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Localization of 3d and 4d Electrons in Small Clusters: The “Roots” of Magnetism
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The photoelectron spectra of mass-selected negatively charged &id Cuy~ clusters show
similarities, which indicate an almost total localization of the Wi orbitals corresponding to a
maximum magnetic moment dfwp per Ni atom. The similarity between Ni and Cy~ vanishes for
n > 7 corresponding to an increase 3d delocalization. The data of Rd clusters suggest a Ni-like
(“magnetic”) electronic structure for = 3—6 and a Pt-like (“nonmagnetic”) one far > 15. There are
indications that neutral Rds a closed shell species (spin zero ground state). [S0031-9007(96)00482-6]

PACS numbers: 79.60.Bm, 75.50.Cc, 33.60.Cv, 36.40.Cg

According to Hund’s rule all open shell atoms are mag-configuration, while Cu has a closed shell and a
netic in their ground state since the lowest energy corsingles electron with a3d'%4s (alkalilike) configuration.
responds to maximum alignment of the spins. DelocalHowever, in small clusters the degree of localization of
ization of the electronic states in solids quenches théhe Ni3d°® “cores” is so high [14] that the interaction of
magnetism such that only Fe, Co, and Ni remain as elethe neighboringdd® cores can be neglected as in the case
mental solids displaying ferromagnetism. In systems witrhof the Cud'® cores [15] and the bonding is caused by the
reduced dimensionality, e.g., thin films [1,2] or small par-4s electrons mainly.
ticles [3—7], the magnetic moment per atom is expected The second topic is whether small clusters 4f
to be larger than in the corresponding bulk metal. Thigransition metals (Ru, Rh, Pd) might be ferromagnetic
effect is caused by the reduced coordination number, i.e[3,6,7]. As a bulk metal Pd is “almost” ferromagnetic
the lower number of nearest neighbors, which results if16], and according to theory a slight enhancement of the
a higher degree of localization and a correspondingly re4d localization (e.g., by an increase of the interatomic
duced valence band width. Within the approximations ofdistance by 6%) would give ferromagnetic Pd. Thus,
the Stoner model the enhanced density of states at tithe enhanced localization in small clusters is expected
Fermi energy corresponds to an increased magnetic mée result in a “magnetic’ ground state (to be more
ment per atom ¥ /A). Localization additionally results exact a “superparamagnetic” ground state [4]). However,
in an enhanced exchange interaction of thelectrons in the Stern-Garlach experiments [6] the Pd clusters
and the moments of each atom are aligned by a (weakfor n > 12; there are no data fom < 10) behave
interaction. The strength of this interaction determines’nonmagnetic” in contrast to theoretical predictions [3].
the temperature dependence of the total magnetic momeht our photoemission experiment we find similarities
and the Curie temperature. For total localization (sepato the Ni data forn = 3 — 6, which can be taken as
rated atoms)M /A is maximized but the Curie temperature a fingerprint of “magnetic” behavior. In contrast, the
is zero. This general idea has been confirmed for smaBpectrum ofPd; ~ shows a feature which is typical for
clusters of Fe, Co, and Ni in a Stern-Gerlach experimentlosed shell (nonmagnetic) species. For the larger Pd
[4], which shows an enhancementMf/A approximately clusters we find a transition from a Ni-like: (< 7) to
up to the value of isolated atoms. Pt-like (nonmagnetic) behavidn > 16).

Spin and angle-integrated photoemission experiments The experimental setup is described in detail elsewhere
[8—12] have been conducted to investigate the electronifl3]. The cluster anions are produced in a laser vaporiza-
structure ofNi,~, Co,”, andFe, clusters. Because tion source. The negatively charged clusters are acceler-
of the improved energy resolution in our experiment [13]ated in a pulsed electric field and depending on their time
we are able to resolve fine structures in the photoelectroaf flight the clusters separate into a chain of bunches of
spectra ofNi,~ and Pd, ~ clusters, which reflect sensi- defined cluster size. The anion beam is directed into the
tively upon the degree of localization of thievalence source region of a “magnetic bottle” time-of-flight elec-
electrons. tron spectrometer, where a selected bunch is irradiated by

First we focus on Ni as a typical example of a magnetica UV laser pulse (photon enerdgyw = 4.0 eV) and the
material to reveal the differences between a small Nkinetic energy of the detached electrons is measured.
cluster M/A = 1up [4]) and bulk Ni (M /A = 0.6up). Figure 1 shows a comparison of photoelectron spectra
Surprisingly, our photoemission data ofi,  clusters of Ni, ~ andCu, ~ spectra withn = 2-9. The energy
show a similarity with the spectra @fu, ~ clusters. As range corresponds to photoemission from the uppermost
bulk solids the two metals are quite different, becauseccupied orbitals, which are almost purelyp derived for
Ni is an open &-shell transition metal with a=34°4s  Cu. These delocalized p orbitals show strong “quantum
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FIG. 1. Comparison of photoelectron spectraNif,” and Cu,,~ clusters in the binding energy range 0.5-3.5 eV. The photon
energy ishv = 4.0 eV. For a discussion of the marked features, see text.

size” effects and for each cluster the characteristic featurefsom the3d° cores and also ne/d hybridization, thes/p
can be assigned to emission from “electronic shells” [15]electrons occupy similar orbitals for Ni and Cu clusters.
Recent first principles calculations @i, ~ clusters [17] Then the photoelectron spectra of iig, ~ clusters should
give a quantitative analysis of the/d hybridization. exhibit the same features duestgp electron emission as
The calculations support the shell model assignments faheCu,, ~ spectra, but superimposed on the emission from
the uppermost orbitals, but indicate a considerablé  the Ni3d® states.
hybridization for the orbitals energetically closer to the Cu Indeed, exactly this kind of superimposition is seen in
3d band especially for the larger clusters (e@uy ). the spectra ofNi, ~ and Ni,~. In both dimer spectra
The Cu, ~ clusters withn = 2,4,6,8 have an odd two sharp peaks (A,B) are observed, which are assigned
number of electrons and the uppermost single electron i® emission from the bondings o and the antibonding
weakly bound. This corresponds to the appearance of 4s o™ orbital (occupied by the additional electron). In
peak at low binding energy (BE) (marked A). Such anthe spectrum ofNi,~ a broad emission signal (marked
even/odd alternation is a property of clusters of simple3d) in between the two peaks is assigned to emission
metals (alkali metals, Cu, Ag, Au [18]). A similar peak from the Ni3d orbitals. Feature B in the spectrum of
“A” at almost the same BE appears also in the spectrd&Ni, ~ is slightly shifted towards higher BE with respect
of Ni, 7, Niy ~, andNig ~. In the spectra oNi, ~ and to Cu,~. The emission from th&d° cores is a broad
Ni, ~ there are even features at higher BE, which seem tstructureless emission signal, because in the final state a

correspond to the peaks observed in the spect@uef-  34® core is created, which gives rise to final state effects
(A,B) andCuy ~ (A, B, C). like multiplet splitting and shakeup processes [15].
These similarities can be understood if for the 2P It is interesting that thels o* orbital is occupied in

cores a total localization is assumed. As a consequenchii, . In the single particle picture this orbital is less
there is very littles/d hybridization and the clusters are stable than the3d orbitals. An additional electron is
bound by thets/p orbitals only. From that point of view therefore expected to occupy3a orbital resulting in a
the Ni3d® cores behave similar to the Gd'? cores, which  34'°¢% configuration ofNi, . However, the configura-
are located at higher BE and act almost like inner shellsion is 3d'8c?c* [9]. The reason is the strong Coulomb
in small clusters [15]. The emission from the Gd'®  repulsion of the other 9 electrons occupying the or-
orbitals is at BEs>3.5 eV beyond the range shown in bital. As a result, the/'° configuration of the Ni atom is
Fig. 1. The similarity of the spectra @fu, ~ andNi, ~  about 1.7 eV less stable than th&’s configuration [10].
and the consequence of a very small contribution from th@hus, as long as thad® cores are highly localized, the
Ni 34° orbitals to the bond have already been discusseddditional electron will prefer a delocalizedp orbital.

by Hoet al.[9]. If there is no contribution to the bonding  For the trimers the similarity is less well pronounced.
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The spectrum o€u;~ exhibits a single peak at relatively e e
high BE. The spectrum ofNi;~ shows an intense A Pd; Pd/
maximum at about the same energy, but it is much broader
with a considerable fine structure. We conclude that the ] I
s/d hybridization in Ni;~ is stronger. The anion is
probably linear [10] and according to calculations [19]
in a linear Ni the center atom hasd/® configuration to
enhance the binding energy by an appropriate mixing with
s/ p orbitals; i.e., the trimer is special case.

The spectra ofNi,”, Niy~, and Nig~ exhibit a
separated peak A at low BE, which corresponds to
the additional electron occupying &/ p orbital. In the
spectrum ofNig~ no such peak is observed although
a pronounced one is found fdCug~. Starting from
Ni; ™ all spectra look similar to the ones dfi; ~, Nig ™,
and Niy~. This is probably due to an increase 3ad
delocalization, which is accompanied by an increaset!
hybridization. The sharp/p features disappear due to —— —
mixing with d orbitals and broadening. Presumedly the 3 2 1 3 2 1
additional electron now prefers to occupy one of the Binding Energy (eV)
uppermost unoccur_)ladiorblta_ls. FIG. 2. Photoelectron spectra 8, clusters obtained with

In agreement with the size dependence of #f@ 5 photon energy ofy = 4.0 eV.
hybridization in Cu,~ clusters [17] the similarity of
the photoelectron spectra afi,~ and Cu,  clusters
is very pronounced for the smallest clustelSif, between the highest occupied molecular orbital (HOMO)
Nis~) even including features at higher BE. For theand the LUMO. According to this interpretation fid a
larger Cu clusters, only the uppermost orbitals exhibit alosed shell species with a HOMO-LUMO gap of approx-
predominants character [17], while in larger Ni clusters imately 0.3 eV and, therefore, nonmagnetic.
no such orbitals are expected to “survive,” because of the Figure 3 shows the vertical detachment energies
=2 eV lower BE of the Ni3d band. We conclude that (VDEs) of Ni, , Pd,”, and Pt,” clusters with
the similarity of theNi,,~ andCu, ~ clusters withn < 7 n = 3-16. The VDEs correspond to the work functions
can be explained by an extreme degree of localization andf the negative particles and increase slowly with cluster
a weaks/d hybridization. Fom = 7 the effect vanishes, size approaching the bulk work function. This size de-
because théd orbitals start to delocalize considerably. pendence is related to the “metallic” character of a cluster
These findings are in qualitative agreement with the resulind can be described by an electrostatic model [22].
of recent Stern-Gerlach experiments on small Ni clusterénterestingly, the size dependence of the VDEs cannot
[20], which show a dramatic decrease Mf/A between be described by this model fa¥i, clusters [8]. The Ni
Nis and Nig [21]. VDEs approach the bulk work function more slowly than

Figure 2 displays photoelectron spectraRdf,~ clus- the corresponding values of the Pt clusters (Fig. 3). The
ters withn = 3-8. The spectra oPd;~ andPd,~ show value of the VDE of the 15 atom cluster is closer to the
a limited similarity to the ones dNi3;~ andNis~. Both  corresponding bulk work function [23] by 0.5 eV for Pt
trimer spectra exhibit a broad structured maximum aroundgompared to Ni. This is caused by the localization of the
2.5 eV BE. The spectrum dfd,~ exhibits the separated uppermost Ni valence electrons (predominanttl).31n
peak A at low BE similar toNi4~ indicating localized totally localized orbitals the electrons do not “recognize”

d orbitals. ForPds~ and Pd¢~ a similarity with the Ni  the size of the clusters and the VDEs are constant corre-
data is not recognizable. Especially, the photoelectrosponding to the value of the isolated atom. In Pt clusters
spectrum ofPd;~ exhibits a separated peak A at emis-the 5 orbitals interact much stronger and contribute
sion threshold. FoNi,, such a feature has been found considerably to the bonding [9,10], which corresponds
for n = 2,4, and 6, but it is not expected to appear forto an increased b delocalization. We consider the Pt
odd-numbered clusters. Therefore, the reason for the ajpiusters to be nonmagnetic because of the higher degree
pearance of such a featureat= 7 must be a different of delocalization, though there are yet no experimental
one. In clusters with small correlation effects a spectrundata on the magnetic moments.

similar to the one ofPd;~ indicates an electronic closed The VDEs of thePd, ~ clusters are similar to the ones
shell of the neutral cluster and the additional electron ocef the Ni,,~ clusters up ton = 7 (except forn = 1,2
cupies the lowest unoccupied molecular orbital (LUMO)[9]) and then show a steep increase approaching gradu-
of the neutral (see, e.g., Ref. [15]). The gap between thally the VDEs of thePt,~ clusters atn = 16. The Pd

first peak and the next emission feature is equal to the gagata suggest a transition from a localized “Ni-like” be-
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