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Density functional theory (DFT) is applied in our study to describe magnetic properties of 3d transition
metal (TM) nanowires on a stepped Cu(11 1) surface. The basic template to study such metallic chains
on the Cu(111) surface is an embedded Fe chain at one-atom distance away from the upper edge of the
monoatomic surface step. Chains of 3d transition metal atoms from Sc to Ni are added on top of the Fe
chain. At the beginning of the 3d row, the chains show antiferromagnetic order. A small energy

difference between ferromagnetic and antiferromagnetic order is obtained for the Mn-Fe system. Cr
forms an antiferromagnetic chain, whereas Fe, Co, and Ni chains are ferromagnetically coupled to the

embedded Fe chain.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Dimensionality is one of the most important factors to tailor
the properties of magnetic systems. One-dimensional (1D)
electron systems [1] show unusual physical properties which
has made the fabrication of such 1D systems a challenge of
modern nanoscience. Nanowires are one of the most important
objects of nanotechnology. The ultimate nanowire is a system of
atoms essentially one atom wide and of a length which is large
compared to the interatomic distance (high aspect ratio). It is
experimentally extremely difficult to produce such systems,
because it is hard to confine a single row of atoms and keep it
in a straight line. A stepped substrate is the most common
template to create 1D nanostructures. The progress achieved in
the fabrication of artificial nanostructures has enabled the
preparation of extended ultrathin nanowires which are uniform
in thickness and perfect at the atomic scale. The main idea is to
exploit the 1D symmetry provided by an array of parallel steps on
a vicinal surface along which the deposited material can nucleate,
a procedure called step decoration. Nanowires or nanostripes
usually grow on lower terraces along an ascending step edge.
The Cu(11 1) surface can be prepared with lots of atom-high steps
(cf. Fig. 1(a)). Surprisingly, the observations of Shen et al. [2,3]
have demonstrated that Fe nanostripes grow on the upper terrace
of such a system.

An important investigation of Fe nanowire growth on a
stepped Cu(111) surface was made by Mo et al. [4], who used
total-energy calculations within the framework of density func-
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tional theory and showed that the growth of Fe nanowires is a
two-stage process. Initially, Fe adatoms form an atomic row
embedded into the Cu substrate behind a row of Cu atoms at the
descending step (cf. Fig. 1(b)). During this process a very stable
embedded 1D Fe structure is formed. In a following step, the
embedded Fe row acts as an attractor for the Fe atoms deposited
on the surface. Therefore, a secondary row of Fe atoms is formed
on top of the embedded Fe chain (cf. Fig. 1(c)), because Fe-Fe
bonds are stronger than Fe-Cu bonds. As a result, a very stable,
one-atom-wide iron nanowire is formed on the Cu surface,
involving this double-chain of Fe atoms, one chain buried in the
surface behind a step, the second chain on top of the first.
Subsequently, in a scanning tunneling microscopy (STM) investi-
gation aided by density functional theory (DFT) calculations, Guo
et al. [5] confirmed this growth process. In a recent study kinetic
Monte Carlo (kMC) simulations elucidated the self-organization of
Fe adatoms into a several atoms wide stripe on the stepped
Cu(111) surface with such an embedded Fe chain as nucleation
center of the growth process and attributed it to the Cu surface
state mediated long-range Fe-Fe interactions [6].

Furthermore, the Cu(111) stepped surface with the embedded
Fe chain could be used as an exemplary template for the
deposition of other 3d transition metals to form wires on top of
the Fe chain. It is the interplay between dimensionality, local
environment, and magnetic properties which cause the special
interest in such systems.

The interest in such 1D structures is also related to other
experimental and theoretical studies. One-dimensional metal
systems have been investigated on metal surfaces [7,8] but also
on insulating surfaces [9,10]. Ab initio electronic structure
methods are used to study isolated 3d transition metal (TM)
atomic chains [11,12]. Mokrousov et al. [13] investigated free
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Fig. 1. Growth of TM-Fe double chains on Cu(111): (a) Clean Cu(111) stepped
surface. (b) Deposition of Fe atoms (brown) on a stepped Cu (blue) surface. The Fe
chain is embedded in the step behind a row of Cu atoms. (c) One-atom-wide Fe
nanowire (brown) is formed, one chain of Fe embedded in the surface behind the
step, the second Fe chain is formed on top of the first. (d) One-atom-wide TM
nanowire (yellow) is formed on top of the embedded Fe chain. (For interpretation
of the reference to color in this figure legend, the reader is referred to the web
version of this article.)

standing 3d TM chains and such chains on (110) surfaces of Cu,
Pd, Ag, and NiAl, while Spisdk and Hafner [14] calculated
electronic and magnetic properties of Fe nanowires at the step
edge of vicinal Cu surfaces. Pick et al. [15] used a combination of
ab initio and semi-empirical methods to calculate the magnetic
anisotropy energy for Co chains on a stepped Cu(11 1) surface.

The purpose of the present work in contrast to other
theoretical investigations, is to investigate, by means of ab initio
electronic structure calculations, the magnetic structure of 3d TM
chains which could be grown eventually by using the above
mentioned template of a Cu(11 1) surface with an embedded Fe
chain. (cf. Fig. 1(d)). Our study is focused on 3d TM elements,
because they offer a wide scope of complex magnetic structures in
higher dimensions and contain the bulk ferromagnets.

2. Computational details

In the first principles calculations reported here, the accurate
frozen-core full-potential projector augmented-wave (PAW)
method [16] is used as implemented in the VASP code [17,18]
applying the Perdew-Wang 1991 version of the generalized
gradient approximation (PW91-GGA). [19] The default values of
the cutoff energy for the different elements are used. The
Methfessel-Paxton approach [20] is employed to smear the
electronic states near the Fermi level. A first-order approximation
to the smearing function and a Gaussian width of 0.2 eV has been
determined as the optimal choice. The total energy of the bulk fcc
Cu was calculated to obtain the bulk lattice constants which is
a=3.6334, in good comparison with the experimental value of
3.615A [21]. To model the Cu(111) stepped surface, a supercell
was constructed by stacking six layers including 60 Cu atoms,
which was in turn rotated by a slab miscut along the [322]
direction. At the end it consists of (111) terraces of five lateral
lattice constants width separated by type A steps of monatomic
height. The surface of the substrate constructed in this way and
used in our calculation is depicted in Fig. 1(a). The distance from
one slab to its nearest image is equivalent to 13.5A. The two-
dimensional Brillouin zone is sampled using 33 k points.

The aim of our investigation is to compare the properties of
free TM-Fe double chains with the same double chains embedded
in the Cu(111) surface. The relaxations of free chains and the
embedded chains are different. Preliminary results indicate that
the whole scenario remains unchanged when lattice relaxation is

allowed. Thus, structural relaxations are not taken into account.
Both, the free double chains and the double chains embedded in
the Cu(111) surface have interatomic distances in correspon-
dence to the underlying Cu structure. This restriction allows to
concentrate on the systematic changes in the magnetic structure
by changing the kind of atom in the added chain through the 3d
TM series.

3. 3d TM and Fe double free-standing chain

Due to symmetry five different magnetic configurations of the
system consisting of one TM and one Fe chain are considered. The
configurations are depicted in Fig. 2.

Now, the magnetic properties of free-standing double chains
including Fe and TM chains with an interatomic distance
corresponding to the Cu bond length have been investigated first.
The total energy calculations, summarized in Table 1, reveal
magnetic solutions for all the double chains. Not all magnetic
configurations could be stabilized in the self-consistent electronic
structure calculations. Furthermore, one can see that the Mn, Fe,
Co, and Ni chains are most stable in the FM state, having a
ferromagnetic coupling to the Fe chain, whereas the ground state
of the Sc, Ti, and V chains is the AFM state characterized by the
antiferromagnetic coupling of the TM chain to the Fe chain. The
ground state configuration of Cr chains is of the M (mixed) type

AR T

Fig. 2. Schematic view of possible magnetic configurations of a double chain
consisting of TM (yellow) and Fe (brown) atoms: (FM) ferromagnetic coupling of Fe
and TM chain, (AFM) the intra-chain coupling is ferromagnetic but the two chains
are coupled antiferromagnetically, (CAFM) antiferromagnetic coupling in both
chains, (M) mixed type, i.e. antiferromagnetic coupling in the TM chain and
ferromagnetic coupling in Fe chain, (RM) reverse mixed, i.e. ferromagnetic
coupling in TM chain but antiferromagnetic coupled Fe chain. (For interpretation
of the reference to color in this figure legend, the reader is referred to the web
version of this article.)

Table 1

Energy differences (meV/cell) for the different magnetic configurations (cf. Fig. 2)
with respect to the ferromagnetic state for the free-standing double chains,
consisting of a 3d transition metal chain and a Fe chain.

Configuration Sc Ti \% Cr Mn Fe Co Ni
Eapv (meV/cell) -1153 -694 —-710 -371 743 1225 1026 993
Eyn (meV/cell) —-371 -600 161 837 716

Erm (meV/cell) -670 -97 -82 195 645 837 752 520
Ecapv (meV/cell) -170 -364 478 1134 1165
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Table 2
Absolute values of magnetic moments in ground state configurations of free-
standing TM-Fe double chains.

Table 4
Absolute values of magnetic moments in ground state configurations of the
embedded TM-Fe double chains.

TM elements Sc Ti \% Cr Mn Fe Co Ni

TM elements Sc Ti \'% Cr Mn Fe Co Ni

TM magnetic moment (1z) 0.70 1.56 2.61 3.53 4.07 3.05 2.04 0.88
Fe magnetic moment (nz) 2.69 2.77 285 297 290 3.05 3.14 3.17

|TM magnetic moment| (1z) 0.25 1.04 254 3.56 390 3.09 2.02 0.84
|Fe magnetic moment| (ug) 2.19 229 241 255 254 262 271 276

Table 3

Energy differences (meV/cell) for the different magnetic configurations (cf. Fig. 2)
with respect to the ferromagnetic state for the embedded double chains, consisting
of a 3d transition metal chain and a Fe chain.

Configuration Sc Ti \% Cr Mn Fe Co Ni
Eapm (meV/cell) -304 205 444 350 412 732 473 387
Eyv (meV/cell) -163  -629 13 813 418

Erm (meV/cell) 151 461 153 149 650 721 652 507
Ecapv (meV/cell) 186 —-204 378 969 825

(cf. Fig. 2). In this configuration the TM chain is antiferromagnetic
by itself.

Table 2 contains the magnetic moments of the free-standing
TM-Fe chains. The Fe chain moment increases slightly from Sc to
Ni and is enhanced with respect to the bulk value due to the
reduced number of neighbors. The variation of the moments in
the TM chain follows the usual trend known from the free atoms
and other 3d TM nanostructures (cf. [22]) Mn shows a high local
moment as it was also obtained for Mn clusters on the Ag(100)
surface [23].

4. 3d T™M chains on the surface

In the following the influence of embedding of the TM-Fe wire
into the Cu(11 1) surface (cf. Fig. 1(d)) is investigated. The change
in the local environment and therefore the hybridization with the
electronic states of the Cu substrate leads to the observed changes
in the magnetic properties. Due to the embedding the atoms in
the TM chain gain two additional Cu nearest neighbors to the two
Fe nearest neighbors in the free-standing wire. The embedded Fe
atoms have beside the two TM nearest neighbors additional seven
Cu nearest neighbor atoms.

The ground state magnetic properties of TM chains deposited
on the embedded Fe chain are summarized in Table 3. The energy
difference is shown with respect to the ferromagnetic solution, i.e.
a positive AE indicates a ferromagnetic ground state. Table 3
presents that the Mn, Fe, Co, and Ni chains are most stable in the
FM state, while the ground state of the Sc, Ti, and V chains is the
AFM state (cf. Fig. 2). Interestingly, the ground state for the Cr-Fe
wire is from M-type. Using Cr to form the TM chain on the
embedded Fe chain, the formation of a well-ordered
antiferromagnetic Cr-Fe wire can be achieved.

The magnetic moments in the embedded configuration are
smaller than in the corresponding freestanding double-chain
(cf. 4). It can be seen that the change of the Fe moments in general
is larger than the change of the TM moments due to the stronger
hybridization effects. This can be seen clearly for the Fe-Fe wire.
The substrate brakes the symmetry and the embedded chain has a
strongly reduced moment while the moment of the chain on the
surface is unchanged.

Note, the Mn chain exhibits a bistability between the FM and
M states (AE<13 meV/supercell). This energy difference is
smaller than the energy differences between magnetic states
which have been calculated for Mn clusters on Ag(001) [23]. Such

small energy differences open up the possibility to influence the
magnetic state by external means at finite temperature. It should
be noted that the energy difference will depend on structural
relaxations at the surface which are not taken into account in the
present investigation.

The systematic investigation of different magnetic states can
be used as a starting point to consider the finite temperature
magnetic properties of arrays of such TM-Fe wires. If the
magnetic states are mapped onto a classical Heisenberg model,
the Heisenberg exchange parameters can be determined from the
energy differences given in Table 3. Preliminary calculations
indicate that Monte Carlo simulations can be used to determine
the magnetic properties at finite temperature.

In summary, we have performed first-principles calculations of
magnetic states in TM-Fe double-chains on the vicinal Cu surface,
whereas Fe forms a buried row in the Cu(111) surface and a
transition metal chain is positioned at the top of the Fe wire.
A transition from antiferromagnetic (AFM, M) to ferromagnetic (F)
configurations between Fe and TM is found in the middle of the 3d
series. In the Cr-Fe system the Cr chain is ordered antiferromag-
netically. In all the other configurations the TM chains are
intrinsically in ferromagnetic order. The stepped surface with
embedded Fe chain can be used to form 1D magnetic systems
with very different magnetic properties experimentally .
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