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We discuss the possibility to probe magnetic properties of
nanostructures buried beneath a metallic surface by means of
local probe techniques. We prove, that those properties can be
deduced from the spin-resolved local density of states (LDOS)
above the surface. In-plane polarization maps in vacuum above
the surface are shown to allow one to simultaneously detect
electronic, magnetic, and even geometric properties of subsur-
face structures. It is argued, that the coupling of buried
nanostructures to each other can be deduced from the symmetry
of the polarization map. To underline the importance of
studying buried nanostructures several possible applications of

1 Introduction Both applied and fundamental
branches of modern surface science nowadays strive for an
ever deeper understanding of electronic and magnetic
properties of nanostructures at surfaces in order to keep up
with the race for the miniaturization of data storage devices.
Fortunately, the advances of the last three decades in the field
of local probe methods, such as the scanning tunneling
(STM) [1, 2] or atomic force (AFM) [3, 2] microscopies,
made it possible to address structural, electronic, and
magnetic properties of surface structures which have been
previously inaccessible. Yet, despite the aptitude of
experimental techniques, some of the surface systems
remain largely unexplored. Most of the recent attention of
the STM and AFM communities has been directed toward
nanostructures adsorbed on top of metallic, oxidic, or
semiconductor surfaces. However, the prospect of using
subsurface (embedded) nanostructures as the base for
hypothetical future applications (such as the almost
proverbial spintronic devices) might be even more promising
(see, e.g.,Ref. [4]). Soitis obvious that learning to probe and
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buried magnetic impurities are pointed out. The exchange
coupling of an adatom to a nanostructure or a monolayer (ML)
across a paramagnetic spacer is shown to oscillate with the
thickness of the latter. This could provide one with reliable
means to stabilize the spin of a magnetic adatom in either a
ferromagnetic or an antiferromagnetic configuration with
respect to the magnetic orientation of the monolayer or
nanostructure. The possibility to tailor the exchange coupling
between single magnetic impurities on a surface through the
adjustment of the overlayer thickness and the interatomic
separation in a dimer, is discussed.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tailor buried magnetic structures might be a challenge well
worth taking.

The question, whether nanostructures buried several
monolayers (MLs) deep inside a surface can be investigated
at an atomic scale with a local probe technique has been
raised several times in the past two decades. The first
definitive positive answer was given by Heinze et al. [5] for Ir
impurities in metallic surfaces and by van der Wielen et al.
[6] for Si dopants in semiconductor alloys. The latter relied
on the presence of the Friedel oscillations induced by
impurities at the surface. The former used a more local
mapping of the surface combined with an extensive
theoretical ~ (first-principles  calculations)  support.
Following those ““proof of principle” experiments several
studies have been undertaken to further explore the
possibility both experimentally and theoretically [7-11]
and their findings have been extensively utilized in a
subsequent series of studies aimed at determination of
electronic structure and position of subsurface impurities
[12, 13] and at studying buried interfaces and lattices [14].
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However, at least one aspect remained largely unex-
plored, namely the possibility to address the magnetism of
surface-embedded nanostructures. Yet precisely this aspect
might be of essence for possible future applications. This
realization might have been the motivation to reopen the
subject of buried nanostructures in the magnetic perspective.
So, e.g., Weismann et al. [15] in their study of the possibility
to probe the topography of the host Fermi-surface utilizing
magnetic subsurface point defects (Co atoms), propose, in a
manner of speculation, that buried magnetic impurities can
be put to work as ““nano-sonars’ for probing geometric and
electronic properties of buried interfaces. They indicate that
an extended ferromagnetic nanostructure can play the role of
a “spin filter” which splits non-spin-polarized current.
Besides they suggest that subsurface defects might be used
for direction-specific control over interatomic interactions at
the surface (see Fig. 4 (A-C) of Ref. [15]). In their
experimental endeavors they utilize the basic ideas which
have already been rather extensively discussed in recent
years by Avotina et al. for both para- [12, 16] and
ferromagnetic [17] point defects buried in a metallic host.
Quite recently the same group (Avotina et al.) has published
a comprehensive experiment-oriented theoretical study,
addressing the influence of a single magnetic defect or
cluster in a nonmagnetic host (metal surface) on the
properties of the spin, and charge currents in the proximity
of a ferromagnetic STM tip [18]. Further we would like to
discuss in more detail another paper [19] which appeared
almost simultaneously with the one of Weismann et al. [15]
and specifically concentrates on the topic of probing the
buried structure’s magnetism. By means of fully self-
consistent ab initio calculations it reveals a pronounce
dependance of the local density of states (LDOS) in vacuum
above the embedding site of a nanostructure (cluster) on its
(nanostructure’s) burying depth. This fact, combined with a
strong spin-selective features of this dependance, gives one
access to information on the structure’s magnetic properties.
Another emphasis is made on the calculations for pairs of
buried clusters which indicate a possibility to deduce the
magnetic coupling between single buried structures by
analyzing the polarization of the surface, caused by their
presence. Finally, to make another example of how such
structures can be used in surface studies and engineering we
will discuss another theoretical paper [20], devoted to the
subject of utilizing buried nanostructures to engineer single
spin orientations at the surface and tailor the interaction
between such spins.

The goal of the present review is to awaken the reader’s
interest in an intriguing and a rather promising system,
namely that of a magnetic nanostructure embedded in a
paramagnetic metallic surface, and to emphasize the
importance of further studies in this field, which is bound
to eventually bring a rich harvest to surface science and
technology.

The rest of the present review is organized as follows: in
Section 2 we give a brief overview of the calculational
method employed in papers [19] and [20]. Section 3 is split

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

into two parts devoted to the question of probing (Section
3.1) and utilization (Section 3.2) of buried magnetic
nanostructures. The paper is concluded by a summary and
an outlook in Section 4.

2 Calculation method details Before we proceed to
actual results, let us shed a few words on the calculational
methods utilized to obtain the results presented below. In
both publications ([19] and [20]) the same approach is used.
It is described in detail in numerous articles [21-26]. The
core of the approach is the Korringa—Kohn—-Rostoker (KKR)
Green’s function method in atomic spheres approximation.
This method is an implementation of the density functional
formalism and relies on a simple, yet effective, local spin
density approximation. To obtain the ground state density for
a complex system, the KKR approach makes use of the
properties of the Green’s function of the Kohn—Sham
operator allowing the electronic density to be expressed
through the imaginary part of the energy-dependent Green’s
function of the system. Then, starting from simple
unperturbed systems, one can iteratively obtain the Green’s
function of an arbitrary complex ones through a series of
perturbations. This possibility is ensured by the Dyson
equation [26]. Usually, a surface is treated as a 2D
perturbation of an ideal crystal bulk with a slab of vacuum
[23]. For such calculations the translational symmetry of the
surface geometry can be taken into account, making it
possible for the Green’s function to be formulated in
momentum space. Then the surface impurities and defects
(such as buried clusters and atoms) are considered as a
perturbation of the clean surface [24]. For these calculations
the advantages of the k-space representation of the Green’s
function are no more applicable and thus the calculations are
usually performed in real space.

3 Results and discussion

3.1 Probing magnetic subsurface impurities
with the local density of states at the surface Let
us first say a few words about the calculational setup which
was used to study buried magnetic structures. For calcu-
lational studies the choice of a good model system is
essential. A prototypical system for studying magnetism at
metallic surfaces is Co/Cu(111). It follows most general
trends for this class of systems and is very suitable for DFT
calculations, as it is known to yield a good agreement with
experiments at arelatively low computational cost. As for the
shape of the nanostructure, the simplest choice would be a
cluster consisting of atoms arranged in a regular manner
(e.g., a hexagon) all residing in the same layer beneath
surface (a flat hexagonal cluster). Such systems can be
reproduced experimentally using the self-assembly of the
buffer layer assisted growth in conjunction with a capping
layer deposition. The feasibility of such a technique has been
shown, e.g., by Torija et al. [27]. A sketch of the system is
presented in Fig. 1A. The electronic structure of such a
cluster would remain largely unchanged if it is submerged
into the surface. A comparison of the LDOS of the central
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Figure 1 (online colour at: www.pss-b.com) (A) The sketch of the
studied system — a hexagonal Co cluster of 7 atoms (H7) buried in a
Cu(111) surface. (B) Majority (light-red filled area) and minority
(light-blue filled area) LDOS in of the central atom of the cluster
embedded in Cu bulk. Majority (red solid curve) and minority (blue
solid curve) LDOS of the central atom of the cluster embedded into
the topmost layer of a Cu(111) surface. From Ref. [19].

atom of a hexagonal Co cluster, consisting of 7 atoms (H7), is
presented in Fig. 1B [19]. The LDOS of a cluster residing in
the topmost layer of the surface (a red solid curve for
majority LDOS (top panel) and a blue solid curve for
minority LDOS (bottom panel) differs from the LDOS of a
cluster embedded in the bulk (filled curves) only through a
slight change of peak positions and peak intensity distri-
butions, sharing most of the other main features. Several
most prominent peaks can be pointed out: at —1.45, —0.44,
0.0eV for minority and —1.6, —1.2eV for majority
electrons.

In areal experiment, however, the electronic structure of
a buried impurity is not a directly accessible value. What
modern local probe techniques can access is the LDOS at the
surface. Thus it is essential to understand how a buried
nanostructure can affect the electron density at the surface
above it’s burying site. Figure 2 shows the evolution of the
LDOS at two selected energies [(A) —1.3eV and (B)
—0.5eV, each corresponding to a region containing a
prominent peak in either the majority or the minority
LDOS of the cluster] as the nanostructure is submerged ever
deeper into surface. The investigated burying depths range
between 1 (surface layer) and 8 monolayers (ML) which
corresponds to about 2 — 17A. The majority LDOS is plotted
in red triangles, pointing up, and the minority LDOS in blue
triangles, pointing down. For convenience, the LDOS value
of a clean Cu(111) surface at corresponding energies has
been subtracted from the curves, so that the presented values
would reflect the partial influence of the submerged impurity
on the electronic density at the surface. The most remarkable
feature is that both the majority and the minority LDOS
display an oscillatory behavior. Such behavior is nowadays
clearly understood and can be ascribed, similar to [12], to the
quantum interference of the s-like states in the paramagnetic
spacer between the nanostructure and the vacuum barrier at
the surface. The boundary conditions, determining the
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Figure 2 (online colour at: www.pss-b.com) Majority (red trian-
gles up) and minority (blue triangles down) LDOS at —0.5 (A) and
—1.3eV(B)in vacuum above the embedding site of an H7 Co cluster
versus the burying depth. The LDOS of a host surface has been
subtracted from all the curves for clarity. From Ref. [19].

density of states at the surface, thus depend on the scattering
properties of the nanostructure, the vacuum potential, the
k-vector of the energy state in question and, of course, on the
spacer thickness or the burying depth. Thus any change in
the burying depth of the nanostructure would be immediately
reflected in the LDOS at the surface, which immediately
suggests it as a tool for probing the structure’s vertical
position.

Furthermore, such oscillatory behavior is not energy-
bound to the two selected values presented here. Figure 3
clearly illustrates this point, showing the energy-resolved
dependence of the LDOS above the center of the cluster on its
burying depth. Pronounce oscillatory behavior can be
registered throughout all the energy spectrum in both the
spin-up (A) and spin-down (B) channels. It is also evident,
that the LDOS at the surface mimics that of the central atom
of the buried cluster (Fig. 1B) thus confirming the fact, that
the spin-polarized electronic structure of a buried impurity
can be probed by local probe techniques at the surface.

Considering now that the scattering properties of a
magnetic nanostructure are spin-dependent it is not hard to
justify the differences between spin-up and spin-down
LDOS at the surface. This effectively means a presence of
a net polarization of surface electrons throughout the LDOS
spectrum. As an example Fig. 3C displays the spin
polarization at the surface P(E, d) as a function of energy
and burying depth:

nup(E,d) — nan(E, d)
nup(E, d) + nan(E,d)’

P(E,d) =

where 1y, 4n (E, d) is the burying depth and energy resolved
density of states for majority and minority electrons at the
surface. Clearly the oscillations of the LDOS with increase in
burying depth cause the polarization to oscillate accordingly.
Both large positive and large negative values of the
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Figure 3 (online colour at: www.pss-b.com) Energy resolved
majority (A) and minority (B) LDOS (color-coded) in vacuum above
the embedding site of an H7 Co cluster versus the burying depth. The
LDOS of a host surface has been subtracted for clarity. (C) Polar-
ization (color-coded) P = P(E,d) above a buried hexagonal
7-atomic Co cluster as a function of electron energy and burying
depth. The P(E) distributions have been calculated for integer layer
numbers and then interpolated for clarity. The dashed vertical lines
mark the energies chosen for comparison in Fig. 1. Partially adopted
from Ref. [19].

polarization, ranging between +35 and —50%, can be
observed. This oscillations can be traced up to the burying
depths of at least § ML (~ 17 f&). Similar effects can be
observed already for a single buried atom. The correspond-
ing spin-resolved LDOS above the burying site and the
polarization of surface electrons are presented (similarly to
Fig. 3) in Fig. 4A-C, correspondingly. One can observe the
same burying-depth-dependent oscillatory features in both,
the LDOS and the polarization, yet their amplitude is
considerably less that in the case of a 7-atomic cluster for
obvious reasons. Thus it is clear that the polarization along
with the LDOS is a very sensitive tool for studying embedded
magnetic nanostructures.

However, there are several major questions that still
require to be answered. One of them is the question of
geometry dependence. How would the polarization at the

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4 (online colour at: www.pss-b.com) Energy resolved
majority (A) and minority (B) LDOS (color-coded) in vacuum above
the embedding site of a single Co adatom versus the burying depth.
The LDOS of a host surface has been subtracted for clarity. (C)
Polarization (color-coded) P = P(E, d) above a single buried Co
adatom as a function of electron energy and burying depth. The P(E)
distributions have been calculated forinteger layer numbers and then
interpolated for clarity.

surface change if we alter the geometry of the cluster, for
example by increasing its size. As the simplest comparison
one can take clusters of two different sizes [a 7-atomic (H7)
and a 19-atomic (H19) hexagonal ones]. The polarization
above buried H7 (black rectangles) and H19 (red circles)
clusters as a function of burying depth at two chosen energies
mentioned above [—0.5eV (A) and —1.3eV (B), marked
with dashed lines in Fig. 3] is presented in Fig. 5. As an
asymptotic case another nanostructure is taken for compari-
son, namely a whole Co monolayer embedded into the
surface at the same depths as the clusters. The polarization
above the monolayer is given in the figure by blue triangles.
One might notice that the depths can be logically divided into
two regions. When the distance to the surface is larger than
the lateral extents of both clusters, the corresponding
polarization curves display a very similar behavior. For
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Figure 5 (online colour at: www.pss-b.com) Comparison of the
polarization atthe surface above buried 7-atomic (H7,black squares),
19-atomic (H19, red circles) clusters and a buried monolayer (ML,
blue triangles pointingup) at —0.5 eV (A) and —1.3 eV (B). The lines
are meant solely as a guide for the eye. From Ref. [19].

shallow-buried clusters, when the size of the islands comes
into play, the behavior of the curves begins to differ
considerably. Another asymptotic feature, that can be
noticed is the striking qualitative similarity between the
H19 and ML curves in the depth range of 6 — 7A. It means
that at shallow burying depths the H19 cluster influences the
surface polarization above it’s burying site in a way very
similar to that of a complete monolayer. This might be of use
when contemplating possible experimental or technological
applications, as it marks the lateral extents for a single
magnetic unit which would provide us with an imitation of a
monolayer. Magnetic monolayers (or, to be precise, stacks of
them) are currently the basis for many magnetic devices
relying on giant and tunneling magnetoresistance, e.z.c.
One more issue, that is bound to arise in an experi-
mentalist’s mind, is the question of the stability of the
cluster’s magnetic orientation. It is well known (see
Ref. [28]) that small metallic clusters at surfaces often
exhibit superparamagnetic properties which would render

However, as remarked in Ref. [19], the fact that at large
burying depths the role of the cluster’s size ceases to play a
major role, could make it possible, by increasing the size of
the clusters, to achieve sufficient values of magnetic
anisotropy to sustain a constant direction of the magnetic
moment at reasonable experimental environmental con-
ditions. Alternatively a small magnetic field might serve as a
stabilizing factor. It would, however, also interfere with the
intrinsic magnetic interactions in the system.

Although by looking at a single point above a buried
magnetic nanostructure one can already obtain some
information about the structure’s burying depth and shed
some light onto its electronic and magnetic properties, it is
obvious that a space-resolved scan of the polarization
distribution in vacuum above the surface would give one a
much deeper insight. An example of such polarization scans
calculated at —0.5 eV in vacuum above an H7 cluster buried
in monolayers 1 to 4 (A to D respectively) beneath the
surface are presented as a function of surface in-plane
coordinates in Fig. 6. A buried cluster leaves a unique
polarization imprint in the LDOS, and hence the polariz-
ation, in the vacuum space above it’s burying site for each
burying depth. A critical look at the figure immediately
reveals a three-fold rotational symmetry in the polarization
maps, the origin of which, however, is easily understood if
one considers the intrinsic geometry of a (111) surface.
Looking at the polarization distributions one once again
detects the characteristic details of the electronic inter-
ference, namely the radial oscillations of the polarization.
Their origin is also quite easily understood: the phase
relation of the incoming and scattered electronic waves
change, in accordance with simple geometric laws, causing
the resulting periodic variations in the polarization of surface
electrons. Note also that with increase in burying depth the
radial period of the oscillations decreases which also
complies with simple notions of geometric optics. The phase
of the oscillations is determined by the electronic properties
of impurity and host materials as well as by the burying
depth of the impurity. Consequently, the phase and the
period of in-plane radial oscillations of the polarization can

observations discussed above virtually impossible. provide us with important information about the position and
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Figure 6 (online colourat: www.pss-b.com) Polarization maps above a hexagonal 7-atomic cluster of Coresiding undera Cu(111) surface
at burying depths of 2.1 (A), 4.2 (B), 6.3 (C), and 8.4 A(D). Figure was taken in part from Ref. [19].
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Figure 7 (onlinecolourat: www.pss-b.com) Polarization maps above asingle CoadatomresidingunderaCu(111) surface atburying depths

of 2.1 (A), 4.2 (B), 6.3 (C), and 8.4 A(D).

the burying depth of an embedded nanostructure with known
electronic properties.

Similar distributions for a simpler system, a single Co
adatom buried in monolayers 1 to 4 (A to D respectively)
beneath the Cu(111) surface are presented in Fig. 7. The
same trends as in Fig. 6 are also clearly traceable here.

The results in Ref. [19] are accompanied with the
remark, that, if this topic would motivate a further
experimental study, the theoretical investigation should be
extended to include the calculation of experimental geome-
tries and the results should be formulated (for easier
comparison) in terms of spin-resolved differential conduc-
tance based on the Tersoff~-Hamman model [29].

For completeness sake, it must also be noted here, that
for a possible comparison with an experiment care should be
taken to select a suitable energy window, as the LDOS
perturbation at the surface is very much energy dependent.
To clarify the point, let us consider possible ways in which a
buried impurity might influence the LDOS, and hence the
polarization, of the surface. In the first approximation three
different radial regions (with respect to the projection of
the burying site onto the surface) might be defined (Fig. 8).
The first one (I) is located just above the impurity, where the
LDOS is influenced by the quasi spherical electron waves
emitted from the burying site. These are the bulk electrons
scattered by the impurity orbitals in the direction vicinal to
the [111] vector. The changes in the LDOS at the surface
are completely determined by the Green’s function of the
system [15]

ALDOS (x, E)
= —%%m// G(x,xi,E)t(xi,xj,E)G()cj,x, E)dxidxj,

where x;, x; are arbitrary coordinates within the system and ¢
is the t-matrix of the impurity. Thus in region (I) one might
expect the perturbative contribution from the quasi free
electrons propagating in and around (in the reciprocal sense)
the bulk band gap. The radial decay of the Green’s function
with distance then might be expected to be of an algebraic
character with a factor close to 1, which produces a

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

perturbation in the LDOS with a quadratically decaying
amplitude. According to considerations presented in Ref.
[15] and the formula for the ALDOS the decay of the
electronic waves propagating along a certain direction
would be inversely proportional to the Gaussian curvature of
the corresponding patch of the isoenergy surface (for energy
¢). For the patches of the isoenergy surface with a highly
reduced curvature, this perturbations would propagate
virtually without decay and can be sensed even at large

soal

Cu(111)
surface

‘\I[m]
[100]

Figure 8 (online colour at: www.pss-b.com) A sketch of possible
sources of the surface LDOS perturbation. A Cu(111) surface withan
embedded Co impurity. Concentric rings depict the preferable
directions of electron propagations. The curve above the surface
presents an abstract sketch of a LDOS distribution along a single
direction of the surface. Region (I) is the area just above the impurity,
where the LDOS is influenced by the quasi spherical electron waves
emitted from the burying site. Region (II) marks the area where the
quasi plane waves emitted from the impurity’s burying site in the
directions determined by the regions of strongly reduced Fermi-
surface-curvature reach the surface. Region (III) is a generalization
of the areas, where the Friedel oscillations in the Cu(111) surface
state density caused by the presence of the buried impurity exceed in
amplitude all the other contributions.
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distances from the impurity. They are, thus, expected to
strongly perturb the LDOS at the surface at corresponding
energies [15]. The region of the surface where such quasi
plane wave perturbations intersect with the surface plane are
marked as (II) in Fig. 8. Region (II) is a generalization of
those areas, where the Friedel oscillations in the Cu(111)
surface state density caused by the presence of the buried
impurity (see, Refs. [6, 9, 11]) exceed in amplitude all the
other contributions. Such oscillations are also expected to
carry a spin-polarized character for magnetic subsurface
impurities.

Mapping the subsurface structure’s polarization could
also allow one to determine to some extent its geometrical
properties, for example by fitting the polarization distri-
bution with a simple multiple scattering model.

An important step toward real applications of subsurface
impurities is gaining the understanding of the nature of their
interaction. To make this step one obviously needs a way to
effectively probe the interaction between single buried
nanostructures. Let us consider a pair of H7 clusters of Co
buried at the same monolayer 6.3 A deep beneath a Cu(111)
surface with a center—center separations of 20 A. The strong
ferromagnetic nature of Co would definitely align all the
spins inside each of the Co clusters parallel to each other. So
it is the relative alignment of the two clusters’ spins which is
a priori unknown and depends on many factors, such as the
islands’ relative position and the host material of the surface.
However, if one were to probe the polarization distribution
on the surface above the two clusters one might obtain a
picture similar to that presented in Fig. 9(FM and AFM) for
the case of parallel (FM) and antiparallel (AFM) orientation
of clusters’ magnetic moments, respectively. The system
with a FM alignment of moments would produce a
polarization map which is a superposition of two similar
distributions set off from each other by 20 A. The AFM
system, on the contrary, would produce a map which is
perfectly antisymmetrical with respect to the symmetry
plane (101) separating the buried structures (marked by
dashed lines in both panels in Fig. 9). Such a behavior can
easily be understood if one considers that in a system with
AFM orientation of moments the electrons scattered at
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Figure 9 (online colour at: www.pss-b.com) Polarization above a
pair of H7 clusters of Co buried in the same layer 6.3 A deepbeneatha
Cu(111) surface with a center—center separations of 20 Aandeithera
parallel (FM) or antiparallel (AFM) alignment of clusters’ magnetic
moments. Red and blue circles denote the burying sites of Co atoms
with spin pointing up and down, respectively. Dashed lines mark the
symmetry plane of the system. All the maps are plotted for the
electrons at —0.5 eV. The figure is adopted as a part of the figure from
Ref. [19].

www.pss-b.com

majority states of one cluster will interfere with electrons
scattered at minority states of the other, thus creating an
antisymmetrical LDOS distribution at the surface. So we
arrive at the conclusion that the symmetry of the polarization
map can be regarded as a signature of the relative moment
orientation of buried clusters. Moreover, it can be noted that
the antisymmetrical polarization distribution implies the
absence of polarization along the symmetry plane which
might be regarded as an additional and even simpler criterion
of the clusters’ moments alignment [19].

3.2 Utilization of buried magnetic structures
Let us now address shortly the question of possible
applications of buried magnetic structures. For any funda-
mental research, even for an experimental one, this question
carries a good deal of a speculativeness. A good example of
such speculations was already mentioned in the introductory
part: Weismann et al. [15] propose to use buried magnetic
impurities as nano-sonars, spin filters, or interaction
regulators. Here we would like to focus on the last point, as
it’s validity has been already proven previously [20]. It was
demonstrated by ab initio calculations that exchange
coupling of adatoms and addimers to a magnetic layer
across a nonmagnetic spacer displays an oscillatory
behavior. This might allow one, by deliberate choice of the
spacer’s thickness, to control the magnetic configuration and
exchange interaction of single magnetic adatoms, driving
them into either a ferro- or an antiferromagnetic behavior or
even suppressing their magnetic properties. Remembering
that larger buried clusters (19 and more atoms) are “felt” at
the surface as a complete monolayer, one can relatively
safely transfer all the following ideas from monolayers onto
single buried clusters. In Ref. [20] the interplay between the
exchange interaction and the system’s geometry was put at
the center of attention. A Cu(111) surface was chosen as a
base for calculations. As the first and simplest model, a
system of a single magnetic 3d adatom (Co and Cr) placed on
top of a Cu spacer of a varying thickness covering a single Co
monolayer (ML) (Fig. 10A) was considered. The choice of
atomic species and the systems geometry was governed
mostly by the same considerations as in Ref. [19], namely by
the fact, that thin Co films are known to have out-of-plain
magnetization as an inherent property [30]. This fact
provides for an increased surface symmetry for the
orientation of adatom and addimer spins. The Co layer
thickness of 1 monolayer (ML) was chosen as a marginal
case of a multilayered Co slab which should not have
affected the generality of results and conclusions.

Figure 10B shows the dependence of the exchange
interaction energy of the Co adatom residing on the surface
on the thickness of the spacer separating it from the buried
monolayer or cluster. The same dependence for Cr is shown
in Fig. 10C. The presence of oscillations in the exchange
coupling energies, similar to those observed for the interlayer
exchange coupling [31, 32], is attributed (as it was sone for
the oscillations in the LDOS) to the effect of quantum
confinement in the overlayer [33]. Due to the ferromagnetic
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20+ Figure 11 (online colour at: www.pss-b.com) System under con-
sideration: Cr adatoms coupled to a Comonolayer across a Cu spacer
10¢ of a varying thickness (A). Exchange coupling of a Cr adatoms at
7.66 A separation aligned along the [110] direction of a Cu(111)
0 surface versus spacer thickness (B). Due to the energetic non-
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Figure 10 (online colour at: www.pss-b.com) (A) The setup for
calculations: an adatom coupled to a Co layer through anonmagnetic
Cuspacer of avarying thickness. Exchange coupling energies of aCo
(B) and Cr (C) adatoms versus spacer thickness. First several points
of the curves were scaled down for clarity. The scaling factors are
givennexttorespective datapoints. Theinsets in each graph show the
respective curves on a smaller scale at larger spacer thicknesses.
Figure adopted from Ref. [20].

nature of the Co monolayer, the confinement of majority and
minority electrons will be different, as is clear from Ref. [19],
causing the formation of spin-polarized interference pat-
terns. It is also noted that in the asymptotic regime the
periodicity of oscillations is determined solely by the Fermi
surface of the spacer material [33]. Considered layer
thicknesses correspond to the pre-asymptotic regime, when
positions of maxima and minima of exchange coupling
depend on the type of magnetic atoms. The coupling energies
presented in Fig. 10(B and C) let one consider the coupling of
spins of adatoms to that of a monolayer as a reliable means of
stabilizing single atomic spins on the surface in either a ferro-
or an antiferromagnetic configuration. It is proposed, that the
switching between configurations can be carried out by
adjusting the thickness of the overlayer. It is, however,
unclear, how the inclusion of magnetic anisotropy in
calculations may affect the presented results. It is bound to
alter the results quantitatively. Yet the main result, namely
the claim of the possibility of tuning single atomic spins on
metal surfaces exploiting the quantum confinement of
electrons, should remain untainted.

Another aspect considered in the paper [20] is the effect
of a buried layer or nanostructure on the interatomic RKKY
coupling between single atoms on the surface. If one
considers two adatoms adsorbed on Cu(111) (a dimer, as
shown in Fig. 11A), one will find that the orientation of each

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

line gives the level of the exchange coupling strength between Cr
atoms on a clean Cu(111) surface. First two points of the curve were
scaled down for clarity. The scaling factors are given next to
respective data points. Figure adopted from Ref. [20].

of the atomic spins, in presence of a buried magnetic
structure, is determined by the competition between two
exchange couplings: (i) a coupling to the underlying
impurity and (ii) the interatomic coupling in the dimer. As
the coupling to the buried monolayer or cluster can be
tailored by adjusting the thickness of the overlayer (or, in
other words, the burying depth), one thus acquires an
additional degree of freedom in adjusting the exchange
interaction between single adatoms at any separation. At
smaller spacer thicknesses, where the coupling of a single
adatom to the monolayer prevails, the monolayer acts as a
stabilizing element, rigidly fixing the dimer in eithera T ora
1] configuration. At larger spacer thicknesses, when the
interatomic exchange energy becomes comparable to that of
the coupling to the monolayer, the system’s spins become
most susceptible to manipulations by changing the spacer
thickness and the interatomic separation. To provide an
example, the exchange interaction energy of a Cr dimer at
7.66 A separation is presented in Fig. 11B as a function of the
spacer thickness. It is clear that by adjusting the number of
monolayers in the spacer, or, alternatively, the burying depth
of the nanostructure, one can tune the dimer to have an
exchange coupling ranging from a strong ferromagnetic (at
1-4 ML) to an antiferromagnetic one (5,7 ML). At larger
spacer thicknesses the exchange coupling energy converges
to the value of a clean surface.

4 Outlook and conclusions In a way of concluding
the review it might be said that magnetic properties of
nanostructures buried beneath a metallic surface can be
deduced from the spin-resolved LDOS above the surface.
Acquiring in-plane polarization maps in vacuum above the
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surface can allow one to simultaneously detect electronic,
magnetic, and even geometric properties of subsurface
structures. The coupling of buried nanostructures to each
other can be deduced from the symmetry of the polarization
map. Such measurements can be carried out by means of a
conventional spin-polarized STM. Yet even if the resolution
of the STM should prove insufficient, one might still study
the magnetization of the surface utilizing the notions from
Ref. [20]. The orientational effect of the spin-dependent
confinement of host electrons between the surface and the
buried structure on single adatoms on the surface suggests,
that one can place adatoms at different adsorption sites above
the nanostructure and study their magnetization instead of
probing the surface electrons directly.

Buried magnetic structures can be used to study the
Fermi surface of the host metal, to investigate geometric and
electronic properties of buried interfaces, filter electronic
waves by their spin property or adjust the interaction of
single adatoms and addimers at the surface. The exchange
coupling of an adatom to a nanostructure or a monolayer
across a paramagnetic spacer oscillates with the thickness of
the latter. This provides reliable means of spin stabilization
of an adatom in either a ferromagnetic or an antiferromag-
netic configuration with respect to the magnetic orientation
of the monolayer or nanostructure. By adjusting the over-
layer thickness and the interatomic separation in a dimer, it
might be possible, through the competition between
interatomic and atom-layer couplings, to tailor the exchange
coupling between single magnetic impurities on a surface.

Presented approaches provide theoretically transparent,
technologically feasible, and partially experimentally-pro-
ven ways of probing and tailoring spin configurations in
buried and adsorbed magnetic nanostructures, which can
prove invaluable for spintronic applications.
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