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Abstract

The phase transitions of a ferromagnet spin-1/2 Ising superlattice consisting of two different

materials in a transverse field is examined with the use of the effective field theory that accounts for the

self-spin function correlation. The critical temperature of the system is studied as a function of the

thickness of the constituents in a unit cell and of exchange interactions in each material. A critical

interface exchange interaction above which the interface magnetism appears is found. The effects of a

uniform transverse field and the interface exchange interaction on the parameters of the system are also

investigated.
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1- Introduction

The magnetic properties of artificially fabricated superlattices have been studied over the years because

their physical properties differ from simple solids formed from the same materials (for a review, see[l]).

With the advance of modern vacuum science, in particular the epitaxial growth technique, it is now

possible to grow films of predetermined thickness, even of a few monolayers. Superiattice structures

composed of two different ferromagnetic layers (Fe/Co, Fe/Cr, Fe/Ni, Co/Cr, Dy/Gd, etc ... ) have

already been fabricated.

The critical properties of such systems have been studied, either experimentally [2-5] or

theoretically [6-18]. Superiattice structures composed of alternating ferromagnetic and annferromagnetic

layers have been investigated by Hinchy and Mills [7,8], using a localized spin model. A sequence of

spin-reorientation transitions are found to be different for superlattices with the antiferromagnetic

component consisting of an even or odd number of spin layers. In addition, the spin-wave spectrum

and infrared absorption spectrum are calculated. Ma and Tsai [9], using the mean field approximation,

have calculated the critical temperature of the compositionally modulated superiattice. In the same

approximation Sy [10-12] and Sy and Ow [13] have suggested that the dependence of the critical

temperature on the modulation vector should be linear. They also tried to compare their result with

experimental data [6] (Tc measurements were carried out on Cu/Ni superiattice) and reported a

qualitative agreement.

A quite different approach to the critical phenomena in the ferromagnetic superlattices has been

chosen by Fishman etal. [14]. Starting from the Ginzburg-Landau Hamiltonian, they obtained a phase

diagram (Tc versus thickness of the layers) for EuS/EuO superiattice. On the other hand, the Landau

formalism of Camley and Tilley [15] has been applied to calculate the critical temperature in the same

system [16]. Compared to ref. [14], the formalism of ref. [15] appears to be more general because it

allows for a wider range of boundary conditions and includes the sign of exchange couplings across the

interface. For more complicated superlattices with arbitrary number of different layers in an elementary

unit, Bam&s [11] has derived some general dispersion equations for the bulk and surface magnetic

polaritons. These equations are then applied to magnetostatic modes and to retarded wave propagation

in the Voigt geometry [18].

In two earlier papers [19-20], two of the present authors have studied the effects of a uniform

transverse field and surface magnetism on the critical behavior of an alternating ferromagnet spin -1/2

Ising superiattice, or a lattice in which the "unit cell" consists of two atomic layers. The effective field

theory with a probability distribution technique [21] which gives more satisfactory results than the

standard mean field theory has been employed and the results for the critical temperatures and the



critical exchange couplings have been determined. We study, in this paper, the effects of a transverse

field on the critical temperature in a ferromagnet spin-1/2 Ising supperlattice consisting of two

ferromagnetic materials with different bulk properties. In particular, we consider the two constituents A

and B with different bulk transition temperatures as a simple model, i.e., Tc
c * TC

B . The interface is,

in general, different from both bulks, even if the bulk critical temperatures are the same. We use the

effective field theory [21] in the present work. In section 2, we outline the effective field theory and

derive the equation that determines the critical temperature. Numerical results are discussed in section 3

where the existence of the interface magnetic phase transition is discovered and the critical value of the

interface coupling is determined. A brief conclusion is given in section 4.

2- Effective field theory

We consider a supperlattice consisting of two different ferromagnetic materials A and B. For simplicity,

we restrict our attention to the case of simple cubic structures. The period condition suggests that we

only have to consider one unit cell which interacts with its nearest-neighbors via the interface coupling.

The unit cell of the superlattice under con sideration is shown in figure 1. The coupling strength between

nearest-neighboring spins in A(B) is denoted by Ja(Jb), while Jab stands for the exchange coupling

between the nearest-neighbor spins across the interface. The corresponding number of atomic layers in

A(B) is La(Lb) and the thickness of the cell is L = La + Lb. The Hamiltonian of the system is given

by

j i x (1)
(i.j) *

where the first sum runs over all nearest-neighbor pairs and the second sum is taken over all the spins,

Oiz and O^ , denote the z and x components of a quantum spin Ot of magnitude a = 1/2 at site i, /„

stands for one of the three coupling constants depending on where the spin pair is located and Q

represents the transverse field.

The statistical properties of the system are studied using an effective field theory whose starting

point is the generalized, but approximate Callen [22] relation derived by Sa Barreto et al. [23] for the

transverse Ising model. The longitudinal and transverse magnetizations of the spin at any site i for each

of (OOn) planes lying within the period of the superlattice (see fig. 1) are approximately given by (for

details see Sa Barreto et al. [23-24])

(2)



where a= z and x for the longitudinal and transverse magnetizations respectively and

(3)

f x (y ,Q) = f z (Q,y) (4)

with /3 = IIkBT (we take kB = 1 for simplicity) and T is the temperature.

In eq. (2), (...) indicates the usual canonical ensemble thermal average for a given configuration, and

the sum runs over all nearest neighbors of site i. Because of the translational symmetry parallel to the

(001) plane, the magnetization only depends on the layer index which we will denote by n. To perform

thermal averaging on the right-hand side of eq. (2), we follow the general approach described in ref.

[21].

First of all, in the spirit of the effective field theory, multi-spin correlation functions are

approximated by products of single spin averages. We then take advantage of the integral representation

of the Dirac' s delta distribution, in order to write eq. (2) in the form

mn a = Jdcofa (CD,Q) — Jdtexp(ia>t)]~I{exp(-itJijcTjz)) • (5)

j

We now introduce the probability distribution of the spin variables (for details see Saber [21])

nz + i ) + (l + 2mnz)5(CTnz - ± ) ] (6)
2J

Using this expression and eq. (5), we obtain the following set of equations for the magnetization of

layer n

No No
m , - NP V ^ N ^ N Q ^ N O / ' , n^ Vifi _,_>>„, ^N-n

2 - N - 2 N 0 ^ ^ V fcNCN<>CN<>(l-2m

^2mn_ lz)
N°~tl l(l-2mn+1>z)

12

which holds for any structure.

In this equation, N and NQ . denote respectively the numbers of nearest neighbors in the plane

and between adjacent planes. For the case of a simple cubic lattice which we will consider here, one has

N = 4 and NQ = 1. C\ are the binomial coefficients,



c1 =——
k k'.(l-k)!'

We have thus obtained the self consistent equations (7) for the layer longitudinal and transverse

magnetization that can be solved directly by numerical iteration. However, since we are interested in the

calculation of the longitudinal order near the critical temperature, the usual argument that the layer

longitudinal magnetizations mnz tend to zero as the temperature approaches its critical value, allows us

to consider only terms linear in mn., because higher order terms tend to zero faster than mnz on

approaching the critical temperature. Consequently, all terms of order higher than linear in eq. (7) can

be neglected. This leads to the following system of equations

m n z = An>n_,mn_, z + A n n m n z + A n ) n + ,m n + 1 ) Z ( 8 )

which can be written as

where the elements of the matrix M are given by

^ . (10)

The only non zero elements of the matrix M are given by

iuf o-N-2N0 V V V V V

„ Mn,n=2 ° 1 2- LLL
u=0fii=0u2=0i=0 j=0

H=0u,=0u2=0i=0 j=O

-2M)+Jn,n-l(No-2m)+Jn>n+i(No-2n2)],o)} , (12)

N-2N0 y y y ^N°yMl

u=0u]=0u2=oi=o j=o

(13)

with the periodic boundary condition MX§ — MXL and ML L+l = ML {.

All the information about the critical temperature of the system is contained in eq. (9).



Up to now, we did not assign precise values to the coupling constants, transverse field and unit

cell width: the terms in matrix (9) are general ones. In a general case, for arbitrary coupling constants,

transverse field and unit cell width, the evaluation of the critical temperature relies on numerical solution

of the system of linear equations (9).

These equations can be satisfied by non zero magnetization vectors mnt only if

detM = 0 (14)

In general, equation (9) can be satisfied for L = La + L^ different values of the critical temperature

from which we choose the one corresponding to the highest possible transition temperature. This value

of the critical temperature corresponds to a solution where mu, m2z, ..., mu are all positive, which is

compatible with a ferromagnetic longitudinal ordering. The other solutions correspond in principle to

other types of ordering that usually do not occur here.

3- Results and discussion

Throughout this paper, we take Ja as the unit of energy, we introduce the reduced coupling constants

/?, = Jbl Ja,R2 - JabI Ja and in our numerical calculation length is measured in units of the lattice

constant. We note that when Jab = Q(R2 = 0) , the superlattice reduces to two sets of simple films, so

there exists separated phase transitions in two slabs. But here we are interested in the case of

Jab •£ 0(R2 ^ 0) . Therefore, without loss of generality, we assume the critical temperature of slab A

higher than that of slab B, that is, Ja > Jb(R{ < 1) , and hence TC
(A) I Ja > Tc

iB I Ja where TC
(A) I Ja is

the bulk critical temperature of a uniform lattice of material A and T^B) I Ja = RVT^A) I Ja .

To study the effects of the interface exchange coupling R2 and the transverse field for Q.I Ja on

the critical temperature of the superlattice, Tc I Ja is calculated for various unit cell widths L, transverse

fields Q./ Ja but fixed R{ = 0.75 and Lb = 3 (fig. 2). It is interesting to note that, for every choice of

L, the critical temperature decreases with the increase of the transverse field as expected. Tc/Ja

increases with the increase of /^ for given values of L and fl/J. We note that, for any given value of

Q / 7 a , there exists a critical value of the interface exchange coupling R^ such that, when /^ > R% and

consequently Tc/Ja > T^A)IJa,T^B)IJa the system may order in the interface layers before the

interlayer ordering, i.e., the interface magnetism dominates. For/^ < R\,TCI Ja < T^A) IJa,T^B) IJa

we have the contrary situation. Initially, it has a place intralayer ordering, i.e., the intralayer magnetism

dominates and the system behaves like metamagnets. From the plots in fig. 2, we obtain the following



critical values of Rc
2: for Q/Ja = 0,R2 = 1.829, for Q.IJa = l,R2 = 1.840, and for

Q. I Ja = 2, /?2 = 1.891. /?2 increases with t he increase of Q. I Ja .In fig. 3, we sho w the variation of

the critical temperature of the superlattice for various values of R2, £1/ Ja but fixed £A = 3 and

/?, = 0.75. For every choice of Q.I Ja,Tcl Ja decreases with the increase of L for R2 > R% and it

increases with the increase of L for /?2 < /?£. This suggests also that there exists an interface

magnetism as seen before. For fixed L and 7^, Tcl Ja increases with the decrease of Q./ Ja and for

fixed Land Q.I Ja, Tcl Ja increases with the increase of /?2.

4- Conclusion

The critical behavior of a ferromagnet spin -1/2 Ising superlattice consisting of two materials in a

transverse field is examined using the effective field theory. The formalism of the critical temperature

derivation obtained above is universal and can be used for the study of a superlattice of various

thicknesses and structures. Although we have considered a superlattice with only ferromagnetic

exchange coupling, (all J;j > 0 ) , the formulation is also applicable for antiferrom agnetic couplings

(some or all J{j < 0) .
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Fig.l: Two-dimensional cross section of a unit cell of the superlattice composed of two ferromagnetic

materials A and B, where L = La + Lb is the thickness of the cell.
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Fig.2: The critical temperature Tc/Ja versus /?2 = JabUa for Ifl = 3 , Ry= Jb/Ja= 0.75 and

several values of L and Q/J. The number accompanying each curve denotes the value of L = La+Lb .

Solid, short-dashed and dashed lines are respectively for Q/ J = 0, 1 and 2.
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Fig.3: The variation of the critical temperature versus the unit cell thickness L when Lb = 3 ; /?, =

0.75 and several values of R2 and Q.I Ja. The number accompanying each curve denotes the value of

R2.

Solid, short-dashed and dashed lines correspond respectively to Q./ Ja = 0, 1 and 2.

11


