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The structure and dynamics of physisorbed carbon dioxidia aitu cleaved single crystal sodium
chloride surfaces was studied by means of elastic as well as inelastic helium atom scattering. At
Teuriacee80—83.5 K the diffraction patterns indicate a commensuré2&1l) monolayer
superstructure on th@01) plane of the substrate, the unit cell containing a glide plane. This is in
agreement with results obtained from low energy electron diffraction and infrared spectroscopy. In
time-of-flight experiments single phonon low-energy loss and gain features were observed which
can be attributed to acoustic and optical modes. Two higher-energy features are probably due to the
first combination modes observed by helium atom scattering so far. The growth of sojid CO
adsorbed on Na@01) was also studied. €995 American Institute of Physics.

I. INTRODUCTION spectroscopy, characterized for the first tirtéIn a previ-
ous brief communication on CGfNaCl(001) HAS has been

The physisorption of small molecules on alkali halide shown to be well-suited to determine the low-energy vibra-
single crystal surfaces is of interest from both thetional motions of adsorbates on alkali halidés.In the
experimentdi ' and the theoretical point of vieW:**The  present study the 2D lattice structure of monolayer and
interactions between adsorbate and substrate are of electrgy|tilayer CQ, on NaCl{001) was investigated by HAS. The
static and van der Waals nature, involving essentially addipeyiously reported TOF studies were extended to the energy
tive two-body interactioné’ Since these interactions are bet- range 10—30 meV and these results are also presented here.
ter understood than the interactions in analogous metal present knowledge on the structure of the monolayer

systems the alkali halides are ideal substrates for St“dyingdsorbate C@NaCk001) is mainly based on infraredR)
the structure and dynamics of the adsorbates and their pha§ﬁ1dies in which the existence of a two-dimensional first-
transitions. However, the sensitivity of alkali halides to elec—Order phase transition with increasing coverage was

tron beams has so far hampered the experimental invesng@’stablishe&:% Below the 2D transition pressup%D corre-

tion of adsorbates on these surfaces. Only recently Schim- .
: T ndin ver low 2% of a full monolayer
melpfenniget al. reported for the first time a LEED study of sponding to coverages below about 2% of  full monolayer, a

CO, adsorbed on epitaxially grown, high-quality thin 2D lattice gas is formed, with molecules oriented parallel to

2D ; ;
NaCkool) films on a G€01) substratd® Most of our the surface. Ap:- large islands with monolayer structure

; : ; D
present knowledge on the physisorption on well-defined algoeX|st with the 2D gas, while abowi the full monolayer

kali halide single crystal surfaces originates from Fourier-' thermodynamically stable. From the infrared spectra it was
transform infrared FTIR) spectroscopy. Particularly the ad- concluded that in the monolayer the molecules are adsorbed

sorption of CO and CQon NaCl001) was extensively in a herringbonelike arrangement, with at least two mol-
studied by Ewing and co-workér®12and Heidberg and ecules per unit cell which are tilted by about 27° relative to

co-workers282021 Although it was possible to draw some the surface plangl® In the LEED study by Schimmelpfen-
conclusions about the adsorbate structure, infrared spectroBld et al-a (2x1) supigrstructure was reported for the mono-
copy does not provide direct information on the symmetry ofl@yer CQ/NaCl001).” Two CO, molecules in each unit cell
the adsorbate lattice. In helium atom scatte(HA\S) nearly ~ a&reé mapped on each other by a glide plane. Based on this
monoenergetic helium atoms with kinetic energies betweef2X1) superstructure, a more accurate simulation of the mea-
typically 10-80 meV are scattered from the surface. Thesured infrared spectra yields a tilt angfeof ~34° and an
angular distributions provide diffraction information on the intermolecular azimuthal angle of ~80°° in good agree-
surface lattice structure, while the time-of-fligitOF) spec- ment to T=0 K potential energy calculationd=26°,

tra provide information on the frequencies of the low-energye=86°).2%?! These results are somewhat different to those
vibrational modes. Since helium atoms are neutral there arebtained by Liuet al'” On the basis of helium diffraction
no surface charging problems as in LEED, and at the lowexperiments these authors report2x1) structure for sub-
beam energies the method is definitely nondestructive. Wenonolayer coverages only, while for the monolayer aZ2
have already shown that HAS is a valuable tool for studies 0 2y2)R45° unit mesh is suggested, the unit cell of the lat-
adsorption on alkali halide single crystal surfaces. A two-ter structure containing eight GOmolecules. One of the
dimensional phase transition in the monolayer CO/goals of the present study was to clarify this structural un-
NaCl(001) was reported and, in conjunction with infrared certainty.

The vibrational normal mode frequencies of a {@ol-

dpermanent address: Instittir fRhysikalische Chemie und Elektrochemie, ecule in a(2x1) CGo, monOIayer adsorpate on a “g'd
Universita Hannover, Callinstr, 3-3a, 30173 Hannover, Germany. NaCl(001) surface have already been predicted theoretically
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at the zone origi” for the in-phase vibratiof?! The re-  couple was attached to the crystal by inserting it into a hole
sults indicate five different normal modes for the vibrationaldrilled into one side and plugging the hole up with NaCl
motions of the molecules with respect to the surface whictpowder. The thermocouple was calibrated against liquid ni-
all lie in the energy range from about 17 to 71 cincorre-  trogen and room temperature. Temperatures below 30 K
sponding to 2.2 to 8.9 meV. The accurate knowledge of theseere obtainable by liquid He cooling. Temperatures above
vibrational modes is of importance for understanding andhis lower limit could be adjusted with better thar0.1 K
modeling the adsorbate-substrate potential which governstability by a computer-regulated heater embedded in the
processes like diffusion, desorption, and vibrational line-sample holder. Although the relative accuracy and reproduc-
broadening mechanismgephasinyg The energies of these ibility of the sample temperature is better than 0.5 K, we do
modes are too low to be presently measured by e.g. infraredot regard the absolute accuracy as better than 2 K. In order
spectroscopy and are only accessible to HAS. to avoid contamination and to clean the surface from adsor-

This paper starts with a brief description of the apparatupates the sample was heated to 350 K between scattering
and the experimental conditions. The HAS data for the strucexperiments. The low defect concentration and surface clean-
tures of the C@ monolayer as well as the GGolid are liness were confirmed by the reproducible observation of
presented in Sec. lll. We will also present data on the freweak features in addition to the sharp and intense diffraction
quencies and phonon dispersion curves of,@lecules peaks, the intensities of these features being about two orders
vibrating relative to the NaCl surface obtained by inelasticof magnitude smaller than that of the specular peak. These
time-of-flight scattering experiments. In Sec. IV the adsor-features are attributed to single phonon inelastic processes,
bate lattice structure is discussed and compared to previoyghich are either resonantly enhanced by selective adsorption
LEED (Ref. 16 and helium diffraction studieS. The mea- or by a special kinematical effect called kinematical
sured CQ/NaCl(00Y) vibrations are discussed on the basis offocusing?®31:%? They are very sensitive to surface defects
the calculated normal modé?* and a recent theoretical and indicate a clean, high-quality surface.

study of the CQ phonons®® A summary and conclusions Carbon dioxide(purity >99.995%, Messer Grieshejm

follow in Sec. V. was admitted into the target chamber via a leak valve. The
monolayer was prepared by exposing the samplexa®@®

Il. EXPERIMENT mbar of CQ at sample temperaturég;=80 and 83.5 K,

A h|gh|y monoenergetic He beam with a Ve|ocity spreadrespectively. It is important to note that the presented data
of Av/v~0.5% isproduced by a supersonic expansion fromWwere collected under equilibrium conditions comparable to
a high pressur¢10—400 bar into vacuum, through a small those of the infrared experiments. Extensive IR studies
hole of 10um in diameter. After scattering from the sample showed that under these conditions sharp spectral features
the He atoms are detected by a magnetic mass spectromet@glicative of a well-ordered structure can be obser¥/éul.
mounted at the end of a 1.428 m long flight tube. The angl@articular, the integrated IR absorption of these features was
between incident and scattered beam is fixedd@=90°.  found to be independent of pressure over more than two
The scattering plane contains the surface normal in all megerders-of-magnitude. At higher pressures the spectral fea-
surements. Different momentum transfars; parallel to the tures of three-dimensional solid appear. From this it was con-
surface are probed by rotating the sample around an axiuded that the observed absorptions are due to a monolayer.
perpendicular to the sagittal plafgolar rotation. The polar  In the present study, the surface coverage was monitored by
angle of incidenced; onto the sample is measured with re- following the intensity of the specularly reflected helium
spect to the surface normal. Thus the elastic scattering igtom beam during exposuteA typical plot of the specular
simply given by AK;=ki(sing;—sin¢,), where intensity as a function of CQOcoverage and sample tempera-
6;=0sp—0; . For time-of-flight measurements the helium ture is shown in Fig. 1 for th€110» azimuthal direction.
beam can be chopped with a variable-speed, variable-pulsédter the CQ, pressure was set to2l0~® mbar atT,=80 K
width chopper. For more details the reader is referred tda) the intensity first dropped off rapidly by about 15% in an
Refs. 28 and 29. exponential decay. Subsequently the specular intensity fell

Most of the diffraction and TOF experiments were car-significantly slower down to a constant value of aboxtl4d®
ried out with E;=14 meV incident beam energy, corre- counts per seconftps at which point gas admission could
sponding to an incident wave vectér=5.17 A"X. The be stoppedb). The observed loss in specular intensity of the
overall energy resolution was-0.35 meV for thisk;. In  CO, layer as compared to the bare NaCl surface is attributed
order to excite higher-energy modes and to scan across raainly to the greater Debye—Waller attenuation of the adsor-
larger range in reciprocal space angular distributions as welbate layer. The somewhat steeper decrease below a beam
as TOF experiments were also measure@;at33.5 meV intensity of ~10° cps is due to partial saturation of the de-
(k;=8.02 A™Y). tector above this atom count rate. The specular intensity at

Two different NaCl single crystals of aboux&x8 mnt  (b) remained the same even after the {pBessure had been
size, purchased from Kortl{,were used. They were mounted reduced to<1x10"!° mbar(at T;=83.5 K slow desorption
on axyz manipulator with provisions for sample tilt as well occured when the CPQpartial pressure was lowered to
as azimuthal and polar rotation. The surfaces used for thez1x10 1% mbar, in agreement with results from the IR ex-
scattering experiments were preparedibgitu cleavage un-  periments. In this case a G@ressure of X10™° mbar was
der ultrahigh vacuum conditions after bakeout of the chamsufficient to keep the coverage consjaince the coverage
ber (base pressure<1x10 1% mbap. A NiCr/Ni thermo- did not change in the pressure range @(CO,)
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FIG. 1. Specular intensity of the He atom beam,,Qiessure, and crystal 1. 2, Measured diffraction patterns of monolayer G NaCl001) for
temperature during exposure of the sample to, CR=80 K, (110 direc- different azimuthal directions.T,=83.5 K. p(CO)=1x10"° mbar.

) 4 g
tion. (a) p(CO,) adjusted to X10 mba%tl)) Flow of CO, stopped.(c) k;=5.17 AL, The specular intensities are normalized to 1. Azimuthal di-
Cooling from 80 K to 30 K.(d) kj=5.17 ' rections are referenced to the N&l1) substrate latticécompare Fig. 8

_ -9 -8 _ :
=1x10"-2x10 * mbar atT;=80-83.5 K weinfer that |5y6r was desorbed by heating the sample to above 170 K
near-equilibrium conditions were achieved, and that th_eo\nd a new monolayer was then prepared using the procedure
monolayer coverage was established. The adsorbate latt'%_%scribed above. TOF spectra at the end of a measuring pe-
structure reported below was measured under these condipq agreed with those taken immediately after preparation

tions. _ _ _so that effects due to contamination could be ruled out.
Due to the high resolution of the HAS apparatus an azi-

muthal accuracy of better than0.1° is necessary to scan a

. . . - ) .~ _lll. RESULTS
certain azimuth. This accuracy was achieved by first adjust-
ing the bare NaCl crystal until the diffraction pattern ex- Angular distributions of the totaklastically and inelas-
pected for a certain azimuth was obtained and then dosintically) scattered intensity were measured under adsorption—
with CO, using the procedure described above. In experidesorption equilibrium conditions for a total of five different
ments in which solid CQwas grown on top of the mono- azimuthal directions, providing diffraction patterns of a £O
layer atT,=55 K, a low deposition rate between 0.01 andmonolayer on Na@001). In Fig. 2 the results are presented
0.1 L st was chosen in order to prepare multilayers as wellas a function of parallel momentum transfek K|
ordered as possibld L=1 langmuie=10° Torr 9. For the ~ =k;(sin §;—sin §;) for an incident wave vectok;=5.17
TOF experiments the monolayer was prepare@iat80 K, A~! of the helium atom beam. The angular distributions
as described above. Then the gas flow was stopped and tehow the expected symmetry with respect to the specular
sample cooled down from 80 KFig. 1(c)] to 30 K [Fig.  peak at the origin. All diffraction peaks observed for the
1(d)] in order to suppress the multiphonon background in theadsorbate have reciprocal lattice vectors which correspond to
TOF spectra. The observed increase in scattering intensity bsubstrate reciprocal lattice vectors or to half of such a vector
a factor of 3—4 is attributed to a decrease of the Debye-which indicates that the adsorbate forms a structure com-
Waller attenuation. An increase in coverage on the othemensurate to the underlying NaCl lattice. For this reason
hand, if present, would have led to a decrease in intensity, gseaks are labeled according to the NaCl reciprocal lattice
was observed upon growth of multilayers on top of theshown in Fig. 8a). Furthermore the peak width is the same
monolayer. After every three to six TOF spectra the mono-as for the clean surface. Thus all the evidence is that a very
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FIG. 4. Measured diffraction patterns of ¢&n NaCl001), (100 direction.
Top, monolayer C&NaCl(001). Bottom, multilayers C@formed after ex-
posure to~170 L. T,=55 K.

tions were measured over a larger portion of the reciprocal
space at an incident wave vectior=8.02 AL, No addi-
FIG. 3. (a) Real and reciprocal lattice of clean Na@) Real and reciprocal  tional diffraction peaks not in agreement with tf#<1) su-
lattice of the(2x1 ; ;
L o oo s iy S o v e PETEICe and the glice plane structure vire found.
diffraction peaks are missing in t#10 and(110) direction, indicating the Upon formation of the three-dimensional ¢®olid on
glide plane which is marked by the dashed line in the real space draging. top of the monolayer aff;=55 K the most prominent
Real and reciprocal lattice of thg(2X2) superstructure of a CQrrystal changes in the diffraction pattern are observed in(&@0
surface, measured a=55 K. direction (¢=45°. Now additional half-order peaks not
found for the monolayer are detectég. 4). All the diffrac-
tion spots observed at170 L can be accounted for by as-
well-ordered, defect-free adsorbate layer is formed, with dosuming ac(2Xx2) multilayer structure. The corresponding
main sizes in excess of the transfer width of the apparatugattern in reciprocal space is shown in Figc)3 Up to an
which is about 450 &4 exposure of~170 L the diffraction intensity of all peaks
The additional half-order diffraction peaks observed inmeasured along the.00 direction increases relative to that
some of the azimuthal scans indicate the formation of a suef the specular peak. However, the absolute intensity of the
perstructure. The reciprocal lattice shown in Figb)3is in  specular and other diffraction peaks decreases while the
agreement with all measured diffraction spots. It correspondbackground increases. At the same time,(th§) superstruc-
to a(2x1) superstructure, which—due to ti&, symmetry ture peak as well as other peaks characteristic for(2hel)
of the NaCl surface—exists in domains rotated by 90° tomonolayer structure decrease slowly in intensity and almost
each other. It should be noted that {2x1) structure is the disappear for an exposure 6f170 L. As a consequence in
only superlattice which can explain all observed diffractionthe exposure range between that corresponding to a full
peaks. All other, higher-index superstructures would exhibimonolayer and~170 L the diffraction pattern is a superpo-
additional diffraction peaks along the scanned azimuthal disition of the(2x1) and thec(2X 2) patterns, resulting in an
rections and can therefore be excluded. It is also important tapparenip(2Xx2) pattern. No additional peaks not in agree-
note that the half-order peaks expected f@@&1) structure  ment with these symmetries or their superposition were ob-
are missing in th€110 direction(¢=0°). This is indicative  served. Finally we note that the diffraction peaks observed
of glide symmetry lines along this direction of the adsorbatefor solid CO, are somewhat broader than those observed for
lattice and also, due to the existence of different domainsthe clean NaGD01) surface and for the monolayer GOrhe
along the(110) direction® The glide plane which is marked additional width indicates the presence of domains or distinct
in Fig. 3(b) by a dashed line restricts the space group of therystallite faces with a size of about 250 A. From the spacing
(2x1) adsorbate lattice structure oy symmetry®® As an-  of the diffraction peaks which agrees within the instrumental
other check on the assumed structure some angular distribtesolution with that of the NaCl lattice it appears that the
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FIG. 5. Time-of-flight distributions of He atoms scattered from a monolayer
CO,, measured along thel10 direction for different angles of incidence F|G. 6. Phonon dispersion curves for monolayer,@® NaCl. Data were

0. T=30 K. E;=33.5 meV,k;}=8.02 A™%. 3x10° TOF measurements measured along th&l10) direction. T,=30 K. E;=33.5 meV,k;=8.02
accumulated. -1

multilayer adsorbate structure is commensurate_. Thisis con- A g (sin 6,+ AK/k;)?
sistent with the almost perfect match of the lattice constants = o2 0. 1, (&N
of solid CO, and NaCl(see below. ' '

Next we present the time-of-fligtf OF) measurements where#; is the angle of incidence with respect to the surface
obtained for the monolayer GONaCl001). In Fig. 5 a rep- normal,E; is the energy of the incident beam, andts wave
resentative series of TOF spectra converted to the energiector?® Thus from a series of TOF spectra measured at
transfer scale is shown for an incident beam energyifferent incident angleg, many points in thé\K,AE plane
E;=33.5 meV(incident wave vectok;=8.02 A1) and the  are determined. In presenting the data from all the TOF spec-
azimuthal directio110. The broad underlying peak below tra measured for the incident beam eneky33.5 meV
the elastic and phonon peaks is caused by inelastic scatterimgnd 29% §,<53° some of which are shown in Fig. 5 it is
from defects as well as by multiphonon scattering. In ordercustomary to transform the parallel momentum transfer into
to minimize the latter contribution the TOF measurementshe first Brillouin zone of the Na@O01) surface lattice by
were carried out at the lowest possible temperature ofubtracting the corresponding reciprocal lattice ved®or
T,=30 K. On top of the broad background several sharpQ=AK—G, and to display only the absolute value of energy
peaks are seen. One of them, labeled peak 1, coincides wiind wave vector. As can be seen from Fig. 6, several modes
the elastic intensity measured at diffraction angles correean be distinguished, the mean energies being-3.8, 6.0
sponding to reciprocal lattice points and is therefore assigned0.2, 7.5:0.2, 11.6:0.2, 14.8-0.2, and 18.50.2 meV, re-
to elastic scattering from defects. All other peaks correspondpectively. The scatter in the data points suggests some de-
to inelastic processes. We attribute the peaks labeled 2 andgsee of dispersion or a superposition of modes, which are not
to one-phonon creation events. There are further, althougtesolved under the given total experimental resolution-f
much weaker peakg,5) at even larger flight times which, as meV at E;=33.5 meV.Since the higher-lying modes are
will be discussed below, we attribute to overtone and commultiples of the lower-lying ones, they could be due to two-
bination excitation. or three-phonon processes, and only the curves at 3.6 meV,

For the 90° fixed-angle geometry between incoming ands.0 meV, and 7.5 meV can be assigned with confidence to
outgoing beam the parallel momentum transké¢ parallel  one-phonon dispersion curves. Within the error limits, the 11
to the surface corresponding to the energy loss or §&rof ~ meV loss can be considered as a combination of a 3.6 and a
each of the inelastic peaks is given by the so-called “scar7.5 meV phonon, the 14.8 meV loss as due to two 7.5 meV
curve” phonons, and the 18.5 meV curve as a three-phonon process
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involving two 7.5 meV and one 3.6 meV phonons. The 7.5
meV feature cannot be attributed to a two 3.6 meV phonon
process since its intensity is always larger than that of the 3.6 _,
meV loss, while the peaks attributed to multiphonon pro- ;L

cesses are expected to have much smaller intensities. The>< 05

-2.0
-1.5
-1.0

l-‘(T.O)

Xih.0)

labelsX and X' in Fig. 6 refer to different reciprocal lattice =~ < 0.0 Loo
points and different domain orientations as will be explained 0.5 X
: . 1.0 (112.0)
in more detail b(_alow. _ _ . CO, / NaCioo1)

In order to investigate these structures in more detail . <110> DIRECTION

TOF measurements were performed at a lower incident beam
energyE;=14 meV (k;=5.17 A", at T;=30 K. At this
lower wave vector the contribution of multiphonon scattering
is greatly reduced and the energy resolution of the apparatus
is more than a factor of 2 greater thanEg=33.5 meV. A
representative series of TOF measurements converted to an
energy transfer scale is shown in Fig. 7. As compared to the
33.5 meV measurements, many more modes are resolved in
the low-energy range below 10 meV. In Fig. 8 the corre-
sponding phonon energy vs phonon wave vector diagram is
plotted. The lines through the data points are intended as
guides for the eye. This assignment is by no means unique
and must be regarded as preliminary. As will be discussed in
more detail in Sec. IV, mode crossings are not expected for
modes of the same symmetry and suggest that the modes
correspond to different directions or different symmetries,
labeled with a and b, respectively. Within a set of branches
the modes were numbered with increasing energy at the zone
boundary.

The dashed curve in Fig. 8 corresponds to the Rayleigh . : . . . . .
mode of the bare Na(01) surface. It is known from pre- . -0 -8 6 4 -2 0 2 4 6
vious HAS experimenté and was also reproduced in our Energy Transfer AE [meV]
measurements. This mode generally lies slightly below the
projected band of transverse polarized bulk modes as indi; g, 7. A series of time-of-flight distributions of He atoms scattered from a
cated in Fig. 8. Adsorbate modes to the riglpteaterQ) or  monolayer CQ@, measured along th&.10) direction for varying angles of
below this band can only couple to the bulk when they croséncidenced, . T,=30 K. E;=14 meV,k;=5.17 A%, 1.5<10° TOF mea-

the Rayleigh mode. and are therefore mainly located in théurements accumulated, except #§=45°, where 3<10° measurements
! Were accumulated. TOF spectra at the end of a typical measuring period of

topmost layer in the Coadlayer. In the bulk band region the g n agreed with those taken immediately after preparation so that any effect
vibrational modes of the CQlayer can mix with the bulk of contamination could be ruled out. The peakAE=0 is attributed to
bands and become a resonafit® If the coupling is very elastic scattering from random defects, the other peaks are due to single

t thei litud t th £ b d dt honon creation or annihilation. The phonon labels exemplary shown for the
strong their amplitude at the surface may e reauce 0 SUG) o spectrum are explained in the text. The TOF spectruhh=a#5° is
an extent that they are no longer observed in the experimeniot presented since it shows mainly the very intense specular peak. The
The latter appears to be the case for the adsorbate mode&allel momentum transfers of the phonon peaks in the TOF spectra are
with frequencies less than about 6 meV. Apparently the dendentified via the scan curves shown at the top for selected angles. Features

. . L . due to the Rayleigh phonon are denoR@ndR’, respectively.
sity of surface projected bulk phonons is so high that the
coupling is sufficiently strong to completely suppress the sur-
face vibrations.

Starting from the highest energy we identify a new mode

(VI) at about 9 meV which we attribute to an optical mode.below mode llla may also show dispersion but because of
The 7.5 meV mode which was already observed in thehe strong coupling with the bulk bands they cannot be ob-
E;=33.5 meV experiments is clearly seen also at smallserved at small wave vectors. The modes V and VI are very
wave vectors. Surprisingly it appears to disappear beyond thgronounced at the zone origin At X’ the mode lla has the
bulk band edge. Very likely it hybridizes with the Rayleigh highest intensity and modes lllb, IV, and V are clearly visible
mode as frequently observed in other systése® e.g., Refs. while all other modes are weak. &= 7r/a six modes were
33 and 38. If this is the case than the mode llIb is its con- observed from which modes Ilb, Illb, and VI are strongest.
tinuation in the region where a coupling with the substrate is  Only a few time-of-flight spectra were measured at
not allowed._The mode Illa shows a nice dispersion with al,=83.5 K. Theobserved energy loss and gain features
minimum atX’ and can very likely be assigned to a collec- were in agreement with those shown above. Thus we can
tive transverse vibrational motion with a distinct coupling conclude that the results are due to a monolayer and not a
between the C@molecules. The three modes I, lla, and IIb multilayer of CGQ.. Moreover, diffraction patterns measured

Signal [counts/second/meV]
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CO,/NaCl monolayer LEED diffraction pattern corresponds
to a (2X1) structure, the unit cell containing a glide plane.
! : bulk band y This result is further confirmed by LEED measurements on
10fF | edge // N CO, adsorbed on cleaved N&G0)) single crystal planes,
' |
|

. Lo ] which became possible by using a very low primary beam
of 7 ' . current and a channeltron detection sysf8rm the LEED
: | /o 7 VI experiments as well as in the present study the width of the
8r v S 74 ] diffraction peaks is limited by the instrumental resolution,

o o g | -1 b suggesting domain sizes in excess of 450 A.
v _e o ] In the FTIR studies a first-order phase transition between
°  lila a two-dimensional C@lattice gas and a two-dimensional
[ 3 i1 condensed phase, i.e., the monolayer, was obsér/€h
s - 3 the highest-quality NaCl single crystal surfaces the maxi-
) s ] mum density of the 2D gas was found to k&% of the
R . la monolayer density. For a given temperature, coexistence of
® ° ] the two phases is possible only at a transition pressure
p%D. At this pressure, the observed absorption frequencies
made it possible to distinguish unambiguously between the
] 2D gas and the 2D condensed phase. The vibrational fre-
[ exptt resolution 1 quencies and the linewidth of the 2D condensed phase were
] found to be insensitive to surface coverage, again indicating
0 T T T growth of fairly large islands.
00 01 02 03 04 05 06 07 08 09 10 The growth mechanism of the monolayer, observed in

Reduced Phonon Wave Vector Qa/z this HAS study, is in agreement with these infrared and the

fe 8 M i oh i _ - | LEED data. Because of the exceptional sensitivity of HAS to
Ao iy e st v s 96 “surface defect“ the- speculary reflected helium atom
E,=14 meV. The phonon branch labeling is explained in the text. TheP€am intensity usually shows a sharp maximum at comple-
Rayleigh modeR and the bulk phonon edge are adapted from Ref. 37.  tion of a monolayer and passes through a minimum in be-
tween. With increasing exposure the adlayer on the originally
well-ordered surface will have an increasing density of de-
fects and high concentration of step edges which is largest
when half a monolayer is deposited. With further adsorption
a well-ordered first monolayer adsorbate surface is produced.
This behavior, which has been frequently observed, for ex-
IV. DISCUSSION ample in the epitaxial growth of Cu on C100),** NaCl on

Our results for the monolayer structure of €@n  Ge(001),* and for the growth of the monolayer CO on
NaCl(001) single crystal surfaces at=83.5 Kindicate the NaCl001 Y was not observed in the present case. Under the
formation of a(2x1) unit cell, which is ofpg symmetry and  equilibrium conditions the intensity of the specularly re-
contains a glide plane. This observation is in agreement witflected helium beam was found to decrease continuously un-
results from  Fourier-transform infrared  spectros-til finally the monolayer coverage is establishsée Fig. 1
copy>>681011.2055 well as with LEED datd In infrared  Apparently in this system growth proceeds by the formation
spectroscopy a correlation field splitting of internal OO of a small number of large two-dimensional islands, and
brations was observed and attributed to at least two moltherefore a small number of “surface defects” like steps and
ecules per unit cell. By means of isotope mixture experi-isolated molecules. This can also be inferred from the width
ments Heidberget al. could prove that these molecules of diffraction peaks measured for submonolayers,@n
occupy identical adsorption sites, a prerequisite for the gliddNaCl001). The widths were comparable to those of bare
plane observed in this study.From a plane group symmetry NaCl(001) and to the full monolayer, again limited by the
analysis Berg and Ewing suggested that & 1) structure instrumental resolution. This indicates the existence of large
can be explained by arranging two tilted molecules in eaclislands with a lower limit of~450 A in diameter, corre-
surface unit cell in a herringbonelike fashititiThis arrange-  sponding to more than f@nolecules and even larger than
ment was confirmed by extended spectra simulations as wethe lower limit of 200 A observed in the LEED experiments.
as theoretical modelingy®2021:2% Under the given conditions of adsorbate preparation the

Schimmelpfenniget al. have published low-energy elec- 2D gas phase manifests itself in this HAS study by the very
tron diffraction (LEED) data for the same systeffiln these  steep decrease of the specular intensity immediately after the
experiments NaCl films of a few nm thickness epitaxially first exposure of the clean Na@D1) surface to CQ (see
grown on G€001) were used as substrates. HAS diffraction Fig. 1). The steepness suggests a rapidly increasing number
experiments on NacCl films prepared in the same way indiof “defects,” i.e., isolated CQ@ molecules. Upon growth of
cate that these surfaces are of almost the same quality as tBB islands the decrease in intensity with increasing Cay-
cleaved ones used heteln agreement with our results the erage becomes smaller and is mainly due to the altered

oo

Phonon Energy Ao [meV]
(-]
ol

!
| :
2 | .
|
|
|
|

at 30 K prior to the inelastic scattering experimefeaster
cooling down from 80 K were in agreement with the exist-
ence of only th€2x1) monolayer structure described above.

Downloaded-24-Jun-2003-t0-195.37.184.165. GREMsRBYSoYudR3+ NG- &I B-AUGSE 1993 0 pyright,~see-http://ojps.aip.orglicpolicper jsp



Lange et al.: Dynamics of CO, on NaCl(001) 2315

Debye—Waller attenuation of the GQayer as compared to
the bare NaGQlL0OO) surface.

The observed epitaxial growth and th€X2) symme-
try of thicker CQ layers grown on top of the monolayer
CO,/NaCl001) are readily understandable. Crystalline car-
bon dioxide has a cubic structure which to within 1% has the
same lattice constant as bulk Na@l,cjp=5.6 A at 100
K),*® allowing almost perfect lattice matching when the
CO,(00)) plane is in registry with the Na@O01) plane[see glide plane
also Fig. 3c)]. Somewhat surprising is the slow appearance
of this c(2X2) structure and, simultaneously, the slow dis-
appearance of th€2x1) monolayer structure. Due to the
superposition of both structurespé2x2) symmetry is ob-
served for a certain range of exposures. There are three pos-

sible reasons for this superposmc(m) The StICklng coeffi- FIG. 9. Surface Brillouin zone of Na@O01) (solid lineg and the Brillouin

cient atT;=55-65 K is much smaller than unity, and up t0 zone of the C@ monolayer superstructur@ashed ling The (110 and
an exposure of-170 L we observe scattering from very few (110) directions correspond to the NaCl structure. Symbols corresponding

layers of solid CQ which coexist with the monolayefii) to the superstructure Brillouin zone are marked’ by
Solid CO, shows cluster or pyramidal growth instead of
layer-by-layer growth, i.e., the growth mechanism is of the

Stranski—Krastanov rather than of the Frank-van deppserved the growth of a second layer. While for the prepa-
Merwe-type® In this case also, and for low enough expo-ration of the submonolayer the effusive C®eam was
sures, multilayers of COcoexist with monolayer regions. stopped at 92 K, well above second-layer formation, their
(iii) The monolayer imposes its structure onto the first fewhigh-coverage monolayer phase was established by lowering
layers of the solid grown on-top of the monolayer. In thethe sample temperature under continuous gas flow to 73 K,
LEED study of Schimmelpfennigt al. a coexistence range \yhere the gas flow was stopped, then raising it to 76 K, and
of the(2x1) and thec(2X 2) structures was also observed at jowering it to 37 K where the scattering experiments were
sample temperatures of about 80'KThese authors found performed. To explain the measured diffraction pattern a
evidence for facet spots in th@10Q direction indicating (2,2x2,2)R45° unit cell with 8 CQ molecules was pro-
(111)-facets of CQ pyramids. In the present study we found posed. We believe that the assumption qf(@x 2) instead
no diffraction spots which would indicate pyramidal growth. of the (2,2x2,2)R45° structure is sufficient to explain all
However, as mentioned above, the pronounced decrease @hta points not in agreement with(2x 1) structure(Fig. 5 in
scattering intensity with exposure and the somewhat broadRef. 17. The p(2x2) structure corresponds to a superposi-
ened diffraction peaks suggest the formation of small bution of the (2x1) monolayer and the(2x2) multilayer
crystalline CQ clusters. More studies involving varying symmetry for the case of exposures of less than 170 L of
preparation and annealing conditions are necessary in ordgO,. We therefore suggest that the high-coverage monolayer
to answer the question which of the proposed mechanismshase prepared by Liet al. may have been a monolayer
contribute to the intermediately observe(Rx 2) structure. adsorbate partially covered with multilayers, e.g., due to ad-
Having discussed the structures of monolayer as well agitional CO, condensation during cooling to 37 K or due to
multilayer CQ/NaCl(001), we can compare our results to incomplete multilayer desorption while rising the tempera-
those obtained by Liuet al. in another HAS diffraction ture from 73 to 76 K.
study?’ In the latter study the NaCl sample was exposed to  Prior to an interpretation of the normal mode vibrations
an effusive CQ beam while the sample temperature wasof the CQ molecules adsorbed on the NaCl surface some
lowered. As in our case, coverage was monitored by followsymmetry considerations are appropriate. Due to(#¢1)
ing the intensity of the specular beam during exposure. Theuperstructure of the CQmonolayer the Brillouin zone of
(2X1) structure proposed by Liet al.for their low-coverage the adsorbate is different from the surface Brillouin zone of
phase, i.e. 30% of a monolayer, reflects (A1) adsorbate the NaC(001) substrate as shown in Fig. 9. The characteris-
lattice of CQ, molecules adsorbed in large islands. The ex-tic pointsT’, I'', andI" correspond to phonon wave vectors
istence of a glide plane, which manifests itself only throughat the originQ=0, while those labeleX, X', andY' corre-
missing diffraction peaks in th€l10 direction (azimuthal spond toQ= w/a, with a being the lattice constant in the
angle 03, was excluded in their analysis because of the aprespective direction. All symbols marked by a prime refer to
pearance of a single diffraction feature which was attributedhe adsorbate lattice. Two types of adlayer domains exist, one
to the(—1,0) peak[(3,0) in our nomenclature However, this  with the glide plane along th€110 direction of the
feature is most prominent for an azimuthal angle of 20° andNaCl(001) surface and_one which is rotated by 90° with the
was not detectable in their work at 0°, the only angle whereglide plane along thé110) direction. Because both types of
it should have been observed. We therefore exclude that it idomains are always present TOF spectra measured for a
due to the(—1,0) superstructure peak, and conclude that thegiven direction are in fact a superposition of both domains.
observed(2x1) unit mesh contains glide planes, according  The phonon modes can be classified according to the
to the interpretation presented here. AE=74 K Liu etal.  symmetry group of their wave vectdrln the A’ direction,

<110>
K

xI
Xl
Z|

el
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ecule, their analysis yields for each adsorbed, @r “in-

ternal” and five “external” normal modes, the latter of which
\/ are sketched in Fig. 1@he “internal” modes are the sym-
“ / metric stretchy,, the twofold degenerate bending vibration
vy, and the asymmetric stretch;, while the “external”
Q5 Q6 Q7 modes are vibrational motions of the molecule against the

surfacg. Only the in-phase vibration of all modes Btwas
calculated. The “external” modes were found to have ener-
gies between 17.4 and 71.4 cincorresponding to between
2.2 and 8.9 meV, respectivel§Due to the use of the second
derivative of the adsorption potential for the calculation of
the normal mode frequencies the absolute values are to be
interpreted with some caution. However, the relative se-
guence in energy is expected to be correct. All calculated
@D external motions have components perpendicular to the sur-
face. Therefore, since HAS is especially sensitive to such
motions, it should be possible to observe all of them in these
experiments, but due to different perpendicular amplitudes of
the five modes different TOF peak intensities are expected.
In the present study the optical phonon modes llla and V
were clearly visible at the zone origlhfor both experimen-
FIG. 10. Calculated “external” normal modes of monolayerg:&ﬂsorbed tal incident wave vectors, their energies being 6.0 and 7.5
on NaCl002)) (adapted from Refs. 20,21Arrows directly attached to the . _ .
molecule indicate rotational motions, others translation of the whole mol-mev’ corresponding to 48 and 60 Cﬁn respectively(see
ecule. The CQis adsorbed between Nand CI', with a tilt angle9=26°  Fig. 8. Two more modes, | and lla, have frequencies of
relative to the surface plane and an azimuthal angted3° between the  gbout 3.6 meV(29 Cmfl) at I but are not unambiguously
projection of the molecular axis onto the surface and &-Nva" row. observable in the experiments with lower beam energy. As
pointed out in Sec. I, this may be due to a strong coupling
to the substrate and a damping of their amplitudes. For the
along the longer side of the unit cell, there are two classes o¥mallerk; some_points are also observable at 9.2 mg¥
modes with either even or odd displacement patterns witl§m 1), close tol’ andI™ (Y'). The errors were estimated to
respect to the glide plane. The same applies forlthex’, be +0.25 me\=2 cm ! for all these modes. Features at
andY’ points whereas in thB’ direction no such symmetry higher energy losses in the measurements with the incident
exists. With two molecules per unit cell each of the fivebeam energyE;=33.5 meV (k;=8.02 A™Y) can be most
external modes of a single adsorbed Gblecule splits into  probably assigned to excitation of overtones or combination
two and therefore altogether ten external phonon modes akands. Indications for this are provided by the relative inten-
expected for theA’ as well as for the’ direction. This  sities of the observed energy loss features as well as results
“Davydov” splitting can be described on the basis of the from mixed rare gas layerdi) In our experiments with
exciton modef® However, for theA’ direction selection higher incident beam energy of 33.5 meV the most intense
rules apply.(i) The split modes are of even and odd symme-mode is that at about 7.5 meV, followed by the feature cor-
try, respectively, and are necessarily degenerat¢’ 4P (i)  responding to the modes around 3.6 meV which are not re-
The symmetry of the transition under consideration allows usolved in these measurements. The other three features at
to observe even modes in evéfirst, third, ..) and odd 11.0, 14.8, and 18.5 meV are very weak in comparigoh.
modes in oddsecond, fourth, ).Brillouin zones only®%*  For a perfectly mixed Ar/K{l/1) adlayer on Ril11) Kern
Due to the superposition af’ andX’ which are measured et al.observed no “mixed”(Ar +Kr) energy losses, although
simultaneously in our experiment the maximum number ofthe overtones of the Einstein modes of both rare gases were
modes observable for a givehK is therefore 15. In our apparent? This result strongly suggests that also in our ex-
presentation of the data all phonon wave vect@sare periments the excitations observed at 11, 14.8, and 18.5 meV
folded into the first Brillouin zone, thus rendering possibleare due to local interaction of a helium atom with one single
detection of all 20 modes. However, not all these mode£O, molecule, i.e., the energy transfer occurs in a single
must be split in energy, and the interaction of the heliumscattering event and not in two or three steps. Although
atoms is largest for modes with large displacement perperbarely visible, the energy losses found at 11 and 18.5 meV
dicular to the surface. Therefore not all of them may bewould be the first evidence for the observation of combina-
detected. tion modes by HAS so far. The polarization of these modes is
From a model adsorption potential of the monolayer,CO expected to be the same as for the corresponding fundamen-
on NaC[002) Heidberg and co-workers were able to deducetals.
the normal modes of the adsorbed molecé?&s. Their po- Table | summarizes the measured energy loss and gain
tential which produced both the adsorption energy and théeatures and their tentative assignment to the normal modes
molecular orientation in good agreement with the FTIR datacalculated by Heidbergt al2%2! To all expected modes we
appears to be quite reliable. As expected for a linear molean assign a measured phonon mode. As mentioned above
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TABLE I. Assignment of measured to calculaté®efs. 20 and 2inormal  cell, for two perpendicularly oriented domains. Comparable
mode energies. Relative intensity scalg:strong,(m) medium strong(w)  to the less complex normal coordinate analy$®, it is
weak. The bracketed numbers behind the calculated energies give the Ordﬁfund that the hybridization of different motions is signifi-
of (calculated mode components perpendicular to the surface. ; ] .

cant, due to a large influence of lateral interactions. Alto-

Calculated energymeV) gether 20 modes were predicted with energie¥ aanging
Normal mode and intensity Measured energyeV) from 1.5 to 13.3 meV, with eight modes lying above 10 meV,
o 223 wo modes at 2—4 meV somewhat higher than probably observed in our experiment.
Qs 3.2(5) (m-9 Due to the lateral coupling between the motions of the two
Q 4.1(2) 6.0(m-9 molecules in the adsorbate lattice unit cell, five pairs of
Qs 6.8(1) 7.5(s) two branches are observed which are split by 0.4—-1.4 meV
Qo 8.9(4) 9.2(m-9 atT'. In addition, each of these branches splits into two by up

to 1 meV in the two different domain orientations. All of
these modes have components perpendicular to the surface
rzimd should be accessible to HAS.

To our knowledge, the recent theoretical study by Pi-
i:aud, Hoang, and Girardet is the as yet most complete cal-
culation of the dynamics of a complex adsorbate system.
Although the agreement between experiment and theory is

largest relative amplitudes perpendicular to the surface, fol . . . .
lowed byQs, Qg, andQ, 22215 tentatively attribute the not yet perfect, important conclusions on the interpretation of
5 <9 6 the experimental data are possib(®. All five “external”

Qs mode, with a calculated energy of 2.2 meV, to the lower™.~ ~° , )
loss in the 2—4 meV range, th@; mode with a calculated vibrations which already result from the simpler normal co-
- , th@g

energy of 6.8 meV to the 7.5 meV feature, @D (4.1 me\} ordinate treatment are split into a doublet. Although this
to the 6 meV feature. According to the éalculati@g can splitting is probably unrt_asglved, it pos_sibly explains_ the_ob-
best be visualized as a “frustrated rotation” while andQg servgd phonon broadenllr.{g.) The FVYO different domain ori-

have predominantly the characterapolarized modes. The entations cause an additional splitting by two for each of the

other calculated mode34 andQq have weaker relative am- ten branchegexcept at the zone originthus rendering pos-

plitudes perpendicular to the surface. We assign them to th ible detection of up to twenty phonon modes as concluded
om the symmetry arguments presented above.

measured modes according to their increasing energy; the Unfortunatelv in this th tical i tiqation th
higher loss in the 2—4 meV range is attributedg, the 9.2 | Jmortunately In this theoretica’ investigation the cou-
meV phonon toQ pling of the adsorbate vibration with the substrate phonons
9. . . . . . .
It is interesting to note that the width of some energyWas _n(_)t m_cluded. AS ghscussed n connecnon_wnh F.'.g‘ 8 the
bridization has an important effect on the intensities and

loss and gain features, e.g., mode V, is apparently larger th .
the instrumental resolution. This increase in width may be af'So on the frequencies of the adsorbate modes. A more de-

indication for a nonresolved splitting of some of the norm<ellt"’“|9d.theo_reucal study with conmderapon of th_e dynamical
modes into two modes. As discussed above the Davydo9OUp|'ng with the substrate would be highly desirable. Also a

splitting is expected due to the correlation field between thé"ore _deta|led HAS experiment IS .caIIed for V\_/herle spe.c.|al
two CO, molecules in thé2x 1) unit cell. It was detected in attention should be given to extracting the relative intensities

infrared spectroscopy for the asymmetric stretching vibratiorﬁ
vz as well as for the twofold degenerate bending vibration
This splitting, which is about 1.1 me¥® cm 1) in the case
of vz, depends linearly on the vibrational polarizability,
and on th(7e frequency?® The «, of an “external” mode is
very small’ The correlation field splitting and dispersion due
to dipole—dipole coupling of the external modes is expectea/' CONCLUSIONS
to be much less than 1 mé&¥and probably cannot be un- The monolayer and multilayers of carbon dioxide phys-
ambiguously resolved by present HAS machines. The stronggorbed on sodium chloride single crystal surfaces cleaved
dispersion of the modes llb and llIb can therefore not besitu under ultrahigh vacuum were studied by means of he-
explained by dipole—dipole coupling. It suggests that modesum atom scattering. The monolayer adsorbate structure was
with a large in-plane amplitude probably have been detectedharacterized by diffraction under adsorption—desorption
in our experiments, and that the dispersion is due to shorequilibrium conditions, ap(CO,)=1x10°-1x10"8 mbar
range interactions which are more important than for the inand T,;=80-83.5 K. The difaction patterns for different
ternal vibrations. The splitting of these modes can be estiazimuths uniquely identify the adsorbate structure &é&<dl)
mated from this observed dispersion to be in the meV rangdattice commensurate to the substrate and with a glide plane.
In a very recent study Picaud, Hoang, and Girardet triedrhe unit cell belongs to the two-dimensional space group
to interpret the dispersion curves for the £@onolayer ad- pg. This result is in agreement with data from LEERef.
sorbed on Na@D01) (Ref. 26 on the basis of a semiempir- 16) and FTIR spectroscopy°~81011:20.2ht disagrees with
ical potential?® The various observed branches are identifieda previous HAS study’ In the helium atom time-of-flight
in terms of coupled translational and librational modes byspectra from the monolayer a large number of sharp low-
solving the dynamical matrix of the adsorbate lattice unitenergy loss and gain features could be resolved, which are

the helium atoms are expected to interact most strongly wit
motions of the C@ molecules with large amplitude perpen-
dicular to the surface. From the calculated normal modes i
can be deduced that the normal modgsand Q, have the

f the various inelastic peaks. In this way it should ultimately

e possible to assign the many observed modes. Then with
future best-fit calculations it should be possible to pin down
the adsorbate—adsorbate and adsorbate—substrate interaction
coupling constants quite precisely.
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not present on the bare Nd@01) surface. Many of the 2J. Heidberg, E. Kampshoff, R. Kmemuth, and O. Schekzs, J. Electron
peaks can be attributed to single phonon excitation of exter- Spectrosc. Relat. Phenoi4/65 803 (1993.

. N ex o ; .
nal normal modes, corresponding to vibrations of the ad- ‘;'7;'(61'383@ and W. Fer, J. Electron Spectrosc. Relat. Phen&ai55
sorbed molecules with respect to the surface. Based on g Berg and G. E. Ewing, Surf. S@20, 207 (1989.

comparison with calculated normal mo#% we tentatively 110 Berg, R. Disselkamp, and G. E. Ewing, Surf. 37, 8 (1992.
attribute the stronger features to a “frustrated rotati¢®=~4 0. Berg, L. Quattrocci, S. K. Dunn, and G. E. Ewing, J. Electron Spec-
meV) and to “frustrated translations(6 and 7.5 meV, re- trosc. Relat. Phenon&4/55 981(1990.

. . . . 13H.-C. Chang and G. E. Ewing, Phys. Rev. L&, 2125(1990.
Spectlve|y. The Interpretation of the eXpenmemal data are“D. Schmicker, J. P. Toennies, R. Vollmer, and H. Weiss, J. Chem. Bhys.

aided by a very recent lattice dynamical calculafdril- 9412(1991).
though barely visible, energy losses found at 11 and 18.5G. Lange, J. P. Toennies, R. Vollmer, and H. Weiss, J. Chem. Bigys.

meV are probably the first evidence for the observation of 10096(1993. }

combination modes by HAS so far 167, Schimmelpfennig, S. Fxh, and M. Henzler, Surf. ScR50, 198
. ) . (199).

Upon condensation beyond a monolayer additional CO17g v Liu, G. N. Robinson, G. Scoles, and P. A. Heiney, Surf. S62

grows commensurate on top of the full @@onolayer. A 409 (1992.
superposition of thé2x1) monolayer symmetry and thef 2 18p_ M. Blass, R. C. Jackson, J. C. Polanyi, and H. Weiss, J. Electron Spec-
X 2) symmetry of solid CQwas observed up to exposures trosc. Relat. Phenon®4/55 993(1990; J. Chem. Phys94, 7003(1991).

19
K K . . See, e.g., J. E. Lennard-Jones and B. M. Dent, Trans. Faradag%8@
of about 170 L. Possible explanations for this coexistence (1928 R. Gevirzman, Y. Kozirovski, and M. Folmaiibid. 65, 2206

include (i) an unexpected low sticking coefficient, so that in (1969; J. Heidberg, R. D. Singh, and C. F. Chen, Z. Phys. Chem. N. F.
fact only very few CQ layers are formed even after a dosage 110 135(1978; J. C. Polanyi, R. J. Wiliams, and S. F. O’'Shea, J. Chem.
of 170 L; (ii) cluster(e.g., pyramidal growth of the solid or Phys.94, 978(199).

: ) - 203, Heidberg, E. Kampshoff, R. Kmemuth, and O. S¢hekzs, Surf. Sci.
(iii ) unexpected structural changes in the first layers of solid 251/252 314 (1991,

CG, as cqmpared to the infinite solid. _ _ 21 refinement of the potential presented in Ref. 20 resulted in the following
As a final remark we want to emphasize the unique po- structural parameters: heat of adsorp#@2.5 kJ mol* (monolayey, 28
sition of helium atom scattering in the investigation of ad- kJ mol"* (submonolayer tilt angle relative to the surface28°; azimuthal

sorption on alkali halide single crvstal surfaces. Not onl a_mgle enclosed by two molecute86°; frequencies of the external vibra-
d P heli diffracti 9 y'd h ()j/ tions Qs=17.4 cm?, Qg=25.9 cm?, Q,=32.7 cm?, Qz=54.5
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