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Performing state of the artab initio studies, we predict that new 3d magnetic nanostructures and superlat-
tices on Cu(111) can be stabilized by surface-state electrons. We reveal that magnetic states in these systems
are determined by long-range exchange interaction between adatoms. Atomic scale simulations indicate that 3d
superlattices on Cu(111) can be stable up to 25–30 K.
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In recent years there has been a strong interest in the
physics of magnetic nanostructures deposited on metal
surfaces.1,2 It is believed that such structures can be of great
importance for the development of advanced atomic scale
magnetic devices. The control and manipulation of magne-
tism and structure on the atomic scale is an ongoing chal-
lenge of materials science.

Very recently a method in atomic engineering was dem-
onstrated by a group headed by W.-D. Schneider.3 They have
shown that cerium adatoms, deposited on Ag(111), can self-
assemble into large ordered superlattice. These remarkable
experiments raise the possibility for achieving new magnetic
structures on metal surfaces.

The key idea of the experiment of Sillyet al.3 is con-
nected to long-range adsorbate interaction mediated
by surface-state electrons. The quantum interference between
the electron wave traveling towards the scattering defect, for
example to an adatom, and the backscattered one leads to
standing waves in the electronic local density of states
(Fig. 1) and to Friedel-type indirect adsorbate-adsorbate
interaction.4 Recently, low-temperature scanning tunnel mi-
croscope(STM) experiments5,6 andab initio studies7–9 have
resolved substrate-mediated interactions between adatoms.
At short distances, the indirect electronic interactions are
dominated by a rapidly decaying repulsive part(see Fig. 1).
If the thermal energy of adatoms is not sufficient to over-
come the repulsive barrier A, the dimers are not formed. In
this case, as it was proposed by Knorret al.6 and proved by
experiments of Sillyet al.,3 a hexagonal superlattice with the
first nearest-neighbor(NN) adatom position corresponding to
the first minimum of the interaction energy can be formed.

In this paper, performing state of the artab initio studies,
we predict that new magnetic nanostructures and superlat-
tices on Cu(111) can be stabilized by the surface-state elec-
trons. Adatom bonding in these structures is determined by a
long-range interaction between adatoms. We reveal that spin-
spin correlations at large adatom-adatom separations are
caused by surface-state electrons. Our study demonstrates
that magnetic states in nanostructures stabilized by surface-
state electrons are dominated by an indirect exchange inter-
action between the magnetic adatoms. Atomic scale simula-
tions show that magnetic superlattices on Cu(111) can be
stable up to 25–30 K.

Our ab initio studies are based on density-functional
theory in the local spin density approximation(LSDA) and
the multiple-scattering approach in the framework of the
Korringa-Kohn-Rostoker(KKR) Green’s function method
for adatoms and supported clusters.9–11 For short and inter-
mediate distances, fully self-consistent total energy calcula-
tions are performed to find the interaction energies. However,
for large adatom-adatom separations we calculate the inter-
action energy using the single-particle energies alone, as was
proposed by Hyldgaard and Persson.12 Our studies have
shown that such an approach is well justified due to the
screening of the Coulomb potentials of adatoms by the sub-
strate electrons. The details of our approach have been given
in our previous publications.9–11,13

We have performed calculations for the interaction energy
between 3d adatoms on Cu(111) for adatom-adatom separa-
tions up to 50 Å. In all cases we have found that the inter-
action energy is oscillatory with a period oflF /2=15 Å [lF
is a surface-state Fermi wavelength of Cu(111)] and has the
repulsive barrier A(cf. Fig. 1).14 The first minimum is found
to be about 12 Å for all 3d pairs. The repulsive barrier B at
19 Å is considerably smaller than barrier A. Therefore, the

FIG. 1. Schematic description of the interaction energy between
adatoms. Such form of the interaction energy has been found inab
initio calculations for all 3d pairs. Repulsive barriers A and B, and
the depth of the potential C for all 3d pairs are presented in Table I.
The inset shows, as an example, standing waves of the local density
of states(LDOS) between the two Co adatoms separated by a dis-
tancer1 equal to the minimum of the potential C.
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thermal energy of atoms, even at very low temperatures, may
be sufficient to overcome this barrier. Results presented in
Table I show that the barrier A and the depth of the potential
well change nonmonotonically from the Ti to the Ni.15 We
find that all 3d adatoms, except Ni, have large local magnetic
moments on Cu(111) (see Table I). The largest moments are
found for the Cr and the Mn. If nonspin polarized calcula-
tions are performed, the barrier A and the depth of the well C
change monotonically among 3d adatoms. These results
demonstrate that, similar to the direct interaction,16 the
substrate-mediated interaction between magnetic adatoms is
affected by magnetism. However, the effect of magnetism is
rather weak: the difference between magnetic and nonmag-
netic calculations is about 0.1–0.2 meV.

Analysis of experimental results for Ce adatoms on
Ag(111) performed in Ref. 3 shows that the first minimum at
32 Å and −0.8 meV depth corresponds to the position of the
NN of the hexagonal superlattice. The repulsive barrier A
was found to be small, less than 1 meV. Such large distance
between adatoms and the small repulsive barrier indicate a
very limited range of thermal stability of the hexagonal su-
perlattice. Indeed, the hexagonal Ce superlattice on Ag(111)
was reported to be most stable only at 4.8 K. In contrast, our
calculations for 3d adatoms on Cu(111) show that the bind-
ing of adatoms at the separation corresponding to the first
minimum of the potential well is considerably stronger. Ad-
ditionally, the repulsive barriers A for all 3d pairs are signifi-
cantly larger than for Ce on Ag(111). Thus, one can expect
that hexagonal nanostructures and superlattices of 3d ada-
toms on Cu(111) with the NN distance at 12 Å may exhibit
enhanced stability compared to the Ce superlattice on
Ag(111). We will address this problem later in this paper.

Now we turn to the discussion of the magnetic interaction
between adatoms on a hexagonal surface. As an example, we
present in detail ourab initio calculations for the exchange
interaction between the two Cr adatoms on Cu(111) for dif-
ferent adatom-adatom separations. Results, shown in Fig. 2,
clearly demonstrate that the exchange interaction is oscilla-
tory. Negative energies mean that the spins of both adatoms
are ferromagnetically coupled, while positive energies corre-
spond to an antiferromagnetic correlation between spins. We
find that for the NN sitess2.55 Åd the two Cr adatoms would
like to couple their spins antiparallel to each other. Increas-
ing the distance between adatoms to the second or third NN
distances changes the sign of the exchange interactions, i.e.,
the Cr adatoms at such separations are coupled ferromagneti-
cally.

One very important issue predicted by these results is the
possible impact of the adatom-adatom separations on the

Kondo effect. Antiferromagnetic coupling between adatoms
may yield a net singlet ground state removing the Kondo
resonance. Recent experiments of the group of Crommie17

have raised the possibility to study the evolution of the
Kondo resonance as a function of interatomic separations.
Therefore, we believe that our results may be further tested
by STS experiments at low temperatures.

For small separations between adatoms, the direct inter-
action between spins of adatoms dominates the magnetic in-
teractions. However, if the two adatoms are placed suffi-
ciently far apart, an indirect exchange interaction through the
substrate electrons is expected. Here, for the first time, we
give clear evidence that the exchange interaction between
magnetic adatoms at large distances is caused by surface-
state electrons. Results presented in Fig. 2 show that the
exchange energy oscillates with a period of 15 Å. In other
words, the long-range spin-spin correlations between ada-
toms are strictly determined by the surface band of Cu(111).
We find that the magnitude of the exchange interaction ener-
gies asymptotically decays as 1/d2. The results presented
above demonstrate that spins of adatoms at large distances
are coupled by the two-dimensional electron gas at the
Cu(111) surface. While predicted surface-state mediated os-
cillatory exchange interactions are considerably smaller than
electronic ones(cf. Table I), they can be studied at very low
temperatures.

In order to gain insight into the effect the exchange inter-
action between adatoms might have on magnetic states of
nanostructures and superlattices, we calculate these energies
for all 3d pairs for the adatom-adatom separation corre-
sponding to the first minimum of the potential(cf. Fig. 1).
The results presented in Table II show that, for Ti, V, Cr, and
Ni pairs, the magnetic coupling mediated by surface-state
electrons is ferromagnetic, while for Mn, Fe, and Co pairs
antiferromagnetic states are more stable. These results sug-

TABLE I. Magnetic moments and parameters of the interaction
energy.

Adatom Ti V Cr Mn Fe Co Ni

M smBd 1.77 3.15 4.28 4.32 3.17 1.92 0.36

A (meV) 72.4 44.1 26.4 30.5 32.2 28.3 26.5

B (meV) 0.13 0.20 0.24 0.49 0.57 0.61 0.54

C (meV) −0.49 −1.02 −0.69 −1.48 −1.80 −2.02 −2.06

TABLE II. Exchange energies for the adatom-adatom distances
equal to the first minimum of the potential energy, see Fig. 1.

Adatom Ti V Cr Mn Fe Co Ni

Eexc smeVd −0.184 −0.457 −0.067 0.151 0.246 0.345 −0.032

FIG. 2. Exchange interaction between two Cr adatoms. The in-
teraction for the first nearest-neighbor position is considerably
larger than for other different positions, therefore, it is scaled by a
factor 0.01.
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gest that nanostructures and superlattices of Ti, V, Cr, and Ni
with the period of about 12 Å can be ferromagnetically or-
dered. However, for Mn, Fe, and Co hexagonal nanostruc-
tures magnetic frustration is expected, which can lead to
noncollinear magnetic states.17,18

An important problem we are going to address next is
related to growth and stability of the hexagonal structures of
3d adatoms on Cu(111). One of the key assumptions of the
classical scenario of growth is that long-range interactions
between adatoms can be neglected. However, several theo-
retical works showed that such interactions can significantly
affect the growth of nanostructures.7,8 Very recent studies of
Fichthorn et al.19 and our own calculations9 have clearly
demonstrated that short linear structures on a hexagonal lat-
tice can grow more easily than compact clusters at very low
temperatures. The driving force for this preferential growth
is associated with the repulsion barrier in the energy of the
adatom-adatom interaction at the intermediate distances.
This repulsion leads to the self-assembling of adatoms into
short chains.9 As was shown by Fichthornet al.,19 compact
clusters with high symmetry have the highest repulsive bar-
riers and it is increasingly difficult for an adatom to aggre-
gate with a cluster as the cluster size increases. The same is
true for linear structures—for example, the repulsion sur-
rounding a linear trimer is greater than that around a dimer.

In view of these results we expect that at very low cover-
ages and low temperatures there are many pairs of adatoms
separated by 12 Å. Let us call them “dimers.” Binding ener-
gies of these dimers are determined by the depth of the mini-
mum of the potential presented in Table I, i.e., they are be-
tween 1 and 2 meV. If new adatoms deposited on the surface
are far apart from dimers and their thermal energy is suffi-
cient to overcome the repulsive barrier B(cf. Fig. 1) new
dimers may be formed. However, if adatoms move towards
dimers they are repelled by the repulsive potential and tend
to be incorporated to dimers at the end forming linear “trim-

ers” and “tetramers” with the interatomic distance close to
12 Å, i.e., the kinetics, rather than energetics, leads to the
formation of linear structures. Knorret al.6 have indeed ob-
served many short linear chains in their STM experiments on
Co/Cus111d.

The relative energetical stability of clusters can be under-
stood in terms of the second derivative of the binding ener-
gies: D2sNd=EbsN+1d+EbsN−1d−2EbsNd. A positive peak
in D2 indicates that clusters of sizeN are more abundant than
clusters withN+1 or N−1 atoms. In other words, such cal-
culations allow us to find “magic” clusters stabilized by

FIG. 3. Second derivative of the binding energy for Fe clusters
on Cu(111) stabilized by the surface-state electrons.

FIG. 4. Thermal evolution of the Fe superlattice.
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surface-state electrons.20 As shown in Fig. 3, calculated spec-
trum D2 shows the enhanced stability of clusters of three
and seven atoms. These results are supported by recent ex-
periments. For example, the formation of Cu clusters on
Cu(111) with a local hexagonal structure and a closest dis-
tance between adatoms of about 12 Å has been observed by
Reppet al.5 Knorr et al.6 have also detected Co hexagonal
islands on Cu(111) with a large bond length. Our results
show that in these experiments unusual hexagonal nanostruc-
tures have been stabilized by the surface-state electrons.

We want to discuss, finally, the thermal stability of the
hexagonal superlattice of3d adatoms on Cu(111). As an ex-
ample, we concentrate on the Fe superlattice on Cu(111). The
hexagonal superlattice with the period of 12 Å is constructed
covering the entire Cu(111) surface by Fe adatoms. The
long-range interaction between adatoms is taken into account
using the asymptotic expression of the interaction energy
proposed in Ref. 12. For short adatom-adatom separations,
the interatomic interactions are well described by potentials
formulated in the second-moment approximation of the tight
binding (TB) theory.21 All parameters of interactions are ob-
tained by fitting parameters of potentials to ourab initio
results for the long-range interactions, forces acting on ada-
toms, binding energies of supported and embedded clusters,
and bulk properties.21–23

In Fig. 4 we show the geometry of the superlattice at 0 K.
To study the stability of the superlattice we perform MD
simulations at different temperatures. Several snapshots
showing the thermal evolution of the superlattice are pre-
sented in Fig. 4. One can see that at 15 K the thermal energy

is still not sufficient to overcome the repulsive barrier of the
potential energy, so the superlattice is still stable. We have
found that temperature between 25–30 K gives to the ada-
toms the thermal energy necessary to go beyond the repul-
sive barrier and to form dimers. At a temperature of about
35 K we observe the disappearance of the superlattice. One
should note that results of Sillyet al.,3 indicate that sample
temperature, low adatom diffusion barrier, and adatom con-
centration are the key parameters for a successful self-
assembly of the superlattice. We believe that future atomic-
scale simulations with the adatom-adatom potentials
presented in our work will help to find recipes on how to
create different magnetic superlattices that will present a new
state of matter with fascinating properties.

In summary, we have shown that the adatom-adatom in-
teractions mediated by surface-state electrons can stabilize
new magnetic nanostructures and superlattices of3d adatoms
on Cu(111). Magnetic states in these nanostructures are de-
termined by long-range exchange interactions. Molecular dy-
namics simulations show that3d superlattices can be stable
up to 25–30 K. We believe that advanced techniques such as
atomic-scale manipulation and the spin-polarized STM may
enable researchers to directly study new magnetic nanostruc-
tures predicted in this paper.
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