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Abstract 

STRUCTURE DETERMINATION OF MOLECULAR ADSORBATES 
WITH DYNAMICAL LEED AND HREELS 

M. A. Van Hove 
Materials and Molecular Research Division. 

Lawrence Berkeley Laboratory 
and 

Department of Chemistry 
University of Cal ifornfa 
Berkeley, CA 94720 USA 

IBL-18080 

Mo I ecu I ar adsorbate structures can be determ i ned by comb i n i ng Low­

Energy Electron Diffraction (LEED) with High-Resolution Electron 

Energy Loss Spectroscopy (HREELS). The HREEL vibrational spectroscopy 

identifies the molecular species, whose bond lengths and angles are 

obtained by LEED. Appropriate calculational methods are required in 

LEED to so I ve comp I ex mo I ecu I ar structures: such methods wi I I be 

discussed for large molecules, for large unit cel Is and for disordered 

adsorbates. Results have been obtained for the following molecular 

species adsorbed on several low-Mi Iler-index metal surfaces: CO, C
2
H2 

-+ CCHy C3H4, -+ CCHlH3 and C
6

H6 • The presently avai lable methods 

should be capable of solving a multitude of molecular adsorbate 

structures, including large molecules, coadsorbates and disordered 

species. 

1 • I ntroduct i on 

The combination of High-Resolution Electron Energy Loss Spectroscopy 

(HREELS) and Low-Energy Electron Diffraction (LEED) has been found to 

be powerful for determining the crystallography of molecular species 

adsorbed on surfaces. HREELS is particularly convenient for 

determining the identity of molecular species, by comparison of their 

vibrational frequencies with those of known molecules, including 

organometal I ic clusters [1 I. Often, orientational information can 

a I so be obta i ned with HREELS [ 1 I • Know I edge of i dent i ty an d 
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orientation markedly simplifies the subsequent LEED analysis, which 

compares measured with calculated intensities for a large number of 

sti I I plausible adsorption geometries [2,31. This ~I lows bond lengths 

and bond angles to be determined. 

The multiple-scattering (i.e. dynamical) nature of LfED compl icates 

structural determinatrons by strongly increasing the computational 

cost relative to that of crystallographic techniques based on 

"kinematic" electron scattering. Therefore, appropriate calculational 

methods are required to· handle the la~ge unit cel Is and large 

molecules that can be found at surfaces. In addition,· since not all 

molecules adsorb in an ordered fashion, it is desirable to also 

perform LEED analyses in the absence of long-range order. 

2. Calculational Methods in LEED 

LEED theory was des i gned in the years 1968-1971 for dense,strong I y­

scattering materials such as metals, in which· multiple scattering is------­

dominant [2,31. Molecular adsorbates are less dense and scatter less 

strongly, but do not give a kinematic behavior. Therefore, 

computational savings are to be sought in selective neglect of ceftain 

multipte-scattering terms [41. 

Since the substrates used today for molecular adsorption are 

largely the same metals considered in 1968-1971, the full multiple­

scattering formal ism must be maintained in that part of the surface. 

Through the· "combined-space" [31 method, one may add mGlecular 

over layers treated with suitably approximated formal isms, to be 

described next. 

The simplest case is that of hydrogen atoms, which are such weak 

scatterers that they· can be ignored (un I ess they are by themse I ves 

responsible for a super lattice). 

The approximation called "near-neighbor multiple scattering" [41 

recognizes that any atom in a molecule is surrounded by few 
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neighboring atoms, most of which are relatively weak scatterers 

compared with the situation in the bulk metal. As a result, only a 

few multiple-scattering paths need to be taken into account. In 

particular, one may choose to let each segment in such a scattering 

path link only neighboring, bonding atoms •. Accur~cy is gradually lost 

as fewer scattering paths are included. Nevertheless, the ultimate 

approximation, which treats the molecular layer kinematically, has 

been used to el iminate many structural models which might appear 

plausible at first sight [5,61. Successively more severe 

approx i mat ions do of course reduce the accuracy atta i nab I e for the 

correct structure: the best calculation that can be afforded should 

be used to refine the best structure which has been identified with 

more approximate calculations. 

One of the computat i ona I d iff i cu It i es with most convent i ona I LEED 

formal isms is the large number of beams that must be considered when 

the surface unit cel I is large [31. The computational effort is 

proportional to the square or the cube of the unit cel I area. 

~~olecules are found to frequently order in lattices with untractably 

large unit cel Is. Therefore, the "b~am-set-neglect" approximation has 

been designed [71 to avoid this unfavorable scal ing law. The 

resulting computational effort is at worst I inear in the unit cell 

area, and even constant if one so desires. 

The beam-set-neg I ect method can be eas i' I y extended to disordered 

over layers. The resulting diffuse intensity can be shown to contain 

the local bonding information (short-range ordering) that one is most 

interested in with molecular adsorption [81. Thus, local structure 

determination is possible with LEED in the absence of long-range 

order, as it is with SEXAFS, ARPES and other surface-sensitive 

techniques. This method has been successfully compared to a different 

theory of diffraction by disordered adsorbates [8,91. 

3. Molecular Adsorbate Structures 

Only organic molecules have been subjected so far to surface structure 
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determination by LEED, coupled with HREELS. Carbon monoxide (CO) was 

found to be a favorable candidate for such work and has served wei I as 

a test case for experimental and theoretical procedures. The 

adsorption sites of CO on metal surfaces were successfully predicted 

on the basis of the CO-stretch vibration frequencies, using an 

empirical s i teass i gnment derived for metal-carbonyl c I us+ers [101. 

Indeed, either the top site or the bridge site occurs in the six CO 

adsorption structures determined so far: COon N i ( 100) [11 I, CO on 

on Rh(lll) at two coverages Cu(100) [llal, CO/Pd(100) [121, CO 

[13,5,61 and CO on Ru(OOOl) [141. 

The other molecular structures determined with LEED concern 

hydrocarbons having two to six carbon atoms: C
2

H
2 

(acetylene) on 

Pt(lll) [151, Ni(lll) [161 and Ni(100) [171, -+ CCH
3 

(ethylidyne) on 

ptelll) [181 and Rh(lll) i191, C
3

H4 (methylacetylene) on Rh(lll) [201, 

-+CCH
2

CH
3 

(propylidyne) on Rh(lll) [211 and C6H6 (benzene) on Rh(lll) 

~·~--{71--;;'-Th-e-complete-mol-ecules in this list (C
2

H
2

, C
3

H4 and C
6

H
6

) are 

found to primarily7T-bond to the metal surface. For C
2

H
2 

on Pt(lll) 

and Ni(111), C
3

H4 (HC~:-CH3) and C6H6 on Rh(lll), the unsaturated C-C 

bonds are parallel to the metal surface. The adsorption site is 

somewhat uncertain for C
2
H

2 
on Pt(lll) and Ni(lll), top and ~J-bridge 

being preferred, respectively. Centering on the hoi low site is 

obtained for C
2

H
2 

on Ni(100), C
3

H4 on Rh(ll1) and C6H6 on Rh(lll). 

The C
3

H4 molecule is found to be considerably bent, with its methyl (­

CH
3

) group pointing up at an angle of about 35
0 

from the surface 

plane. This reflects rehybridization due to adsorption and was 

pred i cted a I ready for the term ina I hydrogens of adsorbed Ci2' based 

on HREELS data [221 and theoretical calculations [231. Such upward 

bending' of hydrogen is also predicted for adsorbed benzene [24,251. 

The alkyl idynes (ethyl idyne and propyl idyne) have been observed on 

Rh(lll) and Pt(lll) as products of acetylene or ethylene (C
2
H

4
) 

adsorption (for ethyl idyne), or of methylacetylene or propylene (C3H6 ) 

adsorption (for propylidyne). The multiple C-C bond of the parent 

molecule has become a single bond during hydrogenation or 

dehydrogenation, oriented prependicularly' to the surface. The 
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adsorbed species are bonded through a carbon atom to three metal atoms 

surrounding a hoi low site. The upper part of the species is a 

saturated hydrocarbon term i nat i ng ina methy I group. I n the case of 

propyl idyne, the methyl group is ti Ited with respect to the surface 

norma I • 

4. Prospects 

Work is underway in Berkeley on some molecular adsorbate structures 

whose comp I ex i ties i I I ustrate the present capab iii ties of LEED 

calculations coupled with HREELS. One such structure is naphthalene 

(C
10

H
8

) on Rh(111), which produces both a (3x3) and a (3/3x3/3) R300 

unit cell: these have areas 9 and 27 times that of the (1x1) unit 

cell and, presumably contain 10 and 30 carbon atoms per unit cell, 

respectively. Another such structu~e concerns benzene on Pt(111), 

which can form both a (2 I 3x4)rect and a (2/3x5)rect unit cell, with 

areas 16 and 20 times the (1x1) area, respectively. If, as HREELS 

indicates, these cells contain 4 and 6 CO molecules, respectively, in 

addition to the presumed two benzene molecules per cell, one has 20 

and 24 atomic scatterers per unit cell, respectively (hydrogen being 

ignored). 

I n view of the many structura I parameters that these structures 

contain, it is important to gather complementary information 

restr i ct i ng the number of poss i b I e structures. Bes ides HREELS data, 

one source of information is consideration of Van der Waals radi i that 

identify forbidden molecular overlaps [261. A more accurate approach 

to th is quest i on comes from force-f i e I d ca I cu I at ions, wh i ch eva I uate 

more deta i I ed Van der Waa lsi nteract ions [271. A I so, geometr i es of 

adsorbed molecular species may be studied by energy-minimization 

techniques: for large molecules on extended surfaces, extended Kuckel 

cluster calculations [23,281 or corresponding two-dimensional tight­

binding band-structure calculations [25,281 can serve as useful 

guides. 

Another important aspect of the work concerns exper i menta I 
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procedures. Apart from the standard need for well-defined surface 

conditions, adsorbed molecules_ present a special difficulty: great 

susceptibi I ity to electron-beam-induced damage. New approaches to 

reduce the LEED beam exposure have been implemented, principally the 

use of video cameras [291, wh i ch shorten the time needed to take the 

data. A further development, which is about to come into use, 

replaces the LEED display screen by a position~sensitive detector 

coupled with micro-channel plates [301: this allows the intensity of 

the inc i dent LEED beam to be reduced by a factor of 10
6

, essent i a I I Y 

el iminating surface damage. 
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