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Realizing All-Spin–Based Logic
Operations Atom by Atom
Alexander Ako Khajetoorians, Jens Wiebe,* Bruno Chilian, Roland Wiesendanger

An ultimate goal of spintronic research is the realization of concepts for atomic-scale
all-spin–based devices. We combined bottom-up atomic fabrication with spin-resolved scanning
tunneling microscopy to construct and read out atomic-scale model systems performing logic
operations. Our concept uses substrate-mediated indirect exchange coupling to achieve logical
interconnection between individual atomic spins. Combined with spin frustration, this concept
enables various logical operations between inputs, such as NOT and OR.

Inconventional silicon-based information tech-
nology, bits of information are represented
by charge stored in capacitors and processed

by transistor-based switches. The looming fun-
damental scaling limits of this technology toward
nanometer-sized devices (1) has led to an explo-
ration of a variety of alternative computation
schemes ranging frommolecular quantum dot cel-
lular automata (2, 3) and molecular cascades (4),
to spin capacitors (5), magnetic quantum dot cel-
lular automata (6), magnetic domain wall devices
(7–9), and eventually strategies for quantum com-
putation (10, 11). In the pursuit of highly energy-
efficient and high-speed devices that are compatible
with nonvolatile storage technology, spintronic
concepts offer much promise (12). Such concepts
harness the spin degree of freedom of nuclei, elec-
trons, atoms, molecules, or magnetic films rather
than the charge of electrons to store and process
information. Although many of the proposed de-
vices require spin to charge conversion in order
to operate (5), it is desirable to have an all-spin–
based concept that does not involve any flow of
charge. The realization of corresponding model
systems with dimensions on the atomic scale is
so far lacking.

The tip of a scanning tunneling microscope
(STM) has emerged as the tool that can be used
to fabricate atomic-scale structures in a bottom-
up fashion (13–15). Moreover, two complemen-
tary STM-basedmethods, spin-polarized scanning
tunneling spectroscopy (SP-STS) (16) and in-
elastic STS (17), have become the analogs of
magnetometry and spin resonance pushed to the
single-atom limit. SP-STS has demonstrated
the possibility of using the distance-dependent
Ruderman-Kittel-Kasuya-Yosida (RKKY) cou-
pling mediated by conduction electrons in me-
tallic substrates to tailor the sign and strength
of the magnetic coupling between atomic spins
(18) as well as with patches of ferromagnetic
islands (16).

We applied these techniques to realize a
model system for logical operations that uses
atomic spins of adatoms adsorbed on a nonmag-

netic metallic surface and their mutual RKKY
interaction in order to transmit and process in-
formation (Fig. 1). The atoms have two different
states, 0 or 1, depending on the orientation of
their magnetization (down or up, respectively).
They are constructed to form antiferromagneti-
cally RKKY-coupled chains (“spin leads”) that
transmit the information of the state of small
ferromagnetic islands (“input islands”) to the gate
region. The gate region, which comprises two
“end atoms” from each spin lead and an “output
atom,” forms the core where the logic operation
is performed. The states of the inputs and the
resultant state of the output atom are read out by
a scannable magnetic nano-electrode—the mag-
netic tip of a STM—in a tunneling magneto-
resistance device geometry (16). Although the
STM is used to construct and characterize the
device, the tunneling current is not essential for
performing the given logic operation. The states
of the inputs can be switched independently by
external magnetic field pulses

→
Bpulse. Based on an

all-spin concept, this model device is principally
nonvolatile and functions without the flow of

electrons, promising an inherently large energy
efficiency.

Triangular cobalt islands grown on the atom-
ically clean (111) surface of a copper single crystal
have a remnant mono-domain magnetization ori-
ented perpendicular to the surface (“out-of plane”)
and serve as nonvolatile input bits (19, 20). For
atomic spins, we chose Fe atoms adsorbed at
low temperature onto the same surface (fig. S1)
(19). As a result of a strong magnetic anisot-
ropy energy of ≈1 meV (21) and a negligible
thermal energy of kBT = 25 meV (where kB is the
Boltzmann constant) determined by the mea-
surement temperature (T = 0.3 K) (22), each
atomic spin is constricted to the two states ori-
ented maximally out-of-plane. Isolated Fe atoms
are therefore flipping randomly between these
two states. However, if an Fe atom sits close to a
Co island or another stabilized atom, the distance-
dependent oscillatory RKKYinteraction stabilizes
its spin into one of these two states. This RKKY
interaction is on the order of 0.1 meV, and its dis-
tance dependence was determined as described in
(16, 18) for pairs of Fe atoms and Fe atoms close
to Co islands (19). As the first step, the atomic
spin of the first atom in a spin lead has to be mag-
netically coupled to the input island by means of
the RKKY interaction, which was achieved by
using the magnetic tip (19) of the STM to move
the atom (13, 23) toward the input island to an
adequate coupling distance. Figure 2A shows
magnetic imaging of several Fe atoms positioned
in the vicinity of an input island (a) recordedwith
a chromium-coated (19) STM tip that is sensitive
to the out-of-plane component of the magnetiza-
tion of both the islands and the atoms (yellow or
blue indicates the magnetic state 1 or 0, parallel
or antiparallel to the tip magnetization

→
M , re-

spectively). The first atom was positioned at the

Institute of Applied Physics, Hamburg University, Jungiusstrasse
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Readout Output

Bbias Bpulse

Spin Lead Spin Lead
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Fig. 1. Device concept for an atomic-spin–based logic gate. Two chains (“spin leads”), which are
antiferromagnetically coupled magnetic atoms (yellow spheres) on a nonmagnetic metallic substrate with
interatomic couplings Jl, are exchange-coupled by Jisl to two “input islands” (a, b) of different size,
consisting of patches of ferromagnetic layers. The “end atom” of each spin lead and the final “output
atom” form a magnetically frustrated triplet with an antiferromagnetic coupling of Ja = Jb which
constitutes the logic gate. The spin lead parity (even/odd number of atoms) and the constant biasing
field B

→

bias determine the logical operation of the gate, and the field pulse B
→

pulse is used to switch the
inputs. The magnetic tip of a STM is used to construct and characterize the device.
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relative to each other at a field above |Bcrit|,
and consequently the frustrated situation in
which the output is aligned with

→
Bbias does not

occur. As shown by magnetization curves of
the other atoms in the two spin leads (SOM text
and fig. S2), the detailed couplings within each
spin lead are more complex because of a resid-
ual exchange interaction of atoms within each
spin lead with the corresponding input island
and because of residual cross talk between the
leads. Therefore, the magnetic signal strength
of each atom in the lead and of the output atom
is different. However, we can conclude that as
long as 0 < Bbias < Bcrit the device works as an
OR gate.

Our proposed scheme is quite flexible. In the
above example of the OR gate, the orientation of
→
Bbias and

→
M tip was chosen to be parallel. The log-

ical function is changed if this relative orientation
is reversed. The logical function can be changed
as well by using different combinations of even-

and odd-length spin leads. All possible combi-
nations and the resulting logical functions are
summarized in Table 1.

There are several open issues to be solved
before these realized model systems can be
scaled to a larger logic device architecture. In
order to drive additional gates, it remains to be
demonstrated how to realize an output spin lead
and a fan-out by coupling two spin leads to
the end atom of an output spin lead. This might
be challenging because the magnetic stability
of the spin leads will decrease as a function of
their length, which would increase the error rate
of the end atoms. However, the distance depen-
dence of the RKKY interaction inherently offers
flexibility, giving this concept extensive versa-
tility. Although rather weak antiferromagnetic
couplings were used for the realized model gate,
combinations of antiferromagnetic and stronger
ferromagnetic couplings can be achieved by a
proper tuning of the interatomic distances in or-

der to stabilize the spin leads. For example, by
linking the Fe atoms with Cu adatoms the in-
teraction strength can be increased by an order
of magnitude (24). For the logical operations
presented here, we made use of quasiclassical
magnetic moments pointing either up or down.
Implementation of quantum mechanical spins
with more than two states (25) may present an
intriguing extension of our demonstrated con-
cept by providing a larger number of states for
each atom and could potentially lead to the
realization of model systems for quantum infor-
mation processing.
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Fig. 4. OR gate. (A to D)
Side view 3D topographs
colored with simultaneous-
ly measured spin-resolved
dI/dV map of the device
for all four possible input
permutations (color bar
ranges from 24.7 to 26.9
nS). The spin leads have
an interatomic distance
of d = 0.923 nm, and the
antiferromagnetic gate trip-
let is equilateral with d =
1.35 nm. By applying out-
of-plane magnetic field
pulses of different strength
and direction [(A) → (B):
Bpulse = –0.39 T, (B)→ (C):
Bpulse = –2 T, +0.75 T,
(C)→(D):Bpulse =–0.385T],
each input (a, b) can be
controllably switched, and
the two spin leads trans-
mit the information to
their endatoms. Theoutput
atom in the gate triplet
reflects the logical opera-
tion of the inputs (in the
truth table, states of the
inputs are labeled blue and of the output red). The biasing field Bbias = +50 mT favors the 1 state of the
output atom. (E and F) Major loop magnetization curves of (E) input a (dots), input b (triangles), and (F)
output atom of the OR gate (blue symbols indicate downward sweep and red symbols indicate upward
sweep). The saturation magnetization values in the two states are labeled 0 and 1 and marked with
dashed horizontal lines in (F). The dashed vertical line corresponds to Bbias. Vsample = –10 mV; It = 600 pA;
Vmod = 5 mV (rms).
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Table 1. Possible logical expectations as a function of the relative orientation of biasing field on
magnetization, and of the parity of each spin lead.

a, b odd a, b even a even, b odd a odd, b even

B
→

bias↑↑M
→

tip OR NAND a → b a ← b

B
→

bias↑↓M
→

tip AND NOR a ←/ b a →/ b
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Most of the methods: 
Periodic supercells 
Embedding the clusters 
 is a non-trivial task 
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occurrence of local moments of transition-metal impuri- 
ties at the surfaces of non-magnetic metals has not been 
studied by ab-initio methods so far. The purpose of 
this paper is to present such investigations. Not unex- 
pectedly we find a strong enhancement of 3d impurity 
moments at the Cu (001) surface as a consequence of 
the reduced coordination number. Most surprising are, 
however, the very large moments we obtain for 4d and 5d 
atoms on Ag (OOl), both for the adatom and the terrace 
position. These moments are about 34 /~a for Nb, MO 
and Tc and only slightly smaller for the 5d impurities 
W and Re, thus much larger and much more stable than 
the moments calculated for the 4d and 5d monolayers. 

Our calculations are based on density functional the- 
ory and a newly developed Korringa-Kohn-Rostoker (KKR) 
Green’s function method for planar defects[20]. We ap- 
ply multiple-scattering theory to obtain the Green’s func- 
tion in an angular-momentum representation from an 
algebraic Dyson equation given by 

G%(E) =&Z(E) + C &t(~)~t$t(~)Gfi$(E) . 
"np 

(1) 
Here G'&(E) is the energy-dependent structural Green’s 

0 
function matrix and Gr$ the corresponding matrix for 
the reference system. The summation in (1) is over all 
lattice sites n” and angular momenta L” for which the 
perturbation At$(E) = t$- if:(E) between the t- 
matrices of the real and the reference system is signif- 
icant. The ideal crystal is the reference system for the 
calcul$ion of the ideal surface Green’s function. In this 
case G t$ corresponds to the Green’s function of the 
bulk. We treat the surface as a two-dimensional per- 
turbation of the bulk and by removing the atomic po- 
tentials of a few (typically 5-7) monolayers we create 
two halfcrystals. Due to the workfunction barrier the 
occupied electronic states of these crystals are practi- 
cally not coupled. The corresponding potential pertur- 
bation is localized in the direction normal to the surface. 
The infinite extent of the perturbation parallel to the 
surface is taken into account by exploiting the two di- 
mensional (2D) planar periodicity and performing a 2D 
Fourier transform. The Fouriertransform of (1) leads to 
the equation 

G&(k,,, E) = t$(k,,, E) (2) 

+ j~,,D~~,,(k,,,E)A~~:,(E)G~:,‘l,(k,,,E) . 

where the structural Green’s functions are indexed by 
layer indices j, j’ and kll is 2D k-vector belonging to the 
2D Brillouin zone. Equation (2) can be solved by inver- 
sion since the t-matrix perturbations are restricted to 
the vacuum layers and the adjacent surface layers. The 
resulting structural Green’s function of the ideal sur- 
face is used as the reference Green’s function 6 in the 
Dyson equation (1) for the calculation of the impurity- 
on-surface problem. This equation can again be solved 
by matrix inversion, since - as a result of the short 
ranged screening in the metal substrate and the ex- 

ponential decay of the charge density in the yacuum 
- the t-matrix perturbations are restricted to a small 
number of sites. We perform the calculations for two 
positions of impurity atoms: in the surface layer (ter- 
race position) and as adatom at a lattice site in the 
first vacuum layer (hollow site). The potential pertur- 
bations of the impurity and the first shell of neighbor- 
ing sites are taken into account. The potentials are as- 
sumed to be spherically symmetric inside the Wigner- 
Seitz sphere. Exchange and correlation effects are in- 
cluded using the local-spin density approximation with 
the exchange-correlation potential of Vosko, Wilk and 
Nusair[21]. For all 4d and 5d impurities we perform 
scalar-relativistic calculations. For 3d impurities non- 
relativistic codes are used. To obtain the charge density 
from the Green’s function the energy integration is per- 
formed as an contour integration in the complex energy 
plane[20]. In our calculations lattice relaxations are ne- 
glected, i.e. all atoms are fixed at the relevant positions 
in the ideal crystal. 

Fig 1. shows our results for the magnetic moments 
of 3d impurities in the first layer and as an adatom on 
the Cu (001) surface together with the corresponding 
data for these impurities in the bulk. Among the 3d 
impurities the largest local moment is obtained for Mn 
independent of the position of this impurity. Due to the 
reduced coordination number the magnetic moments of 
the adatoms are larger than the ones of the impurities 
in the surface, which again are larger than the moments 
in the bulk. The enhancement is particularly large for 
Cr and V impurities because of the more extended na- 
ture of the d orbitals at the beginning of the 3d series. 
Due to the increased hybridization with the neighbors 
these impurities react more sensitively to environmental 
changes. It is interesting to compare our results for the 
3d adatoms with calculations for corresponding ferro- 
magnetic monolayers on Cu (OOl), since the differences 
are caused by the d-d interactions within the monolay- 
ers. At both ends of the series these differences are large 

L I 
I I I I I I I 

SC Ti V Cr Mn Fe Co Ni 

Figure 1: Local moments of 3d atoms on the Cu (001) 
surface: for the adatom position (filled squares, hollow 
site) and for the in-surface layer position (filled trian- 
gles, terrace position). As a reference also the impurity 
moments in bulk Cu are given (filled circles). 

3d atoms/Cu(001) 

Vol. 92, No. 9 

but of Opposite sign. While we obtain for the V adatom 
' a moment of 3 #B and for the Cr adatom an even larger 

moment of more than 4 #B, a V monolayer on Cu (001) 
is nonmagnetic, whereas for the Cr monolayer a non- 
zero moment only exists for the antiferromagnetic con- 
figuration but not for the ferromagnetic one[4, 6]. In 
contrast to this the Ni adatom is nonmagnetic whereas 
a Ni monolayer on Cu has a moment of 0.4 ~s. Thus 
at the end of the series the d-d interaction enhances 
the moment, while at the beginning of the series the 
interaction strongly suppresses magnetism. The same 
qualitative trends are also found for impurity pairs in 
the bulk [11] and can be understood from the behavior 
of the paramagnetic density of states at EF[22]. 

Fig. 2 and Fig. 3 show the calculated moments ob- 
tained for 4d and 5d impurities at the Ag (001) surface. 
Due to the 12% larger lattice constant of Ag compared 
to Cu the tendency for magnetism is substantially in- 
creased. This leads to very narrow virtual bound states. 
Paramagnetic calculations show that the Stoner crite- 
rion is practically always fulfilled at the Ag (001) sur- 
face, even for the 4d and 5d impurities. Compared to the 
relatively small moments calculated for 4d and 5d mono- 
layers on Ag and Au surfaces[5, 6, 7] or for 4d impurities 
in bulk Ag[ll] the present results indicate "giant" im- 
purity moments at the surface. In fact, for the adatoms 
Nb, Mo, Tc, W and Re the magnetic moments are larger 
than 3 #B- Even the early (Zr, Ta) and later (Ru, Os) 
transition-impurities also exhibit rather large magnetic 
moments. Due to the similarities in the electronic struc- 
ture and lattice constants between Ag and Au we expect 
similar large moments also for the corresponding impu- 
rities on the Au (001) surface. This is supported by the 
similarities of the monolayer results[6, 7]. 

The suppression of the 4d and 5d impurity moments 
in the bulk Ag is due to the large extent of the 4d and 
5d wavefunctions. In this sense we see the same behav- 
ior as at the beginning of the 3d series, i.e. for V on 
Cu (001). The only difference is that because of the 
even more extended nature of the orbitals the changes 
at the Ag surface axe more extreme, especially for the 
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5d atoms. For the same reason these systems also re- 
act more sensitively to d-d interactions which in general 
tend to suppress the moments. Therefore Nb, Mo and 
Tc carry no moments in (001) monolayers on Ag or Au. 
The same trend is found for small clusters in free space 
or for impurity pairs in the bulk. For these systems 
magnetism appears at the end of the series, being pro- 
moted by the d-d interactions and the contraction of the 
wavefunctions at the end of the series. Therefore sizable 
moments are obtained for 4d monolayers and clusters of 
Ru and Rh, while for the 5d monolayers only Ir has a 
significant moment. 

Lattice relaxations are neglected in our calculations, 
both for the ideal as well as for the real surface with 
impurities. However, it is known that structural relax- 
ations axe large at surfaces. One might therefore ask 
how relaxations will modify the calculated local mo- 
ments. A measure for the stability of a local moment 
and for its sensitivity with respect to relaxations is the 
spin-polarization energy, i.e. the total energy difference 
between the paramagnetic and the magnetic state. Since 
typical relaxation energies are normally much smaller 
than 0.1 eV, we use this value as a criterion whether 
lattice relaxations can suppress the moment. The caJ- 
culated spin polarization energies of 4d impurities on 
Ag (001) axe shown in Fig 4. Based on the above cri- 
terion we conclude that the calculated spin polarization 
energies for Nb, Mo, Tc and Ru as isolated adatoms 
and as impurities in the surface layer are sufficiently 
large so that their calculated moments cannot be se- 
riously affected by relaxations. For 5d impurities spin 
polarization energies are of similar size but in general 
somewhat lower. For instance, for W and Re adatoms 
spin-polarization energies of 0.85 eV and 0.93 eV are 
obtained. 

In more detail we discuss the relaxation effects for 
a Mn impurity in bulk Cu and at the Cu (001) sur- 
face. In the bulk selfconsistent calculations[23] yield a 
1% outward relaxation of the nearest Cu neighbors in 
good agreement with EXAFS measurements. This out- 
ward relaxation is a pure magneto-volume effect due to 

4 - 
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Figure 2: Local moments of 4d atoms on the Ag (001) 
surface: for the adatom position (filled squares) and for 
the in-surface layer position (filled triangles). 

Figure 3: Local moments of 5d atoms on the Ag (001) 
surface). Same symbols as in Fig. 2. 
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but of Opposite sign. While we obtain for the V adatom 
' a moment of 3 #B and for the Cr adatom an even larger 

moment of more than 4 #B, a V monolayer on Cu (001) 
is nonmagnetic, whereas for the Cr monolayer a non- 
zero moment only exists for the antiferromagnetic con- 
figuration but not for the ferromagnetic one[4, 6]. In 
contrast to this the Ni adatom is nonmagnetic whereas 
a Ni monolayer on Cu has a moment of 0.4 ~s. Thus 
at the end of the series the d-d interaction enhances 
the moment, while at the beginning of the series the 
interaction strongly suppresses magnetism. The same 
qualitative trends are also found for impurity pairs in 
the bulk [11] and can be understood from the behavior 
of the paramagnetic density of states at EF[22]. 

Fig. 2 and Fig. 3 show the calculated moments ob- 
tained for 4d and 5d impurities at the Ag (001) surface. 
Due to the 12% larger lattice constant of Ag compared 
to Cu the tendency for magnetism is substantially in- 
creased. This leads to very narrow virtual bound states. 
Paramagnetic calculations show that the Stoner crite- 
rion is practically always fulfilled at the Ag (001) sur- 
face, even for the 4d and 5d impurities. Compared to the 
relatively small moments calculated for 4d and 5d mono- 
layers on Ag and Au surfaces[5, 6, 7] or for 4d impurities 
in bulk Ag[ll] the present results indicate "giant" im- 
purity moments at the surface. In fact, for the adatoms 
Nb, Mo, Tc, W and Re the magnetic moments are larger 
than 3 #B- Even the early (Zr, Ta) and later (Ru, Os) 
transition-impurities also exhibit rather large magnetic 
moments. Due to the similarities in the electronic struc- 
ture and lattice constants between Ag and Au we expect 
similar large moments also for the corresponding impu- 
rities on the Au (001) surface. This is supported by the 
similarities of the monolayer results[6, 7]. 

The suppression of the 4d and 5d impurity moments 
in the bulk Ag is due to the large extent of the 4d and 
5d wavefunctions. In this sense we see the same behav- 
ior as at the beginning of the 3d series, i.e. for V on 
Cu (001). The only difference is that because of the 
even more extended nature of the orbitals the changes 
at the Ag surface axe more extreme, especially for the 
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5d atoms. For the same reason these systems also re- 
act more sensitively to d-d interactions which in general 
tend to suppress the moments. Therefore Nb, Mo and 
Tc carry no moments in (001) monolayers on Ag or Au. 
The same trend is found for small clusters in free space 
or for impurity pairs in the bulk. For these systems 
magnetism appears at the end of the series, being pro- 
moted by the d-d interactions and the contraction of the 
wavefunctions at the end of the series. Therefore sizable 
moments are obtained for 4d monolayers and clusters of 
Ru and Rh, while for the 5d monolayers only Ir has a 
significant moment. 

Lattice relaxations are neglected in our calculations, 
both for the ideal as well as for the real surface with 
impurities. However, it is known that structural relax- 
ations axe large at surfaces. One might therefore ask 
how relaxations will modify the calculated local mo- 
ments. A measure for the stability of a local moment 
and for its sensitivity with respect to relaxations is the 
spin-polarization energy, i.e. the total energy difference 
between the paramagnetic and the magnetic state. Since 
typical relaxation energies are normally much smaller 
than 0.1 eV, we use this value as a criterion whether 
lattice relaxations can suppress the moment. The caJ- 
culated spin polarization energies of 4d impurities on 
Ag (001) axe shown in Fig 4. Based on the above cri- 
terion we conclude that the calculated spin polarization 
energies for Nb, Mo, Tc and Ru as isolated adatoms 
and as impurities in the surface layer are sufficiently 
large so that their calculated moments cannot be se- 
riously affected by relaxations. For 5d impurities spin 
polarization energies are of similar size but in general 
somewhat lower. For instance, for W and Re adatoms 
spin-polarization energies of 0.85 eV and 0.93 eV are 
obtained. 

In more detail we discuss the relaxation effects for 
a Mn impurity in bulk Cu and at the Cu (001) sur- 
face. In the bulk selfconsistent calculations[23] yield a 
1% outward relaxation of the nearest Cu neighbors in 
good agreement with EXAFS measurements. This out- 
ward relaxation is a pure magneto-volume effect due to 
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Figure 2: Local moments of 4d atoms on the Ag (001) 
surface: for the adatom position (filled squares) and for 
the in-surface layer position (filled triangles). 

Figure 3: Local moments of 5d atoms on the Ag (001) 
surface). Same symbols as in Fig. 2. 

5d atoms/Ag(001) 

Stoner model & Stoner criterion for ferromagnetism: 

δM = χδB

χ =
1

1− In0 (EF )
n0 (EF )

In0 (EF )>1
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Transition from atomic to monolayer  
                                     & bulk behaviour 
Spin moments: 4d & 5d on Ag(001), shape & size dependence 

Dependence on: 
•  Size 
•  Shape 
•  Interactions: 

-  Intra-cluster 
-  Cluster-substrate 

 Wildberger, Stepanyuk, Lang, Zeller, Dederichs, PRL (1995) 
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Non-collinear magnetism 

Driving mechanism: 
Competing interactions:  
     Ferromagnetism or antiferromagnetism 
Magnetic frustrations: 
     1) intra-cluster frustration 
     2) cluster-substrate frustration 
 
 

Competing AF 
interactions 

Non-collinear 
compromise! 

Mn or Cr atoms couple AF 

Non-collinear 
compromise! 
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Classical Heisenberg Hamiltonian: 

4.12. Test of the Implementation 57
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Fig. 4.7 – Variation of the moment magnetic angle of one Cr-atom versus the
number of self-consistent iterations. We shifted the moment angle by angle of 20o

from its initial ground state (120o) and let it rotate back.

did this test for a Cr trimer in Cu-bulk. When constraining the magnetism to be
collinear we found a solution with no magnetic moment. A striking effect appears
when we allow the moments to rotate: a non-collinear magnetic configuration was
obtained as expected from the Heisenberg model. This example shows how mag-
netic frustration can kill magnetic moments when constraining the calculations
within collinear magnetic configurations. Furthermore we rotated one magnetic
moment from the ground state angle 120o to 100o and start a new self-consistent
calculation. Fig. 4.7 shows the variation of the magnetic moment angle versus
the self-consistent iteration. The converged solution is of-course the 120o config-
uration.

θ

Cr trimer in Cu bulk (KKR) 
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collinear result:  
 

collinear result:  
frustrated 

Saddle point 

θ=72.5° 

Total E minimum (–13meV) J1 J2 

ncol 

H(ncol) = –2J1cos(α) –J2 cos(θ)  

col 

Total E minimum (–9meV) 

H(ferri) = 2J1–J2  

Non-collinear magnetism: 
 Mn on Ni(001) 

J1 = J(Mn-Mn) = –138 meV 
J2 = J(Mn-Ni)  = 4x13 meV   

€ 

Jij = 1
4π ImTrL G↑↑

ij Δt jG↓↓
jiΔt i

EF∫

Lichtenstein, Katsnelson, Antropov, Gubanov, JMMM, (1987) 

H(ncol) = –J1cos(2θ)–J2 cos(θ)  H(ferri) = J1 

J1 J2 
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Odd numbered wires 

N=3 N=5 

N=9 

  
N=7 

odd = anti-parallel 
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Even-numbered wires: Frustration 

The image cannot be displayed. Your computer may not have enough memory to open the image, or 
the image may have been corrupted. Restart your computer, and then open the file again. If the red x 
still appears, you may have to delete the image and then insert it again.

  

N=2 N=4 

N=6 

N=8 

N=10 

even = non-collinear 
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Initial state 

Domino effect in nanowires 

Final state Final state 2 
    New parity effect: Nanoscale signature! 
    One more atom or less switches magnetism         
    Logic gates made of magnetic wires?  

STM STM 
From youtube.com: look at Domino 

Lounis, Dederichs, Blügel, Phys. Rev. Lett. 101, 107204 (2008)    
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Figure 1 illustrates the ground states of linear dimer,
trimer, and tetramer chains on Ni(110) calculated within
this framework. As expected, the trimer chain is in a col-
linear magnetic state where the net spin of the chain is
aligned to the substrate magnetization. The even-numbered
chains show a noncollinear magnetic configuration with
moments strongly deviating from the substrate magnetiza-
tion direction. Neglecting spin-orbit interaction, the mag-
netic moments of the chains can be rotated coherently
around the direction of magnetization of the substrate
without affecting the total energy [17]. When spin-orbit
interaction is taken into account, the rotational degeneracy
is lifted and the Mn moments prefer an out-of-plane ori-
entation, while Ni(110) is magnetized in the surface plane
[18]. Thus, two degenerate ground states are predicted.

So far there has been no experimental report on this
effect. Currently, only spin-polarized scanning tunneling
microscopy (Sp-STM) can reveal antiferromagnetism on
the atomic scale [19,20]. Low-temperature STM has been
used to investigate the quantum nature of small magnetic
clusters [21–26]. Furthermore, STM is capable of moving
adatoms, thus offering the possibility of assembling and
probing at the same time [12]. In this work a home-built
STM operating at 4.2 K and under ultrahigh vacuum con-
ditions was used in combination with W-tips coated with
10 monolayers (ML) of Fe, 15 ML of Mn, or 30 ML
of Co for the spin-polarized measurements.

We first deposited 0.02 ML Mn with the sample held
at 4.2 K, showing primarily single Mn adatoms [see
Fig. 2(a)]. Mn chains with the intrinsic nearest-neighbor
spacing of 2.49 Å were then assembled by atomic manipu-
lation along the close-packed h1!10i direction of the
substrate [see Fig. 2(b)]. The assembly was limited to
tetramers, as longer chains were unstable due to the large
lattice mismatch between Mn and Ni [27]. Tunneling
spectroscopy was used to determine the electronic struc-
ture of the chains revealing no resonances below 1 eV (see
Supplemental Material [28]). Using Sp-STM with in-plane
magnetized Fe coated tips, we investigated the magnetic

structure of Mn chains on the atomic scale. For this, we
chose a bias voltage of 350 mVas it revealed a strong spin
contrast, as shown later, and is far away from the experi-
mentally observed standing waves within the chains (see
Supplemental Material [28]). In general, the chains appear
darker than the Ni substrate in dI=dU images at this bias
voltage, as their local density of states is lower. Thus, we
focus only on the contrast within the Mn chains as only this
can be related to a magnetic signal. For trimers, the mea-
surement revealed a strong spin contrast along the chain
[see center panel in Fig. 3(b)]. Similarly, the line section
along the trimer axis displays two minima at the edge
atoms and a maximum in the center. This is in full agree-
ment with predictions of antiferromagnetic odd-numbered
chains displaying a simple collinear spin structure (see

FIG. 1 (color online). DFT ground states of antiferromagneti-
cally coupled Mn chains on Ni(110). While the linear trimer
shows a collinear ferrimagnetic order with magnetic moments
(blue vectors) parallel to the Ni magnetization (red arrow), even-
numbered chains show a noncollinear magnetic structure.
Without spin-orbit interaction, the magnetic moments can be
coherently rotated around the Ni magnetization without chang-
ing the energy as depicted by the black circles.

FIG. 2 (color online). STM images of Mn atoms on Ni(110).
(a) Sample with 0.02 ML Mn=Nið110Þ deposited at 4.2 K show-
ing mainly isolated atoms. (b) Formation of a linear Mn trimer
by atomic manipulation.

(a) (b) (c)

FIG. 3 (color online). Sp-STM investigation of linear Mn clus-
ters on Ni(110). (a) Topographic images of a Mn dimer, trimer
and tetramer (from top to bottom). (b) Corresponding Sp-STM
results all obtained with the same Fe-coated tip at 350 mV and
6 nA. (c) Linescans along the dashed lines in the corresponding
images (b) including the calculated local spin density of states of
the trimer (dashed line in the center panel).

PRL 110, 157206 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

12 APRIL 2013

157206-2

Experiment: Mn wires/Ni(110) 

Holzberger, Schuh, Blügel, Lounis, Wulfhekel, PRL (2013) 
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XMCD measurements on MAE of  
Co adatoms/Pt(111) 

P. Gambardella et al., Science (2003) 
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changes of L and K. Further, to estimate the
MAE due to the induced polarization of the Pt
substrate, K can be decomposed in partial con-
tributions arising from Co and Pt sites (28). For
a single Co adatom, Pt sites contribute to about
15% of the total MAE. Because of the strong
decrease of the Co MAE with increased coordi-
nation, the Pt share increases to 30% for the
dimer and up to 60% for the pentamer, eventu-
ally providing the dominant MAE contribution
in Co/Pt multilayers (25).

These results provide a fundamental un-
derstanding of the magnetic properties of fi-
nite-sized particles and enable the testing of
current theoretical models at the atomic scale
(9, 29). It is expected that the size of stable
ferromagnetic particles at room temperature
can be made smaller by artificially reducing
the coordination of the magnetic atoms in
nanosized particles. If the Co adatom coordi-
nation is assumed to equal 2, the present data
imply a theoretical lower limit of 400 Co
atoms per bit (30).
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The Impact of the Pull of the
Recent on the History of Marine

Diversity
David Jablonski,1* Kaustuv Roy,2 James W. Valentine,3

Rebecca M. Price,1 Philip S. Anderson1

Up to 50% of the increase in marine animal biodiversity through the Cenozoic
at the genus level has been attributed to a sampling bias termed “the Pull of
the Recent,” the extension of stratigraphic ranges of fossil taxa by the relatively
complete sampling of the Recent biota. However, 906 of 958 living genera and
subgenera of bivalve mollusks having a fossil record occur in the Pliocene or
Pleistocene. The Pull of the Recent thus accounts for only 5% of the Cenozoic
increase in bivalve diversity, a major component of the marine record, sug-
gesting that the diversity increase is likely to be a genuine biological pattern.

The history of global marine biodiversity is
controversial because the observed pattern is
difficult to separate definitively from sampling
biases. During the Cenozoic, however, the tax-
onomic richness of the marine fauna increases
markedly while sampling proxies, such as mea-
sures of marine outcrop area, decline and thus
diverge from the biodiversity trend. This dis-
cordance is taken by some to indicate that the
increase is primarily a true biological signal (1).
Others invoke additional biases, particularly the
“Pull of the Recent,” to explain the Cenozoic

biodiversity rise (2–6). The Pull of the Recent
(7) arises from the more complete sampling of
the Recent biota, which tends to extend the
stratigraphic ranges of geologically young gen-
era or higher taxa to the present day across
intervals where fossils of those taxa are lacking,
thereby increasing calculated richness in these
intervening intervals. Extinct taxa cannot ben-
efit from such complete sampling, resulting in
fewer range extensions and, therefore, artificial-
ly low diversity in time intervals lacking extant
taxa for any taxonomic database founded on
first and last occurrences. Here we test the
effects of the Pull of the Recent for a major
constituent of post-Paleozoic biodiversity, the
marine bivalves.

The most direct way to evaluate this effect is
to omit the Recent fauna and analyze biodiver-
sity data exclusively from the youngest fossil
occurrence of each taxon (3, 8). Sepkoski’s (8)
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USA. 2Section of Ecology, Behavior and Evolution,
University of California, San Diego, La Jolla, CA 92903,
USA. 3Department of Integrative Biology, University
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Fig. 4. (A) Values of S, L, %L ($B), and K (meV ) per Co atom calculated by the SPR-KKR method
for Co particles on Pt(111) as shown in (B). The values of L in parentheses have been computed
within the OP scheme with a 50% reduced Racah parameter. (B) Hard-sphere representation of the
Co particles considered in the theoretical calculations. The labels indicate the OP values of L for
nonequivalent Co sites. S, L, %L, and K in (A) are averaged over all Co sites.
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As feature sizes get smaller, more and more atoms are
located at interfaces. Mostly, these interfaces are two-
dimensional (2D); however, for sub-10 nm structures, a

significant fraction of the atoms are located at one-dimensional
(1D) interlines. There is a wealth of fascinating material prop-
erties emerging from inversion symmetry breaking and hybridi-
zation of electronic states at interfaces. Prominent examples
are interface-induced superconductivity1,2, ferroelectricity3, room
temperature multiferroicity4, strongly correlated electron gases at
the interface between two oxides5, topological insulators6, the
Rashba effect7–9, the spin–orbit torque effect10,11, the exchange
bias effect12–14, and magnetic interface anisotropies15–21. We
focus on the latter and investigate model systems grown with
atomic level control, enabling a fundamental understanding of
interface and interline magnetic anisotropies and reveal their
potential in the atomic-scale control and design of future
magnetic materials. Although former works revealed the role of
the atomic coordination number, that is, the magnetic anisotropy
of atoms facing vacuum22,23, we focus here on the role of
coordination chemistry and texture, enabling the optimal
employment of all constituent atoms and the construction of
embedded magnetic nanostructures.

We studied mono- and bilayer islands o1,200 atoms in size
and grown on a Pt(111) surface. Atomically sharp 1D interlines
have been investigated in core–shell structures with Pt- and Co-
cores surrounded by Fe-, Co-, Pt- or Pd shells. Co/Fe interlines
yield an increase of the magnetic hardness by 70% as compared
with pure Co islands, whereas Co/Pt and Co/Pd interlines reduce
it by 60%. A random Fe0.5Co0.5 alloy increases the anisotropy by
less than a single Co/Fe interline. The effect of 2D interfaces on
the magnetic hardness has been investigated by capping the
islands. Capping pure Co islands with a single Pd layer more than
doubles the magnetic hardness. The interline effect is found to be
preserved after capping. Thus, interline and interface anisotropies
can be added up to optimally tune the island blocking
temperature. This is illustrated by an example where the magnetic
hardness is increased by 160%.

Results
Enhancing the island blocking temperature by 1D interlines.
The parameter most relevant for applications in magnetic infor-
mation storage is the magnetic anisotropy energy and the
resulting thermal stability of the magnetization expressed by the
blocking temperature Tb. It is defined by the temperature where
the imaginary part of the zero-field susceptibility w00(T) takes on
its maximum and depends on the time scale of the measurement.
Below Tb the magnetization retains its orientation enabling non-
volatile information storage, whereas above it reverses by thermal
excitation giving rise to superparamagnetism. We first demon-
strate how sensitive Tb depends on the chemistry of atomically
sharp interlines. Figure 1 shows magneto-optical Kerr effect
(MOKE) measurements for one atomic monolayer (ML) high
Co islands adsorbed on a Pt(111) surface. The islands have
irregular shape (Supplementary Fig. S1) and out-of-plane easy
magnetization axis. They have been surrounded by shells creating
a lateral interline between the Co core and the respective shell
element.

It is seen that minute amounts of Fe steeply increase Tb,
whereas a Pt shell strongly reduces it. The increase for Fe is
undoubtedly caused by the Co/Fe interline as the curve takes on a
smaller slope from a shell coverage of Ys, Fe¼ 0.07 ML on, where
the Fe rim is on average two atoms wide. At that point Tb has
increased by 55% compared with pure Co islands of the same size
shown for comparison, at Ys, Fe¼ 0.15 ML the increase is 70%.
The strong reduction caused by the Co/Pt interline is unexpected

in view of the large magneto-crystalline out-of-plane anisotropy
emerging from a close-packed interface between the two ele-
ments24. Therefore, interlines and interfaces between the same
elements cause quite different anisotropy.

The blocking temperatures are linked to activation energies E
for thermal magnetization reversal by E¼ kBTb lnðn0/f Þ with f the
sweep frequency of the field and n0 the pre-exponential factor that
we set to a typical value of n0¼ 2$ 1010 Hz25,26. As pure Co and
Fe have very similar anisotropy on Pt(111) (see Fig. 4 below and
Moulas et al.27), we attribute the Fe shell-induced Tb increase
solely to the Co/Fe interline and find Eil, Co% Fe¼ 0.61±0.10 meV
per atomic length of the interline, which we will call per atom
in what follows. For the Co/Pt interline we determine
Eil, Co% Pt¼ % 0.44±0.10 meV/atom under the assumption of
homogeneous decoration of the Co-cores for Ys¼ 0.07 ML.

The relationship of these energies with the magnetic anisotropy
K depends on the magnetization reversal mechanism. For
coherent rotation of all magnetic moments E¼K (ref. 25),
while for domain wall nucleation and propagation this
relationship depends on the island shape, for example, for
elongated nanostructures it is E /

ffiffiffiffi
K
p

(ref. 28). K is the sum of
the magneto-crystalline anisotropy of the island Kmc, of the one
induced in the substrate Kmc, Pt, and of the shape anisotropy Ks.
We performed fully relativistic ab-initio calculations of all three
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Figure 1 | Chemical difference of interline anisotropy. Blocking
temperature Tb of Co-core islands as a function of the shell coverage Ys

and element, Fe (red), Co (blue) and Pt (green). Lines are guides to the eye
and error bars reflect the uncertainty of the w00(T) peak position. For
simplicity, we drew the islands circular, the real ones are more irregular, as
shown in Supplementary Fig. S1. The arrows represent the direction and
magnitude of the magnetic anisotropy emerging from the respective
interlines. Growth of Co-cores: coverage Yc¼0.12 ML for Fe shells and
0.18 ML for Pt shells, 1 ML is defined as one atom per Pt(111) substrate
atom, deposition flux FCo¼0.18±0.01 ML min% 1, deposition temperature
Tdep¼ 150 K, annealing temperature Tann¼ 250 K; growth of shells:
Tdep¼ 250 K, FFe¼0.12±0.01 ML min% 1, FPt¼0.009±0.001 ML min% 1.
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As feature sizes get smaller, more and more atoms are
located at interfaces. Mostly, these interfaces are two-
dimensional (2D); however, for sub-10 nm structures, a

significant fraction of the atoms are located at one-dimensional
(1D) interlines. There is a wealth of fascinating material prop-
erties emerging from inversion symmetry breaking and hybridi-
zation of electronic states at interfaces. Prominent examples
are interface-induced superconductivity1,2, ferroelectricity3, room
temperature multiferroicity4, strongly correlated electron gases at
the interface between two oxides5, topological insulators6, the
Rashba effect7–9, the spin–orbit torque effect10,11, the exchange
bias effect12–14, and magnetic interface anisotropies15–21. We
focus on the latter and investigate model systems grown with
atomic level control, enabling a fundamental understanding of
interface and interline magnetic anisotropies and reveal their
potential in the atomic-scale control and design of future
magnetic materials. Although former works revealed the role of
the atomic coordination number, that is, the magnetic anisotropy
of atoms facing vacuum22,23, we focus here on the role of
coordination chemistry and texture, enabling the optimal
employment of all constituent atoms and the construction of
embedded magnetic nanostructures.

We studied mono- and bilayer islands o1,200 atoms in size
and grown on a Pt(111) surface. Atomically sharp 1D interlines
have been investigated in core–shell structures with Pt- and Co-
cores surrounded by Fe-, Co-, Pt- or Pd shells. Co/Fe interlines
yield an increase of the magnetic hardness by 70% as compared
with pure Co islands, whereas Co/Pt and Co/Pd interlines reduce
it by 60%. A random Fe0.5Co0.5 alloy increases the anisotropy by
less than a single Co/Fe interline. The effect of 2D interfaces on
the magnetic hardness has been investigated by capping the
islands. Capping pure Co islands with a single Pd layer more than
doubles the magnetic hardness. The interline effect is found to be
preserved after capping. Thus, interline and interface anisotropies
can be added up to optimally tune the island blocking
temperature. This is illustrated by an example where the magnetic
hardness is increased by 160%.

Results
Enhancing the island blocking temperature by 1D interlines.
The parameter most relevant for applications in magnetic infor-
mation storage is the magnetic anisotropy energy and the
resulting thermal stability of the magnetization expressed by the
blocking temperature Tb. It is defined by the temperature where
the imaginary part of the zero-field susceptibility w00(T) takes on
its maximum and depends on the time scale of the measurement.
Below Tb the magnetization retains its orientation enabling non-
volatile information storage, whereas above it reverses by thermal
excitation giving rise to superparamagnetism. We first demon-
strate how sensitive Tb depends on the chemistry of atomically
sharp interlines. Figure 1 shows magneto-optical Kerr effect
(MOKE) measurements for one atomic monolayer (ML) high
Co islands adsorbed on a Pt(111) surface. The islands have
irregular shape (Supplementary Fig. S1) and out-of-plane easy
magnetization axis. They have been surrounded by shells creating
a lateral interline between the Co core and the respective shell
element.

It is seen that minute amounts of Fe steeply increase Tb,
whereas a Pt shell strongly reduces it. The increase for Fe is
undoubtedly caused by the Co/Fe interline as the curve takes on a
smaller slope from a shell coverage of Ys, Fe¼ 0.07 ML on, where
the Fe rim is on average two atoms wide. At that point Tb has
increased by 55% compared with pure Co islands of the same size
shown for comparison, at Ys, Fe¼ 0.15 ML the increase is 70%.
The strong reduction caused by the Co/Pt interline is unexpected

in view of the large magneto-crystalline out-of-plane anisotropy
emerging from a close-packed interface between the two ele-
ments24. Therefore, interlines and interfaces between the same
elements cause quite different anisotropy.

The blocking temperatures are linked to activation energies E
for thermal magnetization reversal by E¼ kBTb lnðn0/f Þ with f the
sweep frequency of the field and n0 the pre-exponential factor that
we set to a typical value of n0¼ 2$ 1010 Hz25,26. As pure Co and
Fe have very similar anisotropy on Pt(111) (see Fig. 4 below and
Moulas et al.27), we attribute the Fe shell-induced Tb increase
solely to the Co/Fe interline and find Eil, Co% Fe¼ 0.61±0.10 meV
per atomic length of the interline, which we will call per atom
in what follows. For the Co/Pt interline we determine
Eil, Co% Pt¼ % 0.44±0.10 meV/atom under the assumption of
homogeneous decoration of the Co-cores for Ys¼ 0.07 ML.

The relationship of these energies with the magnetic anisotropy
K depends on the magnetization reversal mechanism. For
coherent rotation of all magnetic moments E¼K (ref. 25),
while for domain wall nucleation and propagation this
relationship depends on the island shape, for example, for
elongated nanostructures it is E /

ffiffiffiffi
K
p

(ref. 28). K is the sum of
the magneto-crystalline anisotropy of the island Kmc, of the one
induced in the substrate Kmc, Pt, and of the shape anisotropy Ks.
We performed fully relativistic ab-initio calculations of all three
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Figure 1 | Chemical difference of interline anisotropy. Blocking
temperature Tb of Co-core islands as a function of the shell coverage Ys

and element, Fe (red), Co (blue) and Pt (green). Lines are guides to the eye
and error bars reflect the uncertainty of the w00(T) peak position. For
simplicity, we drew the islands circular, the real ones are more irregular, as
shown in Supplementary Fig. S1. The arrows represent the direction and
magnitude of the magnetic anisotropy emerging from the respective
interlines. Growth of Co-cores: coverage Yc¼0.12 ML for Fe shells and
0.18 ML for Pt shells, 1 ML is defined as one atom per Pt(111) substrate
atom, deposition flux FCo¼0.18±0.01 ML min% 1, deposition temperature
Tdep¼ 150 K, annealing temperature Tann¼ 250 K; growth of shells:
Tdep¼ 250 K, FFe¼0.12±0.01 ML min% 1, FPt¼0.009±0.001 ML min% 1.
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quantities and find that the latter two contributions are
comparatively small and of opposite sign, almost compensating
each other. We therefore concentrate our discussion of the origin
of the strong, and for Pt shells unexpected sign of the interline-
induced magnetic hardness on the theoretical Kmc results.

Strain and electronic structure may both contribute to Kmc.
Concerning strain, our STM results show the absence of partial
dislocations revealing that the majority of the Fe and Co atoms
are pseudomorphic to the substrate despite the large lattice misfit
of ! 10.3 % for Fe and ! 9.4 % for Co. For Fe this is expected as
it grows pseudomorphic on Pt(111) up to completion of the first
monolayer29. For Co, the appearance of dislocations depends on
size27,30. The present islands with irregular shape stay pseudo-
morphic up to 1,000 atoms. Following these observations, the
lateral atomic positions were chosen to be pseudomorphic in the
calculations. We are well aware that this is a simplification
as the stress is expected to be partly relieved at the island edges31.
The interlayer distance has been fixed to the Pt(111) value
as this enables to approach the experimental island size with
an affordable computational effort. We show for smaller islands
in Supplementary Fig. S2 that vertical relaxation changes the
absolute numbers but not the general trend that we aim to
understand.

Figure 2 presents atomic shell-resolved Kmc values for
hexagonal core–shell islands with 271 atoms on Pt(111).
Figure 2a focuses on the effect of the shell chemistry, whereas
Figs 2b,c address the effect of the shell width for Fe and Pt,
respectively. Figure 2a shows that Kmc has an almost constant and
small value from the centre up to two atoms before the interline,
from where on a dramatic chemical difference becomes evident.
For Fe, Kmc reaches 0.6 meV/atom for both atomic rows of the
shell. For pure Co, the maximum anisotropy is obtained for edge
atoms only, in agreement with Rusponi et al.23. By going towards
the centre by one atom, Kmc jumps to negative values, then back
to large positive values for the next two rows until it enters the
constant regime. For Pt, both shell atoms have almost no
anisotropy and the anisotropy of Co atoms interfacing Pt
evaluates to ! 0.7 meV/atom. All values are without the
contribution of the Pt substrate, including it produces a
constant upward shift by about 0.17 meV/atom for all curves.

For Fe a shell width of two atoms is required for the
appearance of the interline anisotropy, as seen in Fig. 2b, whereas
for Pt the interline anisotropy is already present for a one atom-
wide shell (Fig. 2c). A monatomic Fe shell reduces the anisotropy
of the two outermost Co rows to negative values, also the Fe shell
atoms themselves have negative anisotropy. In contrast, a
diatomic Fe shell gives rise to large positive anisotropy for both
shell atoms and the Co atom at the interface. The Kmc profile of
an island with triatomic Fe-shell resembles the diatomic one, it is
shifted by one atom towards the island centre and the outermost
Fe atom has a reduced anisotropy. In contrast, Pt decoration
induces a negative anisotropy in the interfacing Co atoms
independent of shell width; however, with the strongest effect for
a single-atom shell and weaker effect for thicker shells. Summing
Kmc over all constituent atoms, and including the contribution of
the Pt substrate, we get a total Kmc¼ 108 meV for a two atom-
wide Fe-shell Co-core island, which is 48% larger than the value
of 73 meV obtained for a pure Co island of the same size and
shape. This increase is almost identical with the experimental one
in Tb. Finally, we find Kmc¼ 17 meV for a di-, and ! 18 meV for
a monatomic Pt-shell Co-core island.

To establish a close comparison with experiment, we
transferred the shell-resolved ab-initio Kmc values to the
experimental island sizes and shapes. For this, we simulated the
atomic morphology of the islands by means of kinetic Monte–
Carlo32 with parameters reproducing the experimental island
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Figure 2 | Calculated shell-resolved magneto-crystalline anisotropy
energy for hexagonal islands containing 271 atoms. (a) Atomic Kmc values
averaged over concentric hexagonal atomic shells with label n increasing in
going out from the island centre for Co core Fe- (red), Co- (blue) and Pt
shell (green) islands for a shell width of two atoms. (b,c) Effect of shell
width on Kmc for one atom- (open circles), two atom- (full squares) and
three atom-(open triangles) wide Fe (b) and Pt (c) shells, respectively
(island diameter 4.71 nm).
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densities and shapes for all three elements (Supplementary Fig.
S1, and Supplementary Methods). The simulations yield the
abundance of atoms as a function of their coordination chemistry.
Adding up the calculated magnetic anisotropies over all
constituent atoms produces the theoretical anisotropies per
island shown in Fig. 3 as function of shell thickness. For a Co-
core Fe-shell island, Kmc(Ys) shows an initial small dip followed
by a steep increase up to a shell coverage of 0.07 ML, where the
slope significantly decreases. For a Co-core Pt-shell island the
calculated anisotropy energy strongly decreases with increasing Pt
coverage, and the pure Co islands show a linear curve located
between the ones for Fe and Pt shells.

The calculated Kmc—and the measured Tb—curves of Fig. 1
compare very well for each core–shell combination, showing that
the shell chemistry effect is astonishingly well reproduced. We
chose to present Kmc values and not calculated Tb values as this
would require assumptions on the reversal mechanism. To get
nevertheless a feeling for absolute numbers, we calculate Tb for
one example, namely a Co core 0.07 ML Fe-shell island, and
under the assumption of coherent magnetization reversal. The
resulting Tb¼ 148 K is surprisingly close to the experimental
value of 170 K. As seen from Supplementary Fig. S2, vertical
relaxations enhance Kmc of the Co/Fe interline and thus approach
experiment and theory even further.

There are a few differences between experiment and theory on
which we would like to comment. The small local minimum of
the calculated Fe-shell curve at 0.015 ML is absent in experiment.
We attribute this discrepancy to the fact that the calculations have
been performed for straight steps, while the experimental islands
have rough steps implying atoms with a large variation of
coordination number with different Kmc values. The linear
increase of Kmc for the pure Co islands is removed by vertical
relaxation, see Supplementary Fig. S2. The negative Kmc values
found for large Pt shells are at odd with experiment. This
difference is partly removed by taking substrate-induced
and shape anisotropy into account (Kmc, Pt¼ 0.17±0.01 and
Ks, Co¼ " 0.12±0.01 meV/atom in the island centre). These
differences in details cannot mask the overall success of theory
reproducing the interline chemistry and the fact that two atom-
wide shells are needed for the Fe/Co interline magnetic hardness
to fully develop.

Homogeneous alloy versus 1D interlines. We now compare the
anisotropy of sharp Co/Fe interlines with one of the nanos-
tructures made of alloys of the two elements. This way, we
determine whether homogeneous alloys or onion-like alternations
of elements are giving higher magnetic hardness. A meaningful
comparison requires alloy composition-independent atomic-scale
morphology, that is, the FexCo1" x island areas, and due to the
strong effect of atomic coordination22,23 also their perimeter
lengths and shapes, have to be identical for 0rxr1.
Co-deposition of both elements results in strongly composition-
dependent island densities and shapes due to the different
diffusion barriers of both elements. Therefore, we nucleated the
FexCo1" x alloy at Pt cores. The insert in Fig. 4a shows that the
alloy shell areas As and their outer perimeters Ps are in fact
composition-independent within the statistical errors. The data
points represent the average over 41,000 islands for each
composition using STM images such as Fig. 4b that display
apparent height contrast between Pt core and alloy shell.

The blocking temperature has the shape of an inverted
parabola taking on its maximum at equi-atomic composition,
where Tb doubles with respect to the pure elements (Fig. 4a).
This behaviour is very well described by the dotted curve
displaying Tb¼E(x)/kB ln(v0/f), with n0 and f as above, and with

E(x)¼As[EFexþECo(1" x)þEa(1" 4(x" 0.5)2)]. This curve has
three fit parameters. The first two are the shell averaged
anisotropies of Co and Fe, determined by the left and right Tb
values to ECo¼ 0.17±0.02 and EFe¼ 0.15±0.02 meV/atom,
respectively. The third parameter is the additional energy
barrier for thermal magnetization reversal created by the alloy
and given by the maximum of the curve to Ea¼ 0.14±0.02 meV/
atom. Our STM data reveal that also the alloy shells are
pseudomorphic with the Pt(111) substrate for all compositions,
that is they have constant strain. Their chemical order is very
likely random because of the growth by co-deposition at room
temperature, impeding thermal rearrangement of the atoms once
they have attached to the islands.

We address the origin of the anisotropy increase in the alloy by
Kmc calculations of FexCo1" x islands. In line with previous
calculations on FexCo1" x monolayers27, we obtain the Kmc
maximum with x¼ 0.75 at higher Fe content than in experiment.
However, vertical relaxation yields with x¼ 0.60, a value
closer to experiment (Supplementary Fig. S2). We find
practically identical Kmc(x) curves for alloy islands having as in
experiment an interline to Pt, for pure alloy islands, and
for an alloy monolayer (Supplementary Fig. S3). Hence, the
interline to Pt, as well as the atomic coordination number, do
have a much smaller role in the alloy than in the clean elements
and we can analyse the cause of the anisotropy for the monolayer,
where the continuous band structure is accessible from the
calculations.

We find that spin–orbit coupling (SOC) lifts the degeneracy
with respect to the magnetization direction of two bands
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Figure 3 | Calculated magneto-crystalline anisotropy energy for
experimental island sizes and shapes. We have added the shell-resolved
atomic Kmc values from Fig. 2, according to the abundance of
correspondingly coordinated atoms in kinetic Monte–Carlo (KMC)-
simulated experimental core–shell islands. Inset: total anisotropy energy,
including the anisotropy of the magnetic moments induced in the Pt
substrate, calculated for hexagonal core–shell islands as a function of shell
width for Fe-, Co- and Pt shells; the Co core consists of 127 atoms.
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quantities and find that the latter two contributions are
comparatively small and of opposite sign, almost compensating
each other. We therefore concentrate our discussion of the origin
of the strong, and for Pt shells unexpected sign of the interline-
induced magnetic hardness on the theoretical Kmc results.

Strain and electronic structure may both contribute to Kmc.
Concerning strain, our STM results show the absence of partial
dislocations revealing that the majority of the Fe and Co atoms
are pseudomorphic to the substrate despite the large lattice misfit
of ! 10.3 % for Fe and ! 9.4 % for Co. For Fe this is expected as
it grows pseudomorphic on Pt(111) up to completion of the first
monolayer29. For Co, the appearance of dislocations depends on
size27,30. The present islands with irregular shape stay pseudo-
morphic up to 1,000 atoms. Following these observations, the
lateral atomic positions were chosen to be pseudomorphic in the
calculations. We are well aware that this is a simplification
as the stress is expected to be partly relieved at the island edges31.
The interlayer distance has been fixed to the Pt(111) value
as this enables to approach the experimental island size with
an affordable computational effort. We show for smaller islands
in Supplementary Fig. S2 that vertical relaxation changes the
absolute numbers but not the general trend that we aim to
understand.

Figure 2 presents atomic shell-resolved Kmc values for
hexagonal core–shell islands with 271 atoms on Pt(111).
Figure 2a focuses on the effect of the shell chemistry, whereas
Figs 2b,c address the effect of the shell width for Fe and Pt,
respectively. Figure 2a shows that Kmc has an almost constant and
small value from the centre up to two atoms before the interline,
from where on a dramatic chemical difference becomes evident.
For Fe, Kmc reaches 0.6 meV/atom for both atomic rows of the
shell. For pure Co, the maximum anisotropy is obtained for edge
atoms only, in agreement with Rusponi et al.23. By going towards
the centre by one atom, Kmc jumps to negative values, then back
to large positive values for the next two rows until it enters the
constant regime. For Pt, both shell atoms have almost no
anisotropy and the anisotropy of Co atoms interfacing Pt
evaluates to ! 0.7 meV/atom. All values are without the
contribution of the Pt substrate, including it produces a
constant upward shift by about 0.17 meV/atom for all curves.

For Fe a shell width of two atoms is required for the
appearance of the interline anisotropy, as seen in Fig. 2b, whereas
for Pt the interline anisotropy is already present for a one atom-
wide shell (Fig. 2c). A monatomic Fe shell reduces the anisotropy
of the two outermost Co rows to negative values, also the Fe shell
atoms themselves have negative anisotropy. In contrast, a
diatomic Fe shell gives rise to large positive anisotropy for both
shell atoms and the Co atom at the interface. The Kmc profile of
an island with triatomic Fe-shell resembles the diatomic one, it is
shifted by one atom towards the island centre and the outermost
Fe atom has a reduced anisotropy. In contrast, Pt decoration
induces a negative anisotropy in the interfacing Co atoms
independent of shell width; however, with the strongest effect for
a single-atom shell and weaker effect for thicker shells. Summing
Kmc over all constituent atoms, and including the contribution of
the Pt substrate, we get a total Kmc¼ 108 meV for a two atom-
wide Fe-shell Co-core island, which is 48% larger than the value
of 73 meV obtained for a pure Co island of the same size and
shape. This increase is almost identical with the experimental one
in Tb. Finally, we find Kmc¼ 17 meV for a di-, and ! 18 meV for
a monatomic Pt-shell Co-core island.

To establish a close comparison with experiment, we
transferred the shell-resolved ab-initio Kmc values to the
experimental island sizes and shapes. For this, we simulated the
atomic morphology of the islands by means of kinetic Monte–
Carlo32 with parameters reproducing the experimental island
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Figure 2 | Calculated shell-resolved magneto-crystalline anisotropy
energy for hexagonal islands containing 271 atoms. (a) Atomic Kmc values
averaged over concentric hexagonal atomic shells with label n increasing in
going out from the island centre for Co core Fe- (red), Co- (blue) and Pt
shell (green) islands for a shell width of two atoms. (b,c) Effect of shell
width on Kmc for one atom- (open circles), two atom- (full squares) and
three atom-(open triangles) wide Fe (b) and Pt (c) shells, respectively
(island diameter 4.71 nm).
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quantities and find that the latter two contributions are
comparatively small and of opposite sign, almost compensating
each other. We therefore concentrate our discussion of the origin
of the strong, and for Pt shells unexpected sign of the interline-
induced magnetic hardness on the theoretical Kmc results.

Strain and electronic structure may both contribute to Kmc.
Concerning strain, our STM results show the absence of partial
dislocations revealing that the majority of the Fe and Co atoms
are pseudomorphic to the substrate despite the large lattice misfit
of ! 10.3 % for Fe and ! 9.4 % for Co. For Fe this is expected as
it grows pseudomorphic on Pt(111) up to completion of the first
monolayer29. For Co, the appearance of dislocations depends on
size27,30. The present islands with irregular shape stay pseudo-
morphic up to 1,000 atoms. Following these observations, the
lateral atomic positions were chosen to be pseudomorphic in the
calculations. We are well aware that this is a simplification
as the stress is expected to be partly relieved at the island edges31.
The interlayer distance has been fixed to the Pt(111) value
as this enables to approach the experimental island size with
an affordable computational effort. We show for smaller islands
in Supplementary Fig. S2 that vertical relaxation changes the
absolute numbers but not the general trend that we aim to
understand.

Figure 2 presents atomic shell-resolved Kmc values for
hexagonal core–shell islands with 271 atoms on Pt(111).
Figure 2a focuses on the effect of the shell chemistry, whereas
Figs 2b,c address the effect of the shell width for Fe and Pt,
respectively. Figure 2a shows that Kmc has an almost constant and
small value from the centre up to two atoms before the interline,
from where on a dramatic chemical difference becomes evident.
For Fe, Kmc reaches 0.6 meV/atom for both atomic rows of the
shell. For pure Co, the maximum anisotropy is obtained for edge
atoms only, in agreement with Rusponi et al.23. By going towards
the centre by one atom, Kmc jumps to negative values, then back
to large positive values for the next two rows until it enters the
constant regime. For Pt, both shell atoms have almost no
anisotropy and the anisotropy of Co atoms interfacing Pt
evaluates to ! 0.7 meV/atom. All values are without the
contribution of the Pt substrate, including it produces a
constant upward shift by about 0.17 meV/atom for all curves.

For Fe a shell width of two atoms is required for the
appearance of the interline anisotropy, as seen in Fig. 2b, whereas
for Pt the interline anisotropy is already present for a one atom-
wide shell (Fig. 2c). A monatomic Fe shell reduces the anisotropy
of the two outermost Co rows to negative values, also the Fe shell
atoms themselves have negative anisotropy. In contrast, a
diatomic Fe shell gives rise to large positive anisotropy for both
shell atoms and the Co atom at the interface. The Kmc profile of
an island with triatomic Fe-shell resembles the diatomic one, it is
shifted by one atom towards the island centre and the outermost
Fe atom has a reduced anisotropy. In contrast, Pt decoration
induces a negative anisotropy in the interfacing Co atoms
independent of shell width; however, with the strongest effect for
a single-atom shell and weaker effect for thicker shells. Summing
Kmc over all constituent atoms, and including the contribution of
the Pt substrate, we get a total Kmc¼ 108 meV for a two atom-
wide Fe-shell Co-core island, which is 48% larger than the value
of 73 meV obtained for a pure Co island of the same size and
shape. This increase is almost identical with the experimental one
in Tb. Finally, we find Kmc¼ 17 meV for a di-, and ! 18 meV for
a monatomic Pt-shell Co-core island.

To establish a close comparison with experiment, we
transferred the shell-resolved ab-initio Kmc values to the
experimental island sizes and shapes. For this, we simulated the
atomic morphology of the islands by means of kinetic Monte–
Carlo32 with parameters reproducing the experimental island
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Figure 2 | Calculated shell-resolved magneto-crystalline anisotropy
energy for hexagonal islands containing 271 atoms. (a) Atomic Kmc values
averaged over concentric hexagonal atomic shells with label n increasing in
going out from the island centre for Co core Fe- (red), Co- (blue) and Pt
shell (green) islands for a shell width of two atoms. (b,c) Effect of shell
width on Kmc for one atom- (open circles), two atom- (full squares) and
three atom-(open triangles) wide Fe (b) and Pt (c) shells, respectively
(island diameter 4.71 nm).
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Figure 5. Spatial distribution of the DOS along a diameter of the quantum corral at energies
corresponding to selected peaks in figure 4. The line shapes in parts (a) and (b) can be identified as
n = 0 and as n != 0 quantum states of a circular quantum well model (see section 3.4), respectively.

Figure 6. Spatial distribution of the DOS at the energy corresponding to the fifth peak of the LDOS
at the central position (E − EF # 0.01 Ryd). The LDOS of the Fe atoms is removed from the
figure.

V↑(↓)(r) = V (r) + Ui,↑(↓), where the constant Ui,↑ = −Ui,↓ can also depend on the quantum
number n. The magnetic exchange term modifies the energy values as follows:

E↑(↓)
ni = x2

ni

R2

h̄2

2m∗ + Ui,↑(↓). (11)

In order to facilitate a comparison with the ab initio results, the value of R = 27a is used.
This means that the radial solution has to vanish at the lattice position neighbouring the corral
atoms. The corresponding energy values with and without magnetic exchange term for n = 0
can be seen in figure 7.
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number n. The magnetic exchange term modifies the energy values as follows:
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In order to facilitate a comparison with the ab initio results, the value of R = 27a is used.
This means that the radial solution has to vanish at the lattice position neighbouring the corral
atoms. The corresponding energy values with and without magnetic exchange term for n = 0
can be seen in figure 7.
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Figure 5. Spatial distribution of the DOS along a diameter of the quantum corral at energies
corresponding to selected peaks in figure 4. The line shapes in parts (a) and (b) can be identified as
n = 0 and as n != 0 quantum states of a circular quantum well model (see section 3.4), respectively.

Figure 6. Spatial distribution of the DOS at the energy corresponding to the fifth peak of the LDOS
at the central position (E − EF # 0.01 Ryd). The LDOS of the Fe atoms is removed from the
figure.

V↑(↓)(r) = V (r) + Ui,↑(↓), where the constant Ui,↑ = −Ui,↓ can also depend on the quantum
number n. The magnetic exchange term modifies the energy values as follows:

E↑(↓)
ni = x2

ni

R2

h̄2

2m∗ + Ui,↑(↓). (11)

In order to facilitate a comparison with the ab initio results, the value of R = 27a is used.
This means that the radial solution has to vanish at the lattice position neighbouring the corral
atoms. The corresponding energy values with and without magnetic exchange term for n = 0
can be seen in figure 7.
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Figure 5. Spatial distribution of the DOS along a diameter of the quantum corral at energies
corresponding to selected peaks in figure 4. The line shapes in parts (a) and (b) can be identified as
n = 0 and as n != 0 quantum states of a circular quantum well model (see section 3.4), respectively.

Figure 6. Spatial distribution of the DOS at the energy corresponding to the fifth peak of the LDOS
at the central position (E − EF # 0.01 Ryd). The LDOS of the Fe atoms is removed from the
figure.

V↑(↓)(r) = V (r) + Ui,↑(↓), where the constant Ui,↑ = −Ui,↓ can also depend on the quantum
number n. The magnetic exchange term modifies the energy values as follows:

E↑(↓)
ni = x2

ni

R2

h̄2

2m∗ + Ui,↑(↓). (11)

In order to facilitate a comparison with the ab initio results, the value of R = 27a is used.
This means that the radial solution has to vanish at the lattice position neighbouring the corral
atoms. The corresponding energy values with and without magnetic exchange term for n = 0
can be seen in figure 7.
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Figure 5. Spatial distribution of the DOS along a diameter of the quantum corral at energies
corresponding to selected peaks in figure 4. The line shapes in parts (a) and (b) can be identified as
n = 0 and as n != 0 quantum states of a circular quantum well model (see section 3.4), respectively.

Figure 6. Spatial distribution of the DOS at the energy corresponding to the fifth peak of the LDOS
at the central position (E − EF # 0.01 Ryd). The LDOS of the Fe atoms is removed from the
figure.

V↑(↓)(r) = V (r) + Ui,↑(↓), where the constant Ui,↑ = −Ui,↓ can also depend on the quantum
number n. The magnetic exchange term modifies the energy values as follows:

E↑(↓)
ni = x2

ni

R2

h̄2

2m∗ + Ui,↑(↓). (11)

In order to facilitate a comparison with the ab initio results, the value of R = 27a is used.
This means that the radial solution has to vanish at the lattice position neighbouring the corral
atoms. The corresponding energy values with and without magnetic exchange term for n = 0
can be seen in figure 7.
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Figure 3. Calculated local density of states (LDOS) and
local magnetic density of states (LMDOS) at the centre of
a quantum corral. The dotted lines indicate the maxima
in the LDOS. The vertical solid curves are the energy
eigenvalues, E0i , predicted by the circular quantum well
model (see section 3.4).

Figure 4. Calculated density of states (DOS) and
magnetic density of states (MDOS) summed for a
diameter of the corral. The vertical lines indicate the
energy eigenvalues corresponding to different values of
the quantum number n predicted by the circular quantum
well model (see section 3.4).

a simple model whose parameters can be chosen such that it reproduces most of the above
results quantitatively.

3.4. The non-relativistic circular quantum well model

The circular quantum well model is defined by a potential of the form

V (r) =
{

0 if r < r

+∞ if r ! R.
(8)

It should be recalled that the radial solutions of the corresponding Schrödinger equation are
Bessel function of the first kind Jn(pr), where

p =
√

2m∗

h̄2 E . (9)

The energy eigenvalues arise from the boundary condition that the radial solutions vanish at
the boundary:

Eni = x2
ni

R2

h̄2

2m∗ , (10)

where xni refers to the i th zero of the Bessel function Jn. In order to investigate the
magnetic properties of this model, one can generalize it by adding a spin-dependent part,

V (r ) = 0
+∞

if r < R
if r ≥ R

Solutions are bessel  
functions of the first kind 

Circular quantum well model 
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Related ab-initio calculations: 

Fe 

STM 

electron gas in the Co corral was suggested in this work as
the possible reason for the quantum mirage in an empty
focus. First, we have found the LDOS for the minority and
majority electrons inside the Co corral with the Co adatom
placed in the corral focus. Calculations have been per-
formed for energies close to the Fermi energy (EF !
10 meV). Then, we have repeated the calculations for an
empty Co corral. In fact, the difference between the two
calculations presents the effect of the Co adatom on the
spin polarization of the electron gas inside the corral.
However, the spin polarization in the empty focus is found
to be significantly smaller than the spin polarization on the
Co adatom. Therefore, to make a clear presentation of the
magnetic mirage, i.e., enhanced spin polarization at the
empty focus, the spin polarization of the single Co adatom
on an open Cu(111) surface has been removed from the
image shown in Fig. 5. The oscillations of the spin polar-
ization are well seen in Fig. 5. The enhancement of the spin
polarization in an empty focus is revealed.

In summary, we have presented the first ab initio studies
of quantum mirages and the magnetic interactions in quan-
tum corrals. While we have used particular systems, Cu
and Co corrals on Cu(111) to illustrate several effects of
the quantum confinement of surface-state electrons, the

main conclusions of our work are independent of the
specific systems. It is generally true that the spin polariza-
tion of surface electrons caused by magnetic adatoms can
be projected to a remote location by quantum states of
corrals, and the exchange interaction between magnetic
atoms can be manipulated at large distances.

This work was supported by DFG, Schwerpunkt-
programm ‘‘Cluster in Kontakt mit Oberflächen:
Elektronenstruktur und Magnetismus.’’
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FIG. 5 (color). The LDOS at the Fermi energy on the Co
adatom and the Co atoms of the corral walls are shown. The
spin polarization of surface-state electrons inside the Co corral is
presented in color: !N# and !N" are determined by the differ-
ence between LDOS near the Fermi energy (!10 meV) of the
Co corral with the Co adatom, the empty Co corral, and the
single Co adatom on the open Cu(111). The mirage in the empty
focus is marked by the red arrow. The geometrical parameters of
the corral are the same as in the experimental setup of Ref. [3],
i.e., semiaxis a $ 71:3 "A and eccentricity " $ 0:5.

PRL 94, 187201 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
13 MAY 2005

187201-4

to that around the Co adatom on an open Cu(111) sur-
face. Our calculations clearly demonstrate that the spin
polarization of surface-state electrons at the empty focus
is very close to that near the magnetic adatom [Fig. 2(b)].
In other words, the spin polarization is projected to the
second focus by the quantum states of the corral. We
emphasize that the corral walls are nonmagnetic and,
therefore, the spin polarization at the second focus is
caused only by the spin dependent scattering of the
surface-state electrons by the magnetic adatom. Our results
unambiguously prove that tailoring the spin polarization of
2D electron gas could be achieved in artificial atomic
structures by exploiting the quantum confinement of
surface-state electrons.

To give clear evidence that quantum corrals can be used
for controlled modification of magnetic interactions, we
perform ab initio calculations for the exchange interaction
between 3d adatoms inside the Cu corral. For large inter-
atomic separations the exchange interaction energies are
very small (meVand !eV). Therefore, there is the problem
of subtracting huge total energy values to obtain the result-
ing small interaction energies. However, it has been proved
that applying the force theorem [16,17] and using the
single-particle energies, instead of total energies, one can
resolve very small interaction energies at large atomic
distances with high accuracy.

We have calculated the exchange interaction between 3d
adatoms in the Cu corral on Cu(111) for different adatom-
adatom separations. In the absence of the corral, i.e., for an
open surface, the exchange interaction between magnetic
adatoms at large distances is dominated by the surface-
state electrons. However, the quantum corral drastically
influences the interaction between magnetic adatoms. This
is well seen in Fig. 4 where our calculations for 3d adatoms
placed in the corral foci are presented. In order to demon-
strate the effect of the corral geometry on the exchange
interaction, we show our calculations for the Cu corrals of
different eccentricities. These striking results reveal that
the exchange interaction in the corral is strongly enhanced
compared to an open surface, and can switch from the
ferromagnetic coupling to the antiferromagnetic one by
modifying the corral geometry. We believe that these cal-
culations provide the clearest evidence of tailoring the
magnetic interactions between adatoms at large distances
by constructing appropriate corrals.

Finally, we apply our method for calculations of the spin
polarization in the Co corral used in the experimental setup
of Manoharan et al. [3]. A net spin polarization of the
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FIG. 3 (color). Enhancement of the spin polarization at the
empty focus of the Cu corral. The magnetic Co adatom is placed
at the right focus. (a) The spin polarization is determined as
!N" " N##=!N" $ N##, where N" and N# are the LDOS for ma-
jority and minority electrons, respectively. The spin polarization
around the Co adatom on the open Cu(111) surface is shown by
the dashed line. (b) !N# and !N" are determined by the
difference between LDOS at the energy E1 between the corral
with the Co adatom and the single Co adatom on the open
Cu(111).
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FIG. 4 (color). The exchange interaction between magnetic
adatoms inside the Cu corrals of different eccentricities; the
distance between foci is fixed. The exchange interaction on an
open Cu(111) is presented by the black line. Negative energies
mean that the spins of both adatoms are ferromagnetically
coupled, while positive energies correspond to an antiferromag-
netic coupling.
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Electron distribution induced by  
adatoms or buried atoms 

  

A. Weismann, M. Wenderoth, R.G. Ulbrich   

Copper (111) surface 

University of Göttingen 

STM picture by  

Ce on Ag(111) 

Silly et al., PRL 92, 16101 (2004) 
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zΔ

Result: Constant Current STM-image 
Co buried below Cu(111) surface 

Co 

Vac 

STM 

Cu 

§  Charge density in vacuum  (~6.1Å above the surface) 
§  Bias Voltage V: 100 meV below EF  
§  Co at 6th layer below the surface (~12.1Å) 

3nm 

Negative← 

Positive← 

   Weismann,Wenderoth, Lounis, Zahn, Quaas, Ulbrich, Dederichs, Blügel, Science (2009) 

   Lounis, Zahn, Weismann,Wenderoth, Ulbrich, Mertig, Dederichs, Blügel, PRB (2011) 



July 10, 2013 Folie 34 

Origin of effect 
Dyson eq.: 

STM STM 
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Origin of effect 
Dyson eq.:                                              

€ 

G(E) =G0 (E) +G0 (E)V G(E)

   Weismann,Wenderoth, Lounis, Zahn, Quaas, Ulbrich, Dederichs, Blügel, Science (2009) 

   Lounis, Zahn, Weismann,Wenderoth, Ulbrich, Mertig, Dederichs, Blügel, PRB (2011) 
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Contribution from stationary points 

Origin of effect 

Measure of curvature 

Real space visualisation of Fermi surfaces with STM! 

Co at 6th layer 
below surface 

Co at 8th layer 
below 

Cu(001)surface 
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Magnetic Friedel oscillations & RKKY interac.  

M. A. Ruderman, C. Kittel, Phys. Rev. (1954);  
T. Kasuya, Prog. Theor. Phys. (1956); 
K. Yosida, Phys. Rev. (1957) 

distance 

D
F

RKKY d
dkdJ )2cos()( ∝ (D: dimensionality of 

delocalized electrons) 
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RKKY Interaction in Fe Pairs on Cu(111) 

Ab initio calculations: 
•  fully-relativistic KKR 
Green function method 
•  LDA 
•   relaxed 

2

)2cos()(
r

rkrJ F
RKKY ∝

Experiment 
KKR-Theory 
(renormalized 0.5) 

Interaction Strengths vs. Distance à build 
tailored magnets 

Khajetoorians, Wiebe, Chilian, Lounis, Blügel, and Wiesendanger, Nature Physics (2012) 
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Manufacturing and investigating  
antiferromagnetic nano-objects 

3 
4 

5 
6 

7 

Khajetoorians, Wiebe, Chilian, Lounis, Blügel, and Wiesendanger, Nature Physics (2012) 

“Kagome” Flower Trimer Wires 
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Odd and Even Antiferromagnetic Chains 

topography 

spin-resolved 
dI / dV 

 
 B = -0.6 T 

+ 

3 
4 

5 
6 
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+ 

odd à one uncompensated moment 
even à compensated moment 

Khajetoorians, Wiebe, Chilian, Lounis, Blügel, and Wiesendanger, Nature Physics (2012) 

Here: J2 = B and MAE K >> J1 and B à Ising-like system 
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Summary 

 Overview of recent novel applications of the KKR method 
 
 One atom more or less matters! 
 
 Impact on magnetism, frustration, electronic confinement, interactions 
 
 KKR = elegant tool to investigate nanostructures 
 

Samir Lounis s.lounis@fz-juelich.de 

Opening of a post-doc position:      
    Description of the Kondo effect and strong correlations  


