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Magnetic coupling in 3d transition-metal monolayers and bilayers on bee (100) iron
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We have calculated the magnetization profile in the (100) surface of bec Fe covered by a monolayer or a
bilayer of 3d transition metals. The calculated trends are explained in terms of the hybridization between the

3d states of the overlayer and the Fe substrate.

A combination of new methods for preparing well-defined
clean surfaces and techniques for measuring magnetic prop-
erties has recently enabled detailed studies of magnetism of
surfaces, interfaces, and thin films. Simultaneously, the
theory of electronic structure has matured to a stage where
questions concerning the magnetic moments and the type of
magnetic coupling, i.e., ferromagnetic (FM) or antiferromag-
netic (AFM), at an interface may be answered with great
accuracy. Of particular interest for practical applications, as
well as from a physical point of view, is the modification of
the magnetic moments which takes place when an Fe surface
is covered by a few layers of a 3d transition metal. Apart
from the pure Fe system, which has been studied in detail' =
some experimental as well as theoretical results exist for v,78
Cr,”~!! Mn,'?!3 and Ni,'*!5 while Co (Ref. 16) is only stud-
ied experimentally. In the cases of Ti and Cu there are neither
experimental data nor theoretical results available in the lit-
erature. The results we are going to present are in good
agreement with both experiments and earlier calculations
where they exist.

Here, we present a systematic, theoretical study of the
magnetic properties of the (100) surface of ferromagnetic,
bce Fe covered by a monolayer or a bilayer of the 3d ele-
ments Ti to Cu. In particular, we calculate the magnetic mo-
ments through the interface region including that of the top-
most Fe layer. In the calculations we considered the size of
the magnetic moment and the total energy for different types
of magnetic couplings between the surface and subsurface
layers. We have thus calculated the total energy of the mono-
layer covered surface with FM as well as AFM coupling to
the Fe substrate. Similarly, in the bilayer calculations, we
allowed the surface and subsurface of the two 3d overlayers
to attain the magnetic coupling to the Fe substrate which
gave the lowest total energy. Despite considerable experi-
mental efforts the magnetic moments in the systems under
consideration are not too well known and most of the present
results are in fact predictions of the unique magnetic behav-
ior one may encounter in thin-film materials with a thickness
of a few monolayers.

The calculations were performed by means of the inter-
face Green’s function technique, developed by Skriver and
co-workers.!” This method is based on the linear muffin-tin
orbitals (LMTO) method'®!® within the tight-binding,?’-%
frozen core, and atomic-sphere approximations together with
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the local spin density approximation as parametrized by
Vosko, Wilk, and Nusair.”> The number of ky points was
taken to be 528 special points®* in the irreducible part of the
two-dimensional Brillouin zone. Moreover the Wigner-Seitz
radius was chosen to be 2.662 a.u. for all elements involved,
which corresponds to the experimentally observed volume of
bee Fe. Although lattice relaxation has been shown to some-
times influence the magnetic properties'> we neglect, in this
systematic study, this effect. At this atomic volume bulk Fe is
calculated to have a ferromagnetic spin moment of
2.23up. We have studied systems which consist of semi-
infinite bee(100) Fe, on which we add one or two layers of
element X before reaching vacuum. For most of the calcula-
tions we allowed 8 Fe layers to differ from Fe bulk, although
it turned out that 3 Fe layers were sufficient, so for a few
calculations we only allowed 3 Fe layers to differ from Fe
bulk.

In Fig. 1 we present the calculated magnetic moment of
the overlayer both for a monolayer and a bilayer coverage. In
the monolayer case it is seen that the magnetic moment of
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FIG. 1. The magnetic moment for the bec(100) Fe surface cov-
ered by monolayers and bilayers of 3d transition metal X where X
= Ti,...,Cu. The triangles correspond to the magnetic moment of
the surface layer, S (1 ML), of the monolayer covered surface. The
circles and squares correspond to the surface, S (2 ML), and sub-
surface, S—1 (2 ML) of the bilayer covered surface.
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the added layer is antiparallel to that of the Fe substrate for
the earlier transition-metal elements and parallel for the later
elements. This is reminiscent of the coupling exhibited by a
3d impurity in bulk Fe.?>?% The effect is a consequence of
the change in hybridization between the 3d states of the
substrate and those of the overlayer which takes place as one
proceeds through the transition-metal series. In the early
transition metals the 3d states are positioned at higher ener-
gies than those of Fe. Since the Fe 3d states have an appre-
ciable exchange splitting such that the spin-down Fe 3d
states have moved up in energy and therefore are closer to
the 3d states of the overlayer, the hybridization of the 3d
states of the early transition metal with the spin-down Fe 3d
states is stronger than the hybridization with the Fe 3d
spin-up states. As a result, the fraction of spin-down 3d
states of the early transition metal found in the energy region
of the Fe 3d states is increased and since the Fermi level is
situated in this region an AFM coupling follows. For the late
transition metals the situation is reversed and the coupling to
the substrate is therefore FM. Moreover, due to the induced
polarization from the Fe substrate and the band narrowing at
the surface the magnitude of the moment on the monolayer
atoms is substantially enhanced with respect to the moment
in the corresponding bulk transition metal. In fact, Ti and V
are nonmagnetic as bulk metals, whereas as monolayers on
Fe they are found to have an appreciable magnetic moment,
which in case of V was verified experimentally.'? The largest
enhancement is found in Mn, which is quite close to being
completely saturated with almost all of its five d electrons in
the spin-up band. The calculated enhancement is in excellent
agreement with both an earlier calculation'® and experiment.®

For the bilayer covered surface the situation is more in-
volved, especially as regards the coupling to the underlying
Fe substrate. Thus, the magnetic moment in the surface layer
is found to be oriented parallel to the Fe moments whereas
the subsurface 3d moments show a behavior similar to that
found in the monolayer calculations and in calculations of
3d impurities in Fe, i.e., AFM for the early 3d elements and
FM for the late 3d elements. The magnetic coupling of the
subsurface 3d atoms, which are in direct contact with the Fe
atoms, may be understood from the same arguments as out-
lined above for the monolayer moments. However, it is in-
teresting to note that the magnitude of the magnetic moment
of the subsurface layer is substantially smaller than that of
the surface layer in the monolayer calculation. This is a di-
rect consequence of the fact that the subsurface atoms of the
bilayer interact and hybridize with eight nearest-neighboring
atoms, as opposed to the surface atoms which have a reduced
coordination number.

In Fig. 2 we show the calculated magnetic moment of the
Fe atoms in the atomic layer closest to the interface with the
3d overlayer. Note that we show the Fe interface moment
both for the monolayer and bilayer geometries as well as for
different types of magnetic couplings (ferro and antiferro).
As can be seen in Fig. 2 the Fe moment depends very deli-
cately on the number of coating transition-metal layers, the
atomic number of the coating material, as well as on the
magnetic coupling. The observed quite complicated trends
cannot be explained by simple models involving for instance
rigid Fe d bands, with a constant exchange splitting and with
different band filling (Slater-Pauling curve), depending on
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FIG. 2. Calculated magnetic moment of Fe at the interface with
X. The bold solid line corresponds to the calculated ground-state
moment for the monolayer situation. The broken lines indicate
metastable solutions. Circles denote an AFM coupling and squares a
FM coupling between the Fe and the overlayer X. The thin line
(triangles) corresponds to the Fe interface moment for the bilayer
situation. In the inset the Fe interface moment for the bilayer cov-
erage is shown again. The broken line indicates the metastable so-
lutions. Triangles pointing up indicate a FM coupling, triangles
pointing down indicate an AFM coupling at the interface.

the coating. As a matter of fact we calculate a rather constant
d occupation in the Fe interface layer, with only a small
charge transfer between the interface and the coating atoms
(~ 0.1 electron), where as a rule of thumb, charge is trans-
ferred from the lighter element, which has broader bands to
the heavier element, which has narrower bands.

Despite the quite intricate behavior of the interface mo-
ment, shown in Fig. 2, certain trends are distinguishable. For
instance, both for the monolayer and bilayer geometry a
coating with an early transition metal produces a reduced Fe
interface moment whereas a late transition-metal coating
produces an increased Fe interface moment. This behavior is
again reminiscent of what is found for 34 impurities in Fe. In
impurity calculations of the spin moment of the Fe atoms
around a 3d impurity, it was found that for an early 3d
impurity the nearest-neighboring Fe atoms show a decreased
moment, whereas for late 34 impurities the moment is
enhanced.?® However, unlike the impurity calculations we
observe a drastic reduction of the Fe interface moment when
Fe is covered with a monolayer of Mn. Moreover, for the
monolayer coating we observe that if a particular type of
magnetic coupling is imposed in the calculations, the inter-
face moment behaves more regular. For instance, for the
AFM coupling the Fe interface moment is initially increas-
ing, reaches a maximum for Cr, and decreases smoothly for
Mn and Fe. Similarly, for the FM coupling the curve is ini-
tially increasing, reaches a maximum at Ni and decreases for
Cu. The dramatic jump in the Fe interface moment is, as seen
in Fig. 2, at least partly due to that the system here changes
from an AFM to a FM coupling. We will describe this in
more detail below. Also, for the bilayer geometry the depen-
dence of the Fe moment on the coating material is much
smoother and the interface moment is much less influenced
by the type of magnetic coupling (see the inset of Fig. 2).
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FIG. 3. Calculated exchange coupling of the Fe interface layer
according to Egs. (2)—(4). The solid line corresponds to the calcu-
lated ground state, the squares indicate metastable solutions.

Let us now provide a couple of simple arguments explain-
ing some of the calculated trends displayed in Fig. 2. First,
we focus on the peculiar dip at Mn, found in the monolayer
calculations. Due to hybridization with the overlayer d band
the Fe d band will shift in energy by an amount &:

Cgleterfacez Clb::lk+ S. (1)

In Eq. (1) C is the center of the d band. The exchange split-
ting € in bulk Fe is equal to €y, ;= (C}T:e— C#e), whereas the
exchange splitting of the interface Fe layer after hybridizing
with the overlayer may be written

Einterface — €bulk T 5T - 5l. (2)

Equation (2) states that if the energy shift of the Fe spin-up
band is larger (smaller) than the energy shift of the Fe spin-
down band, then the exchange splitting of the Fe interface is
increased (decreased) compared to Fe bulk. In order to obtain
a quantitative result for the interface moment we thus need to
calculate the shift in energy due to the interface-overlayer
hybridization. If the two energy levels are sufficiently sepa-
rated in energy one may obtain a simple expression for this
shift.”” However, in the present study the energy levels are
for some cases almost degenerate and to calculate a simple
expression for the hybridization induced shift of these levels
becomes a difficult task. To avoid this problem we observe
that in our calculations the energy shift may be approximated
by the following proportionality relations:

(dx—dpe)
8~(Cx—Cpe) ' 77t 3
(Cx—Crg) [dx—d (3)
for |dy—dpe|=1 and
5~(Cx—Cp)~'(dx—dge) 4)

for |dy—dg|<1.

In the equation above dy (dg.) is the d-band occupation
of the interface metal X (bulk Fe). In Fig. 3 we show the
exchange splitting, €;n.rface,» Which we calculated using Eqgs.
(2)—(4). For Fe, we used, both for the center of band Cg, and

BRIEF REPORTS 52

the d-band occupation df., the bulk values, whereas for the
covering metal we used the interface values for both param-
eters. This is of course not quite correct, because the inter-
face values already include the effect of hybridization. Nev-
ertheless, with the exception of Fe and Ni, it is sufficient to
use the interface values as a crude approximation. (The Fe
and Ni overlayers hybridize very strongly so that the inter-
face value for Cy has changed significantly.) As can be seen
in Fig. 3 we reproduce the trend of the interface Fe magnetic
moment very well with this simple calculation. In particular
we obtain the dip in the Fe interface moment when Fe is
covered with a monolayer of Mn. Moreover, the Fe moment
increases for Co and Cu and decreases for the early transition
metals in accordance with our self-consistent calculations
(Fig. 2). Note also in Fig. 2 that for any monolayer coating,
the Fe interface moment never is larger than the Fe (100)
surface moment of 2.97 up . This further increase of the mag-
netic moment at the Fe surface is understandable in terms of
band narrowing (due to reduced coordination).

Next, we focus on the magnetization profile when one
penetrates the monolayers and bilayers from the surface. It is
known that the magnetic moment of Fe oscillates as a func-
tion of the distance from the surface. However, it has been
predicted that this oscillation disappears when Fe is coated
with a metal?® We find in our calculation, Fig. 4, that in
some cases, the Fe magnetic moment oscillates around the
Fe bulk magnetic moment, in other cases, the Fe magnetic
moment decreases smoothly towards the bulk value. The first
situation occurs for those cases where the number of Fe ma-
jority electrons by far exceeds the number of the overlayer
majority electrons, i.e., for all cases of AFM coupling be-
tween the Fe and overlayer metal. The second situation oc-
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FIG. 4. The Fe magnetic moment profile for monolayer cover-
ages with metal X. In the upper (lower) figure the Fe profiles are
shown for an AFM (FM) coupling between the overlayer X and Fe.
IF denotes the Fe interface layer, IF-1 the next layer down and so
on. For the system Fe on Fe the interface layer moment is identical
with the magnitude of the surface layer moment.
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curs if the number of Fe majority electrons and the number
of overlayer majority electrons are about the same, i.e., for
all cases of FM coupling with the exception of Cr.?® This
different behavior of the Fe magnetic moment, i.e., in one
case oscillating and in the other case smoothly decreasing, is
understandable in terms of spin-dependent scattering. The Fe
majority electrons experience a strong scattering if the over-
layer metal, compared to Fe, contains far less majority elec-
trons. Thus the Fe magnetic moment oscillates in this case. If
the number of Fe and overlayer majority electrons is about
the same, the Fe majority electrons experience a very weak
scattering which causes the Fe magnetic moment to decrease
smoothly towards the bulk value. Because the spin-
dependent scattering takes place at the interface, we predict
the oscillation behavior of the Fe magnetic moment to be
independent on the thickness of the overlayer. It is of interest
to compare the results displayed in Fig. 4 with the calculated
moment of the different Fe shells surrounding a 3d
impurity.”® In the calculations of Drittler ez al. it was found
that the nearest-neigboring shell had the same dependence as
shown in Fig. 4, a reduced Fe moment for early 3d impuri-
ties, and an enhanced Fe moment for the late 34 impurities.
However, in the impurity calculations the change in the Fe
moment is smaller than in the present study. Also, the impu-
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rity calculations show a less pronounced oscillatory behavior
compared to the data in Fig. 4.

In summary, we have calculated the surface profile of the
magnetization of Fe, when covered with a monolayer or a
bilayer of a 3d transition metal. The change in magnetic
coupling and the variation of the magnetic moments across
the 3d transition series is explained in terms of the hybrid-
ization between the Fe 3d states and the 3d states of the
covering metal. We have also shown that it is possible to
stabilize different magnetic configurations for these systems,
an effect previously also discussed for 3d impurities in Fe
and Ni.2® Clearly it would be very interesting to compare our
calculations with experimental data. One of few experimen-
tal methods capable of measuring a magnetic depth profile is
conversion-electron Mossbauer spectroscopy (CEMS).*® As
far as we know there are no CEMS experiments available for
the presently investigated systems.
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