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The local magnetic properties and electronic structures ofRCelusters withl, and O, symmetries
(R=Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, and)Atave been systematically studied
with the density-functional formalism, and the Kohn-Sham equation is solved self-consistently with the dis-
crete variational method. By calculating the binding energies fibrs&ries, we find that the icosahedral
structure is more stable than the octahedron structure. Pd and Ag doping can enhance the stability of a cluster,
and the alloying effects in such doped clusters have an important effect on binding energy. The electronic
structures calculated in equilibrium configurations show that the clustersRwitBu, Cr, Mo, or Ag have
closed electronic shells, while the others have open electronic shells. In particular, we have performed com-
prehensive calculations on the local magnetism of impurities in a cluster, and found that the behavior of local
magnetism for 8 and 4d impurities in Cy, clusters is different from that in bulk as well as from that in
Al ;5 clusters. In contrast to the-d interaction picture for local magnetism in tldeband bulk host, we have
found that there are more complicated interactions acting in clusters to affect the local magnetism of impuri-
ties: the interactions of the Qu-orbital with R-spd orbitals play a crucial role on the local magnetic moment
for impurities with more than a half-filled shell, such as Mn, Fe, Co, Ni, Tc, Ru, and Rh; the interactions of
the Cud orbital with R-spd orbitals contribute to the local magnetic moment for impurites with a less than
half-filled d shell, such as Sc, Ti, V, Y, Zr, and Nb. We have also tested and discussed the Stoner-like criterion
for the occurrence of a local moment in a clus{&0163-182806)08039-3

I. INTRODUCTION netism is very sensitive to its local structure and environ-
ment. We know that the cluster offers a unique opportunity
Studies on the local magnetic moment have played a maeo study how magnetic properties change as the local elec-
jor part in the investigation of magnetism of magnetic impu-trons of an isolated atom start to delocalize in the cluster, and
rities in dilute alloys, spin glasses, and concentratechow the itinerant magnetism of the solid state develops with
systems. It has been proposed that the magnetismafdhs  increasing cluster size. Moreover, in clusters, the reduced
in metals depends strongly on the type of conduction eleceoordination number and higher symmetry are expected to
trons in the host~ 3d ions in sp-band metals display an narrow the electronic bands, to enhance magnetization in fer-
ionic-type magnetism; the tendency toward magnetic behawomagnetic materials, and to cause magnetization in non-
ior is driven by intra-atomic correlations, and the tendencymagnetic material$® Therefore, the local magnetism of an
toward nonmagnetic behavior is essentially governed by spiimpurity in a cluster is interesting, and would be different
fluctuations, which stems from the antiferromagnetic ex-from the behaviors in bulk and film.
changes of impurity 8 electrons with the hostp-band elec- For the local magnetism of an impurity isp-electron
trons. This ionic-type picture can be even generalized to thelusters, one of the authors systematically studied the elec-
magnetism of 4 ions in alkali-metal host8.0n the other tronic structure and stability of® 4d, and 5 impurities in
hand, for impurities in transition-metal hosts, the situation isan Al,, cluster withl,, symmetry’ and found that except for
changed, the hybridizations of impuritystates with thed Ru (its moment is quenched to zgrll other impurities have
band of the host metal play an important role in the existenceather large local moments. How about the local magnetism
of the local moment:* However, in all cases, the local mag- of 3d and 4 impurities in transition-metal and noble-metal
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clusters? What are the major factors that affect the local mofunctions of the electrons in the clusters are expanded in the
ments? What is the influence of interactions betweersymmetrized basis functio®;,
impurity-d and hostd states on the local magnetism? Is the
d-d interaction picture proposed in Refs. 3 and 4 valid for _

el OSEL . V=, C;P.. )
description of local magnetism in these clusters? In this pa- ] I
per, we use CyR clusters as prototype systems ad and
4d impurities in noble-metal cluster, and we present system
atic theoretical studies o_f the I_qcal _magnetism and electronic (H—£S)C=0, (4)
structures of 8 and 4d impurities in Cu clusters. In fact,
Blaha and Callawdyand Bagayoko, Blaha, and Callaway WhereH is the Hamiltonian matrix anc is the overlap
have used a cluster mod&u,gR, R=Cr, Mn, Fe, Co, or Ni matrix. The discrete variational methddvas used to solve
to study the magnetic properties and electronic structures ¢ghe matrix equation self-consistently. To obtain the elec-
the corresponding dilute alloys, where the impurity atom istronic density of state€DOS) from the discrete energy level
placed in the center of a cluster and the bond length is takefi , the Lorentz expansion scheme is used, and the total DOS
to be the bulk value; they found that the magnetic momentés defined as
for the impurity atoms Cr, Mn, Fe, Co, and Ni are 3.53, 4.04,
3.05,102.05,. and 0.69in ,u'B), respeptively. Braspenrying D(E)= >, D%(E), (5)
et al.™" studied the magnetic properties ofl 3mpurities in nlo
the bulk Cu with an embedded 55-atom cluster model. Theiy, .
calculations were based on density-functional theory in the

Then a matrix equation can be obtained,

local-spin-density approximation and on the Korringa-Kohn- Slar
Rostoker Green-function method, and they found that only Dﬁ|(E)=Ei Agu—z—z(E_S_) T2 (6)
|

Sc, Ti, and Ni are nonmagnetic; the otheat Bnpurities (V,

Cr, Mn, Fe and Cpare magnetic, and the correspondingwhere o is the spin indexj labels the eigenfunction, and a
magnetic momentsin wg) are 1.07, 3.01, 3.40, 2.51, and broadening factos=0.42 eV is used. 4 is the Mulliken
0.88. Furthermore, they found that alll 4mpurities in bulk  population number, and and! are orbital and angular quan-
Cu are nonmagnetic, and the Stoner-like criterion is far fromum numbers, respectively. The total energy is evaluated by
being met. However, in these two studies, the cluster models

are actually parts of the bulk. How about the situation in the EeeS fo— lJ J’ p(r)p(r’)drdr’

Cu cluster? Is the Stoner-like criterion valid for the occur- tot™ < i€iT 2 [r=r'|

rence of a local magnetic moment for an impurity in a clus-

ter? No systematic studies of these problems have been re- . Z\Z,

ported, to our knowledge. In this paper, we will explore these +J (1) (pxe= Vie)dr + 523 R—R,|’ @
subjects by using the local-spin-density-functional formalism

with the discrete variational method. wheref; is the occupation number, ,4s the proton number

of atoml, p(r) is the charge density, ang,. is a universal

Il. THEORETICAL METHOD potential related o/ by

In density-functional theory, the Hamiltonian for elec-

d
- =V,.. 8
trons has the following form in atomic units: dp (Prxd) = Ve ®

The binding energy, is determined by

H:Z _%Vi2+fm+vxc(r)+vext. (1

i |r—l"| Eb=Erer— Etots 9)

whereE,; is the total energy of the clusteE,; is the sum of
We used the Barth-Hedin type for the exchange-total energy of all isolated free atoms in the cluster, and the
correlation potential V(r)."" V¢ is an external potential average binding energy is defined as the ratio of the total
including the Coulomb potential generated by ions. The nubinding energy to the number of atoms.
merical atomic wave functions are used as a basis set for the
expansion of wave functions. The group theory is employed IIl. RESULTS AND DISCUSSIONS
to symmetrize the basis functions

In this paper, we concentrate on R clusters withl,

CI):E Di &, 2) and Oy, symmetries. For all the structures considered, the

g T atomic distances are optimized by maximizing the binding

energy within the symmetry constraints. Mulliken population
where ¢; is an atomic wave functionp; is a symmetrized analysis has been used to obtain the occupation number of
basis function, and P is the so-called symmetry coefficient atomic orbitals, and the magnetic moment is the difference
which is determined only by the symmetry of cluster. In thisbetween the occupation numbers in spin-up and spin-down
work we have used@® 4s, and 4 orbitals of the Cu atom, states. In order to test our calculations, we first performed

3d, 4s, and 4 orbitals for the 3 impurity, and 41, 5s, and  calculations for Cy, and obtained the bond length 2.21 A
5p orbitals for the 4 impurity as the basis se; . The wave and the binding energy 2.45 eV, which are very close
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TABLE I. The symmetry, equilibrium bond length(A), bind- TABLE Il. The equilibrium bond lengthr (A), binding energy
ing energyE, (eV), and magnetic momenigc, and ug(R=3d), Ey (eV), and magnetic momenigc, and ur(R=4d) in I}, struc-
whereA,=E,(Cu;sR)- E,(Cuy,Cu). tures, where\,=E(Cu,R)- E,(Cuy,Cu).

Cluster Symmetry r re,+trg Ep, Ay mcoy MR Cluster r cutrr E, Ay Mey MR
Cu,Sc Ih 2375 2.919 43.84 5.06 0.208 0.504 Cuy,Y 2.50 3.081 40.10 1.32 0.210 0.426
Op 2400 2.919 41.85 5.00 0.006 0.240 CuZr 2.50 2.868 4564  6.86 0.128 0.455
Cup,Ti I 2.350 2.726 46.20 7.42 0.124 0.512 Cu;Nb 2.50 2.707 46.27 7.49 0.035 0.331
On 2375 2.726 4455 7.70 0.100 0.760 Cu,Mo 2.40 2.641 4585 7.07 0.000 0.000
CuyV Ih 2.350 2.589 46.80 8.02 0.050 0.404 CuTc 2.45 2.630 4524  6.46 0.050 0.396
On 2375 2589 4474 7.89 0.035 0.578 Cu,Ru 2.45 2.603 43.83 5.05 0.124  0.512
Cuy,Cr Ih 2.325 2527 4477 599 0.0 0.0 CuRh 2.45 2.623 41.77 2.99 0.216  0.396
On 2.350 2.527 42.06 521 0.0 0.0 CuyPd 2.40 2.654 3864 -0.32 -0.350 0.213
Cu,Mn Ih 2425 2.644 4278 4.02 0.026 1.322 CupAg 2.45 2.723 36.06 -2.72 -0.425 0.153
Opn 2375 2.644 40.29 3.44 0.061 1.727
Cue I 2375 2519 4282 404 0025 1699 doping can have an energy gain up to 8 eV. Fdridhpuri-
On 2400 2519 4099 4.14 0032 2.10 ties, except for Pd and Ag, all others can have an energy gain
Cuy.Co I 2350 2531 4217 339 0.127 1471 up to 7 eV. The relative instabilities of ¢fPd and CywAg
On 2400 2531 4059 3.73 0.080 2.000 gre pot due to the large atomic radius of the impurity as
CupoNi ln 2350 2524 4094 2.16 0.252 0.978 compared with that of the host atom, because other impuri-
On 2425 2524 3929 3.45 0.070 0.923 tjes(Y, Zr, or Nb) have even larger atomic radii as well as
Cuy,Cu I 2.346  2.556 38.78 0.0 0.040 -0.124 |arge binding energies. This fact arises from the more ex-
On 2400 2.556 36.85 0.0 0.080 0.010 tended nature of the orbitals at the beginning of thed4
Cupp Ih 2.200 35.40 0.240 series, resulting in a stronger hybridization with the host.
On 2.250 33.24 0.120 Accordingly, the binding energies should be larger, but for

Pd and Ag impurities the contractions of teorbital cause
weaker hybridizations with host; therefore, their binding en-
to the experimental values 2.22 A and 2.05%8\Recently, ergies are smaller.
the structural and electronic properties of smal|, Clusters Figure 1 shows average binding energies in all the icosa-
(n=2, 3, 4, 6, 8, and 10were studied by Massobrio, Pas- hedral structures considered. The square and circle stand for
quarello, and Caf using the Car-Parrinello method; it was 3d and 4 impurities, respectively, and the dotted horizontal
found that for Cy the bond length and binding energy are line is for the Cy, cluster. We can see that the average
2.18 A and 3.02 eV, respectively. We also calculated thebinding energies for 8 and 4d impurities have the same
moment of the CyFe cluster withO,, symmetry, and an tendency. V and Nb have the largest binding energies, which
atomic distance equal to that in the bulk phase, and foundre different from the behaviors ofd3and 4d impurities in
that the local magnetic moment of Fe is 2.28 which isin Al ;, clusters’ where the largest binding energes are for Cr
good agreement with the calculated value of Zg%ound and Tc, respectively. However, comparing the average bind-
by Blaha and Callawa$;all these results indicate that our ing energy of theR impurity in the cluster with the experi-
calculations are reliable. mental value foR bulk,!” we find that the general trends in
variation are similar, but deviate from theoretical trends cal-
culated by Moruzzi, Janak, William€. The computation
methods we used are essentially the same as that of Ref. 17,
Table | shows the results ford3mpurities in the center of  so there are two possible reasons for this deviation: size ef-
Cuy,. It can be seen that the binding energy of an icosahefect and alloying effect. The former one could be excluded
dral structure is about 2 eV higher than that of an octahedrakccording to Painter's worl€ in which the binding energy of
one, which suggests that the icosahedral structure is morsl 3d six-atom clusters with octahedral symmetry were stud-
stable than octahedral structure. In fact, pure Cu clusters witled by using functional formalism with the local-density ap-
icosahedral closed-shell structure are most stable up to 25Qftoximation, and it was found that the qualitative features in
atoms, and cuboctahedral clusters with closed-shell structutie variation of the binding energy through the series of 3d
are unstable up to 2000 atorfsFor bimetallic Cu-Ni and  transition metals are rather well reproduced by six-atom clus-
Cu-Pd systems, embedded-atom-method studies also indiers, and the size effect is not essential. In our cases, the
cated that an icosahedral structure is favored over a cuboealloying effect is important for the binding energy; in fact,
tahedral oné® All these results imply that doping withd3  comparing the energy spectra of the doped clusters with
does not change the symmetry of equilibrium structure. Fothose of Cy,, we find that doping with V and Nb maximizes
4d impurities, calculations were carried out on icosahedrathe level shift downwards, resulting in the largest binding
structure; the results are given in Table Il. By comparing theenergies for CpV and Cuy,Nb.
difference Ay, which is defined as the difference between Table Il lists some numerical results on the electronic
the binding energy of GyR and Cuy,Cu clusters, we can structure of a CR cluster withl,, symmetry. The gap be-
examine the relative stability between the genuinetween the highest occupied molecular orbiidlOMO) and
Cu;,Cu and doped CyR clusters. For all 8 impurities, the lowest unoccupied molecular orbitdlUMO) changes

A. Binding energy and stability
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FIG. 1. The average binding energy for @R clusters withl,

. i . FIG. 2. The local magnetic moments fod &nd 4d impurities
symmetry. The square is for thel2lement, and the circle is for the gned 'mpurtt

in 1,, symmetry. The square is for thel3lement, and circle is for

4d element. the 4d element.
TABLE lll. The data for electronic structures for GR clusters withl, symmetry.
Cluster HOMO LUMO A
spin  energy symbol electrons configuration energy  symbol spin

Cu,Sc - -8.2807 hg 2 open -5.3308 ay + 2.952
Cuy,Ti - -8.2069 hg 3 open -5.4863 aq + 2.820
Cuy,V - -8.2983 hg 4 open -5.4926 ag + 2.806
Cu,Cr - -7.8647 hg 5 closed -5.2926 ay - 2.572
Cu;oMn + -5.7828 hg 1 open -5.4580 ag - 0.325
CuFe + -6.2188 hg 2 open -5.6662 hq - 0.553
Cuy,Co + -6.5017 hg 3 open -6.0172 hg - 0.485
CupNi + -6.7011 hg 4 open -6.3079 hg - 0.393
Cu.Cu +  -7.4089 hg 5 closed -7.0411  hy - 03678
Cuyp,Y - -8.0357 hg 2 open -4.8302 aq + 3.206
CuZr - -8.1029 hg 3 open -5.1314 ay + 3.271
Cu,Nb - -8.1173 hg 4 open -5.0365 ag + 3.081
Cu,Mo - -8.0101 hg 5 closed -5.0112 ay + 3.000
Cuy,Tc + -5.2585 hg 1 open -5.1439 hg 0.114
Cu,Ru + -5.7133 hg 2 open -5.5406 hq - 0.173
Cu,Rh + -6.0985 hg 3 open -5.8795 hg - 0.219
Cu;,Pd + -6.9203 hg 4 open -6.6272 hg - 0.293
CuAg + -7.0038 hg 5 closed -6.6366 hq - 0.367
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FIG. 3. The local densities of statdsDOS) for 3d impurities. (a) Spin-up.(b) Spin-down.

with the impurity species. A large gap exists for an impurity magnitude of the gap reflects the binding strength to a certain
with a valence electron number less than or equal to 5; i.edegree; the smaller gap may be attributed to the weaker bind-
from Sc to Cr for 3l series and from Y to Mo for & series, ing. Accordingly, the binding energy per atom would be
a small gap exists. Table Il also gives the ground-state elecsmall.

-tronic configurations. The HOMO's for GyCr, Cu,Cu, In a cluster, the contraction of the bond length is believed
Cu;,Mo, and Cy,Ag are fully occupied; these clusters are to be a reflection of the surface effect. In order to see this
thus stable. Moreover, for these clusters, £un and effect, we compared the bond length with the sum of the
Cu Mo have large gaps and large binding energies, andadii of Cu and impurity atom& ¢, +rg); as listed in Tables
Cu,Cu and Cy,Ag have small gaps and small binding en- | and I, the bond-length contraction effects in all clusters
ergies, which implies that for cluster with filled HOMO's the

TABLE V. The changes of the local magnetic moments for

TABLE IV. The changes of the local magnetic moments for 4d impurities with controlled host-impurity interactions. The first

3d impurities with controlled host-impurity interactions. The first row is for the orbitals involved in interactions, and the symbols in
row is for the orbitals involved in interactions, and the symbols inbrackets are for impurities.

brackets are for impurities.

3d4s4p 3d4s 4s4p 3d4s

3d4s4p 3d4s 4s4p 3d4s4p  3d4s (4d5s5p) (4d5s5p) (4d5s5p) (4d5s)
(3d4s4p) (3d4s4p) (3d4s4p) (3d4s) (3d4s) 0.426 0.361 1176 0.351
Sc 0.504 0.29 1.170 0.458 0.287 Zr 0.455 0.332 1.102 0.321
Ti 0.512 0.368 1.223 0.498 0.374 Nb 0.331 0.264 0.799 0.251

Y, 0.404 0.362 0.899 0.386 0.357 Mo 0.0 0.0 0.0 0.0
Cr 0.0 0.0 0.0 0.0 0.0 Tc 0.396 0.709 0.330 0.622
Mn 1.322 2.432 1.173 1.080 1.869 Ru 0.512 1.008 0.416 0.876
Fe 1.699 3.033 1.545 1.338 2.379 Rh 0.396 0.934 0.306 0.802
Co 1471 2.399 1.380 1.198 1.903 Pd 0.213 0.179 0.303 0.171

Ni 0.978 1.583 0.938 0.800 1244 Ag 0.153 0.114 0.237 0.074
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can clearly be seen. Taking GGu as an example, the bond 3d and 4d impurities, from which we can see that there are
length between the central and surface Cu atoms are 2.346 Ap exchange splittings for Cr and Mo, resulting in a zero
which is 8.9% shorter than the nearest-neighbor distance décal moment. Comparing with situations of 3d and 4d im-
2.556 A in the fcc crystal; the magnitude of bond lengthpurities in Al,, clusters] we find that the local moments of
contraction is reasonable. But for some other impuritgeg., 3d and 4d in Cu clusters are considerably reduced. What
Sc and Y, the contraction is much larger. However, there areinteractions between impurity and host are responsible for
no data about the atomic distance available for Cu-Sc anghese changes?

Cu-Y crystal alloys, so the sum of the radii of Cu and impu-  we know that the magnetism of Fe in noble- and

rity atoms is only an approximate reference. transition-metal bulk hosts exhibits remarkable differences
from the behavior of Fe isp metals>™ In transition-metal
B. Local magnetism of the impurity bulk hosts and in noble-metal bulk hogsuch as Cu, Ag,

Tables | and Il give the calculated local moments far 3 and Au, the local moment formation of Fe, Co, and Ni ions
and 4d impurities. We can see that Cr and Mo in Cu clustersis governed by the interactions between impudtgnd host-
are nonmagnetic, similar to the situation of Mo in bulk Pd. d electrons. For example, Co and Ni were found to be non-
All others are magnetic, which induces the host Cu atom tdnagnetic insp metals investigated hitherto; moments have
be weakly polarized. According to the coupling rules in thebeen found for Co in Cu, Au, Mo, W, Rh, Pd, and'Bf,and
bulk,® a spin of a more than half-filleddBshell impurity,  for Ni in Pd2'~22where Fe can also exhibit very stable mo-
such as Fe, Co, and Ni, induces a ferromagneétgpin po- ments. This interpretation also holds even for gystems; it
larization in hosts with a nearly filled or a nearly empmty has been found that impurity Mo is nonmagnetic in bulk Pd,
shell. Our results indicate that in the cluster all impuritieswhereas impurities Ru and Rh exhibit magnetic behavior in
with less than a filledl shell can also induce @-spin polar-  bulk Pd® Of course, thisl-d interaction picture is consistent
ization parallel to that of impurity in the host. Figure 2 showswith explanations of local magnetism in bulk materials. Now
changes of local moments ford3and 4d series. It is well  we wonder whether this picture holds for local magnetism in
known that in case ofd element the magnetic moment and clusters, and what is the role dfd interactions on the local
the exchange splitting are small, but the general features ahagnetism in clusters.
changes in moments are similar to that of the Series. Because the interplay of intra-atomic, interatomic, and in-
Figures 3 and 4 show the local density of stdt®OS) of  trahost interactions is highly complex, it is usually difficult

DOS(arb.units)
DOS(arb.units)

Energy(eV) Energy(eV)

FIG. 4. The local densities of statdsDOS) for 4d impurities.(a) Spin-up.(b) Spin-down.
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to give some quantitative theoretical analyses for interaction. The situation for 4 impurities follows basically the same

In order to gain some insight into the qualitative effects oftrends as discussed fod3mpurities. In Table V, comparing
interaction between impurity and host atoms on the locatolumns 2 and 3, we can see that switching off the Qu-4
magnetism, we will single out the interaction related to cer-orbital decreases the moments of Y, Zr, Nb, Pd, and Ag
tain orbitals by SWitChing off this Orbital, i.e., not let this S“ght'y, and increases the moments of TC, Ru' and Rh con-
orbital participate in the interaction. For example, if we wantsjgerably, which indicates that the interactions of the Cu-
to see the role of the CueBorbital on the local moment of 4, grpjtal with R-spd orbitals make large contributions to
the impurity, we can switch off the CueBorbital by setting  the moments for Tc, Ru, and Rh. Comparing columns 2 and
the valence orbitals tos#ip(3d4s4p), where the symbols = 4 \yitching off the Cu-8 orbital increases the moments of
outside and inside the brackets are the valence orbitals of , Zr, and Nb considerably, decreases the moments of Tc,

a_md H-impurity atoms, respectively; therefore,_the interac-Ru, and Rh slightly, and increases the moments of Pd and Ag
tions take place only among these valence orbitals. Calculagjigpyy which indicates that the interactions of Cd-8r-
tions are performed with the bond length given in Tables lyjxa yith R-spd orbitals make large contributions to the

and Il. The obtained local moments of impurities are Showr}noments for Y, Zr, and Nb, in particular, thied interaction

in Tables IV and V for 8 and 4d series, respectively. Inthe o een the impurity and host plays a minor role in the local
following, we will concentrate on more detailed analyses Ofmagnetic moments of Tc, Ru, and Rh. Comparing columns 3
the roles of interactions between impurity and host on theomd 5, switching off theR-,4p érbital doés not much change
local magnetic moment of impurity. the local moments of the impurities, implying that interac-

In Table IV, comparing c_olumns 2 and 3, we can see tha1Eions related tadR-4p orbital make only slight contributions
switching off the Cu-4 orbital makes the moments of Sc, to the local moments

Ti, and V slightly decreased and makes the moments of Mn, We know that the main contribution to the magnetic mo-

Fe, .CO’ an(_j Ni considerabl_y increased, which indicates tharlhent comes frond states. For the impurity, the behavior of
the |_nt|era|ct|onstr(])f ?u F‘I orbital \;‘."th R—spdtorkfma:a hal\:/e a& d levels are fivefold degenerate in icosahedral symmetry, and
crucial role on the local magnetic moments for Mn, 7€, &0 qrafore hybridize only wittH, levels of the empty center

and Ni. Comparing columns 2 and 4, switching off the Cu,
e . . “icosahedral Cy cluster. The above changes of local magne-
3d orbital increases the moments of Sc, Ti, and V consideryq 5re ynderstandable in view of the hybridizations be-

alblﬁtlandhc.jehcreases tth'?h T?hmgn:s oft'Mn, Ffec'djcégl').tarlld veend states of the impurity and the levels of Cu. For
signtly, which suggests that Ine interactions o ta simplicity, Table VI gives the orbital percentage components

with R-spd orbitals make large contribution to the momentsonly for HOMO's of all clusters considered, from which we

for SC’ T". and V; in particular, th_d'd Interaction between can see that the clusters considered can be classified into
the impurity and host plays a minor role in the local Mag-ihree groups according to the orbital components. The first
S&roup includes the clusters where the impurities are Sc, Ti,
'V, Y, Zr, Nb, Pd, or Ag; the second group clusters where the
impurities are Mn, Fe, Co, Ni, Tc, Ru, or Rh; and the third
group clusters where the impurities are Cr or Mo. Comparing
groups 1 and 2, we can see that the Qu-@rbitals more
strongly hybridize withR-d orbitals in group 2 than those in
TABLE VI. Orbital components (%) of HOMO for GyR clus-  group 1; accordingly the Cuptorbitals have larger effects

in the bulk* Comparing columns 2 and 5 and 3 and 6
switching off theR-4p orbital does not much change the
local moments of the impurities, implying that the interac-
tions related to thdR-4p orbital make little contribution to
the local moments.

ters withl,, symmetry. on the local magnetic moments of impurities in group 2 than
those in group 1. However, the Querbitals more strongly
Cluster HOMO R Cu hybridize withR-d orbitals in group 1 than those in group 2,
3d(4d) 3d 4s 4p and therefore the Cd-orbitals play larger roles in the local

magnetic moments of impurities in group 1 than those in

C”12S_C hy 10.3 21.4 475 16.0 group 2. In the third group, the states of the impurity and
CloTi hy 14.1 29.0 42.2 159 thes state of Cu nearly have the same weight, indicating that
CuyV hg 18.5 30.3 39.2 132 there are much strongek-s hybridizations between the im-
Cuy,Cr hg 27.9 351 271 103 pyrity and Cu.

CugMn hg 30.5 63 415 218 From the above discussions, we can see dhdtinterac-
CuzFe hg 27.1 153 415 237  tions between the impurity and host strongly suppress the
Cu;Co hg 22.5 9.3 43.4 248  impurity moment at the beginning ofd3and 4 series, and
CupNi hg 18.5 109 452 254  glightly enhance the impurity moment at the end df &nd
CupY hg 12.2 285 43.6 19.3  4d series. In this sense, tlied interactions are much stron-
CuypZr hg 154 327 38.7 16.3  ger for impurities at the beginning of series than those at the
CuoNb hg 20.5 33.2 34.6 13.9 end of series. In fact, we know that the wave functions of
Cu;,Mo hg 23.3 411 25.3 11.7  d orbitals at the beginning of 8 and 4d series are more
Cu,Tc hg 23.3 7.1 46.2 19.2 extended than those of the late ones. The strengtt-of
CuRu hg 21.6 7.4 47.1 23.6 hybridization decreases with an increases of contraction of a
Cu,Rh hg 19.0 7.9 48.1 24.9 d orbital, and therefore thd-d hybridization effect is stron-
Cuy,Pd hg 9.9 11.3 50.6 27.6 ger for the early transition atom&c, Ti, V, Y, Zr, or Nb
Cu,Ag hg 5.8 18.7 52.2 20.1 than for the late one&vin, Fe, Co, Ni, Tc, Ru, or Rh We

can see that the conclusions obtained above are reasonable
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TABLE VII. The local density of statesn,,.) at Eg for 3d
impurities in Cy,R clusters withl, structure R:3d). The ex-
change integral is taken from Ref. 28.

Sc Ti \% Cr Mn Fe Co Ni

Ne. 0.79
I 0.68

1.12
0.68

149 043
0.70 0.76

2.08
0.82

1.71
0.92

1.57
0.98

1.40
1.00

physically. It should be pointed out that there are two com-
peting factors that affect the stability and magnetic behav-
iors: from Sc to Ni and from Y to Ag, the orbital of the
impurity contracts; accordingly, thd-d hybridization be-
tween the impurity and host is reduced. On the other hand,
on going from Sc to Ni and from Y to Ag, the energy of the
d level is reduced to close to thelevel of the Cu atom, so
the d-d interaction is increased. The stability and magnetic
behaviors result from the compromise of these two compet-
ing factors. Because the electronic stated electrons of an
impurity in a cluster are different from those in the bulk, the
different magnetic behaviors for impurities in cluster and in
bulk can be displayed.

C. The test for Stoner-like criterion

A simple criterion has been proposed for the existence of
the local magnetic mometft

I XNe(Ep)=1. (10

3.0

0.0

FIG. 5. Stoner-like criterion for @ impurities in Cy,R clusters

| ] 1 1 1 1 | 1

Sc Ti Vv Cr Mn Fe Co Ni

Herel is the exchange integral for an impurity atom, which With In symmetry.

can be calculated as described by Refs. 25 and 28.
Nu(Eg) is the LDOS at the impurity site. This criterion for-
mally resembles the well-known Stoner criterion for the for-
mation of a ferromagnetic phase, but in Stoner’s criterion,
Niu(Eg) in Eq. (10) should be replaced by the total DOS of
the solid.

Willenborg, Zeller, and Dederiéfstudied the local mag-
netism of 4 impurities in an Ag matrix, and discussed the
magnetism with the Stoner-like criterion for the occurrence
of a local moment. They found that only Mo and Tc are
magnetic and satisfy the Stoner-like criterion.” @l also
used this criterion to discuss qualitatively the existence of
ferromagnetism for a d-metal monolayer on Ag, Au, and
Pd00Dsurfaces’ Is this criterion valid for the local mo-
ment in a cluster? In Tables VII and VIII, we list,(Eg)
for 3d and 4d impurities in Cu clusters, respectively. It has
been found that for @ elements in bulk is about 0.68-1.0
eV, and for 4d elements in bulkis about 0.6—0.82 e¥? If
we adopt these values to judge the existence of the local
magnetic moment for @ and 4d impurities in Cy, clusters,
we can find that this criterion seems to be valid only for V,
Mn, Fe, Co, Ni, Nb, Tc, Ru, and Rh, and not valid for the

TABLE VIII. The local density of stategn,,.) at Er for 4d
impurities in Cy,R clusters withl,, structure R:4d), the exchange
integrall is taken from Ref. 28.

Y Zr Nb Mo Tc Ru Rh Pd Ag

ne 091 120 165 025 226 185 152 0.82 0.52
| 0.65 0.62 060 0.63 0.60 060 0.65 0.68 0.82

1.5

Inloc(EF)

1.0

0.5

0.0

FIG. 6. Stoner-like criterion for d impurities in Cy,R clusters
with I, symmetry.

Y Zr Nb Mo Te Ru Rh Pd Ag
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others. The most probable reason for this may be that theound to be more stable than the octahedral structure. The
exchange integrdl in a cluster would be different from that alloying effects in doped clusters were seen to have an im-
in bulk, because the local environment for an impurity in aportant effect on binding energy. Cr and Tc have the lowest
cluster is quite different from that in bulk; e.g., there areenergy in an Al, cluster, and we predicted that V and Nb
bond-length contraction effects, reduced coordination numhave the lowest binding energy in a Gluster. Special
ber, and higher symmetry in a cluster, and all of these willattention was paid to the roles of interactions between impu-
affect the electronic structures of an impurity. However,rity and host on the local moment of impurity, which reveals
there are no experimental and theoretical studies availabi@ close resemblance of interactions betwedra8d 4d im-

for the exchange integrdl of impurity in cluster, to our purities. It was observed that the behaviors of local magne-
knowledge. Figures 5 and 6 show the prodogt(Eg)! for  tism for 3d (4d) impurities in Cu clusters are different from
three different exchange integrals<(0.7, 0.9, and 1.27 eV those in bulk as well as in Al clusters. Except for Cr and Mo,
for the 3d impurity; 1=0.6, 0.7, and 1.1 eV for theddim-  all other A and 4 elements exist in Cy clusters as impu-
purity). For the 31 impurity, if | =0.7 eV, only V, Mn, Fe, rities, displaying a definite local magnetic moment. Contrary
and Co are magnetic; Ni is nearly magnetic, and the othertp previous studi€’s' in which d-d interaction was found to
are nonmagnetic. IF=0.9 eV, only Sc and Cr are nonmag- be responsible for the existence of the local magnetic mo-
netic; whereas, fot =1.27 eV, except for Cr all otherd3 ment, we found that interactions of Quorbitals with R-
impurities are magnetic. For addimpurity, if |=0.6 eV, spd orbitals play a crucial role in the local magnetic mo-
only Tc and Ru are magnetic, and Nb is nearly magnetic; foments of impurities with more than a half-filletishell, such
1=0.7 eV, only Nb, Tc, Ru, and Rh are magnetic; and foras Mn, Fe, Co, Ni, Tc, Ru, and Rh. The interactions of Cu-
I=1.1eV, Y, Zr, Nb, Tc, Ru, and Rh are magnetic. In orderd orbitals withR-spd orbitals make important contributions
to make Pd and Ag magnetic, the value ahust be equal to  to the local magnetic moments for impurities with less than a
at least 1.92 eV, which is much larger than that in the bulkhalf-filled d shell, such as Sc, Ti, V, Y, Zr, and Nb. We also
We can see that the large density of states atvibuld  tested the Stoner-like criterion for the occurrence of a local
suggest that the impurity has a tendency to develop a locdnoment in Cy,R clusters, and found that the Stoner-like

magnetic moment; however, the quantitative relation is nogriterion is valid for many cases. However, this subject needs
clear yet. to be more extensively studied.
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