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Simple Rules to Predict the Structure of Adsorbed

Gases on Crystal Surfaces.,'f
by
 G. A Somorjai and F. J. Szalkowski

Inorganic Materials Research Division, Lawrence Radiation Laboratory
. and Department of Chemistry, University of California
' Berkeley, California 91&720

Abstract

The surface- structures of adsorbed gases on crystal surfaces which '
were detected by low energy electron diffraction have been reviewed.

From the analys1s of the available structural. data three rules of ordering

have been proposed. The close-packing rule indicates that adsorbate-adsorbate

interaction piays an important role in ordering._ The rules of rotational
symmetry and similar unit cell vectors are the consequence of the substrate-
absorbate interaction. Judicious application of these rules_should allow
ione to predict the surfece structures of adsorbed gases and‘condensahle

~ vapors nhich would form on crystal surfaces.v It appears that both the heat'
of adsorption and the activation energy for surface diffusion of the adsorbed

molecules influences ordering on surfaces.
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Introduction_

Low energy electron diffraction_studies~héve uncovered that

chemisorption predominantly yields ordered structures on single crystal
surfaces (which are commonly called "substrates”). '

The surface structure which formsjdepehd,'to a”great.éxtent,
on thetéymmetry of the substrate, the éhemistryLand size of the adsorbed
gas molecule, and in some cases the surface cbnéentration of the adsorbate
(which ﬁayibe controlled by the gas partial pfeééure‘dver the surface).
In recent years a greaﬁ'deal of déta has beeﬁ acéumuiated on the surface
stfuétures Of.adsorbed gases mostly on fﬁoseIWHigh form onithe lowest o
index (highest density) faces of face-centered éﬁbic and bodyAcenteréd
cubic;crystal‘suifaces,'althotghvsome'experiméntél stﬁdies have been :
carried‘éut on low-index'diamohd'and close packed hexagonal crystal suifacés.(l)
Since virtually countless numbers.of surface‘structures may form upon |
adsorption of various gases on different crystal faces of monatomic and
polyatomic solids with various crystal stfuctuies, theyJCahnoﬁuali bezi
studied by experiments. Indeed, many solids which might yield interesting
surfacg.structures are outside the range of.éohvenient experimentatioﬁ‘
by low.energy electron diffractiqn due to their high vapor"presSuxe

(for example, cesium or iodine)} Some of the éubstrates of interest may

nqt be easily available in single crystal form. >The experimenfal datai‘
whiéh.haVe been accumulated so far 1ndicaté’se§eral regularities or trends
whiéh are operati#e in the fbrmation of sﬁrfacevstructures of'adsofﬁed |
‘gasés_on high density crystal planes._ The purpose of ﬁhis paper is to

summaxize the available experimental data on the surface structures ﬁhich

form during chemisorption of non-condensable gases and to propose a set
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of ruleswh:.ch appear to govem ‘the 'fbrma'.tion of v'o."rdere'd surface structures.
It is’hdpgé”that the applicétién of these rules tp;other substrate-adsorbate
| Systems ﬁﬁiéh have not been studied s0 far-wi;i ailow one to predict
the surface structureés which should form. |

Mést df the adsorbed géses which we shalllcoﬁsider have moleculaxr ' ‘,
dimensions which are smaller than or ‘similar in size to the largest
inter-row distances in the substréte:crystal surfaéeSa Thus, these
| mblecﬁlés oi'atoms may easily "£it" unto the surface without the need of
overlapﬁiﬁg_several substrate atoms. The’gases afe oxygén, carbon mbnoxide,
hyd:ogen{,ﬁitrogen,‘émmonié; and carbon dioxide, which may adsorb as
mOlécules-brlin~a-diSSOciated'formw 'Recently,(z) longer-chain olefins
with iarge‘molecular dimensions have been studied, and they will also be
iﬁcluded in the anal&sis.

It.should be noted that thére are systéms;whiéh"fepresent éxceptions
to theviules of ordering which arevbeing proposed. These exceptions
will'belpointed out and_discusséd wheréve} possible._ In addition, cases
hafe beéﬁ Qbserved in ﬁhich the adso;ption Qf‘agas doa;hot yield an
drdered suiface structure'(fbr example,voxygeh adsorption on aluminum
" surfacés).g Those rare.gases in which chemisorbtion yields amorphous

Si%

surface structures are excluded from our consideration.

- A Simple Nomenclature of Surface Structures.

. The total symmetry of a crystal surface is described by the cqmbinationq‘
of the Bravais latticés and the crystallographic point groups. 'There are
17 unique and allowed combinations of the five Bravais lattice and ten

crystallographic point groups. There are called two dimensional space groups.

: ' e
' The reader is referred to an excellent discussion of these space groups by wOod.(S{
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A Simple Nomenclature of Surface Structures. v

In_most cases, | studies were carried out onJ\y on low index: (highest
density) crystal orientations of monatomic solids of high .crystal symmetry.
In Flgs. l 2, and 3 surfaces are shown which exh:.bit six-fold, four-fold
and two-fold rotational’ symmetries. In considering_the structures of
a.dsorbed molecu.les on surfa.ces R | |
of high symmetry, we can use the simple notatlon which is applied w:.dely
in the litera.ture (1, 3’1*) If the surface structure, which forms in the
presence of an a.dsorbed gas, is charactenzed by a unit cell which is
-id’entic'al' t’o the primitive unit 'é:ell of the substrate, the surfa.ce structure
is denoted (lxl) (Fig. la). A (2x2) surface structure is formed 1f the
_unit cell dimensions of the structure is twice as large as the substrate

unit vcell The appea.ra.nce of a diffraction pattern which is chara.cteristic .
of this structure often 1nd1ca.tes that the adsorbed a.toms occupy every
second.lattice, site on the substrate (Figs. 1b ‘a.nd 2a). If every third.
lattice site on a hexagonal face is distinguished from the other sites
by selectlve adsorption then a ( 4 3x J 3) R - 30° surface structure
may arise (Fig. lc ). The angle after the (nxn) notation- ind:Lca.tes the
orientation of the new unit cel_l relative. to_‘the substrate unit cell.

If ev'ery -other lattice site on a square face is unique and occunied by"

| atchemisorbed atom, then a ( dax 42) R - 45° surface structurecould

be formed. To avoid a non-integer notation- for this'frequently occurring
surfa.ce structure 1t is usually labelled as ¢ (2x2) where thec¢ indicates
that it is a centered (2x2) structure (Fig. 2b). Of'ten surface structures

will exist that have the dimensions of the substrate unit cell along one
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' tranélatiduson the surface but a laréer'dimension alcng'the other

translatlon dlrection. These structures are frequently denoted as

| -being (1xn), where the one indicates the usual bulk unit cell d1mens1ons

or substrate cell d;mensionvalong the x directhn, while the n indicates

n times'the substrate unit cell dimension along the y direction (Fig. 3c
where n = 3). When both unit cell vectors of the substrate are of the

same magnltude (as on the (100) face of the f.c. c. or b.c.c. solids

for example), then it is poss1ble to have two types of domains; one eet

of the (lxn) and one set of the (nxl) kind. In ucst'cases the diffraction

tpattern ar1s1ng from a surface which exhibits both (nx1) and (1xn) domains

"is dlstlngulshable from a diffraction pattern arising from a (nxn) surface
structure. For example, a (1x2) surface structure on a substrate with s
a square unit cell may contaln two types of domains rotated relative to

one another by 90° and giving rise to (03) and(—O) spots. A true (2x2) f

.structure_however will give rise to (55 spots in addition to those
which uppeer'fcr the domain structures. Surface etructures_cf the type
(nxm) whe?ern‘f m are frequently.formed. Fof:ekamble, cafboﬁ monoxide

on a'Pdi(lDO) face givee“a‘c(hxé) etructure. Oh‘substrates'which are
characteriZed by unit cell vectors of unequal magnituue (for exaﬁple

'f.c.c;‘(llo) or b.c.c. (211) surfacesx surface structures of the (nxm)
type where n # m are formed most frequently. vathe surface structure
is’ known to be associated with the-adsorbed gas or condensate (this is the
-“situation we are considering) it is customary to denote the adsorbate
material in the description of the surface structure as (nxm) - S.where

S is thevchemical Symbol or formula for the adsorbate. Perhaps one of

the simplest examéles cf this would bevthe cxygen surface structure on
molybdenum where the oxygen atoms or molecules on the surface of the metal

have the same unit mesh as the clean metal surface. This structure would
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be demcted-as the Mo(lOO)-(lml)-O structure 'the'chemical symbol and
crystallcgraphic face of the substrate being given first, then the
unit mesh cf the surface structure relative to that of the substrate,
and'finall&hthe chemical-symbol of the adsorbate is denoted. |

A useful and simple method for determining the real space lattice :

of the surface structure from its reciprocal lattice vectors
(6)
as displayed in. diffraction pattern has. been developed. '

This method is based on the inverse relationship between the reciprocal
lattice matrix and the real space matrix and is excellent for the ‘analysis
of complicated surface structures.. Since mcst=of;the structures which
are being considered in this;paper are simple and csn be identified by
the,shcrt-hamd nctations which ue have described_sbove, the surface

structures will not be discussed in terms of the matrix nctation.

" Surface Structures of Adsorbed Gases.

“In Tables I, II, and III, the surface structures which form upon the

chemisorption of gases on different crystal surfaces are listed for

those solids which have been investigated by low energy electron diffraction. Al

of the'surface structures listed were Jjudged reproducible'by the investigators.
First we list those surface structures which have formed on substrates |
exhibiting.six-fold rotational symmetry (Table I). This is followed by
a tabulstion of the surface structures which have formed on substrstes
exhibiting four-fold and two-fold rotational symmetry (Table IT & III).

There are several rules which appear to be applicable to the formation
of most of these ordered structures of chemisorbed gases. If they are
applied,jusiciously they can predict the type of surface structure which

18 to form in many chemisorbed systems. These rules are empirical and
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'were_formulatedwfrom the correlation of existing surface structural data.
Neverthéless the physical-chemical reasonihg which permits one to propose

these "rules of ordering" is clear. It appears that chemisorption leads

to the formation of surface structures which exhibit maximal adsorbate-

adsorbaté and adsorbate-substrate ihteractions.

Rule ggvciose-packing.

Adéorbed'atoms"gg molecules tend to form éﬁrface structures

characterized by the smallest unit cells which are permitted by molecular

dimensions, adsorbate-adsorbate and adsorbate-substrate interactions.

They-prefer'cloéeracking arrangéments._

i‘\InSPection of the_t#bles reveal the absence of surface struétures
with lgrge;unit cells. The structures which are most dominant are those
where'ﬁhe unit céll'size is'the'samé (1x1) or approximately twice as
large as the substrate unit cell [(2}(2), e(2x2),. ({3' x '43), (2xi)] .
The adsorbed atoms seem to pack as cloéely as.alldwed by the interactions
befween ad$orbate'm01ecules'ahd the interactidné with the‘substraﬁg;
The preferred close packing afrangemenﬁ indiéateé;that the adsorbate-
adsorbate‘ihteractions for theimoiécules‘whichvwere~investigated by
low energj electron diffraction is just as strong'as the adsorbate-
substrate inﬁeraction and plays aﬁ important rble in the surface binding
process.-

There are several co-adsorbed gas surface'sﬁructures where both
adsorbéd species participate in the surface structure. . These surfaée
structuxes are formed during the simultaneous adsorption of two gases and
would‘nqt form in the presence cf only one or the other gas éomponent,-
The appearahce of such mi#ed surface structures indicates that there is'g_v

_ strong interaction within the adsorbed layers between the different molecules.



s

S ————

-7- | wo '-U'C‘RL-19'638 |

,These structures form most frequently when both gases which are being

adsorbed have approximateLy equal probability of adsorption. If one gas
adsorbs more strongly than the other (for example, during the co-adsorption
of xenon and carbon monoxide) then one finds that the more tenacious

species, (carbon monoxide) w1ll replace and displace the other species,

(xenon) ‘adsorbed on the surface if they are introduced in nearly

equal amounts. | The simultaneous adsorption of»nitrogen,
and carbon monoxide on the (100) surface of tungsten yields a

(52)

surface structures which canvot be 'formed by the individual gases.

Similar results were obtained by the co-adsorption'of oxygen and carbon monoxide

" on the : W (110) facéqg} hydrogen and carbon monoxide on the Pt- (100)

(ha,“us) |
The phenomenon of co-adsorption also shows the

importance,of:cloSe.packing.of the adsorbates-in forming their ordered'
surface structures. ' |

Adsorbed molecules whose dimens1ons are larger than the largest

'inter-row spacxng in the substrate surface also form the smallest pos31ble

unit cells. For example, propylene, 2-butenes (cis and trans), isobutylene

and butadiene form (2x1) and (2x2) surface structures on the (111) face

* Since carbon monoxide and hydrogen are both,major components of the

ambient, it is likely that some of the surface structures which have been

: _reported are due to one adsorbate : is actually a co-adsorbed structure.
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of platinum;(é)v'TheSe are the smallest unit cellsJuhich-can‘be formed
which are‘compatible with the size of the molecules; This‘indicates

that the large olefin.molecules pack as close as‘pOSSible_on the surface.
On the‘(lOO) surface of platinum these olefins adsorbed in a disordered
manner eren though the surface concentrations areisimilar to that on

the (111) face as indicated by work function measurements.( ) vIt appears
that if ordering under close packing conditions is difficult due to steric

hindrances to rotation-in the surface layer, the:adsorbed layer will be

disordered rather than formingva'more opéen ordered surface structure with

a large size unit cell. This observation again indicates that the adsorbed
molecules listed in the tables prefer close packing arrangements ‘on the
- surface of different substrates.

" There are‘certain difficulties uhich arise‘when one'attempts to
apply.this rule for all of the chemisorbed structuresfv‘There are

molecules which exhibit more than one binding state'on a given surface.

Carbon monoxide for example has at least two binding states on the (100)
surfaces of different metals( ) as 1ndicated by the variety of surface
structures formed on that face as a function of temperature and partial i
pressure of carbon monoxide. On the other hand, on the (lll) face, one

binding state seems to be preferred. (2 8 eggth, dissociated ammonia on

the tungsten surfacézgzlcarbon monoxide on the palladium (100) surface(ué).v

form structures which are stretched or compressed without changing the

Vconfiguration of the adsorbed atoms as a functions of temperature.
The.dissociation of the adsorbate may lead to chemical changes in the

adsorbate.molecules and in the substrate structure which modify the surface

structure. For example the dissociation of olefins g?)the disproportionation

(78)
of CO'to C and COp leads to carbon deposition which greatly effects the
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structurejof the substrate and the adsorbate. Formatiou of nitrides(ES)
or carbideéei the surface would influence the nature of the adsorbate '
structure. These d1fficult1es should be considered and taken into
‘account when applying the close packing rule to predict the nature of
ordered surface structures. |

In some experiments the diffraction patteru indicates the presence
of.large{unit cells. dFor example, during the carburization of tungsten; _
both the (llO) and (100) crystal face exhiblted a (5x1) surface structuref?l)
Outside the field of chemlsorptlon, similar (le) surface structures were
detected on the clean gold platlnum and 1rid1um (100) surfaceg%)'
A (7x7) surface structuce is detected on the clean-(lll) face of silicon
on surface structures with large umit'cells are'detectabie in germanium .

@, 4)

surfaces as well
. ' (88,89) -
unit cells. 1tus (0001) face shows a (J 31 x 431) R * 9° surface

Aluminum.oxide, 3,a.lso exhibits large surface
structure~upon heating to 1200°C in vacuum. The appearance ofvdiffraction-
_ patterusdwhichviudicateslarge'surface‘undt cellspare‘indicativevof largev
mismatch.tetweeu the surface layer and the underlyimg substrate which -
produces:coincidence iattices.. 9 Surface phasfgtiansformation or
changes of valemcy‘of ions in the surface layer_;lgwhile'the structural
and chemicalkproperties'of the bulk crystal remain unchanged can giue
rise:todthe large apparent unit cell'frequently rotated by small angles
with respect to the substrate unit cell. Forpthe (le).surface structures,
a'surface'phase transformation to form a hexagonal surface’phase has beem

(1)

proposed. For tungsten it is expected that carbon induces such a

transformation (b'°°°’s -» h'c'p'surf) since it provides excess unpaired

urf
.valence electrons per atom to the metal latticé}J The increase in the
electron concentration is thought to be the cause of most phase

changes in bulk crystals. When tungsten becomes saturated with carbon
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the precipitated bulk phase, WQC, | exhihits h.c, 'p;xstmcture.“ It appears
that the surface phase tra.nsformatlon through hexa.gonal d:l.stortlon of

the tungsten surtace may occur before the bulk tra.nsformatlon would
take pla.ce. 7 Similar pha.se tra.nsforma.tlons from face-centered cubic to

' hexegonsl c'lOSe.' packed surface structures a‘.ppear to be responsible for
the appea.rance of the (5x1) surface structure 1n the clean (100) faces
of gold, pla.tlnum and iridlum( )The (7x7) and other large a.ppa.rent

| surfa.ce unit cells are thought to be due to per:.odic , out-of-plane
buckling of the semiconductor surfaces which aga.ln produces c01nc1dence
la.tticego. ?tc)a 431 X J 31) R 9 surface structu.re is thought to be
~due to a change in the chem:.cal compos1t10n a.nd valency in the a.lumina
surfaces 89‘%‘he d-a.lumina surfa.ce becomes oxygen deflcient at hlgher
tempera.tures and the va.lency of the a.lumnum ca.tion is reduced to

‘ Afl or. Al from Al *3 with a correspondlng enla.rgement of the cation
_' size.'. : Such a mismatch betweeuthe surfe.ce la.yer and the. sub_strat_e

again yields coiu_cidence lattices and large aPparent unit cells.

Rule of Rotational Symmetry.

Adéorhed atoms or molecules form ordered structures which have the

same rotational Jmmetry as the substrate pha.s'e. The substrates on

which most of the adsorption studies have been ca.rried out show

three dq.i:ferent rotat:.ona.l symmetries. = Some of the substrates exh:l.bit
six-fold rotational sjmmetry [f..c.'c.(lll), b.c.c(111), diamond(1l1l),
hexagonad.(OOOl)]vothers have four-fold rotationel-a.xis [f.c.c.(lo-o),
b.c.c._(lOO)] whilevma.ny have two;fold rotational symmetries
[f._c-'c.(llo), 'b-c.c-(llo), and (2]_1.)] . In Fig. 1 we give the surface

structu_r_es which are most frequently encountered for substrates which
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exhibit i-six-'fold rotational symmetry. | These are the (2x2), (J 3x J 3) R - 30 )
and:the (1xl) surface structures. " In everyvcase,”the surface structures

follow the‘rotstionsl'symmetry of the suhstrate;i In some instances”domsin
structures nsyiforn [(2xi) foreXample] which'correspond‘to_closer :
packing-oftsdsorhates then'the'(2x2) Structures;;'In this case, all
three (é#i) surface structures will be present rotated 60° to each other

since their formstion'is'eQusily probehle. “In Fig. 2 we give the two
surfaccvstructures [c(212) and (2x2)]vwhich sfégobserved most.frequentlr
on'theLsubstrates with four;fold}rotational synnetry It appears fron
inspection ‘of Table II that the c(2x2) surface structure is somewhat

more prominent as it leads to surfaces with hlgher coverage (close packing)
' Table IIIeshows ‘the surface structures which were detected on crystal. -
substrates shduiné two-fold.rotetionsl'symmetry. In addition’to the -

c(2x2) structure, these are all (nxm), where n % m, surface structures.

Their appearance reflects the fact that the magnitude of the unit cell

vectors in the x and y direction along the surface are either different

[(for exanmle, f.c.c.(110) and b.c.c.(211) crystal faces |or if they are |
the same, they subtend an angle of about 70° - [b.c.c.(llo) ]. It should

be noted that the surface structures which are given in}Fig. 1-3 are

single examples of the many structures which could yield the same

diffrsction patterns_observed in low energyvelectron,diffractiongstudies. i
‘The other similar surface structures may be displaced-along the surfece |
: to,superpose,the,substrate differently or could be diSplaced‘perpendicular'
fto the,surface to give rise to various’interplanar spacings between the

edsorhate and substrate.
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Thelrule”of:rotational symmetry seems to applyiequally well to the
.surfacetstructures which ?orm’during‘the depositiom of condensable vapors
on 'sihéle"crystal surfaces. A large number of studies of epitaxy (ordered
growth of condensable vapor deposits on single crystal substrates) have
} revealed ‘that the rotatlonal symmetry of the substrate is usually
preserved,even_when there is lattice m1smatch>between the . film and the
substrate¢: Fdr.example’tellurium deposited on.the (111) face of copper
prefers the (OOQl) ‘orientation which also has SIX-fOld rotational
symmetry}9ighmﬁuum grows with the (lll) orientation on the Sl(lll)
surfacegqs%eposited thorium has the same crystal orientatlon as the o
Ta(loo)crystalﬂxmwhich'was used as the substrate in the ep1tax1al ‘
‘studiesq}h%here are many other examples of the malntenance of rotational --
Asymmetry during the deposition of condensable vapors which are summarized
(1)

elsewhere , ' e : ;

Rule of Similar Unit Cell Vectors.

" Adsorbed atoms or molecules inmmolayer thickness tend tg‘form

ordered surface structures which are characterdzed by wnit cell vectors

closely related to the substrate unit cell vectors. Thus, the surface

structure bears a greater similarity to the substrate structure than to

the structure ggvthe bulk condensate. Only after the deposition ofvseveral
atomic laYers the deposited structure vill_adOpt the surface structure | f
of the pure condensed solid. Closer inspection of Tables I, II; and III | |
indicates that virtuAlly all of the surface structures‘of.chemisorbed

‘gases which are listed could be identified in terms of the unit cell

vectors of the substrate (with the possible exceptions of those

few adsorbate structures which expand or contract as & fUnction of

temperature). All of the surface unit cells'of adsorbed gases can be»given
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as SGmeJinteéral multiple of the substrate unit'celiﬁ[ (i.e. (2x2) surface
_ structure] 4 Or the rotated substrate unit cell [(i e. c(2x2) or
' (V3 x J3) R-30°] Thus it appears that the adsorbed molecules tend
" to prefer arrangements in which they are accommodated in the’ already
existing surface structure by adopting the same periodicity which
characterizes thetsubstrate structure. This rule should have notable.
consequences if applicable to studies of epitaxy Gradual dlstortion
and mismatch should be observable in atonmic layerSjof condensates which
are’deposited on ;_2 offthe first condensate layers (Which will have
a substrate-llke structure), untll lattice dimensionSWhich are
characteristic of the bulk condensate structure are obtained.. Such a
highly distorted transition layer state has been well-recognized during
the epitaxial growth of several solids and has been analyzed theoretically
. using a d1slocation mode1(95)

‘The experimental recognition that the condensed vapors have structure
(lattice parameter, etc.) which is closely reiated to the .substrate
surface‘structure allows the treparation of thin films with unusual

structure and electroniec properties.- It is hoped that this phenomenas

will be explored and utilized in studies of superconductivity;band |
structure and surface catalysis among others..

There 1s a notable exception to the similar unit cell rule which
shomhibenmntioned here. If the,adsorbed layer shows partial ionization,
mutuai repulsion may lead to adsorption in a disordered open strucgure.
Such aisystem appears to be adsorbed sodium on tungsten surfacesgg.%he‘

adsorption of other alkali metals on metal surfaces are also likeiy to

_produce'disordered deposits due to surface ionization.
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' The Energetics of Surface Structure Formation

When-xenon, argon and krypton were adsorbedron;the (llO) face of
‘silver in the temperature range - 10° to - 70° C, law energy electron
diffraction studies revealed that the adsorbed layers are disorderedf97)
For these gases the isosteric heats of adsorption, AH, at zero coverage
i 2 ,
are less than 10 hcal/mole,'indicating a rather'ueak interaction between
theiadsorbed gas molecules and the.metal surface (substrate)~ The isosteric
heats of'adsorption'increase with increasing coverage and this increase
‘can be attributed to. attractive interaction within the adsorbate layer.
During the chemisorption of most gases on different solids, |
e the heats of adsorption arevappreciably-larger than

_those observed for the rare gases. Chemisorptionvis accompaniedﬁinuv
most cases’hy the’formation of ordered surface_Structures,_which are easily
identified and studied by low_energy_electron diftraction. Thus,vit
appears’that large heats of adsorption which reflects‘the'stronger .
,adsorbate-substrate and adsorbate-adsorbate interactions'facilitates
ordering-on the surface.

In addition.to the heat of adsorption, the activation energy for
surface diffusion, AED, of the adsorbate atoms_should also be an important
‘Vparameter governing ordering in the adsorbed layer. For AED ~ KT the
adsorbed atoms can readily diffuse along the surface and long-range order
can easily be destroyedf Surface structure formatiOn requires the
condition AED > > kT, a common Characteristic of chemisorbed species. |
It is likely that even weakly adsorbed argon or xenon atoms would form ordered -

surface structures at sufficiently low temperatures where their surface

diffusion is inhibited.
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SURFACE STRUCTURES ON SUBSTRATES WITH SIX-FOLD ROTATIONAL SYMMETRY
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SURFACE

Table IT

STRUCTURES ON SUBSTRATES WITH FOUR-FOLD ROTATIONAL SYMVETRY
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Table III

SURFACE STRUCTURES ON SUBSTRATES WITH TWO-FOLD ROTATIONAL SYMMETRY
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Figure Captions

Fig. léfé;: Schematic diagrams of the most common surface structures
afppéaring on substrates with six~fold rotatibnal symmetry.
Fig. 2a-b, Schematic diagrams of the most common surface structures

‘ appearing on substrates with four-fold rotational symmetry,

Fig. 3a-c., Schematic diagrams of the most common surface structures

j'appe‘aring on substrates with two-foid rotational symmetry.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-

- fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. , _

As used in the above, "person acting on behalf of the Commission”’
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the. Commission, or his employment with such contractor.
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