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System of two magnetic layers with nonuniform distribution of anisotropy parameter and exchange coupled
by nonmagnetic spacer is studied by means of the Green function approach. Our attention is focussed on the
elementary excitations and low temperature magnetisation behavior. The spin wave parameter B in the Bloch law
T 3/2 is found as an oscillatory function of a spacer thickness. The e�ects of damping leading to non-zero line-width
of ferromagnetic resonance peaks are also taken into account. As a result the dependence of resonance line-width
on parameters characterizing system under consideration is obtained for the case of uniform anisotropy parameter
and for quadratic distribution of this parameter in magnetic layers, respectively.
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1. Introduction

Research on magnetic ultrathin metallic �lms exchange
coupled by nonmagnetic spacer has been growing consid-
erably in last two decades due to increasing ability to
produce samples of controlled quality and their technical
importance (see e.g. [1, 2]). Basic magnetic properties
of multilayer systems have been examined both by ex-
perimentalists and theoreticians; in particular, the prob-
lem of elementary magnetic excitations in multilayers has
been considered in many papers, where magnon disper-
sion relation and parameters of spin wave spectra have
been obtained (see e.g. [3�7]). Recently, theoretical and
experimental approaches dedicated to layered systems
showed that the role of the anisotropic factors is very im-
portant for proper description of their properties [8, 9].
The aim of presented paper is to calculate spin wave res-
onance spectrum characteristics for multilayered system
with spatial distribution of anisotropy across magnetic
layers.

2. Method and calculations

We consider a system consisting of two homogeneous
ferromagnetic thin layers exchange coupled by a nonmag-
netic spacer. The thicknesses of each layer are equal to N
monatomic planes. To avoid the problem connected with
detailed magnetic structure and rearrangement [3] we as-
sume that an externally applied static magnetic �eld of
the strength in the range corresponding to the ferromag-
netic resonance condition is oriented perpendicularly to
the �lm surface and all the spins can be considered stati-
cally as parallel to the external �eld. We focus our atten-
tion on the exchange modes that can be separated from
the magnetostatic ones by the proper choice of radiofre-
quencies. The e�ective �eld Heff acting on a spin is taken
as a sum of the external uniform �eld, the demagnetising
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�eld, and the uniaxial bulk anisotropy �eld. The sys-
tem under considerations was described by Heisenberg
Hamiltonian consisting of the exchange, anisotropy, and
Zeeman terms. The exchange interaction parameters be-
tween the spin plane ν and ν′ are de�ned as:

Jv,v′=

{
J for ν, ν′ ∈ (1, N−1) and (N+2, 2N)

J12 for ν, ν′=N, N+1,
(1)

where J is the exchange integral homogeneous inside each
of the magnetic layers while J12 stands for the param-
eter of indirect exchange interaction through nonmag-
netic spacer between spins belonging to interface layers
in di�erent magnetic sublayers. The anisotropy param-
eter Aνν′ consists of the uniaxial volume anisotropy pa-
rameter A along the preferential axis, and the surface
Asand interface AI anisotropy constants and the term
Avdepending on the position inside the magnetic layer,
namely

Avv,=A+Aν+AIδN,N+1+AS1δ1,2+AS2δ2N−1,2N , (2)

where after [9] the quadratic dependence of Av on ν is
assumed in the form

Aν = A0

(
1− εν2

N2

)
, (3)

where ε denotes the magnetic distortion parameter de�n-
ing the pro�le of magnetic anisotropy and −N/2 ≤ ν ≤
N/2.
In order to calculate the low magnetic properties of

the system it is convenient to apply the Green function
method in random phase approximation (RPA) [5, 6].

Within this method the transfer matrix Ŵ which allows
to �nd wave vectors ki of elementary magnetic excitations
(i = 1 . . . 2N) can be used

Ŵ =

2N∏
ν=1

T̂ν (4)

with the following 2× 2 matrices de�ned as [10]:

T̂ν =

(
2 + αν (ki) −AνJ

Aν
J 0

)
, (5)

(543)
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for ν ∈ (1, N − 1) and ν ∈ (N − 2, 2N). For the interface
region

T̂N =

(
2 + αN (ki) −J12+AN

J

1 0

)
;

T̂2N+1 =

(
2 + α2N+1 (ki) −J12+A2N+1

J

1 0

)
. (6)

In Eqs. (5),(6) αν(ki) denotes the energy dependent term
which has to be found in order to determine magnon wave
vectors.
The spin wave mode pro�les can be calculated by solv-

ing the characteristic Eq. (4) involving boundary condi-
tions at external surfaces in the following form:(

1
2α1 +AS1 − 1

2− 2α1 −AS1

)
Ŵ

(
1

2α2N+AS2−1

2−2α2N−AS2

)
= 0. (7)

Magnetisation of the system and its temperature depen-
dence can be then obtained [11]. We focus our attention
on spin wave parameter B describing decrease of total
spontaneous magnetisation M(T ) with temperature as a
result of magnon excitation in low temperature region.
This decrease is given by Bloch's law, namely

M (T ) =M0

(
1−BT 3/2

)
. (8)

Fig. 1. The dependence of spin wave parameter B on
the thickness of nonmagnetic spacer d for uniform (u.a.)
and position dependent (a.d.) anisotropy parameter,
respectively.

The numerical calculations based on the presented
method have been carried out for the exchange coupled
bilayer with the use of anisotropy parameters for the sys-
tems Fe/Cu/Fe/GaAs and Fe/Au/Fe/GaAs [12].
The results obtained for parameter B both for the

case of position dependent anisotropy parameter (a.d.)
and for uniform anisotropy (u.a.) are presented in Fig. 1.
In agreement with [13] the parameter B shows oscillating
behavior with period of oscillation of interlayer exchange

parameter J12. The amplitude of oscillation decreases for
non-uniform distribution of anisotropy parameter. Simi-
lar e�ect can be obtained when existence of roughness in
surface and interface region is taken into account [13].
The method applied above can be modi�ed [6] by in-

troducing damping e�ects due to magnon�magnon in-
teraction [14] calculated on the basis of relaxation equa-
tion [15] including the damping term derived on the basis
of results of Wesselinowa [16]. As a result a continuous
distribution of resonance intensity in ferromagnetic reso-
nance (FMR) has been calculated giving resonance spec-
tra with non-zero line-width. The shape of this spectrum
depends on the structure of the multilayer and interac-
tion parameters. Figures 2�4 show the dependence of the
line width of the �rst resonance line on the system pa-
rameters: its thickness and interlayer exchange coupling
both for ferromagnetic and antiferromagnetic character
of interlayer exchange coupling.

Fig. 2. The dependence of relative line-width of the
�rst resonance peak (normalized to resonance energy)
on the thickness of magnetic layer for ferromagneti-
cally coupled bilayer for uniform (u.a.) and position
dependent (a.d.) anisotropy parameter, respectively.
J12/J = 0.25.

Introduction of anisotropy distribution leads to rela-
tive broadening of resonance peaks in comparison to the
systems with uniform anisotropy. One could not expect
the di�erence between values obtained for both situations
to be very signi�cant, however characteristics for (u.a.)
and (a.d.) can be easily distinguished in Figs. 2�4.
The results obtained show that in the frame the model

used in this work deviation of the anisotropy parameter
from uniform distribution in�uence basics characteristics
of spin wave resonance spectra. Very similar curves to
that presented in Figs. 2�4 can be obtained taking into
account exponential distribution of anisotropy parameter
proposed in [9].
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Fig. 3. The dependence of relative line-width of the
�rst resonance peak (normalized to resonance energy)
on the reduced interlayer exchange parameter for fer-
romagnetically coupled bilayer of thickness 2N = 8 for
uniform (u.a.) and position dependent (a.d.) anisotropy
parameter, respectively.

Fig. 4. The dependence of relative line-width of the
�rst resonance peak (normalized to resonance en-
ergy) on the reduced interlayer exchange parameter
for antiferromagnetically coupled bilayer of thickness
2N = 10 for uniform (u.a.) and position dependent
(a.d.) anisotropy parameter, respectively.

3. Conclusions

Calculations presented in this paper are an attempt to
investigate of spin waves in materials with non-uniform
anisotropy by modi�cation of the Green function used to
study of magnetic properties of multilayers. The results
obtained which are only of qualitative character show
that introducing of anisotropy distribution across very
thin magnetic layers leads to change of the wave param-
eter B and the changes of resonance spectra similar to
the behaviour caused by the existence of another source
of non-homogeneity, namely the existence of roughness.
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