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Inelastic He-atom scattering (k; =7 Ail) was used to measure the dynamics of the RbBr(001)
crystal surface (T;~115 K). Time-of-flight spectra taken in two high-symmetry directions, {100)
and (110}, were analyzed to give the surface dispersion curves for the entire surface Brillouin zones
T X and T M. The Rayleigh mode and its geometric “folded,” optical surface resonance (expected
from the quasimonatomic behavior due to the nearly equal masses of the Rb* and Br~ ions) were
observed; the data also suggest the existence of another optical surface feature in the optical band.
Although calculations had suggested that this crystal should have important surface relaxation
effects, the main one being a surface-localized optical branch lying above the optical band, no evi-
dence of this was seen. Moreover, the calculated surface dispersion curves for the unrelaxed surface
appear to fit the measurements slightly better than those for the relaxed surface, although neither
predicts the optical resonance mentioned above. Finally, these observed differences provide gui-
dance on the use of the shell model for describing the physics of ionic insulator crystals.

I. INTRODUCTION

The RbBr(001) surface is interesting for several
reasons. (1) Slab-dynamics calculations of its surface dy-
namics have been carried out, which predict significant
and measurable effects due to surface relaxation.! ™3 (2)
Although these calculations are based on a shell model
which adequately reproduces the bulk dynamics, the re-
sults suggest that surface phonon dispersion curves, par-
ticularly for the heavy alkali halides, are more sensitive
to the details of the model. Hence, surface dynamics
measurements are needed to validate the use of shell
models as a general treatment of the lattice dynamics of
ionic crystals.'”* (3) The cation and anion masses of
RbBr are nearly the same, which leads to predicted
dyn;a.znical features that arise from “extended” symme-
try.”

Several theoretical calculations have now been carried
out for the surface dynamics of alkali halide crystals.! >’
They are all based on a shell-model description, with the
parameters obtained by fitting the phonon dispersion
curves of the bulk crystal. (The calculations for RbBr are
based on an 11-parameter model.) Recently, a new pro-
cedure has been employed to allow for the relaxation of
the surface within the context of the shell model. For the
lighter alkali halides very little difference is found be-
tween the relaxed and unrelaxed surface calculations.
However, for RbBr the differences are quite remark-
able,! ”® the principal one being the emergence of a
surface-localized optical mode lying above the optical
band structure.? This is a sagittally polarized mode and
should have a favorable probability for being detected by
inelastic He-atom-scattering experiments. In addition to
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this feature, there are more subtle effects on the energies
and widths of all the surface-localized modes, particularly
for the optical modes. All of these predictions then offer
the opportunity to provide a comparison between experi-
ment and theory and, especially, an evaluation of the
ability of the shell model to interpret correctly the sur-
face dynamical behavior.

Foldy and co-workers have recently developed the con-
cept of “extended symmetry” for alkali halides when the
anion and cation masses are nearly the same.>»® The sim-
plest approximation (or the “textbook example”®) of a
linear alkali halide “chain’ considers only the interac-
tions between nearest neighbors. When the masses of the
atoms become equal, the diatomic chain becomes
equivalent to a monatomic chain with a lattice spacing
half the actual lattice spacing and an apparent Brillouin
zone twice as large as the true one. Further, for the
monatomic chain there only exists an acoustic branch of
the dispersion curve. Thus, the optical branch in the true
Brillouin zone can be thought of as that part of the quasi-
monatomic acoustic branch which extends from the true
zone edge to the apparent zone edge, “folded back” into
the true zone. In this limiting behavior, one would ex-
pect the acoustic and optical branches to meet at the true
zone boundary.

Since the vibrations in the high-symmetry directions of
cubic crystals behave analogously, one can expect a simi-
lar situation in certain directions of real crystals. Thus,
Foldy et al. have pointed out that the folding for “isobar-
ic” fcc crystals such as NaF, KCl, and RbBr should
occur about the hexagonal face of the fcc Brillouin zone,
and, in particular, at the points L and W and the straight
line Q joining them.>® They cite substantial experimental
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and modeling evidence to justify their position.

In studies of the surface dynamics of alkali halides to
date, three examples have arisen where a mode has been
observed to cross obliquely the acoustic band from very
near the band edge at the M or X point towards the zone
center. The first case of a “‘crossing mode” was in a limit-
ed examination of the KCI(001) surface, in the (100)
direction, where a few points of what appears to be an
optical branch were observed to “meet” the Rayleigh
branch, S, at the zone edge.>!° In a later, more exten-
sive work Benedek and co-workers extended the ideas of
Foldy and co-workers to the surface dynamics of the iso-
baric alkali halides and compared their predictions to ex-
perimental surface dispersion curves for NaF (my, =23
amu, mp=19 amu).!! Their argument is that the L point
at the center of the hexagonal, fcc folding plane in the
three-dimensional Brillouin zone becomes the X point in
the fcc (001) surface Brillouin zone. Folding in the two-
dimensional Brillouin zone then takes place with respect
to a “folding line” which connects the X and the M
points. (The latter point lies at the two-dimensional zone
edge in the (100) direction.) Benedek and co-workers
emphasize the ‘“folded” nature of the possible crossing
modes in the (110) direction and suggest that, at the sur-
face Brillouin-zone boundary, S is the folded optical
branch associated with the S; Rayleigh modes and that
the quasilongitudinal branch S, is the folded portion for
the acoustic longitudinal S¢ modes. They, however, did
not address directly what the effect of folding would be in
the (100) direction. However, if one studies the curves
shown in Fig. 1 of Ref. 11, it is clear that the isobaric
case must also have a folded branch in the (100) direc-
tion and this is likely the crossing mode observed in KCI.

The third discussion of crossing modes was given by de
Wette and co-workers'? in a detailed theoretical examina-
tion of NaCl. They refer to the crossing mode that ap-
pears in their calculations as a ‘sagittal resonance”
which arises from the hybridization of acoustic and opti-
cal modes. Since NaCl is really not an isobaric alkali
halide (my, =23 amu, m=35.5 amu), it appears that
this behavior results from a different mechanism than
that in KCl and NaF.

It seems that there are two mechanisms for crossing
modes: a geometric folding, as described by Benedek
et al.,”'® which occurs for equal-mass crystals, and the
sagittal resonance, which can occur even when the
masses are quite different. In experiments carried out in
this laboratory on KBr, we observed a crossing resonance
which would appear to be an example of the latter type.'>
In this paper, because the masses of the Rb™ and Br~ are
nearly the same, geometric folding is believed to be the
correct description of the crossing resonance. Hence, we
will use the term ““folding mode” in what follows.

We have embarked on an extensive experimental inves-
tigation of the surface dynamics of the alkali halides to
understand and to clarify these concepts which we be-
lieve will lead to more general models for the entire class
of ionic insulators.!>!* We report, in this paper, the re-
sults of inelastically scattered He-atom experiments on
the nearly isobaric crystal RbBr in (mg,=85.5 amu,
mg,=79.9 amu). In Sec. Il we describe briefly our
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time-of-flight scattering instrument. We follow with ex-
perimental results and a comparison to the calculations
in Sec. III and a discussion of the results in Sec. IV.

II. EXPERIMENT

The He-atom-scattering apparatus for measuring the
angular distributions and time-of-flight (TOF) spectra
from the RbBr(001) crystal surface has been described
previously.!> Briefly the instrument is an ultrahigh-
vacuum (UHYV) system consisting of several chambers
connected together. It is of the fixed geometry type with
a 90° beam source-crystal-detector angle. That is, to be
detected, the He-atom incident and scattering angles, 6,
and 6 £ respectively, both measured with respect to the
normal of the crystal surface, must satisfy 6, +6,=90"
The He-beam source is a 30-um-diam, high-pressure noz-
zle which produces a nearly monoenergic He beam
(AE /E =~2%)." In these experiments the He pressure
and nozzle temperature were chosen so that the incident
He wave vector k;~7 A”! and the beam energy
E;=#k?/2m ~25 meV.

The crystal is mounted on a manipulator which allows
it to be oriented in the proper scattering plane, and heat-
ed and cooled over the range of 110-1200 K. The in-
cident angle 6;—and hence also 6,—in these experi-
ments can be varied by rotating the crystal on the mani-
pulator with a stepper motor. Because of the relatively
low surface Debye temperature of the RbBr crystal
(~100 K), in all the experiments reported here the crys-
tal was cooled to T, =115 K. The flight path from the
crystal to the detector entrance is 1060 mm. The He-
atom detector is a quadrupole mass spectrometer with a
Channeltron electron multiplier operated in the pulse-
counting mode. The data collection is automated under
computer control.

The RbBr crystal is oof NacCl structure (fcc), has a lat-
tice spacing of 6.85 A, and is nearly isobaric in the
masses of the Rb and Br.!®!” For these experiments a
target sample was prepared by cleaving a RbBr boule in
air and then quickly transferring a piece of the proper
size (nearly rectangular 5—8 mm on a side and ~2 mm
thick) onto the manipulator. The scattering chamber was
then immediately evacuated. After baking out the
chamber at 150°C for approximately 24 h, the target was
flashed to ~500°C. At this point the crystal surface was
aligned with respect to the instrument scattering
geometry and the measurements could be started. To
avoid any problems with physisorption at the low surface
temperatures employed, the target was periodically
flashed (about every 20 h). The illuminated surface area
on the target is estimated to be about 5 mm.2 Measure-
ments were taken in the two high symmetry directions,
(100) and (110), on the natural (001) cleavage plane.

III. RESULTS

A. Angular distributions

Figures 1-3 show angular distributions of scattered
He-beam intensity against incident angle 6; for the two
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FIG. 1. Intensity of scattered He vs incident angle from

RbBr(001) surface in the (100) direction with He-atom wave
vector k;=8.32 A . The lower panel has had the vertical
scale expanded by a factor of 100. The intensities are given in
kHz.

high-symmetry directions. The upper panels show the
full angular distributions, while the lower ones have the
ordinate scale expanded by a factor of 100. The specular
and diffraction peaks are narrow in angular spread [for
the specular, the full width of half maximum (FWHM) is
~0.1°], in agreement with that expected ( ~0.15°). The
positions of the peaks confirm the lattice spacing of the
crystal given above, in agreement with that obtained by
other means.!” The structure in the angular distributions
seen in the lower curves of these figures, particularly
around the base of the Bragg and specular peaks, is attri-
buted to the inelastic-scattering events, some of which are
due to bound-state resonances.'®~*° Figure 2 is rather in-
teresting, for at that wave vector, k; =6.82 A7l the (1,1)
and the (1,1) Bragg peaks are missing because of interfer-
ence effects. In terms of the simple eikonal approxima-
tion, which has been used to describe the elastic-
scattering intensities, this absence corresponds to a zero
in the J; Bessel function.?! From this, one can estimate
the peak-to-peak corrugation of RbBr to be about 0.4 A,
which is nearly the same as for KBr.!> We defer a discus-
sion of the energies of the bound states in the He-RbBr
potential to a later paper.

B. TOF spectra

Figures 4 and 5 display representative series of TOF
spectra for the (100) and {110) directions, respectively,
in order to illustrate the quality of the data. The general
shape of the spectra is of a broad “hump” with sharp
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FIG. 2. Intensity of scattered He vs incident angle from
RbBr(001) surfacg yll the (100) direction with He-atom wave
vector k;=6.82 A . The lower panel has had the vertical
scale expanded by a factor of 100. At this wave vector the first
Bragg peaks are missing. The intensities are given in kHz.

peaks sticking out. The hump is due to the inelastic He
scattering from bulk-phonons, which on the surface are
spread in energy into broad bands, and also to multipho-
non scattering.??

The sharp peaks arise from single-He-phonon scatter-
ing events. From the arrival-time spectrum at a particu-
lar incident angle, 6;, one can calculate the He momen-
tum transfer parallel to the surface, AK, and the energy
transfer, #%o.'° The first of these is related to the phonon
wave vector by

AK=K,—-K;=G+Q, (1)

where K, and K, are the surface projections of the final
and incident wave vectors k, and k;, respectively, G is
the surface reciprocal-lattice vector for the crystal, and Q
is the surface projection of the phonon wave vector. The
phonon energy is just the final He energy minus the ini-
tial He energy, or

fio=#(k}—k?)/2m , (2)

where a positive value for ® means that a phonon has
been annihilated and a negative value means that a pho-
non has been created in a single-collision event. The in-
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FIG. 3. Intensity of scattered He vs incident angle from
RbBr(001) surfacs lrll the (110) direction with He-atom wave
vector k;=6.82 A . The lower panel has had the vertical
scale expanded by a factor of 100. The intensities are given in
kHz.

terpretation of the peaks of several of the spectra of Fig.
4 in terms of phonon energy and wave vector are shown
in Fig. 6. The heavy dark curves are the calculated
dispersion curves adapted from Ref. 3, while the lighter
lines are called scan curves'® and represent the combina-
tion of Egs. (1) and (2),

#iw/E; =[(AK +k;sin6;)? /k2cos?6,]1—1 . (3)

Because the scan curves contain the kinematic require-
ments for the creation or annihilation of single phonons
by the He atoms, a peak occurs in the TOF where the
scan curve and dispersion curve cross. (Occasionally, a
peak will also occur for a bulk phonon with a high sur-
face density of states.) In the examples shown in Fig. 6,
one can see that the points are usually close to the calcu-
lations of de Wette and co-workers, but not exactly.
Since Eq. (3) contains neither any dynamical information,
such as cross sections, nor experimental signal-to-noise
requirements not every crossing point will necessarily
show up in the TOF spectra.

C. Dispersion curves

The results of approximately 60 TOF spectra are
presented in Fig. 7. In panel (a) the data are compared
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with the slab calculation of the surface dynamics which
does not take into account any surface relaxation.’ In
panel (b) the same data are compared with a similar cal-
culation, based on the same shell model, but where the
surface has been allowed to relax.' 3 The Rayleigh mode
and the associated folded mode are clearly in evidence, as
expected of the isobaric crystal, along with several points
representing the S¢ longitudinal-acoustic surface reso-

RbBr (100)
<100>

150
100
50

100

Scattered Intensity (Counts)

Time of Flight ( 10 2sec)

FIG. 4. Representative series of time-of-flight spectra of
inelastically scattered He from RbBr(001) in the (100) direc-
tion for k; ~7 A7 at several incident angles. The letter E or
the dashed line marks the diffuse elastic-peak position or arrival
time, while R and F refer to the Rayleigh and folded modes, re-
spectively. The peaks at times longer than the elastic position
arise from creation events, while the peaks at shorter times are
from annihilation events. Each point on the histogram corre-
sponds to 6 us.
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nance in the T X region of the surface Brillouin zone.
There are, in addition, some data points with relatively
weaker intensities which lie near the longitudinal-
acoustic resonance in the I' M region and near the
longitudinal-optical band edge in the T X region. Howev-
er, there are no points that are observed to be near the S,
mode, which is predicted to lie above the optical bands in
the relaxed RbBr surface.

IV. DISCUSSION

In comparing the agreement between the experiments
and the slab calculations in Fig. 7, it seems natural to
start from the bottom and work upwards. (i) The calcula-
tions and the measurements for the Rayleigh modes ap-
pear to agree quite well in both panel (a) and (b). (i)

RbBr (001)
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FIG. 5. Representative series of time-of-flight spectra of
inelastically scattered He from RbBr(001) in the (110) direc-
tion for k;~7 A~ at several incident angles. The designations
of the peaks are as described in Fig. 4.
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There also seems to be reasonably good agreement in
both with the longitudinal-acoustic resonance. However,
because there is not much data along this resonance, and
most of the more intense TOF peaks were measured in
the (110) direction, it is difficult to draw any firm con-
clusions from these results. (iii) With the folded modes,
however, there is some difference in the fits in two
respects. First, the calculation that includes the surface
relaxation predicts a broad resonance [broad hatched re-
gions in Fig. 7(b) as opposed to the sharp surface-
localized mode shown by a line in Fig. 7(a)], which im-
plies that the corresponding TOF peaks should also be
rather broad.? This is not what is observed experimental-
ly. The TOF peak shapes for the folded modes are as
sharp as those for the Rayleigh modes, in agreement with
the calculation for the unrelaxed surface. Second, the
measured phonon energies are much closer to the calcu-
lated valued in panel (a) than in (b). (iv) Of importance is
the absence of data that match the high-lying S, branch
in Fig. 7(b). Normally, there is a great reluctance to draw
any conclusion from a negative result. However, in the
investigation in this laboratory of the surface dynamics of
the KBr crystal,'’ the S, branch that is predicted to lie in
the gap between the acoustic and optical bands with
about the same phonon energies as predicted for the S,
modes of RbBr was clearly found. In fact, the intensity
of the S, peaks in many of the TOF spectra for KBr were
comparable to those of the Rayleigh modes. Thus, we be-
lieve that if this branch existed where it is predicted in
Fig. 7(b) and had a comparable cross section to the analo-
gous mode in KBr, we would have seen it.
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FIG. 6. The heavy dark curves are the Rayleigh and folded
dispersion modes adapted from the unrelaxed slab calculations
(Ref. 3) for RbBr(001) in T M, plotted in an extended represen-
tation as phonon frequency vs AK. Several scan curves (thin
lines) calculated from Eq. (3) with wave vector and incident an-
gles of some of the spectra shown in Fig. 4 are also superim-
posed. The solid points mark the energy and wave-vector posi-
tion of the peaks labeled in the spectra.
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FIG. 7. Dispersion relations for the surface waves of the
RbBr(001) surface over the two high-symmetry directions of the
surface Brillouin zone. In (a) the calculations are for the unre-
laxed surface (Ref. 3), while in (b) the calculations are for a re-
laxed surface (Refs. 2 and 3). The data are the same in both (a)
and (b). The measured values are indicated by open circles, ex-
cept for those points with relatively weaker intensities, shown
by open triangles. The experimental uncertainty in energy is es-
timated to be * one circle diameter from the center of each data
point.

From the above summary of the results, it is clear that
the calculation which does not allow for surface relaxa-
tion gives a somewhat better representation of the surface
dynamics of RbBr. It is not perfect, by any means, and
there are some weak but distinct points which do not
seem to lie near any surface-localized resonances. One
series of these points appears to come off the
longitudinal-acoustic resonance in T' X near the band
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edge; the points lie very near the shear horizontal surface
mode shown by a solid line in both Figs. 7(a) and 7(b).
Since the He-atom probe does not couple to shear hor-
izontal modes, it is suggestive that these points represent
the folded portion of the longitudinal-acoustic mode as
discussed by Benedek et al.!! If this turns out to be the
case, the shell model would need to be modified to bring
out this feature. It is also possible that these points are
connected with the “missing” S, modes that were pre-
dicted in the relaxed case to liec above the optical band.??
A certain amount of caution is appropriate here, of
course, because of the low intensity of the corresponding
TOF peaks.

Finally, we note that the splittings or energy gap at the
X and M points of the Rayleigh and folded modes appear
to be very small. Since the deviations from the quasi-
monoatomic rigid-ion model can arise from non-nearest-
neighbor interactions, polarizability differences, three-
body interactions, etc., as well as from slight mass
differences, to give a gap at the zone edge, these effects
appear to be small (or compensating) on the surface, just
as in bulk RbBr at the L point.*>

Since one’s intuition about the nature of the unbal-
anced forces at the surface suggests that the surface
ought to relax, one is left with the conclusion that
modifications are needed in the shell-model treatment of
the relaxation. Because of the importance of this point,
we plan to investigate the surface dynamics of the Rbl
crystal where the same theoretical treatment also predicts
a high-lying S, branch. de Wette and co-workers have
pointed out that the surface dynamics should be a more
stringent test of the shell model and that some of the pa-
rameters used for the fit to the bulk RbBr dispersion
curves are somewhat unphysical.!”® Our results also
agree with these authors’ expectations that the higher-
lying optical modes should be more sensitive to the
features of the shell model than the lower-energy acoustic
modes.
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