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ADSORPTION AND DIFFUSICN ON THREE STRUCTURES OF THE
(100) SURFACE OF A FACE CENTERED CUBIC CRYSTAL

*
J. J. Burton and G. Jura
o ’ Inorganic Materials Research Division, Lawrence Radiation Laboratory,

. Department of Chemistry, University of California,
Berkeley, California

ABSTRACT

The eﬁergy of adsorption of argon atoms on the argon (100) surface

ig calculated for three possible structures of that surface, the normal
(1x1) structure, and C(2x1) and.C(5xl).structures. The adsorption energies :
are lower byIQO% on the C(2x1) and C(5x1) structures than on the normal
(1x1) structure. The adsorptioh site symmetry vafies with structﬁfe as do
the separations of the adsorption energy maxima.

| Ad-atom diffusion barriers are caleulated on all three structures.
The energy barrier on the C(2xl) and C(5XLl) structures is lower than that
on the normal (Ix1) structure by as much as 70%,»depending on the direction:-'

of the diffusion.

¥

* Present address: Dept. of Physics, University of Illinois, Urbana, Ill.
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T. INTRODUCTION

Adsorption:on soiid surfaces has been studied experimentally for
mény years. Such stuaies yield some information about the nature of
solid surfaces and can have coﬁéiderable practical application in
catalysis. | |

Recently, high speed computers havé made possible very detailed
éalculétibns of the prdpérties of solid surfaces. These theoretical
éurface'inVéstigétions“cén bé separated into two areasi the properties
of the ideal equilibiium.solid surféce, and the interaction of ad-atoms
and the prbperfiés of defects on solid surfacés.‘ Several calculations
have been made of the.equilibrium'spacing of the surface planes of

1,2 .
2853 and of meta,ls;5 they relax outward from the

molecular crystais
crystal and the increasé in the planar spacing of the surface layer can
bevas large as lE%.» These calculations of surfaée relaxations also
yield surface enérgies, Calculations. of heats. of adsorption have been
méde for a numbér 6f surface gites of various faces of cubic crystals.h’5
In making such éalculations,.the adsorbed atom is allowed to relax per- .

pendicularly to the surface to a potential energy minimum. In one such

calculation,LL the surface atoms near the adsorbed atom were also allowed

to relax; this relaxation increased the calculated heat of adsorption by

less than 0.3%. Calculations of adsorption potential diagrams have also

yvielded surface diffusion barriers.5
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Low Energy Electron Diffraction (LEED) has been used to study clean

S‘

solid surfaces and the interaction of gas atoms with.the aﬁoms in the
surface. Thc LEED pattern is altered by adsorption of gas atoms.6 As
for clean suffaces, the interprctation of the new patterns is not as yet
fully understood. |

' The authors have nreviously proposed a theqry of surface phase trans-
formations.7 They have shbwh»that, for a simple model of the argon (100)
_ surface, it is possibie for the surface atoﬁs to rearrange from thernormal
(1x1) structure,.Fig. 1, to.a c(2x1) structure, Fig.. 2, or a C(5x1)
structure, Fig. 3, aé well as a number of othar structures. Thesevphase
tnansformations aré possible withont an accompanying rearrangement of the
substrate. The transitions occur by shifting rows of surface atoms half
an interatomic distance parallél to. the snrface. .After the transifion,
the surface has a saw-ﬁooth configuration as the shifted atoms are raised
up from the Surface plane; Fig. 2b. The anﬁhors havc shown that this
theory of surface phase tfansformations explains much LEED data for clean
face-centered~-cubic metals.

In this paper, we examine the adsoiption and diffusion of argon on
the (1x1), c(2x1), and C(5x1) structures of the argon (100) sufface. We
shOW'tnat the heat of adsorption of argon on the C(2x1) and C(5x1)
structures is roughly 20% iower than the heat of adsorption on the (1x1)
structure. The symmetries and separations of the adsorption sites are
altered from‘those of the (1x1) structure. Ad-atom diffusion barriers _’ >
on the C(2x1) and C(5x1) structures are up to T0% lower than on the

(1x1) structure.
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- II. THE MODEL

We employ the following model of solid argon: (1) all quantum
effects are neglected; (2) only the potential energy is considered;
(3) the potential energy is pairwise additive; and (4) the atoms inter-

act with a Lennard-Jones 6-12 potential

W) = E5- %
. _ r r

where r is the interatomic separation.' We use the argon potential

9

parameﬁérs obtainéd by Kihéra which givé a solid Einding energy . of

20%5 cal/mole and O°K interatomic distance of 3.79 A.
”,These'assumptions are subject to several criticismst: (1) neglects

zero-point motions and (2) féstficts'the strict validity of the calcula-

tioﬁs fo 0°K. The assumption of pairwise additivity of the potential

(3) is most subject to qﬁestion.r This assumption has been the subject

of much discussion in the literature.lo’ll’12

At this time, it is not
certain wheﬁhef many body forces do_in fact play an important role in.
solid argén.l5 As the trﬁe pbtentiél functions in solids are not well
known and many body forces are very difficult to include in caiéulations,
the general practice is to neglect the many body forces in calcﬁlating
atomic properties.of solids. It is hoped that information gained in
this way, while not necessarily exact for real sélids, will yield in=-
gsight into the behavior.of the real world.vv |

Utilizing the above model of solid argon, the authprs'have previocusly

calculated the displacements of the first two layers of the argon (lOO)V
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surface, Fig. lb.3 These displacements are given as a percgntage of the
normal bulk planar SPéciné,”Table I. The authors have also calculated
the disblacements of fhe surface layer atoms in the C(2x1) aﬁd.C(5Xl)
structures, Fig. 2b.7 For convenience,vwe call thosé atoms in rows
which are shifted_parallel to thé surface shifted atoms; atoms in un-
shifted rows will be called unshifted atoms. The displacements of the
atoms perpendicularvto the surface‘and out of the normal surface plane

are in Table II.

ITI. CAICULATIONS

The adsorbed atom is assumed to be located above a point (x,y) of
the unit cell of a (100) surface. The distance of the ad-atom above the
normal surface plane is . Then the heat of adsorption of the ad-atoms
is

E(x,y,8) = - % V(x, -x, vy, -y, 2, + B)
. ) 1. b
lattice
points
where (xz, Yys Z£> is a lattice point and V is the potentialbbetween two
atoms having coordinates (Xl’ Y -zi) and (X, y,'—B).
The heat of adsorption E(x}y,&) was maximized with respect to &

for fixed (x,y) by finding a ® such that

B_E_(%%_ﬁlzo,

This maximization was carried out by a half interval technique on a CDC

6600 computer;

LG
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. RESULTS

We héve calculated heats of adsorption of argon at.a number of éites
on (1x1), C(2x1), and C(5x1) structures of the argon (100) surface. The
édsorbéd atom was assumed to be.anvargon atom. The heats of adsorption
are ﬁlotted in Figs. 4, 5, and 6. Thése figurés are energy contour plots
and show the genéral feéfures of the surface. Enérgy contour plots for
neon and kryptdh on argon'aré-similarvto thegse for argon‘oﬁ argon.

Tébles III, Iv, and'v'giVe the locations of all the adsorption energy
maxima‘(adsorption sites)‘dnd the saddlepointé. The positions of the
positions of interest are given-in the éoofdinate system indicatéd in Figs;

4,5, and 6. Tables III; IV, and V also give the adsorption energies of the

‘ poéitions and their local symmetries. The notation for the symmetries is

the standard crystal}ographic notgtion, Cn fefers to n-fold rotational
symmetry and o, refers to a vertical refiection plane.

The heat of adsorption for an argon‘at.thé méximum adsorption energy
site on the (1x1) stfﬁcture'of the argon (100) surface, 1386 cal/mole,'is__

not identical with that obtained by the authors in an earlier calculation,

1367 cal/mole. In this calcuiation, the energies were calculated by summing = =

over a crystal six planes thick; the earlier calcuiation summed over five

planes. The value reported here is smaller than that féported by Goodman,5.
1408 cal/mole (using our argon parameters); he summed over a much larger

crystal.

There is only one possible adsorption site on the (1XL) structure and ‘j o

its adsorption energy is 1386 cal/mole.and its symmetry is Ch.‘ There are

 two sites on the C(2x1) structuré with energies 1212 énd 1164 cal/mole and

symmetries C5 and Cs. There are five sites on the C(5x1) with energies from
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5’
energy and site symmetry vary widely with structure on the (100) surface.

1207 to 1079 cal/mole and symmetries C 025 and dv. Thus, adsorption

>

The sepafation of the cloSestvmakima on the (121) structufe is 1.00 units
(= 3.79 R). The sepération.bétWeen closest maxima varies between .54 and
1.02 Unité on the C(2Xl) struéture and between .SH'and'i.OO units on the
C(5xl) structure. N | |

From Table III, we see that the energy barrier for diffusion of
- argon ad-atoms on the (1xi) sfrugture.of the argon (100) face is 376
cal/ﬁole.‘_ This agréés QQite well with'Gooaman's 381 c:al/moZLe.LL We
can obtain barriers for a variety of possible jumps on c(ex1) and C(5x1)
structures frém £he.data ianables iv and-V;_ Barriers for jumps on the
c(2x1) and C(5x1) are contained in Tables VI and VIT. The shifted atoms
create a pipe for diffusion parallel to the shift; the barrier along
this pipe is about 30% of the barrier for diffusion on the (1x1) structuré.
Diffusion perpendicular to the shift direction is complicated. The
diffﬁsing'atom moves thfough a number of adsorption sites. The potential'
for motion of an argon ad-atom perpendicularly to the shift direction is
shown in Fig. 7.for the C(2X1)Jstructure, The  total activation-energy
for diffusion across this complicated barrier 1& 320 cal/mole, which is
also less than the enérgy barrier for diffusion’of argon ad-atoms on the

(1x1) structure.
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. V. -CONCIUSIONS

In this paper, We‘havevexaminedfadsorppion éf argon on three possible
structures of the argon (100) surface, the normal (Ix1) structure and C(2x1)
and'C(le) structures. - Thé éXistence of such structures on métal'surfaces
was previously predicted by the authors and has been found to explain some
previously incompletely understood LEED data.8

We havé foﬁnd then adsorption ehergies are roughly 20% lower on the
G¢(2x1) and C(5x1) structures than on the‘(le) structure. The adéorption
site on the (Ix1) struéture'has_cu symmet?y; while thé adsorption sites on
the C(2x1) structure have O, and C. symmetry and the sites on the C(5xl)

% 2

_structﬁre have C Cg, and dv symmetry. The distance between adsdrption7

5’
sites on the C(2x1) and C(5x1) structures varies from 5i% to 102% of the
(le) adsorption site separation.

Diffusion barriers on the C(2x1) and C(5X1) structures are much lower

than on the (Ix1). They are reduced by up to 70%.depending on the directibn-':

of moﬁion.

These results obtained via a simplified model of argon may not be
directly applicable to metals. However, they do suggest a numbér of
chemical phenomena Whicﬁ may be observablé'on high temperature metél
surfaces. Adsorption energies may decreése somewhat. Diffﬁsion barriers
may decrease. The predicted'changé in adsorption site symmetry. and
épacing méy cause a drastic change in the catalytic behavior of the

surface.
ACKNCOWLEDGMENT
This work was performed under the auspices of the United States

Atomic Energy Commission.
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Table I. _
The displacements, Bi; of the first two layers of the argon (100) surface.

8 (%) - 5, (%)

2.60k4 ' : .589
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Displacements, A, of the shifted and unshifted surface atoms of the C(2xl)

and C(5x1) structures of the argon (100) surface. The displacements are

perpendicular to the surface plane. ' They are given as a percentage of

the normal bulk planar spacing away from the normal (1x1) surface plane.

A (%)

Structure Atom
c(2x1) - Shifted 18,7
Unshifted 1.0
c(5x1) - ‘Shifted 18.7
Unshifted .7

-9
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Table ITI
Adsorption energy maxima and saddlepoint positions for argon on the (1x1)

structure of the argon (100) surface. Only one member of each equivalent

set is given.

Site type . Location | Adsorption Energy Symmetry
cal/mole
Max - ' (.50,.50) 1386 C),
Saddle - (.50, 0) 1010 o c,
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Table IV
Adsorption energy maxima and saddlepoint positions for argon on the C(2x1) A

structure of the argon (100) surface. Only one member of each equivalent

set is given.

Site type Location Adsorption Energy v Symmetry

(cal/mole)
Max (.50, .27) | 1212 | Cy
Max _: | (0, .51) 116k | | c,
Saddle (.50, 0) | 1109 | . | c,
Saadle _ .(.27,.uo) ,  1102 | | | o,
Saadle (0, 1.00) - 892 : C,

o
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Table V :
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Adsorption energy maxima and saddlepoint positions for argon on the c(5x1) -

structure of the argon (100) surface. Only one member of each equivalent

set is given.

Site Type Location Adsorption Energy Symmetry
' S cal/mqle
Max (;50,.27) 1207 Cy.
Max (0, .51) 1160 c,
Max (.50;'1,71) 1137 o,
Max (0, 1.51) 1132 Cy
Max (.50, 2.50) 1079 c,
Saddle (.50, 0) 1109 Cy
Saddle (.17, .ko) 1099 Cy
Saddle (0, 1.00) 882 C,
Saddle (.21, 1.59) 1057 o
sgadle (.50, 2.1k4) 931 o,
Saddle (0, 2.50) 8Lo C,
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Table VI
Diffusion barriers for argon ad-atoms on the c(2x1) structure of the
argon (100) surface. The barriers which must be crossed for diffusion

perpendicular to the shift are marked l} that for diffusion parallel to

the shift ||.

Initial Position Final Position Barrier Energy(cal/mole) Type
(.50, .27) (.50, -.27) 103 - N
(.50, .27) (0, .51) - 10 Lo
(0, .51) (.50, .27) 2 1

(0, .51) - (0, Lk9) 272 - ]
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Table VII
Diffusion barriers for argon ad-atoms on the C(5Xl) structure of the argon

(100) surface. .The barriers which must be crossed for diffusion perpendi—

cular to the shift aré-markéd.ij.that for diffusion parallel to the shift

E 4

k'Y

Initial Position  Final fésition. Barrier Energy(cal/molé) Type
(.50, .27) (.50, -.27) 98- I
(%0, .27) (0, .51) 108 Lol
(0, 51) (.50, 127) 61 1
(0, .51) (o, 1.51)' 278 1
(o, 1.51) (0, .51) 252 |
(0, 1.51) -(.56;'1.71) 5 1
(.50, 1.71) (0, 1.51) 80 1
(.50, 1.71) (0, 1.51) 201 1

(.50, 2.50) (.50, 1.71) 148 L
(.50, 2.50) 257

(-.50, 2.50)
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FIGURE CAPTIONS
The (1x1) structure of the (100) surface of a FCC crystal. n

(a) Top view: the intersections of the lines are the normal

&~

surfacé sites énd'the atoms are circles. lThe unit cell is
indiéatedfwith heaﬁy lines and the atoms in the second layer
with pluses. |

(b) Side view: the rélax@fioné, 8;, of the first two planes.
The normal planarvspéciné is 1.

The C(2 1) structure of the (ioo) surface of & FCC crystal.
The shadéd circles represent shiffed atoms., | |

(a) TOP Qiewf the intersecﬁions.ofvthe lines are the normal
surface sitéé. The unit cell ié iﬁdicated by heavy lines.
ﬁnshifted atoms are open circles and second layer atoms are
pluées.

(b) Side view: atoms in'unshiftedbpositions are open circles,
8, afe the normal (1x1) surface dispiacements and A, the extra
displacement of the'tfansforﬁed sﬁructure.
The'C(5Xl)vstructure of the (100) surface of a FCC crysial.
The intersections of the lines are the normal surface sites.
The unshifted atoms are oﬁen circles and the shifted atoms
shaded circles. The second layer atoms aré pluses. The unit

B )

cell is shown by heavy lines.
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’Thé:heat of adsorption of an argon‘atom on the (1X1) structure

of the argon (100) surface. The heaviest lines are the bound-

~aries of the unit cell., The circles are the surface atoms and

the-plus a second iayer atom. Energy contours afe given in
caléries per mole. Reference coordihates are indicated.

The héat of adsorption of- an argon atom onvthe C(2Xi) structuré
of the argon (100) éurface. The heaviest lines are boundaries
of the unit céil; »Thé open circles are the unshifted atoms and
the éhéded circle a shifted atom.. The pluses are second la&er
atoms. Ehergy'contoﬁrs are given in éalories per mole, Ref-
erence coordiﬁaﬁes are indicated.

The heat of adsorption of an argbn atom on thé ¢(5x1) structure
of the argon (lOO).surface. The heaviest lines are boundaries.
of the unit cell. The open circles are the unshifted.atomé and

the shaded circleg shifted atoms. The pluses are second layer

‘atoms. Energy contours are given in calories per mole, Ref-

ererice coordinates are indicafed.'

The barrier for diffusion of an argon‘ad-atom perpendicularly
tovthe shift_directioﬁ on the.C(EXl) structure Qf‘an érgon (100) .
suffaCe. Energies are in calories per mole. PQSition is in .

terms of the reference coordihates in Fig. 5.
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