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We explore the influence of the quantum confinement of surface electrons by nanoscale paramagnetic islands
on the exchange interaction between single adatoms adsorbed on top of the structure. We demonstrate that it is
possible to enhance, reduce, or even reverse the exchange coupling at various adatom-adatom separations by
deliberate choice of the island’s size.
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I. INTRODUCTION

Throughout the evolution of nanoscience and nanotech-
nology there has hardly been a more elegant and yet efficient
tool for surface studies and engineering than the surface-state
electrons.1 Surface states of a Shockley type are known to
exist as a quasi-two-dimensional �quasi-2D� nearly free-
electron gas at �111� surfaces of noble metals2 trapped be-
tween the vacuum barrier and the inverted L gap of a metal
bulk band. The scattering of surface-state electrons at point
defects,3,4 single adsorbates,5,6 and extended structures7–10

leads, due to high correlation and the intrinsic two dimen-
sionality of the surface state, to the formation of interference
patterns which manifest themselves as standing waves in the
local density of electronic states �LDOS�. These standing
waves can be detected by various surface sensitive tech-
niques such as the scanning tunneling microscopy/
spectroscopy �STM/STS�. Standing LDOS waves can induce
palpable changes in adsorption and activation energies of
surface impurities and are the cause of an indirect long-range
interaction between them.11–17 Recently it was realized that
by deliberate arrangement of atomic scatterers18,19 one can
confine surface-state electrons to close geometries thus pre-
cisely tailoring their interference and consequently the effect
they have on atomic motion and interatomic interaction.20,21

With recent advances in experimental techniques allowing
for a direct probing of the exchange interaction22–24 a ques-
tion naturally arose, whether it might be possible to utilize
the quantum confinement to control the spin arrangement of
single adatoms and nanoscale units. Theoretical
investigations25 have shown that, for example, quantum cor-
rals indeed have a profound effect on the indirect magnetic
exchange interaction between single adatoms adsorbed
within. However, assembling atomic structures in an atom-
by-atom fashion is still a rather taxing task. Fortunately,
there exist natural or self-assembling structures which can
also be utilized for surface electrons confinement. For in-
stance, it is well known that at certain conditions an epitaxial
growth of Ag on Ag�111� �Ref. 26� and Cu on Cu�111� �Ref.
27� results in the formation of hexagonal islands and vacancy
craters. A quantitative study of the quantum confinement of
surface electrons on nanoscale Ag islands on Ag�111� has
been carried out by means of an STM/STS by Li et al.28,29

These studies have confirmed that the confinement can be

observed at all island sizes down to the smallest ones. It has
also been proposed28,29 that an analogous effect should exist
on Cu�111� and Au�111�. True enough the confinement in
hexagonal craters �vacancy islands� has been recently ob-
served in an STM experiment on Cu�111� �Refs. 30 and 31�
and the spin-dependent quantum confinement has been ex-
tensively studied on Co/Cu�111� nanoislands.20,32

In the present paper we discuss the possibility to utilize
the quantum confinement on islands to tailor the exchange
interaction of single adatoms adsorbed on top of them. Our
ab initio calculations indicate that by deliberate variation of
the island size it is possible to enhance, reduce, or even re-
verse the exchange coupling between adatoms adsorbed on
top of the island at intermediate separations �Fig. 1�. More-
over, by choosing different alignments for the adsorbates one
can get yet another tool for exchange coupling adjustment.

II. CALCULATIONAL DETAILS

In our calculations we utilize the Korringa-Kohn-
Rostoker �KKR� Green’s function method in atomic spheres
approximation.33,34 This method is a implementation of the
density-functional theory in local spin-density approxima-
tion. The KKR approach exploits the properties of the
Green’s function of the Kohn-Sham operator, particularly,
the possibility to express the electronic density through the
imaginary part of the energy-dependent Green’s function of
the system. An arbitrary system can be regarded as the per-
turbation of an ideal one with a known Green’s function: the
Green’s functions of those two systems can be linked
through the Dyson equation.35 We treat a surface as a 2D
perturbation of an ideal crystal bulk with a slab of vacuum.
Taking into account the translational symmetry of the surface
geometry, the Green’s functions are formulated in momen-

FIG. 1. �Color online� System setup used in our calculations to
demonstrate the possibility of tailoring the exchange coupling be-
tween single adatoms adsorbed on islands by adjusting the island’s
size. The separation of adatoms remains constant.
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tum space. Adatoms and chains are considered as the pertur-
bation of the clean surface. These calculations are performed
in configurational space.

It has been shown30 that KKR is a perfect tool for describ-
ing electronic confinement effects. Furthermore, exchange
energy calculations are carried out according to the force
theorem36,37 from the single-particle energies, which allows
one to resolve small energy differences with high accuracy.38

III. RESULTS AND DISCUSSION

As a model system for our studies we have chosen pairs
of Co atoms adsorbed on top of hexagonal Cu islands of
various sizes residing on a Cu�111� surface. The choice was
governed mainly by the fact that such a system is relatively
easy to produce experimentally yet represents a good model
for a system of magnetic adatoms adsorbed on �111� surfaces
of noble metals, which increases the generality of attained
conclusions. To study the influence of the islands size on the
electron confinement and the exchange coupling of adsorbed
Co atoms we have selected hexagonal islands with circum-
scribed circle radii of 20, 36, and 52 Å �side lengths of 8,
14, and 20 Å atoms, respectively�. To investigate the quan-
tum confinement induced by islands we calculated the LDOS
in vacuum some 2 Å above clean Cu islands.39 The result is
shown in Figs. 2�a�–2�c� for 20, 36, and 52 Å islands, re-
spectively. The confining factor for the electrons in case of
an island is the vacuum barrier existing at its boundaries.
Thus the confinement region inherits the shape of the island’s
boundary and an electron confined in it behaves like a par-
ticle in a hexagonal box which clarifies the LDOS distribu-
tions shown in Figs. 2�a�–2�c�.28,29 Those distributions
closely resemble the first three eigenmodes of a particle with
a wavelength of about 30 Å which corresponds to the Fermi
wavelength of Cu surface-state electrons. The first and the
third distributions display a density maximum in the center
of the hexagon with an additional maximum at the boundary
on the 52 Å island. The second mode has its high-density
region in the form of a ring with a diameter of about
30–35 Å and depletion zones both at the center and at the
boundaries. The confinement causes the 20 Å island to ac-
quire the highest �among the three� absolute local density of
electronic states at the center while the LDOS map of the

52 Å island displays, as can be expected, the most profound
hexagonal features. Similar LDOS distributions have been
observed in hexagonal vacancy holes on Cu�111� �Ref. 30�
and comprehensively analyzed in Ref. 31.

Considering that surface electrons act as mediators of the
indirect exchange interaction it is most likely that a change
in the LDOS up to 30% �0.5 st/eV in the center of the 20 Å
island versus 0.35 st/eV on the 35 Å one� will lead to a
significant modulation of the exchange coupling of magnetic
atoms adsorbed on top. However, it should be noted here that
besides the intrinsic electron-density redistribution the cou-
pling constant is effectively determined by the phase relation
of surface-state electrons scattered at both impurities which
is in turn profoundly affected by the introduction of reflec-
tive vacuum barriers at the boundary of the island. By chang-
ing the island’s size we alter both the intrinsic density of
surface-state electrons and the scattering geometry. However,
although the results of ab initio calculations incorporate both
effects, it is virtually impossible to separate those two con-
tributions.

To study the cumulative impact of the quantum confine-
ment of surface electrons on the exchange interaction of
magnetic atoms adsorbed on top of an island we have calcu-
lated the exchange coupling energies between single Co at-
oms residing on hexagonal Cu islands of the three above-

FIG. 2. �Color� LDOS distribution on islands with �a� R=20, �b� 36, and �c� 52 Å.

FIG. 3. �Color� A map of the exchange interaction energy of two
Co adatoms adsorbed on a hexagonal Cu island of 20 Å in radius,
given that one of the adatoms is residing in the island’s center.
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mentioned sizes. In regard of the fact that the placement of
two adatoms on a nanometer-scale island allows for a vast
amount of variants let us consider first one of the most logi-
cal choices, namely, the case when one of the adatoms is
placed in the center of the island and the other occupies one
of the remaining adsorption sites. The resulting exchange
energy landscape Eexc�x ,y�=Eexc�x1=0 , y1=0 , x2=x , y2
=y� �where �x1 ,y1� and �x2 ,y2� are the in-plane coordinates
of the first and the second Co adatoms� for the 20 Å island is
given in Fig. 3. It must be noted that the coordinate zero does
not precisely coincide with the geometrical center of the is-
land but rather with an adsorption site closest to it which is
situated some 1.5 Å away. It can be seen that starting from
intermediate separations of �8 Å the map exhibits two prin-

cipal directions that differ significantly along the �1̄10� and

the �1̄1̄2� vectors of the surface. Those directions are dictated

by the sixfold symmetry of the islands. Most intermediate
directions reveal an exchange behavior closely resembling
that along one of the principal directions. Relying on this fact
we have chosen to limit our investigations to four main ar-
rangements aligned along those two main directions. For
each direction the two adatoms were either aligned sym-
metrically with respect to the center of the hexagon or one of
them was placed at the center and the other at various sepa-
rations along the respective direction. A sketch of all four
configurations is given in Fig. 4. For ease of notation let us
designate those configurations as “horizontal” �H�, “horizon-
tal symmetric” �Hs�, “vertical” �V�, and “vertical symmetric”
�Vs� �Figs. 4�a�–4�d�, respectively�.

Let us now take a closer look at how the quantum con-
finement on islands influences the exchange interaction. Fig-
ure 5�a� shows the exchange energies of two Co adatoms
adsorbed in an “H” �see Fig. 4� configuration at various sepa-
rations as a function of the island’s size Risland. For compari-
son exchange energies of the same adatoms at the same sepa-
ration on a clean Cu�111� surface are given as the last point
of each curve marked on the Risland axis by �. The figure
indicates that at smaller separations of 7.6 Å �black squares�
the exchange energy is gradually reduced �increasing the fer-
romagnetic �FM� coupling� with increasing island’s size in
the range of 20%–25% of the clean surface value. At inter-
mediate separations of 10.2 and 12.8 Å �red �dark gray�
circles and blue �gray� triangles pointing up, respectively�
the dependence becomes irregular in its behavior allowing
either for a switching �at 10.2 Å� or for a 20% increase �at

FIG. 4. �Color online� A scheme of principal arrangements of
Co adatoms on an island chosen for investigation: �a� horizontal �h�,
�b� horizontal symmetric �Hs�, �c� vertical �V�, and �d� vertical sym-
metric �Vs�.

FIG. 5. �Color online� �a� Exchange coupling energies of two
Co adatoms aligned according to configuration H �see Fig. 4� at
separations of 7.6 Å �black squares�, 10.2 Å �red �dark gray�
circles�, 12.8 Å �blue �gray� triangles pointing up�, and 17.9 Å
�green �light gray� triangles pointing down� as a function of the
island’s size Risland. �b� Exchange coupling energies of two Co ada-
toms aligned according to configuration Hs �see Fig. 4� at separa-
tions of 7.6 Å �black squares�, 12.8 Å �red �dark gray� circles�,
17.9 Å �blue �gray� triangles pointing up�, 28.2 Å �green �light
gray� triangles pointing down�, and 38.2 Å �cyan �light gray� dia-
monds� as a function of the island’s size. In both cases correspond-
ing exchange energy values on a clean surface are given as a last
point of each curve �denoted on the horizontal axis as ��. Connect-
ing lines are only there to guide the eyes.
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FIG. 6. �Color online� �a� Exchange coupling energies of two
Co adatoms aligned according to configuration V �see Fig. 4� at
separations of 4.4 Å �black squares�, 8.9 Å �red �dark gray�
circles�, and 13.3 Å �blue �gray� triangles pointing up� as a func-
tion of the island’s size Risland. �b� Exchange coupling energies of
two Co adatoms aligned according to configuration Vs �see Fig. 4�
at separations of 4.4 Å �black squares�, 8.9 Å �red �dark gray�
circles�, 13.3 Å �blue �gray� triangles pointing up�, and 28.2 Å
�green �light gray� triangles pointing down� as a function of the
island’s size. In both cases corresponding exchange energy values
on a clean surface are given as a last point of each curve �denoted
on the horizontal axis as ��. Connecting lines are meant as a guid-
ance for the eyes only.
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12.8 Å� in the exchange coupling between the adsorbates. At
larger separations of 17.9 Å �green �light gray� triangles
pointing down� the quantum confinement allows one to in-
crease the FM coupling energy to up to twice its value on a
clean surface. Similar exchange dependencies for the “Hs”
configuration are presented in Fig. 5�b�. Here as well, at
small and intermediate separations of 7.6 Å �black squares�,
12.8 Å �red �dark gray� circles�, and 17.9 Å �blue �gray�
triangles pointing up� the exchange energy is reduced by the
confinement decreasing the coupling. But an even more sig-
nificant effect can be observed at large separations of 28.2
and 38.4 Å �green �light gray� triangles pointing down and
cyan �light gray� diamonds, respectively�. At a clean surface
the exchange coupling at such separations is negligibly
small. The quantum confinement on an island, however, al-
lows one through reflection and focusing of scattered elec-
trons by the island’s boundaries to restore the coupling to
values reaching up to over 100 �eV.

To generalize the picture even further let us take a look at
both the “V” and “Vs” configurations. The exchange cou-
pling dependencies for those configurations are presented in
Figs. 6�a� and 6�b�, respectively. Though different values of
interatomic separations superimposed by the fcc lattice do
not allow us to make a one-to-one comparison with H and Hs
cases the dependencies show a rather similar behavior and
tendencies. Once again at small separation a deliberate
choice of the island size can allow us to either reduce or
increase the interatomic coupling between the adsorbates. At
intermediate separations we yet again have the possibility to

switch the exchange coupling by adjusting the island size.
And at larger separations of about 30 Å the initially small
coupling at a clean surface can be restored to palpable val-
ues.

IV. CONCLUSIONS

In conclusion, it might be noted that the quantum confine-
ment of surface electrons to nanoislands is a suitable tool for
tailoring the exchange interaction of magnetic adsorbates. In
some systems �for instance, Cu/Cu�111� or Ag/Ag�111�� such
islands can be relatively easily obtained by epitaxial growth
and their size distribution can be controlled by growth con-
ditions. The dependence of the surface electron-density dis-
tribution and the phase relations of scattered electrons on the
island’s size makes the latter a convenient adjustment param-
eter. Besides the island size, the alignment of magnetic ad-
sorbates with respect to the island has a notable effect on the
interatomic exchange interaction and thus can be varied to
achieve a desired effect. This fact might make the quantum
confinement on islands a good candidate for future spintronic
applications.

ACKNOWLEDGMENT

We would like to express our gratitude to the Deutsche
Forschungsgemeinschaft �DFG� under Grants No. SPP 1165
and No. SPP 1153 for their kind support of the present work.

1 W. Shockley, Phys. Rev. 56, 317 �1939�.
2 P. Gartland and B. Slagsvold, Phys. Rev. B 12, 4047 �1975�.
3 H. A. Mizes and J. S. Foster, Science 244, 559 �1989�.
4 M. Schmid, W. Hebenstreit, P. Varga, and S. Crampin, Phys. Rev.

Lett. 76, 2298 �1996�.
5 H. Brune, J. Wintterlin, G. Ertl, and R. J. Behm, Europhys. Lett.

13, 123 �1990�.
6 M. F. Crommie, C. P. Lutz, and D. M. Eigler, Science 262, 218

�1993�.
7 L. C. Davis, M. P. Everson, R. C. Jaklevic, and W. D. Shen,

Phys. Rev. B 43, 3821 �1991�.
8 M. F. Crommie, C. P. Lutz, and D. M. Eigler, Nature �London�

363, 524 �1993�.
9 Y. Hasegawa and P. Avouris, Phys. Rev. Lett. 71, 1071 �1993�.

10 L. Petersen, P. Laitenberger, E. Laegsgaard, and F. Besenbacher,
Phys. Rev. B 58, 7361 �1998�.

11 J. Koutecky, Trans. Faraday Soc. 54, 1038 �1958�.
12 K. H. Lau and W. Kohn, Surf. Sci. 75, 69 �1978�.
13 J. Repp, F. Moresco, G. Meyer, K. H. Rieder, P. Hyldgaard, and

M. Persson, Phys. Rev. Lett. 85, 2981 �2000�.
14 N. Knorr, H. Brune, M. Epple, A. Hirstein, M. A. Schneider, and

K. Kern, Phys. Rev. B 65, 115420 �2002�.
15 L. Bürgi, N. Knorr, H. Brune, M. A. Schneider, and K. Kern,

Appl. Phys. A: Mater. Sci. Process. 75, 141 �2002�.
16 V. S. Stepanyuk, A. N. Baranov, D. V. Tsivlin, W. Hergert, P.

Bruno, N. Knorr, M. A. Schneider, and K. Kern, Phys. Rev. B

68, 205410 �2003�.
17 M. Braun and V. K. Medvedev, Usp. Fiziol. Nauk 157, 631

�1989� �Sov. Phys. Usp. 32, 327 �1989��.
18 E. J. Heller, M. F. Crommie, C. P. Lutz, and D. M. Eigler, Nature

�London� 369, 464 �1994�.
19 H. C. Manoharan, C. P. Lutz, and D. M. Eigler, Nature �London�

403, 512 �2000�.
20 L. Niebergall, V. S. Stepanyuk, J. Berakdar, and P. Bruno, Phys.

Rev. Lett. 96, 127204 �2006�.
21 V. S. Stepanyuk, N. N. Negulyaev, L. Niebergall, and P. Bruno,

New J. Phys. 9, 388 �2007�.
22 C. F. Hirjibehedin, C. P. Lutz, and A. J. Heinrich, Science 312,

1021 �2006�.
23 P. Wahl, P. Simon, L. Diekhöner, V. S. Stepanyuk, P. Bruno, M.

A. Schneider, and K. Kern, Phys. Rev. Lett. 98, 056601 �2007�.
24 F. Meier, L. Zhou, J. Wiebe, and R. Wiesendanger, Science 320,

82 �2008�.
25 V. S. Stepanyuk, L. Niebergall, W. Hergert, and P. Bruno, Phys.

Rev. Lett. 94, 187201 �2005�.
26 E. Cox, M. Li, P.-W. Chung, C. Ghosh, T. S. Rahman, C. J.

Jenks, J. W. Evans, and P. A. Thiel, Phys. Rev. B 71, 115414
�2005�.

27 M. Giesen and G. S. Icking-Konert, Surf. Sci. 412-413, 645
�1998�.

28 J. T. Li, W. D. Schneider, R. Berndt, and S. Crampin, Phys. Rev.
Lett. 80, 3332 �1998�.

BROVKO, HERGERT, AND STEPANYUK PHYSICAL REVIEW B 79, 205426 �2009�

205426-4



29 J. Li, W. D. Schneider, S. Crampin, and R. Berndt, Surf. Sci.
422, 95 �1999�.

30 L. Niebergall, G. Rodary, H. F. Ding, D. Sander, V. S.
Stepanyuk, P. Bruno, and J. Kirschner, Phys. Rev. B 74, 195436
�2006�.

31 G. Rodary, D. Sander, H. Liu, H. Zhao, L. Niebergall, V. S.
Stepanyuk, P. Bruno, and J. Kirschner, Phys. Rev. B 75, 233412
�2007�.

32 O. Pietzsch, S. Okatov, A. Kubetzka, M. Bode, S. Heinze, A.
Lichtenstein, and R. Wiesendanger, Phys. Rev. Lett. 96, 237203
�2006�.

33 K. Wildberger, V. S. Stepanyuk, P. Lang, R. Zeller, and P. H.
Dederichs, Phys. Rev. Lett. 75, 509 �1995�.

34 R. Zeller, P. H. Dederichs, B. Újfalussy, L. Szunyogh, and P.
Weinberger, Phys. Rev. B 52, 8807 �1995�.

35 J. Zabloudil, R. Hammerling, L. Szunyogh, and P. Weinberger,

Electron Scattering in Solid Matter, Springer Series in Solid-
State Sciences Vol. 147 �Springer-Verlag, Berlin, 2005�.

36 P. Lang, L. Nordström, K. Wildberger, R. Zeller, P. H. Deder-
ichs, and T. Hoshino, Phys. Rev. B 53, 9092 �1996�.

37 V. S. Stepanyuk, L. Niebergall, R. C. Longo, W. Hergert, and P.
Bruno, Phys. Rev. B 70, 075414 �2004�.

38 V. S. Stepanyuk, L. Niebergall, W. Hergert, and P. Bruno, Phys.
Rev. Lett. 94, 187201 �2005�.

39 To produce LDOS maps the integrated density of electronic
states at the Fermi energy in each atomic sphere of the first
vacuum layer above the island has been calculated. For a clearer
picture the values have then been interpolated to produce the
�=��x ,y� �where x and y are the in-plane coordinates and � is
the local density of states� contour map shown in Figs.
2�a�–2�c�.

QUANTUM CONFINEMENT ON NANOISLANDS AS A TOOL… PHYSICAL REVIEW B 79, 205426 �2009�

205426-5


