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Classical Stern-Gerlach profiles of M and Mng clusters

N. O. Jones and S. N. Khanna
Physics Department, Virginia Commonwealth University Richmond, Virginia 23284-2000, USA

Tunna Baruah and M. R. Pederson
Center for Computational Materials Science, Naval Research Laboratory, Washington, D.C. 20375-5345, USA
(Received 26 January 2004; published 23 July 2004

Mns and Mny clusters have recently been found to exhibit Stern-Gerlach profiles marked by a central peak
that broadens with the increasing field gradient. The profiles neither exhibit a reminiscence of space quantiza-
tion as observed through a splitting of beams for the case of free atoms, nor a net deflection characteristic of
superparamagnetic relaxations observed in other transition metal clusters. It is proposed that this new behavior
results from a weak coupling of localized atomic momealsinitio electronic structure studies are carried out
to show that a Mg cluster has isomers with spin magnetic moments pf313 ug, and 23ug while a My
cluster has isomers with moments o, 8 ug, 16 ug, and 26ug, respectively. The isomers can be obtained
by sequential turning of the local atomic moments starting from the ferromagnetic state and can be seen in the
negative ion photoelectron spectra of the anions. The weak coupling of the atomic moments, however, leads to
unconventional spin dynamics that result in classical broadening of the Stern-Gerlach profiles and lower
apparent magnetic moments. The theoretical results illustrate how a combination of the negative ion photode-
tachment spectroscopy and Stern-Gerlach profiles can provide information on the net spin moment, interatomic
spin coupling, and spin dynamics.

DOI: 10.1103/PhysRevB.70.045416 PACS nuniber73.22-f, 71.15.Nc, 31.15.Ar

I. INTRODUCTION the case of free atoms, the clusters also have a finite angular
momentum associated with the rotational motions and by
Atomic clusters constitute a new phase of matter intermecoupling to the cluster angular momentum via a spin-orbit
diate between atoms and solids. Consequently, they exhibliike coupling, the total spin of the free clusters can relax in
novel features that are distinct from the atoms or sdlits.  Space. The clusters therefore behave like giant atoms under-
particular, the magnetic properties of clusters are tru|ygoing superparamagnetic relaxations, leading to a uniform

unique? The magnetic moments of clusters are traditionallydeflection. Over the past years, this model has been exten-

measured using the Stern-Gerlach setup that was used /€y used to interpret the experimental datd.ater

demonstrate space quantization, almost 80 years ago. Hereeéperimenté on Gd, and in particular on Gg did provide

; ; - . _tases where the beam spreads asymmetrically around the
beam of particles is passed through a gradient magnetic f'e%‘zro deflectioriFig. 1(c)]. This arises when the anisotropy is

that tries to orient the moments as well as defiect f[hem. I:Olarger than the cluster rotational temperatures and leads to

atoms with total angular momentum J, the ensuing bearu,hat is termed as “locked moment behavior.”

ip“ts into 2J+1 comp_one_nt%ee hF'g' f@]' This well- . The known behaviors of the Stern-Gerlach profiles can
nown exrr)ﬁgrlment Inspired  the  first experimentalynen he summarized under three categories as schematically
measurementsof the magnetic moment of small free e spown in Fig. 1(1) Splitting of the beam into 2J+1 compo-

and subsequenthCo, and N, clusters. It was thought that nents observed in free atom@) a net uniform deflection

as in the case of atoms, the beam would split into 2J+Xpserved in FeCa, and Nj, clusters? and (3) asymmetric
components and that one could determine the magnetic m@roadening as observed in Galusters due to high magnetic
ment through the number of subbeams. The actual experanisotropy that leads to blocking of the magnetic moment in
ments[Fig. 1(b)], however, showed that all the clusters in the certain direction. Recent Stern-Gerlach experiméhfsee
beam undergo a uniform deflection. Further, the calculatedig. 1(d)] on Mns and Mn, however, exhibit profiles that fit
magnetization per atom was far less than the moment penreither of the known patterns. The observed deflection pro-
atom in solids contrary to theoretical predictions that thefiles correspond to a relatively broad symmetric central peak
clusters would have higher magnetic moments than the cowithout any net deflection. Further, the broadening increases
responding bulk solids. Khanna and Lindefo#txplained as one increases the gradient field. The absence of splitting
this behavior as due to superparamagnetic relaxations. Thend a net deflection excludes the catego(iesand (2). As
argued that the atomic spins in these clusters were stronghkye will show, the magnetic anisotropies in these clusters are
coupled and that the cluster behaved like a giant magnet witmuch lower than the experimental temperatures. This ex-
a moment that is the sum of atomic moments. They furthecludes the locked moment behavior as in,Gd

argued that the magnetic anisotropy in reduced sizes was What is even more surprising is that calv initio studies
much less than the cluster temperatures. As in case of fraadicate that the magnetic anisotropy in small Miusters
atoms, the spin moment of clusters entering the magnetiare generally smaller than the rotational temperatures making
field undergo precessions around the field. However, unlikehem as potential candidates for superparamagnetic relax-
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large unit cell of 58 atoms and is antiferromagnegifd-).
Electron-spin resonanc€ESR) (Ref. 11) and absorption
spectrun® studies indicate that Mrmolecule exists in a van
der Waal (VdW) AF state like the bulk antiferromagnetic
structure. ESR studies on larger Mdusters? in a matrix,
however, observe a ferromagnetically coupled cluster with a
moment of 2. The cluster with this large moment con-
tained more than four Mn atoms and it was suggested that it
could be a Mg. There have been numerous theoretical
studie$*!® on small Mn, clusters containing 2—-8 atoms.
These studies mostly focused on ferromagnetic solutions and
free Mn,, Mn3, and Mn, are proposed to be ferromagnetic
with total moments of 1Qug, 15 ug and 20ug, respectively.
For Mns, the earlier studies predict a moment betweepng23
and 25 and for Mry a moment of 2@g. These studies did
not examine the antiferromagnetic configurations and hence
missed the existence of isomers.

In Sec. Il we describe the details of our method while Sec.
Il is devoted to a discussion of results. Finally, Sec. IV
contains the conclusions of this work.

Il. DETAILS OF CALCULATIONS

The electronic structure calculations of the ground-state
geometry and the spin magnetic moment of Mimd Mry

0 . ; 4 I . 0
! were carried out using the first-principles density-functional
(d) approach. The molecular orbitals were expressed as a linear
| Weak Interatomic combination of atomic orbitals centered at the atomic sites.

Exchange The matrix elements of the Hamiltonian operator between

the molecular orbitals required in a self-consistent solution
of the Kohn-Sham equations were carried out numerically on
a mesh of points. The actual calculations were carried out
using the NRLMOL(Naval Research Laboratory Molecular
Orbital Library) set of codes developed by one of the present
authors and co-workef§:1” The basis set for Mn consisted
of 7s, 5p, and 4d functions constructed from 20 bare
Gaussiansd® The basis set was supplemented by 1d Gauss-
ian. All geometries were optimized fully with Hellmann-
Feynman forces smaller than 0.001 hartree/bohr.

For Mng, the investigations covered square pyramid and
triangular bipyramid geometrical arrangements. Fog Mve
ations. Indeed, experiments on clusters containing seven Mivestigated the octahedron, pentagonal pyramid, and trigo-
atom$ show superparamagnetic relaxations and hence unpal prism structures. No symmetry constraints were imposed
form deflections. Why are Myand Mny, so different? In this  to allow maximal variational freedom. In each case, we ex-
work, we show that this new behavior arises due to a weaRmined the ferromagnetic and all possible antiferromagnetic
interatomic exchange coupling that makes them behave likeonfigurations. In fact, we first examined the lowest ferro-
an assembly of weakly correlated atomic spins and leads taagnetic configuration. We then investigated the changes in
several magnetic isomers. We show that the ground state &hergy as individual electronic or atomic spins were turned
Mns has isomers with spin multiplicity of 4, 14, and 24, antiferromagnetically. This was followed by turning various
respectively, while the ground state of Minas isomers with  pairs of atomic spins and so on. In each case, the geometry
multiplicity of 3, 9, 17, and 27, respectively. By comparing and the spin were optimized starting from reasonable initial
the calculated spectra for the anions with the negative-ioialues derived from the ferromagnetic solution. The mag-
photodetachment specftaye prove that these isomers are netic moments were calculated by integrating the spin den-
indeed present in beams. However, the weak intraatomic esgity within a sphere surrounding each site. For the criterion
change coupling leads to new spin dynamics that lead t#or choosing the size of sphere and other numerical details,
centrally peaked deflection profiles and lower observed maghe reader is referred to the earlier papérs.
netic moments in Stern-Gerlach experiments.

It is interesting to briefly review the behavior of Mn in
bulk and in reduced sizes. Bulk Mn does not crystallize into  The theoretical studies show that the clusters are marked
fcc, bee, or hep lattices but hasa@Mn structurd® with a by several energetically low structures. A systematic study of

0
Deflection (arbitrary units)

FIG. 1. Schematic Stern-Gerlach profiles faj Na atoms(b)
Fe,(n=120-140 clusters(Ref. 3) and (c) Gd,; clusters(Ref. 4
Fig. (d) shows the spatial profile for Mrclusters(Ref. 8 recorded
with dB/4Z=0 (solid line) and with 9B/9Z=192 T mi! (dashed
curve.

IlI. RESULTS AND DISCUSSION
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FIG. 2. Ground-state geometry and some of
the low-lying isomers for the neutral and anionic
Mns clusters. The atomization energAE) is
given for neutral clusters. For anionic clusters
AE=E-E(ground statg representing the energy
above the ground state of the anion is also
marked. The arrow$ and | indicate the direction
of spin polarization at each site and the corre-
sponding magnetic momentin ug) are given
within parenthesis at each site. The bond lengths
are in angstrom. Also given are the vertical tran-
sition energies from the anigmultiplicity M) to
the neutral clusters clusters with multiplicity
M=1.

the variation of the energy as a function of spin shows thaground state. The atomization energy AE is defined as
the energy shows minima when the change in spin corre-
sponds to a reversal of the entire atomic spin. This is a sig-
nature of the relative strength of the intra-atomic and interwhere E is the total energy of the respective atoms/clusters.
atomic exchange couplings. In Fig. 2 we show the geometrywithin the limits of the accuracy of the calculation, these
spin multiplicity M, the local magnetic moment, and the at- structures can be considered as isomers. Foy, Mote that
omization energies of all the structures within 0.1 eV of thethe isomers correspond to total spin magnetic moment of
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AE =[nE(Mn) - E(Mn,))], (1)

FIG. 3. Ground-state geometry and some of
the low-lying isomers for the neutral and anionic
Mng clusters. The atomization ener@E) is
given for neutral clusters. For anionic clusters
AE=E-E(ground statg representing the energy
above the ground state of the anion is also
marked. The arrow$ and | indicate the direction
of spin polarization at each site and the corre-
sponding magnetic momentin wg) are given
within parenthesis at each site. The bond lengths
are in angstrom. Also given are the vertical tran-
sition energies from the anigmultiplicity M) to
the neutral clusters clusters with multiplicity
M=1.
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3ug, 13ug, and 235. Figure 3 also shows the correspond- the negative-ion photodetachment spectra for; ind Mry,.
ing ground state and energetically close isomers fo.Mn While their detailed spectra will appear in a separate publi-
Note that they all correspond to the octahedral structure. Theation, their spectra for Mnshow major peaks at 1.5 and
octahedron are, however, marked by slight Jahn-Teller dis2.0 eV while that of Mg has several close lying peaks
tortions. The isomers now correspond to total spins@§,2 around 1.7, 1.8, 2.1, and 2.2 eV. Our predicted peaks are in
8ug, 16ug, and 26G.5. Figures 2 and 3 also show the local reasonable agreement with their findings confirming that the
magnetic moments at the various sites obtained by integraisomers are indeed present in the cluster beam. Can one see
ing the spin charge density within spheres around each sit¢hem in Stern-Gerlach profiles?
These are marked within the parenthesis at each site. Note As mentioned before, in these experiments, one passes a
that the atomic magnetic moments around the sites formingeam of ferromagnetic clusters through a gradient magnet
the triangular base in Mnare slightly different. This is be- where the spin magnetic moment interacts with the gradient
cause the bond lengths in the triangular base are slightlfield to reorient the magnet as well as to displace the clusters
different (it is not an equilateral triangje Note that all the laterally. Knickelbeinet al® have recently performed such
isomers can be obtained by starting from the ferromagnetiexperiments and Fig.(d) shows the induced deflection of
solution and reversing the atomic spins one by one. Mng in the time of flight spectrum. One observes a broaden-
Before we proceed further, let us compare our findingdng of the beam as opposed to a net deflection shown by
with negative-ion photodetachment spectroscopy. Here, a s@iost transition-metal clusters. Further, an increase in the gra-
lected cluster anion is crossed with a laser of fixed wavedient of the magnetic field resulted in an increase of the
length and the energy of the photodetached electron is meavidth of the deflection profile, without net deflection. Figure
sured. The difference between the energy of the photon and shows that Mg is marked by isomers with total spin of
that of the detached electron yields the binding energy of th8us, 13ug, and 23, respectively. If broadened, these
electron. Now imagine that an anionic cluster has N unpairedvould lead to three separate peaks for multiplicity of 4, 14,
electrons and hence a multipliciM=N+1. When theelec- and 24 broadened by the gradient in temperature and pos-
tron is detached, the neutral cluster will have a spin multi-sible changes in field gradient. While one could argue that
plicity of M—1 or M+1 depending on whether the electron is the overlap of a large number of peaks could produce a qua-
removed from the majority or the minority state. The peakssiuniform deflection profile, Knickelbein's attempt to fit the
in the photodetachment spectra corresponding to the twBrofile as a superposition of peaks were not very successful.
transitions can be compared with theoretical calculationdor the case of broadened peaks, Knickelbetiral. were
where one first determines the ground state of the anion inevertheless able to extract a moment by integrating the area
cluding its spin multiplicity and then the energies to makeunder the peaks. Such a procedusad to total cluster mo-
the transition to the neutral states with multiplicity of M—1 ments of(2-4)ug for Mns and Mry. This is far below the
or M+1, with no change in the initial anionic geometry. If average of the total magnetic momeaB.0ug) of the iso-
the calculated energies agree quantitatively with the experimers given in Figs. 2 and 3. We also calculated the magnetic
mental peaks, one can conclude that the spin multiplicityanisotropy in these clusters using a new appr&asie have
calculated in theory must be correct. We had earlier #8ed recently developed. The anisotropy energy forsNnd Mn
such a procedure to identify the ground state of & Tono were 7 K and almost 0 K, respectively. The experimental
et al2! have recently used it for the ground state of@r temperatures are more than 50 K. Until now, it has been a
In order to compare with the experimental results on phomystery as to why clusters with such low anisotropy exhibit
todetachment experiments we determined the ground-state relaxations and why the observed moments are so low.
geometry, spin multiplicity, and binding energy of the Mn  We believe that the key to this puzzle lies in the strength
and Mn, anions by examining all the ferromagnetic and an-of interatomic exchanges. As we showed, the energy required
tiferromagnetic configurations. The results are shown irfo turn an atomic spin in a ferromagnetic cluster is small
Figs. 2 and 3. For My the ground state of the anion is a showing that the atomic spins are not weakly correlated. As
ferromagnetic structure with a spin multiplicity of 23. Close the clusters are subjected to the gradient field in a Stern-
to the ground state are the antiferromagnetic configuration&erlach experiment, the spin dynamics resembles that of
with spin multiplicities of 13 and 5. For My the ground weakly correlated atomic spins precessing in the magnetic
state corresponds to M=8. In this case, the states with mufield. Furthermore, in the absence of a central potential, there
tiplicity of 2, 16, and 26 are only 0.06, 0.08, and 0.09 eVis no space quantization and the atomic moment exhibits a
above the ground state. To compare with negative-ion phoslassical behavior where the cluster is displaced in the up-
todetachment data, we examined the vertical transitions téield or down-field direction depending on the orientation at
the neutral cluster with a multiplicity one higher and onethe entrance in the field gradient. The random orientation of
lower than the anion. These are shown in Figs. 2 and 3. Ithe magnetic moment then leads to a broadening of the beam
one only focuses on the absolute ground state, we prediavithout any net deflection. The deflection profiles, neverthe-
that the spectra of Mywill be marked by peaks at 1.53 and less, do broaden as the field gradient is increased and one can
1.90, respectively, while that of Mmwill be marked by 1.53 integrate the area under the curves to calculate the effective
and 1.79 eV, respectively. In addition to these main peaksnoments? It is gratifying to note that the calculated cluster
one expects transition around other energies correspondirigagnetic moments using the Stern-Gerlach prdfile§ig. 1
to isomers. In particular, for My one expects the second and a similar one for Mnare indeed arount® - 4)ug, close
transition to be very broad with peaks at 1.68, 1.79, 2.05, antb the calculated atomic magnetic momentS &7 -4.0ug
2.18 eV, respectively. Bowest al® have recently studied at a Mn site for Mg and Mn. This shows that the magnetic
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moments seen in Stern-Gerlach profiles are really the atomiaf undergoing an uniform deflection. We believe that the
magnetic moments. The broadening of the profiles and thpresent paper should also be applicable to other cases such as
calculated magnetic moment can thus both be understoatansition-metal atoms attached to nonmagnetic hstsh
within the model. as MnsO and MnyO). We have just become aware of another

work on small Mn, clusters by Bobadova-Parvanogaal 2

who have calculated the magnetic moments of neutral clus-

IV. CONCLUSIONS ters using a similar approach. Our findings on neutral clus-

To summarize, we have shown how by combining nega—tetrs are consistent vyith_ their results. These authors, however,
tive ion photodetachment spectroscopy and the Ster did not study the anionic clusters and have not addressed the

Gerlach magnetic deflection one can obtain information orPW observed moments in Stern-Gerlach experiments. Our

the ground-state spin multiplicity as well as the strength of?@Per precisely addresses these issues.
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