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We report theoretical studies of magnetic excitations in an ultra-thin MnSi film on Si(0 0 1) substrate.

Both transversal and longitudinal fluctuations of the magnetic moments are discussed. We show that

the values of the Heisenberg exchange parameters depend on the assumed distance of the short range

magnetic order and on the values of the atomic moments. The limitations of the mapping of the system

on a Heisenberg model are studied.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

The epitaxial growth of MnSi on Si(0 0 1) has been studied in
the context of spintronics aiming to realize spin injection through
a metal-semiconductor interface. Two important requirements
on the magnetic materials for the spintronic applications are: (i) a
high spin polarization of the electronic states at the Fermi level,
(ii) a Curie temperature substantially exceeding room tempera-
ture. Theoretical investigation [1–3] predicted a ferromagnetic
ground state for a thin MnSi film with B2-type crystal structure
grown on Si(10 0). It was found that the MnSi B2-films have a high
degree of spin polarization at the Fermi level between 30% and
50%, depending on film thickness [2,3].

To study the thermal stability of the ferromagnetic state we
mapped the system on a Heisenberg Hamiltonian with first
and second nearest neighbor interactions. The Curie temperature
was estimated within the mean-field and within the random-
phase approximation. The calculated values exceed 200 K for
a one monolayer (ML) MnSi film and 300 K for a two ML MnSi
film [4].

The purpose of the given paper is to study the limitations of the
mapping of the magnetic MnSi interactions on a Heisenberg
model. Two types of the limitations exist. First, in the models
where only the directions of the atomic moments are considered
as degrees of freedom (transversal fluctuation) higher order spin
interactions are neglected. Second, in itinerant electron systems
the atomic moments can fluctuate not only in direction but also in
magnitude (longitudinal fluctuations).
ll rights reserved.
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2. Calculational details

The mapping on a model Hamiltonian is a usual approach to
study the thermodynamics of itinerant electron systems. For a
multi-sublattice crystalline system the Heisenberg Hamiltonian
can be written in the form

HHeis ¼ �
X

i;j

X

R;R0
Ji;j
R�R0

Mi
R �M

j
R0

, (1)

where the indices i; j indicate different sublattices and R and R0 are
the lattice vectors specifying the atoms within sublattices, MR is
the vector pointing in the direction of the magnetic moment at
site, R.

In the case of MnSi/Si(0 0 1) there are two inequivalent Mn
sublattices in the surface unit cell. We will refer to the sublattices
as Mn1 and Mn2. The directions of the magnetic moments are
defined by the unit vectors ðsin yi cosfi; sin yi sinfi; cos yiÞ where
yi and fi are polar and azimuthal angles.

We consider the magnetic configurations obtained by rotations
of the moments on the Mn sublattices with respect to the global
z axis by the same angle y. Within each of the sublattices the
atomic moments remain parallel. The azimuthal angles of the two
sublattices are different: f1 ¼ 0 and f2 ¼ 180. The Heisenberg
model (Eq. (1)) gives in this case a cosine-type dependence of the
energy of the magnetic configurations on the angle 2y between
the moments of the sublattices

EtrðyÞ ¼ Að1� cos 2yÞ. (2)

Here the energy refers to the ferromagnetic state and A is
constant. Therefore the deviation of the calculated energy from
the cosine-type dependence can be used as a measure to test the
validity of the Heisenberg model.
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Our calculations are performed within the framework of the
density functional theory (DFT) using the augmented spherical
wave (ASW) method [6,7]. The local spin density approximation
(LSDA) to the exchange-correlation potential is employed. To
study the longitudinal atomic fluctuations we use a constrained
minimization of the total energy functional. The desired value of
the atomic moment m is stabilized by an effective constraining
magnetic field that depends on m and is determined self-
consistently.
θ

Fig. 2. The exchange interaction as function of angle y.
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Fig. 3. (Color online) The change of the sublattice (solid lines with circles and

triangles) and total (dashed line) magnetic moments as a function of the value of

the constrained magnetic moment of the first sublattice.
3. Results and discussion

In Ref. [4] we estimated the Curie temperature of a one ML
MnSi film using a Heisenberg model with interatomic exchange
parameters determined from energy differences of several
collinear magnetic configurations [4].

Here we consider noncollinear magnetic configurations
with different angles between the magnetic moments. The angle
y ¼ 90� corresponds to the antiferromagnetic configuration.
The energy of the antiferromagnetic state is in good agreement
with our previous calculation of collinear spin configurations
using the FP-LAPW method [4].

To verify how well the calculated data are described by
the Heisenberg model we compare the calculated band energies
with the Heisenberg-type dependence (Eq. (2)). The parameter
A ¼ 0:088 eV is chosen to scale the Heisenberg curve according to
the calculated y-dependence (Fig. 1). The comparison shows a
considerable deviation of calculated energies from simple cosine-
like behavior. The deviations from the cosine function are rather
symmetric with respect to angle y ¼ 45� (c.f. dotted curve in
Fig. 1).

The ratio of the Heisenberg energy (Eq. (2)) to 1� cos 2y is
independent of theta. However, a similar ratio for the calculated
curve shows strong y-dependence (Fig. 2) varying from 6.8 meV at
small y to 11.0 meV for y ¼ 90�. The strong y-dependence of J

indicates the limited validity of the Heisenberg model taking into
account transversal fluctuations. A way out of this limitation is to
include higher-order interactions such as, biquadratic and three-
spin interactions. In a qualitative manner the deviation from
the Heisenberg model can be treated as a y-dependence of the
exchange parameters. Then the choice of the proper exchange
parameters depends on the characteristic angles between atomic
moments. The assumption of a very strong short range magnetic
order (SRMO) corresponds to low-y values of the exchange
interaction. On the other hand, if the SRMO is negligible the
average angle between different moments is 90� and values of the
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Fig. 1. The total energy as a function of angle y of the magnetic moments of the Mn

sublattices in MnSi/Si(0 0 1) (solid line). The dashed curve represents a Heisen-

berg-type dependence. The dotted curve gives the difference between the

calculated and Heisenberg-type dependencies.
exchange interaction should be taken from the large-y calcula-
tions. The mean-field estimation of the Curie temperature
assuming nearest-neighbor exchange interactions and using
low-y values of the parameters gives 230 K whereas the large-y
parameter results in 380 K. Unfortunately at present a direct
experimental determination of the strength of SRMO does not
exist. An optimal choice of the strength of the SRMO needs further
studies.

Besides the transversal fluctuations the longitudinal fluctua-
tion of the atomic moments contribute to the thermodynamic
properties. The variation of the magnitude of the atomic moments
is neglected in the Heisenberg model. To study longitudinal
fluctuations we consider the ferromagnetic ground state and
impose a constraining field on the atoms of one of the Mn
sublattices. The calculations show that the effect of the constrain-
ing field is not restricted to the sublattice where it is applied.
Because of the interatomic hybridization also the moments of the
atoms of the second sublattice change.

Fig. 3 shows the variation of the magnetic moments of the Mn
sublattices as well as the total magnetic moment per unit cell
as a function of constraint imposed on the Mn1 atom. Rather
unexpectedly the increase of the magnetic moment of the Mn1

atom causes the decrease of the moment of the Mn2 atoms. The
changes of the moments of two Mn atoms almost compensate
each other. Therefore the total moment of the unit cell is nearly
constant. A similar type of relation was recently obtained between
induced and inducing magnetic moments in half-metallic com-
pounds NiMnSb. [8].

In Fig. 4, we show the total energy as a function of the value
of the Mn1 moment. The energy as a function of the Mn1 moment
has a shape of an asymmetric parabola-like function with a
minimum at the ground-state value of the moment. A fit of
the energy curve around the minimum with the function y ¼

aðx�m0Þ
2 gives the coefficient a ¼ 82 meV=m2

B. The contribution
of the longitudinal fluctuations at a given temperature depends on
the interval of the values of the magnetic moment corresponding
to the energy variation of the order of kBT . The flatter the curve,
the smaller is a and the larger is the contribution of the
longitudinal fluctuations.
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Fig. 4. (Color online) The total energy as a function of constrained magnetic

moment of the first Mn sublattice. The blue solid line refers to the mean-field

energy of transversal fluctuations at y ¼ 15� .
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Fig. 5. The exchange coupling as a function of the constrained magnetic moment

of the Mn1. The dependencies are present for three values of the angle y of the

moments of the Mn sublattices.
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The contribution of the longitudinal fluctuations is small if the
characteristic energies of the transversal fluctuations described by
the Heisenberg Hamiltonian are much smaller than the char-
acteristic energies of the deviation of the atomic moments from
the values at the minimum of the total energy. To estimate the
influence of the longitudinal fluctuations, we compare the value of
the Heisenberg mean-field energy EM ¼ nJ where n is the number
of the nearest neighbors and J the nearest-neighbor exchange
interaction. Using J ¼ 6:9 meV corresponding to y ¼ 15� in Fig. 2
we get EM ¼ 27:6 meV. Taking this energy as a maximal energy
of the longitudinal fluctuation of the Mn1 moment the fluctuation
interval is 0:621oMo1:785 (see Fig. 4 blue lines). Therefore the
contribution of longitudinal spin fluctuations to the thermody-
namics of the MnSi films is expected to be considerable and
should be taken into the account.

On the basis of the considerations suggested above the energy
of an arbitrary magnetic configuration with respect to the ground-
state energy contains the contribution coming from the change of
the relative directions of the atomic moments and the contribu-
tion caused by the change of the values of the atomic moments.
The first contribution is determined by the interatomic exchange
parameters and the second by the longitudinal stiffness of the
moments. However, in general, these contributions are not
independent of each other. In Fig. 5 we show the values of the
interatomic exchange interactions as a function of the value of the
Mn1 moment calculated for different values of the angle y
between the moments of two Mn sublattices. We see that the
dependence on the value of the moment is considerable and is
different for different y.

A standard Heisenberg model is not able to describe the
thermodynamics and the magnetic interactions in a MnSi film
correctly. Higher order magnetic interaction have to be considered
adequately.
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