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Fe nanowires on vicinal Cu surfacesAb 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 steppea)Cu(11
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(CL7) using Monte Carlo simulation. Our results are consistent with a
critical behavior characteristic of théY model.
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I. INTRODUCTION first-principles calculations, which allow to gain more insight
into the physical phenomena on an atomistic level than avail-
The advances made during the last two decades in prepaable by experimental techniques. This has been manifested
ing and studying magnetic overlayers and multilayered sysby recent work on magnetism ofd4metallic wires on Ag
tems have brought about the discovery of a number of newicinals? The purpose of the present work is a systematic
fundamental physical phenomena such as, for instance, iffitio investigation of the structural and magnetic interac-
duced magnetization in nonmagnetic metals, oscillatorfions in Fe chains formed on Cu(dl surfaces. The
magnetic coupling, or giant magnetoresistahcurrently, — Cu(1In) surfaces belong to vicinals characterized (691)
these two-dimensional materials are being integrated intéerracesn/2 atoms wide. The terraces are terminated by
electronic devices. Going down by one dimension, linearstraight steps 0f110) orientation and separated Hg11}
nanostructures have recently attracted much attention botmicrofacets. Our recent calculations of multilayer surface re-
for basic research and for envisaged applications in technolaxations of Cu(1t) and Cu(1@) surface$’ described cor-
ogy. Various techniques have been used for the production gectly the interlayer spacing contraction/expansion trends
long and regular wires. Standard optical lithography allowsand we were able to reproduce the measured formation en-
patterning of structures down to a scale of about 200 nmergies of{110- and{111-faceted step¥’
Electrodeposition inside the void spaces of anodic aluminum One-dimensional Fe stripes on vicinal Cu surfaces with
oxide or track-etched polymer membranes is at present thel1l) terraces and steps aligned along (H6.0) direction
method of choice for producing arrays of wires of diameterswere explored by Sheal al.” At low coverage nonuniform
down to about 10 nrA2 Single metal wires of a similar stripes one to two atoms high and with a width of more than
diameter could be prepared by deposition onto nanotubgeur atom rows, fragmented inttl0—20-nm-long pieces,
buffered by a Ti layef. Monatomic chains or stripes of sub- were observed. Stripe morphology has a significant influence
nanometer width have been fabricated by molecular-bearan magnetic properties. Stripes were found to exhibit a fer-
epitaxy on ordered stepped surfaces, which are distinguishg@magnetic behavior with time-dependent magnetization,
by an inherent periodic one-dimensional patt®if.In the  which could be explained in terms of a model involving
appropriate temperature range, deposited atoms adsorb préifite interacting blocks of Ising spins, basically the stripes
erentially on step ledges and their mobility along the ledge i®ehaved superparamagnetically.
enhanced, these are crucial preconditions for the uniformity Early stages of the Fe/CLO0 interface formation with
of the nanowires. This widely applicable technique permitfocus on substrates with a high density of steps have been
the preparation of large-area nanostructured samples of ougxamined by scanning tunneling microscdpyt has been
standing quality and, moreover, one of the important strucobserved that straight steps of an unspecified orientation tend
tural parameters, the interwire distance, can be tuned simplip rearrange into irregular steps, with the longest segments
by changing the miscut angle. Examples of nanowires grow@long(110) directions upon deposition of only 0.035 ML of
by self-assembly on vicinal surfaces include stripes of Fe offre. Hence (1d) vicinal surfaces with the steps aligned
stepped W110),° Cu on stepped Md10 and W110),° Fe  along the(110) direction can be anticipated as suitable tem-
on stepped C11),” Co on stepped Ad11)2 Ag, Cu’ and  plates for a production of steady monoatomic iron wires.
Co (Ref. 10 on P{997), or Fe stripes on stepped(811) The outline of the paper is as follows. Section Il is de-
substrates! voted to a brief description of the calculational method and
Till recently, due to large unit cells required for the de- setup we have used. We start by presenting the results for
scription of nanostructured surfaces, theoretical studies wergngle Fe wires in Sec. Ill, the morphology and magnetic
feasible merely within semiempirical methods. The increasstructure of arrays of parallel Fe wires on Cu)kurfaces
ing performance of computers makes it possible to launclare reported in Secs. IV and V. The magnetic phase transition
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FIG. 1. Band structures and atom-resolved densities of states for Fe dlaaimsdistorted chain(b) dimerized chain(c) zigzag-shaped
chain with the bond-bond angle of 149°. The sdlithshedl lines depict the majorityminority) spin states. The Fermi energy defines the
zero point on the energy scale.

to a paramagnetic state and an adequate estimation of the lll. FREE-STANDING Fe CHAINS
critical temperature on the basis of numerical simulations is
discussed in Sec. VI. Finally, in Sec. VIl we summarize our
main results and conclude.

Before we turn our attention to the realistic case of Fe
chains grown on Cu(I1), it is instructive to explore prop-
erties of a free-standing Fe wire with a monatomic cross
section. Minimization of the total energy with respect to in-
teratomic distance gives an equilibrium bond lengthagf
=2.252 A and a magnetic moment of 3;34/atom for par-

As already noted above, the calculations reported hergllel magnetic moments, and 2.378 A and &@%atom for
were performed within the framework of the density- alternating magnetic moments. The ferromagnetic configura-
functional theory. We used the Vienrad initio simulation  tion is lower in energy by 347 meV/atom. Because in a non-
packagedasp, in a projector augmented-wave representa-magnetic wire we obtained,=1.943 A (and the energy is
tion, which is as accurate as the relaxed-core all-electrohigher by 623 meV/atom compared to the ferromagnetic so-
methods.’*® Exchange and correlation effects were de-lution), the onset of magnetism is always accompanied by a
scribed by the functional due to Perdew and Zurldenn-  considerable wire elongation. As one-dimensional metals are
ploying the spin interpolation proposed by Vosial”° and  unstable with respect to static lattice deformatiéhese al-
adding generalized gradient correctidhsStructural relax- lowed for two conceivable deformations of the chain: Peierls
ations were performed using a quasi-Newton algorithmor spin-Peierls dimerization and a formation of a zigzag
making use of the Hellmann-Feynman forces acting on ionscurve. Both deformations work in favor of lowering the total

The free-standing isolated wires were modeled by perienergy. The modulated interatomic distances in a dimerized
odically repeated slabs 20 A wide in tkeandy directions. chain are (1-0.164p, and the energy decreases by
The one-dimensional Brillouin zone was sampled byk?5 —19.7 meV/atom. For the crooked chain we explored two
points. For the (1d) surfaces the supercells were con- possibilities.
structed by stacking eigh©01) layers, which were in turn (i) Every second atom was shifted by the same amount
rotated by the corresponding miscut angle. The shortest dislong a direction perpendicular to the wire, imitating a shear
tance from one slab to its nearest image always exceedeateformation. In such a geometry the interatomic bond length
14.7 A. Some calculations fdfi17) surfaces were repeated elongates with the increasing bending angle. The energy
with a shorter distance of 9.4 A in order to estimate the errominimum is found for the angle of 149° lower by 54 meV/
bars for differences in total energies for ferromagnetic andatom compared to an undistorted wire.
antiferromagnetic solutions introduced by the slab geometry, (ii) The bond-bond angle is varied keeping all Fe-Fe bond
and the differences were never in excess of 1 meV/Fe atontengths equal to that calculated for a straight wire. Appar-
The Fe atoms were put symmetrically on both sides of theently, this deformation has the greatest effect on a wire—it
slab. During structural relaxations, undertaken for ferromageollapses to a nearly triangular stripe with a bending angle of
netic Fe/C@117) models, the top and bottom eiglitl7) lay-  68° and an energy gain of 1.01 eV/atom. At a still smaller
ers were free to move. Relaxation was stopped when thangle of 55° the magnetic moment drops from aboui3.9
forces acting on each ion dropped below 0.02 eV/A. In theto 1.545 . This transition from a high-spin to a low-spin state
interior of the slabs, the interlayer distances were fixed tacould be an indication that the ferromagnetic state gets un-
values corresponding to the calculated Cu lattice spacing cftable and a different magnetic state, e.g., regarding an in-
a=3.637 A. The number ok points was chosen according herent frustration of an antiferromagnet in a triangular geom-
to the requirement that the number of atoms times the numetry, noncollinear order would develop. We note that all the
ber of k points in the irreducible Brillouin zone was always tackled deformations are confined to a plane and that no
between 300 and 370, and the supercells in our calculatiorstructural optimization was carried out.
encompassed between 28 and 92 atoms. The analysis of electronic band dispersion and of the den-

Il. COMPUTATIONAL DETAILS
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TABLE I. Calculated energy differenceskE for various relaxed
configurations as classified in Fig. 2 with respect to the ground-state
configuration(a). AE, is the change in energy by a relaxation rela-
tive to an ideal structure with all positions as i#l7) structure.

The magnetic moments of ferromagnetically coupled Fe atoms ar-
ranged into chains are provided in the last column.

Configu- AE AE, mLL
ration (meV/Fe atom (meV/Fe atom

(@ 0 -34 2.8Qug
(b) 138 - 47 2.9
(© 169 -32 2.9%ug
(d) 262 —-42 2.9
(e) 588 —-120 2.93u5
() 608 -95 2.96ug

semble those for a complete (B81) monolayer placed onto
FIG. 2. The oblique view of the surface of structural modelsor buried in a C(001) substrate. It turned out that such a
representing monatomic Fe chains on(Tly) substrate, ordered in  monolayer prefers to be coated with two Cu overlayers, re-
the sequence of increasing energi@s;Fe buried below step edge, ducing in this manner the surface energy, because the calcu-
(b), (c) Fe wires in the terrace¢d) Fe atoms decorating the edge, |ated surface energy of-Fe(001) is higher than that of the

(e), (f) Fe wires on top of the terraces. The Fe atoms are depicted aéu(OOl) surfacez.SAnangous conclusions were drawn for an
smaller darker balls with displayed bonds to the neighbors. Fe impurity located near the @01) surface

N o Relaxation does not change the order of the most stable
sities of state¢DOS), shown in Fig. 1, reveals a nearly half- configurations, but upon relaxation the chains just above ter-
metalhg characte_r pf the Fe wire, in which the occupied,gce ledges in configuratiofe), where nearby atoms are
states in the majority band are separated by about a 2-€Yqqre |90sely coupled, reduce their strain more than in case
wide gap frpm the u_noc_cupled ones, if the minimal P,OS of (f) with chains in the middle of a terrace, making configura-
ban_ds_ln this range I1s disregarded. The ov_eral! stability of th‘?ion (e) after relaxation more stable compared to configura-
chain is determined by the DOS of the minoriyelectrons  yio () The lateral and vertical interlayer relaxations of

near the Fermi level. It can be conczludezd that upon dimerCu(ll?), with Cu atom rows replaced by Fe atom rows in the
ization, thed states ofxy,yz, and I"—r® symmetry are fy s tg the fourth(117) layer, are presented in Table II. On
pushed away from the Fermi level to higher and lower energy ety grounds, no rearrangement is expected along the
gies, leading to a depletion of electron states just below an tep direction. The lateral displacements are rather small.

above the Fermi level. Allowing a chain bending reduces the;ncerning the vertical relaxations, the step and all terrace
DOS atE. from three to two states per eV, by shifting kg 514ms relax inwards, whereas the corer atoms exhibit an
andx”—y* states upwards. Moreover, it is easily seen fromg yard relaxation, meaning that the stepped surfaces flatten
the displayed band structures that the magnetic exchangg, ye|axation. It is notable that the vertical relaxations are
splitting between majority and minority spin bands is largeqmaiest for the ground-state configuratiea, and a com-

not only ford banQS but. also fosp bands. This is in contrast parison with pure C{117) without Fe wires reveals that a
to the Fe crystal, in which thep bands are weakly polarized .hain of Fe atoms fits better into the corner than Cu atoms
in opposite direction to the bands. alone.

The fact that we identify the inner corner sites of the
terrace as the preferential position of a wire does not yet
mean that it will be realized during a growth process. Previ-

To begin with, we discuss a ferromagnetic array of Feously we have calculated the energy of an Fe adatom on
chains on the Q17 substrate. We have considered alto- Cu(001), required to trade places with any of its Cu
gether six different locations of the Fe wires, which are dis-neighbors?® The calculated energy barrier of such a process
played in Fig. 2 and labeled kg)-(f). This classification will  is a sizablAE~1.45 eV. For the incorporation of Fe atoms
be used throughout the paper. The energies counted from thto the (100 terraces, we can safely assume an activation
most stable configuratiofa) obtained for a relaxed geom- energy of the same order of magnitude. As the exchange
etry, the energy gain by relaxation, and the magnetic momechanism for placing Fe adatoms below the step edge is
ments of the relaxed wires are listed in Table 1. As can beaven more complex, the exchange barrier is likely to be even
seen, Fe atoms tend to embed into the Cu substrate and thggher and would be kinetically hindered. For these reasons,
total energy increases with decreasing Fe-Cu coordinationf Fe atoms are deposited at low temperatures on a Gy(11
This provides an indication that Fe-Cu heterobonds arsubstrate, they are supposed to build rows attached to uphill
stronger than Cu-Cu bonds. The results for Fe wires restep edges according to the configuratidn

IV. Fe CHAINS ON Cu(11n) SURFACES
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TABLE Il. Lateral and vertical interlayer relaxations of @7 with Fe nanowires. Lateral relaxations are given in percentages of the

ideal bond length 2.572 A, vertical relaxations along [th&7] direction are given in percentages of the interlayer distance 0.509 A. The

second and third columns report the relaxations on a cleahl@usurface, the remaining results refer to configurati@go (d) shown in

Fig. 2.

Layer Culin® @ (b) (© (d)
X z X z X z X z X z
1 ~-1.6 -9.3 -0.7 -7.7 -13 -15.8 2.7 -8.8 -2.4 ~14.0
2 -1.2 7.7 -0.8 -6.4 -1.8 -2.9 -13 -5.2 -0.6 0.8
3 -1.1 -21.8 -2.0 -15.7 -1.7 —-21.4 -0.6 -14.7 -2.0 -22.38
4 1.7 14.3 2.2 13.3 2.7 20.2 1.3 17.0 2.9 22.3
5 0.5 -3.0 0.1 -1.8 -0.1 -11 0.6 -3.0 -0.2 -7.1
6 0.3 -9.1 0.0 -1.0 0.6 5.4 -1.0 -7.4 0.2 -25
7 -1.0 5.6 -0.7 -1.0 -1.1 2.4 0.6 65 —10 1.7
8 0.4 -0.2 0.4 4.4 0.4 25 0.0 0.6 0.6 2.9

aReference 13.
V. MAGNETIC EXCHANGE INTERACTIONS the source of this variable coupling strength, depending on
the interwire distance, is the Ruderman-Kittel-Kasuya-

interchain magnetic coupling. Because the structure optimi)(os'oIa interaction via intervening substratp electrons. In

zation discussed in the foregoing paragraphs did not lead t§1€ €xample of wires on QL17) we note that the magnetic
any significant variation of magnetic moments, it is accept_couplmg strength tends to increase as tr_]e wire becomes sur-
able to confine oneself to unrelaxed geometries. The strengfipunded by more host Cu atoms, i.e., in the sequence (d)
of intrachain magnetic coupling can be deduced from the—(c)—(a). Oscillations in sign akin to those in the well-
energy difference of ferromagnetically and antiferromagnetistudied interlayer exchange coupling in magnetic layers,
cally aligned moments along a wire. We have performedseparated by a nonmagnetic spacer could be anticipated. The
such a calculation for a wire in configuratiéd) on Cy117.  coupling periods are determined by the extremal spanning
The effective intrachain coupling constalt= 140.5 meV is vectors of the Fermi surface in the direction of a Iayer_nor-
surprisingly high, in fact one order of magnitude higher thanmal. However, because these vectors do not change with the
the dominant coupling constants in bulk ¥e. spacer thickness in multilayers, but do differ for wirgs on
The interchain coupling constanfs have been calcu- various (1h) surfaces, where they point along then2]
lated exploiting supercells doubled in the direction perpendirections, an oscillatory interwire coupling generally cannot
dicular to the wires, and for parallel and antiparallel align-be expected.
ment of the moments on the two wires on each side of the In order to check the numerical accuracy of rather tiny
supercell. With the exception of the wires on(HL3 sub- exchange couplings, the calculation for the configuratan
strate, the interaction couplings are considerably smaller thaon CU117) was repeated with a doubled numberkgdoints
the intrachain coupling and they vary with the chain-chainin the irreducible Brillouin zone. The obtained inaccuracy in
distance in a honmonotonic way, see Table lll. Presumablygnergy difference is as small as 0.1 meV, a value one order of

In the following we want to explore the intrachain and

TABLE |Il. Interwire coupling constants), and magnetic moments of ferromagneticallylﬁé) and
antiferromagnetically roL}) coupled wires as functions of interwire distancand the wire location on
Cu(11n) surfaces. For the evaluation of the critical temperaﬁke’n an Ising model, see text.

Surface I (A) Configuration J, (meV) mL mEL Tt (K)
113 4.066 (d) 35.3 2.985 +2.97us 2024
1159 6.557 (d) 1.3 2.9%us +2.97us 817
117 9.092 (d) 3.9 295 +2.96ug 1040
(d) 4.0° 2.96ug +2.96ug 1046
(© 5.1 2.9Qup +2.91u, 1111
(@ 5.9 2,78 +2.7%p 1144
119 11.644 (d) 0.5 2.9% +2.97up 684
(1111 14.204 (d) 35 3.0%ug +3.0lug 1013

dCalculated with 5 points.
®Calculated with 1k points.
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magnitude smaller than the energies of interest here. In acdges,J;,) are the exchange couplings with the nearest
dition, we investigated a stripe two Fe atoms wide, decoratneighbors at sites labeldd- 6,y along (acros$ the wire,
ing the steps of @119 substrate. In this case the interwire andD specifies the strength of the single-ion uniaxial anisot-
coupling between the touching wires is of the same order ofopy. Here, positive values dd lead to magnetic moments
magnitude as the intrawire coupling in the longitudinal di- preferably directed along the wires. With increasing amount
rection,J, =82.8 meV. of anisotropy the model approaches an Ising system. Analyti-
The magnetostatic interaction enforces an in-plane mageal studies of theX'Y model with uniaxial anisotropy do not
netization, however, a sufficiently strong surface- or stepfind any abrupt crossover region, rather they are consistent
induced anisotropy could induce a resultant magnetizatiomith a smooth asymptotic approach to the critical tempera-
normal to the surface. While a calculation of the step-ture of the Ising model®?” We will show that for the weak
induced magnetic anisotropy energy is outside the scope @fisotropies considered by us, the findings are consistent
the present paper, the magnetostatic energy is easily evalwith those expected for aXY model.
ated by a direct summation over dipole-dipole pairs. We find The renormalization-group technique applied to the iso-
that the magnetostatic interaction always works to confine aliropic XY model Jyj=J, ,D=0) predicts a peculiar phase
moments in the same direction along wires. Taking, for extransition connected to the dissociation of bound spin
ample, wires on th€l15) surface, the alignment of moments vortices?® In the thermodynamic limit the existence of a
along wires but antiparallel between wires costs an addispontaneous magnetization is excluded at any nonzero tem-
tional magnetostatic energy of 44eV/atom; ferromagneti- perature. Nevertheless, it has been shHowimat this thermo-
cally and antiferromagnetically coupled wires with the mo-dynamic limit is inaccessible not only in computer simula-
ments oriented across the wires cost 2@&V/atom and tions but also in experiment, implying the presence of
359 weV/atom, respectively. Upon rotation of the magneti-magnetic ordering below the critical temperature. Therefore
zation out of plane, an even larger increase of the magnetan the discussion of our data from Monte Carlo simulation,
static energy follows, 381ueV/atom in the case of parallel we concentrate on the temperature variation of the average
magnetic interwire coupling and 324eV/atom for the an- magnetic moment representing the order parameter
tiparallel one. In systems with wider terraces the trends re-
main the same, but the strength of the magnetostatic cou- 1 /E 2
pling decays rapidly. Altogether, it can be concluded that the m= N i m; )
dipolar interactions favor ferromagnetically ordered arrays of
wires with an in-plane magnetization along the wires, andand mainly on the helicity modulus across the wires,
that the interchain magnetic coupling exceeds the dipolar

interactions by two orders of magnitude. J,
Y g YL:W<iE5 COS(‘Pi+5L_QDi)>
0]
VI. TRANSITION TEMPERATURES 32 )
1 .
Now we would like to find an estimate of the temperature T NKaT < ( iEﬁ Sin(@i 45, — ‘Pi)) > : (4)
0]

of the phase transition to a paramagnetic state. In the limit of
infinite uniaxial anisotropy, the famous exact solution of thewhereN is the number of lattice sites and the angular brack-
spatial-anisotropic Ising model on a square laffiggven by  ets denote thermal averages. The helicity modyluamea-

Onsager, sures the sensitivity of the system to an imposed infinitesimal
angular gradient of the magnetic moments in the perpendicu-
2y o 2), lar direction. One of the most important consequences of a
sinh koT sinh KT =1, (D vortex dissociation is a jump from, (TX") = (2/m)kgTX" to
c c

zero just aff$".%° In models of finite size the discontinuity is
can be applied. The critical temperatures calculated in thisounded out. However it turns out that the estimatiorT@‘
way, which have to be considered as the upper bounds, afeom vy, is substantially less subject to finite-size shifts than,
presented in Table Ill. A more down-to-earth treatmentfor instance, the determination of the critical temperature
should allow for uniaxial anisotropies of the order of 1 meV. from the magnetization. Because the analysis of the spatially
Assuming the in-plane shape anisotropy, the appropriate demnisotropic two-dimensiona(2D) XY model within the
scription of the system is furnished by the spatial-anisotropidramework of the self-consistent harmonic approximatton
XY model with an uniaxial anisotropy term led to the conclusion that the jump in the helicity modulus
depends on the anisotropy, the critical temperature was not
extracted from the jump as has been conveniently done for
E= _JH% COS @i 5~ ‘Pi)_Jii% o @i+~ ¢i) the isotropicX Y model, but rather is defined by the tempera-
ture of the steepest decay in the helicity modulus. The other
quantities recorded in our simulations were the total energy,
N DEi coS( ). (2) the specific heat, and the susceptibility.
We have used a standard single spin-fligpTROPOLIS
In this equation, the angle; denotes the direction of the algorithn? with periodic boundary conditions. During simu-
classical magnetic moment at a lattice paointlative to step lation we encountered convergence problems due to highly
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FIG. 3. The helicity modulusy, as a function of temperature FIG. 4. The critical temperature of spatially anisotrop{&Y
for different anisotropy parameteis model plotted versus the singe-ion anisotropy parambBtefhe
curve is a guide to the eye.

anisotropic exchange couplings. In particular, the tightly s

coupled atomic moments within a wire form large cluster m=(Tc—T)" T-=Tc. ®)

moments interacting only weakly with neighboring large mo- .

ments. This has repercussions on the time scale of fIipping? Ofd.ef to o_btaln the exponepitwe pe_rformed more exten-
o , ive simulation on a 32 32 lattice takingD=5 meV. Our

these huge moments, which is considerably longer than the " = .

. . . Lo . estimate of the critical exponem@=0.24 is in very good

time scale associated with fluctuating individual atomic mo-

agreement with the value expected for the fil{t¢ model,
ments. Only averages over as many asl4* Monte Carlo 0.232 and differs substantially from the value ¢f

steps per lattice site per temperature gave reasonable accﬁ-o 125 ensuing from the Ising model
racy. Such a slow convergence restricts the lattice size acces- '
sible by us to 2& 20 sites. As our aim is not to pinpoint the

critical temperature, the moderate lattice size is not an issue. VIl. CONCLUSIONS

The Monte Carlo simulations were performed for Fe wires  Tpe purpose of this paper has been to outline, on theoret-
on a Cyll?) surface, i.e., the chosen coupling constantscal grounds, the properties expected for one-dimensional
were Jj=140.5 meV,J; =3.9 meV; the single-ion anisot- magnetic structures. We have systematically studied the
ropy D assigned to all sites varied between 0 and 20 meVstructural properties and magnetism of monatomic Fe wires
Although a changed sign @ will switch the easy axis, the on densely stepped Cu(dll surfaces forn=3—-11 by
critical temperature will not be affected. means of a first-principles approach. The wires are straight
The results for the temperature variationyaf are plotted  and aligned parallel along thgl10) direction. A single Fe
in Fig. 3. Critical temperatures are estimated from the maxiwire suspended in vacuum assumes a warped zigzag-shaped
mum of the gradient iny, (T). The dependence of the criti- form. The calculated equilibrium bond length of a free-
cal temperature on the anisotropyplotted in Fig. 4 dem- standing straight wire is smaller by 12% than the correspond-
onstrates that despite a weak interwire coupling, thdéng bond length of a wire deposited on a Cu substrate.
magnetic order of an array of Fe wires on(CLi7) persists at Hence, such a deposited wire is exposed to a significant ten-
least to about 170 K. Obviously, the uniaxial anisotropy fur-sile stress and thus it may be difficult to fabricate long con-
ther stabilizes the ordered state. For the expected stepinuous wires, or wires will not grow in registry with Cu
induced anisotropies of about 1 meV the system is supposadmplate. Among the different locations of the wire on the
to disorder below room temperature, at about 210 K. We notgtepped surface we have treated, the preferred position is at
that the critical temperatures derived from the inflectionthe inner corner sites, i.e., the sites with the highest coordi-
point of the magnetization as a function Bfare shifted by nation of Fe by Cu. Yet, at temperatures at which Fe atoms
about 50 K upwards. are still able to migrate on terraces, but the exchange pro-
Next we turn to the nature of the phase transition. Sincecesses necessary for incorporating Fe in the host are kineti-
our simulations were done for models of a moderate sizegally inhibited, a formation of wires attached to the steps is
sharp phase transitions cannot occur and smearing effectgedicted.
must be expected. The specific heat exhibits a broad rounded By comparing the total energies of ferromagnetic and an-
peak distinctly above the critical temperature, a trait typicatiferromagnetic configurations, the intrawire and interwire
for the XY model. More eloquent evidence in favor of a magnetic coupling constants were obtained. We have found a
phase-transition characteristic of tk&/ model comes from ferromagnetic order in all models under consideration,
the determination of the critical exponeftdescribing the namely, for interwire separations between 4.1 and 14.2 A. A
reduction of magnetization nedr., reversal to an antiferromagnetic order at larger separations
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cannot be excluded, though. Provided that the shape anisa#f 8=0.24. This value is a universal signature of finite 2D
ropy is efficient to fix the magnetic moments in a ()1 XY critical behavior. Hence it appears that a weak uniaxial
plane, the calculated magnetic interaction parameters can kisotropy is a marginal variable, i.e., it does not influence
used as input for a Monte Carlo simulation of a pertinent 2Dthe critical behavior, or the crossover region to an Ising be-

XY model. The presence of a step-induced anisotropy of Umhavior is too narrow to be accessible in our simulations.
known strength has been taken into account through a single-

ion anisotropy term. The treatment of rounding phenomena
by means of a finite-size scaling analysis would require go-
ing to bigger models. Nevertheless, our critical temperatures
of 200—300 K for anisotropies of 1-5 meV can be taken as This work has been supported by the Austrian Science
reasonable estimates. Funds within Project No. P12753, “Magnetism on the na-

The spontaneous magnetization was found to vanish folnometer scale,” and through the Center for Computational
lowing a power-law behavior with a characteristic exponentMaterials Science.
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