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Fe nanowires on vicinal Cu surfaces:Ab initio study
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Local-spin-density-functional theory is applied to describe the structural and magnetic properties of iron
wires consisting of chains of single atoms. It is shown that an unsupported isolated wire is unstable with
respect to both dimerization and bending. The preferential positions of wires grown on stepped Cu(11n)
surfaces are the inner corner sites of the steps. From the total energy differences the effective intrachain and
interchain exchange constants are estimated for wires at different distances. In all cases the resulting magnetic
order is ferromagnetic. Regarding an array of magnetic moments arranged in parallel rows as a quasi-two-
dimensionalXY ferromagnet subject to uniaxial anisotropy with the easy axis parallel to the surface, we find
the Curie temperature of Fe wires on Cu~117! using Monte Carlo simulation. Our results are consistent with a
critical behavior characteristic of theXY model.
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I. INTRODUCTION

The advances made during the last two decades in pre
ing and studying magnetic overlayers and multilayered s
tems have brought about the discovery of a number of n
fundamental physical phenomena such as, for instance
duced magnetization in nonmagnetic metals, oscillat
magnetic coupling, or giant magnetoresistance.1 Currently,
these two-dimensional materials are being integrated
electronic devices. Going down by one dimension, lin
nanostructures have recently attracted much attention
for basic research and for envisaged applications in tech
ogy. Various techniques have been used for the productio
long and regular wires. Standard optical lithography allo
patterning of structures down to a scale of about 200 n
Electrodeposition inside the void spaces of anodic alumin
oxide or track-etched polymer membranes is at present
method of choice for producing arrays of wires of diamet
down to about 10 nm.2,3 Single metal wires of a simila
diameter could be prepared by deposition onto nanotu
buffered by a Ti layer.4 Monatomic chains or stripes of sub
nanometer width have been fabricated by molecular-be
epitaxy on ordered stepped surfaces, which are distinguis
by an inherent periodic one-dimensional pattern.5–10 In the
appropriate temperature range, deposited atoms adsorb
erentially on step ledges and their mobility along the ledg
enhanced, these are crucial preconditions for the uniform
of the nanowires. This widely applicable technique perm
the preparation of large-area nanostructured samples of
standing quality and, moreover, one of the important str
tural parameters, the interwire distance, can be tuned sim
by changing the miscut angle. Examples of nanowires gro
by self-assembly on vicinal surfaces include stripes of Fe
stepped W~110!,5 Cu on stepped Mo~110! and W~110!,6 Fe
on stepped Cu~111!,7 Co on stepped Au~111!,8 Ag, Cu,9 and
Co ~Ref. 10! on Pt~997!, or Fe stripes on stepped Si~111!
substrates.11

Till recently, due to large unit cells required for the d
scription of nanostructured surfaces, theoretical studies w
feasible merely within semiempirical methods. The incre
ing performance of computers makes it possible to lau
0163-1829/2002/65~23!/235405~7!/$20.00 65 2354
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first-principles calculations, which allow to gain more insig
into the physical phenomena on an atomistic level than av
able by experimental techniques. This has been manife
by recent work on magnetism of 4d metallic wires on Ag
vicinals.12 The purpose of the present work is a systematicab
initio investigation of the structural and magnetic intera
tions in Fe chains formed on Cu(11n) surfaces. The
Cu(11n) surfaces belong to vicinals characterized by~001!
terracesn/2 atoms wide. The terraces are terminated
straight steps of̂ 110& orientation and separated by$111%
microfacets. Our recent calculations of multilayer surface
laxations of Cu(11n) and Cu(10n) surfaces13 described cor-
rectly the interlayer spacing contraction/expansion tre
and we were able to reproduce the measured formation
ergies of$110%- and $111%-faceted steps.14

One-dimensional Fe stripes on vicinal Cu surfaces w
~111! terraces and steps aligned along the^110& direction
were explored by Shenel al.7 At low coverage nonuniform
stripes one to two atoms high and with a width of more th
four atom rows, fragmented into~10–20!-nm-long pieces,
were observed. Stripe morphology has a significant influe
on magnetic properties. Stripes were found to exhibit a
romagnetic behavior with time-dependent magnetizati
which could be explained in terms of a model involvin
finite interacting blocks of Ising spins, basically the strip
behaved superparamagnetically.

Early stages of the Fe/Cu~100! interface formation with
focus on substrates with a high density of steps have b
examined by scanning tunneling microscopy.15 It has been
observed that straight steps of an unspecified orientation
to rearrange into irregular steps, with the longest segme
along^110& directions upon deposition of only 0.035 ML o
Fe. Hence (11n) vicinal surfaces with the steps aligne
along thê 110& direction can be anticipated as suitable te
plates for a production of steady monoatomic iron wires.

The outline of the paper is as follows. Section II is d
voted to a brief description of the calculational method a
setup we have used. We start by presenting the results
single Fe wires in Sec. III, the morphology and magne
structure of arrays of parallel Fe wires on Cu(11n) surfaces
are reported in Secs. IV and V. The magnetic phase trans
©2002 The American Physical Society05-1
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FIG. 1. Band structures and atom-resolved densities of states for Fe chains:~a! undistorted chain,~b! dimerized chain,~c! zigzag-shaped
chain with the bond-bond angle of 149°. The solid~dashed! lines depict the majority~minority! spin states. The Fermi energy defines t
zero point on the energy scale.
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to a paramagnetic state and an adequate estimation o
critical temperature on the basis of numerical simulation
discussed in Sec. VI. Finally, in Sec. VII we summarize o
main results and conclude.

II. COMPUTATIONAL DETAILS

As already noted above, the calculations reported h
were performed within the framework of the densit
functional theory. We used the Viennaab initio simulation
package,16VASP, in a projector augmented-wave represen
tion, which is as accurate as the relaxed-core all-elec
methods.17,18 Exchange and correlation effects were d
scribed by the functional due to Perdew and Zunger,19 em-
ploying the spin interpolation proposed by Voskoet al.20 and
adding generalized gradient corrections.21 Structural relax-
ations were performed using a quasi-Newton algorith
making use of the Hellmann-Feynman forces acting on io

The free-standing isolated wires were modeled by p
odically repeated slabs 20 Å wide in thex andy directions.
The one-dimensional Brillouin zone was sampled by 25k
points. For the (11n) surfaces the supercells were co
structed by stacking eight~001! layers, which were in turn
rotated by the corresponding miscut angle. The shortest
tance from one slab to its nearest image always excee
14.7 Å. Some calculations for~117! surfaces were repeate
with a shorter distance of 9.4 Å in order to estimate the er
bars for differences in total energies for ferromagnetic a
antiferromagnetic solutions introduced by the slab geome
and the differences were never in excess of 1 meV/Fe at
The Fe atoms were put symmetrically on both sides of
slab. During structural relaxations, undertaken for ferrom
netic Fe/Cu~117! models, the top and bottom eight~117! lay-
ers were free to move. Relaxation was stopped when
forces acting on each ion dropped below 0.02 eV/Å. In
interior of the slabs, the interlayer distances were fixed
values corresponding to the calculated Cu lattice spacin
a53.637 Å. The number ofk points was chosen accordin
to the requirement that the number of atoms times the n
ber of k points in the irreducible Brillouin zone was alway
between 300 and 370, and the supercells in our calculat
encompassed between 28 and 92 atoms.
23540
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III. FREE-STANDING Fe CHAINS

Before we turn our attention to the realistic case of
chains grown on Cu(11n), it is instructive to explore prop-
erties of a free-standing Fe wire with a monatomic cro
section. Minimization of the total energy with respect to i
teratomic distance gives an equilibrium bond length ofa0

52.252 Å and a magnetic moment of 3.34mB /atom for par-
allel magnetic moments, and 2.378 Å and 3.05mB /atom for
alternating magnetic moments. The ferromagnetic configu
tion is lower in energy by 347 meV/atom. Because in a no
magnetic wire we obtaineda051.943 Å ~and the energy is
higher by 623 meV/atom compared to the ferromagnetic
lution!, the onset of magnetism is always accompanied b
considerable wire elongation. As one-dimensional metals
unstable with respect to static lattice deformations,22 we al-
lowed for two conceivable deformations of the chain: Peie
or spin-Peierls dimerization and a formation of a zigz
curve. Both deformations work in favor of lowering the tot
energy. The modulated interatomic distances in a dimeri
chain are (160.164)a0 and the energy decreases b
219.7 meV/atom. For the crooked chain we explored t
possibilities.

~i! Every second atom was shifted by the same amo
along a direction perpendicular to the wire, imitating a sh
deformation. In such a geometry the interatomic bond len
elongates with the increasing bending angle. The ene
minimum is found for the angle of 149° lower by 54 meV
atom compared to an undistorted wire.

~ii ! The bond-bond angle is varied keeping all Fe-Fe bo
lengths equal to that calculated for a straight wire. App
ently, this deformation has the greatest effect on a wire—
collapses to a nearly triangular stripe with a bending angle
68° and an energy gain of 1.01 eV/atom. At a still smal
angle of 55° the magnetic moment drops from about 2.9mB
to 1.5mB . This transition from a high-spin to a low-spin sta
could be an indication that the ferromagnetic state gets
stable and a different magnetic state, e.g., regarding an
herent frustration of an antiferromagnet in a triangular geo
etry, noncollinear order would develop. We note that all t
tackled deformations are confined to a plane and that
structural optimization was carried out.

The analysis of electronic band dispersion and of the d
5-2
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Fe NANOWIRES ON VICINAL Cu SURFACES: . . . PHYSICAL REVIEW B 65 235405
sities of states~DOS!, shown in Fig. 1, reveals a nearly hal
metallic character of the Fe wire, in which the occupi
states in the majority band are separated by about a 2
wide gap from the unoccupied ones, if the minimal DOS os
bands in this range is disregarded. The overall stability of
chain is determined by the DOS of the minorityd electrons
near the Fermi level. It can be concluded that upon dim
ization, thed states ofxy,yz, and 3z22r 2 symmetry are
pushed away from the Fermi level to higher and lower en
gies, leading to a depletion of electron states just below
above the Fermi level. Allowing a chain bending reduces
DOS atEF from three to two states per eV, by shifting thexy
andx22y2 states upwards. Moreover, it is easily seen fro
the displayed band structures that the magnetic excha
splitting between majority and minority spin bands is lar
not only ford bands but also forsp bands. This is in contras
to the Fe crystal, in which thesp bands are weakly polarize
in opposite direction to thed bands.

IV. Fe CHAINS ON Cu „11n… SURFACES

To begin with, we discuss a ferromagnetic array of
chains on the Cu~117! substrate. We have considered alt
gether six different locations of the Fe wires, which are d
played in Fig. 2 and labeled by~a!-~f!. This classification will
be used throughout the paper. The energies counted from
most stable configuration~a! obtained for a relaxed geom
etry, the energy gain by relaxation, and the magnetic m
ments of the relaxed wires are listed in Table I. As can
seen, Fe atoms tend to embed into the Cu substrate an
total energy increases with decreasing Fe-Cu coordinat
This provides an indication that Fe-Cu heterobonds
stronger than Cu-Cu bonds. The results for Fe wires

FIG. 2. The oblique view of the surface of structural mod
representing monatomic Fe chains on Cu~117! substrate, ordered in
the sequence of increasing energies;~a! Fe buried below step edge
~b!, ~c! Fe wires in the terraces,~d! Fe atoms decorating the edg
~e!, ~f! Fe wires on top of the terraces. The Fe atoms are depicte
smaller darker balls with displayed bonds to the neighbors.
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semble those for a complete Fe~001! monolayer placed onto
or buried in a Cu~001! substrate. It turned out that such
monolayer prefers to be coated with two Cu overlayers,
ducing in this manner the surface energy, because the ca
lated surface energy ofg-Fe(001) is higher than that of th
Cu~001! surface.23 Analogous conclusions were drawn for a
Fe impurity located near the Cu~001! surface.

Relaxation does not change the order of the most sta
configurations, but upon relaxation the chains just above
race ledges in configuration~e!, where nearby atoms ar
more loosely coupled, reduce their strain more than in c
~f! with chains in the middle of a terrace, making configur
tion ~e! after relaxation more stable compared to configu
tion ~f!. The lateral and vertical interlayer relaxations
Cu~117!, with Cu atom rows replaced by Fe atom rows in t
first up to the fourth~117! layer, are presented in Table II. O
symmetry grounds, no rearrangement is expected along
step direction. The lateral displacements are rather sm
Concerning the vertical relaxations, the step and all terr
atoms relax inwards, whereas the corner atoms exhibit
outward relaxation, meaning that the stepped surfaces fla
by relaxation. It is notable that the vertical relaxations a
smallest for the ground-state configuration~a!, and a com-
parison with pure Cu~117! without Fe wires reveals that
chain of Fe atoms fits better into the corner than Cu ato
alone.

The fact that we identify the inner corner sites of t
terrace as the preferential position of a wire does not
mean that it will be realized during a growth process. Pre
ously we have calculated the energy of an Fe adatom
Cu~001!, required to trade places with any of its C
neighbors.23 The calculated energy barrier of such a proce
is a sizableDE'1.45 eV. For the incorporation of Fe atom
into the ~100! terraces, we can safely assume an activat
energy of the same order of magnitude. As the excha
mechanism for placing Fe adatoms below the step edg
even more complex, the exchange barrier is likely to be e
higher and would be kinetically hindered. For these reaso
if Fe atoms are deposited at low temperatures on a Cu(1n)
substrate, they are supposed to build rows attached to u
step edges according to the configuration~d!.

as

TABLE I. Calculated energy differencesDE for various relaxed
configurations as classified in Fig. 2 with respect to the ground-s
configuration~a!. DEr is the change in energy by a relaxation rel
tive to an ideal structure with all positions as in a~117! structure.
The magnetic moments of ferromagnetically coupled Fe atoms
ranged into chains are provided in the last column.

Configu- DE DEr mFe
↑↑

ration ~meV/Fe atom! ~meV/Fe atom!

~a! 0 234 2.80mB

~b! 138 247 2.91mB

~c! 169 232 2.91mB

~d! 262 242 2.92mB

~e! 588 2120 2.93mB

~f! 608 295 2.96mB
5-3
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TABLE II. Lateral and vertical interlayer relaxations of Cu~117! with Fe nanowires. Lateral relaxations are given in percentages o
ideal bond length 2.572 Å, vertical relaxations along the@117# direction are given in percentages of the interlayer distance 0.509 Å.
second and third columns report the relaxations on a clean Cu~117! surface, the remaining results refer to configurations~a! to ~d! shown in
Fig. 2.

Layer Cu~117! a ~a! ~b! ~c! ~d!

x z x z x z x z x z

1 21.6 29.3 20.7 27.7 21.3 215.8 22.7 28.8 22.4 214.0
2 21.2 27.7 20.8 26.4 21.8 22.9 21.3 25.2 20.6 0.8
3 21.1 221.8 22.0 215.7 21.7 221.4 20.6 214.7 22.0 222.8
4 1.7 14.3 2.2 13.3 2.7 20.2 1.3 17.0 2.9 22.3
5 0.5 23.0 0.1 21.8 20.1 21.1 0.6 23.0 20.2 27.1
6 0.3 29.1 0.0 21.0 0.6 25.4 21.0 27.4 0.2 22.5
7 21.0 5.6 20.7 21.0 21.1 2.4 0.6 6.5 21.0 1.7
8 0.4 20.2 0.4 4.4 0.4 2.5 0.0 0.6 0.6 2.9

aReference 13.
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V. MAGNETIC EXCHANGE INTERACTIONS

In the following we want to explore the intrachain an
interchain magnetic coupling. Because the structure opt
zation discussed in the foregoing paragraphs did not lea
any significant variation of magnetic moments, it is acce
able to confine oneself to unrelaxed geometries. The stre
of intrachain magnetic coupling can be deduced from
energy difference of ferromagnetically and antiferromagn
cally aligned moments along a wire. We have perform
such a calculation for a wire in configuration~d! on Cu~117!.
The effective intrachain coupling constantJi5140.5 meV is
surprisingly high, in fact one order of magnitude higher th
the dominant coupling constants in bulk Fe.24

The interchain coupling constantsJ' have been calcu
lated exploiting supercells doubled in the direction perp
dicular to the wires, and for parallel and antiparallel alig
ment of the moments on the two wires on each side of
supercell. With the exception of the wires on a~113! sub-
strate, the interaction couplings are considerably smaller t
the intrachain coupling and they vary with the chain-ch
distance in a nonmonotonic way, see Table III. Presuma
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the source of this variable coupling strength, depending
the interwire distance, is the Ruderman-Kittel-Kasuy
Yosida interaction via intervening substratesp electrons. In
the example of wires on Cu~117! we note that the magneti
coupling strength tends to increase as the wire becomes
rounded by more host Cu atoms, i.e., in the sequence
→(c)→(a). Oscillations in sign akin to those in the wel
studied interlayer exchange coupling in magnetic laye
separated by a nonmagnetic spacer could be anticipated
coupling periods are determined by the extremal spann
vectors of the Fermi surface in the direction of a layer n
mal. However, because these vectors do not change with
spacer thickness in multilayers, but do differ for wires
various (11n) surfaces, where they point along the@nn2̄#
directions, an oscillatory interwire coupling generally cann
be expected.

In order to check the numerical accuracy of rather ti
exchange couplings, the calculation for the configuration~d!
on Cu~117! was repeated with a doubled number ofk points
in the irreducible Brillouin zone. The obtained inaccuracy
energy difference is as small as 0.1 meV, a value one orde
TABLE III. Interwire coupling constantsJ' and magnetic moments of ferromagnetically (mFe
↑↑) and

antiferromagnetically (mFe
↑↓) coupled wires as functions of interwire distancel and the wire location on

Cu(11n) surfaces. For the evaluation of the critical temperatureTC
I in an Ising model, see text.

Surface l ~Å! Configuration J'~meV! mFe
↑↑ mFe

↑↓ TC
I ~K!

~1 1 3! 4.066 ~d! 35.3 2.98mB 62.97mB 2024
~1 1 5! 6.557 ~d! 1.3 2.97mB 62.97mB 817
~1 1 7! 9.092 ~d! 3.9a 2.95mB 62.96mB 1040

~d! 4.0b 2.96mB 62.96mB 1046
~c! 5.1 2.90mB 62.91mB 1111
~a! 5.9 2.78mB 62.79mB 1144

~1 1 9! 11.644 ~d! 0.5 2.98mB 62.97mB 684
~1 1 11! 14.204 ~d! 3.5 3.01mB 63.01mB 1013

aCalculated with 5k points.
bCalculated with 10k points.
5-4
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Fe NANOWIRES ON VICINAL Cu SURFACES: . . . PHYSICAL REVIEW B 65 235405
magnitude smaller than the energies of interest here. In
dition, we investigated a stripe two Fe atoms wide, deco
ing the steps of a~119! substrate. In this case the interwi
coupling between the touching wires is of the same orde
magnitude as the intrawire coupling in the longitudinal
rection,J'582.8 meV.

The magnetostatic interaction enforces an in-plane m
netization, however, a sufficiently strong surface- or st
induced anisotropy could induce a resultant magnetiza
normal to the surface. While a calculation of the ste
induced magnetic anisotropy energy is outside the scop
the present paper, the magnetostatic energy is easily ev
ated by a direct summation over dipole-dipole pairs. We fi
that the magnetostatic interaction always works to confine
moments in the same direction along wires. Taking, for
ample, wires on the~115! surface, the alignment of momen
along wires but antiparallel between wires costs an ad
tional magnetostatic energy of 44meV/atom; ferromagneti-
cally and antiferromagnetically coupled wires with the m
ments oriented across the wires cost 291meV/atom and
359 meV/atom, respectively. Upon rotation of the magne
zation out of plane, an even larger increase of the magn
static energy follows, 381meV/atom in the case of paralle
magnetic interwire coupling and 324meV/atom for the an-
tiparallel one. In systems with wider terraces the trends
main the same, but the strength of the magnetostatic c
pling decays rapidly. Altogether, it can be concluded that
dipolar interactions favor ferromagnetically ordered arrays
wires with an in-plane magnetization along the wires, a
that the interchain magnetic coupling exceeds the dip
interactions by two orders of magnitude.

VI. TRANSITION TEMPERATURES

Now we would like to find an estimate of the temperatu
of the phase transition to a paramagnetic state. In the lim
infinite uniaxial anisotropy, the famous exact solution of t
spatial-anisotropic Ising model on a square lattice25 given by
Onsager,

sinh
2Ji

kBTC
I

sinh
2J'

kBTC
I

51, ~1!

can be applied. The critical temperatures calculated in
way, which have to be considered as the upper bounds
presented in Table III. A more down-to-earth treatme
should allow for uniaxial anisotropies of the order of 1 me
Assuming the in-plane shape anisotropy, the appropriate
scription of the system is furnished by the spatial-anisotro
XY model with an uniaxial anisotropy term

E52Ji(
i ,d i

cos~w i 1d i
2w i !2J'(

i ,d'

cos~w i 1d'
2w i !

2D(
i

cos2~w i !. ~2!

In this equation, the anglew i denotes the direction of th
classical magnetic moment at a lattice pointi relative to step
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edges,Ji(') are the exchange couplings with the near
neighbors at sites labeledi 1d i(') along ~across! the wire,
andD specifies the strength of the single-ion uniaxial anis
ropy. Here, positive values ofD lead to magnetic moment
preferably directed along the wires. With increasing amo
of anisotropy the model approaches an Ising system. Ana
cal studies of theXY model with uniaxial anisotropy do no
find any abrupt crossover region, rather they are consis
with a smooth asymptotic approach to the critical tempe
ture of the Ising model.26,27 We will show that for the weak
anisotropies considered by us, the findings are consis
with those expected for anXY model.

The renormalization-group technique applied to the i
tropic XY model (Ji5J' ,D50) predicts a peculiar phas
transition connected to the dissociation of bound s
vortices.28 In the thermodynamic limit the existence of
spontaneous magnetization is excluded at any nonzero
perature. Nevertheless, it has been shown29 that this thermo-
dynamic limit is inaccessible not only in computer simul
tions but also in experiment, implying the presence
magnetic ordering below the critical temperature. Theref
in the discussion of our data from Monte Carlo simulatio
we concentrate on the temperature variation of the aver
magnetic moment representing the order parameter

m5
1

N KA(
i

mi
2L ~3!

and mainly on the helicity modulus across the wires,

g'5
J'

N K (
i ,d'

cos~w i 1d'
2w i !L

2
J'

2

NkBT K S (
i ,d'

sin~w i 1d'
2w i ! D 2L , ~4!

whereN is the number of lattice sites and the angular bra
ets denote thermal averages. The helicity modulusg' mea-
sures the sensitivity of the system to an imposed infinitesi
angular gradient of the magnetic moments in the perpend
lar direction. One of the most important consequences o
vortex dissociation is a jump fromg'(TC

XY)5(2/p)kBTC
XY to

zero just atTC
XY.30 In models of finite size the discontinuity i

rounded out. However it turns out that the estimation ofTC
XY

from g' is substantially less subject to finite-size shifts tha
for instance, the determination of the critical temperatu
from the magnetization. Because the analysis of the spat
anisotropic two-dimensional~2D! XY model within the
framework of the self-consistent harmonic approximatio31

led to the conclusion that the jump in the helicity modul
depends on the anisotropy, the critical temperature was
extracted from the jump as has been conveniently done
the isotropicXY model, but rather is defined by the temper
ture of the steepest decay in the helicity modulus. The ot
quantities recorded in our simulations were the total ene
the specific heat, and the susceptibility.

We have used a standard single spin-flipMETROPOLIS

algorithm32 with periodic boundary conditions. During simu
lation we encountered convergence problems due to hig
5-5
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D. SPIŠÁK AND J. HAFNER PHYSICAL REVIEW B65 235405
anisotropic exchange couplings. In particular, the tigh
coupled atomic moments within a wire form large clus
moments interacting only weakly with neighboring large m
ments. This has repercussions on the time scale of flipp
these huge moments, which is considerably longer than
time scale associated with fluctuating individual atomic m
ments. Only averages over as many as 43104 Monte Carlo
steps per lattice site per temperature gave reasonable a
racy. Such a slow convergence restricts the lattice size ac
sible by us to 20320 sites. As our aim is not to pinpoint th
critical temperature, the moderate lattice size is not an is
The Monte Carlo simulations were performed for Fe wir
on a Cu~117! surface, i.e., the chosen coupling consta
were Ji5140.5 meV,J'53.9 meV; the single-ion anisot
ropy D assigned to all sites varied between 0 and 20 m
Although a changed sign ofD will switch the easy axis, the
critical temperature will not be affected.

The results for the temperature variation ofg' are plotted
in Fig. 3. Critical temperatures are estimated from the ma
mum of the gradient ing'(T). The dependence of the crit
cal temperature on the anisotropyD plotted in Fig. 4 dem-
onstrates that despite a weak interwire coupling,
magnetic order of an array of Fe wires on Cu~117! persists at
least to about 170 K. Obviously, the uniaxial anisotropy f
ther stabilizes the ordered state. For the expected s
induced anisotropies of about 1 meV the system is suppo
to disorder below room temperature, at about 210 K. We n
that the critical temperatures derived from the inflecti
point of the magnetization as a function ofT are shifted by
about 50 K upwards.

Next we turn to the nature of the phase transition. Sin
our simulations were done for models of a moderate s
sharp phase transitions cannot occur and smearing ef
must be expected. The specific heat exhibits a broad roun
peak distinctly above the critical temperature, a trait typi
for the XY model. More eloquent evidence in favor of
phase-transition characteristic of theXY model comes from
the determination of the critical exponentb describing the
reduction of magnetization nearTC ,

FIG. 3. The helicity modulusg' as a function of temperatur
for different anisotropy parametersD.
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m5~TC2T!b, T→TC . ~5!

In order to obtain the exponentb we performed more exten
sive simulation on a 32332 lattice takingD55 meV. Our
estimate of the critical exponentb50.24 is in very good
agreement with the value expected for the finiteXY model,
b50.23,29 and differs substantially from the value ofb
50.125 ensuing from the Ising model.

VII. CONCLUSIONS

The purpose of this paper has been to outline, on theo
ical grounds, the properties expected for one-dimensio
magnetic structures. We have systematically studied
structural properties and magnetism of monatomic Fe w
on densely stepped Cu(11n) surfaces forn53211 by
means of a first-principles approach. The wires are stra
and aligned parallel along thê110& direction. A single Fe
wire suspended in vacuum assumes a warped zigzag-sh
form. The calculated equilibrium bond length of a fre
standing straight wire is smaller by 12% than the correspo
ing bond length of a wire deposited on a Cu substra
Hence, such a deposited wire is exposed to a significant
sile stress and thus it may be difficult to fabricate long co
tinuous wires, or wires will not grow in registry with Cu
template. Among the different locations of the wire on t
stepped surface we have treated, the preferred position
the inner corner sites, i.e., the sites with the highest coo
nation of Fe by Cu. Yet, at temperatures at which Fe ato
are still able to migrate on terraces, but the exchange p
cesses necessary for incorporating Fe in the host are ki
cally inhibited, a formation of wires attached to the steps
predicted.

By comparing the total energies of ferromagnetic and
tiferromagnetic configurations, the intrawire and interw
magnetic coupling constants were obtained. We have fou
ferromagnetic order in all models under consideratio
namely, for interwire separations between 4.1 and 14.2 Å
reversal to an antiferromagnetic order at larger separat

FIG. 4. The critical temperature of spatially anisotropicXY
model plotted versus the singe-ion anisotropy parameterD. The
curve is a guide to the eye.
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cannot be excluded, though. Provided that the shape an
ropy is efficient to fix the magnetic moments in a (11n)
plane, the calculated magnetic interaction parameters ca
used as input for a Monte Carlo simulation of a pertinent
XY model. The presence of a step-induced anisotropy of
known strength has been taken into account through a sin
ion anisotropy term. The treatment of rounding phenom
by means of a finite-size scaling analysis would require
ing to bigger models. Nevertheless, our critical temperatu
of 200–300 K for anisotropies of 1–5 meV can be taken
reasonable estimates.

The spontaneous magnetization was found to vanish
lowing a power-law behavior with a characteristic expone
v

n
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n

J

s

23540
ot-

be

n-
le-
a
-
s
s

l-
t

of b50.24. This value is a universal signature of finite 2
XY critical behavior. Hence it appears that a weak uniax
anisotropy is a marginal variable, i.e., it does not influen
the critical behavior, or the crossover region to an Ising
havior is too narrow to be accessible in our simulations.
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