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The Curie temperature and layer magnetization of ferromagnetic su-
perlattices with random irregularities in modulation amplitude, thickness of
layers and width of interdiffusion zones are studied in an extended version
of the Kirkwood approximation. It is found that the increase of the devia-
tion in the modulation amplitude gives rise to localized magnetism and the
significant increase in the Curie temperature.

PACS numbers: 75.70.-1

1. Introduction

The Curie temperature (Tc) of magnetic superlattices formed from alter-
nating thin layers of two ferromagnetic materials has been calculated recently for
simple models assuming the perfect, ideally periodic superlattices [1-3], although
real structures include random irregularities in the periodicity of compositional
modulation which depend on the growth conditions [4].

Hence, it seems advisable to analyse the effect of irregularities in the com-
positional modulation on the Curie temperature (T¢c) and layer magnetization
(0p(T)) of the ferromagnetic superlattices (FS). The Curie temperature of FS
with aperiodic compositional modulation has been calculated very recently in the
ordinary molecular field approximation (MFA) [5]. In this paper we study T¢c and
0p(T) of irregular FS using a generalized mean-field theory which takes partly into
account thermal magnetic fluctuations.

*This work was supported by the project 2 2351 91 02 of the Committee for Scientific -
Research.
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2. Model and method

To describe the ferromagnetic superlattice with random irregularities, we
consider the structure as a layered binary alloy (A:B;—. ) of atoms with the spins
SA and SB (SA > SB). The exchange interaction between the nearest neighbouring
spins is described by the exchange integrals JAA, JBB and JAB (JAA > JBB ) The
concentration of both types of atoms varies around the average value (¢®V) with
trapezoidal modulation and therefore, two types of layers can be distinguished: the
stronger magnetized layers, rich in atoms A (i.e. with ¢, > cay) and the weaker
magnetized layers, rich in atoms B (i.e. with ¢, < ¢ay). Interdiffusion is mod-
elled by assuming varying concentrations ¢p, in the few atomic planes forming the
inhomogeneous diffusion zone between the successive layers. The resulting concen-
tration profile across the n-th layer (n = 1,2,..., R) depends on the amplitude
of modulation (F, ), the layer thickness (I,) and the width of interdiffusion zone
(dy). The irregularities consist in the fluctuations of Fy,, I, and d, around the av-
erage values F', [ and d. The relative deviations of these parameters are described
by

AP, = (P,/P)-1, ) (1)
where P denotes F, ! or d and the maximum deviation is equal to
§P = max, {AP,}. (2)

Hence, the parameters § F', 6] and 6d determined above can be used as a measure
of random irregularities in the modulation amplitude, in the layer thickness, and
in the width of the interdiffusion zones, respectively.

To obtain o,(T) and Tc we applied an extended version of the Kirkwood
approximation [6] enabling us to develop the mean-field theory to inhomogeneous
layered structures. Within such an approach, the layer magnetization in the p-th
atomic plane of FS can be obtained by solving self-consistently a system of the
following L equations: '

Op = cp";? +(1- cp)d}?, (3)
where

A,
B - gABR {S“»B, SkT [H;\B H}‘,"B]}, “(p=1,2,...,L). (4)

B{...} is the Brillouin function, H;B denotes the effective molecular field acting

on the spins from the p-th atomic plane and AH, A.B is the fluctuation correction
term due to the Kirkwood approximation glven by

AHG = (JA%)2 0} [0, Aoy + z1cp 418041 + 216p-1A07 1] + (JAB)?
xaA[zo(l —cp)Acp + z1(1 = cpy1) A0l + 21(1 — cpos 1)AdP 1], (5a)
AHP =(JBB)20B[29(1 - ¢p) AP+ 21(1 — cpy1)Ac oB 1+ z1(l = cpoy 1)AcB_,]

(JAB)Z B[ZonAO‘ + zlcp+1A 1 + Z1Cp- 1A 1], (5b)
where

A (SA)2 _ (a;\)z, (68,)‘
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B _ 2
Aoy = (8P)? - (6B)". (6b)
7o and 2z are the numbers of the nearest neighbours in the same layer of FS and
in the adjacent layer, respectively.

3. Numerical results

We found that the magnetization profiles across FS vary with any perturba-
tion of Fy, I, and/or d,. Moreover, the sensitivity of ¢,(T) to the perturbation
increases significantly as the temperature increases near Tg. This is in contrast
with the Curie temperature which, as the calculations imply, is practically insen-
sitive to the perturbation of weakly magnetized layers because T¢ of the whole
FS is determined by the region which has a higher “local” transition temperature
(i.e. is most magnetically enriched).
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Fig. 1. The influence of the irregularities in the modulation amplitude on the normal-
ized Curie temperature @ for different widths of the interdiffusion zones. Solid lines —
Kirkwood approximation, dashed lines — MFA. The s.c. structure and (001) surface
orientation is assumed (S* =1, SB = 0.5, JA4 =2, JBB = 0.2, JA® = 0.65, F = 0.3);
O = kTc /[JA*SA(SA 4+ 1) + JBBSB(SE 4 1)].

Fig. 2. Magnetization profiles for a superlattice with random iiregularities in the mod-
ulation amplitude and for various normalized Curie temperatures @ attached to each
curve. The maximum deviation of the modulation amplitude §F = 0.5. The structural
and magnetic parameters are the same as in Fig. 1.

In order to discuss the basic features of the magnetization profiles we select
several representative sets of our numerical results. In the following the number of
layers in each structure is fixed so that R = 20 and [ = 4, for a total thickness of
L = 80 atomic planes. Moreover, the s.c. structure and (001) surface orientation
are assumed. As seen from Fig. 1, T significantly increases with éF in the case
when the source of random irregularities is the fluctuation of modulation amplitude
and the increase is higher for FS with thicker interdiffusion zones (greater d). In
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Fig. 3. The influence of the irregularities in the thickness of layers on the normalized
Curie temperature @ for different ratios of the average thickness of strongly magnetized
layers to the average thickness of weakly magnetized ones. Solid lines — Kirkwood
approximation, dashed lines — MFA. The structural and magnetic parameters are the
same as in Fig. 1

Fig. 4. Magnetization profiles for a superlattice with random irregularities in the
thickness of layers and for various normalized Curie temperatures @ attached to each
curve. The maximum deviation of the thickness of layers 8! = 0.5. The structural and
magnetic parameters are the same as in Fig. 1.

Fig. 2 the magnetization profiles at various temperatures are shown for the case
of F = 0.3 and éF = 0.5. We present this part of the whole structure which
illustrates the characteristic propertics of o,(7"). The maximum deviation of the
modulation amplitude is assumed to occur in the eighth layer (n = 8), i.e. in the
atomic planes labelled by p = 29, 30, 31, 32, which are most magnetically enriched.
We see that the largest magnetization appears at the center of this layer and as
the temperature increases near T¢, only the eighth layer remains to have finite
magnetization, whereas other layers of FS become almost paramagnetic. Thus,
in the case of random irregularities in the modulation amplitude, the localized
magnetism with the localization center on the layer with a maximum value of F,,
appears in FS. .

As regards the influence of the irregularities in layer thicknesses on T¢ and -
0p(T) we found (Fig. 3) that they lead to an increase in Tc only for FS with
concentration profile dominated by the weakly magnetized layers (¢ < 1). The
magnetization profiles at various temperatures are shown in Fig. 4 for the case of
61 = 0.5 and the fourteenth layer as the thickest strongly magnetized layer. We
observe that for temperatures significantly lower than Tc the magnetization pro-
files reflect directly the variation in the chemical composition of successive layers
of the structure. However, for temperatures very close to Tc the magnetization of
the magnetically weak layers becomes negligible and o, (T') displays the separation
of the magnetically strong layers.

The influence of the irregularities in the width of the interdiffusion zones on
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Tc and op(T') has been also studied numerically. However, quantitative variations
of Tc and 0,(T) are in this case negligible even for deviation of §d = 0.5.

We conclude suggesting that the increase in the deviation in the modulation
amplitude gives rise to localized magnetism and the significant increase in the Curie
temperature. Simultaneously, Tc becomes insensitive to finite-size characteristics
of the superlattice, i.e. to the thickness and total number of supercells.
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