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Abstract. We report results of systematic calculations for magnetic properties of 3d
transition metal monolayers on Pd(001) and Ag(001). We find large similarities to
interactions of magnetic 3d impurities in the bulk. Therefore the overlayer results are
supplemented with results for 3d dimers in Cu, Ag, and Pd. Differences between the two
classes of systems are utilized to reveal the interaction within the overlayers and between
overlayers and substrates. In virtually all cases we find both ferromagnetic and antifer-
romagnetic solutions, showing large magnetic moments and similar densities of states.
From the trend of the calculations we conclude that V, Cr, and Mn overlayers favor the
antiferromagnetic ¢(2 x 2) structure, while Ti, Fe, Co, and Ni prefer the ferromagnetic one.

PACS: 75.30Pd, 75.70Ak

Recent experimental studies [1-3] signal considerable
activity in exploring the frontier field of ultrathin
magnetic films. Theoretical predictions of magnetic
overlayers and interlayers [4-7] with greatly enhanced
moments played a crucial role in motivating and
guiding the experimental realizations of two dimen-
sional (2D) models exhibiting itinerant magnetism.
Whereas previous experimental findings were entirely
explained in terms of ferromagnetism we found re-
cently [8] that V, Cr, and Mn monolayers on the
Pd(001) substrate order in a c(2 x 2) antiferromagnetic
superstructure. From strong analogies to the interac-
tion of corresponding 3d impurity dimers in Cuand Ag
[9] we conjectured that this antiferromagnetic order-
ing of V, Cr, and Mn monolayers (ML) and the
ferromagnetic one of Fe, Co, and Ni monolayers
should be a universal behavior on the (001) surfaces of
Pd, Pt, and the noble metals. This conjecture is in line
with results for Cr on Au(001) [10] and has been
confirmed in recent extensive calculations for 3d
overlayers on Ag(001) [11]. Qualitatively this is also in
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line with calculations for isolated Mo monolayers
[12,13] for which the antiferromagnetic solution is
found to be most stable. However, it is in contradiction
with previous theoretical results for 3d metal mono-
layers which predict ferromagnetism also for the early
3d-metal systems [4, 5], basically because in these
calculations the antiferromagnetic state has not been
examined.

Experimentalists have recently acquired great
sophistication in manufacturing single crystal epitaxial
films showing layer by layer growth and absence of
interdiffusion [2], thus allowing a direct comparison
with theoretical predictions. This is in particular true
for noble metal substrates on which a large variety (e.g.
Ni/Cu [3], Co/Au [14], Fe/Ag [15], Fe/Au [1,2],
Mn/Ag [16,17], Cr/Ag [18], V/Ag [16,19]) of 3d
metals at one monolayer range has been stabilized,
some of them even in non-thermodynamic phases (e.g.
Co/Cu [2,3] and Fe/Cu [1-3,20]). Although the
prediction of enhanced magnetic moments is experi-
mentally not yet completely confirmed, the contro-
versy on “dead” magnetic Fe and Nilayersissettled and
a wide consensus between experiment and theory has
been reached on the ferromagnetism of Fe, Co, and Ni
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overlayers not only on noble metals but for instance
also on the Pd substrate [21]. However, the experi-
mental results on magnetism of the early 3d transition
metals are very controversial indeed and do not allow
one to discriminate between the different theoretical
predictions made in [4, 5] and [8, 10, 117]. While recent
experiments of Stampanoni et al. [22] using spin-
polarized photoemission on monolayer-range ultra-
thin films of V/Ag(001) demonstrate the absence of
ferromagnetism for this system and Moodera and
Meservey [23] found for quench-condensed V atoms
on Ag and Au antiferromagnetic coupling for
coverages >0.03 ML and predominately a ferromag-
netic one for coverages >1.5 ML, previous experi-
ments of V on Ag(001) [19], V/Ag(111), and
Mn/Ag(111) [16] had been interpreted in terms of
ferromagnetism of the overlayer. Johnson et al. [24]
have performed polarized neutron reflection measure-
ments for Ag/Cr/Ag(001) sandwich structures with Cr
coverages of 0.33 ML and 3.3 ML. For the 0.33 ML
coverage, data suggest a long range ferromagnetic
order with enhanced magnetic moments, whereas for a
3.3 ML thick layer no ferromagnetism was detected.
Support for our predictions comes from transition-
metal Pt alloys in the tetragonally ordered CuAu I
structure. It is known from neutron diffraction experi-
ments [25] that for those layered systems VPt and
NiPt alloys are non-magnetic, CrPt and MnPt order
¢(2 x 2) antiferromagnetically and FePt and CoPt are
ferromagnetic.

The aim of the present paper is to review the
extensive theoretical calculations performed in our
group for 3d overlayers on Pd(001) and Ag(001). While
part of the results have been published already in short
communications [8, 11,26, 27] we will give here a more
comprehensive account. We concentrate in particular
on the general trends on magnetism found in these
calculations and discuss the importance of the 3d-3d
hybridizations within the monolayers versus the effect
of the interaction with the Pd and Ag substrate. The
overlayer calculations are complemented with recent
calculations for isolated, unsupported monolayers
with atom positions constrained to the Ag(001) surface
net (UML-Ag(001)) [28] as well as with improved
calculations for the interaction energies of magnetic
impurities in Cu, Ag, and Pd. The combination of these
calculations for very different systems clearly illumi-
nates the universality of the trends for the magnetic
interactions found in these systems.

The outline of the paper is as follows. In Sect. 1 we
present some technical information concerning the
calculations. In Sect.2 we discuss the results for
ferromagnetic 3d overlayers on the Ag(001) surface.
We compare with calculations for unsupported mono-
layers in order to see the effect of the interaction with
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the substrate. In addition, calculations for single
impurities and impurity dimers in bulk Ag and Cu are
included. A single impurity can be considered as the
opposite limit of an unsupported monolayer having no
monolayer interaction but only substrate interaction.
The impurity dimers are in between. Both give very
useful information about the importance of the hy-
bridization between overlayer and substrate as well as
within the overlayer. In Sect.3 we review similar
calculations for overlayers on Pd(001) [26]. In parti-
cular we discuss here the importance of the hybridi-
zation with the 4d electrons which leads to some
characteristic differences between 3d overlayers on
Ag(001) and Pd(001) despite of their overall similar-
ities. We also comment on the induced polarization of
the Pd substrate. Section 4 is devoted to antifer-
romagnetic overlayers forming a c¢(2 x 2) superstruc-
ture on the (001) surface. In Sect. 5 we concentrate on
the stability of this structure compared to the fer-
romagnetic one and discuss similar trends observed in
calculations for isolated monolayers and for impurity
dimers in Cu, Ag, and Pd. In Sect. 6 we summarize the
results presented in this paper, discuss the limitations
of our model and speculate on possible antiferromag-
netic structures of monolayers on (110) and (111)
substrates.

1. Some Details Concerning the Calculations

All calculations are based on density functional theory
in the local spin density approximation. We use the
exchange-correlation potential of von Barth and
Hedin [29] but with the parameters as chosen by
Moruzzi et al. [30]. All lattice parameters are chosen
according to [30].

The results for the overlayer calculations are
obtained with the full-potential linearized augmented-
plane-wave method (FLAPW) in film geometry [31].
Nine-layer (001) films containing seven layers of Pd or
Ag and one 3d-metal monolayer on each surface are
considered. For the Pd substrate the interlayer sepa-
ration between the monolayer and the Pd surface layer
is assumed to be the same as in bulk Pd. For the Ag
substrate we have estimated the interlayer separation
according to results of a total energy analysis for the
Cr/Au interlayer spacing by Fu et al. [32] to be the
average of the bulk 3d-metal and bulk Ag one. To
obtain reliable energy differences between the fer-
romagnetic p(1 x 1) and the antiferromagnetic c¢(2 x 2)
phase, both structures are calculated with the same
antiferromagnetic unit cell containing eighteen atoms.
The symmetry properties chosen do not a priori
exclude the revelation of a possible ferrimagnetic
superstructure. A total number between 2 x 850 and
2 x950 symmetrized plane waves is used as variational
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basis set. We found that sufficiently accurate Brillouin-
zone integrations can be performed by using ten
special k;, points [33] in the irreducible wedge of the
2D Brillouin-zone of the c¢(2 x 2) structure. For the
p(1 x 1) structure 36 special k points proved to be
sufficient. Critical cases such as Ni on Ag(001) have
been checked with 78 k, points. Lattice harmonics with
angular momentum components /<8 are included to
describe charge and potential inside touching muffin-
tin spheres. All states including core states are cal-
culated self-consistently. The calculations for the un-
supported - monolayers are performed by the same
method with only one layer of 3d atoms containing two
atoms per unit cell.

The results for the impurities and impurity dimers
are obtained with the Korringa-Kohn-Rostocker
Green’s-function (KKR-GF) method [34]. Starting
with the Green’s function of the host, as evaluated from
a KKR band structure calculation, a cluster of per-
turbed potentials inserted into the otherwise unper-
turbed host is considered. The Dyson equation for the
Green’s function of the perturbed system, describing
the multiple scattering at and within the cluster of
perturbed potentials, is solved exactly. Angular mo-
menta up to /<3 are taken into account and several
shells of perturbed host potentials around the impur-
ities are included. All potentials are assumed to be

spherically symmetric atomic sphere potentials and
are calculated self-consistently. We applied the com-
plex energy technique [35] using 64 complex energy
points. Self-consistency is accelerated by applying
Broyden’s method [12]. In the total energy calcu-
lations [36] the full non-sphericity of the charge density
is included. However, integrals over the Wigner Seitz
cell are replaced by integrals over Wigner Scitz
spheres.

The local density of states (LDOS) and local
magnetic moments presented in succeeding chapters
are data with respect to the muffin-tin and Wigner-
Seitz spheres respectively. While for the Pd substrate
the volume of the overlayer muffin-tin spheres are all
equal, they vary somewhat for the Ag substrate
depending on the interlayer spacing chosen. For the
unsupported monolayers all spheres are of equal size
but larger than in the overlayer case. However, these
are minor effects which do not interfere with arguments
given below.

2. Ferromagnetic Overlayers on Ag(001)

Figure 1 shows the local densities of states (LDOS) of
3d overlayers on Ag(001) as resulting from a paramag-
netic calculation. The major structure arises from the
well defined d band of the transition metal atoms being
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Fig. 1. Local densities of states (LDOS) of 3d overlayers on Ag(001) in a non-spin-polarized calculation
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Fig. 2. LDOS of 3d overlayers on Ag(001) for the ferromagnetic p(1 x 1) configuration

a consequence of the 2D periodicity of the overlayer. In
the sequence from V to Ni one sees a strong band
narrowing. In all cases the bandwidth is substantially
narrower than the corresponding metallic bulk values.
This is consistent with the naive argument that a
reduced coordination number will lead to band nar-
rowing and a larger LDOS at the Fermi energy (Ey)
and hence to stronger magnetism. With an exchange
integral I varying from 0.7 €V at the beginning to 1 eV
at the end of the 3d series [37] the Stoner criterium
n(Eg)I>1 is satisfied in all cases, even for a Ti
overlayer.

Figure 2 shows the LDOS from a spin-polarized
calculation for the ferromagnetic structure. Essentially
one sees a spin-split LDOS as is well known from the
Stoner model for the elemental ferromagnets. But
compared to elemental bulk ferromagnets, the
overlayer LDOS show a much larger ratio of exchange
splitting to bandwidth. The Stoner model is only
approximately valid which means majority and minor-
ity bands do not shift rigidly. Rather the minority band
is appreciably broader than the majority one. In the
case of Mn, Fe, and Co overlayers, the majority d band
is completely filled and is nearly so for the Ni overlayer.
Thus, using the familiar terminology of bulk magne-
tism, we can consider these overlayers as strong

ferromagnets. We might even consider the Cr
overlayer as a strong ferromagnet, since here the
minority band is completely empty. Concerning mag-
netism, in a first approximation Ag can be viewed as “s
metal”, since the top of the 4d band is already 3 eV
below Eg. But for Mn, Fe, and Co overlayers the
exchange splitting is so large that the 3d —4d hybridi-
zation between monolayer and substrate cannot be
avoided completely. We notice this as a perceivable d
intensity within the range of the Ag 4d band between
—6.5 and —3.0eV of the majority states of these
overlayers. For the Ag substrate this effect is of minor
importance due to the strong localization of the 4d
electrons and Ag is essentially non-magnetic. This is
the reason why magnetism of thin films on noble
metals is considered as good a experimental realization
of 2D magnetism. This is in contrast to the Pd
substrate where the 3d —4d hybridization is an impor-
tant mechanism as we will see in the next section.
The resulting moments of the 3d monolayers on
Ag(001) are shown in Fig. 3 (full line) together with the
moments for the UML—-Ag(001) (dotted line) [28]. The
dashed line gives the local moments for 3d impurities in
Ag, as calculated by the KKR-GF method. The
moments are also collected in Table 1 together with
data we will discuss in subsequent sections. The
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Fig. 3. Local moments for the ferromagnetic configuration of 3d
overlayers on Ag(001) (e, full line) and of unsupported 3d
monolayers with atomic positions constrained to the surface net
of Ag(001) (UML-Ag(001)) (V, dotted line). For comparison the
local moments of 3d impurities in bulk Ag are also shown (O,
dashed line)

isolated monolayers and single impurites in Ag can be
considered as opposite idealized limits, monolayers
having 3d—3d ‘hybridization but no substrate hy-
bridization and vice versa for impurities.

Figure 3 shows that all monolayers have magnetic
moments substantially greater than the corresponding
bulk metals. This is due to the reduced coordination
number of 3d atoms and the large lattice constant of
Ag. Both lead to narrow 3d bands with large LDOS at
Eg and hence to large moments. The effect of a smaller
lattice constant on strong ferromagnets can be seen by
comparing an unsupported Ni monolayer with atomic
positions fixed to the Ag(001) surface net
(Ni-UML-Ag(001)) to the one having atoms fixed to
the Ni(001) surface net (Ni-UML-Ni(001)). The re-
duction of the surface lattice constant by 14% reduces
the Ni moment moderately from 1.02u; to about
0.85ug [38, 397 respectively. This is due to the 3d —4sp
dehybridization. Upon reducing the lattice constant of
the monolayer the Ni sp states hybridize more strongly
with the monolayer 3d band, thus forming unoccupied
antibonding-like hybrides above Ej. This reduces the
population in the 3d-band and consequently the
monolayer moment. The increasing sp-population
adjusts for charge neutrality.

By comparing the moments of the overlayers and
unsupported monolayers, we see that the interaction
with the substrate always reduces the moments. This
occurs because of the hybridization of 3d electrons
with the Ssp electrons of the Ag substrate, thereby
broadening the d density of states and reducing the
tendency for ferromagnetism. However it is surprising
that for Mn, Fe, and Co this effect is so small. This is a
consequence of the completely filled majority d band of
these overlayers and the corresponding monolayers.
Therefore in the sequence Co, Fe, Mn the local
moments increase roughly in steps of 1ug, since the

population of the minority d-band is adjusted to satisfy
charge neutrality. This is not the whole story since the
number of local sp electrons also changes slightly by
dehybridization with the Ag sp states and since a small
charge transfer from the overlayer to the first Ag
substrate layer takes place. Furthermore, the muffin-
tin spheres of the UML—-Ag(001) are somewhat larger
than the overlayers one. In any case these are all
relatively small effects, so that in the end the filling of
the majority band makes it rather difficult to change
the moments of the 3d atoms. In a sense this is a
saturation effect which for practical purposes means an
insensitivity of the local moments to environmental
changes.

In contrast the local moments of the Cr, V, and Ti
monolayers are drastically reduced upon adsorption.
The Ti moment in particular is nearly wiped out. The
absence of strong ferromagnetism together with the
larger extent of the 3d wave functions leading to larger
5sp—3d and 3d — 3d hybridization are responsible for
these drastic changes.

Ni overlayers can be considered the opposite limit,
having magnetism stabilized by 3d holes rather than
electrons. The main difference though, is that the 3d
wave functions for Ni are much more localized than
the 3d wave functions of the early transition metals.
The sp hybridization with some of those 3d states leads
to 3d antibonding states which are broadened and
shifted above the 3d band edge of Ni [40,41]. This
effect is controlled by the depth of the sp-band. The
result of it can be seen as a small tailing off of the LDOS
of Nion Ag at E (Fig. 1). This reduces the moments of
an Ni-UML-Ag(001) from 1.02p; to 0.65uy for a Ni
monolayer on Ag(001) and analogously for Ni on
Cu(001) from 0.87uz [42] to 0.40uy [38]. For Ni on
Cu(111) no magnetism is expected [41].

Due to the work of Fu et al. [4] and Richter et al.
[5] it has become well established that the overlayer
moments are much larger than the moments of the
elemental 3d metals. When the 3d overlayer moments
are compared with the impurity moments as is done in
Fig. 3 we find a surprising similarity as far as the
general trend and the magnitude of the moments are
concerned. Thus despite the very different environ-
ment which a 3d atom sees as an impurity in the bulk
and as an adsorbed monolayer atom on the substrate,
the effective hybridization with the neighboring atoms
is so strongly reduced that as a consequence the
moments are similar.

A second look at Fig. 3 reveals that there are also
some systematic differences between the local mo-
ments of the overlayers and of the impurities. The
moments in the overlayers are larger than the impurity
moments for Co and Ni, but smaller than these in the
case of Cr, V, and Ti. We interpret this as a direct effect
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Table 1. Local moments for the 3d—-Ag system. Given are the local
moments within the muffin-tin sphere for an unsupported (001)
monolayer (M) fixed within the lattice constant of Ag, for a
3d-overlayer (M) on Ag(001), for an impurity (M,) in bulk Ag
and for a 3d-atom of an impurity dimer (M) on n.n. sites in Ag.
The superscripts F and AF refer to the ferromagnetic and
antiferromagnetic configuration. The last three lines refer to the
moments of single impurities and impurity dimers in Cu

Ti v Cr Mn Fe Co Ni

M 172 287 450 432 329 220 1.02
MAE, 0 259 409 432 332 210 0
ME, 034 209 378 404 301 203 065
MAF 0 208 357 411 306 ? 0
M{Ag) 089 289 407 418 305 165 0
ME(Ag) 076 281 407 413 303 171 0
MAFAg) O 269 399 414 305 166 0
M{(Cu) 0 110 299 340 251 089 0
ME(Cu O 0 268 323 247 114 0
MAFCu) O 0 276 324 237 067 0

of the 3d — 3d hybridization within the overlayer which
enhances the moments for Co and Ni, but decreases
those of Cr, V, and Ti. This effect of the 3d—3d
hybridization can clearly be seen in calculations for 3d-
impurity dimers on nearest neighbor (n.n.) sites in Cu
and Ag, the results of those are listed in Table 1. The
strength of the 3d — 3d hybridization increases with the
delocalization of the 3d wave function and the reduc-
tion of the dimer bond length. Therefore the hybridi-
zation effect is stronger for dimers in Cu than for dimers
in Ag and stronger for the early 3d metals than for the
later ones. Looking at Table1 one sees that the
moment of a ferromagnetic Ti and V dimer atom in Ag
is reduced compared to the single impurity case. A
small reduction can also be found for the moments of
Mn and Fe dimers. Contrary to this we find an increase
of 0.06uy for ferromagnetic Co dimers. This effect is
much more pronounced for a Cu host. Here the
moment of a ferromagnetic Co dimer increases by
0.25pu5 compared to the single impurity. While Mn and
Cr dimers in a Cu host give evidence of a much larger
decrease than in a Ag host the effect is most evident for
V. The V impurity in Cu shows a moment of 1.1 but
is non-magnetic as dimers. Ni dimers are non-
magnetic in both hosts.

This 3d — 3d interaction discussed above is actually
an effective one, renormalized by the sp hybridization
with the host electrons. The effect of the 3d —4(5)sp
hybridization is very strong and can be most clearly
seen by comparing the moments of the 3d impurities in
Ag with those in the Cu host. In all cases the moments
in Cu are much reduced since Cu has a 12% smaller
lattice constant increasing the hybridization. This has
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Fig. 4.2 LDOS of a Ni impurity in Cu host (dashed line) and of Ni
impurity dimer on nearest neighbor sites in Cu (full line). b LDOS
of a V impurity in Cu host (non-spin-polarized calculation,
dashed line) and of a V impurity dimer on nearest neighbor sites
in Cu (full line)

also direct consequences for the overlayer case. Con-
sider for instance the Fe/Ag system. For Fe on Ag(001)
we found a magnetic moment of 3.01u; and for an Fe
impurity in Ag 3.05u5 showing that the effective
3d—3d interaction does practically not influence the
moment. For an Fe impurity in Cu a magnetic moment
of 2.51uy is found, which is a reduction of 0.54puy
compared to Ag. An impurity has 12sp neighbors,
while an overlayer atom has only 4. So we expect for Fe
on Cu a moment of roughly 3.01 —0.54/3=2.83ug,,
which is in agreement with results of Fu et al. [43] who
reported 2.85u.

In order to better understand the cooperative
action of the 3d — sp hybridization in reducing magne-
tism, of the reduced coordination number in enhancing
magnetism and of the sp renormalized 3d — 3d hybridi-
zation in enhancing or reducing the moments, we will
study the cases of Ni and V in more detail. Figure 4a
shows the LDOS of a Ni impurity in Cu, which is
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dominated by the well-known virtual bound state
centered at 1.0eV below Ep. Compared to a Ni
impurity in Cu jellium, the peak is slighly shifted to
higher energy due to the 3d-3d hybridization with the
host, but with a Lorentzian shape as essentially
determined by the 3d—4sp hybridization. Especially
noteworthy is the high energy tail of the Lorentzian
above Eg. At Ex the LDOS is already so small that the
Stoner like condition for a local moment cannot be
satisfied. This is contrasted by the case of a Ni
overlayer (Fig. 2), where the Ni d band is well localized
in energy and is nearly of rectangular shape. Conse-
quently the LDOS at Eg is sufficiently high so that the
Stoner condition is well satisfied. For the case of V,
Fig. 4b shows the paramagnetic LDOS of a V impurity
in Cu (dashed line). Since the LDOS at Eg. is relatively
high, the impurity is magnetic and has a moment of
1.1 (Table 1). However, for a V dimer in Cu (full line
in Fig. 4b) the virtual bound state at Eg splits up due to
the 3d-3d hybridization and the LDOS at E; is so
much reduced, that the dimer is nonmagnetic. Sum-
marizing the case of V, we found 2.87u; for a
V-UML-Ag(001), 2.09u; for a V monolayer on
Ag(001), a further reduction for a monolayer on
Ag(111) is expected, a Ag/V/Ag sandwhich with one
monolayer V is reported to be non-magnetic [4] and a
V monolayer on Cu is also expected to be non-
magnetic.

Let us finally comment on monolayer magnetism
on the Al substrate. Since the Al lattice constant is only
3% smaller than the Ag one we expect the same degree
of bare 3d—3d interaction within the monolayer as for
the Ag substrate, however, a much larger degree of sp
hybridization with the substrate. Only Cr, Mn, and Fe
impurities show magnetism in Al [44]. This probably
remains true also for those 3d metals forming
overlayers, whereas the magnetism of a Co monolayer
on Al might show the same subtleties as Ni on Cu, with
magnetism depending largely on substrate orientation.

3. Ferromagnetic Overlayers on Pd(001)

The calculated moments for ferromagnetic 3d
overlayers on Pd(001) are shown in Fig. 5 (full line)
together with the results for Ag(001) (dashed line). For
the LDOS of these overlayers we refer to a recent
publication [26]. The moments for the Pd overlayers
are also listed in Table 2 together with the moments for
3d impurities and impurity dimers in bulk Pd.
Compared to the Ag substrate the overlayer mo-
ments on the Pd substrate are slightly enhanced for Ni,
Co, Fe, Mn, and Cr, but strongly reduced for V and Ti.
For Co, Mn, and Cr overlayers the difference is less
than or about 0.1 pg. Since for the Co, Fe, Mn, and Cr
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Fig. 5. Local moments of 3d overlayers on Pd(001) (e, full line).
For comparison also the values for 3d overlayers on Ag(001) are
given (0O, dashed line)

Table 2. Local moments for the 3d—Pd system (the same nomen-
clature is used as in Table 1)

v Cr Mn Fe Co Ni
M, 0.51 3.87 411 3.19 212 0.89
MAF 1.39 3.46 4.05 3.20 1.99 0.59
M(Pd) 0 2.99 4.09 343 2.26 0.91
MI(Pd) 0 3.01 4.09 3.38 2.23 0.92
MEF(Pd) 0 3.00 4.05 3.39 222 0.87

overlayers the majority band is completely filled on
both substrates (in the case of Cr one has a completely
empty minority band) the substrate induced changes
must be minor as explained in previous section.
Therefore the changes with respect to the Ag substrate
are very small. For Ni the difference is somewhat
larger (0.25 pg) and will be discussed below.

From the electronic structure point of view there
are two major differences between bulk Pd and bulk
Ag: The depth of the sp band and even more important
the position of the d band with respect to Er. For Ag
the upper band edge of the 3d band is located around
3 eV below Eg. As shown in the previous chapter the d
electrons are well localized and insignificant for mag-
netic considerations. In Pd, however, the d band is not
completely filled — about 0.36 electrons are missing —
and the d-states are rather extended and important for
magnetism. Therefore the main difference between the
3d monolayers on Pd(001) should arise from the
strongly increased 3d—4d hybridization. One expects
this to be even more important for 3d impurities in Pd
since each impurity has 12 Pd atoms as n.n. versus 4 for
a monolayer atom. Exactly this is illustrated in Fig. 6
where the calculated local moments of 3d impurities in
Pd (full line) and in Ag (dashed line) are shown. There,
the differences between the local moments show the
same trend as found for the differences between the
overlayers in Fig. 5, but much more pronounced. The
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Fig. 6. Local moments of 3d impurities in Pd (e, full line) and in
Ag (0, dashed line) host

most striking examples are V and Ni impurities, with V
being magnetic in Ag bulk but remaining non-
magnetic in Pd for Ni the reverse is found. Compared
to Ag, the whole curve for the 3d impurities in Pd seems
to be shifted to the right, which is essentially also what
one sees in Fig. 5 for the overlayers.

To continue this line of reasoning we will discuss
the LDOS of V and Ni as examples to demonstrate the
effect of 3d—4d hybridization and to look into the role
of Ssp—4d hybridization. Figure 7 contains the LDOS
of a paramagnetic and spin-polarized calculation of a
Ni impurity in Pd as well as that of the ferromagnetic
Ni monolayer on Pd(001). Figure 8 shows the corre-
sponding LDOS for the case of V. By comparing the
paramagnetic LDOS of Ni in Pd with the LDOS of Ni
in Cu (Fig. 4), we see dramatic differences. Due to the
hybridization with the 4d band of Pd the Ni states are
pushed up to Eg resulting in rather high LDOS at E¢ so
that the Stoner-like criterion for a local moment is well
satisfied. Also the local band width is smaller than the
one of the host resulting from the 3d-4d hybridization
being reduced compared to the 4d—4d hybridization of
Pd. In contrast, for V impurities in Pd the V peak is
pushed high above Eg, so that the LDOS is split into
bonding-like hybrides within the range of the Pd 4
band and an empty virtual bound state with antibond-
ing character. Since the LDOS at Eg is small, the
magnetic state is suppressed, and the V impurity in Pd
is non-magnetic. Knowing these details from the
impurity LDOS, the same trend, but much less pro-
nounced, can also be detected for the LDOS of the
overlayers. Comparing the paramagnetic LDOS ofa V
monolayer on Pd, which is roughly given by the
average of spin up and down LDOS in Fig. 8, with the
V monolayer on Ag (Fig. 1) we see that in case of the Pd
substrate the LDOS is less high and more rectangular
in shape. Eg is located at a small dip separating the
states within the Pd band from the higher lying ones.
However, the dip is not deep enough and the local
moment is not suppressed, as is the case for the V
impurity. The LDOS of V on Ag still shows the high
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energy sp—d hybridization tail corresponding to the tail
of the Lorentzian shaped virtual bound state discussed
in the previous section. This is much reduced for V on
Pd and practically absent for the isolated V monolayer
[28]. For a Ni monolayer on Ag this tail is already
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fairly small, because of the increased localization of the
3d wave function, and negligible for Ni on Pd. Thus for
these two models cases we have seen that the hybridi-
zation of the 3d states with the 4d band of Pd shifts the
genuine 3d states of the impurities or overlayer atoms
to higher energies. Also, compared to Ag, in a Pd
environment the sp hybridization is less important. In
Fig. 5 and 6 this means that the local moment curves
for Pd are shifted to the right, as if the effective valence
of the 3d atoms would be smaller in Pd than in Ag.
From the previous discussion and from the values
for the local moments given in Table 2 it is apparent
that the Pd and Ag systems show a different trend for
the overlayer moments as compared to the impurity
moments. For instance the impurity moments for Ni,
Co, and Fe are larger than the overlayer moments,
whereas for Cr and V the impurity moments are
smaller. This result is opposite to the situation in Ag as
shown in Fig. 3. The reason for this difference is that
for the Pd system the 3d—4d hybridization dominates.
So when one compares the impurities with the
overlayers, due to the different coordination of the

neighboring Pd atoms, the 3d-4d hybridization is so
different, that it overwhelms the effect of the changing
3d-3d hybridization. In addition, relative to the Ag
system, the role of the 3d-5sp hybridization is less
important. Therefore the Ni monolayer on Pd (0.891)
and Ni impurity in Pd (0.91y;) belong to the group of
strong ferromagnets and can be discussed together
with: Ni-UML-Ag(001) (1.02u5), Ni-UML-Pd(001)
(0.96ug) [45], Ni-UML-Cu(001) (0.87ug) [42],
Ni-UML-Ni(001) (0.8515) [38], Ni(001) surface
(0.72up) [46], and Ni bulk (0.59u5). All these cases are
strong ferromagnets with a filled majority band, but
with decreasing lattice constant and increasing co-
ordination number the moments reduce due to the
sp—d dehybridization. In contrast, the Ni overlayers on
Ag(001) (0.65u5) and Cu(001) (0.4ug) [38] are weak
ferromagnets since due to the increased
sp-hybridization the majority bands are no longer
completely filled.

Due to the large spin-susceptibility of Pd one
expects that the magnetic 3d overlayers induce sizable
moments in the Pd substrate. An analogous pheno-
menon is well known as “giant moments” in Pd and
arises from long-ranging magnetization clouds around
the 3d impurities in Pd [47]. For the overlayers Table 3
shows the local moments M,, M, of the first and
second Pd layers beneath the overlayer. The moments
of the inner layers, i.e. M5 of the third layer and M, of
the central layer are expected to be sensitiviely in-
fluenced by both overlayers whereas this is presum-
ably a small perturbation for the first and second Pd
layers. In addition, the Pd moments for these layers
are quite sensitive to the values of several cut-off
parameters used in the calculation and are therefore
omitted from the table since they are not considered
reliable enough.

With the exception of the V case, the moments in
the two upper most layers couple ferromagnetically to
the overlayer moment. The polarization of the top
layer is very strong, i.e. far away from the weakly
polarized limit discussed in Pd [47]. Bulk Pd has a d
hole of about 0.36 electrons. For Mn, Fe, and Co
overlayers the moment in the first Pd layer therefore
saturates at M, =0.3u;. In the case of 3d-impurities,
the first Pd shell is rather weakly polarized with an

Table 3. Induced moments M, and M, in the first and second
layer of the Pd substrate. The values (in pg) refer to the
ferromagnetic configuration of the 3d-monolayers ME, on
Pd(001)

v Cr Mn Fe Co Ni
M, —0.01 0.17 0.30 0.32 0.33 0.24
M, 0.00 0.03 0.11 0.17 0.24 0.20
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induced moment of M; =0.14, per Pd atom [47]. The
main difference is that a Pd atom in the first layer has
four 3d atoms as n.n., whereas a Pd atom in the first
shell of an impurity has only one 3d-metal neighbor.
Therefore the induced moments on Pd atoms in the
first substrate layer are appreciably bigger.

In [47] a very simple, linear AZ-dependence of the
induced host polarization due to 3d-metal impurities
was found. Here 4Z is the valence difference of the 3d-
atom from the Ni value. Also in the overlayer case such
a linear dependence of the ratio between the second
and first layer moments is clearly seen. From Table 3
one finds

M, M,

—=(A4Z)=—H (1+0.2142)
M, Miiz-0

with

& ~0.92.

M |4z=0

A similar linear relation should also exist for the third
and more distant layers. To show this, self-consistency
for at least 20 layers would have to be achieved, which
is computationally rather impossible today. This linear
relation might also be expected for the ratio between
the first Pd layers and the 3d metal overlayers.
However, the saturation effect discussed above pre-
vents such a simple AZ-type behavior in the case of
Mn, Fe, and Co, which means that for these systems the
total magnetization is no longer strictly proportional
to the overlayer magnetization. Physically, the above
relation with a layer independent factor (140.2142)
means that the spatial form of the host-polarization
beyond the first layer is independent of the valence of
the monolayer which determines, however, the magni-
tude of the polarization.

Because of the limited thickness of the film our
calculations do not allow us to estimate the total
moment induced in the Pd substrate. For the 3d-metal
impurities the corresponding induced moments are
known quite well, they are e.g. about 4up for Ni
impurities, 8ug for Co, 7uy for Fe and 3ug for Mn
impurities [47]. Clearly for the overlayer geometry the
corresponding induced moments for each 3d-atom
should be a lot lower, basically because each overlayer
atom has only four Pd neighbors to induce a moment
on, so that from this simple picture one would expect a
reduction by about a factor 3. In any case the above
equation allows one to estimate the total magneti-
zation of all overlayer-Pd systems if the total magneti-
zation (at low temperatures) of one particular system
has been determined experimentally.
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4. Antiferromagnetic Overlayers
on Ag(001) and Pd(001)

It is by no means clear whether the ferromagnetic state
discussed in the previous sections is actually the
ground state for the overlayers as has unconsciously
been assumed in previous work [4, 5]. But in reality
various antiferromagnetic states as well as noncol-
linear spin configurations could also play an important
role. The situation is relatively simple if we assume that
the magnetic interaction could be described by a n.n.
Heisenberg or Ising model. Then for the square lattice
of the (001) monolayer there are only two phases to
worry about: the ferromagnetic p(l x1) structure
discussed in previous sections and the antiferromag-
netic ¢(2 x2) superstructure shown in Fig. 9. Below we
will give arguments to show that the n.n. interaction
indeed dominates the behavior of the overlayers. We
will therefore concentrate here on the c(2 x 2) antifer-
romagnetic structure.

Figure 10 shows the LDOS of V, Cr, Mn, and Fe
overlayers on Ag(001) for this antiferromagnetic con-
figuration. For the corresponding LDOS of V, Cr, and
Mn overlayers on Pd(001) we refer to [26]. The
antiferromagnetic LDOS are in first approximation
similar to the ferromagnetic ones shown in Fig. 2.
However, there are two important differences. Firstly
the band widths are appreciably smaller, secondly
there are additional small humps at the energetic
positions of the main peaks, but for the opposite spin-
directions. These two features are well known from the
band structure of antiferromagnets [48] and can be
understood by the following two step model: In the
first step we allow no hybridization (hopping) between
the two sublattices shown in Fig. 9. For each sublattice
one then obtains a ferromagnetic band structure with
an exchange splitting of I * M, where M is the moment,
and with a band width determined by the overlap of the
wave function between the n.n. sites on each sublattice.
These distances however are next-nearest neighbor
sites for the real p(1 x 1) square lattice, so that the
bands are very narrow compared to the ferromagnetic
ones shown in Fig. 1. In a second step we then allow

Fig.'9. The antiferromagnetic c¢(2x2) superstructure of the
overlayer
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hybridization between these bands of the two sublat-
tices. Since for a given spin direction, the bands on both
sublattices are due to opposite local moments centered
at different energies, they covalently hybridize and
produce additional humps in the LDOS at the energe-
tic positions characteristic for the other sublattice.
While these humps can be clearly recognized in Fig, 10
for the V overlayer, their intensity is quite small for Cr,
Mn, and Fe as a consequence of the increasing
localization of their wave functions and their larger
exchange splittings.

The local moments for the antiferromagnetic
¢(2 x 2) phase on Ag(001) (dashed line) are shown in
Fig. 11 together with the ferromagnetic moments (full
line). For the Co overlayer the antiferromagnetic
solution has not been calculated, the value indicated by
(?) is a guess. The local moments for the antifer-
romagnetic configuration of the UML-Ag(001) are
listed in Table 1. Also listed are the moments of the
antiferromagnetic configuration of the impurity
dimers. The corresponding antiferromagnetic mo-
ments for the Pd-system are given in Table 2. From
Fig. 11 and from the values given in Tables 1 and 2 it
becomes evident that antiferromagnetic and ferromag-
netic moments have nearly the same value. This clearly
shows that in almost all cases both configurations exist
and are of comparable energetic stability. In most cases
the antiferromagnetic moments are slightly smaller

Energy (eV)

than the ferromagnetic ones. This is plausible since the
additional humps in Fig. 10 have the opposite spin
directions to the main peaks thus reducing their
contribution to the magnetic moment. As we will show
below, however, this does not mean that the antifer-
romagnetic solution is less stable than the ferromag-
netic one, since the moment is directly connected only
with the exchange energy which is only a part of the
total energy.

For all three systems listed in Table 1, ie.
UML-Ag(001), the overlayers on Ag(001) and the
impurity dimers in Ag, no antiferromagnetic solutions

1 T T T T T T T
o ferromagnetic
o antiferromag.

tocal moment {(units of yg)

Ti V' Cr Mn Fe Co Ni
Fig. 11. Local moments of 3d overlayers on Ag(001) for the
antiferromagnetic (O, dashed line) and the ferromagnetic struc-
ture (@, full line)
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exist at the beginning and the end of the 3d-series, i.e.
for Ti and Ni. By starting with various antiferromag-
netic trial potentials in these cases the solution always
converges during the iterations to the paramagnetic
state M =0. Exceptions to this finding are the results
for Pd (Table2). Here the antiferromagnetic V
overlayer has a larger moment (1.39ug) than the
ferromagnetic one (0.51up). As is known from bec and
fce V-bulk calculations [49], starting from the para-
magnetic solution and expanding the lattice constant
slowly, the paramagnetic solution becomes instable
and first the antiferromagnetic solution emerges and
then for larger lattice constants the ferromagnetic one.
This is analogous to results of unsupported Mo(001)
monolayers [12,13]. Apparently due to the lattice
constant of Pd and its 4d-band position the V
overlayer is in this critical regime, where the fer-
romagnetic state is just at the onset, but the antifer-
romagnetic one is already in the stable region.

5. Ferromagnetism Versus Antiferromagnetism

From the preceding discussion of the moments and
LDOS, it is evident that both the ferromagnetic and
the antiferromagnetic phases are more or less equally
stable. Therefore a reliable total energy calculation is
necessary in order to decide which configuration is the
ground state and which one is a metastable one or,
more likely, instable against a rotation of the local
moments. The energy differences AE=E,z— Eg per
atom between the antiferromagnetic and the fer-
romagnetic configurations are listed in Table 4 for the
3d overlayers on Pd(001) and Ag(001) as well as for the
UML-Ag(001), in Table 5 for 3d dimers on n.n. sites in
Cu, Ag, and Pd. AE >0 (<0) means, the ferromagnetic
(antiferromagnetic) configuration is the most stable
one.
Figure 12 shows the encrgy difference AE for 3d
overlayers on Pd(001) (full line) and for 3d impurity
dimers in bulk Pd (dashed line), Fig. 13 the corre-
sponding results for Ag as well as for the
UML-Ag(001) (dotted line). For reasons given below,
the energy differences for the impurities are multiplied
by a factor of two. For the overlayers on Ag and Pd a
very clear trend emerges. The Ni, Co, and Fe
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Fig. 12. Total energy difference AE=E,z—Ey between the
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Fig. 13. Total energy difference AE=E, —E; for the 34
overlayers on Ag(001) (e, full line), for 3d UML-Ag(001) (V,
dotted line) and for 3d impurity dimers in bulk Ag (0, dashed line)

overlayers prefer the ferromagnetic configuration and
the Mn, Cr, and V ones favor antiferromagnetic
ordering. For both hosts the impurity results show the
same trend, which is also true for the impurity
interactions in Cu (Table 5). From the strong similar-
ities of these calculations we conclude that this is a
general trend: Fe, Co, and Ni monolayers favor the
p(1 x 1) ferromagnetic configuration on the (001)-sur-
faces of Pd, Pt and the noble metals, whereas V, Cr, and
Mn monolayers prefer the c(2 x 2) antiferromagnetic
one. Clearly this is the same general trend which is
also known from the bulk. After all Fe, Co, and Ni are
elemental ferromagnets, where as Cr and Mn prefer

Table 4. Total energy difference AE=E, . —Ex per atom between the antiferromagnetic (AF) and ferromagnetic (F) configuration of
unsupported 3d-monolayers and of 3d-overlayers on Ag(001) and Pd(001) (All values in units of mRy)

Ti v Cr Mn Fe Co Ni
unsupported +24.0° +8.5 —19.1 - 1.0 +20.8 +33.9 +12.7
Ag(001) + 03 —52 —19.41 — 52 +16.7 ? + 2.8°
Pd(001) 0 —1.5 —24.5 —15.0 +13.0 +20.1 + 7.6

2 Energy difference between the paramagnetic and ferromagnetic configuration
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Table 5. Total energy difference AE = E s — Eg per atom between
the antiferromagnetic and ferromagnetic configuration of 3d-
impurity dimers on nearest neighbor sites in Cu, Ag, and Pd. (All
values in mRy)

Ti v Cr Mn Fe Co Ni

Cu 0 0 =277 -124 4128 + 53 0
Ag +49* 57 —156 — 42 4104 + 84 0
Pd 0 0 —103 —89 4+ 48 +119 431

2 Energy difference between the paramagnetic and ferromagnetic
configuration

antiferromagnetic structures. This trend is even known
for diatomic molecules, since Fe,, Co,, and Ni, prefer
configurations with ferromagnetic coupling [50]
whereas Cr, and Mo, couple strongly antiferromag-
netically [51]. We will come back to a discussion of this
trend below.

Firstly we will discuss the results for the overlayers
and impurities in somewhat more detail. If we take the
impurity interaction energies in the Ag or Pd hosts and
assume a n.n. Ising model for the interaction in the
overlayer, with the exchange constant fitted to the
impurity interaction, we obtain for the energy dif-
ference AE of the overlayer the dashed curves in Figs.
12 and 13, which is just twice the energy difference for
the impurity dimers. The agreement with the FLAPW
calculations is quite surprising. From the close agree-
ment with the impurity results we conclude that the n.n.
interaction is the dominating driving force in the
overlayer. Therefore antiferromagnetic structures
other than the ¢(2 x 2) one are unlikely to be stable for
the (001) surface. This is supported by calculations of
the longer-range interaction of impurities in Cuand Ag
[9] which indeed show that the n.n. interaction is the
dominant one.

By comparing the impurity interactions 4E for the
Ag and Pd hosts, e.g. by plotting both curves in the
same graph, we find that the Pd-curve is essentially the
same as the Ag-curve, but shifted to the right. This is an
effect of the strong hybridization between the overlayer
3d-electrons and the 4d-ones of Pd. As we have
discussed in Sect. 3 this shifts the 3d-peaks to higher
energies which effectively shows up as a reduced
valence of the 3d-atoms. A similar but smaller effect
can also be seen by comparing the AE-values for the
overlayers on Pd and Ag,

The competition between ferromagnetism and
antiferromagnetism has been extensively discussed by
Heine and Samson [52] and Terakuraet al. [53] on the
grounds of stability arguments. By calculating a wave
vector dependent susceptibility y(q, Ef) these authors
[52, 53] find that the condition for ferromagnetism,
I+x(0, Eg)>1, is most favorably satisfied when Ep lies

at the lower or upper end of the d band, ie. at the
beginning or the end of the 3d series. However, in the
middle of the 3d series the condition for antifer-
romagnetism I#y(q, Eg)>1, where q, is the wave
vector of the superstructure, is easier to satisfy. This is
essentially the reason why Fe, Co, and Ni overlayers
prefer the ferromagnetic coupling, but V, Cr, and Mn
the antiferromagnetic one. The likelihood of fulfilling
the condition for ferromagnetism increases with the
magnitude of the LDOS at Eg, while this is not
especially important for antiferromagnetism. On the
other hand, susceptibility calculations [53] indicate
that a pronounced dip in the LDOS at Eg is favorable
for the stability of the antiferromagnetic state. Such
dips can be seen, for example, in the LDOS of 3d
monolayers on Ag (Fig. 1), separating bonding from
antibonding states. They are, however, much less
pronounced for the unsupported monolayers, the band
width of which are also slightly narrower [28] due to
the absence of the hybridization with the substrate.
Since both effects favor the ferromagnetic state, this
explains why the AE curve for the UML-Ag(001) in
Fig. 13 lies above the curve for the 3d-overlayers on
Ag(001). Thus, effectively the interaction with the
substrate, leading to a dip in the LDOS and a slight
band broadening, favors the antiferromagnetic con-
figurations. This effect is most pronounced for V.
Whereas the unsupported monolayer prefers the fer-
romagnetic configuration, the V overlayer is antifer-
romagnetic on both Pd(001) and Ag(001) substrates.
The latter is also true for the V impurity dimers in Pd
and Ag.

A similar effect is also seen when one compares the
interactions of the 3d-dimers in Cu with those in Ag
(Table 5). For Cu the lattice constant is 12% smaller
than for Ag. For this reason the 3d-3d hybridization
within the dimers increases leading to a more pro-
nounced bonding-antibonding peak in the LDOS sep-
arated by a wider and deeper dip. Since the interaction
energy AE is dominated by the direct 3d-3d overlap an
increase of the interaction energy is noticed (Table 3).
This is true although the 3d impurity moments are
much reduced when compared to the moments of 3d
impurities in Ag (Table 1). This is due to the strongly
increased 3d—4sp hybridization coming from the smal-
ler lattice constant of Cu. Thus the smaller lattice
constant of Cu campared to Ag leads to a larger
exchange coupling, but broader bands and a smaller
LDOS for the half-filled case. The latter two features
favor the antiferromagnetic configuration. The same
effect should also occur for the overlayers.

The occurrence of magnetism at the beginning of
the 3d series is a somewhat subtle question. As it is
known from the bulk, the condition for ferromagne-
tism I #x(0, Eg)>1, is not met for Ti and V, so that
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these elements are non-magnetic. This is due to the
strongly increased 3d bandwidth and a decrease of the
exchange integral [37]. From Figs. 1 and 2 and [26]
one clearly sees that the band broadening is also very
important at the beginning of the series of the 3d
overlayers. Nevertheless we still find a ferromagnetic
spin configuration for Ti on Ag(001) (with a very small
moment though) as well as for Ti dimers in Ag (Table 1)
whereas for these systems the antiferromagnetic con-
figuration is suppressed. Similar things happen for V
on Pd, here the ferromagnetic state is nearly suppres-
sed while the antiferromagnetic one is retained
(Table 4).

We end by commenting briefly on small structural
changes. Fu and Freeman [32] performed calculations
for Au/Cr/Au(001) sandwiches and found a remark-
able insensitivity of the local moments to interface
relaxations. This is in line with our findings that the
magnetism of strong (anti)ferromagnets — Ni, Co, Fe,
Mn, Cr — changes only very moderately with respect to
comparatively large changes (~14%) of the lattice
parameters. Another extreme example indicating the
limited influence of relaxations are the impurity calcu-
lations for the Cu and Ag hosts. Even though the Cu
lattice constant is 12% smaller than that of Ag, the
overall features of the moments and the magnetic
interactions are the same in both alloys. Therefore we
can conclude that the self-consistent determination of
the interface relaxations will not change the trends
found in our calculations. Furthermore from Figs. 12
and 13 as well as Tables 4 and 5 we realize that for Cr,
Fe, and Co layers the energy difference between the
antiferromagnetic and ferromagnetic configuration is
quite sizable (> 0.2 eV). Therefore we believe that even
small structural changes such as the recently dis-
covered (5 x 1) reconstruction of Fe on Cu(001) [20],
do not interfere with the results given here.

6. Summary and Qutlook

We have presented systematic and detailed calcula-
tions for all 3d-transition metals as overlayers on two
particular substrates, Pd(001) and Ag(001). The
overlayer results are supplemented with results for
unsupported monolayers as well as results for single
impurities and impurity dimers in Cu, Ag, and Pd
hosts. For all systems we find large magnetic moments
being a consequence of the low coordination number
of 3d metals. For the ferromagnetic Ni, Co, Fe, and Mn
overlayers the 2D majority d band is completely filled,
leading to a pronounced insensitivity to environmental
changes. The same is true for Cr overlayers, because
the minority band is completely empty. We gave
evidence that for the Pd system the 3d—44 interaction
between overlayer and substrate is the dominant one,
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where as it is unimportant for the Ag system. For the
Ag system the in-plane 3d—3d and the Ssp hybridi-
zation are more important. For the example of Ni
systems we demonstrated the effect of sp—d dehybridi-
zation for the strong ferromagnet systems, such as the
unsupported Ni monolayers, Ni on Pd(001), Ni(001)
surface and Ni bulk versus the effect of sp—d hybridi-
zation due to the substrate in case of Ni on Ag(001), Ni
on Cu(001), and Ni on Cu(111). .

In practically all cases we find that both the
ferromagnetic p(1 x1) and the antiferromagnetic
¢(2 x 2) configuration exist and have similar moments
and LDOS. A total energy analysis shows that on both
substrates Fe, Co, and Ni order ferromagnetically, but
V, Cr, and Mn antiferromagnetically. Calculations for
unsupported monolayers give a similar trend, but V
couples ferromagnetically. We find also strong similar-
ities to the interaction energies of 3d impurity dimers in
bulk Cu, Ag, and Pd. From all these calculations we
conclude that the n.n. interaction is the dominating
one and that V, Cr, and Mn will order antifer-
romagnetically and Fe, Co, and Ni ferromagnetically
on the (001) surfaces of Pd, Pt, and the noble metals.
According to the calculations Ti orders ferromagneti-
cally on Ag(001) and the same might be true on
Au(001). A V overlayer on Cu is presumably non-
magnetic. Analogous behavior is expected for the
Al(001) substrate. On Al we expect Ti, V, and Ni
monolayer to be non-magnetic, Cr and Mn mono-
layers to order antiferromagnetically, and Fe and Co
monolayers to prefer the ferromagnetic order. The
basic physics is also applicable to (001) sandwich
structures of transition metals with Al, Pd, Pt, and
noble metals although changes of the magnetic pro-
perties at the beginning and end of the 3d series are
likely.

For monolayers on these surfaces with different
orientations, e.g. (110) and (111), the same ferro- or
antiferromagnetic n.n. interaction as determined from
the impurity calculations are expected to dominate. In
addition for the (110) surface a second coupling
constant between the second neighbors enters. De-
pending on the sign of this constant more complicated
antiferromagnetic structures could occur. This should
also happen for the (111) surfaces. Here the antifer-
romagnetic n.n. interaction on the triangular lattice
might well lead to very complicated spin configura-
tions such as noncollinear configurations or give rise
to frustration in case of constrained spin directions. In
these cases due to partial cancellation of the dominat-
ing n.n. interaction longer-range interactions might
also influence the structure.

The arguments given above are strictly valid only
around monolayer coverage. In the very dilute limit
magnetism is no longer determined by the n.n. 3d-3d
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interaction but by the Ruderman-Kittel-Kasuya-
Yoshida (RKKY) interaction [9] transmitted by the
substrate sp electrons. For V, Cr, Mn overlayers
beyond one monolayer, transitions to different mag-
netic structures are expected, although the local n.n.
3d-3d interaction remains antiferromagnetic. For V
multilayers preliminary calculations [45] indicate a
c(2 x 2) ferrimagnetic structure on the surface, which
likely is only a projection of the helical magnetism once
proposed for similar systems [54]. Cr will change to
the layered antiferromagnetic bulk structure showing
topological antiferromagnetism [55] on its surface.
Recent experiments of Mn(001) multilayers on Ag(001)
[17] give indications for a type I antiferromagnetic
structure for a tetragonal symmetry, although magne-
tism on Mn is a very difficult matter due to the
interconnection between structure and magnetism.
For the future we consider it as a challenge to
experimentally identify the predicted antiferromag-
netic structures. This is not a trivial task since layer by
layer growth condition is indispensible and standard
spin-polarized or magnetometric methods cannot dis-
tinguish between the antiferromagnetic and the para-
magnetic phase. One might hope that methods like
LEED analysis at the superstructure induced extra
spots [ 56], spin-polarized neutron reflectance at graz-
ing angle of incidence [3], spin-polarized core-level
spectroscopy [57] or an tf surface impedance method
[58] might lead to a definite answer of this problem.
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