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Evidence for the shear horizontal phonon mode on the Na@001) surface
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High-resolution He atom inelastic-scattering experiments provide evidence for the shear horizontal surface
phonons on thén situ cleaved NaGQD01) surface. The measurements were made in a sagittal plane along the
[210] azimuth and beyond the first surface Brillouin zone. A slab calculation using the breathing shell model
and a surface perturbation that fulfills invariance conditions is used to identify the polarizations of the observed
surface phonongS0163-182@06)09247-9

[. INTRODUCTION mode may change significantly and thus provide information
on the microscopic shear forces at the interface between the
Helium atom scatteringHAS) and electron energy loss two different materials. Furthermore, the SH modes are more
spectroscopy(EELS) have provided nearly all presently sensitive to shear interfacial forces than the Rayleigh or lon-
available information on the dispersion curves of the fundagitudinal modes.
mental microscopic vibrational processes occurring at Previously there have been a number of HAS studies on
surfaces™* However, much of the previous scattering work NaCl(001),24*° and recently several new features have been
with either HAS or EELS was carried out for surface observed®In this work, we report experimental results on
phonons propagating along high symmetry directions wher¢he acoustic SH mode on the N&@1) surface, which are
symmetry conditions limit the excited surface phonons tointerpreted by comparison with a theoretical analysis of the
those modes with sagittal polarization. These studies providdata.
a wide spectrum of surface vibrations including those with
vibrations transverse to the surfagmlled Rayleigh waves
RW or S;) and the quasilongitudinal acoustic modes and Il. EXPERIMENT
resonances as well as higher-energy optical modes with po-
larizations in the sagittal plarfeAlong high symmetry direc-

tions for surfaces with completg reflection symméttww- sion of the first Gdingen apparatu$. A nearly monoener-
ever, there are glso mod@metlmes: C%'Le.& mode-$ W'.th getic (AE/E<2%) thermal energy He beam is produced by a
exactshear horizontalSH) polarization;® i.e. polarization continuous expansion of helium gas: the beam then passes
in the surface plane and perpendicular to the phonon WaV@ rough a skimmer followed by a chopper for time-of-flight
vectorQ. If the scattering plane is a sagittal plane and also qTOF) measurements. After several stages of differential
plane of reflection symmetry the SH modes cannot couple t9umping the helium collides with the crystal surface. Fol-
the probing He atoms for symmetry reasdns. lowing the scattering, the helium atoms pass into a detector
Surface SH modes have been previously detected byhamber where the beam flux is measured by a magnetic
EELS on a few metal surfaces with hexagonal symniétfy mass spectrometer operated in a single ion counting mode.
and on graphité®** However, no evidence for SH modes on The base pressures are in the low {bmbar in both the
insulator surfaces has been reported. Early attempts to fingetector and target chambers. In this apparatus the sum of the
SH modes USing HAS were based on t||t|ng the Scatteringncident (®I) and the ﬁnal @f) Scattering ang'es Of He at-
plane away from the normal but did not provide any evi-oms is fixed @;+; = 90°). Different surface wave vec-
dence for SH modeS:** However a hybridization of the tors are accessed by rotating the crystal around an axis nor-
S; with the shear horisont&; mode did appear to manifest mg| to the scattering plane.
itself along the surface Brillouin zone edge betwdeand From each TOF spectrum, the energies of the phonons
M as was observed on the surface of (061).3 fw can be easily identified and from the conservation equa-
Measurements of the SH modes are important because tions the associated parallel wave-vector transédfscan be
they provide a further condition on surface interionic poten-calculated. To analyze the data it is convenient to refer to the
tials, (ii) they make possible the determination of the micro-scan curve which relates all possible wave-vector transfers
scopic shear forces of surface stress in materials,(iéndn AK and energy transfesw with the incident angl®; and
studies of one material epitaxially grown on another, the SHhe initial parallel wave-vector componeki{=k;sin®, : %2

The HAS spectrometer used in these experiments has
been described in detail elsewh&rand is an upgraded ver-
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FIG. 1. Reciprocal lattice geometry for the N&@1) surface
(a) showing the high symmetry directions as well as [tB&0] di-
rection and(b) the parallel wave-vector components for phonon
modes atQ=2/3'X. G is the reciprocal lattice vectoQ is the
phonon wave vector, andlK is the parallel momentum transfer in
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fho=—E+E(1+AK/K)? (1) FIG. 2. Time-of-flight measurements converted to energy-loss

STCE spectra for Na@D0D[210]. The incident wave vectok; was
6.24 A1 and the substrate was at a temperature of 100 K. The
peaks in the spectra labeled RW and &H’) correspond to the
Rayleigh and the shear-horizontal modes, respectively. The other

peaks are identified in the text.

The NaCl crystdf target used in this work had dimen-
sions 6x 10X 10 mnT with about 3x3 mn? exposed to the
beam. It was cleaveih situ at scattering chamber pressures
in the mid 10" ! torr range. The incident He beam energy
was variable in energy, however, 20 meV provided an opti- .
mal energy resolution in the phonon energy range studied®nt wave vector near 6.24 A (incident energyE; =20.4
The temperature of the crystal was fixedrat 100 K during ~ M€V). Each spectrum required approximately 30 min. The
the measurements. This temperature is low enough to kedpeasured phonon frequencies and the corresponding phonon
the multiphonon background small, yet high enough to pro\Wave vectors were |d<_ent|f|e(_j by E@) and used to construct
vide for a significant single-phonon signal and avoid adsorplhe surface phonon dispersion curves. The measured phonon

tion of the residual gases in the scattering chamber. d!spersion curves are plotted in Fig. 3 in an extended-zone
diagram. Three scan curves corresponding to the TOF spec-

Ill. RESULTS AND DISCUSSION

In order to observe SH modes, one has to remove the M T M
mirror symmetry of the sagittal plane in the high symmetry ~ «f =7 = 7 T T [ 0 77 0 T
directions. This can be achieved by either tipping the scat- 12} ° i 475 7/>4/ ¢ o]
tering plane away from the surface norfiair by exploring or Tooe .4*32“/7@ e ° o °° ‘
regions of parallel momentum transfAK outside the first i °°%3 ° | ///// 1
Brillouin zone along an azimuthal direction away from a % oL ° 1B ]
high symmetry direction. Thus umklapp phonons originating £ ,| Wi ° ]
from reciprocal lattice vector& out of the scattering plane & of— — — —.—. +//_2!_ ........... ]
can be probed. This is illustrated in Fig. 1 for th210] 2 ef ¢2/ F&a 1
direction where it is seen that f&K outside the first surface g -4 4 :E@e i@c?‘?e ]
Brillouin zone several high-symmetry directions are ac- & [ a g¢ go.oi%@e oo ]
cessed with significant components parallel to the SH polar-* 3t .° /9?%3 o e"’ee‘:}osl % "%% o ©
ization [for example, at the point whei®@=2/3I'X, see Fig. :10 °3§§§§ o | %° ]
1(b)] and thus a significant coupling to SH modes is ex- 3% @% ]
pected. ; : . l : i : .

The TOF spectra were measured along[219] direction 25 -20 15 10 05 00 05 10 15 20 25
between théV points, which lies in the positive and negative Parallel Momentum Transfer AK i, g [A”]

directions in the middle between the (0,0) and the 5 3 Eytended zone diagram of the measured dispersion
(3,1) Bragg peakgsee Fig. 1 Three representative TOF cyrves for the[210] direction for NaCl001) constucted from the
spectra, which have been converted to an energy transfeioF spectra. The scan curves calculated from Eycorrespond-
scale, are shown in Fig. 2. These TOF spectra are part of ig to the TOF spectra in Fig. 2 are also shown by the dashed lines
measured collection of about 45 spectra taken over a widgnd the peaks can be identified. Resonance peaks lab@)eth (
incident angular range®); at intervals of 0.5°, with an inci- Fig. 2 are not shown in the extended zone diagram.
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VXM 19TM 2T o plane polarizations along tHe10] direction[Fig. 4b)].

Since the measured surface dispersion curves in Fig. 4 are
not distinguishable as to whether they are polarized perpen-
dicular to the surfacg 001]) or in the[210] direction a slab
calculation based upon the breathing shell m&délwas
performed to interpret the measured dispersion curves. Fol-
lowing the approach used for the Green’s function
method®?*a slab was constructed with cyclic boundary con-
ditions starting from the dynamical matrix for the bulk. Per-
turbations to reestablish invariance were then introduced to
take into account the effect of the surface and a calculation
for a 200-layer slab along tR@10 direction was performed.
Contour plots were made of the surface phonon density
weighted with the squared vibrational amplitude projected
onto a direction normal to the surfa¢@01] [Fig. 4(a)] and
along the azimuthal direction of the measuremeliy.
projection 4(b)], respectively. The polarizations of the surface phonon
on [007] modes are indicated in the calculated contour plots in Figs.

T T 4(a) and 4b) and are used to identify the measured data
090 05 10 1S 2o B® ints. The evidence for the SH modes is found in Figy 4
(a) Parallel Momentum Transfer AK;,, [A " pomn . ) _
and 4b) in the region of surface wave vectarK=1.2 to
T \ARXM 19T 2ATR o 2.0 A1 and phonon energgw=7 to 10 meV. The contour
; z plots for the[001] polarization in Fig. 4a) definitely demon-
strate that the mode with the lowest energy is polarized per-
pendicular to the surface and is the transverse acoustic Ray-
leigh wave(RW) mode. It is also seen from this figure that in
the region where the phonon modes SH and Sk& ob-
served the density of phonons with the polarization perpen-
dicular to the surface is negligible. However, a comparison
of the experimental results with the calculated dispersion
curves from Fig. &), where the modes polarized along the
[210] direction are presented, provides strong evidence that
the higher energy mode can be attributed to the SH modes.
The measured phonons aroun&K=1.6 A~* and phonon
energy of 10 meV lie exactly at positions where phonons
with shear-horisontal polarization are expected. This permits
the interpretation of the points marked by SH and 8HFig.
projection 4 as SH modes. SHs used to mark a continuation of the SH
on {210] mode at the region of higher energies. It should be noted that
T ‘ T the SH mode has a pure SH polarization only at three points
0.0 0.5 1.0 15 2.0 25 . L —

1 in the Brillouin zone shown in Fig. 4, namely at X/BI,

(b) Parallel Momentum Transfer AK 210] [A™] — — ) . )
1/2I'M, and 2/3'X. Outside of these points the mode is no

FIG. 4. Measuredopen dotted poinjsand calculated dispersion |onger pure SH polarized because of a component with lon-
curves (shown as contour plotsfor the [210] direction for  gijtudinal polarization.

NaCl(001) as a function of parallel momentum transfer. The calcu- A phonon peaks in Fig. 2 assigned to the dispersion
lated curves represent the density of modes weighed with the squagg,ryes of Fig. 4 are labeled with the corresponding letters.
amplitude of oscillation and projected on tf@01] (perpendicular T identify the other peaks in the phonon spectra we have
to the surfacg(a) and on thd210] direction(parallel to the surfage erformed a careful analysis of phonon-assisted selective ad-
(b). In (@), the two transverse modes, the RW and the transversg, oo resonances. These can also appear as sharp features

optical (TO) modes are projected out, while i) the SH and 516,26
SH', the optical OL and the AL modes are projected out. The otherIn the TOF spectrﬁ. The resonance curvédor the four

labeled modes are discussed in the text. In both plots the contm?é) cuengNZt-?:lti?nSe(r)]fs:j)?]a?r:eNcﬁ)(?c?ceafi I;ﬁi?giégio?gfg;ir;;iu: din
line density is proportional to the calculated phonon density and . 9
hence, the black regions have the highest density. th‘? regonance pr_ocess V.Vere plOt.ted '!". an. extended surface
Brillouin zone. This permitted the identification of the peaks
tra presented in Fig. 2 are also shown in Fig. 3. To conduct én the TOF spectra corresponding to resonances and their
theoretical analysis the measurements in[@H)] direction  subsequent removal from the dispersion curves presented in
were projected onto the positive energy and parallel waveFig. 4. The corresponding resonance peaks are labeled with
vector transfer side as shown by the identical set of dottedP) in the TOF spectra in Fig. 2.
open circles in Fig. @) and 4b). For comparison see the In Fig. 2 peaks corresponding to both RW and SH modes
density of states of phonons in the scattering plane shown age observed in the same spectra. As seen from Fig. 3, the
contour plots for normal polarizationg=ig. 4@] and in-  scan curve$Eq. (1)] corresponding to the angles where the
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TOF spectra from Fig. 2 were measured are nearly parallel telastic helium atom scattering in the high symmetry
the SH phonon mode and intersect the SH mode many timeadirections>’?® Mostly, only the perpendicular and disper-
resulting in multiple peaks in the TOF spectra related to thisionless modes that lie in the sagittal plane have been mea-
mode. The peaks corresponding to the modé, S¥#hich is  sured as a function of growth. As a result of the present
an upper branch of the SH modEig. 4), are also clearly work, the SH mode should also be accessible to study as a
seen in the TOF spectra. By comparing the measured and ttienction of coverage. A promising system is KBr/N&@1)
calculated dispersion curves, the other modes in Fig. 4 latRef. 27 since, for the clean NaCl surface, the frequency at
beled with OL (optical longitudinal mode, TO(transverse the X point for the SH mode as found here is 1.91%10
optica) mode, and AL(acoustic longitudinalmode can also rad/s. As the number of layers increases approaching the
be assigned. surface of pure KBr crystal, this frequency is predicted to
drop to 1.28 10*rad/s*° This large change should be ob-
IV. CONCLUSIONS servable and provide guidance on the in-plane strain during
. . ) . the growth process. It also provides an additional test on the
We believe that this is the first evidence for shear- usefullness of the shell model for describing the transition in

horizontal modes measured by He scattering for an 'nSUIatO&ynamm behavior during growth. Deviations from the theory
surface. In the only other reported previous work Doal ould then provide evidence for stralf

et alX* found no evidence for SH modes on LiF. The present
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