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- SURFACE PHASE TRANSFORMATIONS ON A MOLECULAR CRYSTAL

J. J. Burton and G. Jura
' Inorganic Materials Research Division, Lawrence Radiation Laboratory,
and Department of Chemistry, University of California,

Berkeley, California

ABSTRACT

| Thermodynamic: functions are calculated for sﬁrface structures on
the (100) surface of a model argon crystal. It is shown that it is
possible for a phase;trghsférmétion to occur from the normal bulk-like
'structure to a new éﬁrface'structure without an accompanyihg transforma-
"tion of the bulk. This can occur below the expefimental melting tempera-.b
ture of the solid. |

Various properties of the phase transformation are consideréd in- -
. c¢luding the dependence on the potential; fhe effect of impurities, and
the effect of vacancies.

Excellent correlation with low energy electron diffraction data

" on metals is found. .

¥ Present adress: Dept. of Physics, University of Illinois, Urbana, Ill.
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- I. INTRODUCTION

Low energy electron diffraction (LEED) has been utilized in recent
"yearsvﬁo investigate the microscoPicvprépertiés»of.solid surfaces.l A .

'_'number‘of fheories have been developed to‘account for.thé éxperimental
obser%ations. These theorigs have dealt with two baéic~§reas‘of concérn
in explaining LEED data: 'the_intensity of fhe diffraction peaks as a
function of électfon béam-volﬁagé; and thé suddén appéaranée of additional

vdiffraction spots corrésponding to périddicities differing from those
expected from the‘bulk structure.

2,3 has had considerable success explaining the intensity data

McRae
 vusing a multiple scattering model. Marcus énd Jepsenh havé recently done .
band structure calculations which‘also appear to agree qualitatively with -
existing intensity data. The initial attempts to explain the extra dif—
fraction spots have not been so succéssfui. _These explanatioﬁs were based
on large concentrations of surface vacancies or surface impurities.
The‘unexpected periodicities iﬁ the LEED patterns indicate the
possibility of stable arrangements of surface atoms: with structures.
different from the bulk. The surface structures appear to form without.
any phase transformation of the substrate. It has been shown that the
minimum potential energy configuration of alkali halide surfaces may nqt'_'
be flat and that the aikali and halide atoms may not lie in the same |
plane.5 Feuchtwapg6 has shown that the minimum potential configuration
of the surface of a monaﬁomic crystal can exhibit a periodicity different

from that of the bulk, provided that the interactions between the atoms

satisfy certain conditions. The authors have also previously proposed,7
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in a bfief note, thatrthe,uneﬁpected;diffra;ﬁion spots-on the (100)
surfaées of face—centered-éuﬁic crysta1$ are due to a feaifangement of  - |
the surface'layei with§ut-anj accompanying traﬁsférmation of the substrate;* )
The calculations presentéd in tﬁis papér are for argon represéntéd
by a Lennerd-Jones potential.v Argoﬁ was chésén fof this study as its
-interactions méy'beAfeasonably représented by a pair-wise additive
 potential, though three-body;ihteractions are,belieﬁed to be of importgnce;
Exberimental_studiés have,béenbcarried out prigarily on metals. It 55 ,'
believed that cOnciusions based -on argon may give'some indication of what__’
océurs in metals as the results of'these,caiculationsIdepend more on the .
~ general features of ﬁhe potential than on the explicit form, i.e., Morse,
Lennard~Joneé, or othgrs. Extensive calculations have been carried out a
previously on the relaxations of normal argon‘surfacess-lo and 6h the
- energy and configurafion of argon surface défects.ll
In this paper we examiné the pqséibility of phase transformations on .
crystal surfaces without Any_transformation of the bulk. Thermodynamic
variables are calculated in detail for the formation of one 6f many
possible surface stru&tures on the argon (100) éurface; this structure
is explicitiy shown to £e thermodynamicaily.stable below the melting point .
of the solid. A second possible surface structufe’is examined and we show i
that it may also be thermodynamically stable beloﬁ the melting.poiht. We
also examine the.dependence_of the thermodynamiés of the transformation
on the comﬁressibility of the solid and 6n the presence of léttice‘defects. L
The temperature of formation of the transformed structure is sensitive to
the presence of impurities. Surface vacancies can cause the transformed

*¥ In that note, the possibility of such a transformation was incorrectly
attributed to the configuration entropy of the transformed structure.
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\

.structure to revert to the ﬁormal‘bulk—like étructure ét hiéh tempera-
tures.

These éonClusiOns are in éccord-with LEED obsérvations on'métals;
© . The appeéfance of additional spots in,LEEb_pattérns-has béén obsérvéd ib'
be very sensitive to-thébpresencé 6f'impurity,gaseé; thé extre spots-
disappear at high temperatures. |

We also examine qualitatively the possiblity. of surface structures
on (110) surfaces on face-centered-cubic crystals and again obtain réa—
sonable agreement with egperimental observations on metals.

The phase traﬁsformétipns vhich sre examined in this paper can ex~
plain some, but n§t'all; of the structures observed on metal"surfaces;

. This theory does: not account for the structures of very large periodicity

such as observed on silicon.
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IT. THEORY:

A."Thérmod&ﬁamics
If a firéﬁ order phase.transformation oécﬁrs at & témpératuré T,
then .b |
AF = AH - TAS = O,

To fiﬁd'thg transformation temperature; it is nécessary to evaluate,AH
and AS. In this calculation, we assume that

AH = AE
which is an excelient approximafion at the.loﬁ ﬁressures uéed in LEED
experiments. We alsovassume fhat the only contributions to the energy. .
are the potential energy of system and the zerbepoint enérgy “

AE = AEpotential * AEzero—point.

The entropy term may be written as

AS = f A%R Sap

.

2
U S L

where o is the thermal expénsion coefficient, K is the compressibility

and V is the volume.

For the transformatmns examined in this peaper, AEpotential’

oV : .
Ezero—pointf ACV, and A < are.all positive. Hence, any neglect

of AE- [ 6r the A XY terms leads to a predicted value of the
zero~point K ' _
transformation temperature which is too high.

B. Model

The model adopted for the argon crystal is based on the following




UCRL-18210-Rev.

assumptions: (l)vonly_the potential energy of the crystal need be
considered; (2) the total potential energy of the crystal is pairwise
additive; (3) the atoms interact with a Lennard-Jones 6-12qutential

having the form

Ve = g -
r r

and (4) the entropy and zero-point energy may be computed from an Einstein
approximation.' | |

Thebassumptions made are gubjecf to é number of_éerious criticisms.
’It is well known that the'Einstein approximétion gives incorrect values

of the entropy. However, the Einstein heat capacity of &:solid is lower

.than'the true heat capacity or Debye heat capacity at low temperatures.

Therefore, the Einstein'model leads to too low values of the entropy ih
the bulk. Assuming that this under-estimate of the.entropy would also
occur on the surface, where it is believed that the heat capacity de-
creaseé as T2 at ;?wvfémperatures rather than és T3 as in the bulk,12
the Einstein approximation tends to under-estimate the entropy changes'..
associated withlthe surface phase transformation. This error leads to
calculated values of:transition temperatures to high temperature phases
which are' higher than would be obtained in a better calculation.

The assumption of.pair~wise additive‘fofces is subject to much
question. Jansen13 has shown that consideration of three body forces
can explain the stability of face-centered cubic cfystals relative to

hexagonal close packed crystals. However, Rossi and Danonlh have in-

dicated that inclusion of three body forces leads to a large error in
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the heat vaporization. They attribute.this to. either neglected four. ~
, . o _ 15

body forces_orlfo a.poof poténtial function; LOSéé énd Simmons méasured
the energy of fofmation of a vacancy in solid.krypton (which is much.liké
argon for: potential purposes) .They found that consideratlion of two body :
forces only leads to a value of the enérgy of a vacancy which is roughly

25% higher than the experimental result, At this time, it,appéars that

many body forces play an important role in the solid staté, but it is not
known how to déél with them. Wé.héve choéen.té negléct the many—bod& forcéS'
‘rather than handlé them incofrectiy as the rééglts of the calculations

can be cbmpared only qualitatively with-expériﬁent.

Several éuthdrs haVevshOWn that the Lennard-Jones 6-12 potential
cannot account_for all of the.propérties of solid or éven gaseous argén. 
The potential is useful, howevér, and wé use Kihéra'§l6 constants in the
potential function which give a bulk interfatomic distancé of 3.79 R ana .

13

& bulk binding energy of 1.414X107"~ ergs/atom.

C. 'Calcéulations

3

The .authors have previdusly calculated the displacements of the

first two planes of the argon (100) surface from their bulk planar spacings,lo

 Fig. 1. 61 = 02604 and 62 = ,00623 with the normal bulk planar spacing
teken as 1. This normal (100) surface has & (1X1) structure. The FCC
‘crystal is a stack of square planar Iéttices-arrangédvsucﬁ that thé atonms
in each layer lie below the holés of the layer sbove. This leads to
en ABAB,,, structuré.

A c(2X1), Fig. 2, surface .structure may bé»forméd from the (1X1)
structure, Fig. 1, by trgnslatingq evéry othér.row of'atoms of the (le)

structure one-half an inter-atomic distance in the surface plane. The

v



O

;atoms in the surface and E

UCRL-18210-Rev.

" surface struétﬁie so formed can be described as having a unit cell with

_ axes at 90° to each other and one axis equél in length to those of the

(1X1) cell and the other twice as long. The structure may be called

C(2X1) because of the axis lengths and the centered atom which is not

~ equivalent to the corner atoms.

The potential energy of.formation of the C(2X1) structure from the

(le) structure,'AE , is the differénce between the total poten—v

potential
tial energy of the cfystal with the C(2X1) surface structure and with the
(1X1) surface structure. As we have assumed that the potential is pair-

wise additive, all energy terms which do not involve & surface atom cancel

out in the subtraction. The potential energy of formation of the C(2X1)

structure is then

[G(2x1)] + E [c(2x1)]

AEpotential = AEsurf.e.ce—surface surface-~bulk

[c(1x1)] - E [(1x1)]

Esﬁrface—surfaée surface-bulk

.

where Esurface—surface is the sum of the potential energ1es between all

surface-bulk is the sum of the potentials

between the surface atoms and the bulk atoms. In calculating the‘energies,

care must be taken to count each term only once. Thus

. :
Esurface—surface 2 izj V(rij)
£

14

i, J surface atoms
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B urface~bulk ='1§J'2Y(rig

)
i a surfacé-atom
"3 .avbulk atom . -
rij is the digtance between atoms i and J. -
Iniﬁially,,in forming the C(?Xl) structure from the (1X1), we assume
that C(2X1) structure preserves the surface planar spacinéé of the (lej

is given in Table I. All mumerical.

structure. Forithls process AEpotential.

values in this paper were obtained by summing over 360 atoms on a CDC 6600
computer. |

After éhifting e&ery 6ther row of surface atoms, the distance between
the translated surface atoms and thé nearest substrate atoms, Fig. 2, is.
only .85 times the normal bulk separation. The translated-atoms relax Qut- 
" wards from the surfacé in order to reduce their o?erlap with the substrate
atoms. This gives thé c(2x1) structuré'é saw—tooﬁh configuration. Tﬁe
enérgy of formation of the C(2X1) sﬁructure was minimized with respect to
the relexations Al and‘A2 on a CDC 6600 computer by a half interval method.

The values of A; and A, which minimized AE the energy of formation

1 potential’
of the C(2X1) structure with relaxation allowed, were Ay = .18696 and A,
= .00986, taking the normal planar spacing as 1. AEpotential is contained
in Table I for the relaxed structure. Relaxatioq greatly reduces the energy
of formation of the C(2X1l) structure.
After allowing the C(2X1) structure to relax to a minimum potential
energy configuration, the force constants were computed for the surface atoms

and the atoms in the atoms in the first plane below the surface. These were

then used to compute the change in entropy in forming the C(2X1) structure
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and the change in zero—poinﬁ engrgy. The eﬁtropy and zero-point energy
were computed in the constant volume Einstein approximation. The entropy
was computed at 80°K; the experimental melting point of argon is 84°K and * -

its 0°K Debye temperature is 92°K. As was pointed out in the section on

thermodynamics the Einstéin constant volume entropy leads to calculated

. transformaetion temperatures which are too high.

ASl is the change iﬁ vibrational entropy of the surface layer e..nd:'AS2
is the éhange in entropy of the first layer below the surface. AEZ P is

the total change in zero-point energy of the first and second layers. ASl,.'

AS and AE

s 7.p. 8re included in Table I. ASl was also computed usitig’ the
Nernst-Lindemann approximation and was found to agree within 2% to the
Einstein value. As can be seen ffom Table I, thé second layer contributes
13% of thé total entropy and thé change in zéro-point enérgy is significént

when compared to AE the change in potential energy in forming‘

potential?®
the C(2X1) structure:y '

The configﬁration éntropy of a given structure is

'ﬁsconfig = n_k In W

where W is the configurafional degeneracy of the structure. For the (le) 

structure W = 1 as there.is only one possible configuration and S = 0.

config

In forming the C(2X1) structure we could have shifted either of two sets
of rows, Hence, there are two C(2X1l) structures which differ only by a
translation of the surface. Two more equivalent structures may be formed

by rotating the surface 90°. Thus the C(2X1l) structure has a configura-

tional degeneracy of L4 and S =k 1n 4, For the formation of the Ci{2X1)

config



-10-

UCRL-18210-Rev.

structure from the (1X1)

Asconfig =k Ilnk= 2310 | ,ergé/deg ) . v v

AS ié'clearly negligible when compared with ASl + ASz, Hence, AS

config =
= ASl + ASQ. Later, we shall see that if we allowrsmall domaiﬁs having
the C(2X1) structure rather than an infinite c(2X1) structure, the con-
figurational_entropy is no longer negligible,

There exist many possible struéturés like’fhe c(2x1) structuré'which>
can be formed. by shifting'rows of atoms on the éurface. Thé properties of
each such structure must be computed separately; We‘chose to carry out
detailed calculations oﬁ the,C(2Xl) structure as experiméntal work has

indicated its presence. Some data on another possible structure will be

presented .in the next sectlon.

¥ 1In the earlier note7 suggesting the possiblllty of a phase transformatlon
.to the C(2X1) structure, the authors incorrectly stated that '

where n is the number of surface atoms per unlt area. This error was pointed -
out by the authors in an erratum.
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- III. RESULTS
In the preceding section we have.calculgted various thermodyﬂamic
quantities for the phase transformation from the (1X1) structure, Fig. 1,
to the C(2X1) structure, Fig. 2, .of the (100) surface of an argon crystal.

" Combining the various terms in Table I,
AF = 4.83 -~ .0592 T ergs/cm”

~ for the formation of a C(2X1) structure from a (1x1) structure on the

(100) surfacevof argoh. Thermodynamically, the C{2X1) structuré is

stable with réspect to thé (;Xl) if AF for the transformatioﬁ ffom the

(1X1) structure is ﬁegaﬁivé. VAF'for this transformation is zero for '

T = 81.5%. Accordingly, the C(2X1) structﬁré is stablé ontthé argon

(100) surface at temperatures above 81.5°K. This temperature is below

the experimental mélting point of solid argon, 84°K; the melting temperature
of the model of solid argon is not known.

We found that the perpendicular relaxation of the surface layér
greatly reduces thé eﬂérgy of:the transformation from.thé (1X1) to the
C(2Xl)»structure. IA more réfined calculation of AE would consider the
relexations in at least the firsf plané.below the surface. This would
reduce AE and thereby reduce the transition.témpérature; Wé have also
underestimated AS for ﬁhe transformation, Thus, for fhis model of solidr
aréon, 81.5°K is an upper limit for thé transitionlfemperéturé from the

(1X1) to the C(2X1) structure of the (100) surface.
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A. 'Domain.. Size

The*discuséion aﬁove was based on en infinite C(2X1) étfuctﬁré

: coveriné the énﬁire surface of the crysial. 'Expérimehtally, it has been
found.thatbthe new high temperafure féatures in s LEED p&tfern must come
from small'dOméinsfof‘varying orientation on the surface of the single

crystal, We have pointed out that

~where W is the number of distinguishable configurations of the structure.
If we assume that the C(2X1) structure is formed in uncorrelated domeins

having an average of N atoms per domain, then, for a unit area,
W =‘hn/N

where n is the nmumber of atoms per unit area. The quantity 4 is the four
possible configuration$ of each domain which is like the fourfold configura-
tional degeneracy of the infinite C(2X1) structure. Accordingly _

n
Sconfig = ypkin b

for the C(2X1) structure and

= B : , :
Sconrig =. WX 10 4 - .

for its formation from the (1X1). This may be conveniently written as

- X = X 2
Asconfig = ynkln L = 5 +1335 (ergs/cm_/deg).

. If we aessume that the domains are sufficiently large that AE and AS are not
altered appreciably from the values for an infinite structure, we may write

AF = Aj83 - (.0592 + 41%32 T (ergs/cmg)
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for the férmation-of a C{2x1) surfacé-ﬁith;ap'average domain of N atomé.
itvhas beén eétimated that thé domains séén.in LEED éxperiménts contain
tﬁenty to forty atoﬁs.la | | |

Table II contains transition temperaturés from the (1X1) structure
to the C(2X1) strucﬁure for various domain sizés. AsS can be séen in Taﬁle'
II, the formation of small demains in thé Cc(2X1) structure can signifi-
._ éantly lower the transition temperature from the (1X1) to the c(2x1) |
strﬁétuie; |

B. Variation in Potential

Tﬁe éalculatiohs.presented'in this paper were carried out in ordef
to get an iﬂdication §f what happens on metal - surfaces. Accordihgly,.we '
havé done limited caiculations on the phase transformation from the (1X1)
to the C(éXl) structure with fwo ﬁotentials beéides thé Lennard-Jones 6-12, :
the 6-7 and 6-30. These potentials represent extremes in softness and
hardness. The parameters for the 6-7 and 6-30 Wereychosen so as to give

a bulk inter-atomic distance of 3.79 R and bulk binding energy of

1.41kx10713 ergs/atom; these are the same as given by the 6-12 potential -
used in the other calculations presented in this papéf.

the energy of

With thev6—7 and 6f30kpotent1als, only AEpotential’

the transformation from the (1X1) to the C(2X1l) structure with the

surface lgyer relaxed and AS the change in entropy of the first layer,

l!
were calculated. These are tabulated in Table III along with the

corresponding data for the 6-12 potential. Neglecting all contributions

to th i
o the free energy of transformation except ASl and AEpotential’ we can

write ' o~
: AF' = AE1 T Asl
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T!', the temperature étrﬁhich‘AF' becomés“égual to zero, is also tabulated
in Table III.: T{ gives some indication*éf-thé-témpératuré at which thé,
phase transformation WOuid bé éxpécted;. Finally, wé havé includéd in
Table III, the bulk compressibilities computea from-each of the potentials.

As can be seen in Table III, both.the eﬁtropy and energy of thé trans-
formation incréaée aé thé cdmpréssibility décréaées: Thé net effect is
‘that the transition temperature;‘T', increases sharply as thé solid bécomes
more incompressible.

C e Imrities

We have‘exémined the effect of a subétituﬁional surface iméurity on
the transformations from the (1X1) to the c(2x1) structure. The impuritiés
used were Ne.énd kr. To répreéént thé afgon-impurity interactions, the ,
Lennard-Jones. 6-12 potential parameters of argon,l6 kryptoﬁ,lg and neon,16 :
were modified as follows:  If Tan is thé minimum potential separation and

UAA the depth of the potential well for two atoms of type A, then

. Tan T TBB

AB ~ 2

(u,, U )1/2.

v AA BB

AB

We may envision‘an impurity atom(subétifuted for an argon in fhe
(1X1) structure of the (100) surface. We then allow thé surfacé to undergo
a phase transforhatibn to the Q(2Xl) structﬁre, The impﬁrity atom may lie
in either a shifted .or unshifted row, The'presenCé of the impurity atom
changés-the‘enéfgy and entropy of the phase trgnsformation. Table IV con-
tains the changes in the energy A( AE)

, and entropy, A(AS), , due to the

imp imp
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presence of one iﬁpurity é01né into either the shifted or unshifted pos1t;ons.v
In calculat;ng AEimp and Asim the impurlty atom was alloweé to relax
perpendicularly to the crystal surface to a positioncdfwminiﬁum potential
energy in both the (1X1) and C(2X1) structures.

" The change in free energy of -the transformatlon, due to the 1mpur1ty, is

A(AF)imp = A(AE)imp - TA(AS)imp‘-

We can get an idea of the effect of the impurity by setting T equal to our

calculated transition temperature, 81.5°K. At 81.5°K

b, 6x107%? (ergs/krypton atom)

A(BF), (shifted)

A(AF)K (unshifted) 3‘1')(10-15 (ergs /krypton atom)

' A(AF)Ne(shifted) -13.6X10“15 (ergs/neon atom)

’A(AF) ?(unshiftéd)-' : 9.3X10_]f5 (ergs/nepn atom)

| Shifted and unshifted refer to whether the impurlty atom is in a shlfted
or unshifted row.

The krypton atoﬁa hinder the'phasé transformation by about the same
amount going into either the shifted or unshifted positions. The neon
atom gieatly prefers to go into the shifted positiohs; going into the
shifteq position, the neon atom aids the transformation. Multiplying by‘.
the density of shifted sites, 3.&8X101h/cm2 |

A(AF) (shlfted) =- 5,2 (ergs/cm )*(concentration of Ne atoms in shifted
position)

at 81.5°K. A small concentration of surface neon‘impurity going into the
ﬁp position could appreciably decrease the free energy and hence the tem-
perature of the transformation from the (1X1) to the C(2X1) structure.

This preference of the neon impurity could play a large role in determining
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the sqrface structure.formed, if mbrevthan'one is éossible, and also in’
determining thé déﬁains of théistrﬁéturé on an impuré surface.

It -is of interest to havé an estimaté of the_(le) surface concentra; .
- tion of impurity atoms knowiﬁg thé bulk concentratibn. 'This may be estimated
by calculating the change in energy,‘AE, and entropy, AS, of a crystal when a
bulk impurity atom is moved fo the (100) surface and replaced, in the bulk,
with an argon atom from the surface. AE and AS for this process are tabulated
in Table V. We are interested in the surface concentration of impurity atoms
at temperatures near the transition temperature, 81.5°K.v The free energy

change in exbhanging a bulk impufity atom with a surface argon atom is

AF = AE - TAS

where AE ahd AS are from Table IV. For a Kr impurity at 81.5°K

AF = 1.9X10_1h ergs/atom
and for the Ne impurity
' o =1k
AF = -.TX10 ergs/atom. .
The realtive concéntration of bulk and surface impurity atoms is"

given by
[Surface] | _-AF/kT.
[Bulk] :

For Kr impurities at 81.5°K

1

[Surfacel _=...
[Bulk) -20,2,

For Ne impurities at 81.5°K

[Surface] -

Bulk 2.
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At équilibfium;,at bemperatures near the transition temperature of
the éléan'péfféct model'aréon surfadé; thé cohcentfation of surface
1ﬁputiti¢s is very close to that of bulk impurities. Tn LEED experiments,
very high purity crystals afe uséd; Impuritiéé such as neon on the grgon
surface can play.an important rolé in the phasé transfprmations only if
they are present on thevsurface in large concentrationé..

'D. ‘Surface Vacancies

The authors have previously examined the concentration of surface

vacancies on the argon (100) surface. T At temperatures near the melting

pdint,v.3% of the surface sites are vacant. If a vacancy is created at
aisite in a shifted row of atoms in the C(2x1) structure, the entire row
of atoms collapses back into the (1x1) unshifted locations. One atom,

adjacent to a vacancy in its row, collapsés into the hole and leaves &

“hole in its former location. This hole then propagates down'the row

until the entire row haé collapsed, Thus the formation of surface.
vacancies tends to collapse the C(2x1) structure back to the (1x1)
structure. The shifted row with the vacancy was found to'collapSe even
if & large krypton impurity was located adjacent to vacanc& and in its row. .

E. Other Surface Structures

A number of surface structures similar to thé c(2xl) can be en-

visioned. We have examined in detail the properties of only the C(2x1).

However, we have also carried out limited calculations 6n a C(5x1) structure,

as a LEED pattern corresponding to this structure has been observed.
The C(5x1) structure was formed by shifting two of every five rows; it
takes its name from the size of the unit cell and the centered atoms

(Fig. 3). The surface atoms were allowed to relax perpendiculafly to
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the surfaceiand.the'éngrgy, AE » and entropy ASl,'of formation

potential
-~ of the relaxed C(5xl) structure were calculated using a 6-12 potential. -

,ASl'is the entropy chaﬁgé of the surface layér. AEpoténtial and ASl are
tabulated in Table VI for thé c(5x1) structure. Corresponding values are
~given for the C(2x1) strﬁéturé for comparison!' The températures T', for
the trensformations to the C(5x1) and C(2x1) structures from the (1x1)
were

are also giveh in Table VI. In calculating T', only AE, and AS

1 1

considered;

As can be seen from Table VI, the transition temperatures to the
C(le)vand c(2x1) structures are nearly equal. This near equality would |
_ prééumabiy hold if further terms in the free energy of the C(5x1) were.'
considered. |

Oné can conceive of many possible structures obtained by shifting
surface atom rows. A C(hxl) mey be Obtained-by shifting every fourth
row or C(3xl) from every third row. When a smaller fractionvof the rows
is shifted both the energy and entropy of the transformation are de-

. creased. Like the C(5x1), these other structures may also be stable

relative to the (1x1) at about the same temperature as the C(2x1).
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' ,1v‘ .CORRELATIONLWITH LEED DATA FOR METALS
-..The cal¢ulations préséntéd in thiS‘papér‘WEfé madé for an inékact
model of argon.v The propértiés of solid ergon are, of course, different

in many ways ffom thésé of metals. waevér; caiculations on a limited
modei can be ﬁéeful_in ﬁnderstanding thélpropértiés of mqré complicated

. materiais. As will be‘shown in_this section, tﬁe calculated prbperties
of the modél.of the solid argon surface correlate well with some‘of the ;
"experimental properties of.metal suffaceé.

We have found that it isApossible to form & variety of C(nxl) surface

' structures on the (100) face of the face-centered-cubic argon crystal.

‘Because of the symmetry of the (100) surface (square), these structures
" can all hgve fwo differént orientations at 90° to each other. This is
obsefved for all C(nx1) LEED patterns én (100) metal surfaces. -0

The theory developed: in the previous‘section indicates that surface
defects can be very important in sufface phase transformations. This may
explain why very careful treatment of the surface is required in order to
produce LEED patterns other than.(1xl). The expeéted sensitivity of struc-
ture to impurities may determine which 6f several possible surface struc-
tures is observed. On the nickel (1105 surface, only a (1x1) péttern is
observed except in the presence of oxygen.l (2x1) structures are observed
on the (110) and (100) surfaces of copper after exposure to oxygen.él

fThe formation of shifted fow surface structures is a normal first
order phase transformation. There is no reason to expect that it should
not be reversible. LEED experiments have shown that once an (nxl) pattern

. . . . .2
is formed, it disappears on cooling and reappears on heating, 2 Just as

though an ordinary reversible phase change occurs.
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Wé.ﬁéfeﬂfound,thét:formation quéﬁffacé vécénciés will cause our
-shifted row'sfructﬁrés to révért to_(lxl): Eﬁpéfiméntally; (nil) struc-
tures diéappear as the tempé?atuié is réiséd:ge | o

According to .the théory dévélopéd abové, a nuﬁbér of possible surface
structures are qﬁite similar in freé energy. Impuritiés may determine
which structure is formed. Somorjai22 has found that éither a (5x1) or a
(2x1) LEED.pattefn cén be observed from a (100) platinum surface in the
‘same ﬁemperaturé region. He found that prolonged heating of the (2x1)

- pattern surface caused the (2x1) pattern toﬁdisappearland a (5x1) to
appear. After the (5x1) structure was formed, the (2#1) could not be
regenerated. |

The shifﬁed row surface structuﬁés’arise from movemeﬁts in the suiféce
~layer of atomsvonly. Novrearrangément'of the bulk occurs."This is in
accord with the findings of Palmberg23 on_epitggially grown single crystals;
deposition of a mono-layer of'silver-on-gold destroyed the gold surface
structure and deposition of three mono-layers of gold on silver.caused the
appearance ofla éold structure. -

If we examine the appeafance'of (110) face'ofwa FCC crystal, Fig,.ha; 
we see that.it is possible to form dis£inét (nx1) structures in two dif-
ferent fashions. These arise from shifting the rows along different axes,
Figs. Ub and hé. A shift along the long axis, Fig. 4b, brings the shifted
atoms appreciably closer to the substrate atoms, A‘shift along the short
axis, Fig. be, causes leés crowding. It should be easier to have a phase
transformation invol?ing shifts along the shorter axis than glong the

longer axis. Thus, we would expect it to be possible to form (nxl) struc-

tures on (110) surfaces having only one of two conceivable orientations.
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Lyon?h'has; iﬁ facti.oﬁservéd'(le) andf(Bil) strﬁétﬁrés on the (110)
surface,of‘platinum-whéré only oné oriéntation of thé?stfucturé eiistéd
af a time. vThe patterns corfesponding to shifts along our long axis were
easily rémovéd. The structurés corrésponding,to shifts along the short
axis were found to bg quite stable. This is invgcéord with our expecta- .
tion that the one structure should be more stable than the ofher.

The theory presented in this paper accounts for many of the properties.
of the structures observed.by LEED. There is one piece'of experimental
data (for (nx;) structures) for which it aoes not account. The extra spots
of the thl‘) structure on the gold and plati;ium (100) surface (that is,
spots on the {SXI) LEED pétfern which are not present in the (1x1) pattefn)

-are not single spots. They are slighﬁly split.22’25

Our model does not
account for this splitting. It is possible that a careful calculation of
LEED patterns based on .our (5x1) structure model and considering multiple

scattering effects would give rise to these pairs.



-22- . o ~ UCRL-18210-Rev.

IV;tZCONCLUSIONS
In this paper Wévhavé examined the thérmodynamics,of thé formation
of C(2x1) and C(5x1) structures from fhelnormal (lil’ strﬁcture of the
argon (100)~surface; The C(2il)vstructﬁré ié.stablé relative to the
(1x1) at témperature below the experimental mélting point of solgd argon.
- The C(5x1) structure is Stable at about.thé seme téméérature as thé c(ex1).
Lgrgé concentrations of surface.impuritiés can significantly éffect"
the free energy of formation of the C(2xl) structﬁre} If.is possible
that surface impufitiés play a large'role in determining which of several
free energetically similar surface structures is formed in a given
experiment. |
‘A vacancy in a shifted rov of the C(2x1) structure éauses the fow
to collapse back to the ﬁnshifted position.'”This could cause the‘entire'
C(2x1) structure to collapse to the (1xl) structure at sufficiently high
“temperatures. | o
These,éonclusions are.ih exceilent~accord with experimental LﬁED |

studies.
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Table I. Thermodynamic data for the phase transformation from the (1x1)
- structure to the C(2x1) structure of the (100) surface. AE
. . potentigl
(unrelaxed) is the energy of formation of the C(2x1)
. structure without relaxation. AE__, .. _ (relaxed) is the
energy of formation of the C(2xl)pg%%ﬁg%%re when the surface atoms
‘are allowed to relax. AS, is the.change in entropy of the surface
layer in forming-the C(2x}) structure and AS, is the change in
entropy of the first layer below the surface AE is the change
in zero point energy of the first and second layérs.

. | , 2o
A otential (unrelaxed) 38. , (ergs/cm” )
2*
AEpotential’(relaxed)_ 6.37 (ergs/cm )
, : .
ASl S .0510 - (ergs/cmg/deg)
.AS2 : : .0082 (ergS/sz/deg)
bByp. ' © aush o (ergs/en)

*
This value is slightly different from that reported previously as we have
considered the normal displacements of the first and second planes in
forming the C(2x1) structure. : ’ '

.
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The transition températures, T from the (1x1)
structure of the argon (100) surface to the

C(2x1) structure for various average domain.

.sizes, N.

N (atoms) - ' - T (°K)
- . 8L
8o S L T9.5
o 17.5
20 135

o T 66.5

'S
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Table III. Thermodynamic data for the phase transformation from
© the (1x1) to the C(2x1) structure of the argon (100)
surface for three Lennard-Jones potentials. AE otential
is the energy of formation of the C(2x1) structgre when
the surface atoms are allowed to relax. AS, is the change
in entropy of the surface layer in forming the c(2x1)
structure. T' is the temperature at which the C(2x1)
structure becomes stable. «k is the bulk compressibility. .

. . . o
Potential AEpotential N T'( K) , K
(ergs/cmz) (ergs/cm2/deg) | ' (chZdzne)
6-1 2.61 o .o31h 83  5.8a0
6-12 637  .0510 125 C 3.bxaoH

6-30 11.63 0651 178 1071t
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[

The change -in potential energy, A(AE), - and

Table IV. im
, entropy, A(8S); _ of the transformation’ form
the (1x1) to. thePc(2x1) structure of the argon
(100) surface due to a substitutional impurity
going in either the shifted or unshifted row
of the C(2x1) structure.
Impurity Position . A(AE)imp ‘ | A(AS)imP
(ergs/impurity atom) (ergs/deg/impurity
atom)
Kr Shifted -3.9x1071? -1.ohxlo'l6
Kr  Unshifted S -96x107? - .8ox107%0 .
 Ne Shifted -2.6xlo'15 : 1.3hx10'16
Ne Unshifted 1o.hx10‘15 ' - .13x10‘16
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Table V. The change in'potential energy, AE, and entropy, AS on
' a moving bulk impurity atom to the (100) surface of argon -
and returning a surface argon atoms to the bulk.

Impurity AE (ergs/impurity atom) =~ AS(ergs/deg/impurity atom)
1k 6

Kr - 5.6 x 107" ' .87 x 107 1€
Ne | 5.2 x 107 5.5 x 1070
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Table VI. Thermodynamic data on the formation of C(5x1) and C(2xl) structures

. from the (1x1) structure of the argon (100) surface. AE potential is

the change in ehergy with the surface layer allowed to relax and ASl
~ 1s the change in entropy of the surface layer. T' is the temperature
of the transformation from the (1x1) structure, considering only AE

potential and ASl.

Structure AE potehtial (ergs/cmg) ASl(ergs/cmz/ T (°K)
_ , deg)
c(5x1) s - .0399 128

c(ex1) - . '. 6.37 i | .0510 125
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FIGURE CAPTIONS

‘The (1x1) structure of the (100) surface of a fcc crystal. (a)
Top -view: the intersections df the lines are the normal surface
.sites and the dtoms are circles. The unit cell is indicated with

‘heavy lines and the atoms in the second layer with pluses.

(b) Side view: the relaxations, Gi, of the first two planes.

. The normal planar spécing is 1.

Fig. 2

| Fig. 3

~ Fig. k

The C(2x1) structure of the (100) surface of a fcc crystal. The

 shaded circles are shifted atoms. (a) Top view: the intersections

of the lines are thé normal surface sites. The unit cell is'

- indicated by heavy lines. Unshifted atoms are open circles and

second layer atoms are pluses. (b) Side view: atoms in unshifted
positidns are open circles. 6i are the normal (1x1) surface
displacements and Ai the extra displacement of the transformed
structure.

The C(5x1) structure of the (100) face of & fcc crystal. The
intersections of the lines are the normal surface sites. The

unshifted atoms are open circles and the shifted atoms shaded

circles. The second layer atoms are pluses. The unit cell is

spoﬁn by heavy lines.

The (110) surface of a fcc crystal. The intersections of the lines
are the normal surface sites. The unshifted surface atoms ére open
circles. Second iayer atoms are pluses. The unit cell is shown with

heavy lines. (a) The (1x1) structure. (b) A C(2xl) structure with

 shaded atoms shifted along the long exis. (c) A\C(Qxl) structure

with shaded atoms shifted along the short axls.
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