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Abstract. We make a systematic study of 4d transition metal monolayers epitaxially
grown on bcc-Fe(001). For this purpose we consider the slabs X/2Fe/X and X/5Fe/X
(X = Mo, Tc, Ru, Rh and Pd) within a mean-field Hubbard model. To parametrize the surfaces
we add extra orbitals outside the slab to allow for electron spillover. This calculation gives a
different polarization for each of the five d orbitals of the transition metals. We find that Mo
and Tc couple antiferromagnetically to Fe while Ru, Rh and Pd couple ferromagnetically. Ru
presents a more critical behaviour than any other 4d transition metal. The results obtained can
be explained through an analysis of bulk paramagnetic d-band centres.

1. Introduction

The development of new sophisticated techniques for producing epitaxially grown
metallic structures has led to the derivation of a new set of phenomena such as giant
magnetoresistance in ferromagnet/normal metal superlattices and the onset of magnetism in
materials that are paramagnetic in the bulk.

Examples of the last case are 4d transition metals, which have been the subject of a great
number of contributions reported in the last few years. It has been seen experimentally that
a monolayer of Ru epitaxially grown on bcc-Fe in the (001) direction presents an induced
spin polarization which corresponds to a magnetic moment of 0.7µB per atom [1]. A Pd
monolayer on bcc-Fe(001) has also been shown to grow epitaxially and acquire a magnetic
ordering [2]. Rh adlayers on bcc-Fe show nonepitaxial growth, but also acquire a magnetic
ordering [3]. 4d ferromagnetism was also obtained by epitaxial growth of Ru on a graphite
substrate [4].

On the other hand, a lot of theoretical work has also been done on this kind of
system, mostly byab initio methods based on the local density approximation of the density
functional theory. A Rh monolayer on gold has been shown to be ferromagnetic [5] with
a magnetic moment of 1.09µB per atom. Also, FLAPW calculations [6, 7] have shown
ferromagnetic ordering for Tc (0.29µB), Ru (1.73µB) and Rh (1.04µB) monolayers on
Ag(001). No magnetic solution was found for Pd. Very similar results were obtained
for 4d transition metal monolayers on Au(001) except in the case of Tc, which shows no
magnetic moment [8]. The same method of calculation was used for Ru, Rh and Pd grown
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on bcc-Fe(001); all of them showed a ferromagnetic ordering withµRu = 0.49µB [3],
µRh = 0.82µB [3] and µPd = 0.29µB [2].

To get a better insight into the physics underlying the 4d magnetism in low-dimensional
systems, we perform a systematic study of the electronic and magnetic properties of 4d
transition metal monolayers on bcc-Fe(001). For this purpose we use a tight-binding
Hubbard Hamiltonian in the unrestricted Hartree–Fock approximation. With this model
we can analyse the contribution of the different d orbitals to the magnetic moment and its
possible relation to magnetic anisotropy. We show that the magnetic coupling information
is essentially contained in the tight-binding parameters of the bulk paramagnetic materials.

We study the slabs X/2Fe/X and X/5Fe/X (X= Mo, Tc, Ru, Rh and Pd). For the
growth structure a bct lattice is considered, such that the overlayer matches Fe but the cell
volume corresponds to the density of the 4d transition metal bulk. This gives ac/a ratio
ranging from 1.15 to 1.2.

2. Method of calculation

For the calculations we use a tight-binding Hamiltonian with the parameters of the bulk
materials. The magnetism is obtained from a Hubbard-like term solved in the unrestricted
Hartree–Fock approximation. This method has been used previously for 3d transition metal
slabs and superlattices [9, 10, 11] and the results compare well withab initio calculations.

All many-body contributions appear in the Hartree–Fock approximation in the diagonal
term εimσ given by

εimσ = ε0
im +

∑
m′

Uimm′ 1nim′ + (−1)σ
∑
m′

Jimm′

2
µim′ (1)

where1nim′ is the electronic occupation difference per layer and per orbital with respect to
the bulk paramagnetic values, andµim′ is the magnetization, also per layer and per orbital.

The single-site (ε0) and hopping elements of the Hamiltonian are obtained for the bulk
pure materials from Andersen’s canonical LMTO-ASA bands (see [12]). In a crystal with
cubic symmetry the diagonal elements for the d bands split into two sets, eg and t2g, but in
the overlayer there is no such symmetry and these values are averaged in the calculations.
The dependence of these parameters on interatomic distance and volume per atom was
obtained using reference [13] and also by recalculating for the pure paramagnetic materials
with the LMTO-TB method. No significant differences were found using the two sets of
parameters.

Uimm′ are the screened intrasite Coulomb integrals in the solid, and their effect is to avoid
the large charge transfers which appear in nonselfconsistent tight-binding calculations. Their
values were taken from [14].Jimm′ are the intrasite exchange integrals and are assumed to
be zero except for for d orbitals. For Fe,Jdd is fitted performing a calculation for bcc-Fe
so as to give the bulk magnetization. We obtainedJdd = 1.05 eV. TheJdd -values for the
4d transition metals were taken from LMTO calculations [12].

The added extra orbitals outside the slabs were chosen as in [9] where we proved that
the results do not depend critically on the corresponding parameters.

This Hubbard model also offers the possibility of performing selfconsistency in each d
orbital instead of doing it on average, and this may help in the understanding of the details
of the magnetic coupling of the Fe and the 4d transition metal. To do this we must go back
to the original many-body Hamiltonian in the Hartree–Fock approximation. For simplicity
we shall suppose now that the indicesm, m′ in equation (1) run only over the five d orbitals
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and drop the lattice indexi. Therefore, for average selfconsistency,

εdσ = ε0
d + Udd 1nd + (−1)σ

Jdd

2
µd. (2)

This equation comes from the more general one

εmσ = ε0
m +

∑
m′

Ũmm′ 〈c†
m′−σ cm′−σ 〉 +

∑
m′ 6=m

(Ũmm′ − J̃mm′)〈c†
m′σ cm′σ 〉 (3)

if all Ũmm′ and J̃mm′ are assumed to be equal (Ũdd and J̃dd ) and 〈c†
mσ cmσ 〉 = (nm +

(−1)σµm)/2 to be independent of orbitalm. Udd and Jdd from equation (2) become
then linear combinations of̃Udd and J̃dd . Removing the last assumption one can obtain
selfconsistency for each orbital separately using the same two parameters,Ũdd and J̃dd , for
the screened Coulomb and exchange integrals in equation (3). EffectiveUdd ′s andJdd ′s are
then obtained for each different d orbital.

Figure 1. Paramagnetic site energies of the 4d transition metals compared to the ferromagnetic
site energies of Fe. The site energy of the higher Fe band was taken as zero.

Table 1. Magnetizations (µB ) per atom for X/2Fe/X slabs (X = Mo, Tc, Ru, Rh, Pd) obtained
by performing selfconsistency on average and on each d orbital separately.

X Mo Tc Ru Rh Pd

Average µX −0.10 −0.33 0.30 0.76 0.25
selfconsistency µFe 1.85 1.91 2.21 2.62 2.88

Selfconsistency µX −0.06 −0.20 0.68 0.77 0.17
on each d orbital µFe 1.80 1.92 2.08 2.50 2.70

The Hamiltonian is solved selfconsistently, obtaining the electronic occupation for each
layer, orbital and spin. The calculations are performed in the two-dimensional irreducible
zone using 256 specialk-points from [15].
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Figure 2. Local densities of states in X/5Fe/X slabs (X= (a) Mo, (b) Tc, (c) Ru, (d) Rh, (e)
Pd). The dotted line is the interfacial Fe LDOS. The Fermi energy is taken as zero.

3. Results and discussion

In table 1 we show the magnetic moment per atom for the X/2Fe/X slabs when
selfconsistency is performed on each d orbital separately and on average. Table 2 contains
the same results for the X/5Fe/X slabs. In all of them the same trends can be observed.
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Figure 2. (Continued)

The early 4d transition metals (Mo and Tc) couple antiferromagnetically to iron while Ru,
Rh and Pd acquire a ferromagnetic coupling, Rh being the one which presents the largest
polarization. In the following paragraph a simple explanation of these different magnetic
couplings is given by looking at the relative position of the paramagnetic site energies of
the 4d transition metal and the ferromagnetic site energies of Fe obtained from a calculation
for bulk bcc-Fe.
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Figure 2. (Continued)

Table 2. Magnetizations (µB ) per atom for X/5Fe/X slabs (X = Mo, Tc, Ru, Rh, Pd) obtained
by performing selfconsistency on average and on each d orbital separately. The subscript I (C)
stands for interface (centre).

X Mo Tc Ru Rh Pd

Average µX −0.23 −0.21 0.06 0.53 0.23
selfconsistency µFeI

1.50 1.68 1.89 2.25 2.69
µFeI−1 2.32 2.41 2.35 2.26 2.18
µFeC

2.16 2.22 2.18 2.13 2.08

Selfconsistency µX −0.14 −0.11 0.42 0.83 0.15
on each d µFeI

1.44 1.60 1.88 2.39 2.55
orbital µFeI−1 2.26 2.28 2.06 2.01 1.98

µFeC
1.81 2.01 2.04 1.94 1.81

As can be seen in figure 1 the site energies of Mo and Tc lie at higher energies than
those of Fe. The hybridization is then stronger for the spin-down bands and its effect is to
increase the density of states of the 4d transition metal at lower energies, also increasing the
spin-down band occupation, leading to antiferromagnetic ordering. This can also be seen in
the densities of states plotted in figures 2(a) and 2(b). The situation is quite different for Rh;
in this case the hybridization is almost the same for both spin bands and the polarization
of Fe drives the ferromagnetic polarization of Rh. The case of Pd is more complicated,
and this simple explanation is not enough. Since the d bands are almost full the magnetic
coupling is determined by the shape of the density of states atEF rather than the position of
the band centre. In figure 2(e) it can be seen that the two highest peaks of the d band of Pd
are split oppositely to those of Fe, but both of them are well below the Fermi energy. The
small hybridization of the minority bands increases the density of states of Pd at energies
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just above the Fermi level leading to a larger occupation of the spin-up band. The case of
Ru is a special one for as its site energies fall in between the minority bands of Fe it is
not clear whether hybridization will turn the down bands of Ru to lower or higher energies.
Actually some of the d bands of Ru couple ferromagnetically to Fe while others couple
antiferromagnetically.

Applying this simple picture to 4d transition metals grown on Co we would expect the
transition from ferromagnetic to antiferromagnetic coupling to occur between Rh and Ru
and the magnetic moments to be lower than when grown on Fe. The main reason for this
is that the d-band centres of Co lie at lower energies than those of Fe and the exchange
splitting is smaller.

Figure 3. The magnetic moment per atom of the (a) 4d transition metal and (b) interfacial Fe
as a function of the 4d transition metal.

From the results of tables 1 and 2 one would expect that those obtained by performing
selfconsistency on each d orbital for the X/5Fe/X slabs should be the more accurate as five
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layers of Fe should represent better the growth of monolayers on bulk Fe and no average
magnetization is assumed. This is confirmed by the good agreement obtained for Ru, Rh
and Pd monolayers on Fe when compared with FLAPW results [2, 3]. When the densities
of states plotted in figure 2 are compared with those of references [6, 7, 8] it is clear that
the bandwidth is larger. This indicates that while 4d transition metal monolayers grown on
Ag or Au acquire a magnetic moment due mostly to low dimensionality, in the case of Fe
the polarization is due to the hybridization of the d band of the 4d transition metal with
the d band of iron. Figure 3(a) shows the magnetic moment of the 4d transition metal as a
function of d-band filling. It resembles the one obtained for 3d transition metal monolayers
on Fe(001) [17] but shifted one element to the right and with smaller magnetic moments.
This effect is the same as that reported by Blügel when going from 3d to 4d and from
4d to 5d transition metal monolayers grown on Ag(001) [8]. It can also be seen that Ru
presents the larger variations between the different calculations. Small changes in the Ru site
energies, of the order of 0.2 eV, strongly affect the results obtained for the Ru magnetization,
even giving antiferromagnetic ordering. This kind of instability was not obtained in any
other 4d transition metal for which small changes in the initial site energies only slightly
modified the results. This critical magnetic behaviour of Ru has already been found in other
calculations [16]. In figure 3(b) we see that the magnetic moment of interfacial iron grows
continuously when going from Mo to Pd; the same effect is seen in 3d transition metals
grown on Fe when going from V to Cu [17].

Table 3. Magnetizations (µB ) of the different d orbitals of the 4d transition metal in the X/5Fe/X
slabs (X = Mo, Tc, Ru, Rh, Pd) and the expectation values of the spin dipole operator (¯h).

Orbital Mo Tc Ru Rh Pd

dxy 0.01 0.00 0.00 0.06 0.03
dzx = dyz −0.06 −0.06 −0.02 0.10 0.04
dx2−y2 −0.01 0.00 −0.04 −0.05 0.06
d3z2−r2 −0.01 0.03 0.51 0.65 0.02

7〈Tz〉 −0.14 −0.06 1.06 1.48−0.06

Table 3 shows the selfconsistent magnetic moments per orbital in the X/5Fe/X slabs
(the same trend appears in the X/2Fe/X slabs but is not shown). It can be seen that
antiferromagnetism is mainly due to the dzx and dyz orbitals, while the ferromagnetic
coupling comes mostly from the d3z2−r2 orbital, except in the case of Pd where this orbital
is almost fully occupied. Also shown in table 3 is thez-component of the d-electron
expectation value of the intra-atomic magnetic dipole operatorT = S − 3̂r ( r̂ · S). This
reflects the anisotropy of the electron spin density and according to the recently derived
dichroism sum rules [18, 19, 21] 7〈Tz〉 could be measured by x-ray magnetic circular
dichroism. We see that the positive and large〈Tz〉 obtained for Rh and Ru is due to the
strong spin polarization of the d3z2−r2 orbital whereas for Mo, Tc and Pd〈Tz〉 is small and
has the opposite sign. Through the spin–orbit interaction the spin moment will tend to
align with the orbital moment〈L〉, giving rise to the magnetic anisotropy. Both〈Tz〉 and
〈Lz〉 reflect anisotropies, the former in the spin density and the latter in the charge density.
Although the relationship between〈Tz〉 and the magnetic anisotropy is still a matter of
discussion [20, 21, 22], our results indicate a different magnetic anisotropy for Ru and Rh
to that for Mo, Tc and Pd.
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4. Conclusions

We have proved that 4d transition metal monolayers grown on bcc-Fe acquire a magnetic
moment mainly due to hybridization with Fe bands. This magnetic coupling can be parallel
or antiparallel to Fe depending on the relative positions of the corresponding site energies.
This can be summarized as follows.

(1) When the bulk paramagnetic site energies of the overlayer lie at higher energies than
those of the ferromagnetic substrate, antiferromagnetic coupling is obtained.

(2) When the bulk paramagnetic site energies of the overlayer lie in between the majority
and minority bands of the ferromagnetic substrate, ferromagnetic coupling results.

(3) When the bulk paramagnetic site energies of the overlayer lie at nearly the same or
lower energies than the majority bands of the substrate, the magnetic coupling is determined
by the shape of the density of states atEF .

Calculations which perform selfconsistency on each d orbital separately have shown that
antiferromagnetism is associated with dyz- and dzx-orbital polarization while ferromagnetism
shows mainly d3z2−y2 and dx2−y2 character. The results for 7〈Tz〉 show that magnetic
anisotropy of Ru and Rh is expected to be different from that of Mo, Tc and Pd.

It is interesting to point out that a thin slab like X/2Fe/X is sufficient for a qualitative
analysis, although the results obtained for X/5Fe/X with selfconsistency for each d orbital
show a better agreement with FLAPW results.
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