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Magnetic properties of finite Co chains on P¢111)

B. Lazarovitst L. Szunyoght'? and P. Weinbergér
ICenter for Computational Materials Science, Technical University Vienna, A-1060, Gumpendorferstr. 1.a., Vienna, Austria
°Department of Theoretical Physics, Budapest University of Technology and Economics, Buti&fdki 1621 Budapest, Hungary
(Received 27 September 2002; published 21 January)2003

We presenfirst-principlescalculations of the magnetic moments and magnetic anisotropy energies of finite
monoatomic Cp (1<n<10) chains deposited along tf&10) direction on top of a fcc P111) surface. The
calculations were performed fully relativistically using the embedded-cluster technique within the Korringa-
Kohn-Rostoker method. The magnetic anisotropy energy was evaluated by means of the magnetic force
theorem. As a direct consequence of the reduced coordination number of the Co atoms, we found enhanced
spin and orbital moments as well as enhanced anisotropy energies in the Co chains as compared to a Co
overlayer on Rl11). For the Pt atoms adjacent to the Co atoms, however, we obtained induced magnetic
moments smaller than in the case of a Co monolayer ¢hlBt The moments and the contributions of the
individual atoms to the magnetic anisotropy energy depend characteristically on the position within the chains,
i.e., on the local environment of the individual atoms. Independent of the length of the chains we found that the
easy axis is perpendicular to the surface. The size of the calculated magnetic anisotropy energy and of the
anisotropy of the orbital moment fits very well to available experimental values for monoatomic Co chains
deposited on a FA97) surface.
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I. INTRODUCTION calculated in terms of tight-binding techniqués? In par-
ticular, Dorantes-Dédla and Pastdf revealed that oscilla-

The electronic and in particular the magnetic propertiegions of the MAE corresponding to a preferred orientation
such as magnetic moments and the magnetic anisotropy ealong short Fe and Co wires are stabilized over a length of
ergy (MAE) of transition metals are very sensitive to the about 20 atoms. They found that when deposited o1 F)
local environment and the dimensionality of the system. Duéhe magnetization of the Co wires turned to an out-of-plane
to advanced manufacturing techniques well characterizeglirection. Eisenbaclkt al® demonstrated that changing the
low-dimensional structures are nowadays available and incrystallographic orientation of infinite Fe wires embedded
tensively studied '® Experiments on Fe nanostripes on ainto Cu bulk can even result in a change of the easy axis.
W(110) surfacé* called the attention to the unique features Very recently Komelet al!” established a clear trend for an
of such systems. For Fe stripes on(Cll) Shenet al3 ob- enhancement of the spin and orbital magnetism of Co as bulk
served an easy axis perpendicular to the surface and fourf@D), monolayer(2D), and wire(1D), respectively.
that the magnetization was temperature and time dependent. In the present paper we study the magnetic properties of
Recently, Yorket al® demonstrated that at definite growth Ca, chains of different length ($n<10) deposited along
conditions, Co can form self-organized arrays of nanowiredhe (110 direction of a Pl11) surface in terms oéb initio
on a Cy110) surface. Monoatomic rows of Ag, Cu, and Co calculations. Focusing on the spin and orbital moments as
can be grown on a periodically stepped surface of Pt a¥ell as on the MAE we trace in particular the crossover
decoratiorf:” Co wires on Pt exhibit exorbitant magnetic between a pointlike impurityOD) and a linear chai1D).
properties like unusually large orbital moments and strong/Ve also compare our results to the values measured for
magnetic anisotropies if compared to a monolayer or thénonoatomic Co chains grown at the step edges (#971.°
bulk casé® In these experiments the estimated average length
of a continuous Co chain was 80 atoms; at a temperature of Il. THEORETICAL APPROACH
45 K the ferromagnetic order was, however, found to extend

bout 15 Co at ly. ' L
over abou 0 &loms onty chains along th€110 direction on Ptl11) have been per-

e e s e b eSfomed by Using the embeddad-clustr tchniaue it
dimensional(1D) arrangements of atoms deposited on Sur_mulnple-scatt_erlng theory in which the matrix O.f the so-
faces. Effects of interatomic electronic interactions on thecalled scattering path operatCﬁSPQ 7c correspondmg to a
formation of magnetic moments were discussed in details foflUSte C_can be obtained from the following Dyson
finite® and infinité* 4d atomic chains on flat and vicinal Ag equation.

surfaces, leaving however, questions about the oscillatory be- _ _rlipy 1 -1

havior of the moments open. The structure and magnetism of T B)=mE{ -4 (B - (BlnE @
monoatomic Fe wires grown on different stepped Cm)11 wheret,(E) and #,(E) denote the single-site scattering and
(n=3-11) surfaces were investigated by $kisand the SPO matrix for the unperturbed host sites in cluster
Hafner!® The magnetic anisotropy energMAE) of one-  respectively, while, refers to the single-site scattering ma-

dimensional transition-metal nanostructures has also bedrices of the perturbing atoms. Note that Ed) takes into

Self-consistent fully relativistic calculations for finite Co
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account all scattering events both inside and outside the clus- 230 ]
ter. Oncery is calculated, one can in turn calculate all quan-

tities of interest, i.e., charge and magnetization densities, 225 ]
spin and orbital moments, etg. ~ 2201 7

The self-consistent calculations of the hogil®1) surface 2 215t 7
were performed in terms of the fully relativistic screened 2 210Ff .
Korringa-Kohn-Rostoker methdd;** using layers of empty 205 | ]
sites to represent the vacuum region. The magnetic adatoms 500 L ]

occupied sites in the first vacuum layer. No attempts were e
made to include lattice relaxation effects: the host and the 0.80 .
cluster sites refer therefore to the positions of an ideal fcc ]

parent lattice with the experimental Pt lattice const@®2 070 .
A). The local spin-density approximation as parametrized by = 060 7
Vosko et al?? was applied, the effective potentials and fields o050 - ]
were treated within the atomic sphere approximatia8A). 1
When solving the Kohn-Sham-Dirac equation and also for 0.40 1 ]
the multipole expansion of the charge densities, necessary to 030 F LT
evaluate the Madelung potentials, a cutoff&f,,=2 was 1 23 456 78 910
used. . . . . . Chain length (1)
By using the self-consistent potentials with a magnetiza-
tion orientation pointing perpendicular to the surfdgatong FIG. 1. Calculated spin momentS,j and orbital momentsL(,)
thez axis), we calculated the MAE by means of the magneticof the centralmost symmetrigatom in Cq (n=1, . ..,10) chains
force theorerf?®* as differences of band energi€s, oriented along thé110) direction on the top of P111) as a function
of the chain length.
AE,_,=EJ—E> and AE, ,=E)-E?, 2
spin moment decreases with an increasing number of atoms
>0, zpreferred forming the chain: in the case of a dimer we foufsd
AE, .= <0, u preferrec;i H=XY, (3 —2.17u5 while for the central atom of a trimesS,

=2.12ug. The reason of this trend can clearly be traced
where the axex andy refer to in-plane directions parallel from Fig. 2, where the spin-projected densities of states
and perpendicular to the chains, respectively. Applying thigDOS) (Refs. 21 and 2bof the corresponding Co atoms are
formalism, the MAE can be resolved into contributions with displayed: for a Co adatom, the Fermi level crosses the very
respect to atoms. It should be noted that in this paper weharp peak of the minority spid band, which, as a conse-
neglected the magnetic dipole-dipole interaction part of thequence of thel-d hybridization between the Co atoms, re-
MAE.Z markably broadens in the dimer and trimer case thus pushing
more states below the Fermi level than above. i3 the
lIl. SPIN AND ORBITAL MOMENTS spin moment of the central atom seems to be stabilized at
about 2.1Lg, which despite the different geometry is in
Because of the spatially extended States of Pt, a rela- good comparison to the experimental value of about
tively strong interaction between electronic states corre—z_lz,ugs,8 and other LDA(FLAPW) calculations[2.06ug
sponding to the Co and the Pt atoms is to be expected. FgRef. 17], for monoatomic Co chains on (@97).
the case of a single Co adatom therefore we carefully inves- The spin moments calculated for each of the Co atoms in
tigated the sensitivity of the local physical properties of the
Co adatom with respect to the size of the environment by
incorporating self-consistently treated Pt substrate atoms. We
performed calculations up to the fourth neighboring shell of
Pt atoms around the Co adatom and found that in treating 100

200 ———————————
150

only the first shell of neighbors self-consistently results in to g‘ 50 ]
a relative deviation of less than 1% of the local charge and = 0
the moments of Co as compared to the case when all the four § 50 ]

neighboring shells were treated self-consistently. Therefore, 100
if not stated otherwise, in the following all calculations refer
to clusters containing only Pt atoms adjacent to the Co at-
oms.

Figure 1 shows the spirs}) and orbital £,) moment of
the central(most symmetrig atom of the monoatomic Go
wires (1=n<10). First of all we notice that the spin mo-  FIG. 2. Spin-projected local densities of state09) of Co as
ment of a single adatom (2.2%) is by about 10% larger an adatom, a dimer atom, and the central atom of a trimer on top of
than in the corresponding monolayer case (280 This  a P{111) surface.

150
200
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FIG. 3. Calculated spin moment§,) of the Co atoms in Gp
(n=1,...,10) chains on R111) with the magnetization pointing
perpendicular to the surface.

FIG. 4. Calculated orbital momentk f) of the Co atoms in Gp
(n=1,...,10) chains on F111) with the magnetization pointing
perpendicular to the surface.

the chains are shown in Fig. 3. Apparently, for  ments within the chains are somewhat larger than for the spin
=3,...,10, the spin moments at the end of the chainamoments(compare to Fig. B As can be seen, the orbital
(~2.15ug) are systematically higher than those in themoments of the central and the outer atoms can even differ
middle of the chains{2.11ug). This observation can again by more than 10% and also the variations at inner sites are
be attributed to the narrower minority spihband of the remarkable. Nonetheless, similar to the spin moméses
outer atoms due to one missing neighboring Co atom akig. 3) for the inner atoms of the longer chains a tendency of
compared to the inner atonfsee also Fig. 2 It should be forming a uniform orbital magnetization can be observed.
noted, however, that the above feature cannot be stated aBBased on Fig. 1, we numerically fitted the Co orbital moment
general feature, since the relation of the spin moments of thef the central atom to the case of an infinite chain. The thus
outer and inner atoms in a linear chain can vary according tobtained value of 0.3%6g is smaller than the experimental
the varying nature of thed-d hybridization between value, 0.68 0.05ug .8 For the step-edge-like geometry used
transition-metal atom$.Contrary to the magnetic moments in Ref. 17 an even smaller orbital moment (Quk was
of compact @ clusters which tend rapidly to the monolayer obtained, while using an orbital polarization schéfnee-
value!® independent of their length the wires are charactersulted in a value of 0.925 . While spin-polarized relativistic
ized by larger magnetic moments than the correspondingalculations usually underestimate the orbital part of the
monolayer. This is one of the unique features of the nanomagnetization, in systems with reduced dimension the orbital
wires which distinguishes them from other types of nano-polarization scheme seems to overestimate the orbital mo-
clusters. ments and, more peculiar, the size of the MXE®

Inspecting the orbital moments from the lower panel of It is indeed worthwhile to discuss the spin and orbital
Fig. 1, the case of a single adatom distinctly differs from allpolarization of the Pt atoms close to Co sites. Depending on
other cases, since the huge orbital moment of the Co adatorthe position with respect to the Co chain we found induced
0.77ug, immediately decreases to 0@ in the dimer and Pt spin moments of 0.09-0.44 and orbital moments in the
remains in the range of 0.35-04f for the central atom of range of 0.02—-0.04;. These values are typically half as
all longer chains. This implies that the orbital moments oflarge as the corresponding moments considering (1Bt
the Co atoms are more sensitive to the chemical environmesurface covered by a Co monolayer (Qug2and 0.0%:g,
than the corresponding spin moments. Since the value for eespectively. This decrease of the magnetic moments of Pt is
Co monolayer on P111) amounts only to 0.1bg, from the  apparently caused by the reduced number of the neighboring
above results a clear trend of the Co orbital moment withmagnetic(Co) atoms, the actual source of the induced spin
respect to the dimensionality of the systédD, 1D, 2D can  polarization at the Pt sites. This observation agrees well with
be read off. other theoretical results for a Co chain placed or(Ref. 13

Figure 4 shows that the fluctuations of the orbital mo-and 3 impurities on P¢01) and P(001) surfaces® In
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TABLE I. Calculated momentén units of ug) of Pt atoms in a
cluster with one Co impurity on top of a®11) surfaceN; : num-
ber of sites in thath shell of neighboring Pt atoms, and L}:
average spin and orbital moments in shell h&5,, andL,: total
sum of spin and orbital moments of Pt atoms up to shéll (

MAE (meV)
S = N W s~
T
1

i Ni S, L; S, L,

1 3 0.093 0.024 0.279 0.071

2 12 0.013 0.002 0.439 0.093 T N TR T T TR S SO T T
3 3 <0.001 —0.001 0.441 0.089 1 23 456 728 910
4 16 0.003 0.001 0.493 0.107 Chain length (n)

FIG. 5. Calculated magnetic anisotropy energM#E) for Co,

Table | the induced spin and orbital moments of Pt are ShOWI‘ln: L.. .,;0) ke on RL1D) 'ncmd'r.]g ek
nearest-neighbor Pt sites and normalized to one Co atom. Up and

treating four shells of Pt atoms self-consistently in the neigh- . .
borhood of a Co impurity on top of a @iL1) surface. Al- ?Zc;\]Nn triangles refer tA\E,, and AE, ., respectivelyfsee Eq.
though the induced moments in the individual shells rapidly
decrease with increasing distance from the Co impurity, the
increasing number of Pt atoms gives rise to a slowly conver=5.9 meV, abruptly drops for the dimer and rapidly con-
gent total sum of moments. In particular, due to the Pt atomsyerges toAE,_,~1.5 meV andAE,_,~3.3 meV for the
for longer chains an enhancement of the orbital moment ofonger wires. Evidently, the experimental easy axis of the
about 0.g per Co atom can be estimated, which clearly Co/P{997) chains, perpendicular to the chains and 43° away
improves the agreement between our calculations and th@om the normal of thé111) planes‘? could not be confirmed
experiment(see above by our calculations. Nevertheless, the fact that the calculated
easy axis points out-of-plane and is perpendicular to the
chains, and also that the size of our calculated MAE is very
IV. MAGNETIC ANISOTROPY close to the measured value of-®.2 meV, can still be

The induced moments on the Pt sites also imply that Jermed a nice agreement between experiment and theory.

. . C . C
considerable contribution to the MAE arises from the Pt at- The contributions of the individual Co atomsSE,*, and
oms around the Co chains. Therefore in the case of a singIgESﬁZ (i=1,...n), to the MAE are displayed in Fig. 6. In

Co adatom we again investigated the effect of the first fouge of &—2), the largest contributions clearly come from

nearest-neighboring Pt shells on the MAE. We found that they,o uter Co atoms, while in the € 7) case the contribution
contributions from the Pt atoms decrease rapidly with in-

ing dist f the Co at d that the diff of the inner atoms to the MAE is nearly as big as the con-
creasing distance irom the .0 atom and that tn€ diterence Iy, oy of outer atoms. In both cases considered namely
the total MAE is less than 7% between the case when only, . .
) . AE,_, andAE,_,, only weak oscillations in the MAE can
the first shell and when all four shells of Pt atoms are in- e seen for thé lonaer chains
cluded into the calculations. In the case of longer chains thg Th iSotroD 9 fh b'.t | ¢ h i Fi
Pt atoms in the first-nearest shell contribute to the MAE in a € anisotropies ot the orbital moments are shown in Fig.
similar manner(0.2—0.4 meV/atom depending on the posi- 7. In the case of a single adatom the anisotropy of the orbital
tion) as in the case of the adatom. Thus, also for the calcuMOMeNtALyy)_,=Lyy)—L,=—0.27u5 obeys the qualita-
lation of the MAE we only considered the first Pt shell five fule that the orbital moment is largest along the easy
around the Co atoms with an estimated relative error of lesgXis:” AS can be seen from Fig. 7, this rule applies also to
than 10% which seems to be a good compromise betwedRe chains since along thedirection (hard axis the orbital
the accuracy of the calculations and the numerical effortgnoments of all the Co atoms are by about @.33ess than
required. along thez direction (easy axis (AL,_,=—0.15ug). Note
In Fig. 5 the magnetic anisotropy energia€, , and that this value is close to that given experimentally, namely,
includi ibuti irst she 0.12u5 . The anisot f the orbital ts of the C
AE,_, including only contributions from the first shell of Pt 0-12ug.” The anisotropy of the orbital moments of the Co
sites (see aboveand normalized to a single Co atom are &oms with respect to theandz directions QL ), how-
shown with respect to the length of the Co chains. As can b&Ver, is only a few of 0.04g, and in several cases changes
easy axis points perpendicular to the surface, whereby fo#ince the tiny orbital momentum anisotropies are to be com-
n=2 there also appears a strong in-plane anisotropy with fared with gmte sizeable respective magnetic anisotropy en-
preference of the direction, i.e., parallel to the chains. It is ergies, AE%,~0.5-1.5 meV. In terms of perturbation
interesting to mention that as compared to a single adatortheory this implies that for thex(—z) case, significant spin-
we found in the case of small &n=<3) linear clusters of flip coupling induced by the spin-orbit interaction may con-
Co on Ag100 a reorientation of the easy axis from out-of tribute to the MAE which, in turn, obscures the simiie-
plane to an in-line direction for the dimer and trinféThe  verse proportionality between the MAE and the anisotropy
huge MAE of a single Co adatomAE, ,=AE, , of the orbital moment?
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FIG. 6. Contributions of the individual Co sites to the MAE of  FIG. 7. Anisotropy of the orbital moments of the Co sites i, Co
Ca, (n=1, .. .,10) chains on R111). Up and down triangles refer (n=1,...,10) chains on R111). Up and down triangles refer to

to AEfﬂz andAE)(;’fZ (i=1,...n), respectively. For comparison, ALx-;andAL,_,, respectively.
the corresponding MAE of the chains normalized to one Co atom is
marked by dots 4E,,) and dashesXE, ). We showed that as far as local quantities are concerned

from calculations for rather short linear chains properties
characteristic for longideally infinite) chains can be de-
Employing a real-space embedded-cluster techniqueuced without losing the possibility to study local fluctua-
based on the Korringa-Kohn-Rostoker Green’s-functiontions (finite-size effectswithin the chains. Obviously, when
method, we have carried out fully relativistic self-consistentinvestigating, e.g.,(magnetdtransport properties of such
calculations for finite Co chains oriented along th&0 di-  nanostructures, due to the nonlocality of the transport phe-

rection on top of a R111) surface. As compared to the over- nomena, a less evident trend with respect to the size of the
layer (2D) case, C@Pt(111), due to the decreased coordina- nanoclusters has to be expected.

tion number we obtained largely enhanced spin and orbital
moments as well as magnetic anisotropy energies, which are
systematically smaller than those obtained for a single ada-
tom (0D). For all the quantities under consideration we

found fast convergence when increasing the length of the ) ) .
chains. Thus from the values of the central atom the corre- 1MiS Paper resulted from a collaboration partially funded

sponding quantities for the infinite chaitD) could easily be  PY the RTN network “Computational Magnetoelectronics”
estimated. These extrapolated results were then compared {gontract No. RTN1-1999-00145 Financial support was -
the corresponding experimental values for long Co chains oalso provided by the Center for Computational Materials Sci-
P1(997).8 Although a different geometry was used in our cal- €nce(Contract No. GZ 45.45] the Austrian Science Foun-
culations, the spin moment of the Co atoms, the easy axis dfation (Contract No. WOO# and the Hungarian National
the system, the size of the MAE and also the anisotropy oScientific Research Foundati¢© TKA T030240 and OTKA
the orbital moment is in good agreement with experiment. T037856.

V. CONCLUSIONS
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