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Design of magnetic textures of nanocorrals with an extra adatom
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It is shown that in antiferromagnetic open or closed corrals of magnetic adatoms grown on surfaces, the
attachment of a single extra adatom anywhere in the corral impacts on the geometrical topology of the nanosystem
and generates complex magnetic structures when a magnetic field is applied or a magnetic coupling to a
ferromagnetic substrate exists. The spin configuration of the corral can be tuned to a nonplanar state or a planar
noncollinear or ferrimagnetic state by adjusting its number of sites, the location of the extra adatom, or the
strength of the coupling to the ferromagnetic substrate. This shows the possibility to generate nontrivial magnetic
textures with atom-by-atom engineering anywhere in the corral and not only at the edges.
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I. INTRODUCTION

In recent years artificial engineering of molecular nano-
magnets, magnetic clusters and arrays of magnetic adatoms
adsorbed on surfaces has emerged for the construction of
entities with rich magnetic properties that can be constituents
of nanospintronics devices.1–8 These entities can be fabricated
directly on surfaces in a bottom-up fashion with scanning tun-
neling microscopy (STM),9–11 and STM is also used to directly
measure their magnetic properties.12,13 The rich magnetic
properties originate in the exchange couplings between the
individual magnetic moments14–17 and are of great interest for
concepts like spin-transfer torque18–20 and spin chirality21 on
the nanoscale, as well as for potential applications in quantum
computing.22–24 The STM measurements allow precise access
to the properties of the individual magnetic moments, which
when combined with tailored construction of the coupling
between the spins provide systems where nanomagnets with
desired properties can be synthesized.25,26 In particular, arrays
of a small number of magnetic atoms on nonmagnetic metallic
substrates are very promising candidates in this direction.
This bottom-up approach is one of the main focus research
areas of nanoscience where various atomic structures, e.g.,
corrals of adatoms and nanowires, are engineered atom
by atom.

It has already been shown theoretically using density
functional theory (DFT) that adatom nanochains can sup-
port noncollinear magnetic structures when the exchange
interaction between the adatoms is antiferromagnetic (AFM)
and a coupling to a ferromagnetic substrate exists.27 In the
peculiar case of Mn chains on a Ni(100) substrate, the AFM
coupling within the chain competes with the ferromagnetic
coupling of the chain to the substrate leading to an even-
odd effect, where the magnetic texture depends crucially
on the parity of the number of atoms in the chain. The
Mn chain is in an AFM configuration but, if the weak
ferromagnetic interaction to the substrate is turned on, the
spins in the odd numbered chain retain their collinearity while
the uncompensated moment of the chain aligns with that of
the substrate. Even numbered chains, however, develop a more
complex noncollinear ground state. This even-odd effect has
been observed recently by STM in short Mn wires on a Ni(110)
substrate.28

For such an effect a ferromagnetic substrate is required
when the exchange interaction is nearest neighbor, therefore
strong. However, when the exchange interaction is non-nearest
neighbor, therefore weaker, for example when it is mediated by
Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions,29–31

an external magnetic field can provide the necessary energy
to compete with the exchange energy. Measurements with
STM can be performed for both kinds of situations: magnetic
nanostructures on ferromagnets or on nonmagnetic substrates.
We point out that if the magnetic anisotropy energy is strong (a
few meV), the RKKY interactions would not be able to create
noncollinear structures, although there is competition between
the involved magnetic interactions.

In this paper AFM wires or corrals with a small number
of magnetic adatoms are considered, where an extra adatom is
attached anywhere along the nanostructure. It is shown that one
more or less adatom is crucial for the magnetic properties, and
can generate planar or even noncoplanar magnetic configura-
tions. This opens up the possibility of generating new complex
magnetic structures whose accessibility depends on the precise
location of the extra adatom, which is not necessarily attached
at the edges of the corral, the total number of sites of the
corral, and the strength of the coupling to a ferromagnetic
substrate or an external magnetic field. Besides the parity of
the number of adatoms in the corrals, the parity of the site
to which the extra atom is attached determines not only the
magnetic texture of the whole nanostructure (open or closed),
but also the magnetic behavior of the edge atoms for the open
corrals. This is of crucial importance for building logic gates
made up of a few adatoms (see, e.g., Ref. 24). In the following
we will refer to wires which are not necessarily straight as
open corrals.

II. MODEL

The magnetic properties of the nanostructures are modeled
with the AFM Heisenberg model (AHM). It is mainly consid-
ered at the classical level, but it is also shown that the classical
results compare very well with results for typical quantum
values of the magnetic moments. Previous calculations based
on DFT have shown that the AHM is reliable to predict the
complex magnetic texture in such nanostructures.27 The AHM
is considered for corrals of adatoms that are open or closed,
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FIG. 1. (Color online) Lowest energy spin configuration for h =
0. (a) N = 10 open even corral with an extra adatom at L = 2. The
magnetization Mh=0 = s. (b1) N = 9 open odd corral with even L =
2, Mh=0 = 2s. (b2) N = 9 open odd corral with odd L = 3, Mh=0 =
0. (c) N = 10 closed even corral, Mh=0 = s. (d) N = 9 closed odd
corral, Mh=0 = s.

with an extra adatom attached to any location other than the
edges. The coupling between the individual spins �si which
have the same magnitude s is J > 0. The interaction with a
ferromagnetic substrate or with an external magnetic field (in
the case of a non-magnetic substrate) has strength h, and the
Hamiltonian for an open corral is

H = J

(
N−1∑
i=1

�si · �si+1 + �sL · �sE

)
− h

(
N∑

i=1

sz
i + sz

E

)
, (1)

where the corral has N atoms, with L = 2, . . . ,N − 1 being
the location of the corral adatom that couples to the extra
adatom �sE . For closed corrals J �s1 · �sN must be added to (1)
and L can be any site. �h lies along the ẑ axis and tends to
make all spins parallel, in contrast to the AFM configuration
supported by J . To simplify the discussion the magnetic

interaction between �sE and �sL is also taken to be J , but
results for weaker interaction will also be presented. For
the case of RKKY interactions small magnetic anisotropy
energies are required in order to observe a rich magnetic phase
diagram, otherwise the adatom moments would be pinned to
a collinear behavior. This is the case for Fe adatoms on a
Cu(111) surface.26 It is demonstrated that when small magnetic
anisotropy energies are added to Hamiltonian (1) the effect
on the magnetic behavior of the nanocorrals is negligible.
Thus adatoms with low magnetic anisotropy energy, e.g.,
Cr or Mn, are proposed, in contrast to Co or Fe, to be
deposited on different nonmagnetic substrates. Cr and Mn
have weak magnetic anisotropy so that the AFM Heisenberg
model without an extra anisotropy term accurately describes
the magnetism of the system.

DFT calculations predict that for Cr, Mn and Fe deposited
on Cu(111) the magnetic moments are respectively 4.1, 4.3,
and 3.2 μB ,32 while Cr and Mn adatoms on a Ni(001) or a
Fe(001) substrate have a magnetic moment of the order of
3.5 to 4 μB , which decreases when forming chains due to
hybridization.14 Thus, typically s = 3/2 or 2. It is sufficient
to consider the �si as classical unit vectors,33,34 and the lowest
energy configuration is found for any h.35,36 Typical quantum
values are also considered.37,38 It has already been shown that
for open chains with no extra spins attached the classical
predictions survive for relatively low values of s.39 Here
similar conclusions are drawn for the dependence of the
magnetic properties on s.

III. LOWEST ENERGY CONFIGURATIONS

For open corrals the exact location of the extra adatom is
important, due to the lack of translational symmetry.40 The
magnetic behavior depends on the parity of N , and also on
the parity of the linking location L of the extra adatom �sE .
For closed corrals the exact linking point is unimportant due
to translational symmetry, and the magnetic behavior depends
only on the parity of N .
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FIG. 2. (Color online) Transition fields ht

for the change from the ferrimagnetic (FI)
to the planar noncollinear (NC) configura-
tion with increasing magnetic field h, over
the saturation field hsat. Open corrals with
(a) even N , (b) odd N . L: location of the extra
adatom. ht

hsat
is symmetric with respect to the

corral center. A single corral is represented by
symbols of the same color. The direction where
N increases is shown with the arrow. For fixed
L, ht

hsat
decreases with N . For odd corrals there

is a transition only for even L. Closed corrals
with (c) even N , (d) odd N . NCP: noncoplanar.
The configurations are distinguished by different
colors.
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FIG. 3. (Color online) Reduced magnetization M/Msat as a
function of h/hsat for an open corral with N = 10 and an extra spin
linked at site L = 9 (Msat = 11), where the strength J of only the
�sL · �sE bond in Hamiltonian (1) is scaled with α. The dependence of
M/Msat on h/hsat does not change significantly with α. This is also
true for the ferrimagnetic (FI) state, which appears for small magnetic
fields when α �= 0 and is robust even for small values of α. NC refers
to the planar noncollinear configuration.

A. Open even corrals

An open even corral with no extra adatom has nearest
neighbor spins pointing in opposite directions when h = 0.
Irrespectively of the point of attachment of the extra adatom,
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FIG. 4. (Color online) Reduced magnetization M/Msat vs h/hsat

for an N = 9 open corral with extra adatom at L = 8 (Msat = 10).
The classical configuration is ferrimagnetic (FI) for lower and
planar noncollinear (NC) for higher fields. The quantum mechanical
magnetization tends to the classical result as s increases from 1/2
towards the typical values 3/2 and 2. The classical susceptibility
χ (upper left inset) is discontinuous at ht/hsat = 0.120. The polar
angles (lower right inset) on the average turn towards the field as it
is getting stronger. For smaller fields above the discontinuity spins
originally pointing along the field turn away from it to increase the
exchange energy. Nearest-neighbor azimuthal angles differ by π , with
the corresponding two groups of spins indicated by solid (odd-site
spins and extra spin) and dashed (even-site spins) lines respectively.

the extra spin is uncompensated and the total magnetization
Mh=0 = s, corresponding to a ferrimagnetic (FI) configuration
[Fig. 1(a)]. It takes a finite field ht to change the FI
configuration, up to which the only energy gain comes from
the coupling to the field. The susceptibility χ is discontinuous
as ht is crossed and for higher fields the spins are in a planar
noncollinear (NC) configuration. The open even corral with
an extra adatom is thus similar to an open odd chain.39 ht

decreases on the average with N [Fig. 2(a)], as Mh=0 decreases
with respect to the saturation magnetization Msat = (N + 1)s
with N , Mh=0

Msat
= 1

N+1 . ht also depends on the parity of L. As L

changes from even to odd, the length of the largest subchain of
the corral changes its parity from even (which when isolated
has no FI lowest field configuration) to odd (which possesses a
FI low field configuration), and correspondingly its zero-field
magnetization from 0 to s. It is thus reminiscent of an isolated
even or odd chain respectively, especially since the corral feels
the influence of the extra adatom more strongly around its
linking site L, and its influence gradually weakens when going
away from it. Therefore the length of the largest odd subchain
fluctuates significantly with L when the linking point is away
from the middle, generating the pronounced nonmonotonic
dependence of ht on the parity of L [Fig. 2(a)], due to the
monotonic dependence of the transition field on the length for
an isolated (odd) chain. When the extra adatom approaches
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FIG. 5. (Color online) Closed N = 9 corral with extra adatom.
(a) Noncoplanar (NCP) configuration for h/hsat = 0.171.
(b) Reduced magnetization M/Msat vs h/hsat (Msat = 10).
The susceptibility χ (inset) has discontinuities at ht/hsat = 0.160
and 0.861, which divide the planar noncollinear (NC) configurations
from the NCP.
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the center of the chain the length of the largest odd subchain
does not change significantly and ht tends to a constant.

The robustness of the influence of the extra adatom on the
isolated corral can be shown by varying the strength of the
coupling �sL · �sE , which is equal to J in Hamiltonian (1). If
only this coupling is scaled with α, then the magnetization of
an N = 10 open corral with an extra adatom attached at site
L = 9 is shown in Fig. 3, and it does not change significantly
with α. This is also true for the ferrimagnetic state, which
appears for small magnetic fields when α �= 0 and is robust
even for small values of α.

B. Open odd corrals

An open corral with an odd number of atoms has one
uncompensated spin. When an extra adatom is attached Mh=0

depends on the parity of L. For even L the extra spin is parallel
to the uncompensated spin of the open corral and Mh=0 = 2s

[Fig. 1(b1)]. In contrast, for odd L the extra spin balances

out the uncompensated spin of the corral and Mh=0 = 0
[Fig. 1(b2)]. For even L the lowest energy configuration is FI,
similarly to an open even corral. However there are now two
uncompensated spins, consequently ht is bigger [Fig. 2(b)].
For the same reason ht is also bigger compared to an open
even corral, which also has only a single uncompensated spin.
For higher fields the lowest energy configuration is also NC,
as for open even corrals (Fig. 4). The change between the
FI and the NC configuration also generates a discontinuity
in χ (Fig. 4, upper left inset), with nearest-neighbor spins
pointing in opposite directions in the azimuthal plane above
the discontinuity (Fig. 4, lower right inset). On the other
hand, when L is odd, the lowest energy configuration is AFM
for h = 0 and M immediately responds to an external field
with no susceptibility discontinuity [Fig. 2(b)], leading to a
NC configuration, similarly to an even corral with no extra
adatoms. Consequently there are changes in the lowest energy
configuration as function of h only for even L, where the size
of the largest odd subchain of the isolated corral decreases with
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FIG. 6. (Color online) Closed N = 9 corral with extra adatom; the horizontal axis is h/hsat. (a) Classical nearest-neighbor correlation
functions �si · �si+1. 1′ indicates �s1 · �s9. (b) Polar angles in units of π . The two susceptibility discontinuities at ht/hsat = 0.160 and 0.861 (shown
with red arrows) separate the three different lowest energy configurations, which change from planar noncollinear (NC) to noncoplanar (NCP)
and then to NC with increasing field. (c) Nearest-neighbor correlation functions �si · �si+1 for s = 2. 1′ indicates �s1 · �s9. The results are similar to
the classical results [compare with (a)]. (d) Magnetic susceptibility χ without and with magnetic anisotropy K , with the easy axis parallel to the
direction of the magnetic field. A small K = 0.01J does not change significantly the magnetic response. The two susceptibility discontinuities
are now at ht/hsat = 0.184 and 0.861.
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L. Thus the transition field for increasing even L increases as
the zero-field subchain magnetization increases with respect
to the saturation magnetization of the subchain, in contrast to
the nonmonotonic result of open even corrals. This shows the
importance of the exact location of attachment of the extra
adatom for the magnetic configuration, leading to an even-odd
linking effect for open odd corrals, which is absent for open
even corrals. These clear-cut differences between open even
and open odd corrals provide the opportunity for a variety of
magnetic structures as the length of the corral is varied and the
extra adatom is moved along the corral with STM.

Up to now, classical spins have been considered in Hamil-
tonian (1). However, typically s = 3/2 or 2 and magnetization
curves for s � 2 are shown in Fig. 4. The quantum mechanical
magnetization approaches the classical with increasing s, quite
close already for s = 2. Therefore the qualitative features of
the classical calculation are expected to survive for actual s

values, in accordance with open chains.39

C. Closed even corrals

In a closed corral due to translational invariance the exact
linking point L of the extra adatom does not affect the magnetic
behavior. For an isolated even corral there is no frustration
originating in the closed boundary conditions, and nearest
neighbor spins are antiparallel with no net magnetization in
the abscence of a field [Fig. 1(c)]. The extra adatom provides
an uncompensated spin and Mh=0 = s, and it takes a finite
magnetic field to destroy the FI configuration and generate a
NC one, similarly to the previous cases. In the NC state spins
symmetrically placed with respect to the linking adatom �sL

point in the same direction. The dependence of ht on N is
shown in Fig. 2(c). As was the case before, Mh=0 decreases
with respect to Msat as 1/(N + 1), thus ht decreases with N .

D. Closed odd corrals

For odd N the periodic boundary condition introduces a
frustrated configuration even for an isolated closed corral with
no extra adatoms.41,42 It is not possible for nearest-neighbor
spins to be antiparallel even when h = 0; however, the net
magnetization is still zero. The extra adatom provides an
uncompensated spin and Mh=0 = s, but the configuration now
is NC, unlike the FI configurations found before [Fig. 1(d)].
This configuration is susceptible to an infinitesimal magnetic
field, again unlike all previous cases with Mh=0 �= 0 [Fig. 5(b)].
In it the extra and the linking adatom are always antiparallel,
with the extra adatom being parallel and the linking adatom
antiparallel to the field. Spins which are symmetrically placed
with respect to the linking adatom �sL have the same polar
angle (this is true for all magnetic fields up to saturation),
but they point in opposite directions in the azimuthal plane
[Fig. 6(b)]. In addition, nearest-neighbor correlations between
specific pairs of spins increase with h, and eventually these
spins become antiparallel [Fig. 6(a)]. These pairs are arranged
in a “dimer” type of configuration, with every second bond

increasing or decreasing in correlation strength. From the
ones which are getting stronger with h, they increase in
correlation strength as the linking point L of the extra adatom
is approached. This is counterintuitive and points to the
importance of the single extra spin for the change of the
magnetic properties of the whole corral.

With increasing field, a susceptibility discontinuity leads for
the first time to a noncoplanar (NCP) lowest spin configuration
[Fig. 5(b)], shown in Fig. 5(a) for h/hsat = 0.171. The nearest-
neighbor correlations now only decrease with the magnetic
field [Fig. 6(a)], even though there are initially polar angles
that do not decrease with h, due to the competition of exchange
and magnetic energy [Fig. 6(b)]. For higher fields close to
saturation a second susceptibility discontinuity leads to a NC
configuration [Fig. 5(b)]. Now spins symmetrically placed
with respect to the linking adatom �sL point in the same
direction. The transition fields and the range of existence of the
different configurations as function of N are shown in Fig. 2(d).
The odd closed corral with the extra adatom combines the
competition between exchange and magnetic energy with
the frustration introduced by the closed boundary conditions,
supporting a NCP configuration not found in any of the other
cases. In addition, it supports two susceptibility discontinuities
in its magnetization curve. Therefore its magnetic behavior is
in direct contrast with its even counterpart and the open corrals
as well.

The nearest-neighbor correlations for the typical quantum
spin s = 2 are shown in Fig. 6(c), where by comparison with
Fig. 6(a) it is seen that the classical result again provides
a very good description. The influence of weak easy-axis
magnetic anisotropy can be seen in Fig. 6(d), where a term
−K[

∑N
i=1(sz

i )2 + (sz
E)2] is added in Hamiltonian (1), with

the easy axis parallel to the magnetic field axis. For weak
anisotropy K = 0.01J the magnetic response does not change
significantly.

IV. CONCLUSIONS

The magnetic properties of corrals (open or closed) with
an extra adatom attached are different from their counterparts
without the extra adatom. The extra spin changes the geomet-
rical topology of the nanosystem, which has an impact on its
magnetic behavior as a whole. It can tune the lowest energy
configuration of the spins according to the parity of the corral,
the parity of the linking point of the extra spin, and the presence
or not of periodic boundary conditions. This leads to a plethora
of configurations that can also be three-dimensional, and can
be accessed and of use experimentally.
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