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Kinetic Pathway for the Formation of Fe Nanowires on Stepped Cu(111) Surfaces
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We report the discovery of a novel kinetic pathway for the formation of one-dimensional Fe nanowires
of single atom width on stepped Cu(111) surfaces. This pathway, identified through extensive total-energy
calculations within density functional theory, establishes that the stable structure involves a row of Fe
atoms on the upper edge of a step. The formation of the surface wire is preceded by facile incorporation of
an initial row of Fe atoms into the surface layer at one lateral lattice constant away from the step edge,
which then acts as an attractor for the second exposed row of atoms. The resulting wire structure provides
a natural interpretation of existing experimental results. We also explore the applicability of this
mechanism in the formation of other related systems.
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One-dimensional (1D) electron systems are expected to
possess many unconventional physical properties, most
notably non-Fermi liquid behavior [1]. Unambiguous con-
firmation of such properties has been sparse, largely be-
cause of the difficulty in obtaining truly 1D electron
systems [2,3]. Among various approaches to overcome
the formation bottleneck, growth of quantum wires through
decoration of surface steps has received intensive attention
[4]. Example systems include metallic wires on semicon-
ducting [5,6] or insulating substrates [7] and magnetic
wires on nonmagnetic metal substrates [8–12]. The former
class of quantum wires serves as testing ground for elec-
trical transport in quasi-1D systems; the latter offers op-
portunities to study magnetism and spin transport in 1D
systems.

In recent experimental studies of magnetic wires on
stepped metal surfaces, most of the wires were found to
form at the lower edge of monatomic-layer-high steps [10–
12]. This prevailing feature is not too surprising, because
an adatom of a given magnetic element typically prefers to
occupy a stable adsorption site located at the lower edge of
a step, thereby leading to the nucleation and growth of a
wire along the lower step edge. In light of this general
trend, the experimental observation that Fe wires of vary-
ing widths are formed at the upper step edges on a vicinal
Cu(111) surface [8] was rather surprising. Because of the
intriguing magnetic properties of these Fe wires, the initial
observation stimulated an extensive line of experimental
and theoretical studies aimed at explaining the microscopic
origin of the magnetic properties [13–15]. In essentially all
these previous studies, the magnetic properties were ex-
plored for given static Fe wire structures. It remains a
mystery why such Fe wires prefer to form at the upper
edges of steps, and what the kinetic mechanisms are that
lead to their formation.

In this Letter, we resolve this long-standing puzzle by
revealing the kinetic mechanism involved in the formation
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of Fe wires at the upper edges of steps on the Cu(111)
surface. Using extensive total-energy calculations within
density functional theory (DFT), we find that an Fe wire at
the upper edge, with an apparent width (as likely to be
detected by a scanning tunneling microscope) as narrow as
one atom, is already energetically more stable than the
corresponding structure at the lower edge of the step, but
only under the condition that another row of Fe atoms be
incorporated underneath the exposed row. The kinetic
pathway for the formation of such a novel wire structure
involves two phases. First, a row of Fe atoms are incorpo-
rated into the upper terrace, one lateral lattice constant
away from the step edge. This is the energetically preferred
and kinetically accessible final configuration whether the
Fe adatoms approach the step from the upper or from the
lower terrace. Subsequently, additional Fe adatoms diffus-
ing on the terrace are strongly attracted to the buried basal
wire, thereby forming an atomic wire exposed at the upper
edge. We discuss this central finding in comparison with
existing experiments. We also attempt to rationalize the
preference of the two-phase kinetic pathway based on
generic qualitative arguments, and support these arguments
by examining related systems.

The DFT results reported here are obtained with the
VASP code [16], using the Perdew-Wang 1991 version of
the generalized gradient approximation (PW91-GGA)
[17]. The default plane-wave cutoffs for different elements
from the GGA ultrasoft-pseudopotential database [18] are
adopted in the calculations. The Fermi-level smearing
approach of Methfessel and Paxton [19] is employed for
the electronic states near the Fermi level, with a Gaussian
width of 0.2 eV. Optimized atomic geometries are achieved
when the forces on all the unconstrained atoms are smaller
in magnitude than 0:01 eV= �A. The bulk Cu lattice constant
determined with these computational parameters is
3.645 Å, which compares well with the experimental value
of 3.63 Å. The climbing image nudged elastic band (NEB)
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FIG. 1. Top view of the surface model employed in the calcu-
lations, showing the first phase of Fe wire formation. The white
and gray circles represent Cu atoms in the first and second layers,
respectively; the black circles represent Fe atoms. (a) Initial
configuration of an Fe adatom reaching the step from the upper
terrace. (b) Initial configuration of an Fe adatom reaching the
step from the lower terrace. (c) Intermediate state of the Cu-Fe
assisted exchange as the state B1 converts to the final state D1 in
(d), which is also the stable final configuration from A1 after
place exchange. The relative energies and the activation barriers
(in eV) connecting the different configurations are indicated next
to vertical arrows.
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method is applied to locate the transition state, and typi-
cally four slab replicas between the initial and final states
are sufficient to produce a smooth minimum energy path
[20]. We also use a spline interpolation fit to examine the
stability of the NEB calculations and determine the poten-
tial energy barriers more accurately.

There are two types of steps on Cu(111), referred to as A
and B, with the former having lower formation energy [21].
Experimentally, Fe wires have been observed to form on
the upper edges of both types of steps [22]. Hence, in the
present study we focus our attention on growth of Fe wires
on A-type steps. Following Ref. [23], we model the
stepped Cu surface by a slab miscut along the (322)
direction, consisting of (111) terraces of width five lateral
lattice constants separated by type A steps of monatomic
height. The slab used in the calculations contains six layers
and a total of 96 Cu atoms in the periodic supercell. The
bottom three layers are fixed at their respective bulk posi-
tions during the relaxation (calculations using a nine-layer
slab produce similar energy difference of selective con-
figurations). A 2� 2� 1 mesh in the Brillouin Zone of the
supercell is used to sample the reciprocal space. As con-
vergence checks, calculations of several important energy
differences and activation barriers using a 3� 3� 1 mesh
lead to insignificant variations to the values from the use of
a 2� 2� 1 mesh. The vacuum region separating slabs is
equivalent to 11.5 Å.

We first study the interaction of a single Fe adatom with
the stepped surface. Our calculations show that the pre-
ferred adsorption site of an Fe adatom is always the fcc
site, whether it is in the central region of a terrace or in the
immediate vicinity of the step. In contrast, the activation
energy barrier encountered by the adatom when it moves
on the surface can differ significantly in the two regions.
For terrace diffusion, the preferred mechanism is via direct
hopping, with an activation energy barrier of 0.025 eV.
When reaching a step from the upper edge [Fig. 1(a)], an
Fe adatom would have to overcome a barrier of 1.00 eV if it
were to climb down by direct hopping over the step edge
(Fig. 1, A1 ! B1). A naı̈ve interpretation of this result
suggests that the high energy barrier for downward motion
of Fe adatoms over the step edge would offer an explana-
tion for the formation of Fe wires at the upper step edges of
the Cu(111) surface. But the real physical situation is more
intricate, and thereby more challenging. The Fe adatom,
instead of hopping down against the high energy barrier,
can easily be embedded into the Cu layer through an
exchange process (Fig. 1, A1 ! D1) with an energy barrier
of only 0.07 eV. Furthermore, the Cu atom displaced by the
Fe adatom in the exchange process prefers to stay at the
lower edge of the step, adjacent to the embedded Fe atom,
because it would have to overcome a high activation barrier
of about 0.9 eV in order to reach the nearest hcp site away
from the step edge.

The above discussion establishes how an Fe adatom
approaching the step from the upper terrace will end up
embedded in the step edge. Fe adatoms can also approach a
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step from the lower terrace. It is therefore necessary to
examine the optimal final configuration for this situation.
Here, we find that the Fe atom switches position with a Cu
atom at the step edge through a slightly more complex
motion involving an intermediate state C1. The Fe atom is
first incorporated into the step by displacing a Cu atom
upward onto an hcp site at the upper step edge [Fig. 1(c)], a
process which has an activation barrier of 0.66 eV (Fig. 1,
B1 ! C1); subsequently, the displaced Cu atom hops off
the step directly to the lower terrace, a process with an
activation barrier of 0.34 eV (Fig. 1, C1 ! D1); we refer to
this motion as the ‘‘assisted exchange’’ process. Thus,
independent of the direction in which the Fe adatom ap-
proaches the step edge, there is a unique stable final
configuration, shown in Fig. 1(d).

When a second Fe adatom approaches the step contain-
ing an embedded Fe atom from the upper edge, it is even
more preferred to join the first one and extend the em-
bedded wire to two atoms in length, gaining an energy as
much as 2.52 eV. Additional Fe atoms approaching the step
edge will undergo the same processes, leading to a row of
Fe atoms embedded in the Cu step, one lateral lattice
constant away from the step edge. This embedded row of
Fe atoms has so far escaped experimental detection.
However, our study shows that it is an essential part of
wire growth.

We next consider the deposition of additional Fe atoms
on the surface containing mixed Fe-Cu steps. The likely
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configurations are shown in Fig. 2. Again, an Fe adatom
can approach the mixed step from either the upper or lower
terrace. From the upper terrace, configuration A2 is easily
reached, which is energetically stable because of the at-
traction of the Fe adatom to the basal Fe wire. In contrast,
configuration B2, reached by an Fe adatom approaching
from the lower terrace, is energetically very unstable. In
analogy to the processes shown in Fig. 1, the high energy
configuration B2 will convert into A2 via two intermediate
states C2 and D2. Configuration C2 is reached via a place
exchange process, with the Fe adatom taking the place of
an edge Cu atom, and the Cu atom displaced up to reside on
top of three Fe atoms. Configuration D2 is reached when
the atop Cu atom climbs down the Fe-Cu mixed step.
Finally, the D2 ! A2 transition is realized via a second
assisted process. Based on the relative energies shown in
Fig. 2, and the detailed calculations for the first phase
(Fig. 1), we surmise that the kinetic barriers encountered
in the overall B2 ! A2 transition are all relatively small
(up to a few tenths of eV). Therefore, additional deposition
of Fe on the surface naturally leads to the growth of an Fe
wire on top of the Fe basal wire, with an apparent width of
only one atom. Further growth of Fe will widen the width
of the wire, but the narrowest stable Fe wire is a true one-
atom-wide structure residing at the upper edge of the
mixed Fe-Cu step.

So far we have identified a two-phase kinetic pathway
for the formation of an Fe wire at the upper edge of a step
on a Cu(111) surface. Next, we attempt to rationalize the
preference of the two-phase kinetic pathway for this sys-
tem based on qualitative considerations of bond strength,
bond length, and crystalline structure.
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FIG. 2. Top view of the second phase of the two-phase kinetic
pathway for Fe wire formation on the stepped Cu(111) surface,
together with the energy levels and activation barriers (in eV) for
different configurations. Dashed lines indicate energies not ex-
plicitly calculated. (a) and (b) show the initial configurations
reached when an Fe adatom approaches the Fe-Cu mixed step
from the upper and lower terrace, respectively. Configuration A2

is energetically most stable, because of the strong attraction by
the buried Fe wire. Configuration B2 is energetically very
unstable, and will convert to configuration A2 via two inter-
mediate configurations shown in (c) and (d).
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First, the preference of the various motions shown in
Figs. 1 and 2 is tied to the inequality chain in the Fe-Fe, Fe-
Cu, and Cu-Cu bond strengths: UCu-Cu < UCu-Fe < UFe-Fe,
deduced from the melting temperatures Tm�Fe� �
1811K � Tm�Cu� � 1358 K. Compared with direct hop-
ping, the exchange processes have lower activation ener-
gies because they involve interruption of fewer of the
stronger Cu-Fe or Fe-Fe bonds [24].

On the other hand, consideration of pure bond strength
alone is insufficient in explaining the structural selection in
phase two. Here, both the bond length and the intrinsic
crystal structure come into play. This is because of the
different nature of the configurations involved in the two
phases: the first phase involves Fe adatoms on a Cu sub-
strate, dealing with the behavior of individual Fe atoms
with a surrounding Cu host. The second phase, with the
involvement of the Fe atoms embedded in the Cu substrate,
deals with Fe atoms in an environment more akin to the
crystal structure of bulk Fe. In the h011i direction of the
Cu(111) surface, the nearest Cu-Cu distance is 2.56 Å,
while in bcc Fe the nearest Fe-Fe distance in the h111i
direction is 2.48 Å. Therefore, the embedded Fe row is only
minimally strained by the fcc structure of the Cu substrate.
In order for the Fe atoms to regain an environment closer to
their preferred bcc crystalline structure, incoming Fe atoms
in phase two choose to stay on the upper edge of the step.
This avoids undergoing either more embedding of the Fe
atoms, which would lead to an extended Fe structure in fcc
geometry, or direct hoppings, which would not promote
growth of a bcc-like Fe crystal.

To explore the applicability of this two-phase kinetic
process to other systems, and, in particular, to justify the
physical considerations involved in the second phase of the
wire formation, we next examine the behavior of Co and W
atoms on the same stepped Cu(111) surface.

Because Fe, Co, and W have the same bond strength
inequalities when growing on Cu, we expect that the
exchange pathways similar to those shown in Fig. 1 should
also take place for Co or W, leading to the formation of a
row of atoms embedded into the Cu substrate, one lateral
lattice constant away from the step edge (phase one). But
different expectations from the Fe case arise in phase two.
The Co crystal has a hexagonal structure. Its densely
packed (0001) surface has exactly the same hexagonal
configuration as the (111) surface layer of the Cu substrate.
The Co nearest neighbor distance on the (0001) surface is
2.51 Å, which enables the buried Co line to be accommo-
dated at the regular lattice sites of the fcc Cu substrate even
better than Fe. Furthermore, additional Co atoms should
also be embedded into the Cu substrate as an extension of
the Co structure in the hexagonal geometry, thereby dou-
bling the width of the buried Co wire. W, like Fe, prefers a
bcc structure, but its nearest neighbor distance in the h111i
direction is 2.74 Å, much larger than the corresponding
distance of 2.56 Å for Cu. Therefore, when a row of W
atoms are embedded into the Cu substrate, we expect the
relaxation of the ensuing strain to lead to buckling of the W
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FIG. 3. Relative energies and activation energy barriers (in eV)
of configurations involved in (a) phase one and (b) phase two of
the kinetic pathway for Co (numbers to the left of vertical
arrows) and W (numbers to the right). Dashed lines indicate
energies not explicitly calculated.
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row, which would then spoil its alignment with the h111i
direction. Additional incoming W atoms should follow the
structure of this buckled basal line.

As shown in Fig. 3, our detailed calculations confirm
these qualitative expectations. In the first phase, when
approaching the step from the upper edge as shown in
Fig. 1(a), both the Co and the W adatom will undergo the
exchange pathway to reach the final state D1. For the initial
configuration B1, which involves a Co or W adatom ap-
proaching from the lower terrace, the final state D1 has a
much lower energy (0.47 eV for Co and 1.18 eV for W),
ensuring that it is the final stable configuration that can be
reached via (assisted) exchange. However, the presence of
a basal line in the Cu substrate does not guarantee the
formation of a stable wire on top. A detailed examination
shows that the embedded Co row is nicely confined in the
substrate while the W row buckles to partially recover the
bcc structure in the h011i direction. When additional Co or
W adatoms approach the mixed step from the upper edge,
they continue to embed into the step via place exchanges.
Such processes favor the stabilization of the hexagonal
structure of Co or the bcc structure of W. Based on these
results, we conclude that the same type of wire as for the Fe
case is unlikely to form for either Co or W. Instead, a Co
atom wire, sitting on top of two buried rows of Co, is
favored, while the case of W is more complex because of
buckling.

Finally, note that we have also carried out spin-polarized
calculations with all-electron methods [25]. These results
do not alter the central conclusions of the spin-averaged
calculations. Spin-polarized calculations may slightly
change the detailed configurations of the top wire, but for
the kinetic processes and the 1D wires we have focused on,
our original calculations give reliable conclusions. There-
fore, we expect that growth experiments with carefully
controlled Fe coverages should observe the initial burying
of the Fe rows and the subsequent formation of Fe wires of
single atom width. Furthermore, our findings suggest the
need for a reexamination of conclusions from previous
studies of the magnetic properties of Fe wires that have
overlooked the necessary existence of the Fe basal line.

In conclusion, our extensive theoretical study of the
kinetics of Fe adatoms on the Cu(111) stepped surfaces
15550
provides the missing kinetic picture of how Fe nanowires
are formed. A hidden Fe basal line under the exposed wire
has been identified. The underlying physical reasons for
the kinetic pathway are also corroborated by the results of
additional calculations for Co and W.
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