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Magnetic behavior of monoatomic Co wires on Pd„110…

R. Robles, J. Izquierdo, and A. Vega
Departamento de Fı´sica Teo´rica, Atómica, Molecular, y Nuclear, Universidad de Valladolid, E-47011 Valladolid, Spain

~Received 8 July 1999!

The magnetic properties of monoatomic Co wires supported on the Pd~110! substrate have been studied
using a self-consistentspd-tight-binding model with parameters fitted toab initio tight-binding linear muffin-
tin orbital results for the ideal Co monolayer deposited on the same substrate. The geometrical structure of the
system is based on recent scanning tunneling microscopy experiments for Cu wires supported on Pd~110!. Two
possible magnetic configurations have been considered, one with parallel~P! magnetic coupling between
adjacent wires and the other with antiparallel (AP) coupling. Results are reported for the local magnetic
moments and spin-polarized densities of states, magnetic coupling between wires as a function of the interwire
distance and wire-substrate magnetic interaction.
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I. INTRODUCTION

The development of magnetic devices constitutes one
the most important tasks in high technology. The magn
storage industry continues with plans of increasing grow
rate in areal storage density. In addition, miniaturization r
resents another important field of development. These te
nologies require a consistent progress in many areas like
ant magnetoresistance, spin valve read sensors, mag
domain size reduction and others.

After the first experiments related with magnetoresista
in transition metal multilayers,1,2 increasing attention ha
been focused on the possibility of building new samples c
sisting of supported nanostructures. This opens the poss
ity, as discussed before, of the development of extrem
compact devices with new magnetic properties associ
with the low-dimensional character of the supported str
tures. As in the case of the multilayers, the most interes
systems are those in which the substrate and the supp
element have different magnetic behaviors and whose in
face might play a particular role. Among the different su
ported nanostructures, the nanowires deserve particula
tention because they combine the properties typical
supported clusters with those related with the confinemen
one dimension. Several transport properties like the str
reduction of the scattering3 or the quantization of the
conductivity4 have been found a few years ago in this cla
of materials. However, from the magnetic point of vie
these promising systems are rather new. In this context, m
of the progress made so far is related with the experime
techniques of their production at different size scales.

Scanning tunneling microscopy~STM! manipulation at
atomic scale5 allows the formation of small atomic lines
Other techniques like decomposition of a metalorganic
produced on the tip of a STM,6 electrochemical deposition
on a membrane7 or focalized deposition with laser8 produce
long supported wires but with relatively large width~typi-
cally 600 Å!. Very recently it has been shown the possibil
of having a regular distribution of nanowires nucleated
the steps of vicinal surfaces.9,10 However, the obtained wire
have imperfections and widths which are far from the mo
atomic. These studies show that it is possible to exploit
PRB 610163-1829/2000/61~10!/6848~6!/$15.00
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symmetry of the surface. This was the idea of Bucher a
co-workers10,11 for the growth of quasi-one-dimensiona
wires of a fcc transition metal on a~110! surface of an fcc
substrate. In particular, these authors have obtained, at
temperatures (T,300 K!, monoatomic wires of Cu with
various hundreds Å length deposited on the Pd (110) s
strate and oriented along the (110̄) direction.

Concerning the magnetic properties of transition-me
~TM! supported nanowires, several questions deserve to
investigated: magnetic order and magnetic coupling betw
wires as a function of interwire distance, average magn
moment of the system, wire-substrate magnetic interact
magnetic anisotropy. For technological purposes one wo
like to assemble atomic wires optimizing their packing, b
this packing may have a limit because if the wires are
close together the intrinsic properties of the wires can be l
In some natural alloys the identity of small clusters is ma
tained by the effect of some buffer atoms that act as a sh
preventing the clusters from collapsing into larger entities12

The same effect has been applied in self-assembled artifi
devices, where large metallic clusters are covered by a sh
of organic molecules.13 Knowing the characteristic length
determining the interaction between wires is then of extre
importance for constructing efficient wire assemblies. T
experimental characterization of the magnetic properties
TM supported nanowires is rather limited, particularly
which concerns the local magnetic behavior. At the sa
time, theoretical studies simulating the realistic samples
perimentally accessible are extremely expensive due to
large number of inequivalent sites. In particular,ab initio
methods based in a supercell are not computationally e
cient in this context, being more adequate a model form
lated in the real space that combines flexibility and a su
cient degree of accuracy.

As a first step in the understanding of the magnetic
havior of this new class of materials, we present a theoret
study of monoatomic Co wires supported on Pd~110!. The
Co/Pd interface have attracted the attention of the Scien
Community during the last decade. In particular, Co/Pd m
tilayers have been studied since 1985 due to their perp
dicular anisotropy which makes them suitable for magne
optic devices.14 Perpendicular magnetic anisotropy has be
6848 ©2000 The American Physical Society
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also predicted in a recent work15 for a monoatomic Co wire
supported on Pd~110!. This opens the possibility of develop
ing a new class of magneto-optic materials. The morphol
of the system studied in the present work is modeled follo
ing the experimental results of Bucher and co-workers10,11

for Cu wires on Pd~110!. The same atomic arrangement
expected for Co deposited on the same substrate.16 The spin-
polarized electronic structure of the system is determined
self-consistently solving a semiempiricalspd-band model
Hamiltonian formulated in the real space and parametrize
ab initio tight-binding linear muffin-tin orbital~TB-LMTO!
calculations for the ideal Co monolayer supported
Pd~110!. In the next section we present this theoretical mo
and discuss the transferability of the parametrization. Res
for the local magnetic moment, possible magnetic coupl
between the Co wires as a function of the interwire distan
average magnetic moment, and possible induced spin p
ization at Pd in the neighborhood of the Co wires are p
sented and discussed. The main conclusions of the pre
study are summarized at the end.

II. THEORETICAL MODEL

A. The Hamiltonian

The electronic structure is determined by solving se
consistently a tight-binding Hamiltonian for the 3d, 4s, 4p
valence electrons in a mean-field approximation:

H5 (
i ,a,s

e iasNias1 (
i ,a,s
iÞ j

t i j
abcias

† cj bs . ~1!

Herecias
† (cj bs) are the operators for the creation~anni-

hilation! of an electron with spins in the orbital statea (b)
at the atomic sitei ( j ), Nias is the corresponding numbe
operator. The electronic delocalization within the system
described by the hopping integralst i j

ab between orbitalsa
andb at sitesi andj, which we consider up to second neig
bors and are assumed to be spin independent. The hop
integrals between atoms of the same element are taken
a fit to reproduce theab initio band-structure calculations fo
the pure element.17 The heteronuclear hoppings at the Co-
interface are obtained as the average of the correspon
homonuclear hoppings.

The spin-dependent diagonal termse ias include the
electron-electron interaction through a correction shift of
energy levels:

e ias5e ia
0 1zs(

b

Ji ,ab

2
m ib1V ia . ~2!

e ia
0 are the bare energy of the orbitala at site i ~that is,

excluding Coulomb interactions!. The second term is the cor
rection shift due to the spin-polarization of the electrons
site i (m ib5^Nib↑&2^Nib↓&). In this second term,Ji ,ab are
the exchange integrals andzs is the sign function (z↑
511; z↓521). We neglect the exchange integrals invo
ing sp electrons and the one corresponding to thed electrons
is fitted to obtain theab initio TB-LMTO value for the mag-
netic moment of the Co monolayer deposited on Pd~110! for
the ferromagnetic-in-plane configuration. Finally, the s
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and orbital-dependent potentialsV ia are self-consistently de
termined in order to obtain theab initio sp- andd-electronic
occupations of the Co monolayer on Pd~110!. This is a good
approximation due to the small charge transfer in T
systems.18,20The details of this fit as well as the transferab
ity of the parametrization are discussed in the last subsec

B. Self-consistent calculation

The magnetic moments distribution can be determined
integrating the majority and minority local densities of sta
~LDOS! up to the Fermi energy:

m ia5E
2`

eF
@r ia↑~e!2r ia↓~e!#de. ~3!

The LDOS is obtained from the diagonal elements of
Green function:

r ias~e!52
1

p
Im@Gias,ias~e1 iO1!#. ~4!

The diagonal elements of the Green function are cal
lated by using the recursion method,19 with a sufficient num-
ber of levels in the continued fraction to assure the stabi
of the results. The self-consistent procedure starts with
input of m ia andV ia at each sitei and orbitala from which
the diagonal elements of the Hamiltonian are constructed
solving the resulting Hamiltonian with the recursion tec
nique we obtain the LDOS. From them, a new distribution
magnetic momentsm ia8 is obtained. The potentialsV ia are
also updated at each iteration. The procedure finishes w
the inputm ia and outputm ia8 coincide and the local neutrality
condition is reached within an accuracy of 1024.

C. Transferability of the parametrization

We treat the magnetism within a molecular field model
which the spin interactions are described by the poten
zs(Ji /2)m i at each atomic sitei. The exchange parameterJi
has intra-atomic character, and generally it is fitted in or
to recover the bulk magnetic moment.21 In the case of the Co
fcc bulk, one needsJCo51.000 eV to recover a magneti
moment of 1.53mB previously determined through anab ini-
tio TBLMTO method in the atomic spheres approximati
~ASA!.22,23 However, the transferability of the parametriz
tion can be improved by fitting to a system whose morph
ogy resembles better than the bulk the system under inv
gation. In our case, we have chosen to fit to the single
monolayer supported on Pd~110!, because this system con
tains the Co-Pd interface and, at the same time, it is poss
to define a simple supercell to perform anab initio
TBLMTO-ASA study. As in the case of the bulk, the calc
lations are performed using a scalar-relativistic version of
k-space TB-LMTO method with the atomic-sphere appro
mation. This method is based on the local-spin-dens
approximation24 of the density functional theory.25 Assuming
pseudomorphic growth, the in-plane interatomic distance
Co is chosen to be the same as the calculated lattice pa
eter of fcc Pd. The Co-Pd interface distance is chosen as
arithmetic mean value of the calculated Co and Pd lat
parameters. The calculations are performed using an incr
ing number ofk points, until final convergence is obtaine
for at least 135k points in the irreducible Brillouin Zone. We
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consider enough layers of empty spheres to assure that
is no interaction between the Co surfaces of adjac
supercells26 ~5 monolayers of empty spheres were enoug!.
In Table I we report theab initio TB-LMTO results for the
local magnetic moments in the ground-state magnetic c
figuration of the single Co monolayer on Pd~110!. This so-
lution corresponds to the ferromagnetic in-plane Co ov
layer. By applying now to the same system the tight-bind
model with thesp- and d-electronic occupations from th
TB-LMTO method, we obtain a value ofJCo50.70 eV,
which reproduces theab initio value for the local magnetic
moment at the Co overlayer and describes qualitatively
magnetic behavior of the Pd substrate~see Table I!.27

In Fig. 1 we show the local densities of states at the
equivalent sites of the Co monolayer on Pd~110!. It is inter-
esting to probe that not only an integrated magnitude like

TABLE I. Ab initio TB-LMTO results for the local magnetic
moments ~in units of mB) at the Co monolayer supported o
Pd~110! taken for the fit of the real space tight-binding model~TB!.

Site TB-LMTO TB

Co 2,05 2,05
Pd1 0,28 0,48
Pd2 0,21 0,13
Pd3 0,16 0,08
Pd4 0,13 0,01

FIG. 1. Local densities of states at the inequivalent sites of
Co monolayer supported on Pd~110! obtained with both the TB-
LMTO method~left column! and the TB fit~right column!.
ere
nt

n-

r-
g

e

-

e

magnetic moment is reproduced through the fit, but also
densities of states are in good qualitative agreement for
chosen value ofJCo . The main characteristics of the LDO
are well described, in particular the large spin-splitting at
Co overlayer, the induced spin-polarization at the Pd mo
layers and the location of the main peaks.

From Table I and Fig. 1, one can extract some gene
magnetic trends, which are expected to be present also in
case of supported Co wires:~i! The enhanced magnetic mo
ment at the Co overlayer with respect to the bulk. This b
havior is due to the loss of coordination at the surface giv
rise to a narrowing of the DOS with the corresponding
crease of the DOS at the Fermi level.~ii ! The induced spin-
polarization at the Pd layers in the neighborhood of Co. T
absolute value of the induced magnetization in Pd is imp
tant at the interface and decreases as decreasing the hy
ization with Co. However, it remains appreciable at the th
Pd underlayer and it could play an important role in an in
rect magnetic coupling between Co wires through the s
strate. We will explore this point later on.

III. RESULTS AND DISCUSSION

The system consists of a set of monoatomic Co wi
supported on the (110) semi-infinite substrate of Pd. T
wires are oriented along the (110̄) direction, as we can se
in Fig. 2. This is the alignment direction of the Cu wire
grown and characterized by Bucher and co-workers.10,11The
reason why the wires are aligned in this direction is that
~110! surface of a fcc system presentschannels, where the
wires are deposited. Therefore, the interwire distance can
characterized by the number of unoccupiedchannelsbe-
tween adjacent wires. When all thechannelsare occupied by
wires we have the complete Co monolayer. We will consid
this situation as the minimum interwire distance.

Let us analyze first the results for ‘‘infinitely’’ separate
wires, that is the case of an isolated supported Co wire
Fig. 3 we report the local magnetic moments at the inequi
lent sites of the system. Due to the loss of neighbors,
magnetic moment of the wire is enhanced in about 8% w
respect to the supported Co monolayer and much m
~about 40%) with respect to the Co fcc bulk. This result w

e

FIG. 2. View of the~110! surface of an fcc system. One can s

the channels along the@11̄0# direction where the atomic wires ar
deposited.
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expected as a consequence of the localization effect
takes place as going from the Co bulk to the Co monola
and finally to the Co wire. The electronic localization is r
flected in the densities of states plotted in Fig. 4. Here, i
noticeable the progressive narrowing of the DOS accom
nied with an increase of the DOS at the Fermi level. At t
same time, the three-peak structure characteristic of the
lattice is transformed in a main peak in the case of the w
approaching the limit of magnetic saturation.

Another expected result is the spin-polarization induc
by Co in the neighboring Pd atoms. It is well known th
certain paramagnetic transition metals~V, Pd! can be mag-
netic in the presence of a strong ferromagnet. The indu
spin-polarization in Pd is lower in the case of the suppor
wire than for the complete Co overlayer. The Pd layer at
interface with the Co overlayer displays a magnetic mom
of 0.48mB , whereas the nearest Pd neighbor of the Co w
only has 0.22mB . This is a consequence of the reduction
the Co-Pd hybridization when the Co coordination of the
sites decreases as going from the overlayer to the wire
figuration. Previousab initio Korringa-Kohn-Rostoker calcu
lations for a dilute Co atom-impurity embedded in Pd bu
have also shown this effect.28 In this case, the induced spin

FIG. 3. Local magnetic moment distribution~in units ofmB) for
an isolated Co wire supported on Pd~110!. The figure represents

cut of the system perpendicular to the@11̄0# direction and the Co
atoms are plotted with a thick contour.

FIG. 4. Densities of states obtained for Co fcc~solid line!, the
Co monolayer supported on Pd~110! ~dashed line! and the isolated
Co wire supported on the same substrate~dotted line!.
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polarization in Pd is even lower than for the supported w
system due to the extremely low Co-Pd hybridization~only
one Co atom surrounded by Pd!.

Although the induced magnetic moment in Pd is relative
small, one open question is if the Co wires can interact m
netically through the Pd substrate, that is, if there exists
indirect magnetic interaction between the Co wires~as well
as the possible direct magnetic interaction if they are cl
enough!. This question can be answered after calculating
magnetic moments distribution when the interwire distan
is reduced and the Co wires approach each other. Beside
is worthwhile to compare different possible magnetic co
figurations, in particular two: adjacent Co wires with eith
parallel ~P! or antiparallel (AP) magnetic coupling.

Figure 5 reports the magnetic moment distribution of bo
P andAP solutions for the supported Co wires separated
one channel. For this interwire distance, the resulting val
for the local magnetic moment at the Co atoms are simila
those found in the case of the isolated wire. Furthermore,
absolute values in bothP and AP configurations are also
similar, an exception being those Pd sites in theAP configu-
ration located at the same distance of both the wire w
positive magnetic moment and the wire with negative m
netic moment. Those Pd atoms are magnetically frustra
~they have 0mB). This result indicates that at this interwir
distance, the magnetic interaction between wires~both direct
and indirect via the Pd substrate! is negligible. If magnetic
interactions took place, two behaviors were expected. On
one hand, the local magnetic moments at the Co wires in
P solutions should reduce and converge to the correspon
value in the supported overlayer (2.05mB). On the other
hand, since Co is a strong ferromagnet, theAP solution
should become less stable than theP solution. Neither of
these effects are present for this interwire distance.

The closest possible interwire distance corresponds to

FIG. 5. Local magnetic moment distribution~in units ofmB) for
the P solution ~upper half! and theAP solution ~lower half! of the
supported Co wires separated by one channel.



e
n

th
n

bo

a
e
a
is
a
C

-
ar
t
s
he
th

o

n

bu-

is
nd
-
as

e
os-

is
Co
lk.

Pd
his
ob-
ger

of

res
that
Co
he
Co
o-

ur
Co
-

een

ing

n.
ul

ion
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complete Co overlayer. We have already calculated thP
solution, which corresponds to the ferromagnetic-in-pla
solution of the Co overlayer~see Table I!. However, it is
interesting to check if it is possible to obtain theAP solution
in this case. The answer is positive. Figure 6 shows
solution. The absolute values for the local magnetic mome
at the Co sites are the same for bothP and AP configura-
tions. Besides, the energy difference per atom between
solutions is small (EP2EAP'225 meV!. Although theP
solution is more stable, this energy difference is about h
the room temperature. This result indicates that the magn
interaction between the Co wires, although it exists, is sm
For theAP solution the induced magnetic moment in Pd
negligible due to the frustration effects and the average m
netic moment of the system is zero. In summary, since
moments reduce from 2.22mB to 2.05mB as going from sepa
rated wires to the overlayer, the magnetic interaction st
only when the intrawire distance approaches 3.89 Å, tha
the corresponding distance in the Co overlayer. The rea
why the magnetic interaction is small is double. First, in t
~110! crystallographic orientation, the distance between
wires ~even in the closest configuration! is larger than the
distance between adjacent Co atoms inside the wire. Sec
the lattice parameter of Pd fcc~3.89 Å! is larger than the
lattice parameter of Co fcc~3.46 Å!. Both facts give rise to a
minimum wire-wire distance of 3.89 Å~the distance in the
overlayer assuming the pseudomorphic growth!, and this dis-
tance is much larger than the nearest-neighbor distance i
fcc ~2.45 Å!.

FIG. 6. Local magnetic moment distribution~in units ofmB) for
the AP solution of the supported Co wires in their closest posit
that corresponds to the Co monolayer.
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IV. SUMMARY

We have calculated the local magnetic moments distri
tion of monoatomic Co wires supported on Pd~110! for sev-
eral interwire distances. The morphology of the system
modeled following the experimental results of Bucher a
co-workers10,11 for Cu wires on Pd~110!. The exchange pa
rameter of our self-consistent tight-binding model, as well
the d- andsp-electronic occupations, have been fitted toab
initio TB-LMTO results previously obtained for th
ferromagnetic-in-plane solution of the Co monolayer dep
ited on the same substrate. The main results are

~i! The magnetic moment of an isolated supported wire
enhanced in about 8% with respect to the supported
monolayer and in about 40% with respect to the Co fcc bu
This trend is due to the electronic localization effect.

~ii ! There exists an induced spin-polarization in the
atoms close to the Co wire due to Co-Pd hybridization. T
induced magnetic moment in Pd is lower than the one
tained in the case of the complete Co overlayer, but lar
than the one reported28 for a single dilute Co impurity in the
Pd fcc bulk. This trend is due to the different degree
Co-Pd hybridization in those systems.

~iii ! The magnetic interaction between adjacent wi
starts only when the intrawire distance approach 3.89 Å,
is, the interwire distance for the complete supported
monolayer. This magnetic interaction is, however, small. T
AP solution persists even in the case of the supported
monolayer with absolute values for the local magnetic m
ments in the Co sites similar to those of theP solution.
Besides, the energy difference per atom between theAP
configuration and the ground-stateP configuration is about
half the room temperature.

In view of the possible technological applications, o
results show that it is possible to optimize an assembly of
wires supported on Pd~110!, since they preserve their intrin
sic magnetic moment~nearly saturated! for interwire dis-
tances close to the monolayer regime. Besides, it has b
recently predicted perpendicular magnetic anisotropy15 in a
supported Co wire. This opens also the possibility of us
these new systems for magneto-optic purposes.
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