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Magnetic properties of finite Co chains on Pt„111…
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We presentfirst-principlescalculations of the magnetic moments and magnetic anisotropy energies of finite
monoatomic Con (1<n<10) chains deposited along the~110! direction on top of a fcc Pt~111! 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 Pt~111!. For the Pt atoms adjacent to the Co atoms, however, we obtained induced magnetic
moments smaller than in the case of a Co monolayer on Pt~111!. 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 Pt~997! surface.

DOI: 10.1103/PhysRevB.67.024415 PACS number~s!: 75.30.Hx, 73.22.2f, 71.70.Gm, 75.30.Gw
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I. INTRODUCTION

The electronic and in particular the magnetic propert
such as magnetic moments and the magnetic anisotropy
ergy ~MAE! of transition metals are very sensitive to th
local environment and the dimensionality of the system. D
to advanced manufacturing techniques well character
low-dimensional structures are nowadays available and
tensively studied.1–18 Experiments on Fe nanostripes on
W~110! surface1,4 called the attention to the unique featur
of such systems. For Fe stripes on Cu~111! Shenet al.3 ob-
served an easy axis perpendicular to the surface and fo
that the magnetization was temperature and time depend
Recently, Yorket al.5 demonstrated that at definite grow
conditions, Co can form self-organized arrays of nanowi
on a Cu~110! surface. Monoatomic rows of Ag, Cu, and C
can be grown on a periodically stepped surface of Pt
decoration.6,7 Co wires on Pt exhibit exorbitant magnet
properties like unusually large orbital moments and stro
magnetic anisotropies if compared to a monolayer or
bulk case.8 In these experiments the estimated average len
of a continuous Co chain was 80 atoms; at a temperatur
45 K the ferromagnetic order was, however, found to exte
over about 15 Co atoms only.

Concomitantly with these experiments, quite some th
retical effort was devoted to study magnetism in on
dimensional~1D! arrangements of atoms deposited on s
faces. Effects of interatomic electronic interactions on
formation of magnetic moments were discussed in details
finite9 and infinite14 4d atomic chains on flat and vicinal Ag
surfaces, leaving however, questions about the oscillatory
havior of the moments open. The structure and magnetism
monoatomic Fe wires grown on different stepped Cu(11n)
(n53 –11) surfaces were investigated by Spisˇák and
Hafner.15 The magnetic anisotropy energy~MAE! of one-
dimensional transition-metal nanostructures has also b
0163-1829/2003/67~2!/024415~6!/$20.00 67 0244
s
n-

e
d

n-

nd
nt.

s

s

g
e
th
of
d

-
-
-
e
r

e-
of

en

calculated in terms of tight-binding techniques.11,12 In par-
ticular, Dorantes-Da´vila and Pastor12 revealed that oscilla-
tions of the MAE corresponding to a preferred orientati
along short Fe and Co wires are stabilized over a length
about 20 atoms. They found that when deposited on Pd~110!
the magnetization of the Co wires turned to an out-of-pla
direction. Eisenbachet al.16 demonstrated that changing th
crystallographic orientation of infinite Fe wires embedd
into Cu bulk can even result in a change of the easy a
Very recently Komeljet al.17 established a clear trend for a
enhancement of the spin and orbital magnetism of Co as b
~3D!, monolayer~2D!, and wire~1D!, respectively.

In the present paper we study the magnetic propertie
Con chains of different length (1<n<10) deposited along
the ~110! direction of a Pt~111! surface in terms ofab initio
calculations. Focusing on the spin and orbital moments
well as on the MAE we trace in particular the crossov
between a pointlike impurity~0D! and a linear chain~1D!.
We also compare our results to the values measured
monoatomic Co chains grown at the step edges of Pt~997!.8

II. THEORETICAL APPROACH

Self-consistent fully relativistic calculations for finite C
chains along the~110! direction on Pt~111! have been per-
formed by using the embedded-cluster technique wit
multiple-scattering theory in which the matrix of the s
called scattering path operator~SPO! tC corresponding to a
cluster C can be obtained from the following Dyso
equation:19

tC~E!5th~E!$I2@ th
21~E!2tC

21~E!#th~E!%21, ~1!

whereth(E) andth(E) denote the single-site scattering an
the SPO matrix for the unperturbed host sites in clusterC,
respectively, whiletC refers to the single-site scattering m
trices of the perturbing atoms. Note that Eq.~1! takes into
©2003 The American Physical Society15-1
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account all scattering events both inside and outside the c
ter. OncetC is calculated, one can in turn calculate all qua
tities of interest, i.e., charge and magnetization densit
spin and orbital moments, etc.19

The self-consistent calculations of the host Pt~111! surface
were performed in terms of the fully relativistic screen
Korringa-Kohn-Rostoker method,20,21 using layers of empty
sites to represent the vacuum region. The magnetic ada
occupied sites in the first vacuum layer. No attempts w
made to include lattice relaxation effects: the host and
cluster sites refer therefore to the positions of an ideal
parent lattice with the experimental Pt lattice constant~3.92
Å!. The local spin-density approximation as parametrized
Voskoet al.22 was applied, the effective potentials and fiel
were treated within the atomic sphere approximation~ASA!.
When solving the Kohn-Sham-Dirac equation and also
the multipole expansion of the charge densities, necessa
evaluate the Madelung potentials, a cutoff of,max52 was
used.

By using the self-consistent potentials with a magneti
tion orientation pointing perpendicular to the surface~along
thez axis!, we calculated the MAE by means of the magne
force theorem23,24 as differences of band energies,19

DEx2z5Ex
b2Ez

b and DEy2z5Ey
b2Ez

b , ~2!

DEm2z5H .0, z preferred

,0, m preferred
; m5x,y, ~3!

where the axesx and y refer to in-plane directions paralle
and perpendicular to the chains, respectively. Applying t
formalism, the MAE can be resolved into contributions w
respect to atoms. It should be noted that in this paper
neglected the magnetic dipole-dipole interaction part of
MAE.23

III. SPIN AND ORBITAL MOMENTS

Because of the spatially extended 5d states of Pt, a rela
tively strong interaction between electronic states co
sponding to the Co and the Pt atoms is to be expected.
the case of a single Co adatom therefore we carefully inv
tigated the sensitivity of the local physical properties of t
Co adatom with respect to the size of the environment
incorporating self-consistently treated Pt substrate atoms
performed calculations up to the fourth neighboring shell
Pt atoms around the Co adatom and found that in trea
only the first shell of neighbors self-consistently results in
a relative deviation of less than 1% of the local charge a
the moments of Co as compared to the case when all the
neighboring shells were treated self-consistently. Theref
if not stated otherwise, in the following all calculations ref
to clusters containing only Pt atoms adjacent to the Co
oms.

Figure 1 shows the spin (Sz) and orbital (Lz) moment of
the central~most symmetric! atom of the monoatomic Con
wires (1<n<10). First of all we notice that the spin mo
ment of a single adatom (2.21mB) is by about 10% larger
than in the corresponding monolayer case (2.00mB). This
02441
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spin moment decreases with an increasing number of at
forming the chain: in the case of a dimer we foundSz
52.17mB while for the central atom of a trimerSz
52.12mB . The reason of this trend can clearly be trac
from Fig. 2, where the spin-projected densities of sta
~DOS! ~Refs. 21 and 25! of the corresponding Co atoms a
displayed: for a Co adatom, the Fermi level crosses the v
sharp peak of the minority spind band, which, as a conse
quence of thed-d hybridization between the Co atoms, r
markably broadens in the dimer and trimer case thus pus
more states below the Fermi level than above. Forn.3 the
spin moment of the central atom seems to be stabilized
about 2.11mB , which despite the different geometry is i
good comparison to the experimental value of ab
2.12mB ,8 and other LDA ~FLAPW! calculations@2.06mB
~Ref. 17!#, for monoatomic Co chains on Pt~997!.

The spin moments calculated for each of the Co atom

FIG. 1. Calculated spin moments (Sz) and orbital moments (Lz)
of the central~most symmetric! atom in Con (n51, . . .,10) chains
oriented along the~110! direction on the top of Pt~111! as a function
of the chain length.

FIG. 2. Spin-projected local densities of states~DOS! of Co as
an adatom, a dimer atom, and the central atom of a trimer on to
a Pt~111! surface.
5-2
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the chains are shown in Fig. 3. Apparently, forn
53, . . .,10, the spin moments at the end of the cha
(;2.15mB) are systematically higher than those in t
middle of the chains (;2.11mB). This observation can agai
be attributed to the narrower minority spind band of the
outer atoms due to one missing neighboring Co atom
compared to the inner atoms~see also Fig. 2!. It should be
noted, however, that the above feature cannot be stated
general feature, since the relation of the spin moments of
outer and inner atoms in a linear chain can vary accordin
the varying nature of thed-d hybridization between
transition-metal atoms.9 Contrary to the magnetic momen
of compact 3d clusters which tend rapidly to the monolay
value,19 independent of their length the wires are charac
ized by larger magnetic moments than the correspond
monolayer. This is one of the unique features of the na
wires which distinguishes them from other types of nan
clusters.

Inspecting the orbital moments from the lower panel
Fig. 1, the case of a single adatom distinctly differs from
other cases, since the huge orbital moment of the Co ada
0.77mB , immediately decreases to 0.40mB in the dimer and
remains in the range of 0.35-0.40mB for the central atom of
all longer chains. This implies that the orbital moments
the Co atoms are more sensitive to the chemical environm
than the corresponding spin moments. Since the value f
Co monolayer on Pt~111! amounts only to 0.15mB , from the
above results a clear trend of the Co orbital moment w
respect to the dimensionality of the system~0D, 1D, 2D! can
be read off.

Figure 4 shows that the fluctuations of the orbital m

FIG. 3. Calculated spin moments (Sz) of the Co atoms in Con
(n51, . . .,10) chains on Pt~111! with the magnetization pointing
perpendicular to the surface.
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ments within the chains are somewhat larger than for the s
moments~compare to Fig. 3!. As can be seen, the orbita
moments of the central and the outer atoms can even d
by more than 10% and also the variations at inner sites
remarkable. Nonetheless, similar to the spin moments~see
Fig. 3! for the inner atoms of the longer chains a tendency
forming a uniform orbital magnetization can be observe
Based on Fig. 1, we numerically fitted the Co orbital mome
of the central atom to the case of an infinite chain. The th
obtained value of 0.36mB is smaller than the experimenta
value, 0.6860.05mB .8 For the step-edge-like geometry use
in Ref. 17 an even smaller orbital moment (0.16mB) was
obtained, while using an orbital polarization scheme26 re-
sulted in a value of 0.92mB . While spin-polarized relativistic
calculations usually underestimate the orbital part of
magnetization, in systems with reduced dimension the orb
polarization scheme seems to overestimate the orbital
ments and, more peculiar, the size of the MAE.27,28

It is indeed worthwhile to discuss the spin and orbi
polarization of the Pt atoms close to Co sites. Depending
the position with respect to the Co chain we found induc
Pt spin moments of 0.09–0.14mB and orbital moments in the
range of 0.02– 0.04mB . These values are typically half a
large as the corresponding moments considering a Pt~111!
surface covered by a Co monolayer (0.22mB and 0.05mB ,
respectively!. This decrease of the magnetic moments of P
apparently caused by the reduced number of the neighbo
magnetic~Co! atoms, the actual source of the induced sp
polarization at the Pt sites. This observation agrees well w
other theoretical results for a Co chain placed on Pd~Ref. 13
and 3d impurities on Pd~001! and Pt~001! surfaces.10 In

FIG. 4. Calculated orbital moments (Lz) of the Co atoms in Con
(n51, . . .,10) chains on Pt~111! with the magnetization pointing
perpendicular to the surface.
5-3
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Table I the induced spin and orbital moments of Pt are sho
treating four shells of Pt atoms self-consistently in the nei
borhood of a Co impurity on top of a Pt~111! surface. Al-
though the induced moments in the individual shells rapi
decrease with increasing distance from the Co impurity,
increasing number of Pt atoms gives rise to a slowly conv
gent total sum of moments. In particular, due to the Pt ato
for longer chains an enhancement of the orbital momen
about 0.1mB per Co atom can be estimated, which clea
improves the agreement between our calculations and
experiment~see above!.

IV. MAGNETIC ANISOTROPY

The induced moments on the Pt sites also imply tha
considerable contribution to the MAE arises from the Pt
oms around the Co chains. Therefore in the case of a si
Co adatom we again investigated the effect of the first f
nearest-neighboring Pt shells on the MAE. We found that
contributions from the Pt atoms decrease rapidly with
creasing distance from the Co atom and that the differenc
the total MAE is less than 7% between the case when o
the first shell and when all four shells of Pt atoms are
cluded into the calculations. In the case of longer chains
Pt atoms in the first-nearest shell contribute to the MAE i
similar manner~0.2–0.4 meV/atom depending on the po
tion! as in the case of the adatom. Thus, also for the ca
lation of the MAE we only considered the first Pt she
around the Co atoms with an estimated relative error of
than 10% which seems to be a good compromise betw
the accuracy of the calculations and the numerical effo
required.

In Fig. 5 the magnetic anisotropy energiesDEx2z and
DEy2z including only contributions from the first shell of P
sites ~see above! and normalized to a single Co atom a
shown with respect to the length of the Co chains. As can
seen from the positive sign of the MAE, in each case
easy axis points perpendicular to the surface, whereby
n>2 there also appears a strong in-plane anisotropy wi
preference of thex direction, i.e., parallel to the chains. It i
interesting to mention that as compared to a single ada
we found in the case of small (1<n<3) linear clusters of
Co on Ag~100! a reorientation of the easy axis from out-
plane to an in-line direction for the dimer and trimer.19 The
huge MAE of a single Co adatom,DEx2z5DEy2z

TABLE I. Calculated moments~in units ofmB) of Pt atoms in a
cluster with one Co impurity on top of a Pt~111! surface.Ni : num-
ber of sites in thei th shell of neighboring Pt atoms;Sz

i and Lz
i :

average spin and orbital moments in shell no.i, Sz , andLz : total
sum of spin and orbital moments of Pt atoms up to shell (i ).

i Ni Sz
i Lz

i Sz Lz

1 3 0.093 0.024 0.279 0.071
2 12 0.013 0.002 0.439 0.093
3 3 ,0.001 20.001 0.441 0.089
4 16 0.003 0.001 0.493 0.107
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55.9 meV, abruptly drops for the dimer and rapidly co
verges toDEx2z.1.5 meV andDEy2z.3.3 meV for the
longer wires. Evidently, the experimental easy axis of
Co/Pt~997! chains, perpendicular to the chains and 43° aw
from the normal of the~111! planes,8 could not be confirmed
by our calculations. Nevertheless, the fact that the calcula
easy axis points out-of-plane and is perpendicular to
chains, and also that the size of our calculated MAE is v
close to the measured value of 260.2 meV, can still be
termed a nice agreement between experiment and theor

The contributions of the individual Co atoms,DEx2z
Coi and

DEy2z
Coi ( i 51, . . . ,n), to the MAE are displayed in Fig. 6. In

case of (x2z), the largest contributions clearly come fro
the outer Co atoms, while in the (y2z) case the contribution
of the inner atoms to the MAE is nearly as big as the co
tribution of outer atoms. In both cases considered nam
DEx2z andDEy2z , only weak oscillations in the MAE can
be seen for the longer chains.

The anisotropies of the orbital moments are shown in F
7. In the case of a single adatom the anisotropy of the orb
momentDLx(y)2z5Lx(y)2Lz520.27mB obeys the qualita-
tive rule that the orbital moment is largest along the ea
axis.29 As can be seen from Fig. 7, this rule applies also
the chains since along they direction ~hard axis! the orbital
moments of all the Co atoms are by about 0.15mB less than
along thez direction ~easy axis! (DLy2z520.15mB). Note
that this value is close to that given experimentally, name
0.12mB .8 The anisotropy of the orbital moments of the C
atoms with respect to thex andz directions (DLx2z), how-
ever, is only a few of 0.01mB , and in several cases chang
even sign from site to site. This situation is quite unus
since the tiny orbital momentum anisotropies are to be co
pared with quite sizeable respective magnetic anisotropy
ergies, DEx2z

Coi .0.5–1.5 meV. In terms of perturbatio
theory this implies that for the (x2z) case, significant spin-
flip coupling induced by the spin-orbit interaction may co
tribute to the MAE which, in turn, obscures the simple~in-
verse! proportionality between the MAE and the anisotro
of the orbital moment.30

FIG. 5. Calculated magnetic anisotropy energies~MAE! for Con

(n51, . . .,10) chains on Pt~111! including also contributions from
nearest-neighbor Pt sites and normalized to one Co atom. Up
down triangles refer toDEx2z and DEy2z , respectively@see Eq.
~2!#.
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V. CONCLUSIONS

Employing a real-space embedded-cluster techni
based on the Korringa-Kohn-Rostoker Green’s-funct
method, we have carried out fully relativistic self-consiste
calculations for finite Co chains oriented along the~110! di-
rection on top of a Pt~111! surface. As compared to the ove
layer ~2D! case, CouPt~111!, due to the decreased coordin
tion number we obtained largely enhanced spin and orb
moments as well as magnetic anisotropy energies, which
systematically smaller than those obtained for a single a
tom ~0D!. For all the quantities under consideration w
found fast convergence when increasing the length of
chains. Thus from the values of the central atom the co
sponding quantities for the infinite chain~1D! could easily be
estimated. These extrapolated results were then compar
the corresponding experimental values for long Co chains
Pt~997!.8 Although a different geometry was used in our c
culations, the spin moment of the Co atoms, the easy axi
the system, the size of the MAE and also the anisotropy
the orbital moment is in good agreement with experimen

FIG. 6. Contributions of the individual Co sites to the MAE
Con (n51, . . .,10) chains on Pt~111!. Up and down triangles refe
to DEx2z

Coi andDEy2z
Coi ( i 51, . . . ,n), respectively. For comparison

the corresponding MAE of the chains normalized to one Co atom
marked by dots (DEx2z) and dashes (DEy2z).
e

ca
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We showed that as far as local quantities are concer
from calculations for rather short linear chains propert
characteristic for long~ideally infinite! chains can be de
duced without losing the possibility to study local fluctu
tions ~finite-size effects! within the chains. Obviously, when
investigating, e.g.,~magneto!transport properties of suc
nanostructures, due to the nonlocality of the transport p
nomena, a less evident trend with respect to the size of
nanoclusters has to be expected.
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FIG. 7. Anisotropy of the orbital moments of the Co sites in Cn

(n51, . . .,10) chains on Pt~111!. Up and down triangles refer to
DLx2z andDLy2z , respectively.
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