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THE STRUCTURE OF SOLID SURFACES AND OF ADSORBATES BY LOH-ENERGY .
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Low-energy electron dvffraction (LEED) 'ls one of the powerful techm- o
gues to study- the atomic structure of surfaces. The ‘theory has developed ::"
to the .point where the diffraction beam intensities can be computed "using
the locations of surface atoms. as the only adjustable ‘parameters, The
'position' of atoms in many clean monatomic solid surfaces and the. surface
structures of ordered monolayers of adsorbed atoms have been determined
this way. Surface crystallography studies are now being extended to small
hydrocarbon molecules that are adsorbed on metal surfaces, The phys1cal

picture of the surface chemcal bond emerges from these stud'les.
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A, Exper'lmental system and procedure to obta'ln the. surface structure.
‘ Ultrahigll vacuum cond'ltlons {UW), base pressure approxvmately lO

~torr are ma'lntained to insure surface cleanl'lness. The backscattered

Y

3 electrons are’ postaccelerated to a fluorescent screen. and the Liffract1on :
pattern so produced is observed through a-glass viewport, Sharp spots are . ;

'Ind1cat1ve of long-range order, f.e0, the ordered domain -sizes on the sur- :

. face are larger than the lateral coherence length of the electrons (mloo

° .
A-)., Extra diffract'lon spots, meaning those noc expected on the basis of
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: d'lffraction chanber to analyze surface cleanhness and to prepare surfaces

clean and ordered. These 1nclude the popular Auger alectron spec~

ch =is routinely used to 1dent1fy 1mpur1t1es that may be present
wlth ab 'ut 1% of a monolayer sensi t'lvity. It also 'lncludes jon bombard-
' ';.us‘lng 300 volt 'inert gas wns that remove by direct 1mpact

h h:gmay have segregatedlat the surface. Other techniques of
Recently high resolut'lon electron loss Spectroscopy (HRELS)

_ developed to analyze the surface structure, to- complement the structural
1nformat‘lon avaﬂable from LEED.

the ‘ electron,s'
The energy -range of 15-200 eV /'mcident . provides optimum sur-
face sens'lt'lvity. -The electrons are rather strongly scattered in an elas-

‘c fash n by the attract‘lve COulonb forces of the atomic nucle1 and may

roscopy.

tors‘ are readily found from ob-

"We. cannot 1n this manner,

e diffraction pattern geometry.
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ﬂv‘d'll'el:t‘l ‘ perpendicular to the surface plane. 'I'his essential .inf 'rmation

' 'can be extracted from analysis of the dependence of the intensity I'of the
" diffraction spots on incident beam energy N - so-called I-V profiles.
-These profiles exhibit pronounced peaks and valleys which are indicative
;of constructive and destructi ve interference of the electron waves ’scat-
'tered from planes parallel to the surface. as the electron wavelength is .
varied The combination of intensi ty features. smgle and multiple scat-
tenng. serve as the hasis of the surface crystallography analysis.‘ The
_presence of well-defined peaks and valleys. ‘of course,.. indicates that LEED
1s actually not a purely two-dimensional surface diffraction techmque.
There is a finite penetration and diffraction “takes place in the first 3 -
to 5 atormc layers. This, of course. allows one to study the strUctural
properties in the near surface region that includes atoms belon the top-
most layer of atoms, - _
The diffraction beam intensi ties are measured hy photographing the
fluorescent screen or by using other means of detection of the elastically
scattered electron flux. Future developrents vnll most Tikely include

1mage intens i

cation and cathode ray tube display methods that are so

- well advanced n other technologies. e

matrv ces from individual surface layers. L
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, cs of Materia'ls. Voi 1, . M, 'Iake‘ly. Ed., (Acadenc

gyt " The structure of metal surfaces. )

EE ‘ ‘The. surface un'lt cell of a low-index face of a c'Iean metal surface

"Eas genera‘lly been found to be that expected from the pmJection of the

1mp] contractidn or expansion of the 1nterp'|anar z-

s kind 15 usuam} teried a relaxation: More dramaticaily,
00)"and (1 )”‘fa4 s of Ir. Pt and Au and the (100) surfaces of Mo -



'and H are reconstructed, 1.e., the: two-dimensmnal surface unit cell 1s g

=5-

4

. different from that given by the terminatfon of ‘the bulk: structure a'Iong

Lo,

" the plane of 1nterest. S ol

In generalv one observes ‘that crystal p]anes havmg relatwely Tess -

dense packmg of atoms will be more prore to re'laxation or reconstruction

as compared to the most densel_y-packed plane of a gtven crysta1 structure.

In order to m'lmmue the surfaoe free energy 1n these cases ‘a rearrange-

ment (perhaps a subt'le one such as a shght buckhng of the surface) of sur-

' face atoms from the bu'Ik pos1t1ons ma_y. therefore. be- quite favorable.
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ighbors-and the remaining "danghng bond" y have a

lf th1s happens the back bonds wﬂl tend

become more p-like.

‘periodic'ity. A nunber of theoret'ical calcu~

) lations for. the electromc structure of - the 1dea1'ized S$1(111)=(1x1)
o _surface have been reported. , & v o
' - Non-stoichiometry is apparent'ly a major factor 1n the observed .
T reconstruction of the. polar faces of the m-v semiconductors such as GaAs

o (zinc blende structure). The (ll]) surface has been found to lose As at

erat Lre (sz) structure is arsenic-stabﬂized.
nd toipreferent'lal ly desorb at h'lgh temper—
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,qualitat'lve'ly con51$tent with the theoret1ca1 pred1ctions.

- Defimtnve studies of "the surface atomc structure of 1on'lc_ ‘mater-

%
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: A nmber of studies have pointed to possible r.on-stoichiometry of '

_lkali-halldev crystal surfaces upon cleavage. _ These surfaces may also be-
= cone charged or: damaged under electron beam exposure. In general there is
' preferential desorption of the halogen atom from the surface. "
e . , Recent. Referencer - )
17. £ G. McRae and €. . Caldwell Jr., Surf. Sci, 2, 509 (l964).
- 18, °" 6, E. Laramore and A, C. Switendick, Phys. Rev. 8 7, 3615 (1973).
) _:19} 5ee. for exanple. the series of three papers by T. E. Gallon. I. "
. G, Higginbothal. M. Prutton and H, Tokutaka. Surf, Sci. 21, 224

! , ( l970) and references ‘therein, e
|20 CuEs olcombé-dr. and 6. L. Powell, Surf. Sc. 30, 561 (1972).
" 21, P.D. Townsend and J. C. Kelly, Phys. Lett. A 26, 138 (1966).
B The structure of oxide surfaoes. C .
‘ The interaction nf oxygen with metals to produce various surface. -
oxides is of considerable chemical and technological 1nterest. but rela-
. tively few structural studies have bean carrieo out by LEED, Changes in

: chemlcal comosition have been related to the formation of new surface

‘nit cells"as evidence for the (0001) surface of u-alumina (Al203) where
tion at ‘elevated temperatures in vacuum was ‘associated mth loss
'ved transformation from a, (lxl) to a. (/'3Tx/ '3T) unit

: f the surface in l0 4 torr of. oxygen :
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2. To M. Frenchand G, A, Sorcvjaiy Ju Phys. Chem;. 74,2489 g70)."

23, -L. Flermans and J. Vennik, - Surf Sci l8. 3l7 (l969).

24, . Ya H Chung. e . J. to and G, A, Somorjai, Surf. Sci. 64. '588. (l977).
F. The structure of organic crystal surfaces. '
A very large group of materials, 'lnclud'lng most organ'lc solids.
can be classiﬁed as molecular crystals. Although 1t has been mdely
recogmzed that the surface properties of these molecular crystals are ;
1mportant in many fields of. science and technology, they have ‘not been E
studied by the various electron or atom scattermg techmques on- the
atom1c scale: One. of the. reasons is that most of these molecules are
electrical 1nsulators. ‘and thus they can. build up surface space-charge
under electron bombardment to ‘lnterfere with the electron scattering.
LFurthermore. electron bombardment can st1mulate chemlcal c.hanges 1n the
molecules. Hwever. We have recently/ surmounted these obstacles ‘and ob-
tained surface structural 1nformation on over 50 of these molecular cry— -
“stal surfaces us'lng low-energy. electron d1ffraction (LEED). The electron
: radiation damage can be mlnlmized by prepanng the organic crystals . B
“‘sufficiently thin (Tess than moo A). T ";..».,;,,:if;:- };«?"«

-

“n

-*All of these crystals were grown from their vapors using copper or

- :platlmm: crysta surfaces as substrates. They were grown at sultable - 4

C cordlng to thelr vapor pressure - the higher the

;;;:,,vapor 'ressure. the louer the crystal growth terrperature. The grmm--v- ;

‘ 'crystalllne ﬁlms were studled by LEED, From. the LEED diffraction- patterns
- the surface unit cells of the crystals could be determined
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of t materia'l.\ Rather. the structure of the ﬂrst layer that was depos-




=1t=
.
" ultrahigh vacuum “in the presence of - oxygen and in the presence of hydro-
| carbons that deposited a layer of carbon on the meta1 surface. Some of
:the_crystal faces were stab1e in a]l three_ambIents_ some»of them 1n‘two
or- one and some were unstable and faceted »

Stepped -surfaces are part1cu1ar1y 1nterest1ng because -of the pre-

sence of step and k1nk s1tes having Tower coord1nation number than terrace L

‘sites and, in- fact. these surfaces often exhibit striking1y different )
chemdcal.behaVIOr from‘1ow index planes. Ibach and co-workers found an
exponentia1=jncrease with step dEnsfty'in the sticking COefficfent for
oxygen adsorption on'cieaved silicon surfaces. Rowe et al. have reported 4
ups spectra~show1ng strong dépendence on step density for cleaved silicon..
Somorjai and associates have ‘found h1gher react1v1ty of stepped surfaces
as opposed to nominally step-free surfaces in the hydrogen-deuter1um :

" exchange react1on and~fbr severa1 hydrocarbon reactions at low pressures.
Some theoretical 1nterpretat1ons of the e]ectron1c propert1es of stepped
‘surfaces have’ been given for metals and sem1conductors.: There may 1ndeed
be a correspondence in chem1ca1 propert1es between atoms 1n step and k1nk
sites on sIngle crysta] surfaces and surface atoms on sma11 metal c]usters
of. 1mportanc. 1n 1ndustrial cata1ysts. and fbr this reaspn alone it 1s ‘
"probab1e that the properties of stepped surfaces w111 cont1nue to be a
Atop1c of live1y 1nterest. ' :
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‘thm thesev layers. A hstmg of over 300 adsorbed
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simple chemical arguments. There are surface structures. w‘here ;adsorhed‘ .
atoms are located on sites of low symmetry or even under -the surface plane, °
In sone casés €hé substrate surface s reconstructed as a result of -
chexnisorpt'ion.
' Recent References ;
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I. Structure of chemisorbed molecules.
_ The first quantitative structure determination of. molecular. chem-
siorption nas b_een reported for the unsaturated hydrocarbon acetylene
(C,H,) on the PL(111) surface. The molecule adsorbs on the Pt(111) sur-
face in at least o .o'iff‘erent undissociated chemisorption states which
" are separated by a thermal ‘actl vetion barrler. A dynamical LEED I-v
analys'ls of both structures has been carmed out: recently. , '
One state involves coordmatmn of CZH “to essent'lally one Pt
surface atom at a. z-distance of 2 45+0.10 A ahove the topmost plane of
Pt atoms “(a C-Pt bond length of 2.5 A);" The bonding site for the other '
state is a triangular pos1t1on at a z-d‘lstance of 1 95+0.10 A (C-Pt hond
.lengths of 2, 2 and 2. 6 A) Unfortunately, very limted sensit1v1ty 1s .
‘found to e1ther-C-C bond length_or C-C-H bond angle variations ungler the
"present' contli"tions of s'orface structure~analysis... More 'recentlly Andersson
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