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An efficient spd tight-binding model is extended to the case of spin-polarized materials by including
electron-electron interactions in a multiband Hubbard model treated in the Hartree-Fock approximation. The
tight-binding parameters are determined from a fit to kaffkinitio calculations, whereas the Coulomb and
exchange integrals are derived from calculations on free atoms and reduced by constant factors to take metallic
screening into account. We apply our method to rhodium and palladium clusters and slabs. The results are
compared with first-principle calculations and experiments. The agreement is excellent and thus this method
should be very useful to study complex structures, extended defects, and large clusters. This possibility is
illustrated on large Rh and Pd clusters containing up to 201 atoms.

[. INTRODUCTION based either on spin-polarized DFRefs. 6—1% or on the
tight-binding approximatio®2! In the latter case the
The study of magnetic properties of low-dimensional sys-Hamiltonian is most often limited td states and the number
tems is nowadays one of the most important fields in solid-of d electrons is a parameter that may be crucial, in particular
state physics and material sciences. This field includes thia clusters®® Thus, it is important to introducep electrons
magnetism of clusters, supported or not, thin films, surfaceghat, although weakly spin-polarized, may play a significant
multilayer systems, etc., and is of prime interest for its tech+ole in magnetism by fixing the number af electrons,
nological applications in magnetic recording, for instancethrough thesp—d hybridization. We will see in the follow-
From a theoretical point of view, two main types of ap-ing that this explains the discrepancy between experiments
proaches have been used) first-principle calculations and pured basis calculations, which predicted the existence
based on the spin-polarized density-functional the@yT), of a noticeable magnetic moment in small Pd clustérs.
and(ii) semiempirical methods using a tight-binding descrip- We have recently developed a tight-binding model that
tion of the bands and a Hubbard Hamiltonian accounting foluses a basis set includiisgpd valence atomic orbitals limited
the electron-electron interactions, the latter being usuallyo nonmagneti€NM) systems, and is able to reproduce quite
treated in the Hartree-Fock approximati@dFA). Theab  accurately ab initio results for surfaces and small NM
initio methods are recognized to be most often quite reliablelusters?”> The aim of the present paper is to generalize this
but they are limited to very small or highly symmetrical model to magnetic materials and to demonstrate that it can
systems. On the contrary, much larger systems can be treatéendle large systems, out of reachatfinitio calculations at
using the tight-binding approach. Moreover, by introducingthe present time, while keeping the same degree of confi-
physically pertinent parameters, it often allows to identify dence as in the latter methods. Thus, it will be shown on the
which of them are responsible for the observed physicaspecific example of Pd and Rh clusters that the results ob-
properties. tained using our generalized model compare favorably with
Among magnetic materials transition metals play a promithose obtained from local spin density approximation
nent role. In addition to the well-known ferromagnetiM) (LSDA) or generalized gradient approximatie6GA) for
metals Fe, Co, and Ni, it has been shown in the last decadd<19, and the strength of the method for treating extended
that some transition elements that are not magnetic in theystems will be illustrated by investigating large Rh and Pd
bulk may become magnetic when the dimensionality is re<lusters up to 201 atoms. The appearance of magnetism at
duced, i.e., at surfaces or in clusters and thin fitthdn  surfaces of elements that are not magnetic in the bulk has
particular, large magnetic moments have been observed miso been investigated both theoreticAliy® and
Rhy clusters N<80) while Pg, clusters are not, or hardly, experimentally’’~3%in particular for Pg001) and RK001)
magnetic>~® This has stimulated a lot of theoretical works since bulk Pd and Rh are very close to satisfying the Stoner
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criterion for ferromagnetism. As a consequence we als@lements ofH are assumed to depend only on the angular

study RH001), Rh(011), and P4002) slabs and compare our momentum of the considered orbitals and are given Yy (

results with existingab initio calculations?®3° =s,p,d),%
The paper is organized as follows. In Sec. I, we recall the

main features of the NM pd tight-binding model, which is

then implemented to take electron-electron interactions ex-

plicitly into account. The choice of parameters for Rh and Pd _ . _

is discussed in detail in Sec. Ill and checked on the onset ofne functionp; depends on the local environment and is

magnetism when the lattice is expanded, by comparison tgefined as

the DFT calculations. Section IV presents our results for

0 213 413 2
epn=aythyp teypi "+ dypi (2.9

small aggregates of Rh and Pd, and a comparison of our Rij
results with LDA and GGA calculations. Section V is de- pi=2, exp —p,| 5= 1) fe(Rij). (2.6)
voted to the magnetism of surfaces and slabs. Finally, after a 7
short summary, conclusions are drawn in Sec. VI. o )
This introduces thirteen new parameters.
Il THE MODEL _Thus, to completely specify our_quel we need to d_eter-
mine twenty nine parameters. This is carried out using a
A. Tight-binding method in an spd basis set nonlinear least mean square fitting of bulk band structure and

Our tight-binding model, which can be applied to any total energyab initio [augmented spherical wav@SW)
transition metal, has been described extensively in a previod‘s"dé ] calculations for a set of interatomic distances and
publication®? thus we will only briefly recall its main fea- WO &tomic structures with different coordinatiofiec, bco.
tures. We use a minimal orthogonal basis set contaisjipg When dealing with systems in which all atoms are not
and d real valence orbital$i\) centered at each site(x ~ eauivalent an additional shi#V; must be added to the on-
=8,X,Y,Z,XY,yZ,z%x2—y2,322—r?). The crystal potential Site termsej, . This shift is determined self-consistently to
is written as a superposition of spherically symmetric atomidnsure a local charge neutrality The total energy must then
potentials centered at each site. The Hamiltonian, be modified so that electron-electron interactions are not

counted twice, the total energy then reads,

HO=T+2i V(|ri—Ri|)=T+Z Vi, (2.1)
. . . . . Etot= €n— Nua|2 oVi, 2.7
has on-site and off-site matrix elements. In the off-site matrix nocc [
elements three-center integrals are neglected, i.e., we include
only the two-site hopping elements, whereN,,, is the total number o§pd valence electrons per
. ) i . atom of the transition metal.
Bix,jn=CNH[jp)=(N|Vilju). 2.2

SinceV; is spherically symmetric, the (99) matrix of hop- B. Electron-electron interaction

ping integrals between siteisand j is completely deter- i i
mined by ten Slater-Koster hopping parameters In the previous section, we presented a method based on a

{sso,5po,sda, ppo, ppr, pdo, pdar,ddo,ddw,dds}  de- realistic Hamiltonian to study the electronic properties of

pending on the bond leng®; , and by the direction cosines NM transition metals. In this section, this method is extended
J 1

{1,m,n} of the bondf® The Slater-Koster paramete8S* are in order to take into account magnetic effects in the frame-
assumed to vary ekponentially with distance work of a multiband Hubbard model, treated in the Hartree-

Fock approximation. For this purpose, we use the second
guantization formalismd{, , andc;,,, are the creation and
fe(Rij), (2.3 annihilation operators of an electron in the spin orHitakr)

of spina, n;,, is the occupation number operator of the spin
where 83 is the numerical value 985 at the bulk equilib-  orbital |i\ o)) and rewrite our NM Hamiltoniai, (2.1) as
rium nearest-neighbor distand®,. The parameteiq; is  follows,
taken to depend only on the angular momentum of the orbit-
als involved, i.e., there are sgg parametersqss, dsp, dsd;

Gpp» Gpd- daa- Finally, f(R) is a cut-off function, Ho=2 e\Ninet 2 BinjuChoCine— Noar s 6V,
iNo iNjp,o i
f(R)={1+exd(R—R)/A]} L. (2.4 7 2.8

R;
BZNRij)) =B exl{ _qB(R_;_l

R. and A determine, respectively, the cut-off distance and
the steepness of the cut off. It is well known that the charge redistribution of the spin-
Let us now discuss the on-site matrix elements and conpolarized system is determined mainly by intra-atomic Cou-
sider first the case of perfectly periodic systems. Similarly tdomb (U, ) and exchangeJ; , ,\ # u) interactions:
Mehl and Papaconstantopoulbsve assume that at each in-
teratomic distance the reference energy is chosen in such a
way that we can write the total ener&y,; as the sum of the ={ b (' L . S (r!
yth . ot . : Upu=(in(n) i(r')] [pin (N Bin(r')), (2.9
occupied one electron eigenvalues. The on-site matrix [r—r’|
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interorbital hopping integrals, which vanish in the bulk but

I =(Din(N) i (1) ——] i (1) Pin (1)) should be taken into account when the symmetry is
r= | reduced®
Finally, double counting term&y.=(H{F)/2 must be
=(in(Ndin(r )| |¢’m ') ¢iu(r)). subtracted from the sum of occupied one electron energies in

order not to count twice electron-electron interactions in the
(2.10 total energy.

' At this point, it is important to note that for any geometri-

All integrals involving more than two orbitaighree or fouy ~ cal configuration the HF renormalization of the energy levels
are neglected. Let us also recall the important relation beand the Fock terms are implicitly included in the on-site

tween Coulomb and exchange integrals, which holds for anparameters of a NM state. However, other effects are also
pair of A and u referring to the same type of orbitalp or ~ involved in the variation of these parameters so that it is

d): convenient to take the NM state as a reference. The Hamil-

tonian in a magnetic situation can then be written as a per-

Un=U\,T23,, VYA#u. (2.1)  turbation with respect to the NM case for the same geometri-

cal configuration, such that we have,
In order to reduce the number of parameters we will consider

only the average values &f, , andJ,, (A# u), such that
we have six Coulomb integralbtss, Ugp, Usg, Upp, Upg,

Uga, and five exchange integraldsp, Jsa, Jpp's Jpd:  \yhere the termsi /"I andE}. contain the contribution to the

Jag', With p’#p and d'#d. The intra-atomic electron- [otal energy due to the charge redistribution induced by a
electron interaction in second quantization can be written in THE

H=Ho+H/HF—Ej., (2.15

the form, magnetic symmetry breakingd/,;” can then be written as
follows,
. . 'HF _ yHF 0,HF
Hlnt ZIE(T U)\)\nl)\ -0 I)\U—’_ZI)\/L,E)\#M U)\,unlp,(r’nl)\(r le‘lt Hlnt Hlnt y (21@
oo’ HF 0,HF : : :
Hi,; andH;;;" are given by Eq(2.13 in which the average
+1 2 J toof \CirorCi operators refer to the magnetic and NM configurations, re-
iNiagp RNt TN e spectively. The same type of relatigwith the same nota-
oo' tions) can be written for the double counting term as follows,
1 et . _
+ zixygst,u ‘])\,LLCI}\U'CI)\,fa'CI/.L,*O'CI,LLO" (2-12' Edc Edc Egc_ (2_17)
g
Before concluding this section, we would like to make a
C. Hartree-Fock approximation few comments on the calculation methdd: The average
In the standard HFA,,, becomes, intraorbital (n;,,)) and interorbital (ciTMci,w» occupa-

tions must be determined self‘consistently. In all our mag-
netic calculations input and output average occupations are

U (Nix,—o) + 2 U u{Nior) mixed with a weight as large as 0.3—0.5 on input data and
, the iterations are stopped whenever the difference between
two successive average intraorbital occupations is less than

Hini= 2

iNo

o

=S 3 M= S [(Uy =3y, 10~ ®. This choice is found to be the most appropriaiié.In
MAT ol TN A A magnetic systems many stable or metastable solutions often
7 exist. A good way of “exploring” the different magnetic

><<C-T Ciuo)—2] (cT c >]er c configurations is to start from the I_\IM density cpnf!guration
o=ipe AAZIN, = o=, = o/ TRipoine and to break the symmetry by adding a magnetic field at the
(2.13 first iteration (which is reduced to zero along the iteration
. . . .. process Depending on the strength of the initial magnetic
where(n;,) is the average occupation of the spin orbital field, such a procedure may lead to different magnetic con-
lixo). ThereforeH]; can be written as a purely local “one- figurations.(iii) The potential correctiodV; , which insures
electron” Hamiltonian, local charge neutrality is determined in the NM system, but
no local neutrality condition is imposed in the magnetic sys-
Hit= 2 AsinoNinet 2 Nix i oCluoCing tem. In the latter case, the charge redistribution is determined
INGNE self-consistently keeping the same values®f;,, and there-
7 (2.14 fore some charge transfer may occur. In practice, these
charge transfers remain small and the system is almost lo-
Agj, are the renormalization of on-site levels depending orcally neutral, except in some very peculiar cages. In the
the local atomic environment via the average occupations gbresent semiempirical method the interaction parameters
the spin orbitalgn;, ;) due to Coulomb{, ,) and exchange U, , andJ,, have to be understood as effectisereened
(J),) interactions. The Fock terms;, ;,, , are on site but parameters. In this respect, they have a similar meaning to
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TABLE I. The parametersin eV) determining the on-sits, p, d matrix elements of the tight-binding
Hamiltonian for rhodium and palladium in the absence of spin polarization. The valpgiofEq. (2.6) is
p,=9.527 for rhodium ang,=8.800 for palladium. The reference energy of these matrix elements has been
chosen such that the total energy per bulk atom at equilibrium in the fcc structure is the opposite of the
experimental cohesive ener@y.78 eV for rhodium, 3.91 eV for palladium

Atom Orbital a, b, Cq d,
Rh S 1.3329 3.0637 —0.1788 0.0069
6.1674 2.9454 —0.2247 0.0094
d 0.1259 —0.0370 0.0233 —0.0009
Pd s 1.4776 2.6065 —0.2288 0.011
p 5.9799 2.8100 -0.2071 0.0009
d 0.0774 —0.0774 0.0211 —0.0008

those used in the so-called LDAU method®® The reason to Screening factors. In order to obtain these atomic parameters
treat these parameters as effective ones is due to the neglécself-consistent LDA calculation has been performed for the

of correlation effects. free atoms in several chosen atomic configurations giving the
corresponding atomic levels. Following the HFA point of
IIl. DETERMINATION OF PARAMETERS view developed in Sec. Il C, these atomic levels can be writ-

ten as linear combinations of thietal occupation numbers:

In the present section, we explain the procedure used fa5_ Npe, @nd Ny, of the valence atomic spin orbitals of
the determination of the parameters. FirSt, the purely tightcharacterS, p, and d’ respective'y, the coefficients of which
binding parameters, on-site orbital energigs and hopping  are actually the interaction parameters to be determined.
integrals 8;, j,, and, secondly, the Coulomb and exchangeHowever, since in the LDA formalism the self interactions
integrals,U, , andJ, , . are not suppressed, we write these linear combinations in-

cluding the self-interaction terms as follows,
A. Tight-binding parameters o
Eso= &gt Usdst Uspnp+ Usdnd_Jspnpo_‘]sdnda )

The parameters for rhodium and palladf#ri? are re- 3.0)

called in Tables | and II. For both elements the steepness of
the cut offA is chosen equal to 061A , and the cut ofR, is

5.5 A for rhodium and 5.6 A for palladium, since the equi-
librium nearest-neighbor distance of palladium is about 2% +23ppNp— o= JpdNdo » (3.2
larger than that of rhodium. As shown in our previous papers

they give an accurate description of the electronic structure g4, =3+ U gng+ UpdnptUgaNg—IsdNse— IpdNpe
and total energy for various systems such as bulk, surfaces, 5 5

and clusters proving their adequacy and their high transfer- —5Jdd'Ndo+ 5Jda N, - o » (3.3
ability.

— .0 1
€poe=€pT UspNstUppNp+Updng—Jspsy = 3dpp Npe

with ny=n, ,+n, _, andA=s,p,d.
In order to reduce the number of independent parameters
we have only consideresid configurations and fixed the ra-
The various Coulomb and exchange integrals have beetio Ugs/Uqyq=0.32. The parameterdqy, Ugq, Jog and
determined from their atomic values and then reduced byyq have then been derived from a linear least mean square

B. Atomic Coulomb and exchange integrals

TABLE II. The Slater-Koster hopping integralén eV) at the bulk fcc equilibrium nearest-neighbor
distanceR, and the corresponding parametgisgoverning their variation with distandsee Eq(3)].

Rhodium Palladium
B3" dp Bs" dp
sso —0.9755 2.2556 —0.7396 1.9994
spo 1.9945 2.9709 1.7622 2.7889
sdo —0.9488 2.6455 —-0.7224 2.6146
ppo 3.3313 3.1266 3.2648 3.3568
ppm —0.1218 3.1266 —0.0822 3.3568
pdo —1.3096 3.7810 —1.0253 3.8409
pdw 0.1561 3.7810 0.1462 3.8409
ddo —0.9132 4.8526 —0.7078 4.9264
ddm 0.5176 4.8526 0.4175 4.9264

ddé —0.0806 4.8526 —0.0736 4.9264
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TABLE lll. Coulomb U, , and exchangs, , integrals(in eV) obtained from an atomic calculation and
screened, respectively, by a facte;=0.2 anda;=0.7 (U,,=Upp +2Jpp, Ugg=Uggr+2dga)-

Uy, Rh Pd I Rh Pd
Use 0.340 0.384

Ugp 0.204 0.231 Jp 0.143 0.161
Usa 0.516 0.575 Jsa 0.114 0.110
Uppr 0.204 0.230 Jop 0.178 0.202
Upg 0413 0.460 Jpa 0.091 0.088
Ugar 1.061 1.201 Jaar 0.399 0.415

fit of the LDA atomic levels. The Coulomb and exchangezone(IBZ); for instance, saturation of the moment occurs for
integrals involvingp orbitals have been assumed to obey thethe same lattice expansion in both calculati¢fig. 1).

following relations: Ug,=3Ugd5, Uypy=Ug,, Upyg Moreover in the HFA for a pura band in which all
=2Uppr, Jsp=Usgy/5, Jpp=Us4, Jpa=4Js4/5. Note that  orbitals are assumed to be equivalent, the Stoner parameter is
the most important parameters adgy andJyy ; we have  given byl =(Ugyq +6J4q:)/5 (Ref. 43, which, with the cho-
checked that those involvingand p orbitals are not crucial sen values of andea;, is equal to 0.738 eV. This value is
provided that they have the correct order of magnitude sinceather close td =0.67 eV, which can be derived from the
the occupation numberss and n, are small(i.e., only a  density of states per atom and per spin at the Fermi level,

fraction of an electronin transition metals. n(Eg), and from the susceptibility enhancemegty,= (1
—In(Eg)) "%, given by Moruzzi, Janak, and Willian18.
C. Determination of screening factors Finally these magnetic transitions under expansion have
been investigated by Moruzei al***®on several transition

In the previous section, we described the procedure t
determine the atomic Coulomb and exchange interactions q
the atom. In an extended system it is necessary to scre
these intra-atomic interactiotfsn a standard HFA to simu-

etals using an ASW code and the von Barth-Hedin func-
onal as we did. Calculations were performed for palladium
hd rhodiunf® up to a very large volumémore than 100%
expansioh Another check of our estimation of screening

late the r ealistic S|tgat|on in tra_nsmqn_ metdla particular factors is to verify that our model reproduces correctly these
the missing correlation effegtsSince it is known that Cou- calculations

ntoractondh wo will mroduce wo saroening multplicaive " F1g: 1t We SHow our resultsfor palladium. The magne-
’ 9 P tization curve is extremely similar to the one obtained by

factors, ay and a;, operating respectively on tha andJ Moruzzi and Marcus in Fig. 2 of their pap&the transition

atomic values. These parameters are expected to lie Withlﬁ]om a NM to a FM state occurs abruptly for expansions of

thi. rantge of 062—0.3 fﬁmu anr:j 0'6_1'0th"‘?‘3 'I In otrdert:]ot_ 3-6% and then the magnetic momedécreasesmore
estimatéx,, anda, We have chosen a physical system that 1Sqq,,1y towards zero, which corresponds to the atomic NM

known to present a drastic magnetic change at a precisgyio configuration. Note however that the total magnetic
value of the interatomic spacing, and then adjusted th

) . . . fhoment is slightly smaller in our model, and the FM solution
screening to reproduce this magnetic transition. disappears for a somewhat shorter distance. This can be due
to technical details of the calculation. In particular, these
authors give no information on the numberlepoints they

It is known that palladium has a very large bulk magnetic
susceptibility, and even though palladium is NM at the equi- 04
librium lattice constant, an abrupt NM/FM phase transition
occurs for a rather small lattice expansion. Using the ASW
code with the spin-polarized von Barth-Hedin exchange and
correlation functiorf? palladium(fcc) is found to be NM at
the equilibrium distance, but for an expansion of only 3%
(lattice parameter of 4.0 da small magnetic moment ap-
pears, which increases abruptly up to a value of @g36er
atom for an 11% expansiofiattice parameter of-4.3 A),
after which it saturates.

By performing tight-binding calculations around the equi-
librium lattice constant for several screening parametgs 0.0
anda; we have found that,=0.20 andw;=0.70 is a good |
choice (the corresponding values of the Coulomb and ex-
change integrals are given in Table)llindeed, with these FIG. 1. The nonmagnetidNM)-ferromagnetitFM) transition in
values, we reproduce closely the variation of the magnetipqd under lattice expansiorR( is the Wigner-Seitz radiusk,,
moment as a function of the Wigner-Seitz radius that we=2.87 a.u. at equilibrium Full line (with circles: ab initio ASW
have obtained from thab initio ASW code, using the same results; dashed linéwith squares tight-binding Hartree-Fock re-
60 specialk points in the irreducible part of the Brillouin sults. The screening factors asg=0.2 anda;=0.7.

1. Palladium

et
W
.

&
s

magnetic moment (i /atom)
=}
[

5.5
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20 ‘ ‘ - This argument also suggests that the same screening factors
are also valid for various geometrical environments, i.e., in
g il ] systems as different from the bulk as clusters and slabs. Note
ff also that the same screening factors lead to equally good
b results for both metals.
E 1.0 -
g
2 IV. APPLICATION TO SMALL AGGREGATES
%0-5 - OF RHODIUM AND PALLADIUM
g
We have applied our model to the study of smal|Rimd
00~ 35 45 55 Pdj clusters with 2<N<201. We will consider first clusters
R, (au) in which all atoms are geometrically equivalent, i.e., the

charge transfer is absent and thég;=0. Then, we will

FIG. 2. The nonmagneti®\M)-ferromagnetitM) transition in - extend our study to clusters with inequivalent atoms.

Rh under lattice expansiorR(,s is the Wigner-Seitz radiusks
=2.81 a.u. at equilibriumobtained from the tight-binding Hartree- _ ) )
Fock model. The screening factors arg=0.2 ande;=0.7. A. Aggregates with geometrically equivalent atoms

) o The clusters we have investigated ake=<(Rh or Pd: the
used. This could change significantly the value of the MagdyimerX,, the equilateral trianglXs, the squareSd and the
netic moment as will be pointed out in the followir{gee

_regular tetrahedroiXy", the regular octahedroK2®'® and,
Sec. V). Nevertheless, the overall agreement can be consid: . ico
: inally, the hollow icosahedrorXy,’ and cubooctahedron
ered as very satisfactory. cubo .
X3i5°" (i.e., without a central atomFor each cluster the total

2. Rhodium energy has been minimized with respect to the nearest-

) ) ) ) . neighbor distance, and all the possible self-consistent mag-

_ Rhodium is very interesting to compare to palladiumpetic solutions have been systematically searched. Let us

since it is located just before th|§_metal in the periodic tableqie that sometimes a self-consistent magnetic solution is

The shapes of their bulk densities of states are extremel,ng put becomes unstable before reaching the equilibrium

similar since they have the sanffec) bulk structure. How-  ponq length. The set of results concerning the binding energy
ever, the Fermi energy of rhodium lies well below a sharpg (ev/atom), the contraction of nearest neighbor distances

peak, while the Fermi energy of palladium lies just aboveAR/R0 and the magnetic momeM (in wg/atom), is given

this peak. It is therefore expected that magnetism should ags Taples IV and V for Rh and Pd, respectively. It is ob-
pear for a larger expansion in rhodium than in palladium. Ingaryed that R clusters are most often magnetic in the

addition, contrary to palladium, which iféSN'y' as a free atom,grqnd state and, in many cases, otfreetastablemagnetic
atomic rhodium has the configuratiod?s™ and its mag-  gg|utions exist which may be quite close in enetgig. 3.

netic moment should approactug at very large interatomic o, the contrary, Pg clusters are NM or carry only small

spacings. , _ o magnetic moments and no metastable magnetic solution is
We performed calculations for rhodium similar to the f5,nqg.

ones of palladium, with the Coulomb and exchange integrals rqr g clusters and self-consistent solutions a contraction
given in Table Il obtained from the atomic values with the of the equilibrium bond length with respect to the bulk one is
same screening coefficients as for palladiimote that with  gpained. This contraction decreasé:in the ground state
these values=0.69 eV to be compared to 0.65 eV obtained,yhenN increases since the average coordination incrédses,
from n(Eg) and x/x, given in Ref. 44. The result of our (i for a given cluster when the magnetic moment increases
calculation is shown n Fig. 2 to be compared with Fig. 1 of (Fig. 3) since for these elements belonging to the second half
Moruzzi and I\_/Iarcu§, the similarity of the two curves is  f the 49 series magnetism tends to fill more antibonding
striking; there is a steep transition from a NM to a FM Statemajority spin states at the expense of less antibonding mi-
for an expansion around 13-16%, the magnetic momeniqyity spin ones. It follows from these considerations that the
reaches a maximum and then decreases slowly towards th@arch of the equilibrium bond length should be done simul-
“atomic” value of 1ug in both calculations. This last value taneously with the determination of the magnetic state,
corresponds to an atomic (Fonﬁ%g[&‘tjgdgé" which is also  \hich is not always the case @b initio calculations. The
found in most DFT calculation$}*>**“®and not to the ex- pinding energy per atom increases with the average coordi-
perimental one @°5s’. However, computations reveal that nation. As a consequence, when two isomers are compared,
the energies of these two configurations are very cldS2.  the most stable one has the structure with the highest coor-
dination (tetrahedron for Rhand Pd, icosahedron for Rb
and Pd,) and, thus, the lowest bond length contraction.

By assuming that the values of the Coulomb and ex- As expected, our results show that spin polarizations are
change integrals do not change with distafg@me screen- always largely dominated by electrons, thes andp contri-
ing for all distances we have been able to reproduce verybutions being quite small, most often less than p.9ivith
closely the results oéb initio calculations on the variations an opposite sigriTables VI and VI). For Pq, the 4d shell
of the magnetic moment within a very broad range of inter-tends to become completely fillédince the free atom con-
atomic distances for Rh and Pd. This approximation, whicHiguration is 41'® when the size decreases. This plays
is most often used, is based on the local nature of screeninggainst magnetism at very small sizes and, since bulk Pd is

3. Discussion
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TABLE IV. The binding energy per atork (in eV), the bond length contractioAR/R, (in %) of the
equilibrium nearest-neighbor distan&ein the cluster relative to the bulk one and the average magnetic
momentM (ug/atom for Rhy clusters in the ground state and all metastable soluticsis the average
coordination. In the cas@enoted by an asteriskvhere all first nearest-neighbor distances are not identical,
we have counted as first neighbors all atoms located at less thaflalgiven atom. In Rhand RHy there
are several interatomic distances in a range of 15% and it is hard to define an average coordinatigh, In Rh
R is the distance between a central atom and one of its neighbors on the surface.

Cluster (Z) E AR/Ry M
clusters with equivalent atoms
Rh, 1.0 1.488 16.5 1.000
1.477 17.6 0.000
Rhy 2.0 2.034 10.9 0.333
1.955 9.8 1.000
R3¢ 2.0 2.180 11.4 0.000
2.118 11.0 0.500
Rha 3.0 2.370 7.5 0.000
2.369 7.3 0.500
2.293 5.6 1.500
RRg2 4.0 3.251 5.0 1.333
3.244 5.4 1.000
3.129 5.9 0.000
RHS 5.0 3.398 3.3 1.166
3.301 3.8 0.666
3.330 4.0 0.000
RhgyPo 4.0 3.124 5.5 1.000
2.990 5.7 0.000

clusters with inequivalent atoms

RhgPYT 4.57 3.246 3.8 1.285
3.190 4.6 0.143
R 4.50 3.047 34 1.250
2.991 4.2 0.250
2.971 4.2 0.000
RHScC 2.914 8.8 0.555
RAGP 4.80 3.442 4.0 1.000
3.438 3.8 1.200
3.409 45 0.000
3.408 45 0.200
RHS 6.46" 3.847 4.8 1.153
3.799 5.1 0.692
3.748 5.2 0.076
RHEyPO 5.54 3.631 2.9 1.000
RHS 3.984 3.6 1.105
3.973 3.9 0.684

not magnetic, explains why Pd clusters have only a weak B. Aggregates with geometrically unequivalent atoms
tendency to magnetism. In Rlclusters, the number of elec- )

trons in the 4i states also increases Nsdecreases, and the L€t us now consider clusters where all atoms are not geo-
electronic configuration approaches® which, as already metrically equivalent. We have chosen to focus our attention
stated, is the most often found configuration in density-ON several highly coordinated clusters such as the pentagonal

functional calculationd®15444%as a result, we find that the dipyramidX$™", the multitwin tetrahedraXg'™ (built from

atoms of the dimer carry a magnetic moment gfglper & regular tetrahedron to which an atom is added on each facet
atom instead of the experimental valup.5 Nevertheless, at a threefold position the centered cub¥®®, the twisted

we will see in the following that for other clusters our resultsdouble square pyrami)es{tl‘gp (built from two squares twisted

are very close to LDA and GGA calculations. by 45° and with an atom added on each square)fabe
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TABLE V. Same caption as Table IV but for Ralusters.

Cluster (Z) E AR/Ry M
clusters with equivalent atoms
Pd, 1.0 1.145 18.9 0.000
Pds 2.0 1.456 12.1 0.000
P 2.0 1.463 12.0 0.000
pdete 3.0 1.857 10.0 0.500
1.781 10.0 0.000
Pgeta 4.0 2.465 7.8 0.333
2.451 7.9 0.000
PdY 5.0 2.511 5.3 0.167
2.502 5.3 0.000
P&EyP° 4.0 2.324 7.55 0.000

clusters with inequivalent atoms

PPy’ 4.57 2.490 6.4 0.286
2.457 6.4 0.000
P 4.50 2.314 6.0 0.250
2.294 6.0 0.000
Pdce 2.107 10.0 0.222
2.086 10.0 0.000
PP 4.80 2.543 5.8 0.200
2.529 5.8 0.000
PdY 6.46" 2.834 6.1 0.154
2.824 6.1 0.000
PyPo 5.54 2.683 4.6 0.154
2.679 4.6 0.000

icosahedrorX|Y, the cubooctahedroX$y® and the double the total energy and interatomic distance increase almost

icosahedror)(ifg". Finally, we will consider also two larger monotonically with the average coordination and, similarly
icosahedral and cubooctahedral clusta@%" ,xggb" and to the case of clusters with equivalent sites, the equilibrium

ilig,xig;"), which, to our knowledge, have not been yetdistance is always larger for solutions with a high magnetic
studied with spin-polarizedb initio methods. moment. On the contrary, the variation of magnetic moment

In Tables IV and V the binding enerdy (eV/atom), the ~ With the size of the cluster presents sharp oscillatitsese
contraction of nearest-neighbor distanc&R(R,) and the Tables IV and V, as observed experimentafly.
magnetic momen¥ (ug/atom for Rhy and Pg| clusters are It is worthwhile to compare in detail the two isomers with

presented. Once again several metastable solutions are foubdrteen atoms. For both elements the icosahedron is more
in the case of th] C|usterS, but 0n|y solutions with a very stable than the cubooctahedron and the eqUI|IbrIum nearest-

small magnetic moment exist for Ratlusters, which con- neighbor distance of this last structure is in between the two
firms the tendency of palladium to be NM. We also note thafearest-neighbor distances of the icosahedron, e, the dis-
tance between the central atom and those of the outside shell,
and the nearest-neighbor intrashell distance, whick 596

2685 e <M>=0.0 ] larger than the former.
280t )\ :m:jg a _Let us now discuss the magnetic proper_ties and begin
—_ \ T 4 with the case of Rjy. In the bulk metal for which the spec-
B 095t trum of electronic levels is continuous a good criterion for
@ the appearance of magnetismmikE) >1~* wheren(Eg) is
m -3107¢ the density of states at the Fermi level in the unpolarized
a5 | ] system and the Stoner parameter. When the spectrum is
‘ discrete, this criterion cannot be applied directly. However, it
_3.40 N can be inferred that magnetism will be favored when, in the
0.86 089 092 095 098 1.01 1.04 absence of spin polarization, the highest occupied molecular

R/Ro orbital (HOMO) is partly filled and its level located in a

FIG. 3. Total energyin eV/atom as a function oR/R, for Rhg region of the electronic spectrum in which the levels are
clusters.R and R, stand for the equilibrium nearest-neighbor dis- close together. This condition is fulfilled for Rhin both
tance in the cluster and in the bulk, respectively. (lagnetic and geometries and this explains the strong tendency to magne-
nonmagnetig solutions are shown. tism in these clusters. Unexpectedly, in both structures the
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TABLE VI. The local charges and the local momefits ug) of d character for Rfg clusters in the ground state. In the case of clusters
with unequivalent atoms we have labeled the types of sites bywherea refers to the most coordinated atom except foff3h and given
the corresponding local total chardi) and magnetic momem¥ (i) (ug/atom. The double icosahedron R has four different sitesa
refers to the two central atomis,to the two apicesg to the five atoms first nearest neighbors of each apexdandhe five atoms of the
central pentagon.

Charge Spin
Cluster atom Nyqg N(i) Myq M (i)
clusters with equivalent atoms

Rhg'm 8.848 1.001 1.000
RhY! 8.775 0.339 0.333
RHg"a 8.401 0.000 0.000
Rh3¢ 8.760 0.000 0.000
RRR°ta 8.489 1.340 1.333
RHS 8.527 1.181 1.166
RH5P° 8.555 1.007 1.000

clusters with inequivalent atoms

RhgPY" a 8.255 8.833 1.464 1.463
b 8.608 9.066 1.227 1.215
Rh™ a 8.502 9.050 1.185 1.205
b 8.603 8.949 1.285 1.293

RhEC° a 8.132 8.999 —0.048 -0.071
b 8.559 9.000 0.644 0.634
RHy4P a 8.490 8.984 0.964 0.956
b 8.650 9.063 1.188 1.178
RHS a 8.543 9.569 1.104 1.068
b 8.463 8.952 1.172 1.161
RH52° a 8.377 9.322 1.252 1.211
b 8.501 8.973 0.993 0.983
RO a(2) 8.170 9.137 0.899 0.868
b(2) 8.425 8.940 0.930 0.920
c(10) 8.442 8.948 1.212 1.205
d(s) 8.468 9.074 1.089 1.073

magnetic moment is roughly equally shared between all atNM case, the different sites of the clusters in the magnetic
oms even though the central atom is much more coordinatecbnfiguration do not remain strictly neutral. In most cases,
than those of the outside shell. Actually, the central atomhowever, the charge transfer is rather sniaé., less than
being a center of symmetry of the aggregate, has a verg.1%"), save for theN=13 clusters. In this case the central
peculiar local electronic spectrum since the antisymmetriatom is highly coordinatedsame coordination as in the
wave functions have no weight on it, whereas the weight ofyk), whereas the twelve peripheric atoms have a much
the symmetric ones is enhanced. As a result the spectruinalier coordination. As a result, though the central atom

weighted on the central atom is made of s_mall pa<_:kets Ofhows a noticeable charge, this charge is taken fiamdis-
levels separated by gaps. If the HOMO falls in the middle ofijj, teq ovey the twelve atoms of the periphery, which re-
one packet, which is the case in Rltlusters, the central main almost neutral.

ato_lr_r;] is likely to be m?gntlatlc. v to Pcbut in th | Since our Hartree-Fock tight-binding model is much less
e same comments also apply to Hcbut in these clus- costly in computer time than standaat initio methods it is

ters the outside shell atoms have very fdwoles and ac- . L .
: . ; ._easy to study extended systems. In particular it is of interest
cordingly their local magnetic moments are very small. This

result is in contrast with those of a former stélin which to determine when magnetlsm dlsgppears as the sze of cu-
the basis set was limited @orbitals. the number of holes booctahedrons and icosahedrons increases. We find that so-

being fixed to the bulk value. Under these conditions a satulUtions with rather large magn_eyc momer:ijthiore than 0.3
rated moment (f5) was found. This illustrates the impor- Ag/atom remain stable for R’ and Rts’® (see Table
tance of takingsp electrons into account since they reduce VIl ), but for RIf37° the only magnetic solution has an ex-
the number ofd holes when the cluster size decreases.  tremely small magnetic moment of 0.03Zg/atom. For
The analysis of the charge distribution on the differentRh there are two magnetic solutions with respective mag-
sites of the clusters shows that, even though the selfretic moments 0.24z and 0.00%g per atom, the latter be-
consistent potential$V; ensure the local neutrality in the ing the trivial solution of total spifs=1/2. These two solu-
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TABLE VII. Same caption as Table VI but for Rctlusters.

PRB 61

TABLE IX. Same caption as Table VIII but for Rcclusters.

Charge Spin Cluster E AR/R, M
Cluster atom n4q N(i) Myy M(i) Pdscso 3.150 45 0111
clusters with equivalent atoms
3.147 4.5 0.000
Pd™ 9.851 0.000  0.000 PcESPe 3.093 2.2 0.000
Pdy’ 9.788 0.000  0.000 3.093 2.2 0.032
Pdet 9.410 0.500  0.500
P4 9.784 0.000 0.000
Pgeta 9.514 0.335 0.333 tween the two clusters is decreasing when the size increases
Pd% 9.571 0.169 0.167  and thus should reach a crossing point for a larger size.
PEyPe 9.591 0.000  0.000 Even though the tendency to magnetism weakens for
large icosahedrons and cubooctahedrons, it is interesting to
clusters with inequivalent atoms analyze the distribution of the magnetic moments on the dif-
. ferent sites of the cluster. As already pointed out for the
PP a 9.462  10.018 0250  0.249 thjrteen atom clusters, the central atom has a very peculiar
b 9560  9.993 0302  0.301 pehavior. For example, in B¥P° and RIE it is the only one
P a 9451 9997 0273 0.271 pearing a negative moment—(Q.18 ug in RHY and
b 9675 10003 0231 0229  _(21,, in RRLPY, whereas in PE° it has a magnetic
P a 9.185 9.991 0.537  0.529  moment of 0 52ug, i.e., five times lar
S2ug, i.e., ger than the average
b 9592 10.001 0184  0.184  magnetic moment. In the magnetic solution for!§Rhthe
Pdjg” a 9.538  9.997 0202  0.200  cenptral atom has a moment as large as 37 whereas its
, b 9.651  10.013  0.204  0.204  gyrrounding neighbors have no magnetic moment. These dif-
Pdy a 9.047 989  0.619 0.617 ferent behaviors of the central atom and its nearest neighbors
b 9.558  10.009  0.116 0.115 can be related to their local density of stateB0S). Indeed,
Py a 9.035  9.745 0505 0503 whereas the LDOS on an atom of the first shell rapidly be-
b 9.580 10.021  0.125  0.124 comes “bulklike,” the LDOS on the central atom retains a

pronounced discrete character for symmetry reasons. This is

illustrated for lef4°7 in Fig. 4(a@). Surprisingly, this behavior

tions have nearly the same energy and can be considered as
degenerate in view of the accuracy of the methad2
meV). These results are consistent with experimental data
since for sizes larger than 95 atoms the experimental moment
per atom is 0.1ug at most.

The magnetic moment of B¢° is zero or extremely
small and undetectable experimentally. Fokfdn the con-
trary, a solution with a magnetic moment of 0.4J/atom
exists but this solution is only 3 meV more stable than the
NM one (see Table IX. We therefore did not study larger
clusters of palladium since magnetism has almost disap-
peared for clusters of 55 atoms.

Let us point out that in all sizes we have studied and for
both metals the icosahedron is found to be more stable than
the cubooctahedron but the energy difference per atom be-

TABLE VIIl. The binding energy per atork (in eV), the bond
length contraction of the equilibrium nearest-neighbor distance rela-
tive to the bulk oneAR/R, (in %) and the average magnetic mo-
mentM per atom for the ground state and all metastable solutions of
large RRy clusters.

Cluster E AR/R, M
RHSO 4.480 3.7 0.348
RREEPO 4.363 1.4 0.345
4.360 1.4 0.127
RHSS 4.814 3.1 0.009
4.812 3.1 0.216
Rhgybo 4.751 0.8 0.037
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FIG. 4. Local densities of states on the central at@ui line)
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polyhedron Rby;. The discrete levels have been broadened by 0.01
ev.
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results, except for Rhbut a recent GGA calculation by
Reddyet al® leads to a binding energ3.28 eV/atom very
close to ours. As already discussed by Barretsaal,?? they
are more consistent with the values of the surface energies
than the LDA ones.

The interatomic distances found in the present work are

E (eV/at)
w
o (=)

o
o

1.0 s - on the average quite close to the LDA ones, though very
0.98 ] slightly larger, but smaller than the GGA results. The latter
are presumably overestimated since it is generally admiftted
S 092 that LDA often gives better lattice parameters than GGA.
§ Finally, the variation of the magnetic moment as a func-
0.86 tion of size has qualitatively the same shape as in LDA and
GGA. Moreover, we must note that fof=3, 6, and 12 we
0'182  Q have found metastable solutions, close to our ground-state
' energy, which have the same magnetic moment as in LDA,
GGA, and LDA data, respectively. Furthermore, the results
A 1.2 ico : : ; 7
s for Rhy are in good agreement with those of Jinlagteal.,
06 | since a moment of aboutg on each atom is found in both
cases.
0.0 Unfortunately, there is no systematic study of Pd cluster

0 2 éLUgTEEiQ S1102E12 14 magnetism. In general all existing calculatibfist' show
that palladium clusters are either not magnetic, or carry a

FIG. 5. Comparison of our result3B, full squares with LDA  total moment of 2ug, in agreement with our results. How-
(from Ref. 6, diamondsand GGA (from Ref. 12, empty circles  ever, a recent calculation by L¥aeports a larger magnetic
Upper curves: binding energy per atom, middle curves: equilibriummoment(6 ug) in Pcﬁgbo but for a fixed interatomic distance
nearest-neighbor distand® relative to the bulk oneR,, lower  slightly expanded relative to the bulk one that obviously does
curves: average magnetic moment per at@mug). not correspond to the minimum of total energy.

As a conclusion, the good agreement between our results
is still found for larger centrosymmetric clusters, even whenand those ofab initio calculations confirms the validity of
the symmetry is lowered. As an example, we show in Fig.our model, the adequacy of its parameters and thus its ability
4(b) the LDOS of the Wulff polyhedron Rj, with an fcc  to treat large clusters.
structure. This explains the absence of a local magnetic mo-
ment on the first shell While_a moment_is expected on the V. SUREACES AND SLABS OF RHODIUM
central atom when the Fermi level falls in one of the sharp AND PALLADIUM
peaks of the LDOS.

As a conclusion, it is difficult to predict the distribution of ~ The possible existence of ferromagnetism in thin films
the magnetic moment in the cluster, since there is a compend at surfaces of metals that are nearly ferromagnetic in the
tition between several effects. If the free atom is magnetibulk (as Rh and Pd for instances an interesting issue
like rhodium low coordination should favor higher moments,that has been addressed both theoretitilfy and
but the symmetry of a given site and the number of valencexperimentally*—* since the decrease of coordination may
d electrons are also very important, and of course these efnduce magnetism. This could have important consequences
fects may play in opposite ways. As can be seen from thesi@ particular in epitaxial growth, where the element in epi-
few examples the complex experimental magnetic behaviotaxy can in addition have its interatomic distance expanded
of these clusters is far from being completely elucidated. relative to the bulk one. Finkt al3? seem to find no indica-
tion of ferromagnetism in Pd overlayers on (@§1) in their
magnetooptic Kerr-effect measurements but, according to
these authors, these experiments may not have a sufficient

The experimental observation of magnetism inyRtus-  sensitivity. The low-energy electron diffraction experiments
ters has stimulated marab initio studies using LDARefs.  of Quinn et al*® indicate that the surface layer of @01)

6-8, 11, and 1pand GGA,(Refs. 12, 13, and 15vhereas relaxes outwards by 3% contrary to all other fcc metals, and
for Pd clusters only scarce data can be found in thehey argued that this unusual property could be due to sur-
literature®°~114Therefore, we can present a detailed com-face ferromagnetism. For rhodium very recent experiments
parison of our results with those of tla® initio methods for  of Goldoniet al®* found a clear evidence of magnetic order-
Rh only. In Fig. 5, we have plotted the binding energy pering at the Ri0021) surface by measuring the linear magnetic
atom E, the ratio of the equilibrium nearest-neighbor dis- dichroism in the angular distribution of Rid3electrons.

tance to the bulk on®/R,, and the magnetic moment per  Simple arguments based on the Stoner criterion show that
atom M for Rhy clusters (B<N<19), as obtained in our surface effects are playing against magnetism for palladium
method and in the LDARef. 7 and GGA(Ref. 13 calcu-  since the surface LDOS at the Fermi level is smaller than in
lations. Our binding energies are always smaller than thosthe bulk, whereas the reverse occurs for rhodium. Magnetic
given by LDA, which is known to overestimate this quantity. calculations confirm this tendency. Even though, for both
Actually, our values are on the average closer to the GG/Aelements, surfaces are found non-magnetic within our model

C. Comparison with LDA and GGA calculations
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FIG. 6. Total energy per surface atom as a function of magnetic g|g. 7. Magnetic momentin ug/atom calculated in the tight-
moment per surface atom for 11 layer slabs of Rh w@@D (full  pinding HF model for001) Pd slabs of increasing thicknesses and
line) and (011) (dashed ling orientations. The nonmagnetic state 5 nearest-neighbor distance of 5.61 a.u. The layed corresponds
defines the energy zero. The horizontal line indicates the energy, the center of the slab. The three-layer and seven-layer slabs are
kgT at room temperature. not represented since they are only slightly magnetic. All slab cal-

. ) o . culations were performed with 36 speclgl points, and the bulk
(even under a slight expansion of the first interlayer spacing caiculations with 408 specil points in their respective irreducible
when we start our iteration process by introducing a magsgyiliouin zone.

netic field the magnetic moment of Pd surface atoms is al-

ways much smaller than the bulk one, whereas the opposiigecrease of the magnetic moment at the surface leses
behavior is observed for rhodium. This suggests to carry outig. 7). We then increased the slab thickness. The inter-
fixed-spin-moment calculatiofis*®in order to estimate how atomic distance was fixed at a given expansion of 8% for
far in energy the magnetic solution might be for Rh. Figure 6which the bulk is clearly magnetic. To our surprise, the con-
shows the total energy per surface ateensusthe magnetic  vergence to the expanded bulk magnetic moment is far from
moment per surface atom f@001) and (011) surfaces of heing monotonic, and magnetism almost disappears for the
11-layer_slabs of Rh, to be compared with Cho andihree-layer and seven-layer slabs. For slabs of nine layers
Schefflef® results on RtD01). The agreement is not perfect and more the distribution of the magnetic moments starts to
but quite satisfactory. Indeed their energy shows an almositapilize and a bulklike behavior is reached for the fifteen-
flat plateau for moments up to Qug while, in our calcula-  |ayer slab(see Fig. J. However, the magnetic moment at the
tions, the variation of energy is less thRgTl at room tem-  center of the slatf0.11 ug/atom is smaller than the value
perature up to moments as large as @.g%or Rh(001) and  we have found earlier in bulk calculatiori8.18 ug/atom.
1.0ug for Rh(011). Furthermore, the tendency to magnetismActually, the calculations of the bulk was performed with 60
of the (011) surface of Rh is even more pronounced than fork points in the IBZ, and was not fully converged. Increasing
Rh(001. Thus the(001) and (011) surfaces of Rh are ex- the number of speciadt points up to 408 gives a magnetic
tremely close to magnetism at 0 K. However, note that reainoment of 0.13ug, much closer to the value found in the
surfaces are never perfectly flat but present many defeci§ab calculation. It seems that a too small setkopoints
such as steps, kinks, adatoms, etc. It would be of great integyerestimates the magnetic moment. Note that ustatly
est to determine the influence of these defects that mighhitio calculations are carried out with few layers and at a
increase Significantly the surface magnetism of RhOdiUmvery small number ok points in order to reduce the com-
Such studies on complex structures are still out of reach %uter time and thus the convergency on the magnetic mo-
ab initio methods but remain very feasible within our model. ment may not be reached.
This will be the subject of a forthcoming publication. Finally, similarly to aggregates, there are two competing
Recently, GGA calculations were carried out on a five-effects on palladium surfaces and slabs: atoms with a low
layer “free-standing”(001) slab of palladiuri’ at the calcu-  coordination present a narrower LDOS, which favors the ap-
lated bulk equilibl’ium distance. An interesting but rather Sur'pearance of a magnetic moment, but their electronic Configu_
prising result was obtained: the five-layer slab is magnetigation is closer to thel'® atomic configuration, which plays
whereas the bulk is not at this distance, but the magnetiggainst magnetism. Let us recall that the decrease of the
moment at the surface more than twice smallethan within  nymber ofd holes when the average coordination is reduced
the central layer. These two facts seem to be in contradictiorhzg already been put forward to explain the evolution of the

However, we must note that in this work the bulk equilib- shape of XVV Auger spectra of small Pd particles as a func-
rium distance is overestimated by 3.6% compared to experiion of their size®®

ments. For these reasons we decided to perform calculations

for v_arious slabs an_d different expan_sions in _order to get a VI. SUMMARY AND CONCLUSIONS
detailed understanding of the magnetic behavior of this sys-
tem. We have presented a realistic study of the magnetic prop-

For the five-layer slab, contrary to what was found in Ref.erties of clusters and slabs of two latd #ansition metals,
30, the magnetism appears at an interatomic distance slighthodium and palladium, using a tight-binding approach.
larger than in the bulk. However, the variation of the mag-These metals were chosen as they are known to be NM in the
netic moment across the slab is very similar, showing a cleabulk, but exhibit interesting magnetic properties in lower di-



PRB 61 spd TIGHT-BINDING MODEL OF MAGNETISM IN . .. 7793

mension. A successful study of these properties was possibldOMO, in particular the degree of filling of this level and
by introducing an extension of the tight-binding model, the value of the HOMO lowest unoccupied molecular orbital
which includesexplicitly all valence electrons inditransi-  gap are also very important, and they are determined by
tion metals, i.e., §, 5p, and 4 orbitals. This extension is Many factors: number of atoms, symmetry and bond lengths
crucial for the success of the method’ as it allows for d)f the cluster, as well as by the distribution of valence elec-
charge transfer between thep) andd shells and different trons among the, p, andd orbitals. ,
occupancies of thd orbitals for atoms at inequivalent geo- The present tight-binding model is very well designed to
metrical positions. Thus it is very difficult to come close to INVestigate magnetism in larger clusters, not or only hardly
the ab initio results with the Hubbard models for pude accessible t@b initio treatment. Thus, we have been able to
states in which the number ofl electrons is kept Study R clusters up to the size at which they become non-
constant®~2! Furthermore, even though the magnetic prOp_magnetlc. The agreement of our results with experiment is
erties are usually correctly predicted when the numbed of Satisfactory since we have found that \Remall clusters
electrons is well estimate@ivhich may be difficult for in- C&Ty @ noticeable magnetic moment upNe=100, which
stance in P in any case the binding energy per atom is toostrongly_ oscillates when size |ncrea_§é$-.|owever a detailed _
low, especially for elements at the end of the series, since thgPmparison of these oscillations with those observed experi-
contribution ofsp electrons is missing. For example in Ref. mentally would require the determination of the most stable

17 the bulk energy of Rh is only 3.07 eV instead of 5.78 eVatomic structure for each size. This determination was not
experimentally. done in this work but could be carried out in the future ow-
Our results show that magnetic states in the clusters df'd t0 the simplicity of our method. Palladium has a rather

late 4d transition metals occur as a compromise between thd!fférent behavior since the free atom has no magnetic mo-

binding, the tendency towards atomic behavior at low coorment. Consequently, _ther_e are two competing effects in this
etal when the coordination is lowered compared to the bulk

dination, and the reduction of electron-electron interactiod" th X f the LD . d by the fill
for polarizedd shell relative to free atoms. The driving force ON€: the narrowing of the LDOS s counteracted by the fill-

for magnetism is the interaction betweehelectrons, and ing of the d levels when size decreases. This explains the

indeed we found only very small polarization of &nd 5 Weak_tendency4to magnetism in pPdlusters, as observed
states of magnetic atoms. We have also verified that the san?é(q_ir'ment?]"%' < al I suited q .
magnetic ground states are stable for the considered clusters |fs metho dlslat;so \(/)ery we lswte to stu éﬁ)rgagnetlsm
even when the Coulomb and exchange interactions betweet} Surfaces and slabs. Our results concerning(@d) sur-
(sp) electrons, or betweed and (sp) electrons are ne- face of Rh are in good agreement wih initio calculations
glected. This result is consistent with small average fiIIingsand we predict a reinforced .tendency to magnetism for
of 5s and 5p orbitals and confirms that the Coulonthg Rh(011). Our studies of palladium slabs show that, on the

and exchangdy integrals play a dominating role for the contrary, the surface is found glway_s less magn_etic than the
magnetic instabilities in transition metals central layer. Unlike the previous implementations of the

We have obtained a very good overall agreement of thyubbard_mpdel, which did nqt includes) electrons, it is
calculated properties of Rfand Pg, (up toN=19) clusters also _rea@lls_tlc_enough and_n_u_ght help to understand better
with the predictions ofb initio calculation$'>*>However, cerlfa|tn Ilmltat_lotns ?[f fthalllj ITPI:I(; atpprofach._bl 0 introd
the conditions under which a magnetic ground-state sets i et us point out hnally that it 1 feasible 1o introduce

n ) . U :
are rather subtle, and the Stoner parameter alone Whicﬂectronlc correlations within this model with the help of the

plays a leading role in the buf,does not suffice to predict perturb,:altlon thgg”i} or by means of the so called “local
whether a given cluster is magnetic or not, and even mor@nsatz method:

what would be the value of the magnetic momihtindeed,
many physical effects come into play. It is often argued that,
when the coordination is reduced, the LDOS is increased due It is our pleasure to thank O. Jepsen, G. A. Sawatzky, and
to band narrowing that tends to induce magnetism accordinG. Stollhoff for valuable discussions. A.M.O. acknowledges
to the Stoner criterion. However, this argument which isthe kind hospitality of DSM/DRECAM/SRSIM, Centre
roughly valid when the density of states is smooth, may comd’Etudes de Saclay, where part of this work was completed,
pletely fail in a cluster for which the distribution of levels is and the support by the Committee of Scientific Research
discrete. Note also that the narrowing of the electronic spectKBN) of Poland, Project No. 2 PO3B 175 14. He also ac-
trum is limited by the contraction of bond lengths. As aknowledges the partial support from the Polish-French inter-
consequence the details of the electronic structure around tlgwvernment research programme “Polonium™.
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