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Phase Transitions in a Two Component Spin-One Ising Ferromagnetic Superlattice
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Using effective field theory with a probability distribution technique, the magnetic prop-
erties in an infinite superlattice consisting of two different ferromagnets are studied in a
spin-one Ising model. The dependence of the Curie temperature is calculated as a function
of the thickness of the two slabsin one period and as a function of the intra- and interlayer
exchange interactions. A critical value of the exchange reduced interaction, above which the
interf ace magnetism appears, is found.

PACS. 77.80.Bh — Phase transitions and Curie point.
PACS. 75.70.Cn — Interfacial magnetic properties.

I. Introduction

The magnetic properties of artificialy fabricated superlattices tha consig of two or more
ferromagnetic materials have been widely studied over the years, because their physicd properties
differ dramatically from simple solids formed from the same materids. The development of film
depostion techniques has aroused great interest in the synthess and study of superlattices in other
materids. Inlayered ferromagneti c materids, it has been found experimentally that one can obtain
arich variety of magnetic behaviours depending on the materials, the thickness and the number
of dabs and the gpplied field [1-5]. A number of theoreticd works have been devoted to the
magnetic and phase transition properties of superlattices formed from layers of different materials
[6-14].

In the present paper, we will study the criticd properties of infinite superlattices made up
of elementary units of two kinds of atoms. In each elementary unit, there are L, aomic layers of
magnetic ions of type A and L; atomic layers of magnetic ions of type B. We use effective fidd
theory with the probability distribution technique in its simplest form [15, 16]. This technique is
believed to give more exact results than those of the sandard mean-field approximation. In section
2 we outline the formdism and derive the equation that determines the trangtion temperature.
Numerical reaults are discussed in section 3. A brief condusion is given in section 4.

II. Formalism

Congder an infinite superlattice congsting of two different ferromagnetic materials A and
B. For simplicity, we restrict our atention to the case of the smple Ising-type sructure. The
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FIG. 1. Sketch of aunit cell of the superlattice

periodic condition suggeds that we only have to cong der one unit cdl. The dtuation is shown
in Fig. 1. The exchange coupling between the nearest-neighbor spins in A(B) is denoted by
Jaa(Jbp); We teke J,, &8 the unit of energy. Here, we consider the interface to be composed of
two layers (L, and L, + 1). J,, gands for the exchange coupling between the negerst-ne ghbor
oins across the interface. The number of atomic layers in materid A(B) is L.(Ly) and the
thickness of the unit cdl is L = L, + L. The spin-one Ising Hamiltonian of the system is given

by

H= _Z ZJnm/O’ZrO}ZL/T/, 1)
where o7, denotes the z component of a quantum spin o, of magnitude o, = 1 at site (n, ),
(n,n') are planeindices (r,r’) are different sites of the planes, and J,,,/, is the strength of the
ferromagnetic exchange interaction which is only plane dependent. The statisticd properties of
the system are studied usng an effective field theory that employs the probability distribution
technique, which is based on a Sngle-dte cluster comprising jus a sngle sdected spin, labded
(n,r), and the nei ghbouring spins with which it directly interacts. To this end, the Hamiltonian
is split into two pats, H = H,,,, + H', where H,, is that part of the Hamiltonian containing the
Fin (n,r), namely

Hnr = - (Z Jnn/UrZL’r’> O-fu«a (2)

The starting point of effective fidd theory is a set of formal identities of the type

Z \P — TT"T’[(O-ZT)p eXp(_ﬁHm’)
(((gnr)P)e) = < Tryr lexp(—BHp,)] > )

©)
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where (07, )P). denotes the mean vdue of (o7, )P for a given configuration ¢ of dl other sins,
(...) denotes the average over dl spin configurations o?Z,,.,, T'r,,, means the trace performed over
(oz, )P only, 8 =1/kpgT with kp the Boltzmann constant and 7’ is the absolute temperature. For
afixed configuraion of neighbouring spins of the site (n,r). the longitudind and the transverse

magnetizations and quadrupol ar moments of any spin at sSte (n,r) are given by

Mprz = ((Oqr)e) = (f12(4))), (4)
dnrz = <<(UfLT)2>C> = <f2Z(A)>)7 (5)
where
2sinh(BA)
fi-(A4) = T+ 2cosh(3A)’ (6)
_ 2cosh(BA)
f2z(A) = m, (7)

with

A= T i, ®

n'

wherethe first and second sums run over dl possible configurations of atoms neighboring or lying
on the (n, r) site, respectivdy. Each of these configurations can be characterized by the number
of magnetic @aomsintheplanesn—1, n, n+ 1. To peform therma averaging on the right-hand
gde of equations (4) and (5) one now follows the generd approach described in [15, 16]. Thus
with the use of the integrd representation method of Dirac d-didribution, equations (4) and (5)
can be written in the form,

(@ine) = [ dwfistw, By [ dtesp(ion [ (exp(=it o) ©

n'r!

((02))0) = / o fou (o, B)% / dt exp(ict) [ [{exp(—itnuwo?,)). (10)

n'r!

In the derivation of the equations (9) and (10), the commonly used gpproximeati on has been made
according to which the multi-spin correlation functions are decoupled into products of the spin
averages (the simplest gpproximation of neglecting the corrdations between different sites has
been made). That is

< i (0f)?...0f >r< 0F ><(0F)? > ...<of >, forj#k...#L (11)

Then, as ({07Z,).) and {{(cZ,)?).) areindependent of r, we introduce the longitudinal magneti za-
tion and the longitudinal quadrupolar moment of the n-th layer, on the basis of equations (4) and
(5), with the use of the probability distribution of the gin variables [15, 16],

P(Uér) = %[(an - mnz)é(o'fzr + 1) +2(1 - qnz)é(aﬁr) + (an + ng)(s(o'fLr - 1)] (12
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Allowing for the Ste magnetizations and quadrupolar moments to take different vaues in each
aomic layer paralld to the surfaces of the superlattice, and labeling them in accordance with
the layer number in which they are Stuated, the gpplication of Egs. (4), (9) and (12) yidds the
following set of equations for the layer longitudind magnetizations

n N—p Ng No—p1 Ng No—p2

Mpy =2 N— 2NOZZ Z Z Z Z 2u+u1+,u20N0N I

J=0 =0 11,20 15=0 4130 v

CNoCH M CNOCHR ™2 (1 — 203.)" (G — Minz)" (G + 1) VY (13)
(1 = 2Gn-1,2)" (qn-1,2 — Mn—1,2)" (qn-1,2 + Mp_1,,)N0"H—1

(1 = 2gn+1,2)" (Gn+1,2 — Mnt1,2)2(Gnt1,2 + Mg 2O TH2 72 f1, (yn),

where

Yn = [Jnn(N — = 20) + Jnjn—1(No — pr1 — 201) + Jnnt1(No — p2 — 210)]. (14

N and Ny are the numbers of nearest neighbours in the plane and between adjacent planes,
repectively (V. = 4 and Ny = 1 in the case of a Smple cubic lattice which is considered here),
and C!, are the binomid coefficients, C., = Wlk), The periodic condition of the superlatice
has to be satisfied, namely mo. = mr., mr+41,. =m1. and goz = gr+1,2, ad gr41,. = qi.. The
equations of the longitudind the quadrupolar moments are obtained by substituting the function
f1 by fo, in the expression of the layer longitudinal magnetizations. This yidds

Gnz = mnz[flz(yn) — f2z(yn)]- (15)

In thiswork we areinterested in the cd culation of the ordering near the trangtion Curie tempera-
ture. The usual argument, that m,,, tends to zero as the temperature approaches its critical value,
dlows us to consider only terms linear in m.,,., because higher order terms tend to zero faster
than m,,, on approaching a Curie temperaure. Consequently, all terms of the order higher than
linear terms in Egs. (13) that give the expressons of m,,, can be neglected. This leads to the set
of simultaneous equations

Mnz = Apn—1Mn—12 + AnnMnz + An np1Mn41,2, (16)
or

Am, =m,, (17)
where m, isavector of componnts (mq,,ma,, ... , My,. .. ,mg,) and thematrix A is symmetric
and tridiagonal with dements

Aij = Aiibij+ Aij (6ij-1+ dijr1). (18

The sysem of Egs. (17) is of the form
Mm, =0, (19)
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where
Mi,j = (A )5 + 4; 3(513 -1+ 61]—&-1) (20)
The only non-zero elements of the matrix M are given by

N N—p No No—p1 No No—p2 vi No—(ui+vi)

S 2 330 330 30 D S ST

p=0v=0 p1=0 v1=0 po=0 v=0 4=

21
CNCN*HCNOCNO*M CNo CNO —H2 C%’l CNO —(M1+V1)(1 _ tn)” (21)
(1_tn 1)#1(1_15 +1),u2tN—,ut(No ) —(E+7) No u2f ( )
—p No No—p1 No No—p2 v N—(u+v)
S S RS SIS S e
p=0 v=0 p1=0 =0 w=0 1,=0 =0 ;=0 (22)

CNCYHONoCh T oo a2 Cr O ) (1 — g
(1 tn)? (1=t oty RO o) — 1,

N N—p No No—p1 No No—p2 ve No—(p2+4v2)

O 303030 3 3 35 3R S E AT

p=0 v=0 p1=0 v1=0 ps=0 vy=0 =0 7=0 (23)
C}]LVle\f—HCIZL\goCIJI\lfo H1 Cgo 05\270 —H2 C;{l CJNO (M2+V2)(1 — tp)H
(1= g (1 — )ty 0 g™ gy (),
where the t,, are the vdues of the ¢,,. when m,,, = 0 a the critical point, which are given by

N N—p No No—p1 Ny No—pe2
RN IDID DI B
p=0 v=0 p=0 11=0 pz=0 vr= (24)
CNoC ™M CNOCHO ™2 (1 — 2t )it ‘“(1 — 2ty g)rgYo )

(1 - 2tn+1)mtn+1 f2z(yn)-

All the information about the Curie temperature of the sysem is contained in Eq. (19). Up to now
we did not define the vd ues of the exchange interactions; the terms in matrix (19) are generd
ones. In ageneral case, for arbitrary coupling constants and superléttice thickness the evaduation
of the Curie temperature rdies on the numericd solution of the system of linear equaions (19).
These equations are fulfilled if and only if

det M = 0. (25)

This condition can be satisfied or L different values of the Curie temperature T... In this paper, we
take J,, & the unit of the energy, the length is measured in units of the lattice condant. Let us
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begin with the evaluation of the Curie temperature for an example the Curie temperature of the
pin one Isng model for the amplest possble “bulk case’ of a material A (i.e N =4, Ng =1,
Jij = Jaa)- Then we can reduce det M to the following form

a b b
b a b
b b
det M = b a b ,  (26)
b a b
b a b
b b «a (L.L)
whose value is
L
B 2r(k —1)
det My, = kl_Il a + 2bcos (T)] , 20
where the dements in the above determinant are given by
a = Mn,n(Jn,n =dnn-1~= Jn,n—l—l = Jaa), (28)
1
= la+1), (29)

and L in the “bulk” caseis an arbitrary number. Now we obtain the Curie temperaure from the
condition given by

det My = 0. (30)

We apply the obtained formaism to a two component magnetic superlattice consisting of aoms
of type A and B which dternate as AAA...ABBB...B. The periodic condition suggests that we
only have to condder one unit cdl which interacts with its nearest neighbours via the interlayer
coupling. Let usconsider a simple superlatice of L layersn =1, 2, ...L, consist of atoms of type
A, wheress layers n = L, + 1,...L consig of aoms of type B. In this case we can represent det
M as

ai 1 bl
1 c1 1
1 c1 1
. 1 al b1
det M =c b a1 : (31)
1 o 1

1 2 1

by 1 a9

(L,1)



302 PHASE TRANSITIONS IN A TWO COMPONENT - - - VOL. 40

where the d ements in the determinant are given by

(i) (i) Gi) Gai) @
c= ,

Mi 1 My Mr,41,L0+1 Mrp, 121,41

ay =M1 /Mo, ay =M, 11 1,41/ML,41.L.+25

bi = Mia/Myr, b2 =M, +1,—1,0, 41 /ML, +1,0,+2; (33

c1=Mya/Ma1, c2=Mr,+2L0+2/MLy+2,La+1,
By solving Eqg. (31) numerically, we can obtain the critical properties of the superlattice.
II1. Results an discussion

For the pure Ising modd, we obtain the criticd vaue of the temperature kT2 /J,, =
3.518 from Eq. (30), which is intermediate between the low-temperature series expansion result,
T5F/ Jua = 3.194[17], and the mean-fidd theory result, kg TMFT ) J,, = 4[18], and is the same
result reported by Fittipd di et al. [19] for the bulk media

From Eq. (31), we can obtain the Curie temperature of the infinite superlattice kpT¢/ Jaq
for given vaues of the coupling exchanges Ji, and Jg, and a fixed number of layers of the
two components. For the case of J,, = 0, the superlatice reduces to two slabs, so there exists
separated phase trangtions in the two slabs But we are interested in the case J,;, # 0. We
gudy the dependence of the phase transition temperature on the interface coupling Jg. We fix
the layer-number of slab A (L, = 2) and let the layer-number L, of slab B change. Such reaults
are shown in Fig. 2. Generdly, the Curie temperature of the infinite superlattice increases with an
increasein J,,. With L, fixed, the Curie temperature of the superlattice increases with an increase
in Ly, for fixed vaues of Jup,/Jaq = 0.75, for large Jup/ Jaq; While it is dmost independent of L
when Jy / Jaq 1S sufficiently smal. Fixing Ly, the Curie temperature increases with Jup / Jaq-

We cen clearly see this behavior in Fig. 3, where the Curie temperatures kgT:(Ly)/ Jaa
are presented for superlattices with various layer-number L of the slab B. The charecteristic
properties of the curves as indicated in the figure, obtained for the fixed vaues, Jup/Jus =
0.75, L, = 2 and two different values, Ju/Jue = 1 and 2, is a decrease of the superlattice
Curietemperature kgT,.(Ly)/J,, When the layer-number of dab B increases and an incresse with
Jab/ Jaa TOr fixed Ly,.

In Fig. 4, we plot the Curie temperature of the infinite superlatice agang Juy/ Juq for
fixed values of Jy,/Jaa, Ly, While the layer-number of slab A changes It is easy to see from
this figure that there exists a criticd vaue of the reduced interface coupling strength J;, / J,0 ) erit
= 1.586 which is independant of the thickness L, of slab B. As the layer-number L, of slab
A incresses, the Curie temperature of the superlattice decreases for Juy/Jaa)erit < Jab/Jaa and
is goproxi matly linear, in good agreement with the result of the in-1/2 case [13], but increases
for Jup/Jaa)erit > Jan/Jaa- At this critica point, the Curie temperature does not depend on the
layer-number L, of sladb A an isequal toits bulk Curie temperature.
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FIG. 6. The reduced critical interface exchange interaction J,3/J,q)criz ON the reduced exchange inter-
action Jyp/ Joq-

Fig. 5 correspondsto J,/J,, = 0.75 and L, =2. The horizontd line correpondstothecase
of Jup/Jaa)erit = 1.586, such that kTP /Jue = kpT./Jue = 3.518 and remains constant for any
L,. We seethat kpT.(Lg)/Jaa increases with incresse of Jup/Jaa. FOr Jab/Jaa)erit < Jab/ Jaa
= 2, the Curie temperature of the superlattice is higher than the bulk Curie temperature of slab A,
kgTE/Jye ad kpT,(L,)/J,, decreases with an increase of L, to reach an asymptotic vaue.
For Jab/Jaa)erit > Jab/Jaa = 1, the Curie temperature of the superlattice is smaller than the
bulk Curie temperature kBTCB/Jaa and kg1 (Lg)/Jae iNcreases with an increase of L, to reach
asymptoticay kTP /J,, for large values of L.

Fig. 6 shows the dependence of J,;/ Jua)erie ON Jyp/ Jaq fOr fixed values of Ly; the criticd
coupling exchange Jup/Jae is independent of the layer-number L, of slab A [see Fig. 4. We
note tha when Jy,/Jo, decresses, the vaue of Jup/Jaq)erit iNCreases, and when Jyy/Jae = 1,
Jap/ Jaa)erit = 1 88 expected.

InFigs. 7a(b), we show the Curie temperature kp1./J oo agang Jypy/ Joq, for fixed L, (Ly)
= 2 and different values of Ly(Ls) = 3, 4, and 5 and for Jop, = (Jaa + Jin)/2. FOr Jip/Jaa > 1,
the Curie temperature decreases (increases) with the incresse of Ly(L,) and is always larger
than the bulk Curie temperature of the slab A kgTP/J,, = 3518. For Jy,/J,, < 1, we have
just the opposite situation. Notice that, for smal vaues of Jyp/Jaq, the Curie temperature is
insensitive to L, [see Fig. 7b]. or Jy,/Jaa = 1, the Curie temperature is independant of Ly (L),
the layer-number of the dab B(A) of the two component superlattice, and is equd to kgT'5 /Jua,
as expected.
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FIG. 7. ab). The dependence of the Curie temperature on Jy, /Jaq for Ly (Ly) =2, Jop = (Jaa + Jw)/2
with different values of Ly(L,) = 3, 4 and 5 denoted by the numbers.

IV. Conclusion

In concluson, the properties of the phase transition of a ferromagnetic i nfinite superlattices
describing the spin-one 1ang modd in effective fidd theory, have been discussed in this paper.
The dependence of the Curie temperature on the inter- and intrdayer srength coupling of the
smplest case when the superlattice is infinite has been obta ned.
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