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The influence of non-magnetic substrate on the collective excitation of
the Heisenberg (s = 1/2) ferromagnetic ultrathin films with homogeneous
and inhomogeneous spatial distribution of magnetization is investigated. It
has been proved that the collective excitation spectrum of ultrathin film may,
to a significant degree, depend on the value of the coefficient characterizing
the film coupling with its substrate.

PACS numbers: 75.10.Jm, 75.70.-i

1. Introduction

Usually, in theoretical investigation of macroscopic bulk systems we do not
have to take into account their interaction with the environment regarding the
short-range character of intermolecular interactions. An effective interaction among
the molecules of the system and its environment can only occur through the atoms
on the system's surface or near it. The number of interacting atoms usually makes
an insignificant part of all atoms of the system. However, considering ultrathin
solid films and nanoscopic systems, the number of atoms interacting with the en-
vironment is frequently of the same order of magnitude as the total number of
atoms in the system. Moreover, thin solid films are deposited on bulk substrates
whose structure influences that of the films. Because of that we have to take into
account the interaction between the substrate and the film. Usually, in order to
do that we introduce phenomenological surface parameters. The values of these
parameters significantly influence the physical properties of thin solid films which
is for example evidenced in their spectra of collective excitations.
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In this paper we propose a general method enabling to take into account
the interaction between the solid film and the substrate on a microscopic level.
In the method proposed this interaction is included already in construction of the
reduced density operator [1-3].

The aim of our paper is to give a detailed analysis of the influence of
non-magnetic substrate of the collective excitations for the Heisenberg (s = 1/2)
ferromagnetic ultrathin films with homogeneous and inhomogeneous spatial dis-
tribution of magnetization.

2. Collective excitations spectrum

Taking advantage of the generalised equilibrium reduced density operator

where

is the free energy of the ultrathin film, ds — equilibrium reduced density operator
of the substrate, ,β = 1/kBT and

where cry are equal to + –, – + or zz, and

Tr s [...] is the partial trace over the state of the substrate.
Here /0γ ,r is the intra-monoatomic layer interaction coefficient, K αγfr,r+1

is the inter-monoatomic layer ferromagnetic interaction and f denotes the bidi-
mensional position vectors of spins belonging to a given monoatomic layer. The
summation runs always over different sites. According to the Valenta [4] model,
the film is divided into R monoatomic layers parallel to the planes (100) of a sim-
ple cubic lattice. The position of each monoatomic layer is defined by the number
r = 1, 2, ... , R. Our considerations are restricted to the nearest neighbour in-
teractions only. The relevant component of the film strain tensor is denoted as ε.
The specific properties of thin film are related to the physical fact of the lack of
neighbours of spins in the boundary layers and the interaction with the substrate
described by HI.
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We assume that the atoms on the surface of the non-magnetic substrate
of the thin film affect the shape of the electronic clouds of the atoms of the film
made of a monoatomic layer r = 1. This in turn modifies the exchange interactions
coupling the spins from the monoatomic layer r = 1. We also assume that this
modification depends on the positions of the substrate atoms on its surface which
are in contact with the layer. The positions of these atoms will be described by a
position vector g. Therefore, the interaction of the layer with the substrate, made
of one kind of atoms not endowed with a magnetic moment, can be described as

where Dαγr(f — g, f' — g) is a fast decreasing function of the variables If - gl and
If' - gI, defining the distances between the atoms of the layer and those of the
substrate. The symbol stands for summation over all atoms of the substrate
in contact with the layer r = 1. The specific form of this function depends on the
details of the microstructure of the contact between the layer and the substrate
and the kind of atoms making them.

On substituting (6) into (2), we get

where

Not knowing the explicit form of D f:, and its temperature dependence, we assume
that it is proportional to the deformation of the monoatomic layer r = 1, described
by the relevant component of the film strain tensor ε. Thus, we assume that

where I1 is a proportionality constant being the model parameter describing the
intensity of the interaction between the monoatomic layer r = 1 and the sub-
strate. Therefore, H' depends on temperature through the following dependence:

ε = ε($)•
Thus,

is the effective Hamiltonian describing the ultrathin film interacting with the sub-
strate.

In order to consider the collective excitations in model (10), we have to
introduce a causal matrix two-spin Green function depending on temperature,
applied to the transverse components of spin operators [5]:

where
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and d is given by Eq. (1). The components of spin operators appear here in the
"Heisenberg" representation,

and the parameter τ assumes values within the range 0 < τ < 1/kBT.
The Green function d is defined in the above restricted range and therefore,

it can be developed into a Fourier series with respect to discrete frequencies co n

where n = 0, ±1, ±2, ... and k is planar wave vector, con = 20- in whereas N —
number of spins in one monoatomic layer.

In order to find the matrix Green function Ó we will use the renormalised
high-density expansion method [5]. The essential part of this method is the renor-
malisation of the line of the interactions between the transverse spin components,
performed employing a correlation function which includes Gaussian fluctuations
of molecular field. This renormalisation yields better results than random phase ap-
proximation (RPA), especially in the vicinity of the critical points, where strong
molecular field fluctuations play an important role. Another advantage of this
method is the fact that its results are valid in a wide temperature range.

As a starting point to renormalise the high-density expansion, we choose the
following decomposition of the effective Hamiltonian (10):

where the perturbative part H1 is defined by the transformation:

and

is the fluctuation operator of the z-component of the spin, where

The Hamiltonian H0 is equivalent to H written in the molecular field approxima-
tion (MFA). The Green function can be expanded into a series with respect to the
perturbing term H.

From among the Feynman diagrams contributing corrections to the Fourier
transform of the matrix Green function, we can distinguish the ones which cannot
be cut by means of cutting a single interaction line. These diagrams will be referred
to as the irreducible part of the matrix Green function and are denoted as E.

The Fourier transform of the matrix Green function

and the irreducible part 	 satisfy the following matrix equation (i.e. Larkin equa-
tion [6] similar to the Dyson equation in the quantum field theory):
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which expresses certain topological features of their diagrams, where

is the matrix Fourier transform of the interaction coefficients, and

Applying a matrix notation, the solution of Eq. (21) can be written in a compact
form

Considering the structure of Eq. (24) we can find that the poles of the Fourier
transform of the matrix Green function are given by

After analytical extension

the 6(k, iω n ) becomes equivalent to a Fourier transform of the matrix causal time
Green function poles which determine a spectrum of collective excitations of a
system [7] (in our case ultrathin film).

Thus, it is evident that the determination of collective excitations in an
ultrathin film boils down to finding the irreducible part of the matrix Green func-
tion. We found this irreducible part Σ(k, iω n ) with the help of the high-density
expansion scheme in the zero approximation with respect of the interactions of
transverse spin coordinates, being renormalized by the correlation functions of
operators of longitudinal spin coordinates fluctuations. In the theory of the spin
system, high-density expansion scheme is based on the classification of the Feyn-
man diagrams with respect to powers of the parameter 1/z, where z is the effective
number of spins interacting with any given spin [6, 8, 9]. The approach is valid
when z 1.

The correlation functions mentioned are calculated in the approximation
including Gaussian fluctuations of the molecular field, like in [5, 10], which is
a modified version of the high-density expansion method. The Gaussian fluctu-
ations approximation (GFA) is an improvement over the MFA as it allows the
self-consistent inclusion of Gaussian fluctuations of this field. The essential new
element of GFA is the summation of the partial sums of Feynman diagrams of the
structure of recurrent formula at each stage of the calculations. Owing to this pro-
cedure, the theory becomes internally consistent and does not lead to non-physical
results, such as e.g. a complex Curie temperature (see Ref. [11]). In GFA for matrix

Σ(k,iωa) we have chosen a partial sum which can be represented graphically as
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where

is the high-density expansion and the symbols — denote the renormalised interac-
tion line,

is the high-density expansion. Hence

and

where molecular field in the r-th monoatomic layer parallel to surfaces of the
ultrathin films is

Moreover, the magnetization

Mean Gaussian fluctuation δy, of the molecular field yr is given by the formula
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and the relevant component of the film strain tensor ε satisfies the stationary
condition

where

After analytical extension, poles (25) determine a spectrum of collective ex-
citations of our model.

3. Results

For the ferromagnetic ultrathin film with a homogeneous distribution of mag-
netisation m defined as

and an non-homogeneous spatial distribution of magnetisation m,. , for the planar

Fig. 1. Collective excitation spectrum (in relative units) of an ultrathin film for different
temperatures t = (4.0) -1 and Ip = I1/I (k = 0, R = 5 for (a) Ip = 0, (b) I.p = 0.1 and
(c) T  = 0.3).
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Fig. 2. Collective excitation spectrum of an ultrathin film (in relative units) for dif-
ferent temperatures t = (410) -1 with homogeneous and non-homogeneous (n) spatial
distribution of the magnetization (1k = 0, R = 7 for (a) I, = 0.1 and (b) 1p = 0.3).

Fig. 3. Collective excitation frequency ω q (in relative units) against temperature
t = (410)-1 for ultrathin film with homogeneous and non-homogeneous (n) spatial
distribution of the magnetization (k = O for (a) R = 3, (b) R = 5 and (c) R = 7).

wave vector k = 0, the collective excitation spectra in the direction perpendicular
to the surface of the film were calculated from Eq. (25) in the whole temperature
range considered. Equations (25)—(40) are solved numerically for second-order elas-
tic moduli of the film C/4NI = 1 and different: numbers of monoatomic layers R,
temperatures t = (4I,6) - 1 and coefficient IP = I1 /I characterizing the film cou-
pling with its substrate. We obtain R solutions, ordered by q = 0,1, 2, ... , R — 1.
They correspond to the poles of the Green function interpreted as collective exci-
tation frequency ω q propagating in the direction perpendicular to surface of the
ultrathin ferromagnetic film. Therefore, q can be considered as a component of the
wave vector perpendicular to the film surface. As only the collective excitations
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propagating in perpendicular to the film surface depend on the spatial distribu-
tion of magnetisation, in numerical calculations we assume that the wave vector
components parallel to the film surface are equal to zero k = O. The results are
presented graphically.

Figure 1 presents the collective excitation spectrum of the ferromagnetic
ultrathin film for different temperatures t and different IP (k = 0, R= 5). The col-
lective excitation spectrum of the ultrathin film for different temperatures t with
a homogeneous and non-homogeneous (n) spatial distribution of the magnetisa-
tion (k = 0, R = 7) is shown in Fig. 2. Then in Fig. 3 we show the collective
excitation frequency wq against temperature t for the films with homogeneous and
non-homogeneous (n) spatial distribution of the magnetisation for R = 3, 5, and 7
(k = 0).

4. Conclusion

In conclusion, we can say that the results presented in Figs. 1 to 3, prove
that the collective excitation spectrum in direction perpendicular to surface of
the film of ultrathin ferromagnetic films may, to a significant degree, depend on
the value of the IP coefficient characterizing the film coupling with its substrate.
Moreover, the results obtained show that the collective excitation spectrum of
the ferromagnetic ultrathin films weakly depends on inhomogeneity of the spatial
distribution of magnetization m,.. As seen from Fig. 2, the inhomogeneity of the
spatial distribution of magnetization in the ultrathin film leads to a more linear
shape than that predicted by the relation ω q α q 2 . This result is in a full agreement
with that obtained by the method of double-time statistical Green function in the
Tyablikov decoupling approximation reported in [12].

In the work [12] within the Tyablikov approximation, the inhomogeneities
of the spatial distribution of magnetisation were taken into account only in an
approximate manner, in the first order of a relevant perturbation calculus, in which
the deviation of magnetisation from the uniform distribution was assumed as a
small parameter. In this work, within the GFA, the influence of he inhomogeneity
of the magnetisation distribution on ω q has been taken into account in the exact
way. Moreover, a new point of this work has been the investigation of the effect of
the substrate on the spectrum of collective excitations for an ultrathin film. The
method used in this work can be successfully used for investigation of collective
excitations and their substrate dependence for nanoscopic magnetic particles. The
results are expected to be of interest for the nanophysics of magnetic materials.

This work is supported by the Committee for Scientific Research under grant
No. 2P03B075 14.
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