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INFLUENCE OF CHEMISORBED ADATOMS
ON SURFACE VIBRATIONS

I. KARASOVA,* V.K.FEDYANIN,** A SURDA,* Dubna

The surface vibrations of a lattice with chemisorbed adatoms were investigated using
the formalism of the occupation number and the correlation functions. The behaviour of
the frequency spectrum of a monoatomic quadratic lattice was analysed.

BIIHAHUE XEMMNCOPEUPOBAHHBLIX AJATOMOB
HA NOBEPXHOCTHBIE KOJEBAHMA

Hcxops u3 hopmannsma qKcen 32110AHEHUS M KOPPEAHOHKbIX byHxiui, B pabore
PacCMaTpUBAIOTCA NOBEPXHOCTHbIC KONEOAHNS DEUIETKH C XEeMUCOPOUPOBARHBIMY afa-
Tomamu. [TpoBenen aHanu3s NOBEREHUS YACTOTHOTO CNEKTPA ISt ONHOATOMHOM KBaapat-
HO# PELIETKH.

I. INTRODUCTION

Many physical phenomena can be described with the Ising model. This model
was intensively applied in particular to the theory of magnetism. Besides it was
used to describe the adsorption in the lattice theory of a liquid, too [1]. In this paper
we shall apply the Ising model to the description of a system of atoms adsorbed on
a crystal surface. As will be shown, the presence of adatoms on the surface leads to
the renormalization of the force constants and frequencies of the surface vibrations
by means of adatom correlation functions. The basic idea of our procedure is
similar to the one used in the work [2], where the effect of the spin-phonon
interaction in the magnetic phase transitions is investigated.

1i. MODEL HAMILTONIAN

For simplicity we shall model the adsorbing surface of a solid by a monoatomic
two-dimensional lattice. We assume adatoms bound to the surface so strongly that
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they oscillate together with them (i_e. we shall investigate the chemisorption on an
ideal surface).

Using the formalism of the occupation numbers and the correlation functions,
the full Hamiltonian of the system surface + adsorbed atoms can be written
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where M is the mass of an atom of the crystal surface at the lattice site i, m is the
mass of an adatom, P, are theijr momenta, R; are their instantaneous position
vectors, S(R; — R)) is the interaction potential between atoms at the lattice sites ;
and j; J(R; — R,) describes the interaction potential between adatoms at the lattice
sites / and j, v is the effective chemical potential of adatoms and n, are the
occupation numbers having their eigenvalues 0 or 1, where n, = | corresponds to
a surface lattice site occupied by an adsorbed atom, n, =0 corresponds to an
unoccupied one. Using relation n? = n;, the Hamiltonian can be written in the more
compact form
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Let us introduce the model Hamiltonian H, parameters of which we determine
by the Bogolubov variational method -
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where the variational parameters My, A, v,, x are determined by the minimum of
the model free energy

Froa=—3""In Tre "o+ (H~Hy)eZ—8"'InTr e H»Fﬂ .
The subscript (0) denotes that we havee used the Hamiltonian (2) for calculating the
thermodynamical average of the difference H — H,, and u{ is the a-component of
the /-the atom displacement from the equilibrium position (for simplicity we
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confine ourselves to the harmonic term). The displacements u7, as usually, are
determined by the formulas

Ri¥=(R?) +uf=i"+u, a=1,2

Tr [0e™]

AOV = H;H m@luI_ .

The average of the difference H — H, can be written
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It is convenient to express the average of the interaction potentials S(R. — R,),
J(R; ~ R;) with respect to the model Hamiltonian H,, in the form [2]

TR~ R)w=exp 5 5 (XiXDu¥] -l
(SRR w=exp [ 5 (XX 919 S~ =5— ).

The condition for a minimum of the free energy
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give the following parameters of H,:

x=J(i-J) (4)
AL=VIViS(k ~ 1) + (nen ) VIVEF(k — 1)
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The dependence (#:)aa 0N 1/M,, was found by using the property of the projection
operators n; (n} = n,).
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1I. THE FREQUENCY SPECTRUM OF A SURFACE
WITH ADSORBED ADATOMS

We shall investigate the second equation (4), i.e. the equation
AL=V] ﬁ.?i:ﬁqg»l:?»sv 5

in which, we remind once more, the equilibrium positions are determined by
a choice of the Hamiltonian H,, but no other assumptions have been made. In
order to analyse the behaviour of the frequency spectrum, we have to model the
surface and the subsystem of adatoms.

We assume that the surface has a structure of the simple square lattice. Let the
atoms of the surface interact only with their nearest neighbours by central forces.
We assume that the interactions in the subsystem of adatoms have the character of
central interactions between pairs of the nearest neighbour adatoms. We assume
further that the interaction between the surface and the subsystem of adatoms
leads, besides changes of the interaction constants [3], to a change of the lattice
parameter, without changing the shape of the cell (a,—a). Then equation (5)
determines the elements of the force constant matrix A J; of a simple square lattice.
The mass of atoms is now equal to M, (see Eq. (4)).

In this case the equation {4]
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for the eigen-mode frequencies w% and the eigen-mode vectors e (P are the
elements of a force constant matrix, M is the mass of atoms) can be written as

Mowy= -5 Asre™ . (6)
i

If the matrix {[AS]| has the elements

}.O
0 A,

where A,, A, are the central and noncentral force constants, then from eq. (6) it
follows that

sl = A=+ (

)> lagi=laz=+(} 0,

0 A

Momg_,=2A,(1 ~cosqia)+2A,(1 - cos g,a) (7)
Mowg_,=2A,(1 — cosq.a)+2A,(1 - cos q,a).

The displacement correlation function
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with the help of the Symmetry properties of the lattice

(X)) n = (X)) = XYY s

can be written as

2 _ h ! —cosqa 1
(X)) = IMN M o cotgh 5 hfw,, (8)
where the frequencies Wy are the solutions of eq. (7). The correlation function
{(X)*),» may be found analytically only in the high-temperature limit. Substituting
€q. (7) into eq. (8) and expanding the function cotghx in the power series, we get
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for arbitrary A,, A,. If A, > A,, then
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From eqs. (4), (5) and (7) it can be seen that the frequencies o}, depend now on the
correlation function {n.n;)., and on the coverage © = (n;) by means of the lattice
parameters A,, A; and M,. It may be noted that (nn,) .. depends on @ (see below)
and the last of them depends on the pressure and the temperature T [1,3].

In order to solve eq. (7) it is necessary to specify the functions S(R. - R)),
J(R; — R;) and to utilize an approximation for (n,),, and (nn;)aa (i, j — nearest
neighbours). Therefore, expanding the functions § (R.—-R), J(R - R,) with
respect to u;, u{ being the displacements of the surface atoms from the equilibrium
positions if the interaction between the clean surface and the adatom subsystem is
negiected, we get
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Jo is the effective interaction between adatoms on a rigid lattice, Yi=ul~uy,
(Jo>0). .
If the interaction between the adatoms and the surface atoms is taken into
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consideration, the atoms vibrate about the new equilibrium positions (without
changing the shape of the cell). Substituting now

Yi=X3+ X;

into the relation (9), we obtain the expansion of the potentials S and J about the
new equilibrium positions

J(R—R)=J+3 Tmﬁfw%ﬁﬁ NT (10)
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From (10) it is easy to obtain
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where ((X§)*),n represents the thermal average with respect to the Hamiltonian
(2) where the correlation function is given by (8). The quantity X7 is determined by
the external pressure P, which may be expressed by means of averaged forces [5].
In view of our assumption the relation Xi=X, MI has to be satisfied for any pair of

nearest neighbours. Taking into consideration the following notation

183l =18301= (3’ 5.) Ici=lca- (00)

Bl = 1B = (% 2) = lcg) = (0c)

0 B,
el = =63l = () Nbal =~ {165, = ()
we have
= IWME%M‘N +{nom Y aa(cie X — b1 (12)

and X, may be expressed as
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where ¥ = (nn,)., is the correlation function of the adatom subsystem. By means
of the relation (13) we may rewrite the renormalized interaction between the
nearest adatoms in the form

TR =Ry =T =Jo= b+ 5 () +£ (X)) . (14)

In accordance with egs. (9—13), eq. (5) for the renormalized force constants
may be written as

>_”m_+h.€ AMMV
}N”mN.

From relation (15) it can be seen that the knowledge of the correlation function
W for an arbitrary pressure, T and for an arbitrary coverage function O, is very
important in order to analyse the behaviour of the frequency spectrum of surface
vibrations,

IV. APPROXIMATIONS OF THE CORRELATION FUNCTIONS
OF AN ADATOM SUBSYSTEM

In order to determine the renormalized frequencies and the renormalized force
constants from egs. (7) and (15), it is necessary to take into consideration the
approximation of the functions (nn) and {n):

1) Molecular field approximation

¥={(nn)=(n),
1 B, 1 , .
where (n) HMT —tgh 2 T +AxAA=v IM:T V' =vo+2x and v,, x are determi-
ned by the formulas (4) and (14).

2) Quasichemical approximation

f?iLTENE'Iwmmmwv?v:s,ff P

and (n) is determined by the equations
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3) Polynomial decoupling
(n) H»MGQ?V»: ()N,
Ne=[1+exp (B(v,+ kx))]™!

V= (nn) =3 L CHm (1~ ()i,

Y=(nn)=(n)e™ y=j (16)

is satisfied for the last two a imati i
. pproximations. The i
the renormalized force constant A (15) as R neg e

Ar=Butetn) e [~p 1+ 222 (10 2l an

if we put g €qual to zero in the expression for X,.

For a weak repulsion (37 < .
we gt (BT <1) and a small coverage, substituting (16) into (15),

\»_ =B, + cin 2 ﬁl. = P
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He i i i
re only the first term in the expansion of the function J is taken into account. If

We put in the €xponent, in accorda i
expression leads to the €quation Ses IO, = “ e then dhis

mT}TiiAL mv wb (Y2 1 bB
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If we may assume thar Xo=0, then

}um_I?m21:?:@,%:5“&. (19)

reduced.
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