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INFLUENCE OF CHEMISORBED ATOMS
ON SURFACE VIBRATIONS. II
L KARASOVAY), V.K. mmuﬁ,zich A. SURDAY), Bratisava

The surface vibrations of a square lattice with chemisorbed atoms are studied in terms
of ‘the occupation numbers and “correlation functions, For two kinds of chemisorbed
atoms and for various value of: 8as pressure the surface frequencies are calculated using -
for (n)'and (nn) different approximations. The absorption isotherms, the coverage and
the correlation function as functions of T are given as well.

BAUSHHE xn:cnommi.oufiri ATOMOB HA IIOBEPXHOCTHEIE
KOJNEBAHHA-I

" B pa6ore usywaiorcs [OBEpXHOCTHbIE KONeGaHns KBaJpaTHOM pemreTku ¢ XeMocop-
GHPOBaHHBIMM aTOMaMu TIPH TOMOINM YHCEN 3aNONTHEHHS W KOPPENANMOHHEIX yHKIui.

1. INTRODUCTION

It is now a well-established fact that the adatom-adatom interaction is an
important factor determining many aspects of thermodynamic and kinetic proper-
ties of crystal surfaces with chemisorbed species; This is most clearly demonstrated
by ‘the tendency of -chemisorbed ilayers:to form -distinct ‘phases which  possess
well-defined . two-dimensional ‘periodicity and- order. [1].:Recently, considerable:
attention .has been -devoted:ito €xperimental obseérvations and calculations of
Superstructures of two-dimensional:surface lattices with adsorbate and to transi-
tions between different phases [2]..In these calculations the lattice gas approxima-
tion has been used which assumes: the rigidity of the underlying substrate [3,:4; 5]
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many cases. On the other hand the w%O%ﬁo-?&:o& reconstruction, e.g. in the
case of adsorbed hydrogen on tungsten (100) shows the necessity to involve both
adsorbate and substrate into the calculation [6]. The strong dependence of
properties of the adsorbed gas w:,a of the substrate on the state of its counterpart
leads to muﬁqomnnm effects also in Enamnm, where it is responsible, e.g. for an
oscillatory behaviour of CO ‘oxidation on Pt [71. 7 ¢ o

The purpose of our paper is to calculate the influence of chemisorbed atoms with
lateral interactions upon the vibrational spectra of surface substrate atoms and the
effect of dynamical properties of the substrate on the thermodynamic properties of
adsorbed lattice gas. o

In our calculations we use a simple model simulating the properties of (100)
crystal surfaces with chemisorbed atoms, ‘We replace the surface substrate layer by
a quadratic - two-dimensional harmonic square “fattice. In both substrate and
adsorbate we assume nearest neighbour interactions only. The method of calcula-
tion based on the Bogolyubov variational principle-and quasichemical, polynomial
and mean field mﬁvnoﬁammonm for lattice gas of adsorbed molecules was developed
in detail in [8]. . R .,1

P sl Ve

" I MODEL HAMILTONIAN

The mamo&m:m,mcnnmnn of a solid is modelled by a monatomi¢ two-dimensional
lattice. Each adsorbed atom (adatom) is assumed to be strongly bound to one
surface atom. In this case the system surface + adatoms can be anwnncom_v,w the
Hamiltonian
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where:M and.m -are- the ‘wEwm.mom\ :of -the’ surface atoms and sof - the ada

respectively.'P; are:their momenta: The interaction between the two surface atoms:
located at the lattice sites i,/ ] is described by the potential ®(R;~ R;) depending on-
the position: vectors R;,:R;: The potential -Ji Qm;l.” R;) has the: same smeaning :as:

H-= Bl
WM.,U 2(M + mn,) ,..NM..
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D(R; - R;), but:in"'the 'system of ‘adsorbed ,.wwoBm..:EucL are the :occupation

number operators-and v-is the effective chemical potential of adatoms. .These:aré:

considered in'thermodynamical- equilibrium with an ideal monatomic-gas:of; low: .
pressure. - Therefore v == (e+1;) swheree: ‘has the ‘meaning ‘of - theenergy: of -

adsorption and , is the chemical potential
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Now, using -the ‘Bogolyubov variational method, we introduce - the - model
Hamiltonian ~ = o o v 2 e e o SR
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. N..hi = <oM.. =M,+W R,WB:»

in which the surface atom variables and the adatom variables are separated. The

dynamics of surface atoms is described :by H,,. Here, as it is usually in lattice
dynamics the potential energy expands around the equilibrium positions ( R;) and
only the first non-zero terms are considered. The adatoms are described by the
Hamiltonian H,, which owﬁ,vn,qgmmoaam easily into the known Ising Hamil-
tonian. The variational parameters’are determined by the minimum of the
thermodynamical potential with respect to Mo, A¥, vo and x. These conditions

yield [8]. ,
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where (...}, {...).s denotes the thermal average with the Hamiltonians H,, and
H.;. This means that now- the lattice parameters (Mo, Aif) and the adatom
parameters (vo, #) depend on the ﬂoiwmnﬁ.ﬁo T.

i

IIL .—.m.m_wm, REQUENCY SPECTRUM OF A mC.—wH)OH )

.. WITH ADSORBED ATOMS =~ -/

i

In accordance ‘with: the’Bogolyubov variational method we. shall investigate two
additive systems.:Their-coupling;is included in the parameters x, A ¥, My-and v,
defined by (3): ".E.oao,m.,.,wo.»mum@uo.ﬂrm.cnmwicca of the frequency spectrum, -we
have to specify.the structure‘and the ‘interactions between. the surface atoms and
between-adatoms, i, &, thé’potentials & (R~ R;) and J (R:— R)). We shall assume
the simplest case when the 'surface has a‘structure of the simple square lattice with
interactions " (central -and non-central): between . nearest neighbours only. The

307




adatoms interact with their nearest neighbours by central forces only. We assume

further that the interaction surface — system of adatoms leads, besides changes.in

the interaction constants and the masses of the surface atoms, to a change of the
lattice parameters, but without changing the shape of the cell. e
For this reason A in €quations (2, 3) is the force constant matrix of E,o ,&wuv_n
square lattice. It is diagonal with two nonzero elements (A, — the mgc.m_ A
— the non-central). The frequencies of the surface vibrations are then given 3“ EM
known relation [9] , i o o

: 2 ) ; = B e 3 Pt oy
, ewu_?vuy [A:(1—cos q1a)+ Ax(1 - cos q:a)] €))]
»n@ ”Qnm.n for En mo?&uumc: j=2, where a is'the lattice parameéter, q'is'the wave
vector with components g; and 92. The displacement correlation function is given
by the formula UL L RSN a0 s g e

g s em“mns@w?eé

B=(kT)™".

The correlation function may be found analytically only in the high 85@%»28
limit C : G b STy g R

x 2 - . £ 4R LU 7
((X2)*) o 7BA, Tw&m ‘,..?+>N mwooonm/\ L , 14(5)

Itis no.nwmaoa to aom__omro uoarm»_m ,G.Ax.. —R;) and J(R, - R)) by means of
the coefficients of their expansions. Then, as it was shown in [8], for our model of
the surface and adatom system the first and third equation of (3) has the simple
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where B; and B, are the non-zero.elements. of Eo.moaowoom\_minﬁssaa of .the

clean:surface, or in other. words, B, :iand.B,. are mﬁnxmnnonn,..oanh;n_.amm. the -

nxuuam.mon of ,HAF ~R;) about the equilibrium positions of the clean surface atoms
(the  first-ordér terms are ‘identically.- zero). b ;-an :

second-order ‘terms in . thé similar expansion for J(R+— R)). The:quantity:Xs'
expresses the change of the atomic equilibrium positions if gas‘atoms are adsorbed -
~on the surface. As the atomic equilibrium positions (R,). are determined: by the
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boundary conditions represented by the external isotropic pressure p acting in the
surface plane, from the force equilibrium condition for the surface atoms the
following relation can be derived

- mnlﬁ.ﬂ+ b AEEvi

; i xm." m—+ﬁA=..§~.va& )
If we now express (7, ) 4 and (rry ). as the functions of v, and x, then the close
system of equations (3), (5), (6), (7) may be solved and the surface atom

frequencies (4) evaluated. , - 4
For {n;).s and AFSVR the following approximations were used:
1) Molecular field wnvnoxmiwaou (MFA 1)
, % (mnyea= (Y , 8)
(M )ou=[1+exp Bin+ dx{n)u)]"
for arbitrary neighbouring _mama. m:m.m iand j. ot
2) Molecular field approximation (MFA 2)
(e (ndalm)e ©)
(M) =[1+exp fvo+ dx(m).0)]”

if the lattice is divided into two mnnoensomﬁmﬁmnm. lattices described by {#;)., and
(n;)aa (a chessboard structure). :
3) Quasichemical approximation
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4) Polynomial:decoupling ; =
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IV. RESULTS AND DISCUSSION

All our numerical calculations of the surface frequencies have been performed
with dimensionless quantities. The choicé of the: constant approximately corres-
no.:am to the chemisorption on the rea] crystal surface, where the resulting nearest
neighbour interactions are, with few exceptions, mainly repulsive (Jo>0). We have

put Jo=0.15, =2, ba=0.11, ¢/B,=1, Bya®=8, B,/B,=3, yp =0.03. The mass

ratio is either M/m=57.81 or M/m =6. The ratio &f'the ‘masses M/ m=57.81
corresponds to hydrogen on the crystal surface of: Ni:The “attice’ dynamic
n:mnnmmm (P})on and ((Xx)*) 4 have been evaluated in the high'témpérature limit.
, - The dimensionless surface atom frequency, Q*= Mw¥/B; cor respondingto the

‘wave ‘vector q=(rn/a, 0), has been “calculated in ‘the’ approximations“(82£11).

Typical results are shown in Fig. 1—3, whére Q7 i plotted as a function of T. Here

the effect of gas pressure'is illustrated; £60. "It is evidént that-at high temperature

the crystal surface is clean and the surface atoms Vibrate with'the fréquencies which

do not depend on temperature. ~ .+ i e . B e s
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Fig. 2. The mme as Fig: 4, but in the polynomial decoupling (11). .

In our case the surface frequency 22 is equal to 4. With decreasing température,

at constant gas préssure, gas atoms are adsorbed on the crystal surface and Q?
becomes a function of temperature T. The maximum value of Q? depends on the
adatom mass and corresponds to the coverage @ = (n) =1 when the monolayer of
the gas atoms is adsorbed. It follows from (4) that the growing force constant raises
the surface frequencies while the effect of the growing mass of atoms is opposite. In
all the approximations except MFA 2 (see below Figs. 7—8, where the functions @
and (nn ). are displayed), M, and A, are monotone increasing in magnitude if T
decreases. For the mass'ratio M/m = 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-curves
and these are non-decreasing in the temperature region where (nn).. are small.
Only in the approximation MFA 2, in which the correlations between neighbouring
adatoms are overestimated (the dashed lines in Fig. 3), the effect of the mass can
exceed the effect of the force constant and the surface frequency can decréase with

_decreasing temperature. ~~ s . :

* There s a different situation in case of the heavy gas atoms, in our case we have
M/m=6.. Here . the.influence of the changing ‘masss is also seen:at the small
coverage, as illustrated in Figs. 4—6. All the curves start at Q=4 and then they
decrease due to the increasing mass of surface atoms. The decrease of frequencies
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Fig. 5. .H,.rn same as Fig. 2, but for the mass ratio M/m =6.
A depends on the correlations cmz.,conl the adatoms. If these are neglected, i.e. if
A (nn)=(n)* (MFA1), the frequency reaches the minimum at the coverage
40 | © =0.225 as it follows from (4). This minimum frequency is the same for all P (see
‘ ! L ! L ! | _ L 1 M - e v |
W Fig. 7 shows the typical behaviour of (n) and (nn) in the uasichemical
0210 0170 0130 © 009 - - qQos T o1 ” & L (n) (nn) a
Fig. 3. The same as Fig. 1, but in molecular field approximations. The solid J; M P
. . Q ‘
(8), Sa.numroa __-,.8 82.3@0:& to MFA 2 (9 —to the upper branch (see Em.w%.ﬂ“”“ﬁ: .M,, ”MMM M o
&mn,a from MFA 1 only in the middle part of the 2_.28._ . T
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., Fig. 4. The same as m..._m 1, but for the mass ratio M/m =6, s

' Fig. 6. The same as Fig. 3, but for the mass ratio M/m u;a.
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Fig. 7. The coverage (the solid lines) and the correlation function Nnﬁ mo.?mnm
functions of temperature T and gas pressure P=P,e
calculations are performed in the quasic]

approximation. The behaviour of thése functiois in the

is practically the same. For these approximations the relation
C {mm)=(n)ren

is satisfied if the mo&»w@o is small. -

The adsorption isotherms evaluated in -the molecular field approximation are
shown in Fig. 8. The dependence of © versus T at fixed gas pressure has a similar
character. It is known that our model of an adsorbing surface does not exhibit
first-order phase transitions if the nearest neighbour interaction is repulsive

(%>0). Our results agree with. this prediction.
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Fig. 8. The coverage as a function of gas pressure”
P=Poe™ at fixed T ¢} .IW.HHQ.OAM.
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