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Electronic structure and local magnetic moments for the epitaxially
grown fcc Fe films included between the Cu(001) substrate and Cu(001)
covering layers are calculated. The lattice constant of the Fe film is assumed
to be equal to that of Cu homogeneously in the whole film. Interface parts
of the Fe film are found to be ordered ferromagnetically, while inner part
of the Fe film is obtained as ordered layer-by-layer antiferromagnetically for
odd number of layers. For even number of Fe layers the most favourable
configuration includes antiferromtignetism of inner layers with two middle
layers coupled ferromagnetically.

PACS numbers: 75.70.Ak

1. Introduction

Magnetic properties of ultrathin fcc Fe films epitaxially grown on Cu(001)
substrates are a subject of a quite substantial number of experimental and theo-
retical studies [1-8]. They are of particular interest, because the epitaxially grown
fcc Fe films differ in magnetic properties both from the usual bcc phase of iron
as well as the high temperature fcc Fe phase. Moreover, it has been established
very well both theoretically [1-3] as well as experimentally [4-8] that the sur-
face monolayers of this system are coupled ferromagnetically, while there is the
long-lasting controversy concerning the magnetic state of the inner layers of the
films: first-principles theoretical approaches suggest that the inner layers are or-
dered layer-by-layer antiferromagnetically but experimental data show that they
are unambiguously paramagnetic at room temperature. It is important, however,
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that both results do not exclude each other, because — as it has been established
with the conversion-electron Mössbauer spectroscopy — the fcc Fe films have an
antiferromagnetic state below TN = 65 K and above this temperature — they are
magnetically disordered [4]. This shows that the fcc Fe(001) films stabilized by the
Cu- substrate in the fcc phase and at a lattice constant close to that of Cu have
an antiferromagnetic ground state — inside the film [6], and the ferromagnetic
ordering — at the surface [5]. This means that the role played by Cu in the con-
sidered system is extremely important. Moreover, the first-principles theoretical
treatments show also that tne results concerning the magnetic properties of the
system are very sensitive with respect to the value of the lattice constant [l-3].
In particular, calculations of the electronic structure and the magnetic moment of
the local monolayers together with calculation of the local spacing have been per-
formed for fcc Fe films on Cu(001) [3] and show an enhancement of ferromagnetic
moment in the surface layer compared to bulk ferromagnetic fcc Fe, a reduced fer-
romagnetic moment in the second layer coupled ferromagnetically to the surface
layer, and antiferromagnetic order of inner layers.

In our work we calculate the electronic structure and the magnetic moments
of the epitaxially grown fcc Fe films included between the Cu(001) substrate and
the Cu(001) covering layers, with the periodic boundary conditions and the lattice
constant assumed to be equal to that of Cu (3.61 Å), homogeneously in the whole
system. With these assumptions we hope to obtain the most important features
of the magnetic properties, wnich are independent of the very fine particulars of
the structure of the system considered. Our calculations were performed for fcc Fe
films of five, six, seven, and eight layers thick. It should be stressed here that the
results for inner parts of films with even numbers of Fe layers were not discussed
in the previous papers.

The calculations were made self-consistently using the linear muffin-tin or-
bital (LMTO) method in the relativistic, spin polarized approximation.  Spin-orbit
coupling was included. The calculations were performed using 273 k points in the
irreducible part of the Brillouin zone (BZ) for tetragonal lattice (eight, ten, or
twelve atoms per unit cell). A sufficiently large number of iterations was carried
out to have the total energy converged to an accuracy better than five micro-
rydbergs. The von Barth–Hedin approximation for exchange and correlation was
used. All s, p, d electrons were taken into account.

2. Results

For five monolayers thick fcc Fe films included between Cu(001) substrate
— simulated by two monolayers of Cu — and one covering monolayer of Cu, with
periodic boundary conditions in direction perpendicular to the film, the results are
basically similar to those obtained in Refs. [1] and [2]. Figure 1 shows the local
densities of states for all monolayers of the film. It can be seen that first two layers
at the interfaces with Cu are coupled ferromagnetically one to another, but the
midplane monolayer is ordered antiferromagnetically with respect to the surfaces.
The magnetic moments are 2.46, 2.05, -1.57, 2.05, 2.46 in Bohr magneton units.
The magnetic moment of the first layer at both surfaces is enhanced with respect
to the moment of the bulk Fe, while the moment of the second layer is reduced.
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The value of the central (third) Fe monolayer, which is coupled antiferromagneti-
cally, is reduced even more. The only difference with Refs. [1-3] is in the value of
the magnetic moment of the first layer, which is enhanced not so much as in [1-3].
This is the result of different geometry of our system as compared with [1-3]. It is
important to note that our result depends strongly on the lattice constant used for
the Fe film. If some changes of the lattice constant are allowed, the (+ + - + -)
configuration may correspond to the lower total energy (Fig. 2).

Interesting results are obtained for the fcc Fe film of six monolayers of thick-
ness, included between two monolayers of Cu substrate and two covering monolay-
ers of Cu, also with periodic boundary conditions in the direction perpendicular
to the film. The magnetic configuration which is most favourable energetically can
be described schematically as the (+ + = - + +) conflguration. Figure 3 depicts
the density of states for all monolayers of such a configuration. The magnetic mo-
ments for Fe monolayers are: 2.47, 1.99, -1.97, —1.95, 2.00, 2.48 (in Bohr magneton
units). This result shows that first two layers at the interface with Cu are coupled
ferromagnetically again but two monolayers inside the film are ordered antiferro-
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magnetically with respect to the surfaces, but ferromagnetically one to another.
If one wants to get both surfaces of the film magnetized in the opposite direc-
tion, the (+ + - + - —) configuration with higher total energy (a difference is
2.28 milirydbergs) has to be considered. Figure 4 shows the corresponding density
of states for all monolayers of the film in this case. Now, the magnetic moments for
Fe monolayers are: 2.48, 2.08, —1.47, 1.47, -2.08, —2.48 (in Bohr magneton units).
Again, first two layers at the both surfaces are coupled ferromagnetically, however,
now the moments in the middle of the system are strongly reduced. In this case
the results obtained are only weakly sensitive with respect to the lattice constant
changes (Fig. 5).

For fcc Fe films of seven monolayers of thickness, included between two mono-
layers of Cu substrate and one covering Cu monolayer, with periodic boundary
conditions in the direction perpendicular to the film, the most favourable energet-
ically is the (+ + - + - + +) configuration. Figure 6 gives the density of states
for all monolayers in this case and the resulting magnetic moments are: 2.46, 2.04,
—1.54, 1.37, -1.54, 2.04, 2.46. As previously, first two layers at the interfaces with
Cu are coupled ferromagnetically but now the inner part of the film is ordered
layer-by-layer antiferromagnetically. Other configurations e.g. (+ + + — - + +)
or (+ — + — + - +) have the total energy slightly higher (the difference is about
0.79 mRy). This result shows that for films with bigger but odd number of mono-
layers and boundary conditions similar for the top surface of the film as for the
bottom surface, the antiferromagnetic ordering is expected inside the film. In this
case our result depends strongly on the lattice constant used for the Fe film. If
some changes of the lattice constant are allowed, the (+ + + - — + +) config-
uration may correspond to the lower total energy, but in this case — for greater
lattice constants.
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For the fcc Fe fllm of eight monolayers of thickness the magnetic configuration
which is most favourable energetically is the (+ + — + + - + +) configuration.
Figure 7 depicts the density of states for all monolayers with such a configuration.
The magnetic moments for Fe monolayers are: 2.48, 2.05, —1.60, 1.67, 1.66, —1.61,
2.05, 2.48 (in Bohr magneton units). The total energy for the (+ + - + = + -)
conflguration is slightly higher: a difference is 1.52 milirydbergs — similarly as
in the case of six monolayers. The magnetic moments in this case are: 2.47, 2.05,
—1.49, 1.40, -1.40, 1.49, —2.05, —2.47 (in Bohr magneton units). Here the results
obtained are only weakly sensitive with respect to the lattice constant changes
similarly to six-layer case. Our results show clearly that in an even number layer
Fe film, the most favourable configuration includes two middle monolayers coupled
ferromagnetically!

In all cases discussed above some very small induced moments appear in the
Cu monolayers as the result of proximity effects.
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3. Conclusions

The results obtained in this paper support two main features of the con-
sidered system: ferromagnetic coupling for first two monolayers at the surfaces of
the fcc Fe film and aniferromagnetism inside the system, however, for the even
number of Fe layers the most favourable configuration includes two middle mono-
layers coupled ferromagnetically. In a nearly symmetric system of Cu/Fe/Cu, only
odd number of Fe monolayers can keep both interfaces in ferromagnetic coupling
and all inner layers in antiferromagnetic configuration. Less important conclusions
are connected with interface effects at the Cu substrate and Cu covering, which
may modify the magnetic moments. Anotner conclusion is that for configurations
with lowest energies, both surfaces of the fcc Fe film are magnetized parallel. Both
surfaces could be magnetized in opposite directions if somehow additional energy
is supplied.

Finally, we should admit that energy differences for various configurations
considered in this work are very small and dependent on changes of the lattice
constant, especially for the odd number of Fe monolayers. Moreover, according to
Refs. [1-3] changes of interlayer spacing can also influence the total energy of the
system, inducing changes of these configurations which are the most favourable.
However, variety of possibilities is large and will be investigated in our next papers.
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