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1. INTRODUCTION

Due to the theoretical and practical importance of ferromagnetic thin films of alloys of

transition metals, then is increasing interest in the investigation of the systems.

The present paper deals with calculation of spontaneous magnetization of transition metal

alloy thin films. The problem has been studied [1,2] by the Heisenberg model, which treats the

d electrons as localized on atomic sties. We introduce here a method for the problem based on

band theory within the Hubbard model and using the Bragg-Williams approximation and two-

dimensional canonical transformations.

In Sec.2 this method is described. Preliminary numerical results fora N13Ft thin film

are presented and discussed in Sec.3.
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2. METHOD

Consider a thin film made of a substituttal binary alloy AEBt (1 , y are the relative concen-
trations of A and B atoms). Following Valenta [3], we assume that the thin film may be considered
as a system of I atomic planes parallel 10 the surfaces of the film. The planes are denoted by v

(v «= 1 to ©. The position of an atom in a plane is given by two-dimensional vector/. Although
we shall take into consideration d electrons, for simplicity, we consider a bands. In the work we
take into account only nearest neighbour interactions.

We write the Hubbard mode Hamiltonian as

(2.1)

where c\ and \ja are the creation, annihilation and particle operators of an electron of spin

a on site / i n the v-th atomic plane, U,j is the Coulomb interaction energy h, ( J yj is the nearest

neighbour hopping integral, euj is the local site energy of an election on atom (vj ) .

In the Hartree-Fock approximation, the Hamiltonian (2.1) can be written as

(2.2)

where

Here, the sum ( / ) runs over all sites belonging to the f-th plane, <J = T ( I ) . & = i (T) • Note that

the energy EKja is E^, for/occupied by A atoms or is E% for/occupied by B atom. Similarly,



the hopping integral
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Thus, k represents the configuration^ Hamiltonian of a given configuration of the sys-
tem. The exact calculation with H, however, has met with great mathematical difficulties that have
not yet been overcome and a variety of approximate methods have been attempted. We use the
simplest Bragg-Williams approximation [4]. In the present case this approximation consists in re-
placing H for each configuration of given long range order parameter t) by the simple average {H}e

for all configurations of the given ij.

According to the chosen model of the thin film, the order parameter may be inhomoge-
neous across die film. Thus we have t different local order parameters tj,.

When the perfectly ordered arrangement of atoms in binary alloys is realized the lattice
sites occupied by A atoms will be called a sites and those by B atoms 0 sites.

By definition the local order parameters are

V* " Pt - pi, (2.4)

where p*,, is the probability for/i site of the i/th plane to be occupied by \ atom(p = a,0;\ =
A, B), xy and yy are the local atomic concentrations. Notice that in the perfectly ordered state
Pt> m '.Pfl, " 0 and then tj,, - 1, in disordered stale p£, - p^andn,, « 0 , in partially ordered
state o < T| < 1.

One can get the following relations

(2.5o)

(2.56)

(2.5c)

For averaging the Hamiltonian k these probabilities are used. After the averaging we obtain

(2.6)

where

-(;!)-*(

The coefficients K (^ y) are given by

(2.7)

(2.8)

. »
(2.9)

where z is the number of sites in shell of nearest neighbour sites surrounding a given site, ;££ is
the number of nearest neighbours ( v'pl) sites of ( vp) site (p = a, 0; p! • a, 0). In (2.7) for each
kind of atoms the value Evja is assumed to be uniform in each atomic plane parallel to the surfaces
of the film.

Unlike /f, which depends explicitly upon the occupations of all sites, H is independent
of configuration. In other words, the alloy thin film problem leads to a pure medium film problem.

However, the effective film is periodic only parallel to the surfaces. In order to diagonal-
ize H we use the two-dimensional canonical transformations [5], by means of which the operators
Kja' ^»J« c a n ** t r a n s f ° n n e d into operators o j ^ and &jm as

(2.10o)

Here, N^ is the number of atoms in each atomic plane, h denotes two-dimensional wave vector, r
can be considered as thirth component of wave vector for thin films, the coefficients P." play the
role of perpendicular amplitudes and a £ n and OSTH are the creation and annihilation operators for
an electron in state (hr) with spin a.

After the canonical transfonuntions H become

(2.11)

where



We can obtain the diagonal form

(2.13)

if the equations
(2.14)

(2.15)

are taken into account. Here E%n is energy eigenvalue of state ( hra) and the sum (h) runs over
the two-dimensional Brillouin zone, corresponding to the structure of the film.

Now we can determine the statistical average number of electrons in (hra) state by using
the well-known quantum statistical methods

("Enr) * { e xP IC ĵEw ~ Bp) fkaT\ + 1}~ , (2.16)

where EP is the Fermi energy for the thin film, kg the Boltzmann constant, T temperature.

Let no be the average number of d electrons per site in the bulk alloy, one has

nj (2 17)

or

From relations (2.10) one can show

(2.18)

(2.19)
Sr

The average spontaneous magnetization per site of the v-th atomic plane of the thin film is then
given by

M (v) - 5 na (<n^nngU - {i^,)) (2.20)

where p g is the Bohr magneton, the number 5 is related to the degree of degeneration of d levels.

Eqs. (2.14). (2.15) and (2.17) constitute a set of self-consistent equations tatE^, T^n

and EP, a solution of which allows to calculate {njw) then (r^,) and finally MM. These equa-
tions are solved numerically.

RESULTS AND DISCUSSION

Although, as stated above, the main aim of this paper is to introduce a method for cal-
culating the magnetization of alloy thin films, rather than explain concrete experimental results,
numerical calculations have been carried out for a N ij Ft thin film of I = 7 atomic (HI) layers of
a fee lattice.

We will not attempt to give detailed results of the calculations with different values of
parameters of the theory. We present here only preliminary results in order to illustrate the use
of the method. We calculated for temperatures T • 500 K and 779 K (the order - disorder
phase transition temperature for NiyFe alloy). In the calculations the electronic configurations
3 ^ ° 3 d J 24a° » for Ni and 2d\ °3<^-24*0 1 for Fe [6] have been used. The values for the
Coulomb interaction energy parameters have been taken from [7], for the long range order pa-
rameters from [8]. The hopping integrals for each component of the alloy were considered by the
Roster-Slater's procedure [9] and expressed in terms of the Koster-Slater parameters, the values of
which for Ni and fe have been chosen from [10]. For h ( J£ J and '»(£*) w e usc<* ̂  following
approximation

Eqs.(2.14) with conditions (2.15) and (2.17) have been numerically solved self-consistently
for the parameters. However, one has by symmetry M( 1) - W(7) ,M(2) - M(6) ,M(3) «
M( 5), therefore, only four equations (2.14) for i/ • 1 to 4 are to be solved. The calculations were
carried out for about 2400 points in the Brillouin zone. The calculated M (v ) is shown in Fig.l.

As expected for ferromagnetic thin films, the magnetization strongly decreases at surfaces
of the film. One can explain this decrease by the physical fact-the lack of part of nearest neighbour
atoms at surfaces.

It is interesting to remark, as can be seen from Fig. 1, the oscillation in the dependence
M{v) obtained in the present model (band Hubbaid model) in contrast to the Heisenberg model
[1,2] where a monotonical decrease in the magnetization following the direction from the middle
to surfaces of the film is obtained This difference indicates a difference in these two models for
ferromagnetic alloy thin films. Only the agreement of theoretical results with experimental data
can allow to choose the best suited model for a given sample.

Within our model this effect is probably associated with an oscillation of electronic den-

sity.

The effects of long range order are visible in Fig.l, where curve 2 corresponds to the
complete atomic disorder (at T = 799 K), i.e. atomic long range order parameters nw = 0 and
curve 1 corresponds to the case of partial atomic long range order (at T = 500 K). Note that
both curves correspond to the same values of the other parameters. In both cases the form of the



distribution of the magnetization across the film is similar each to another bat the values of M O )
in the case of complete disorder are smaller than that in the case of long range order. The effects
have been observed in the case of bulk ferromagnetic alloys, and may be expected in the case of
(jVi _ Ft) alloy thin films.

Finally, we would like to note that in the treatment described here we consider only a
bands and take into account only the Coulomb interactions between electrons. A further devel-
opment would be to take into consideration higher degeneracy for d-states and the ferromagnetic
exchange interactions between the d electrons. However, this extension is straightforward [11].

In the method we used the Bragg-Williams approximation, which is equivalent to the
effective Hamiltonian one. It is certainly desirable to test the approxiamtion.

A full investigation of the problem discussed here lies outside the scope of this paper.
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Figure Caption

Fig.l Spatial variation of the mftgnetization across the Af«3Fe thin film for T = S00iir,779K:
(fiist and second curves, respectively). Calculated points are shown by solid circles.
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