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We present a theoretical study of the electronic and magnetic properties of iron systems in different envi-
ronments: pure iron systenjgimer, bcc bulk,(100) surface, and free-standing iron monolayeand low-
dimensional iron systems deposited on A@0 surface(monoatomic linear wires, iron monolayer, planar, and
three-dimensional clustersElectronic and magnetic properties have been calculated using a recently devel-
oped total-energy first-principles method based on density-functional theory with numerical atomic orbitals as
a basis set for the description of valence electrons and nonlocal pseudopotentials for the atomic core. The
Kohn-Sham equations are solved self-consistently within the generalized gradient approximation for the
exchange-correlation potential. Tests on the pseudopotential, the basis set, grid spackhgamming are
carefully performed. This technique, which has been proved to be very efficient for large nonmagnetic systems,
is applied in this paper to calculate electronic and magnetic properties of different iron nanostructures. The
results compare well with previowb initio all-electron calculations and with experimental data. The method
predicts the correct trends in the magnetic moments of Fe systems for a great variety of environments and
requires a smaller computational effort than othbrinitio methods.

I. INTRODUCTION magnetic systems, particularly when they are supported on a
substrate, the theoretical models have limitations in several
Low-dimensional magnetic systems constitute one of theespects. Usualb initio methods, either all electron full po-
key ingredients in the development of new storage devicetential linear augmented-plane-wayé~LAPW) (Ref. 5),
characterized by high storage density and miniaturization.Korringa-Kohn-RostokefKKR) (Ref. 6), linear muffin tin
The interest of the scientific community in low-dimensional orbital (LMTO) (Ref. 7] or based on pseudopotentials for
magnetic systems from both the fundamental and practicalescribing the effect of the core electréhare designed to
points of view is not new and started after the discovery ofdeal with periodic structures. Their formulation knspace
the possibility of enhancing the magnetic moment of a mafequires using supercells for nonperiodic systems and this,
terial by diminishing the atomic coordinatidrin this con-  particularly with delocalized basis, makes them prohibitive
text, it is well known that the surfaces and free-standingfor realistic systems of low symmetry. However, it is desir-
clusters of ferromagnets display a larger magnetic momerdble to retain the high accuracy of those first-principle meth-
per atom than in the bulk configuration and that free clustereds.
of certain paramagnetic materials like Rh or V are On the other side, semiempirical model Hamiltonians
magnetic-® A great impulse in the study of low-dimensional have been proposed to overcome the difficulties related to
magnetism, from both experiment and theory, was given byow symmetry and large system size¥hese methods are
the discovery of the magnetoresistance in Fe/Cr and othdormulated in real space and use localized bases so that non-
multilayers? This opened new prospects in materials sci-periodic systems without symmetry are easy to deal with. In
ence: for instance, one of the current goals is to obtain twothe particular case of magnetic systems, the self-consistent
dimensional magnetoresistive materials by depositing atomitight-binding model has been successfully applied for the
wires on a surface. study of fre@ and supported clustetd, surfaces, and
In contrast to the great improvement in the experimentabverlayers:' However, a good parametrization has to be
techniques for growing and characterizing low-dimensionafound and, although this is possible through fittingsatm
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initio results for simple systems, its degree of transferabilityeSTA code. Details about the choice of the pseudopotential,

is better for certain materials than for others. basis set, and computational parameters are also given. The
For the study of low-dimensional magnetic systems, wemethod is based on DFT, using both local-dertéit§ and

use in this paper a numerical linear combination of atomigyeneralized-gradients functiondfsincluding spin polariza-

orbitals density functional theoryLCAO DFT) approach ion poth collinear and noncolline4.Core electrons are

that has been recently developed and designed for eff|C|e|? placed by norm-conserving pseudopoterffafactorized
calculations in large and low-symmetry systems. It has been

applied successfully to quite varied systems, ranging fro nl t'h'e . KIef:;nman-ByIandelr forrf, .|n|clud|ng sca!g%r-
metal nanostructures to biomolecules, showing accuracy argativistic effects, and nonlinear partial-core corrections.
flexibility. We have used theIiESTA code2~16 which per- The one-particle problem is then solved using a LCAO of

forms a fully self-consistent density function@lrT) calcu-  (Pseudo atomic orbitals(PAO’s). The main advantage of
lation to solve the standard Kohn-Sham equatibis the atomic orbitals is their efficiencyfewer orbitals needed per
local or gradient-correcte@pin density approximationgo- electron for similar precisiorand their main disadvantage is
cal density approximatiofiLDA )/local spin density approxi- the lack of systematics for optimal convergence, a well-
mation (LSDA)/generalized-gradient approximation known issue in quantum chemist#/In our approach, there
(GGA)*¥° using a linear combination of numerical atomic are no constraints either on the radial shape of these numeri-
orbitals as the basis set, and standard norm-conservingal orbitals or on the size of the basis, allowing for the full
pseudopotentia?g in their fully nonlocal form?* More de- guantum-chemistry know-hdWw (multiple-¢, polarization,
tails on the method are given in Sec. Il below. off-site, contracted, and diffuse orbital$n order to limit the

Our aim in this paper is to demonstrate the applicability ofrange of the pseudoatomic basis orbitals, they are slightly
the method to the study of low-dimensional magnetic sySexcited by a common “energy shiftdEp o, and truncated
tems and for this purpose we have chosen iron-based syg; the resulting radial nod&.Schemes to generate multiple-
tems. The reason of this choice is double. On one hands 5y polarization orbitals within finite truncation ranges
iron-based systems _have been widely myesuge}ted througWere also developed, as described elsewheltese basis
both all electrorab initio methods and semiempirical meth- 01 406 projected on a uniform grid in real space to cal-
ods so that we can compare our results. On the other hand, df,o the density, the Hartree and exchange-correlation po-

is an element of great current interest; maybe it is also ey iais and the local part of the pseudopotential. The same
most studied magnetic element experimentally and it is N0}y i ysed to calculate the matrix elements of the self-

completely undersfnood S0 far in many respects. . (]:onsistent potential between basis orbitals.
V\r/]e dhgve organgd_ thi paper as fqllow%lihThglftfheoretma The basis functions and the electron density are projected
method is presented In the next section. The different apg i 5 yniform real-space grid in order to calculate the Har-

proximations are analyzed, in particular, the choice of the ee ang exchange-correlation potentials and matrix ele-
nonlocal pseudopotential and the basis set. In Sec. llI Wehents. Given the Hamiltonian, the one-particle Sdimger

stu(;jy pure ifron SySt%mS: the di:ner, the th.'IklaO) surface, h equation is solved yielding the energy and density matrix for
and a(100 free-standing monolayer. In this way we test theypo oround state. This task is performed either by diagonal-

transfgrability of our Fe pseudopo.tenti_al and basis set. Th ation (cube-scaling, appropriate for systems under 100 at-
cohesive energy, bond length, vibrational frequency, an ms or for metalsor with a linear-scaling algorithm. These

spin polarization of the free Fe dimer are calculated '“'Singhave been extensively reviewed elsewHdrie. this work we
different b(;ms ser:s, an(il ”}e _result_?_hare corr|1pafred tho eXPeijse a standard diagonalization method to solve the secular
ments and to other calculations. The results for the Sping iy hroblem, because of the difficulty of linear-scaling

polarized band structure of bcc Fe is calculated and Valueélgorithms to treat metallic systerisFrom the resulting

for the magnetic moment, density of states, exchange splitd nsity matrix, a new Hamiltonian matrix is obtained in

ting, and elec_trp_nlc occupation are d'SCUSSEd and compar (N) operations, and the self-consistency loop is iterated to
with otherab initio results and with experiments. Also, the convergence

magnetic moments of thél00 ;urface and free-stanqmg In our simulations, we use soft ionic pseudopotentials
monolayer are calculated, showing good agreement with prea—I '

. lculati Th lculati how that th th enerated according to the procedure of Troullier and
vious caiculations. These calcuiations snow that the methogy, i, 20 from the atomic configurationfsir]3d74s! for Fe

is able to deal with a wide variety of iron systems using the, nd[Kr]4d'%s! for Ag. The core radii for thes, p, andd
same pseudopotential and basis set. Section 1V is devoted Gmponents in Fe are é” 2.00 a.u., and in Ag 2 6’0 2 80. and
low-dimensional Fe systems supported or(¥¥): clusters 2.60 a.u., respectively. A weighted average of the scalar rela-

with linear (wires), planar, and three-dimensional configura- tivistic potentials is used both for Fe and Ag. Upftangular

tions are studied as typical examples of supported NaNoStrUgs , mentum components of the nonlocal pseudopotential are

tures. We analyze the influence of different chemical eNViy o oiad via the Kleinman-Bylander constructinwhile the
ronments through the hybridization and interface effects. Th?ocal part is optimized for smoothness

mair_1 conclusions 9f this work are summarized in the I.""St Due to the well-known failure of LSDA to predict the bcc
section, togethgr W'th the perspectives for. the .futurez partlcuQ]round state of bulk iron, we use the GGA for the exchange-
larly in connection W.'th molecular-dynamics simulation and correlation potential as parametrized by Perdew, Burke, and
noncollinear magnetism. Ernzerhoft® The calculation of density gradients is per-
formed numericall§? (with a five-point Lagrange interpola-
tion) for the discrete set of grid points. The partial-core cor-
In this section we describe briefly the numerical-LCAO rection for nonlinear exchange correlattdnhas been
DFT computational schenté; 6 as implemented in thel- included. A careful study of the optimum core correction

Il. THEORETICAL MODEL
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TABLE I. Properties of Fg obtained with thesiesTa code. We use the GGA, an integration grid cutoff
of 150 Ry, and a basis-orbital energy shift of 0.001 Ry for both SZSP and DZSP basis. The total spin in all
the cases i$=3%. Bond lengths . (bohrg, binding energie€,, (eV/aton), and vibrational frequencies,
(cm™1) are shown. The binding energi&;, are calculated with respect to spherié®) Fe atoms. Other
calculations and experimental results are given for comparison.

SZSP DZSP PW-LSDA GTO-LSDAP GTO-GGAP Expt.©
r (bohrg 3.88 3.76 3.71 3.71 3.78 (3.53,°3.82%
E, (eV/ap 1.35 1.55 2.06 2.19 1.62 (0.57,60.65f)
we(cm™ 1) 341 370 453 418 474 300
8Reference 22. ®Reference 34.
bReference 31. fReference 35.
‘Reference 32. 9Reference 36.

dReference 33.

radius for the Fe pseudopotential leads to a value of 0.7 a.@aussian orbitals, the first with the LSDA of Vosko, Wilk,
Two different basis sets were used for the present work tand Nusaif’ and the second with the GGA of Perdew and
describe the valence states. The first one is a sifigiet Wang®® Experimental values obtained by different
(containing ones orbital and fived orbitals, in which thes  groups?~>®are also given. We can see that the bond lengths
orbital was polarized by introducing a single shellpodrbit-  and binding energies calculated within GGA are larger and
als. We will refer to this set as the singfesingly-polarized = smaller, respectively, than the corresponding LSDA values.
(SZSB set. The second one is a doulileset, in which thes  In all the calculations, the binding ener@y, is calculated
andd orbitals were doubled, and treshell was also polar- relative to the isolated sphericAD Fe atoms. A discussion
ized with a singlep shell. We refer to this second set as theof the improvement of the binding energy of ,Rghen cal-
double¢ singly-polarized(DZSP set. The grid fineness is culated relative to nonspherical atoms is given in the work of
controlled by the “energy cutoff’E.,, of the plane waves Castro and Salahul}.With respect to our results, we stress
(PW) that can be represented in it without aliasfiigds a  that despite the fact that the SZER is closer to experi-
rough estimate, one can associate a grid spatingh a PW  ments than the DZSP value, the DZSP solution is energeti-
cutoff of (w/h)? Ry with h in a.u. We have used an energy cally more stablgand closer to the results converged with
cutoff of 150 Ry, after checking that the results for bulk iron respect to the basis $et
and for the iron dimer do not change significantly with in-  We conclude by comparing the different results in Table
creasing the energy cutoff up to 200 Ry. I, that the pseudopotential of Fe used in our calculations in
The orbital contribution to the magnetic moment is ne-combination with the DZSP basis leads to results comparable
glected for all the Fe systems considered in this work, as itto other standard high-qualitgb initio calculations. The
the previous calculations that we compare with. For bulk bccSZSP basis, although very small, also provides a very ac-
Fe, the orbital contribution to the magnetic moment is smallceptable description of the dimer.
(about 0.08g) and for free-standing clusters with a few

dozens of atoms, that contribution is experimentally found to B. Fe bulk
be about 0.1-0425 with the total magnetic moment about ] ] ) )
3ug per aton? It is well known that bulk iron is bce, and that the GGA is

needed to find the bcc structure as the ground statgbin
initio calculations®~**We have calculated bulk bcc Fe with

Ill. RESULTS FOR PURE IRON SYSTEMS both SZSP and DZSP basis sets. First of all we performed a
study in order to find the cutoff radius for the pseudo-orbitals
that minimizes the energy of the system. For both SZSP and

The simulations for Fe have been carried out with DZSP basis sets, we obtain a cutoff radius of 4.90 a.u. for
6Epao=0.001 Ry for both the SZSP and DZSP calculations.both thes and d orbitals. These basis sets and cutoff radii
Table | shows our results for the spectroscopic properties ofill be used later for more complicated Fe systems. The
Fe, with total spinS=237#, which corresponds to the experi- electron spin density and total energy are obtained from the
mental configurationA,) and also to the ground state for wave functions calculated at 500 points. No significant
the Fe dimer in our calculations. Let us point out here that ifchanges are found with up to 50@Qpoints.
we generate the iron pseudopotential from the atomic con- In Table Il we compare our results for the lattice param-
figuration[ Ar]3d®4s? instead of the usefliAr]3d’4s!, we  eter, bulk modulus, and magnetic momenbtained with
obtainS=4+# for the equilibrium state of Feinstead of the both the SZSP and DZSP basigith results from other types
experimental valu&= 3. of ab initio GGA calculations, either using

Three previous calculations are also given in Table I; ongseudopotentiaté“*®or all electron?*°*3as well as with the
of then?? is taken from a recent PW calculation using the experimental value® The different GGA's used in the pre-
ultrasoft Vanderbilt pseudopotenti3and the LSDA of Per-  vious calculations quoted in Table Il are as follows. The
dew and Zunget® the two other sets of results come from an GGA functional of Perdew and Waffgwas used in the
all-electron calculatioft using a linear combination of pseudopotential planewave Pif/the all-electron Gaussian

A. Iron dimer
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TABLE II. Convergence tests for bulk bcc iron using SZSP and DZSP basis. Lattice paraniesérs,
bulk modulusB (Mbar), and magnetic momeri¥l (ug) are presented. Othexb initio calculations and
experimental results are given for comparison.

SZSP DzSP PW LAPWP GTO® FP-LMTOY FLAPW®  Expt.f

a (bohrg 5.44 5.44 5.60 5.40 5.44 5.43 5.44 5.42
B (Mbarn) 2.32 1.90 1.45 1.69 1.74 1.60 1.82 1.68
M (ug) 2.35 2.35 2.35 2.32 2.20 2.20 2.13 2.22
3Reference 44. dReference 39.
bReference 45. ®Reference 43.
‘Reference 42. Reference 46.

Type Orbitals GTG? and the FLAPW calculation§ The  basis as compared with our TB-LMTO calculations and also
GGA functional of Perdeflf was used in the pseudopotential with the all-electron FLAPW results obtained by Onishi,
Iinear-augmented-plane-wé\?e (LAPW) and in the all- Freeman, and Weine®. For both basis set$SZSP and
electron full-potential linear muffin-tin orbitald~P-LMTO) DZSP we obtain an enhancement in the magnetic moment
calculation®® Our values for the lattice parameter of bulk Fe of the surface atoms compared to the bulk. In going from the
are in good agreement with the experimental ones and in linsurface to the central layers, we get a reduction in the mag-
with otherab initio calculations. Concerning the bulk modu- netic moment until we find nearly the bulk magnetization in
lus, the results with the SZSP basis are worse than thodbe central layer. The magnetic moments obtained with SZSP
corresponding to the DZSP basis. The calculated magnetigasis are systematically slightly smaller than those obtained
moment for bulk iron (2.3kg) is somewhat larger than the with the DZSP basis.

experimental value (2.22;), but similar to that of previous The magnetic moments obtained are a little larger than
all-electron LMTO calculations within atomic sphere ap- with other ab initio calculations that use all-electron full-
proximation (ASA),*® and to the pseudopotential results potential methods, but they are smaller than the ones ob-
quoted in Table II. It is important to stress again the impor-tained by Weinert, Blgel, and Johnsch (3.77ug) through
tance of the pseudopotential for this system. For thea modified valence-only FLAPW method in which the mag-
[Ar]3d®4s? pseudopotential, the converged magnetic mo-

ment is 2.24.5 for the experimental lattice parameter and 4 : :

2.28ug for the theoretical one. At the level of these calcula-

tions, the pseudopotential is more problematic than the basi: - TBlMTO

set. 2+ .
In order to further check the reliability of our pseudopo-

tential calculation, we performed ab initio tight-binding \\

(TB) LMTO (Ref. 49 study of Fe bulk, using the GGA 0 3

functional of Perdew and Want.Not only the magnetic
moments are very clogas shown abovyebut also the den-
sity of states is similar, as can be seen in Fig. 1.

Density of States (eV 1)
|
N

C. Fe(100 surface

The loss of coordination at the surface atoms influences
the electronic and magnetic properties of the system, as com
pared with those of the bulk. In order to mimic the(F@0)
surface, we have taken a slab of 13 Fe layers. Checks demrr
onstrated that the results did not change significantly wher
considering thicker slabs. Previous all-electrab initio
studies of the same surface by Ohnishi, Freeman, anc
Weinerf® have been performed by means of the FLAPW
method for a slab of 7 Fe layers.

We have calculated the electronic and magnetic propertie:
of the F&€100 surface for SZSP and DZSP basis sets with .
the same cutoff radius of the pseudo-orbitals used in the bulk -8 ]53 5 2
and with enouglk points in the Brillouin zone to get con- IETEY(EY)
verged energy and magnetic moments. For the sake of com- riG. 1. Total density of states, in €V per atom, for the ma-
parison we have also performed a TB-LMTO GGA calcula-jority and minority spin channels of bulk bce Fe calculated with the
tion in the same conditions, that is, a slab of 13 Fe Iayers. ||TB-|_|\/|TO method (upper panel and with SIESTA (lower panel
this TB-LMTO calculation we consider enough empty using two different basis sets: double zétmntinuous ling and
spheres to avoid the Fe-Fe interaction in different cells. Irsingle zeta(dashed ling both of them including an extrp polar-
Table Il we present ousiESTAresults for SZSP and DZSP izing orbital.

1
A

N
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TABLE lIl. Local magnetic moments obtained for the(E80) surface with SZDP and DZSP basis sets.
S-n represent the different underlayers below the surf&endS-6 corresponds to the center of the slab.
Results from otheab initio calculations are also presented for the sake of comparison. FLAPW calculations
were performed for a slab of seven layers; therefore in this case S-3 is the slab central layer.

S S-1 S-2 S-3 S-4 S-5 S—6
SZSP 3.04 2.43 2.50 2.41 2.39 2.37 2.36
DZSP 3.08 2.46 2.52 2.43 2.42 2.40 2.39
TB-LMTO(LDA) 2.92 2.07 2.28 2.18 2.15 2.16 2.12
TB-LMTO(GGA) 2.99 2.13 2.35 2.24 2.20 2.19 2.16
FLAPW? 2.98 2.35 2.39 2.25

8Reference 50.

netic contributions are determined by the valence densityng spin density from our DZSP calculation. The agreement
only. On the other hand, our small overestimation of thebetween both spin-density contours is quite satisfactory.
magnetic moments is also present in our Fe bulk calcula- For completeness we have also calculated withsteEsTA
tions, but the general trend in going from the surface to theode and with the TB-LMTO GGA method the electronic
center of the slalfbulk) is correctly described. structure and the magnetization fo00) free-standing Fe
Another test of our model is to examine the surfacemonolayer. The magnetic moments found with the SZSP and
charge density. The fact that we obtain a good agreement fabZSP basis sets are 3,48 and 3.23.g, respectively, and
an integrated magnitude like the magnetic moment does nahe TB-LMTO result is 3.1pg. The SIESTA calculation
guarantee a good agreement in the spin-density map thégads to an enhancement of about @4 5with respect to the
reflects the spatial electronic distribution on the surface. Thi$100) surface, due to the loss of coordination.
magnitude is available in the study of Onishi, Freeman, and

Weinert>® and in Fig. 2 we compare it with the correspond-
IV. IRON SYSTEMS SUPPORTED ON Ag(100

In the previous section we have shown the capability of
the method for correctly describing different geometrical en-
vironments for pure Fe systems. In this section we test it in
mixed systems, where new ingredients are present like inter-
faces and hybridization effects. We have chosen Fe-Ag sys-
tems because Ag is a noble-metal substrate often used in
experimental growth processing in order to minimize the in-
terference of the overlayer-to-substrate bonding with the in-
terlayer.

(A)

A. Iron monolayer on Ag(100

We start with the Fe monolayer supported on the fcc
Ag(100 substrate. In this example we have to deal not only
with the loss of bonds at the surface but also with the inter-
action between Fdferromagnetit and Ag (noble metal,
paramagneticthat can influence the electronic and magnetic
properties of the supported Fe atoms. Previous
experimentaf and first-principles calculatiof$>* have es-
tablished that Fe and Co monolayers on(2@)) are ferro-
magnetically ordered whereas V, Cr, and Mn monolayers on
Ag(100) display antiferromagnetic order.

We have first tested bulk Ag to choose the right cutoff
radii for the pseudo-orbitals in order to minimize the energy,
resulting in a cutoff radius of 5.60 a.u. for all Ag pseudo-
FIG. 2. (a) Self-consistent spin-density map of(E60) obtained orbitals. Then we use this basis set for all Ag calculations.

through a 13-layer calculation within the GGA and a DZSP basis, W construct our system by taking Fe atoms in the
compared tdb) a seven-layer all electron FLAPW calculatidRef. ~ PS€udomorphic position of fcc Ag and we consider the same
50). Dashed contour lines correspond to negative spin density. Eadittice parameter for Ag and Fe, like in the previ@ksinitio
contour line differs by a factor of 2 in both pané and(b). The  calculations of Blgel et al,> using the FLAPW method,
contours around the Fe sites in the upper péaeire an artifact of ~ and of Stepanyulet al.*® using the KKR Green’s-function

the pseudopotential. It is important to remark that due to the scalmethod®
ing, small spin density differences between the two calculations can Results obtained for SZSP and DZSP basis are compared

be magnified in the contour plot. in Table IV with those of two previouab initio calculations.

(B)




13644 J. IZQUIERDOet al. PRB 61

TABLE IV. Magnetic momentsin units of ug) for a free-standing monolay€FSM) of iron at Ag lattice
distance and for a Fe supported monolag@i) on Ag(100) calculated with SZSP and DZSP basis sets.
FLAPW and KKR calculations for the same systems are also shown for comparison.

SZSP DZSP FLAPW KKR P
FSM 3.35 3.40 3.29 3.30
SM 3.02 3.10 3.01 3.00

%Reference 55.
bReference 56.

We can see an enhancement in the magnetic moment of teent because they have more Fe neighbors. The absolute
Fe overlayer due to the loss of bonds. The magnetic momemalues of the local moments in our calculations are slightly
is slightly lower than for a free-standing Fe monolayer, duelarger than those obtained by the KKR methadivays the

to the interaction with the Ag substrate. As in the pure FEDZSP basis gives a little bit larger values than the SZSP
systems, the magnetic moment obtained with DZSP basis isasis set However, the relative difference between the local

a little bit larger than that obtained with the SZSP, but themagnetic moments in different inequivalent sites is nearly
trends for both of them are similar and compare very wellthe same, so that the effect of the different environments is
with the data available from FLAPW and KKR calculations. reflected in the same way for both models and the magnetic
We obtain also a small charge transfer from iron to Agtrends are correctly described. Also in both methods, KKR
(0.1C=™ per atom that is also present in the previous all- andSIESTA we find a small charge transfer from Fe to Ag,

electronab initio calculations. due to the hibridization effects, and the difference between
the magnetic moments of the free-standing Fe monolayer at
B. Iron clusters on Ag(100) Ag distance and the supported Fe monolayer is nearly the

same.
In this section we study the magnetic behavior of different  rqr the other supported clusters, atomic wicaly one

types of iron clusters on AG00. From the experimental jnequivalent atory) and 3D nanostrutures, the discussion for
point of view, supported clusters are easier to grow and chagsjanar clusters is still valid, local magnetic moments obey
acterize than free-standing clusters. Besides, most of the agse coordination rule.

plications for magnetic devices are based on supported sys-
tems.
We have studied a single adatom, one-dimensi¢ha) V. SUMMARY

linear wires, planar cluster&D), and small 3D Fe nano- | yhig work we have performeab initio pseudopotential

. . calculations of the electronic and magnetic properties of pure
no relaxations are permitted. The corresponding geometrieg | mixed Fe systems with the numerical-LCAO DFT

are shown in Fig. 3, indicating the inequivalent sites. Theaiqq ysing thesiesTa code. We have compared our re-
local magnetic moments of each inequivalent atom are reg, 15 with available data obtained through different well-

ported in Table V. Our results can be compared with recenf gy ap initio methods in order to demonstrate the capa-
KKR calculations by S_tepanydet al>"for planar Fe clusters |y.ii0c of ours for describing magnetic systems.
on Ag (adatom and nine-atom clusteiThese data are also

included in Table V. The atoms displaying larger moments
are thhose I?ca’[ed e}t thhe Cométbi least coordinated or)es upg) at the inequivalent sites of several Fe clusters supported on
and those located in the center have reduced magnetic mﬁ'g(lOO), using SZSP and DZSP basis. The inequivalent sites are

indicated with capital letters in Fig. 3. Available KKR data for the
adatom and for the nine-atom cluster are given for comparison.

TABLE V. Results for the local magnetic momeriis units of

SZSP DZSP KKR

oD adatom A 3.36 3.47 3.32
1D wire B 3.17 3.24
2D four atom C 3.23 3.33
nine atom D 3.26 3.34 3.22
E 3.23 3.31 3.17
F 3.17 3.26 3.11
3D 13 atom G 3.15
H 3.17
| 3.04
J 2.91

FIG. 3. Labelling of the different inequivalent sites of Fe nano-
structures supported on @90 as used in Table V. dReference 57.
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We have constructed the nonlocal pseudopotential of iromolecular dynamics by calculating the forces on the atoms
from the atomic configuratiopAr]3d’4s' and of silver from  and the stress tensor from the Hellman-Feynman theorem
[Kr]4d'%s!. In both cases we have used the GGA approxi-with Pulay corrections? The computational cost would be
mation and nonlinear core corrections. Two different sets obbviously higher than with a frozen geometry, but calcula-
basis have been used: SZSP and DZSP. The cutoff radii fafons for complex magnetic systems are still feasible and
the basis orbitals have been chosen to minimize the ener@heaper than with otheab initio methods(KKR, FLAPW,
for bulk bce Fe and bulk fcc Ag. LMTO). Also our method does not require the inclusion of

We have studied the following systems: Fe dimer, bulkempty spheres as it is the case for the LMTO-ASA method.
bcc Fe, FEL00 surface, free-standing Fe monolayer, FeBesides, going from 2D to 3D supported clusters of similar
monolayer on A¢L00), and several Fe clusters supported onsjze does not increase the computational cost, like in the
Ag(100). The results are in good agreement with the experiKKR method where Green’s functions have to be computed.
mental valuegwhen availablg and with previousab initio  The next step will be to study more realistic, supported, mag-
(mainly all-electron calculations. The method is able, there- netic nanostructures, introducing relaxations and noncol-
fore, to deal with complex low-dimensional magnetic sys-jinear magnetization.
tems, taking correctly into account the finite-size effects like
reduced coordination and symmetry as well as hybridization
effects.

The absolute values for the magnetic moments are some-
times a little bit larger(about 0.1%.g) than in all-electron We acknowledge financial support of DGICYT of Spain
calculations, and the magnetization obtained using SZSP i&rants Nos. PB95-0202 and PB98-0368-C02-@hd of
slightly smaller than the one obtained with DZSP. For Fe, welunta de Castilla y Leo(Grant No. VA70/99. J.I. acknowl-
find similar trends with SZSP and DZSP basis sets, but thedges a F.P.l grant from M.E.C. of Spain. D.S.P. acknowl-
computational costCPU and memonyof SZSP calculations edges support from Grants Nos. DOE 8371494 and DEFG
is extremely reduced. 02/96/ER 45439. P.O. is the recipient of Sponsored Research

In order to compare with previous calculations, we haveProjects from Motorola PSRL and Sumitomo Chemical. P.O.
used fixed atomic positions, so that no relaxations are corand E.A. acknowledge support of thk, network of the
sidered. ThesiIEsTAmethod, however, allows relaxations and ESF.
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