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ABSTRACT

The critical behavior of a ferromagnetic Ising film with amorphous surfaces is studied
within the framework of the effective field theory. The dependence of the critical temperature
on exchange interaction strength ratio, film thickness, and structural fluctuation parameter
is presented. It is found that an order-disorder magnetic transition occurs by varying the
thickness of the film. Such a result is in agreement with experiments performed recently on
Fe-films.
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I. INTRODUCTION

During last years, much effort has been directed towards the study of surface magnetism,

mainly because of the improvement in the experimental techniques, such as spin-polarized

low energy electron diffraction and Mossbauer spectroscopy. In particular, the semi-infinite

simple cubic spin-^ Ising ferromagnet having a free surface has received much attention and

has been studied by a variety of approximations and mathematical techniques, including

a mean field approximation [1], various effective field theories (2-4], renormalization group

techniques [4-5], series expansion [6] and Monte Carlo studies [7]. Within that model the

environmental effects produced by the surface can be simulated in the simplest way by

assuming that the spins on the surface interact with each other through an exchange inter-

action, J j , different from the bulk, J. The main result is that there exists a critical value

{Ja/J)crit of the {Js/J) parameter, below which the sample can be magnetically ordered only

as a whole. However, for (J3/J) greater than a critical value (J3/J)crit a surface ferromag-

netic phase is possible. With the recent advances of modern vacuum science, in particular

epitaxial growth techniques (especially Molecular Beam Epitaxy) it is now possible to grow

very thin magnetic films of controllable thickness [8-10] and this has stimulated renewed in-

terest in both experimental and theoretical film magnetism. The behavior of multilayer films

can differ significantly from any of its components. Such a behavior varies with the nature

of the structure and with the film thickness. Several reports have recently been published

[11-14] on the structural and magnetic properties of multilayer films such as Fe/Ni, where

Fe layers may crystallize in a fee or bec structure depending of their thickness. The change

of the structure of the Fe was provided by experiments [11,12] which indicate that for a

layer thickness L < 20 A, Fe films have fee structure, whereas for L > 40 A, Fe films exhibit

bec structure. Magnetization measurements of a series of Fe films [15,16] show that the

magnetic moment of the Fe depends on their layer thickness. However, a transition between

non magnetic and magnetic state is obtained at a critical thickness of the Fe film [15,16].

Considerable theoretical work has been devoted to the study of the magnetic properties of



multilayer films. Part of this theoretical activity has been devoted to the study of Ising thin

films [17-19] models. Among the more recent investigations has been devoted to the study

of thin magnetic films having enhanced surface exchange, both within the mean field theory

[20-22] and an effective field theory that accounts for the self spin correlations [23-24]. The

thickness dependence of the critical temperature [20-24] and the amorphization profiles [25]

have been studied. More recently, the influence of surface and bulk transverse fields and

dilution on the critical behavior of Ising thin films has been studied [26-27]. Other studies

of this problem have been reported [28-30] but they do not treat the competing effects of

the bulk and surface fields. In real situations, the film surfaces are unlikely to be regular on

an atomic scale. It is therefore of interest to study the influence of surface irregularities on

the magnetic properties.

In this paper we study a ferromagnetic Ising film with amorphous surfaces. For such a

study, it is obvious that the characteristics of amorphization will depend in an essential way

on the distribution function of exchange interactions. Here, as discussed by Handrich [31],

Kaneyoshi [32] and Sarmento et al. [33], the lattice model is applied, in which the structural

disorder is replaced by a random distribution of exchange interactions. The outline of the

paper is as follows: In section 2, we briefly present the magnetizations and the expressions for

evaluating the phase diagrams. Numerical results and their discussion are given in section

3.

II. MAGNETIZATIONS AND PHASE DIAGRAMS

We consider a thin ferromagnet film with simple cubic symmetry composed of L layers

in the z direction, which is described by the following Hamiltonian

Jni.n'jSniS^ (1)

where Sm denotes the z component of a spin—^ operator in the lattice site (n,t), and «/„,-,„'j

is the ferromagnetic exchange interaction between spins at sites (n,:) and (n\j) and takes



the value J, if both spins are nearest neighbors within the surface layers n = n = 1 or L, and

the bulk value J otherwise. We consider only the case when the exchange interactions are

between nearest neighbor spins. For an amorphous surface, J, is assumed to be randomly

distributed according to the following probability distribution of the Handrich-Kaneyoshi

type [31-33]:

P(l) = l-S[J, - J3(\ + 8)} + l-S[Jt - J,(l - 8)} (2)

where 8 is the fluctuation order parameter which measures the amount of the disorder due

to the amorphization at the surfaces of the film.

On the basis of Eq. (1) the Callen equations for the magnetizations of successive layers

can be obtained [34] and the result is

mn =< Sni >=l< <««M/2E£-WA'j) >; n = 1,2,...Z, (3)
1 n

where mn is the magnetization of the nih layer and (3 = 1/KBT.

We intend to apply Eq. (3) to a system with disorder at the surfaces. Therefore, the

average value < ... > has the meaning of double averaging: over temperature and over

disorder due to amorphization at the surfaces of the film (atomic configuration). We assume

that the thermal averaging concerns only the spins, whereas the configurational averaging

should be performed both for spins and exchange interactions between spins at the surfaces

as well. As usual, for the disordered film system, we will assume that the configurational

averages for spins and exchange interactions functions can be calculated independently. In

order to separate those functions and to perform the averaging we will use the integral

representation technique. The outline of this technique for spin of magnitude S = 1/2

has been given in [35]. Therefore, further-calculations are very similar to those given in

[35]. Thus, the application of the effective field theory used in the previous paper to the

layered Ising film with amorphous surfaces under consideration leads to the following set of

equations for the magnetizations

N k N-k No

mi=2-^+No+l)E E £ E cac^csr



( l - 2 m 2 ) " 3 ( l

.{l - S)(k - 2 / i , ) + J , ( l + &){N - k - 2 / i 2 ) + J(N0 - 2 / i 3 ) ] | (4)

N No No

2m,)M(l + 2ml)
Ar°-«(l - 2m3)"(I

(5)

No No

m. = 2-<"+2*+I> £ £ g

I ^ /or t = 2,3,..., L - 1 (6)

- 2mL)'Jl+«(l

| ^ [ J , ( l - 8)(k - 2 / i , ) + J , ( l + S)(N ~k- 2/z2) + J(yV0 - 2/x3)] J (7)

where No and /V are the numbers of nearest neighbors in the plane and between adjacent

planes respectively. For the case of a simple cubic lattice which is considered here we

have N ~ A and No = 1. C[ are the binomial coefficients. We have thus obtained the

self consistent equations (4)-(7) for the magnetizations m,, that can be solved directly by

numerical iteration. No further algebraic manipulation is necessary. As we are interested in

the calculation of the ordering near the transition critical temperature, the usual argument

that m,- tends to zero as the temperature approaches its critical value, allows us to consider

only terms linear in m; because higher order terms tend to zero faster than m, on approaching

a critical temperature. Consequently, all terms of the order higher than linear terms in Eqs.

(4)-(7) can be neglected. This leads to the set of simultaneous equations

(8)



or a matricial equation

A .m = m (9)

where the matrix A is symmetric and tridiagonal with elements

Aij = / i iAj + Aitj (Sij-x + Sij+i).

The elements of the matrix A are given by

Ah0 = ALtL+l = 0 (10)

Ai,i = AL,L ~ FT [tanh{Ay + z) + tanh(Ay - z) + 8 tanh(2y + z) + 8 tanh(2y - z)
64

+4 tanh(x + 3y + z) + 4 tanh(x + 3y - z) + 12 tanh(x + y + z)

+ 12 tanh(x + y - z) + 2 tanh(-x + 3y + z) + 2 tanh(-x + 3y - z)

+6 tanh{2x + 2y + z) + 6 tanh(2x + 2y - z) + 8 tanh{2x + z) + 8 tanh[2x - z)

+4 tanh(3x + y + z) + 4 tanh(3x + y - z) + 2 tanh(3x - y + z)

+2*an/i(3z - y - z) + <an/i(4x + z) + Zan/i(4x ~ z)] (11)

Ai2 = AL L_, = —— [<an/i(4y + z) - tanh{Ay - z) + 16 tanh(2y + z) - 16 tanh(2y - z)
256

+36 f an/i(z) + 4 <an/i(x + 3y + z) - 4 tanh(x + 3y - z) + 24 tanh{x + y + z)

-24 tanh(x + y - z) + 4 tanh{-x + 3y + z) - 4 fan/i(-x + 3y - z)

+6 <an/i(2x + 2y + z) - 6 tanh(2x + 2y - z) + 24 tanh{x - y + z)

-24 tanh(x - y - z) + 6 tanh(2x - 2y + z) - 6 tanh(2x - 2y - z)

+16 <an/i(2x + z) - 16 *an/i(2x - z) + 4 tanh(3x + y + z) - 4 tanh(3x + y - z)

+4 tanh(3x - y + z) - 4 tanh(3x - y - z) + tanh{Ax + z) - <an/i(4x - z)] (12)

^n,n = 4 An<n.x = A An<n+l = i (ian/i(6z) + 4 <an/i(4z) + 5 tanh(2z)], n = 2,3,..., L - 1 (13)
o

and

x = pJ,{l-6)/4 (14)

y = PJ,(l+S)/4 (15)

z = /3J/4 (16)



The system of Eqs. (9) is of the form

M . m = 0 (17)

where

Mi,j = (1 — Aiti)8ij — Aitj(Sij-i +£jj_i). (18)

All the information about the critical temperature of the system is contained in Eq. (17).

Up to now we did not specify the values of the coupling constants; the terms in matrix (17)

are general ones.

In a general case, for arbitrary coupling constants Jt and J, structural fluctuation param-

eter S and film thickness L, the evaluation of the critical temperature relies on a numerical

solution of the system of linear equations (18). These equations are fulfilled if and only if

det M = 0 (19)

where

det M = c (20)

The parameters a, 6 and c that appear in the equation (21) are given by

a =
M,2

6
=

C =

'-; /or n = 2,3,..., Z , -

(21)

(22)

(23)



The parameters a, b and c are responsible for the boundary conditions and physically reflect

the different possibility of the surfaces and the bulk to magnetize.

In general equation (20) can be satisfied for L different values of the critical temperature

KBTCIJ from which we choose the one corresponding to the highest possible transition

temperature (see discussion in ref. [36]). This value of KBTC/J corresponds to a solution

having mi,m2,...,mf, positive, which is compatible with a ferromagnetic ordering. The other

formal solutions correspond in principle to other types of ordering that usually do not occur

(Ferchmin and Maciejewski [18]). The reduction and rearrangement of the determinant of

Eq. (21) leads to the result [37-38]

det M = c[{ab - 1)2DL_4(6) - 2a{ab - l)DL.s(b) + a2DL.6(b)} (24)

where DL(U) is the determinant

DL(u) =

u

- 1

- 1

u

— 1

- 1

- 1

- 1 u

1

- 1

11

(25)

whose value is

DL(u) =
(u2-4)5

Z-+1 L+\

, for u7 > 4; (26)

and

DL{u) = with k = cos ' - J , for u 2 < 4 (27)
sin(k)

Throughout this paper, we take J as the unit of energy, and the length is measured in the

unit of lattice constant.
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III. RESULTS AND DISCUSSION

From Eqs. (20) and (25), we can obtain the phase diagrams of the film. There can

be two phases, a film ferromagnetic phase (F) which means that the average magnetization

(m = £ 5Zn=i rnn) in the film is different from zero, and a film paramagnetic phase (P) which

corresponds to m = 0. In particular, the critical frontier characterizing the ferromagnetic

phase stability limit as a function of the exchange interactions strength ratio Ft ~ (J,/J),

film thickness L and amorphization (or structural fluctuation parameter) S can be obtained.

A useful expression for determining the critical value of (Js/J)crit is obtained by noting that

DL(X) — L + 1 at the infinite bulk transition temperature. At this temperature, Eq. (24)

reduces to

del M = c[L({ab - 1) - a)2 - 3(ab - I)2 + 8a(a6 - 1) - 5a2] (28)

which is clearly zero for all values of L at a = ab — 1. The critical value of {Js/J)Crit is

therefore given by the simultaneous solution of the equations a = ab — 1 and 6 = 2. The

effect of surface exchange enhancement on the critical transition temperature of Ising thin

films in the absence of amorphization has already been considered by Sarmento et al. [26]

and by Hai and Li [39] with conflicting results.

The results for the transition temperature as a function of (Ja/J) are shown in Fig. la

for films of various thickness. Above a certain value of the surface exchange enhancement

the transition temperature is higher the thinner the film, the reverse of the situation existing

in the opposite case like for the isotropic system. We find the critical value of (J,/J) at

which the transition temperature is independent of film thickness to be (J,/J)Crit — 1.3069,

in agreement with the result of ref. [26], but at variance with that of ref. [39]. Fig.

la also indicates the value of the infinite bulk transition temperature (I\'BTC/J) — 1.2683

which has been obtained on the basis of the current effective field theory by setting b = 2.

The bulk critical transition temperature is independent of (Jt/J) and L. We now turn to

the influence of (Ja/J) in the presence of amorphization at the surfaces. Fig. lb shows

9



that the amorphization causes the critical value of the surface exchange enhancement to

move to higher values. For example, with the structural fluctuation parameter S = 0.5 the

critical value of (J3/J) is shifted from 1.3069 to 1.4068. For a fixed value of (J,/J), the

dependence of the critical temperature on film thickness is exhibited in Fig. 2a. For a value

of R — (Jj/J) below (J,/J)Crit alluded to above, the transition temperature increases with

L and approaches the infinite bulk critical temperature asymptotically as the number of

layers in the film becomes larger. On the other hand, for R — [J3fJ) above its critical

value the transition temperature falls as the number of layers increases. Fig. 2b shows

the same behavior as Fig. 2a with a decrease of the critical transition temperature of the

film (KBTC/J) because of amorphization. In Fig. 3, the solid curves denote the results

for the case of an ultra-thin film (L = 4) which are of particular interest because their

critical properties are more susceptible to R = {J,/J) than thicker films. In this case, the

critical temperature falls due to the amorphization at the surfaces. As expected, the fall is

greater, the greater R — (Js/J). For large values of the thickness parameter L (for example,

L = 16), the broken curves show that the decrease in critical temperature is less marked.

For large amorphization S, the critical temperature {KBTCIJ) tends to a value independent

of R = (J,/J). The variation of (J,/J)crit as a function of the amorphization has been given

in Fig. 4. This critical value increases with the degree of the amorphization as seen before.

Finally, we conclude by saying that the study of the Ising thin film with amorphous

surfaces shows many relevant results. It was found that the film thickness is a pertinent

parameter in the sense that a transition occurs, by varying the film thickness which de-

pends on temperature and amorphization. Such a result is in excellent agreement with the

experiments performed for Fe films.

10
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Figure captions

Fig. 1: The phase diagram in the (KBTC/J,J,/J) plane. The number accompanying each

curve denotes the film thickness L: (a) 5 = 0; (b) 8 = 0.5. In (a) the solid line is the infinite

bulk transition temperature.

Fig. 2: Thickness dependence of the critical temperature in an amorphous thin film. The

number accompanying each curve denotes the value of R = (Jt/J): (a) 8 = 0; (b) 8 = 0.5.

In (a) the broken line is the infinite bulk transition temperature.

Fig. 3: The variation of the critical temperature as function of the amorphization. The

number accompanying each curve denotes the value of R — (J3/J). The solid lines are for

L — A and the dashed lines are for L = 16 .

Fig. 4: The variation of (Js/J)crit as function of the amorphization.
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