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ABSTRACT: Electronic structure and magnetic properties of FeN/Cr3/FeN bcc(100)
trilayers (N is the number of atomic layers) are studied on the basis of ab initio
calculations performed within the framework of the density functional theory in the
local spin density approximation, using the full-potential LAPW method in slab
geometry. According to our calculations, the magnetic moment of a surface Fe layer
increases monotonically from 2.45 �B for N � 1 to 2.92 �B for N � 3 and practically
does not change at further increase of the Fe film thickness. However, the magnetic
moment in the interface Fe layer changes nonmonotonically with the Fe film thickness
increase and is close to the surface value at N � 5 and 7. © 2002 Wiley Periodicals, Inc.
Int J Quantum Chem 91: 234–238, 2003
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Introduction

F e/Cr multilayers and Fe/Cr/Fe (Cr/Fe/Cr)
sandwich systems attract the attention be-

cause of their interesting features related to the
oscillatory interlayer coupling and GMR effect.
Magnetic properties of these systems were inten-
sively studied depending on the thickness of Cr
spacer and Fe film [1–8], although the influence of
Fe film thickness was not taken extensively in con-

sideration. They are related to the formation in such
layered systems of 2-D quantum wells with con-
fined electronic states, called the quantum well
(QW) states [9–13], namely, the QW states are sup-
posed to be responsible for the oscillatory interlayer
coupling in layered systems and this was discussed,
for example, in Refs. [14, 15]. The confinement of
electronic states results also in the formation of
thickness-dependent magnetic moment in Pd film
on Ag substrate (at low coverage), as was found by
Mirbt et al. [13] in ab initio calculations, which is
conditioned by the appearance of QW states in
these systems and by the thickness dependence of
the energy of these states.
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Computational Details

In the present work, we studied the electronic
structure and magnetic properties of FeN/Cr3/FeN

bcc(100) trilayers. Calculations were performed tak-
ing into account the same lattice constant value for
Fe and Cr, i.e., a0 � 5.44 a.u., which is the bulk bcc
Cr lattice constant. The reason for making such a
choice was that we have seen small differences of
the results when these constants were taken differ-
ently. Ab initio electronic structure calculations
were performed on the basis of a density-functional
theory in the local spin density approximation. The
exchange correlation potential was used in the form
of Vosko et al. [16]. Kohn–Sham equations were
solved using the full-potential LAPW method in
slab geometry [17, 18]. The valence states were cal-
culated in a scalar-relativistic approximation. A
grid of 15 k� points in an irreducible wedge of the
2-D BZ was used in the iterations and of 45 k� points
in the final iteration. Inside the muffin-tin spheres,
basis functions with angular momentum compo-
nents up to l � 8 were included. More than 60
augmented plane waves per atom was used for a
variational basis set.

Results and Discussion

The layer-by-layer magnetic moment distribu-
tions in a unit cell for FeN/Cr3/FeN trilayers with
different N values are presented in Table I. We
found in our calculations that the magnetic moment
of a surface Fe layer increases monotonically from
2.45 �B for N � 1 to about 2.97 �B for N � 3 (Fig. 1,
squares). At the same time, the behavior of the
magnetic moment in the interface Fe layer, accord-
ing to our calculations, is nonmonotonic (Fig. 1,
circles). Magnetic properties of the Fe/Cr/Fe sys-

tem at small N (N � 1, 2, 3) were discussed in Ref.
[19]. When N � 3, significant changes in the charge
distribution near the interface Fe layer appear when
the Fe film thickness is increased. Figure 2 shows
that these changes are conditioned by variations of
the density of minority-spin electrons, while the
majority-spin density does not change significantly.
Thus, the decrease of the density of minority-spin
electrons in the Fe interface layer in the cases of N �
5 and 7 (see Figs. 1 and 2) results in a large magnetic
moment in this layer that implies modification of
the magnetic moment in the neighboring layers.
The density of states (DOS) pictures (Fig. 3) shows
that the exchange splitting of the majority- and
minority-spin states is greater in the case of N � 5
(as well as at N � 7) and DOS of the occupied
minority-spin states in this case is essentially
smaller than at N � 6. Taking into account these
properties, let us discuss below the following prob-
lems.

The first is to know the reason for the appearance
of a large magnetic moment, mif, in the interface Fe

TABLE I ______________________________________________________________________________________________
Layer projected magnetic moments (in �B) for FeN/Cr3(100)/FeN systems.

n Cr Cr Fe Fe Fe Fe Fe Fe Fe

1 0.62 �0.62 2.45
2 0.35 �0.48 1.94 2.86
3 0.71 �0.75 2.00 2.43 2.92
4 0.49 �0.51 2.16 2.49 2.27 2.97
5 0.64 �0.93 3.12 1.79 2.41 2.35 2.97
6 0.58 �0.65 2.20 2.34 2.24 2.41 2.25 2.96
7 0.50 �0.71 2.86 1.78 2.25 2.20 2.27 2.24 2.94

FIGURE 1. Behavior of the surface (squares) and in-
terface (circles) Fe magnetic moments vs. the Fe film
thickness.
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layer (when N � 5 and N � 7). The second is to find
the explanation for the magnetic moment, mif,
changes in the interface Fe layer associated with the
change of the Fe film thickness (note that we did
not discuss here any oscillatory behaviour of mif

because the calculations were performed only for
several values of N).

For this purpose, we studied an ideal nonmag-
netic state of the system. The electronic structure
calculations performed have shown that the densi-
ties of states in the interface Fe layer are close to

DOS in bulk Fe (both at N � 5, 7 and at N � 4, 6)
and differ from the surface DOS conditioned by the
restricted number of nearest neighbors for the sur-
face atoms. Therefore, the large magnetic moment
in an interface Fe layer cannot be explained in a
similar form as it happens for the increasing of the
surface magnetic moment. However, considering
the difference between DOS corresponding to the
interface and bulk Fe layers (Fig. 4), we can see the
pronounced peak below the Fermi level, when N �
5 and 7, whereas in the other cases (N � 2, 4, 6) it is
not observed. This testifies to the existence of the
electronic states near the Fermi level, which are
distinctly localized in the interface Fe layer. Appar-
ently, it cannot be expected that these states will
influence significantly the value of the exchange
splitting of electronic states (similarly to that ob-
served in a surface layer) by the reasons mentioned
above. Nevertheless, the exchange splitting results
in a shift up (in the energy scale) of the states of
minority-spin electrons, largely localized in the in-
terface Fe layer, and they become unoccupied
above the Fermi level. At the same time, the states
of majority-spin electrons shift down in the energy
scale. The unoccupied states of majority-spin elec-
trons are not the interface resonances and therefore
they are not localized significantly in any layer.
Moreover, these states become almost fully occu-
pied in the magnetic state. For these reasons, the
quantity of electrons in the interface layer becomes
smaller, and this occurs at the cost of minority-spin
electrons. Therefore, the magnetic moment in-
creases in the interface Fe layer and this increase is
accompanied by the charge distributions men-
tioned above.

FIGURE 2. Minority-spin charge near the Fe/Cr inter-
face vs. the number of Fe layers in an FeN/Cr3/FeN

sandwich.

FIGURE 3. DOS for the interface Fe d-states in FeN/
Cr3/FeN sandwiches with N � 5 (a) and N � 6 (b).
Solid lines correspond to majority-spin states and dot-
ted lines to minority-spin states.

FIGURE 4. Difference between the DOS in the inter-
face and third Fe layers for FeN/Cr3/FeN sandwiches
when N � 5 (solid line) and N � 6 (dotted line).
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The availability of the electronic states near the
Fermi level, which are distinctly localized in the
interface Fe layer, depends, as mentioned above,
on the thickness of Fe film. Note that the interface
states, as well as the surface states, should not
depend on the thickness of a film because they
decay fast into the film. Another pattern takes
place in the case of interface (surface) resonant
states. They are not localized in the restricted
number of layers and, therefore, they can form
the QW states when the system becomes confined
(as takes place in multilayers and sandwiches).
The energy position of QW states changes with
the variation of the film thickness [11–13], while
the resonance states arise at well-defined energy

values, which depend mainly on the behavior of
the potential near the interface. When the energy
difference between them increases, the resonance
states become more apparent in the electron en-
ergy spectrum. Just such a situation takes place in
the case discussed above. Figure 5 shows the
energy bands of the even states for paramagnetic
FeNCr3FeN systems with N � 5 (a) and N � 6 (b).
In the case of N � 5, we can clearly see near the
M� and X� points and in X� –M� direction the states
significantly localized in the interface Fe layer
(more than 50%). These states are responsible for
the peak in the DOS differences presented in
Figure 4. When N � 6 [Fig. 5(b)], such interface
resonances practically are absent.

Conclusions

In summary, we performed ab initio calculations
of the electronic structure of FeNCr3FeN sandwiches
in magnetic and nonmagnetic states. We found the
nonmonotonic behavior of the magnetic moment in
the interface Fe layer, which is conditioned by for-
mation in system considered of the quantum well
states. Under certain conditions, these states can
introduce resonances with a high degree of local-
ization in the interface layer, which are responsible
for the appearance of a large magnetic moment in
this layer.
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