


. 1. Introduction

It is now a well established fact thet the sdatom-adatom inte—
raction is an important factor determining many agpects of thermody-
‘neamic and kinetic properties of orystsl surfacee with chemisorted
specien, Tt is most clearly demonstrated by the tendency of chemisor-
bed layers to form distinct phases which posgess well defined two=di
menslonal periodicity and order 1 « Recently, a conslderable atten-—
tion hes been given to experimental obgervations and calculation of
supsretructures of two-dimenelonal surface lattices with adsorbate
and to trangitlons between different phasaalz/. In these calculations
the lattice gas approximation has besn used which apsumes the rigldi-
ty of underlying substrate 3"6/. This approximation was shown to deec—
ribe satiasfactorily the experimental results in many cases., On the other
hand, the adsorbate-induced reconatruetion, e.g., in the case of ed-
sorbed hydrogen on tungsten (100) shows the necessity to involve both
the adsorbate and substrate into the celculation 6/. The strong de=-
pendence of the properties of the adsorbed gas and of the gubstrate on
the state of its counterpart lsads to interssting effects aleo in ki-
netice where it is responsible, e.g., for an oscillatory bebaviour of
CO oxldation on Pt

The purpose of our paper is to caleunlate the influence of chemi-
sorbed atoms with lateral interactions upon the vibratlonal epectra of
surface substrate atoms and the effect of dynamical properties of the
substrate on the thermodynamic propertiea of the adgorbed lattice gas.

In our calculations we use a pimple model simlating properties
of (100) crystal purfaces with chemisorbed atoms. We replace the sur-
face subairate layer by a quedratic two-dimensional harmenic square
lattice. In both the subotrate and adsorbate we aspume only nearest
neighbour interactions. The method of oalculation based on the Bogo-
Jubov variational principls and quasichenical. polynocmial and mean
Tleld approximatione for the lattice gan of adsorbed molecules wag
developed in detail in 8/, :



II. Model Hamiltonian

The adsorbing surface of e solid is modeled by a mono-astomic
two-dimennional lattice, Bach sdsorbed atom {adatom) is assumed to be
atrongly bound to one surface atom. In this case the system surface +
adatoms can be described by ‘the Hamiltonlan
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where M and m are the masses of the surface atoms and of the adatoms,
respectively, pﬁ ere thelr momenta. The intersction between the iwo
gurfece atoms located at the lattice sites i, . ig described by the
potentiel (P T ) depending on the position vectors K., L
The potential _J{." -R ) has the same meening &s {Ka Rajbut in
the system of adsorbed atoms. W/ =0,71 are the occupetion number
cperatora and |/ 1s the effective chemical potentlisl of adatoms. These
are congldered in thermodynamicel equilibrium with an ideal monocatomic
gas of low preseure. Therefore, it is =~ {f ¢ //Vﬁ,) where ¢ has
the meaning of the energy of adsorption and Py i the chemical

otential : N U
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Here P 1is the pressure of the gag, -~ is the mass of gas atoms end
T 1ie tempsraturs.
¥ow, using the Bogolubov variational methed, we introduce the
model Hamlltonlen
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in which the surface atom variables and the adatom variables are se-
parated, The dynamic of surface atome is described by H:f‘b' Here, as
is usual in the lattice dynamica, the potential energy le expanded
around the equillibrium positions fﬂ> and only firet wnonzero terms
are considered. The adatoms are described by the Hamiltonian /,
which can empily be traneformed into the known Ising Hamiltonian. The
varietional parameters are determined by the minimum of the thermody-
nemical potential with respect to A , ,41“ » V, smd 3} . These
conditions yleld ‘
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. where < ?r-’v £ 74/ denote the thermal averages with the Hamil-
tonisn [ and H,,,[ « This means that now the lattice parameters

( ND R AKE ) afid the adatom parameters { ), , 3¢ ) depsnd on tem-
perature " .,

IIT. The frequency spectrum of a surface with adsorbed atoms

In accordance with the Bogolubov varlational method we shall
investigate two adg%tive systems. Thalr coupling is ineluded in the
parameters ¥, , /.4 » M, and ¥, defined by (3). In order to ana-



lyse the behaviour of the frequency spectrum, we have to specify the
gtructure and the intersctions between the surface atoms and between
the adatoms, i.e. the potentials ¢){fn-fay) end JIA. -ﬁa- . Wa
‘ghall apsume the simplest case when the surface heas & structure of the
gimple square lattice with interactione (the central and moncentral)
between nearest meighbours only. The adatome interact with their nea-
rest nelghbaours by central forces only. We apeume further that the
adatom—substrate interaction leads besldes chenges in the interaction
comstants and the messes of the surface atoms, to @ change of the
lattice parameters, but without changing the shape of the cell.

For this reason A In equations-(E.B) is the force vonstent matrix
‘of the simple square lattice. I% is diagonal with two nonzero elements
( A1 - the central, Az- the moncentral). The frequencies of the sur-
face vibrations are then given by the known relatlon
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and cyolic for the polarization = 2 where 4 1le the lattice
parsmeter, 1s the wave vector with components Yo and %l « The
digplacement oorrelation function is glven by the formula
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The correlation function mey be found gnalytically only in the high i
temperature limit
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It is convenient to define the potentials 4) K ‘K')
IR, K ) by means of the cosfficients of their expansions.
Phen, as was ghown in 8 , for our model of the surface and adatom ays
tem the first and third equation of (3) has the simple form ‘
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; &re the nonzero elements of the force constant mat-
rix, of the clean surface, or in other words, £, and 8, are the se-
cond-order terms in the expanslon of tPW« 'f";) about the equilibrium
positions of the clean surface atoms {the first-order terms are iden-
tically zero); ,&{- and ¢ are the first and second-order terms in a
gimilar expansion for J (k’« ‘/Qa ) + The quantity X, expresses the
change of the atomle equilibrium positions 1f gas atoms are adsorbed
on the gurface. As the atomic equilibrium positione < K, > are deter-
mined by the boundary conditions which are represented by external

when 6,}. and /;

1gotropic pressure acting in the surface plame from the force
equilibrium condition for the surface stoms the following reletion
can be derived:
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If we now express . ov.> ; end £ .~ ™3, as functions of
v, and 3£ , then the close system of equations (3), {5), (6)
may be solved and the surface atom frequencies (4) evaluated,
Por <m, >, 8nd <. > . the following approximations
were used:
1) Molecular fiald approximation (MPA 1)
3'?/
* e (8)
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for arblitrary neilghbouring lattice sites . and J’ .

'2) Molecular field approximation (MPA 2)
oy ”"a- Pad T L, PAYIRS ey >,
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1f the lattice 1z divided into two interpenetrating lattices
described by 4/’”).“1& and < /Na'>u(/ (a chessboard structure).

(9)
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3) Quasichemical approximation
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4) Polynomial decoupling
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IV. Results and discussion
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All our rumerical calenlations of the surface frequencies have
been performed with the dimensionless quantities. The cholce of the
constant approximate corrasponds to the chemisorption on the real
crystal surface, whare the resulting nearest neighbour interactione
are mainly repulsive (J) > v with few exceptious. We have put

:)n—015, @-Z,ﬁa/ 0.

11, c/8, =1, &a¥ =8, B,/8, = 34

- 0.03. The mass ratioc were taken either Mg = 57.81, or Mjm= 6.

‘ The ratio of the masses M
crystal surface of V. .

The dimensionless surf
ponding to the wave vector
approximations (8 ~11), Ty

{m = 57.81 corresponds to hydrogen on

ace atom frequency _Q— MW /'@'.r , correa-
L /Zw 0 ) has been celculated in the
zlcal results are ghown in Fig. 1-3,

where ¥ 1is plotted as a function of T . Here the effect of gae

presaure 1is also illustrate
rature the crystal surface

d. It ig evident thet at the high tempe-
1g clean and the surface etoms vibrate with

the frequencies which do not depend on the temperatura.



M

]
|
i
|
I
\

55

S0l

4.9]

40

0.210

0190

04130

009

(X ,0)

005

in

T 001

. e
Fig. 1. The dimensionless surface atom frequency 52- corresponding
to the wave vector

the quasichemical

approximation (10) as a function of temperature T and gus pres-

sure (- f g

+ The mumhers at the curves meam the valuo of

EX. The mass ratio of the surface stom to the gas atom im
M/ wi= 57,81,
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. Mg. 2, The same as Fig. 1, but im the polynomial decouplinmg (11).
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Fig. 3. The same as Fig. 2, but in the moleculer field &pproximations.
The solid lines correspond to MFA 1 (8), the dashed lines cor-
reppond to MFA 2 (9), MPA 2 differs from MFA 1 omly in the mi-
ddle part of the curves. '
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Pig. 4. The pame as Fig. 1, but for the mass ratlo M/m=6.



In our cage the surface frequency flz is equal to 4. With decreaging
the temperature, at constant gas pressure, gas stoms are sdsorbed on
the crystal surface and jLL becomes a function of the temperature T.
The meximal value of ELL depends on the adatom mass and corresponds

te the coverage Bz4~> =1 when the monolayer of the gas atomeg is
adesorbed. It follows from (4) thet the growing force constant raises
the surface freqﬁencies while the effect of the growing mass of atoms
18 opposite. In all the approximations, except MFA 2 (see below Figs.
7-8, where the functions ( and Lo, 8re displayed), ﬁu and 4,
are monotone increaping in magnitude if T decresses. For the mass ra-
tio [T /mw= 58.71, that is for the light gas atom mass, the change of the
mass of surface atoms has a small influence on the frequency curvee and
these are non-decreasing in the temperature region where Lavw>, are
small. Only in the approximation MFA 2, in which the correlations bet-
ween neighbouring adatoms aré overeptimated (the dashed lines in Pig.
3), the effect of the mass can exceed the effect of the force constant
and the surface frequency can decrease wlth decreasing temperature,

A different situatlon 1s for the heavy gas atomeg, in our case it
is H/mJ = 6, Here, the influence of the changlng mass is alsc seen at
small coverage, @8 it 1s illustrated in Figs. 4-6. All the curves start
at 51? = 4 end then they decrease due to the increasing mase of surface
atoma. The decrease of frequencles deperds on the correlations hetween
the adatoms. If these are neglected, i.e. 1f <ovm> 2oy (MPA 1), the
frequency reaches the minimum at the coverage & = 0,225, as follows
from (4). This minimum frequency i1s the same for mll P (mee Pig. 6).

Fig. 7 shows the typlcal beheviour of S~>and <.~ m’> in the qua-
sichemical aspproximation. The behaviour of these functions in the po-

lynomial approximation Is practically the same. For these approxima-
tions the relation § e
4,wm>'_—‘-'-./.m/>?'\'3 A }E)D

is satiefied if the coverage ig small,

The addorpilon isotherms evaluated in the moleculsr field appro-
ximation are shown in Pig. 8. The dependence of {7 versus T at fixed
ges pressure has a similar character. It is known that our model of
an adsorbing surface doee not exhibit first order phase transitions
if the nearest neighbour intermction is repulsive ( 22> )., Our re-
sults agree with this prediction.
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Pig. 5. The same as Flg. 2, but for the mass ratio M/m=6.
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Pig. 6. The same as Fig. 3, but for the mass ratio M/m=6.
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Pig. T. The coverage (the solid lines) and the correlstion function
(the dot-and-dashed lines) as a function of temperaturs T
for the mess ratio M/m=57.81, The calculation are performed
In the quasichemical spproximation (10).

kY
Fig. 8, The coverage as a functicn of gas pressure p='% é ¥ at

fized T (¥ - T = 0,045, 2-T = 0,065, 3-T = 0.105, 4- T = 0,150).
For each T the solid line corresponds to MFA 1 (B), the dashed
lires correspond to MPA 2 {(9). The maes ratio is M/m = 57.81.
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