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One-dimensional magnetism of Rh chains on the A§01) surface
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The electronic and magnetic properties of one-dimensional Rh structures deposite(D0d) Agrfaces are
investigated. Th€010 and(110) chain directions with Rh atoms at ideal adatom positions are considered. A
semiempirical tight-binding method in a chain orbital representation is implemented to exploit the translational
symmetry along the chain directions. All structures considered display a sizable magnetic moment for the Rh
atoms in the chains. A nonconventional magnetic behavior due to interchain interactions is observed. The
results are in a good agreement with Korringa-Kohn-Rostoker calculations for small supported clusters.

[. INTRODUCTION tronic and magnetic properties of low-dimensional metallic
sytems.

The electronic and magnetic properties of a low- According to ab initio and semiempirical
dimensional metallic surface system depend significantly orcalculations® pseudomorphically grown Rh monolayers on
the structure of the system. The enhancement of magnet®g(001) could be ferromagnetically ordered with a magnetic
moment in traditionally ferromagnetic materials and themoment of Jug. However, experiments did not show any
transfer of nonmagnetic materials into magnetic ones hagiagnetism for Rh monolayers. No magnetic moment was
been obtained by reducing the size and dimensionality of théound either with magneto-optical Kerr effe@lOKE),***°
considered systerhsuggesting interesting magnetic materi- O With photoelectron spectroscopy This discrepancy is
als, e.g., for compact magnetic storage devices. In the pagt!99ested to be connected with the structural defects found
mainly two-dimensional magnetic systems on single-crystal’ real surface$??® Detailed experlmental_ investigations of
surfaces have been studietlowever, modern experimental Rh surfacg layers have' shown that the _|de_al layer structure
tools (e.g., diffusion controlled aggregatidmoving of at- assumed in the calculations does not exist in real samples: it

oms by the tip of a scanning tunneling microscdmiecora- is impossible to grow a Rh monolayer on @91) pseudo-

tion of step$) can be used to produce nanostructures of vari-" orphically without an additional Ag layer on top of the
rstep op . structure. The direct interdiffusion process between Rh and
ous size and shape on different metallic substrates.

vV v Gambardellet al® h d d th Ag atoms and the growth of mixed islands were observed at
_ Very recently Gambardellet al.” have demonstrated, that pp_ag interfacé® Thus experimental investigations suggest
high density arrays of parallel nanowires of Ag and Cu cany ¢ siryctural effectéisland formation, roughness at surface,

be deposited on a vicinal @97) surface. Measurements of gien defects, interdiffusionhave strong influence on the
Dallmeyeret al” at Co nonowires on the vicinal @97)  magnetic properties of low-dimensional metallic systems.
surface suggest the presence of a one-dimensional exchange-according to ab initio calculations by Freemdh and
split band and of local magnetic moments. BlligeP® the additional Ag layer on top of the Rh layer re-
Transition metalTM) structures on noble metal surfaces duces the magnetic moment of Rh to Q55 Semiempirical
attract special interest since in this case TM systems can hgvestigation®2° showed that an ordered layer &Ags, on
considered as quasifree systems due to the relatively weake Ag001) surface destroys the magnetism of the Rh mono-
interaction between transition metals and noble metals. Firstayer on the Ag001) surface. Later on Ture&t al?’ studied
principles calculations for @, 4d, and & transition metal the change of the magnetic properties in dependence on in-
clusters on C(001) and Ag001) substrates have showaof.  termixture by means of thab initio tight-binding (TB)- lin-
Refs. 7 and § that transition-metal elements which are non-ear muffin-tin orbital(LMTO)- coherent potential approxi-
magnetic in the bulk, could become magnetic due to themation (CPA) method. The magnetic moments in the two
increase of the lattice constants and the reduction of the dimixed layers of Rh_,Ag,/RhAg;_,/Ag(001) have been
mensionality. Some of the theoretical predictions have beefound to be a minimum in the concentration range<tx5
confirmed experimentally. <0.6. The moments are Qu3 in the topmost layer and
The nonmagnetic d@ element Rh has a special interest 0.2ug in the subsurface layer. In contrast with this theoreti-
due to its unexpected properties. Cekall® showed that cal analysis of magnetic properties in the monolayer regime
free standing Rh clusters are magnetic. Moreover, the avethe moments of small supported Rh adislands are enhanced
age magnetic moment of free Rh clusters depends on thdue to the interdiffusion with Ag atonf8.Using weak local-
symmetry and size of the clusters in a complicated Wdy. ization and anomalous Hall effect Beckmann and
Therefore investigations on Rh systems could give better inBergmanr® have found an enhancement of the magnetic
sight on the interplay between the structure and the eleanoment of small Rh clusters compared to single Rh adatoms
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on the Ag(001) surface. An unusual behavior for Rh dimers  Only exchange integrals fat electrons of Rh and Ag are

on the Ag001) surface is found by means ab initio  assumed to be nonzero and their values are taken from Ref.
calculations® The magnetic moment per Rh atom decreased8 (J59=0.041RYy, J§Q=0.044?y). The local magnetic
strongly with increasing Rh-Rh interatomic distance. This ismomentsu,;, at an atom of typd\ in theith chain are given

in contrast with results obtained for all other transition-metalpy

adatoms.

From all this it is now clear that the role of structural Haiv=Naivt = Najy, 2
effects on the magnetism of Rh supported nanostructures is
not fully understood. Especially one-dimensiofHD) struc-
tures, which occur on anisotropic surfaces or in the vicinity
of steps have not been investigated in detail yet. Here we ) .
report on the magnetic properties of ideal 1D Rh chains af "€ local density of statgsy;,,(€) (LDOS) per spin is con-
the Ag00)) surface. Two chain direction®10 and(110 nected dlre:ctly with the corresponding diagonal element of
are considered. A semiempirical tight-binding Hamiltonianth€ Green's function and is calculated by the recursion
in the framework of the recursion method is applied to clusmethod. ,
ters of chains. The magnetic momentsw,;, are evaluated self-

consistently in the local charge neutrality approximation.
Self-consistency is achieved if changes in the electron num-
Il. THEORETICAL METHOD bers and in the magnetic moments were less thar.1dis
assumed that the local charge distribution corresponds to the
bulk valueN/, ,.343°

eF
NAiV(T: f pAivo'(f)df'

A. Calculation of magnetic properties

The semiempirical TB method is a suitable tool for the
calculation of the electronic and magnetic properties of
rough metal surfaces, clusters on surfaces, nonperfect metal- , ,
lic layered systems, efcThis method is specifically devoted  The recursion method permits to calculate the LDOS for
to the study of very large low-dimensional systems with aSyStems with arbitrarily placed atoms within the TB method.
considerable number of inequivalent atoms which is far beHopefully the calculation of electronic properties can be sim-
yond the possibilities odib initio methods because every loss Plified considerably by implementing the Bloch theorem. An
of translational symmetry leads to a dramatic increase offPortant property ok-space representation is the separabil-
numerical effort. ity property of the Hamiltonian, which allows us to treat each

Very recently Roblegt al. used the TB method to study K vector separately. The-space formulation of the recursion
monoatomic Co wires on the PL0) surface®! In contrast Method was applied to bulk systems with three-dimensional
to our approach, a pure real-space formulation of the tightlransiation - symmetry - by ~Anlage —and Snifth and
binding method was applied, i.e., the one-dimensional translVoodrufi=™" Later the method was extended for two-
lational symmetry along the chains was not used in theidimensional systems:***Layered systems are character-
calculation. ized by a translational symmetry within the layer and an

We have derived an Hamiltonian, which contains a One.arbitrary Staking sequence of IayerS in the third direction.
particle interaction and an electron-electron interaction suit- N this paper we investigate infinite chains of atoms on the
able to investigate the magnetic properties of infinite lineafdeal Ag001) surface. Therefore only one-dimensional
metallic chains on metal surfaces. The interaction Hamiltranslational symmetry is conserved. The system under in-
tonian is treated in the unrestricted Hartree-Fock approximaYestigation can be considered as a cluster of chains of atoms.
tion to the Hubbard-Hamiltoniatcf. Refs. 32 and 38 The The use of 1D translational symmetry leads to the introduc-
hopp|ng integra|s are Spin independent and the Spintlon of the so-called “chain Orbltals,” which are one-

B. Systems with 1D translational symmetry

dependent diagonal terms are given by dimensional BIoch functions. The chain orbi'gals are con-
structed by summing over all atoms of a certain typm a
A given chaini:
A vv!
eAivozegiv—‘rE UVV’ANAiV’_O-TILLAiV’ ) (1) 1 _
g |AQ) =|Aviok)=—== > e RTilg] (r—R—1).
‘A R

iA
wherei is the chain indexy describes the angular momen- (©)

tum (v=s,p,d) of the basis functionsy gives the spin po-  pe chain orbital AQ) is characterized by the set of quan-
larization (o= *1), andA denotes the type of atom , is  tym numbersQ={»,i,o,k}. k is a vector of the one-
the exchange integral and,;, is the magnetic moment per dimensional Brillouin zone an& a one-dimensional lattice
atom of typeA in theith chain.ANy;, is the deviation of the  vector.N;, is the number of atoms of typ& in the chaini.
number of electrons of angular momentumat an atom of 7, is a nonprimitive translation of an atom of typein the
type Ain theith chain from a reference level. The referencechaini. The localized orbitalsy’, form the basis set of the
values to calculateAN,;,, are conventionally the electron calculation. The analytical form of the Hamiltonian, taking
numbers in the bulk materiall” ,, the effective intra- into account up to second nearest-neighbor interactions, is
atomic Coulomb interection, is usually taken from the litera-constructed by means of a computer algebra pactgbe
ture or chosen in such a way that local neutrality is pretwo-center approximation is used and hopping integrals for
served. Rh and Ag are taken from Ref. 41. Hopping integrals for the
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IIl. RESULTS AND DISCUSSION

0
o

F A. Single chains

40 . . :
In the following we discuss how changes in the local en-

vironment influence the magnetic properties of Rh wires on
the Ag100) surface. We consider two chain directions, the
(110 one, and thé010) one.(110) is the usual direction of
steps on th€100) surface, because it is closed packed. Ex-
perimental results about the real structure of Rh chains on
Ag(001) are not available. therefore it is assumed, that the
Rh atoms are located at ideal positions on the€084) sur-
face. This means Rh atoms occupy hollow sites at the
Ag(001) surface and have a distance equal to the Ag layer
: : , : : distance to the A@01) surface. Experimentally the relax-
-0.6 -0.4 -0.2 0.0 0.2 ations of the Ag surfaces are found small6/dp,,<1%)
Energy (Ry) and therefore are not taken into account in the present
calculation*?

FIG. 1. Paramagnetic DOS of an isolated Rh monolayer with Ag  Wires on the surface and embedded in the surface are
lattice constant calculated in chain orbital representation and differdiscussed. It is known, that the numbers of neighbors and the
ence in the DOS between calculations in layer orbital representatiophanges in the lattice constant play an important role in the
and chain orbital representatipb400k points in 2D Brillouin zone magnetic properties of nanostructures. In Table | the local
(BZ) are used for the layer orbital calculation, BGpoints in 1D enyironment is summarized for the structures discussed here,
BZ, and 100 chains are used in chain orbital calculdtion i.e., how many nearest and next-nearest Rh or Ag atoms a Rh

atom has. The band width being proportional to the square
Rh-Ag interaction are constructed by the rujgznag root of the coordination number is further reduced in the
=\ Brnri Bagag It should be noted that the parametrizationwires with respect to the surface. The Rh lattice constant
is the same as used in Ref. 18 to describe the magnetic propeing about 7% smaller than the Ag lattice constant, this
erties of Rh monolayers on A@01). leads generally to a shrinking band width for the supported

We tested the chain description for the isolated Rh monoRh nanostructures.
layer. With respect to the two-dimensional translational sym- Figure 2 presents the self-consistently calculated para-
metry the Rh monolayer can be described most efficiently irmagnetic densities of states for single Rh chains for the two
the layer orbital representation. Nevertheless, the layer cadirections considered here. The chains are in ideal adatom
be also considered as a ladder of chains. Therefore it can hposition or embedded in the surface. The following effects
described also in the chain orbital representation. Both repean be easily seen:
resentations have to be numerically identical. Figure 1 com- (i) In all cases the Stoner criterigi(Eg) - Jgp,>1 is ful-
pares the paramagnetic density of states, calculated sefiitled, due to the high density of states at the Fermi energy.
consistently in the framework of both layer and chainThe high density of states results from the reduced coordina-
representation. The DOS in chain representation and the difion number and the stretching of the Rh interatomic distance
ference of the two calculations is shown. The over all differ-due to the high value of the Ag lattice parameter.
ences of the two calculations are small. The differences are a (ii) The magnetic properties of the Rh wires are mainly
bit higher near the van Hove singularities of th®OS. This  determined by the number of Rh neighbors. The embedding
is not surprising because the absolute high of the DOS in thef the Rh chains into the Ag surface leads to a stronger
peaks depends also strongly from the details of the DO$ybridization with thesp bands of silver and reduced mag-
calculation. netic moment(cf. Table ).

30 1

20 1

10+

DOS(states/(atom Ry spin))

TABLE I. The number of nearestNN) and next-nearest-neighbo(BINN) of the Rh atoms of the
investigated Rh structures. In the three and four chain Rh wires there are inequivalent Rh chains which are
shown separately.

(010 (110
Rh Ag Rh Ag

System NN NNN NN NNN NN NNN NN NNN
Adchain 0 2 4 1 2 0 4 1
Embedded chain 0 2 8 5 2 0 8 5
Two chains 2 2 4 1 3 2 4 1
Three chains o'e’e®’ €3 2 3 4 1 3 2 4 1

(2 4 2 4 1 4 4 4 1
Four chains ©'@%@°@* (1,9 2 3 4 1 3 2 4 1

2,3 4 3 4 1 4 4 4 1
Monolayer 4 4 4 1 4 4 4 1
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FIG. 2. The paramagnetic density of states of the adsorbed FIG. 3. The paramagnetic density of states of the pair of Rh
(solid line) and embedde(dashed ling Rh chains in th€010) (a) chains in the/010) (a) and(110) (b) directions(70 k points in 1D
and (110 (b) directions. The cross sections of the structures areBZ, 260 chains in clustgr
shown too(70 k points in 1D BZ, 230 chains in clusber

ferromagnetic state of the linear chain of four Rh atd@4$)

(iii) The bandwidth is smaller for th€010 chains than in the (110) direction on the A¢LO0 surface and in the
for the (110 chains. This leads to highei(E¢) values and topmost surface layer. The magnetic moment for the inner
as a consequence to higher magnetic moments. The reasorRa atoms inside the C4 chain is 08§ and the deviation
that in the(010) chain the Rh atoms have only next-nearestbetween the Korringa-Kohn-Rostok@¢KR) and TB results
Rh neighbors. is less than 3%. Although our result agrees well with dlbe

The magnetic moment of the infinigdlo) Rh chain can initio result for the adsorbed chain, larger deviations are
be compared withab initio calculations performed for the found for the embedded chain.

TABLE Il. The magnetic moment of the investigated Rh struc- B. Cluster of chains

tures.
We have also studied clusters of chains on thé0Ad)

surface. For all configurations the Ag environment is the

Magnetic moment gg)

Configuration (010) (110 same for each Rh atorfef. Table ), but the number of Rh
neighbors varies from 4 to 8nonolayer environmeptFig-
Adchain 1.325 0.990 ure 3 shows the paramagnetic DOS for a pair of Rh chains
Embedded chain 0.960 0.916 along the(010) and the(110) direction. For both directions
Two chains 1.241 0.706 the number of Rh neighbors increases with respect to the
Three chains 1,3 0.833 0.852 single chain so that the magnetic moment decredsgs
2 0.849 0.769 Table 1l). A Rh atom in a pair of chains in thgl10) direc-
Four chains 1,9 1.001 0.882 tion has more nearest Rh neighbors than in{®®0 direc-
2,3 0.922 0.835 tion. This leads to a slightly broader DOS and a reduced
Monolayer(TB) 0.990 magnetic moment.
Monolayer (ab initio) 1.040 The results show that magnetism for the pair of Rh chains

obeys the conventional understanding of low-dimensional
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Number of rhodium chains

tral chain of the(010) cluster has a slightly higher moment
than the outermost chains, whereas the central chain of the
(110 cluster has a significantly lower moment than the out-

FIG. 4. The average magnetic moment of the Rh wire as rmost chains. This corresponds nicely to KKR-GF calcula-

function of the number of chains in the wire.

tions.

itinerant magnetism: increasing the coordination number

leads to the reduction of magnetic properfigd®#344 et us
note also that the magnetic moment for the 2 {10

chains is practically unchangdtbss than 6%) with respect

IV. CONCLUSIONS

We have shown that one-dimensiomdgal Rh nanostruc-

to the single Rh chain. Nearest-neighbor interaction does natires on Ag001) are clearly magnetic and that the magnetic
exist in chain direction in this case. Nearest-neighbor intermoment corresponds roughly to the moment of a perfect fer-
action between the chains is introduced by the second chaifemagnetic Rh monolayer on Ag01). Our results show that
The single chain if110) has a lower magnetic moment than not only Rh monolayers and small Rh clusters on the Ag
the chain in the(010 direction because of the nearest- surface but also one-dmensional structures show a consider-

neighbor interactions in chain direction. The secqid0)

able magnetic moment. The average magnetic moment of Rh

chain increases the nearest-neighbor interaction further angtoms in ferromagnetic chains is found to depend on chain

leads also to next-nearest-neighbor interacti@hsTable .

direction. The magnetic moment of Rh atoms depends non-

This all together leads to a stronger decrease of the magnetigonotonously on the number of Rh chains supported on the

moment compared to a couple @10 chains.

ideal Ag001) surface.

If one increases the number of Rh chains in the cluster on  These results demonstrate clearly that the magnetic struc-
the surface the monolayer limit should be reached. It can beure of Rh chains is defined not only by intra and interatomic

seen from Table Il that two chains in tH&10) direction

interaction among nearest neighbors, but local coordination

show a magnetic moment clearly below the monolayer limithumber as well. Due to the interchain interaction, it was
of 1ug. Therefore we increased the number of chains to Jound for one to three Rh chains, that the local magnetic
and 4. In Fig._4 we show the evolution of the average magmoments of Rh atoms on silver surface are defined not only

netic momentu, as a function of the number of chains and by Rh-Rh interaction. The essential contribution to the for-

their direction. The nonmonotoneous behavior.gf with

the number of Rh chains in both directions can be clearl

mation of magnetic properties of Rh atoms on Ag comes

>jrom interaction between their electronic subsystems. The

seen. Moreover, the gradual convergency of the a\,er(,j‘g%eIf-con3|stent calculations of partial densities of states noti-

magnetic momenfuy to its boundary valueu2Y®"

discernible.
The results for the magnetic properties of three(Rh0)

is also

and (110) chains can be compared with the results of th

[S)

fied the crucial role osp-d and d-d hybridizations in Rh-
Rh, Rh-Ag interfaces in the formation of magnetic properties
for transition metals. The numerical scheme developed in
this paper can be applied in the future to more complicated
structures.

first-principles calculatiohof small compact Rh clusters on
Ag(001).*° Islands in ideal adatom position consisting of five
atoms(15) or 9 atoms(19) are investigatedcf. Fig. 5. The
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