Surface dynamics of NaCIl{001) by inelastic He atom scattering
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The relatively simple structure of alkali halide crystals has made these materials the paradigm for
the understanding of the dynamics of ionic insulators. We have employed a time-of-flight (TOF)
technique to determine the energy loss/gain due to single phonon creation/annihilation events in
the scattering of He atoms from the NaCl(001} surface. From these data the surface dispersion
curves over the T M region of the surface Brillouin zone have been constructed. The results
compare favorably with both the slab dynamics and the Green’s function calculations reported
for this crystal, and with previous measurements in the {100} direction. Of particular interest, we
report the first evidence for the crossing mode in the {100} direction, which had been predicted
for NaCl. Additionally, we have employed the TOF technique to examine the Debye-Waller
attenuation of the efastic (specular) intensity and the relative height of an inelastic multiphonon
“foot” at the base of the specular beam as a function of the crystal surface temperature (120670

K.

i. INTRODUCTION

The surface phonon dispersion curves of a number of alkali
halide crystals have beenr determined by high-resolution He
atom scattering.”” This technique is very well suited to these
materials because of their low vibrational frequencies and
because they are insulators. The momentum and energy of
the He atoms can be adjusted to probe the momenta and
energies of the surface phonons with a resolution of about
+ 6.2 meV, and the atoms do not penetrate or charge the
surface. The alkali halides, in turn, represent model systems
for the broad class of compounds of tonic insulators, many of
which have important technological uses. For example, the
perovskites SrTiQ,, BaTiO,, and LiNbG; are in great de-
mand by the opto-electronic industry, and the ceramics
MgO and the new high-temperature superconductors may
have important catalytic, mechanical, and electrical proper-
ties.

A number of theoretical calculations of the alkali halide
surface dispersion curves have been carried out and actually
predate the experiments.*'! These calculations rely on the
shell models to characterize the closed-shell electronic con-
figurations of the ions, an approach that has worked very
well with the bulk dispersion curves. Because of their general
successes, now with surface vibrations as well, efforts are
being made to extend them to the more complicated ionic
materials.'?

One area of surface dynamics which has not received
much experimental or theoretical attention is that of
multiphonon atom-surface interactions. it has long been un-
derstood that as the crystal temperature is raised, the elastic
scattering intensity is decreased due to the vibrational dis-
placements from the equilibrium atomic lattice sites; name-
ly, the intensities are attenuated by the Debye-Waller fac-
tor.'” (This applies to x-ray, neutron, electron, and
atom/molecule scattering alike. } This attenuation factor ap-
plies equally well to the single-phonon creation and annihila-
tion scattering intensities in the high-resolution He scatter-
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ing experiments.'* As the temperature is raised,
multiphonon inelastic events become much more likely, de-
pleting intensity from the elastic and single-phonon beams.
However, by using the time-of-flight feature of the high-res-
olution instrument, one can simultaneously measure the at-
tenuation of the elastically scattered He and the relative
growth of the multiphonon processes.

In this short paper we present preliminary data on the
surface dynamics of NaCl. Previously, the Rayleigh surface
phonon mode had been reported in T M of the surface Bril-
louin zone. We present data in this region which show the
Rayleigh mode, a longitudinal resonance, a crossing mode
and possibly additional features. These data are compared
with the Green’s function calculations of Benedek and co-
workers and with the slab dynamics calculations of de Wette
and co-workers. Further, we present arrival time spectra at
several crystal temperatures which show the decrease in the
specular beam and the relative growth of a multiphonon
“foot” as the temperature is increased. A simple analysis of
these data gives the average number of phonons exchanged
per collision.

ii. EXPERIMENTAL: HIGH-RESCLUTION He
ATOM/SURFACE SCATTERING INSTRUMENT

The high-resolution He atom/surface scattering instru-
ment has been described previously.® Briefly, the instrument
is an ultrahigh vacuum (UHYVY) system consisting of several
chambers connected together. The axis of the incident He
atom beam and the axis of the detector intersect at the crystal
with the fixed angle of 90°. This means that as the crystal is
rotated about an axis perpendicular to the plane containing
the beam and detector axes, the incident and scattering an-
gles of the detected He atoms, &, and @, measured with
respect to the crystal surface normal, must satisfy
g, + 6, = 90"

The He beam source consists of a high-pressure nozzle
with a 30 m diameter. In these experiments the nozzle tem-
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peratures and pressures were varied to produce nearly
monoenergetic beams (AE/E=~2%) with incident wave
vectors k, ranging from ~7 to 9 A~' and energies
E, =#k?/2m from ~25 to 40 meV. We estimate that the
beam has a cross sectional area of about 5 mm? at the crystal
surface. A chopper disk with four slits is used to produce the
pulsed He atom beam: the pulse widths are 7 us; the pulse
rate is typically 320 Hz.

The crystal is mounted on a manipulator which allows it
to be oriented in the proper scattering plane, and heated and
cooled over the range of ~110-1200 K. The incident angle
0; (and hence, also the scattering angle 6,) in these experi-
mernts can be varied by rotating the crystal on the manipula-
tor with a stepping motor. A time-of-flight ( TOF) technique
is used to determine the speed and thus the wave vector and
energy of the scattered He atoms. The flight path from the
crystal to the detector entrance is 1060 mm. This length was
chosen to keep the uncertainty introduced by the electron
bombardment ionizer to less than 1%, since its length is
about 10 mm. The He atom detector is a quadrupole mass
spectrometer with a channeltron electron multiplier operat-
ed in the pulse counting mode. Data collection is automated
by means of a CAMAC crate under computer control.

The NaCl crystal has fec structure with a nonprimitive
cell lattice spacing of 5.64 A.'* On the surface the primitive
unit mesh is square with a lattice spacing 5.64 A/v2 = 3.99
A A target sample was prepared by cleaving a large crystal
in air [the natural cleavage plane is (001) ] and then quickly
placing a rectangular piece of the proper size (roughly 5
mm X § mm X 2 mm) onto the holder and inserting that onto
the manipulator. The scattering chamber was then pumped
down and baked at about 425 K for approximately 24 h. The
crystal during this time was maintained at about 525 K.
After the baking the crystal was flashed to about 775 K and
then aligned.

In the experiments to determine the surface dispersion
curves, namely the single-phonon scattering experiments,
the crystal temperatures were kept at ~115 K. To prevent
any physisorption problems, the crystal was routinely
flashed every 24 hto ~ 775 K for a few minutes. No evidence
of physisorption was ever observed, however.

ill. RESULTS AND DISCUSSION
A. Angular distributions

Angular distribution experiments are performed by trans-
Iating the chopper out of the beam so that one can measure
the full scattered beam intensity as a function of angle 6,.
Figure 1 shows an angular distribution for NaClin the {100}
direction. The upper panel shows the Bragg (elastic) diffrac-
tion peaks, while the lower panel has the ordinate scale ex-
panded by a factor of 100 to show the inelastic and bound-
state resonance structure in the scattering. The condition for
Bragg scattering is that'®

AK =K, - K, =G, (1)

where K, and K, 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; sin 6, and
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FIG. 1. Angular distribution for the NaCl (001) surface in the {100} direc-

tion. The lower panel has had the ordinate scale expanded by a factor of 100.
The intensities are given in kHz.
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K, = k;sin 0, = k, cos ¢, for our 90° instrument geometry;
for elastic scattering k, = ;.

For our purposes here the angular distributions are im-
portant for verifying the condition and the azimuthal align-
ment of the crystal surface. From Eq. (1) one can use the
measured angular positions of the Bragg peaks to calculate
the values of the reciprocal lattice vectors &,,. One finds
that the spacing in this direction (G,,) is 2.21 A~' com-
pared with 2.23 A ~ ! that is calculated from the bulk lattice
spacing (given above, determined by other techniques).
This means that this surface does not appear to reconstruct,
just as is found with the other alkali halides. The widths of
the Bragg peaks are also very narrow, ~0.1° in agreement
with that expected from the apparatus slit geometry.®

We defer discussion of the inelastic features of Fig. 1 to
another paper.

B. Time-of-flight spectra; surface dispersion curves

The requirements for single-phonon annihilation or cre-
ation modify the scattering conditions of Eq. (1) to'®

AK =K, - K, =G+ Q, (2)

where Q is the surface projection of the phonon wave vector.
In addition, energy conservation requires that the phonon
energy

fiv =E, — E, = #(k}— k3)/2m, (3)

where a positive value for @ means that a phonon has been
annihilated and a negative value means that one has been
created in a single He scatlering event. Thus, in a TOF mea-
surement at angle @,, from the arrival time for a peak in the
spectrum and the crystal-detector distance, one can calcu-
late the &, and K, values needed to find @ and Q, and hence
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the dispersion curve w{Q).

Figure 2 shows a series of TOF spectra taken at several
angles. Generally, the largest peaks are due to creation or
annihilation of the Rayleigh wave phonons (the lowest lying
sagittal-plane mode vibrations) which are marked with an
R. In several of these spectra one sees also a diffuse elastic
peak (marked E). These peaks violate Eq. (1) and are dueto
a small ameunt of disorder or defects on the surface. In sev-
eral of the panels one can also find peaks that lie at longer
(shorter) times than the Rayleigh mode positions. These are
due to the creation (annihilation) of phonons which have
greater energy than the Rayleigh wave and are labeled C for
the crossing mode or L for the longitudinal mede, depending
how near they lie to the calculated curves shown in Fig. 3.
There are a few points labeled U which seem to lic in between
and are uncertain. In a couple of spectra at angles near the
first Bragg peak, Gy, one can also see peaks labeled D
between the elastic and the Rayleigh mode. These have been
dubbed “deceptons” and are due to Bragg diffraction of the
atoms with speeds in the small tail of the beam velocity dis-
tribution.'

Our experimental values for @ () are plotted in Fig. 3 on
the calculated dispersion curves for TMf by Benedek and
Miglio!' and in Fig. 4 on the calculated dispersion curves by
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FIG. 2. Representative series of time-of-flight spectra of inelasticaily scat-
tered He atoms from NaCl {001) in the (100) direction at several incident
angles 8,. The labelling of the observed peaks is based on their location
relative to the calculation by Benedek and Miglio (Ref. 11) shown in Fig. 3.
The letter designation is as follows: Z, diffuse clastic peak; R, Rayieigh
mode; L, longitudinal resonance; C, crossing mode (S, ); U, uncertain; D,
deception.
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F1G. 3. Surface phonon dispersion curves for NaCl {001} over the Ta
region of the surface Brillouin zone. The measured values from this work
are indicated by the closed circles, except for closed triangles for those
points with relatively weaker intensities. The open circles are from a pre-
vious investigation (Ref. 4). The Green’s function calculation is taken from
Benedek and Miglio. (Ref. 11).

Chen ef al.® In general the agreement is quite good for the
Rayleigh mode, S;; there are several points very near the
longitudinal resonance and the crossing mode labelled 5y in
Fig. 3. It is possible that the weak, high-lying point is asso-
ciated with the Lucas mode in the gap or possibly with the
bulk modes. We seem to have, in addition, some other points
which lie between §,, S, and the longitudinal resonance
that are well resolved in the TOF. What these are due to we
cannot be sure of at this time, again perhaps some feature in
the bulk which couples relatively strongly to the He probe.
The calculations shown in Fig. 4 give higher-frequency sur-
face modes than thosein Fig. 3 so that the agreement is not as
good; however, the general shapes of the curves match the
data fairly well.
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FiG. 4. Surface phoron dispersion curves for NaCl (001) over the TAf
region of the surface Brillouin zone. The measured values are shown as in
Fig. 3. The slab dynamics calculation is taken from Chen et af. (Ref. 8).
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C. Temperature variation of the crystal; muitiphonon
scattering

Figure 5 shows a series of TOF spectra for a range of
crystzal temperatures taken at 8, = 45°. As the temperature is
raised, the specular beam intensity falls and a ““foot™ appears
to grow around the base of it.

We give here a very brief summary of 2 model for the
intensity of the diffuse inelastic scattering to be published
elsewhere.!” The intensity for elastic scattering with recipro-
cal lattice vector G can be written in the (approximate) form

I,=1,(0)e **=1I,(0)e L (4)

Inelastic processes are also governed by a similar Debye-
Waller functional form

Lo =1Ie *"(4y+ A4, T+ A4, T+ ), (5

where [, is the low temperature inelastic scattering intensity
and where each term in the power series corresponds to a
particular order of phonon exchange; that is, to the average
number of phonons exchanged. Equations (4) and (5) sug-
gest that one can find the polynomial inaplotof 7., /{; as a
function of 7 since

Lo /I; = (const) (A, +A4, T+ A4, T+ ). (6)
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F1G. 5. A representative series of time-of-flight spectra taken at 45° to show
the relative growth of the inelastic foot compared to the specular beam with
crystal temperature 7. The incident wave vector k, given in each panel has
units of A '; the peak height in each spectrum (7, ) is the count rate in
counts per minute; the total accumulation time for each spectrum is given in
minutes. The flight times on the abscissa are in us. In the top panel an arrow
marks the position of the specular beam.
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Figure 6 shows a semilog plot for the peak of the inelastic
scattering intensity at the base of the specular peak Gy, (the
specular intensity is removed) versus 7. Over the tempera-
ture range of about 350 to 670 K the plot gives a fairly good
straight line with a slope 0of 0.014. That is, we find an approx-
imately exponential temperature dependence in this range.
To correspond to the model, we note that ¢*” = Z(BT)"/nl.
The greatest term in the series is the one with
n=pT=N,_,,, and the number of important terms is ap-
proximately 2N, . Thus, from ourdata N, = 7 at 500 K.
This model, then, implies that phonon exchanges of ~5-9
are typical in the temperature range we studied and ex-
changes of up to ~ 10-18 phonons are non-neligible. In simi-
lar experiments with Nal the values obtained for phonon
orders were about twice as large.!® This is consistent with
the lower vibrational frequencies for Nal as, for example, the
Rayleigh wave frequencies for Nal are only about half as
large as those for NaCl at corresponding points in the Bril-
louin zone.'®

IV. CONCLUSIONS

We can summarize the results of these preliminary mea-
surements in the following.

(1) High-resolution He atom scattering experiments are
capable of providing the surface dispersion curves from the
zone center to the edge of the surface Brillouin zone for the
Rayleigh mode and for some higher-lying longitudinal
acoustic and optical modes.

(2) The calculations based on the shell models which use
parameters obtained by fitting the bulk dispersion curves
seem to give generally good agreement with the experimen-
tal results. In particular, the experiments appear to confirm
the existence of a crossing mode in NaCl which is predicted
by the calculations.” Implicitly, the good agreement
between the calculations and the experiments justifies the
neglect of relaxation in the calculations. In more recent slab
dynamics calculations which take into account the relaxa-
tion in NaCl, the same conclusion is reached.?’
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FiG. 6. A semilog plot of the inelastic scattering intensity divided by the
specular beam intensity vs temperature. The inelastic maxima and elastic
intensities were taken directed from the time-of-flight spectra. A linear least
squares fit was used to find the slope for the data above 300 K.
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(3) High-resolution He atom scattering is able to provide
a direct probe of the multiphonon interactions. From the
simple mode} analysis of the data one may conclude that
collision models must include contributions from terms that
describe relatively large numbers of phonons exchanged.

Further experiments on this crystal are being carried out
in the [ X part of the surface Brillouin zone to map out the
surface dispersion relations as completely as possible. Based
on the calculations, one expects again to observe the Ray-
leigh mode, a longitudinal acoustic mode and a crossing
mode. However, it may also be possible to obtain better data
on the Lucas mode. Additional experiments will also be car-
ried cut on the muliiphonon scattering to investigate the
model more thoroughly, in particular the temperature vari-
ation of the “foot” width.
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