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Magnetic behavior of monoatomic Co wires on P{L10)
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The magnetic properties of monoatomic Co wires supported on thElBdsubstrate have been studied
using a self-consisterspdtight-binding model with parameters fitted &b 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 supportgd On Rao
possible magnetic configurations have been considered, one with pdRllelagnetic coupling between
adjacent wires and the other with antiparall&R) 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.

[. INTRODUCTION symmetry of the surface. This was the idea of Bucher and
co-workerd®!! for the growth of quasi-one-dimensional
The development of magnetic devices constitutes one ofires of a fcc transition metal on @10 surface of an fcc
the most important tasks in high technology. The magnetigubstrate. In particular, these authors have obtained, at low
storage industry continues with plans of increasing growingemperatures T<300 K), monoatomic wires of Cu with
rate in areal storage density. In addition, miniaturization repvarious hundreds A length deposited on the Pd (110) sub-
resents another important field of development. These tectstrate and oriented along the (@)Ldirection.
nologies require a consistent progress in many areas like gi- Concerning the magnetic properties of transition-metal
ant magnetoresistance, spin valve read sensors, magnetitM) supported nanowires, several questions deserve to be
domain size reduction and others. investigated: magnetic order and magnetic coupling between
After the first experiments related with magnetoresistancevires as a function of interwire distance, average magnetic
in transition metal multilayers? increasing attention has moment of the system, wire-substrate magnetic interaction,
been focused on the possibility of building new samples conmagnetic anisotropy. For technological purposes one would
sisting of supported nanostructures. This opens the possibilike to assemble atomic wires optimizing their packing, but
ity, as discussed before, of the development of extremelyhis packing may have a limit because if the wires are too
compact devices with new magnetic properties associateclose together the intrinsic properties of the wires can be lost.
with the low-dimensional character of the supported strucin some natural alloys the identity of small clusters is main-
tures. As in the case of the multilayers, the most interestingained by the effect of some buffer atoms that act as a shield
systems are those in which the substrate and the supportgdeventing the clusters from collapsing into larger entitfes.
element have different magnetic behaviors and whose inteffhe same effect has been applied in self-assembled artificial
face might play a particular role. Among the different sup-devices, where large metallic clusters are covered by a shield
ported nanostructures, the nanowires deserve particular af organic molecule$® Knowing the characteristic length
tention because they combine the properties typical ofletermining the interaction between wires is then of extreme
supported clusters with those related with the confinement iimportance for constructing efficient wire assemblies. The
one dimension. Several transport properties like the strongxperimental characterization of the magnetic properties of
reduction of the scatterifgor the quantization of the TM supported nanowires is rather limited, particularly in
conductivity* have been found a few years ago in this classwhich concerns the local magnetic behavior. At the same
of materials. However, from the magnetic point of view time, theoretical studies simulating the realistic samples ex-
these promising systems are rather new. In this context, mogerimentally accessible are extremely expensive due to the
of the progress made so far is related with the experimentdarge number of inequivalent sites. In particulal initio
techniques of their production at different size scales. methods based in a supercell are not computationally effi-
Scanning tunneling microscop§8TM) manipulation at cient in this context, being more adequate a model formu-
atomic scale allows the formation of small atomic lines. lated in the real space that combines flexibility and a suffi-
Other techniques like decomposition of a metalorganic gasient degree of accuracy.
produced on the tip of a STRMelectrochemical deposition As a first step in the understanding of the magnetic be-
on a membrarfeor focalized deposition with laséproduce  havior of this new class of materials, we present a theoretical
long supported wires but with relatively large widftypi-  study of monoatomic Co wires supported on(Bd). The
cally 600 A). Very recently it has been shown the possibility Co/Pd interface have attracted the attention of the Scientific
of having a regular distribution of nanowires nucleated onCommunity during the last decade. In particular, Co/Pd mul-
the steps of vicinal surfac€3® However, the obtained wires tilayers have been studied since 1985 due to their perpen-
have imperfections and widths which are far from the mono-dicular anisotropy which makes them suitable for magneto-
atomic. These studies show that it is possible to exploit theptic devices* Perpendicular magnetic anisotropy has been
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also predicted in a recent wdrkfor a monoatomic Co wire and orbital-dependent potentidls,, are self-consistently de-
supported on RA10). This opens the possibility of develop- termined in order to obtain thab initio sp- andd-electronic

ing a new class of magneto-optic materials. The morphologyccupations of the Co monolayer on(Rti0). This is a good

of the system studied in the present work is modeled follow-approximation due to the small charge transfer in TM
ing the experimental results of Bucher and co-workers system§.8’2°The details of this fit as well as the transferabil-
for Cu wires on Pdl]_O) The same atomic arrangement is |ty of the parametrization are discussed in the last subsection.
expected for Co deposited on the same substfatae spin-
polarized electronic structure of the system is determined by
self-consistently solving a semiempiricapdband model The magnetic moments distribution can be determined by
Hamiltonian formulated in the real space and parametrized tintegrating the majority and minority local densities of states
ab initio tight-binding linear muffin-tin orbital TB-LMTO)  (LDOS) up to the Fermi energy:

calculations for the ideal Co monolayer supported on .
Pd110). In the next section we present this theoretical model Wig= f " [Piai(€) = pig (€)]de. )
and discuss the transferability of the parametrization. Results 0

for the local magn_etic moment, _possible r_nagne_tic c_oupling The LDOS is obtained from the diagonal elements of the
between the Co wires as a function of the interwire dlstanceGreen function:

average magnetic moment, and possible induced spin polar- '

ization at Pd in the neighborhood of the Co wires are pre- 1 .

sented and discussed. The main conclusions of the present Piacl€)=— ;|m[Giw,iw(€+|0+)]- (4)
study are summarized at the end.

B. Self-consistent calculation

The diagonal elements of the Green function are calcu-

Il. THEORETICAL MODEL lated by using the recursion methb"@uith a sufficient num-
- ber of levels in the continued fraction to assure the stability
A. The Hamiltonian of the results. The self-consistent procedure starts with an

The electronic structure is determined by solving self-inPut of u;, and{};, at each site and orbitala from which

consistently a tight-binding Hamiltonian for thel34s, 4p  the diagonal elements of the Hamiltonian are constructed. By

nique we obtain the LDOS. From them, a new distribution of
magnetic momentg:. , is obtained. The potential§,, are
_ aBt la | R L@
H—é}g Eininrigo tijﬁciaociﬁo- @ also updated at each iteration. The procedure finishes when
o i#] the inputu;, and outputy{, coincide and the local neutrality

+ condition is reached within an accuracy of 0
Herec;

iwo (Cjpos) are the operators for the creatifamni-
hilation) of an electron with spimr in the orbital stater (3) C. Transferability of the parametrization
at the atomic sité (j), N, is the corresponding number

operator. The electronic delocalization within the system is \We treat the magnetism within a molecular field model in
dgscribea by the hopping integraiﬁﬁ between Ol’bit);h‘a which the spin interactipns_ are described by the potential
and g at sitesi andj, which we consider up to second neigh- Z"(Ji-/z)’ui at egch atomic site The exchan_ge_ pgram(_atﬂqr

' .has intra-atomic character, and generally it is fitted in order

bors and are assumed to be spin independent. The hoppiRg ecoyer the bulk magnetic mométn the case of the Co
integrals between atoms of the same element are taken frofd. ik one needs.,=1.000 eV to recover a magnetic
Ll 0 .

a fit to reproduce thab initio band-structure calculations for : : .
. moment of 1.585 previously determined through av ini-
the pure elemertt: The heteronuclear hoppings at the CO'Pdtio TBLMTO method in the atomic spheres approximation

interface are obtained as the average of the correspondirtg\S A).222% However, the transferability of the parametriza-

homonuclgar hoppings. . . tion can be improved by fitting to a system whose morphol-
The spm-depe_ndent _d|agonal ternss, , mclude_ the ogy resembles better than the bulk the system under investi-
electron-elect.ron interaction through a correction shift of thegation. In our case, we have chosen to fit to the single Co
energy levels: monolayer supported on PdL0), because this system con-
3. tains the Co-Pd interface and, at the same time, it is possible
€ino= €+ z,> Iﬁﬂi;ﬁ Q. (2) to define a simple supercell to perform ab initio
B TBLMTO-ASA study. As in the case of the bulk, the calcu-
0 _ o _ lations are performed using a scalar-relativistic version of the
€, are the bare energy of the orbitalat sitei (thatis, k-space TB-LMTO method with the atomic-sphere approxi-
excluding Coulomb interactionsThe second term is the cor- mation. This method is based on the local-spin-density
rection shift due to the spin-polarization of the electrons atapproximatio” of the density functional theor¥’. Assuming
sitei (uig=(Nig;)—(Nig)). In this second term}; ,5 are  pseudomorphic growth, the in-plane interatomic distance of
the exchange integrals anz, is the sign function Z,  Co is chosen to be the same as the calculated lattice param-
=+1,; z,=—1). We neglect the exchange integrals involv- eter of fcc Pd. The Co-Pd interface distance is chosen as the
ing sp electrons and the one corresponding todledectrons  arithmetic mean value of the calculated Co and Pd lattice
is fitted to obtain theb initio TB-LMTO value for the mag- parameters. The calculations are performed using an increas-
netic moment of the Co monolayer deposited o126 for  ing number ofk points, until final convergence is obtained
the ferromagnetic-in-plane configuration. Finally, the sitefor at least 13% points in the irreducible Brillouin Zone. We
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TABLE I. Ab initio TB-LMTO results for the local magnetic
moments (in units of ug) at the Co monolayer supported on
Pd 110 taken for the fit of the real space tight-binding mo¢EB).

Site TB-LMTO B

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

consider enough layers of empty spheres to assure that there

is no interaction between the Co surfaces of adjacent [001]
supercell®® (5 monolayers of empty spheres were endugh .
In Table | we report theb initio TB-LMTO results for the FIG. 2. View of the(110) surface of an fcc system. One can see

local magnetic moments in the ground-state magnetic corthe channels along tHel 10] direction where the atomic wires are
figuration of the single Co monolayer on @d0). This so-  deposited.
lution corresponds to the ferromagnetic in-plane Co over-
layer. By applying now to the same system the tight-bindingmagnetic moment is reproduced through the fit, but also the
model with thesp- and d-electronic occupations from the densities of states are in good qualitative agreement for the
TB-LMTO method, we obtain a value af-,=0.70 eV, chosen value odc,. The main characteristics of the LDOS
which reproduces thab initio value for the local magnetic are well described, in particular the large spin-splitting at the
moment at the Co overlayer and describes qualitatively th&o overlayer, the induced spin-polarization at the Pd mono-
magnetic behavior of the Pd substrésee Table)l?’ layers and the location of the main peaks.

In Fig. 1 we show the local densities of states at the in- From Table | and Fig. 1, one can extract some general
equivalent sites of the Co monolayer on(PtD). It is inter- ~ Magnetic trends, which are expected to be present also in the

esting to probe that not only an integrated magnitude like th&€ase of supported Co wire§) The enhanced magnetic mo-
ment at the Co overlayer with respect to the bulk. This be-

6.0 : : : : : havior is due to the loss of coordination at the surface giving
rise to a narrowing of the DOS with the corresponding in-
20 - T ] crease of the DOS at the Fermi levél) The induced spin-
vm»\\,\ S polarization at the Pd layers in the neighborhood of Co. The
) /r T i absolute value of the induced magnetization in Pd is impor-
10 : : : : } : tant at the interface and decreases as decreasing the hybrid-
ization with Co. However, it remains appreciable at the third
10 | W + Pd underlayer and it could play an important role in an indi-
— o rect magnetic coupling between Co wires through the sub-
-0 F W T 1 strate. We will explore this point later on.
il ' ' ' ‘ ' IIl. RESULTS AND DISCUSSION

The system consists of a set of monoatomic Co wires
i supported on the (110) semi-infinite substrate of Pd. The

wires are oriented along the (0} direction, as we can see
-30 ‘ ‘ ‘ — — in Fig. 2. This is the alignment direction of the Cu wires
grown and characterized by Bucher and co-work&f3The
reason why the wires are aligned in this direction is that the
] (110 surface of a fcc system presemtisannels where the
wires are deposited. Therefore, the interwire distance can be
-3.0 : : : = : = characterized by the number of unoccupieldannelsbe-
Wl WL 1 tween adjacent wires. When all tkhannelsare occupied by

/

wires we have the complete Co monolayer. We will consider
10k W this situation as the_ minimum interwire_ di_st_ance.
Let us analyze first the results for “infinitely” separated
_30 . . . : w : wires, that is the case of an isolated supported Co wire. In
B < (eV')"" 020 Fig. 3 we report the local magnetic moments at the inequiva-
&y lent sites of the system. Due to the loss of neighbors, the
FIG. 1. Local densities of states at the inequivalent sites of thénagnetic moment of the wire is enhanced in about 8% with

Co monolayer supported on @d0 obtained with both the TB- respect to the supported Co monolayer and much more
LMTO method(left column and the TB fit(right column. (about 40%) with respect to the Co fcc bulk. This result was

Density of states (1/eV)
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FIG. 3. Local magnetic moment distributigim units of ug) for
an isolated Co wire supported on (Rdi0). The figure represents a
cut of the system perpendicular to the10] direction and the Co
atoms are plotted with a thick contour.
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expected as a consequence of the localization effect that
takes place as going from the Co bulk to the Co monolayer
and finally to the Co wire. The electronic localization is re- ® nio

flected in the densities of states plotted in Fig. 4. Here, it is

noticeable the progressive narrowing of the DOS accompa- FIG. 5. Local magnetic moment distributi¢im units of ) for
nied with an increase of the DOS at the Eermi level. At thethe P solution(upper half and theAP solution (lower half) of the
same time, the three-peak structure characteristic of the fctupported Co wires separated by one channel.

lattice is transformed in a main peak in the case of the wire, o ) )
approaching the limit of magnetic saturation. polarization in Pd is even lower than for the supported wire

Another expected result is the spin-polarization inducecfyStém due to the extremely low Co-Pd hybridizationly
by Co in the neighboring Pd atoms. It is well known that ©"€ Co atom surrounded by Pd _ _ _
certain paramagnetic transition metég Pd) can be mag- Although the induced magnetic moment in Pd is relatively
netic in the presence of a strong ferromagnet. The induce@Mall, one open question is if the Co wires can interact mag-
spin-polarization in Pd is lower in the case of the supported'€tically through the Pd substrate, that is, if there exists an
wire than for the complete Co overlayer. The Pd layer at thdndirect magnetic interaction between the Co wifas well
interface with the Co overlayer displays a magnetic momen@S the possible direct magnetic interaction if they are close
of 0.48u5, whereas the nearest Pd neighbor of the Co wiréNough. This question can be answered after calculating the
only has 0.2 . This is a consequence of the reduction of Magnetic moments distribution when the interwire distance
the Co-Pd hybridization when the Co coordination of the PdS reduced and the Co wires approach each other. Besides, it
sites decreases as going from the overlayer to the wire coi? Worthwhile to compare different possible magnetic con-
figuration. Previousb initio Korringa-Kohn-Rostoker calcu- fl9urations, in particular two: adjacent Co wires with either

lations for a dilute Co atom-impurity embedded in Pd bulkParallel(P) or antiparallel fP) magnetic coupling.
have also shown this effef.In this case, the induced spin- Figure 5 reports the magnetic moment distribution of both
P and AP solutions for the supported Co wires separated by

one channel. For this interwire distance, the resulting values
for the local magnetic moment at the Co atoms are similar to
those found in the case of the isolated wire. Furthermore, the
absolute values in botP and AP configurations are also
similar, an exception being those Pd sites in A configu-
—— ration located at the same distance of both the wire with
“““““ positive magnetic moment and the wire with negative mag-
netic moment. Those Pd atoms are magnetically frustrated
(they have Qug). This result indicates that at this interwire
distance, the magnetic interaction between witesth direct
and indirect via the Pd substratis negligible. If magnetic
interactions took place, two behaviors were expected. On the
one hand, the local magnetic moments at the Co wires in the
-6 : : : P solutions should reduce and converge to the corresponding
-10 -6 2 2 6 .
y (eV) value in the sup-ported overlayer (2/5. On the o'gher
hand, since Co is a strong ferromagnet, the solution

FIG. 4. Densities of states obtained for Co fsolid line), the ~ should become less stable than tResolution. Neither of
Co monolayer supported on @d0 (dashed lingand the isolated these effects are present for this interwire distance.
Co wire supported on the same substi@etted ling. The closest possible interwire distance corresponds to the

Density of states (1/eV)

Energ
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IV. SUMMARY

®
®

We have calculated the local magnetic moments distribu-
@ @ tion of monoatomic Co wires supported on(Pt0) for sev-
eral interwire distances. The morphology of the system is
0.08 modeled following the experimental results of Bucher and
’ co-workers®! for Cu wires on P¢L10). The exchange pa-
rameter of our self-consistent tight-binding model, as well as
the d- and sp-electronic occupations, have been fittecato
initio  TB-LMTO results previously obtained for the
ferromagnetic-in-plane solution of the Co monolayer depos-
ited on the same substrate. The main results are
(i) The magnetic moment of an isolated supported wire is

enhanced in about 8% with respect to the supported Co

é
=4
=]

®
®

@ [110] monolayer and in about 40% with respect to the Co fcc bulk.

This trend is due to the electronic localization effect.
FIG. 6. Local magnetic moment distributi¢im units of ug) for (i) There exists an induced spin-polarization in the Pd
the AP solution of the supported Co wires in their closest positiongtoms close to the Co wire due to Co-Pd hybridization. This
that corresponds to the Co monolayer. induced magnetic moment in Pd is lower than the one ob-

tained in the case of the complete Co overlayer, but larger
complete Co overlayer. We have already calculatedRhe than the one reporté@ifor a single dilute Co impurity in the
solution, which corresponds to the ferromagnetic-in-planepd fcc bulk. This trend is due to the different degree of
solution of the Co overlaye(see Table )l However, it is  Co-Pd hybridization in those systems.
interesting to check if it is possible to obtain tA® solution (i) The magnetic interaction between adjacent wires
in this case. The answer is positive. Figure 6 shows thistarts only when the intrawire distance approach 3.89 A, that
solution. The absolute values for the local magnetic moment, the interwire distance for the complete supported Co
at the Co sites are the same for b&rand AP configura-  monolayer. This magnetic interaction is, however, small. The
tions. Besides, the energy difference per atom between botiP solution persists even in the case of the supported Co
solutions is small Ep—Exp~—25 me\). Although theP  monolayer with absolute values for the local magnetic mo-
solution is more stable, this energy difference is about halfnents in the Co sites similar to those of tResolution.
the room temperature. This result indicates that the magnetBesides, the energy difference per atom between/ARe
interaction between the Co wires, although it exists, is Sma”configuration and the ground-staeconfiguration is about
For the AP solution the induced magnetic moment in Pd ishalf the room temperature.
negligible due to the frustration effects and the average mag- In view of the possible technological applications, our
netic moment of the system is zero. In summary, since Cgesults show that it is possible to optimize an assembly of Co
moments reduce from 2.22 to 2.05ug as going from sepa- wires supported on R#10), since they preserve their intrin-
rated wires to the overlayer, the magnetic interaction startsic magnetic momentnearly saturatedfor interwire dis-
only when the intrawire distance approaches 3.89 A, that isances close to the monolayer regime. Besides, it has been
the corresponding distance in the Co overlayer. The reasomcently predicted perpendicular magnetic anisot’r%;irya
why the magnetic interaction is small is double. First, in th63upported Co wire. This opens also the possibility of using
(110 crystallographic orientation, the distance between thehese new systems for magneto-optic purposes.
wires (even in the closest configuratipis larger than the
distance between adjacent Co atoms inside the wire. Second,
the lattice parameter of Pd fd8.89 A) is larger than the
lattice parameter of Co fo@.46 A). Both facts give rise to a This work was supported by NATQCRG 96097% and
minimum wire-wire distance of 3.89 (fhe distance in the Junta de Castilla-Lao(Grant VA 70/99. Two of us (R.R.
overlayer assuming the pseudomorphic growémd this dis- and J.l) acknowledge a F.P.l grant from M.E.C. of Spain.
tance is much larger than the nearest-neighbor distance in G&/e would like to thank Professor J. P. Bucher for fruitful
fcc (2.45 A). discussions.
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