these
spectra is perhaps illustrated more clearly in Fig. 7,
which shows the scan curves, Eq. (4), in the (100) direc-
tion for several angles intersecting a number of branches
of the surface dispersion curve (adapted from Kress
et al. ). At virtually every one of these intersections, we
observe the corresponding peak in the TOF spectrum.
Because of the profusion of peaks, our mode assignments
are based largely on comparison with the calculations. It
is instructive, in fact, to compare the peaks in the spectra
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FIG. 4. Angular distribution for the KBr(001) surface in the
(110) direction. The lower panel has had the vertical scale ex-
panded by a factor of 100. The intensities are given in kHz.

FIG. 5. Representative TOF spectra at several inciderit an-

gles in the ( 100) direction. The peaks are labeled following the
scheme of Ref. 7, except that the lowest-energy mode S& is la-
beled 8 and the crossing resonance is labeled C. Where di6'use

elastic peaks are seen, they are labeled with E; otherwise the po-
sition of the elastically scattered He is shown with a 4 and a
dashed vertical line. Peaks to the left of the elastic position are
due to He atoms arriving before the elastically scattered He
atoms (greater speed) and therefore correspond to phonon-
annihilation events; peaks to the right are at longer times than
the elastic and correspond to phonon-creation events. The ex-
periments were carried out such that each channel in the TOF
module had a dwell time of 1 ps. The data are displayed as the
average number of counts for each consecutive group of six
channels; that is, each point shown represents a 6-ps time
period. The counting times for these spectra ranged from 2 to 4
h.
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200-

KBr (001)
(110)

e; =39'
k; =7.18A '

shown in Fig. 5 with their corresponding scan curves in
Fig. 7. For example, the annihilation peaks in the spectra
at 42 and 43' labeled C,E correspond in the scan curves
to where the crossing resonance meets the Rayleigh
branch at the zone edge (M). Similarly, one can see that
at 46' and 47' the creation peaks labeled S2 are
significantly broadened (-50—60 ps FWHM as com-
pared with -30—40 ps for other TOF peaks) because, as
one sees in Fig. 7, their scan curves intersect the S2 curve
where the slopes are similar; namely, the intersection
occurs over a range of phonons. One can see also that
the intensities of the peaks for each mode change drasti-
cally from angle to angle. In contrast, for the RbCl sur-
face the optical modes had very low intensities when they
were observed. Thus, it is clear that the coupling of the
He to the lattice vibrations, especially to the relatively
higher-energy phonons, is much stronger in KBr than in
RbCl.
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FIG. 7. Scan curves (thin lines) calculated for several in-
cident angles from Eq. (4). The peaks in the TOF spectra lie at
the intersections of the scan curves with the dispersion curves
(heavy lines and dashed curves) which are adapted from Ref. 7.
The labeling of the dispersion curves is as described in Fig. 5.
Note that all the scan curves here have been calculated for

o

k; =7.06 A, although the corresponding TOF spectra in Fig.
5 may have slightly diA'erent values. As indicated by Eq. (3), a
positive value for co corresponds to an annihilation event while a
negative one corresponds to a creation event.
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FIG. 6. Representative TOF spectra at several incident an-
gles in the (110) direction. The spectra are shown as in Fig. 5.

A second noteworthy feature of the KBr spectra is that
the sharp peaks in each TOF spectrum seem to lie on top
of a broad "hump" which rises above the noise baseline.
In the spectra where the S2 modes appear, the broad
hump seems to drop off sharply before the positions of
these peaks. Now, in KBr there is a large gap between
the acoustic and optical bulk bands due to the nearly 2:1
mass ratio of the ions. Thus, one might interpret the
shape of the TOF spectra as arising from energy transfer
to and from the acoustic bulk bands, which gives the
broad hump, with the sharp peaks coming in the high-
density-of-states region around the surface-localized
modes. The abrupt dropoff in intensity, then, reveals the
large band gap. There should, of course, be some multi-
phonon scattering, as well, which also contributes to the
hump, but which, at the same time, should tend to ob-
scure the band edge. Modeling calculations to reproduce
the TOF spectra are clearly needed to extract the wealth
of information contained in the data.

We have calculated the values of co(Q) from almost 40
TOF spectra, using Eq. (4). The measured points from
the (100) direction are shown in Fig. 8 on top of the
dispersion curves in the I M direction, calculated by de
%'ette and co-workers, and in Fig. 9 analogously placed
on top of the calculations by Benedek and Miglio. '

Similarly, the values of co(Q) in the (110) direction are
plotted in Figs. 8 and 9, as above, along the I X direc-
tion. There is obviously a serious disagreement in Fig. 9
because the theoretical predictions do not show the cross-
ing resonance. In both figures our data for the S& modes
seem to lie somewhat above the calculated values. For
the Sz modes our data seem to lie somewhat below the
calculations, except for a "bump" that appears towards
the middle of the I M part of the Brillouin zone. Both of
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the calculations have a very slight rise in this same re-
gion, but do not match height or sharpness of the mea-
surements. The data along the longitudinal resonance S6,
like those along S„seem to lie somewhat higher than the
calculations.

IV. DISCUSSION AND CONCLUSIONS

Together with RbC1, the results presented here charac-
terize the lowest-frequency surface-vibrational modes
measured to date. In contrast to LiF, which has surface-
phonon energies for the S, branch at the Brillouin-zone
edge of about 22 meV, the corresponding modes of KBr
are only about 4.5 meV. However, by using low-energy
He beams (k, =7 A ) we have been able to measure the
dispersion of a number of surface-localized modes for
both high-symmetry directions over the entire surface
Brillouin zone. Unlike the experiments previously re-
ported for the alkali halides mentioned earlier [except for
LiF (Ref. 11)],we find some deviations from the theoreti-
cal predictions which are summarized below. This result
was, perhaps, anticipated by Kress et al. , who stated that
the heavier alkali halides would be more sensitive to the
features of the shell models.

First and probably the most obvious is that the
Green's-function calculation of Kbr by Benedek and Mi-
glio, using the breathing-shell model, ' does not give the
crossing resonances which are shown clearly in the data
and also appear in the calculations of Kress et al. It is
too bad that there are no comparable Green's-function
calculations for RbC1; the slab calculations of Chen
et al. do not show a corresponding crossing resonance
here, in agreement with the data. ' The observation,
however, of these resonances in KBr shows that the

mechanism proposed by de Wette et al. for the similar
dynamical behavior in NaC1 is probably the correct one
and that they are not due to the geometric folding mecha-
nism of Benedek and Miglio. '

Second, qualitatively the calculations give the proper
shape of the surface-localized modes and resonances, but
quantitatively for KBr there are di6'erences as noted
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FIG. 9. Surface-phonon dispersion curves for KBr(001}over
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cated as described in Fig. 8. Estimated experimental uncertain-
ties are shown as error bars on several points across the Bril-
louin zone. The Green's-function calculations are taken from
Ref. 10.



12 836 CHERN, SKOFRONICK, BRUG, AND SAFRON 39

above. The most noteworthy of these is the sharp bump
in the S2 mode which is different from the very slight rise
that comes out of both calculations. The significance for
the shell-model description of this feature is not obvious.
It may simply be related to the bending of the optical and
acoustic band edges in this region of the Brillouin zone.
For RbC1 the agreement between the data, essentially just
the S& branch, and the slab calculation is much better,
although the data are not as good. But, one does not
know whether it is significant that the calculation for
RbC1 in Ref. 4 neglects surface relaxation, while that for
KBr in Ref. 7 includes the relaxation. Perhaps, one
should note here that the Green's-function calculation'
also does not include surface relaxation.

Third, the calculations which give the crossing reso-
nances for KBr suggest that the phonon TOF's in this re-
gion should be relatively broad. The TQF data for these
peaks, however, are of comparable widths to the peaks
for any other surface-localized modes that are observed
(except for the Sz modes noted above). It is interesting
that we also find sharp peaks for the crossing resonances
of RbBr, where the slab calculations that include relax-
ation effects also predict broad resonances. In the RbBr
case slab calculations are available for the unrelaxed crys-
tal, which seem to agree better with the data. Perhaps
the shell-model treatment of the relaxation needs to be
explored further.

Finally, the mirror symmetry predicted by Foldy
et al. for the KBr and RbC1 crystals does not seem to
carry over to the interaction of the surface with the He-
atom probe. The experimental data and the slab-
dynamics calculations show that there is a crossing reso-
nance for KBr. Whether a similar resonance exists for
RbC1 only leads to additional questions: if it exists, why
does it not show up in the He-scattering experiments; if it
does not exist, what feature of the shell model leads to a
difference in the "sagittal resonance mechanism?" Simi-

larly, while the calculations show that both crystals have
S2 modes very similar in energy, the He-atom interaction
is very much stronger with the KBr phonons than with
the RbC1 phonons. For these optical modes the ion do-
ing most of the vibrating is the lighter one, Cl in RbC1
and K+ in KBr. Although these ions are isoelectronic,
their polarizabilities ought to be quite different, which
might account for the different interactions with the scat-
tered He. However, the polarizabilities of these ions ob-
tained from the parameters of the shell model that are
used in the surface-dynamics calculations show only a
very small difference between them. Perhaps, one needs
to examine in detail alI the factors of the differential
reAection coeKcient' in trying to account for the
differences in the interaction of the He with these sur-
faces.
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