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Magnetic ordering in clusters of the group 3 transition elements: Sg,Y,, and La,
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The magnetic properties of isolated clusters composed of scandium, yttrium, and lanthanum containing 5-20
atoms have been investigated in a Stern—Gerlach molecular-beam deflection experiment. The molecular-beam
profiles for most clusters in this size range display either high-field deflections indicative of superparamag-
netism or symmetric broadening indicative of locked moment behavior. The magnitude of the deflections for
those clusters exhibiting high-field seeking behavior indicate susceptibilities that are significantly larger in
magnitude than those expected based on the extrapolation of the susceptibility of the bulk solids, signifying
that these species are magnetically ordered. Magnetic moments,fan®y,, evolve with size in patterns that
are strikingly similar to one another. Several clusters stand oltoaa fidehigh-spin molecular magnets:
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I. INTRODUCTION bohr magneton. TheStoner enhancemerterm given by

Transition metal clusters containing fewer tharl? at- [1-IN(EQ)]™" increases rapidly as]N(.Ef)—>.1, .a-nd for
oms can exhibit magnetic ordering not displayed by the corJN(Ef) =1, x (formally) becomes negative, signifying a fer-
responding bulk solids:* Stern—Gerlach molecular-beam romagnetic instability and thus spontaneous magnetic
deflection techniques have proven to be useful for uncovererdering!! The Stoner model thus provides a simple frame-
ing such behavior, since chemically pure metal clusters cawork with which to predict the emergence of “unexpected”
be prepared and studied in isolated form, thus removing thenagnetic ordering in the transition elements as spatial
perturbing effects of substrates, matrices, and stabilizingimensions are reduced: The-band narrowing that
ligands. Using such techniques, Cekal. have shown that typically accompanies spatial confinenfeptoduces an en-
bare rhodium clusteréRhy.¢9) display magnetic momertt8  hancement ifN(E;) which, if sufficiently large, can lead to
as high as 0.8, per atom(Rhy-Rhyy) indicative of ferro-  ferromagnetic instability: Spontaneous magnetic ordering
magnetic or ferrimagnetic ordering, even though bulkgccurs.
rhodium is a Pauli paramagnet at all temperatfirBtoom- Like most transition elements, scandium, yttrium, and lan-
field and co-workers measured magnetic moments for thanum are paramagnetic in their bulk phases. However,
Crg-Cryss that ranged from~0.5 to~1.0up per atom, clearly  heir relatively high paramagnetic susceptibilitiés'® as

indicating that these clusters do not display antiferromagsomnared to those of their neighbors in the Periodic Table,
netic ordering as in bulk chromium, but rather ferromagneticy, ot that these metals are on the verge of ferromagnetic
or ferrimagnetic ordering. Knickelbeit has shown that

manganese clustet®ns ¢ display substantial nonzero mo- instability, and may be induced to display ordering by spatial

? indicat hp 59 pt_y deridd.R v d confinement. In this paper, we present the results of magnetic
ments indicative ol Termmagnetc ordering. Recently, de- — yaqeciion experiments that confirm that all scandium clusters
Heer and co-workefshave found evidence for magnetic or-

S X : .and most yttrium and lanthanum clusters in the range
dering in palladium clusters using molecular-beam deflectlor}]zs_20 are elemental molecular magnets
techniques. '
Anomalous magnetism in low-dimensionality transition
metals can be attributed to the enhancement of densitiés of II. EXPERIMENTAL METHODS
states at the Fermi level resulting from spatial confinerfient. The experimental methods have been provided in detalil
For transition metal systems, the effects of spatial Confinepreviousl)/‘.‘~l4 The experiment was performed using a four-
ment on magnetic properties can be put on a quantitativgtage differentially-pumped molecular-beam apparatus,
framework using the Stoner model of itinerant ferromag-snown schematically in Fig. 1. Scandium, yttrium, and lan-
netism. This model, despite its simplicity, is a remarkablyihanum clusters were produced via pulsed laser vaporization
useful predictor of spontaneous magnetization in bulk tranfom the surfaces of cylindrical targets of the corresponding
sition metals, successfully predicting ferromagnetic ordermgpure metals: S¢99.9%, Rare Metallic Company Ltd., To-
in iron, cobalt, and nickel(and only those transition kyo), Y (99.9%, Goodfellow Corp, and La(99.99%, Ames
metalg.®~** According to this model, the paramagnetic sus-yjaterials Preparation Center, Ames, lIoWaThe metal tar-
ceptibility x is determined by the density of states at the  gets were housed in laser vaporization sources through
Fermi leveIN(Ey) and the exchange functiah which helium flowed continuously. The laser vaporization
MoMﬁN(Ef) source was coupled. to a high aspect ratio flow tube
X= TN(E) (9 cm lengthx 0.3 cm inner diametérheld whose tempera-
f ture could be controlled between 55 K and 300 K. The resi-
where ug is the permeability of free space and, is the dence time of the clusters within the flow tube4 ms was
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sufficient to ensure that they were equilibrated to the flowshifting is significantly larger than would be expected based
tube temperature prior to expansion into a vacuum though an the susceptibilities of the corresponding bulk elements,
1.2 mm diameter orifice at the end of the flow tdb&inder  implying that these clusters are not simply small fragments
these mild expansion conditions, very little supersonic cool-of the corresponding paramagnetic solids, but rather are mo-
ing of the clusters’ vibronic degrees of freedom islecular magnets.

expected so that the postexpansion cluster temperature is High-field-seeking beam deflection behavior has been ob-
estimated to be clos@vithin ~5 K) to that of the flow tube. served in previous studies for clusters of the ferromagnetic
The expanding jet was skimmed into a molecular beamiransition metals, Fg1-2%Co,,222* Ni,,14?1.25as well as for
which passed through a gradient dipole magfhespable of clusters of certain transition metals that are not normally fer-
producingB fields of up to~1.2 T and gradient&B/dz) up ~ romagnetically ordered in any of their bulk phases, such as
to ~210 T nit in the center of the gap. The clusters wereMn,, (Ref. 3 and Rh (Ref. 1). Such behavior is consistent
then ionized with a spatially expanded ArF excimer laser

(A=193 nm, with the resulting singly ionized clusters de- ' ' '
tected via position-sensitive time-of-flightPSTOH mass
spectrometry*1920a technique which allows field-induced 3
deflections or broadening of cluster beams to determined
with a spatial sensitivity of about 2@m. This technique
allows the spatial distributions of clusters in a molecular
beam to be mapped onto the time domain and thus recorded
using a digital oscilloscope. The spatial deflections or broad-
ening of each cluster size in the beam was independently
measured by quantitatively comparing the field on versus
field off PSTOF peak profiles. Magnetic moments were de-
termined via analysis of the beam broadening and deflection
profiles, as described in detail below.

Ill. RESULTS AND DISCUSSION

cluster ion intensity (arb. units)

Magnified portions of PSTOF spectra showing ahd Yg . -
mass peaks recorded with the deflection field off versus on, 200  -100 0 100 200
is shown in Fig. 2. These PSTOF mass peak profiles illus-
trate the two types of beam deflection behavior observed for
SG, Y, and Lg clusters at 58+2 K. The symmetric broad- FIG. 2. (Color online Magnified portions of yttrium

ening _Of Fhe beam about the center line of the beam aXIg| ster time-of-flight spectra showing the PSTOF profiles for
(z=0) is displayed by ¥, Yg,Las, and all Sg clusters except v = ang v, Solid traces: B,dB/dz=0; dotted traces:
Sco and Sg, By contrast, the beam profiles of =078 TB/7z=160 T nT’. For Y, the adiabatic rotor model
SCo-200 Y7-10,13-18 aNd L&_g 11 13-20Shift uniformly to later  (gashed curvewas fitted to the field-broadened profile, in this in-
arrival times upon application of the gradient field, corre-stance yielding a total moment of 2,25 (#=0.38 , per atom.
sponding to a spatial shift in thez+direction (high-field-  The moments reported in the present work are the average of 10-20
seeking behavigr The magnitude of the broadening and such determinations.

arrival time (ns)
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10 - Fig. 2. This type of field-broadened profile is characteristic

o8 of clusters whose momenjsare locked rigidly to their mo-

3 lecular frameworks as they tumble through the madiets?
£ . ? Accordingly, the field-broadened peak profiles fog §¢;.19
e Y56 and La were analyzed using the adiabatic rotor model
& 6 . A of Bertsch and Yaba&which assumes locked-moment be-
§ havior in a thermal ensemble of isolated, spherical rotors
g o2l LAt ; . characterized by a rotational temperatiitg. Under condi-
A A = a b2y AN tions in whichuB<kT,, and in the limit of high rotational
0.0 o " quantum numbers, the distribution function of moments
! R(u,) takes on a simple analytical form that is independent
4 6 8 10 1zn 14 16 18 20 of T %0
FIG. 3. (Color onling Magnetic moments per atony, for R(,uz):iln(i> (4)
SG,, Y, and Lg (n=5-20 measured with the cluster source main- 2 \|ug/)’

tained at 58+2 K.
In practice,u was determined by convoluting the unbroad-

with superparamagnetism resulting from ordered spins, anined beam profile with the distribution functi&and least-
indicates that intramolecular spin relaxafibroccurs on a Squares fitting the resulting convolution to the field-
time scale shorter than the flight time of the clusters througtProadened beam profile. Details of this convolution and
the magnetic field~0.4 m3. In this case, the induced mag- fitting procedure are described elsewhtBecauseR(u,) is
netization(M,) of the ensembles of clusters displaying high- independent ouB/kT;o when uB<kT,q knowledge ofT o
field-seeking behavior can be calculated from the magnitudé$ not required in the fitting procedure. At fields for which
of the beam deflectionnz as computed from the change in #B~KTiy the shape of the moment distribution becomes

PSTOF mass peak first moments recording with the magnetidePendent onB/kT, with the overall distribution becom-
field on versus off4:21.27 ing asymmetrical, shifting to higher,.3°32Such behavior is

not observed in the present experiments. An example of a
: o[ 9B 1 best-fit convolution profile for ¥ (T=58 K) obtained using
My =CAzm 9z) @) the adiabatic rotor model is shown in Fig. 2 along with the
experimental field-broadened PSTOF profile. Although the
wherem is the cluster mass, is the molecular beam speed, moments reported here were obtained for clusters generated
dBlaz is the field gradient, an€ is an apparatus constant. at 58+2 K, the same resultévithin experimental error
For a magnetic system in thermal equilibrium, magnetizationyere obtained for clusters generated at various source tem-
(M,) is related to the intrinsic moment exactly via the  peratures, up to 290 K, confirming the temperature indepen-

Brillouin function B(T): dence ofR(u,). The per-atom momentg derived using
M = uB(T 5 the adiabatic rotor analysis for £¢ Sci1.19, Y56 and La
(M2 = uB(T). ) are shown in Fig. 3, along with the Curie law values obtained

At temperatured in which the conditionuB<KT holds, as for the superparamagnetic clusters. The beam profiles for

is the case in the present experiment, the Brillouin function 11,12,10,208Nd L&5 2 display no measurable deflection or
can be approximated by the Curie 1&#?6-2 broadeningbeyond statistical uncertaintgven at the high-
est fields; accordingly their moments are taken todfelu,

B u’B per atom.
(Mg ~ KT S As shown in Fig. 3, the moments for most,S¥,, and
La, clusters are quite smalk0.3u, per aton). Notable ex-
It is readily showA®?® that the apparent magnetic moments ceptions are Sg,Ysg, Y13 and La, with total moments of
for a system of angular momentudnderived from(M, us- 6.0, 5.5, 8.8, and 4,8, respectively, thus putting these clus-
ing the Curie law are upper bounds to the true momentsters in the class of true high-spin molecular magnets. The
exceeding the true moments by the factﬁf(\]+ 1)/J and  size variation of the per-atom moments of scandium clusters
thus approach the actual values jflas given by Eq(2)]  and yttrium clusters display many of the same feattees.,
asymptotically as]— o« Because] is unknown(but clearly local maxima atn=6, 8, 13, and 18 with the moments
smal) for the clusters studied in these experiments, we willyttrium cluster tending to be slightly larger. This similarity
apply the Curie Law with the caveat that the moments sanay imply a common structural motif for these two series of
derived are upper limits to the true moments. The mean peelusters[bulk Sc and Y both adopt hexagonal close packed
atom magnetic momenjs=u/n, determined using the Curie (hcp) packing. By contrast, the moments of lanthanum clus-
Law expression for those clusters displaying high-field deters evolve with a different pattern than those displayed by
flections, are shown in Fig. 3. scandium and yttrium cluster, suggesting that they adopt a
The beam profiles of certain clusters display symmetriddifferent structural motif(unlike Sc and Y, bulk La adopt
field-induced broadening such that at sufficiently high fieldsdouble hcp packing Whether the structures of S¢,,, and
their profiles exhibit distinct Lorentzian-type “winggsee La, clusters bear any resemblance to each other or to those
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of the corresponding bulk solids is unclear, as there are cuand we will refer to the study of Matsumotet al3°® as a
rently no first-principles calculations of the equilibrium recent representative of such studies, as it treats both Sc and
structures of these species. Note that the size dependenciesyobn an equal theoretical footing, thus allowing meaningful
the total cluster moments do not follow a simple odd-evenquantitative comparison between systems. These workers
pattern(e.g., between 0 and}) indicative of alternating  employed a relativistic spin-polarized band structure method
singlet and triplet states, as was recently reported for niotg compute the paramagnetic susceptibilities of hcp Sc and Y.
bium clusters® Because the present experiment measure§hey obtained substantial Stoner enhancement factors

only the total magnetic moment of the clusters, there is NO[1-JIN(E.)]™ of 4.1 and 4.3 for Sc and Y, respectively.
direct indication of the nature of the magnetic ordering dis—t ' |

played by these cluster systems—i.e., whether they are fe hus agcp_u_nting for ‘the relatively high paramagnetic
. . . = ‘ Kusceptibilities measured for these met&f In both met-
romagnetic, ferrimagnetic, or a more complex ordering. Un- s the k it ible for th bstantial St
like the situation in bulk transition metals, orbital ais, the key quantity responsible for the substantial Stoner
contributions may be significant in small transition enhancemer_ns was the high valge ROfE). Notgbly, the
clusters?3:34.35 paramagnetic spin anisotrogg axis versusa axis) com-
There are currently no first-principles calculations of thePuted for hcp Y was a factor of 10 larger than that for hcp Sc.
magnetic properties of group 3 clusters to provide guidancdNis result runs counter to the present finding that all
as to the nature of their magnetic ordering. We can, howevegcandium clusters in the=6-22 range studied display
provide estimates for the upper limits of moments assumingocked-moment behavidreflecting high magnetocrystalline
ideal ferromagnetic ordering of locatomicmoments com-  anisotropy whereas the majority of yttrium cluster display
puted using simple electronic structure considerations consuperparamagnetic behavidreflecting low anisotropy
bined with Hund’s rules. Spedding and Croat have providedvith only Y5 and Yg displaying locked moment behavior.
evidence supporting a localized moment of Lg5in However, these calculations are for extended hcp solids in
bulk scandium based on Curie-Weiss analysis ofwhich magnetocrystalline anisotropy effects are significant.
susceptibilities’® In our local moment analysis, we make the It is not expected that the structures of finite, 3nd VY,
approximation that the atoms comprising,S¢,, and Lg  clusters bear any resemblance to those of the corresponding
are inns(n-1)d? electronic configurations. It is further as- extended solids, but rather display their own unique
sumed that the electrons are bonding in nature and contrib- structure-dependent internal magnetic anisotropies. Although
ute no net spirfand thus no magnetignas is the case for the several band structure calculations have been performed
ferromagnetic transition metdlso that the effective atomic on dhcp and face-centered-cubic phases of lanthdfitfh,
core can be as described 853532 term. In this case, the none of the derived electronic propertigsg., susceptibili-
Landég factor is computed to be 0.66 and thus the momenties) hint at spontaneous magnetic ordering for either phase.
n,=0J is 1.33u, per atom. This value refleciatra-atomic ~ The appearance of magnetic ordering in small lanthanum
antiferromagnetic coupling of spin and orbital atomic angu-clusters clearly implies electronic structures unlike the
lar momenta as predicted by Hund'’s third rule for less-thanbulk phases.
half-filled atomic shell$? If, on the other hand, the orbital
moments are completgly qguenched in small clusters as is the V. CONCLUSIONS
case in the bulk transition metal ferromagnéte, Co, and
Ni), then the only available contribution to magnetism is the The present results were obtained for isolated clusters.
spin S contributed by the twal electrons, assumed to be Whether anomalous magnetism as is observed here for
ferromagnetically coupledHund’s first rulg. In this case, isolated clusters is also observed in condensed phase cluster-
S=1, and becausg=2.00 in the absence of orbital angular assembled magnetic materf&4° remains an open question
momentum, the predicted atomic moments are given byaving important technological implications. As the
gS=2.00u, per atom. The same set of calculations per-characteristic length scales of magnetic materials are pushed
formed assuming as’(n-1)d electron configurations yields into the nanometer regime, it can be anticipated that normal
9J=1.20u, (orbital momentum fully included and magnetic behaviofe.g., as exhibited by conventional iron
gS=1.0Qu, (orbital momentum quenchgdThe per-atom or cobalt ferromagnetic particlesnay give way to unusual
moments for SgY,, and La reported in the present study unanticipated confinement-induced magnetic behavior,
are significantly lower than the ide@Hund’s rules-based including anomalous magnetic ordering in nominally
upper limits computed with eithars(n—-1)d? or ns’(n-1)d nonmagnetic elements. Efforts in probing such phenomena
orbital populations, suggesting that the ordering is noth condensed phase samples of size-selected clusters are
strictly ferromagnetic, but rather ferrimagnetic or perhaps &urrently underway in our laboratory and will be reported in
more complexe.g., noncollineagrarrangement of spins. Ac- the future.
curate first-principles calculations of geometry-optimized

cl_usters will be r_equired i_n or_der to understand both the mag- ACKNOWLEDGMENTS
nitude of the orbital contributions to the overall moments and
the nature of the ordering. The author thanks Professor Atsushi Nakajima for provid-

The current theoretical understanding of the paramagnetiig the high-purity scandium target. This work is supported
properties of bulk scandium, yttrium, and lanthanum comedy the US Department of Energy, Office of Basic Energy
from electronic structure calculations of the extendedSciences, Division of Chemical Sciences, under Contract No.
solids*3"-43Wwe will focus first on scandium and yttrium W-31-109-ENG-38.

184442-4



MAGNETIC ORDERING IN CLUSTERS OF THE GROUR PHYSICAL REVIEW B 71, 184442(2005

1A. J. Cox, J. G. Louderback, S. E. Apsel, and L. A. Bloomfield, 96, 1237(1992.
Phys. Rev. B49, 12 295(1994. 22|, M. L. Billas, A. Chatelain, and W. A. de Heer, Scien@s5,
2L. A. Bloomfield, J. Deng, H. Zhang, and J. W. EmmertPiroc., 1682 (1994.
International Symposium on Cluster and Nanostructure Inter-23\1 B Knickelbein, Chem. Phys. Let853 221 (2002.
faces edited by P. Jena, S. N. Khanna, and B. K. Réorld  24p_c. pouglass, A. J. Cox, J. P. Bucher, and L. A. Bloomfield,
PUb”SherS, Singapore, ZODQ) 131. PhyS Rev. B47, 12 874(1993

3 : .
4M- B. Knickelbein, Phys. Rev. Lett86, 5255(2001). 253, E. Apsel, J. W. Emmert, J. Deng, and L. A. Bloomfield, Phys.
M. B. Knickelbein, Phys. Rev. B70, 014424(2004). Rev. Lett. 76, 1441(1996

SA. J. Cox, J. G. Louderback, and L. A. Bloomfield, Phys. Rev. 26\, B. Knickelbein, J. Chem. Physi21, 5281 (2004

Lett. 71, 923(1993. 27 '
6K. Adachi, D. Bonnenberg, J. J. M. Franse, R. Gersdorf, K. A. J.(fg.g%ucher and L. A. Bloomfield, Int. J. Mod. Phys. %1079

Hempel, K. Kanematsu, S. Misawa, M. Shiga, M. B. Stearns,288 N. Kh d4s. Lind h. Ph Rev. L&T. 742 (199
and H. P. J. Wijn, inLandolt-Bornsteinedited by H. P. J. Wijn -N. Khanna and S. Linderoth, Phys. Rev. K (1993.

(Springer-Verlag, Berlin, 1986Vol. 19 29A. Chatelain, Philos. Mag. B79, 1367(1999.
' ' Y 30
7W. A. de Heer(personal communication G. F. Bertsch and K. Yabana, Phys. Rev48, 1920(1994.

8F. J. Himpsel, J. E. Ortega, G. J. Mankey, and R. F. Wilis, Adv, >‘C- Bertsch, N. Onishi, and K. Yabana, Z. Phys. D: At., Mol.

Phys. 47, 511 (1998. Clusters 34, 213(1995.

9E. P. Wohlfarth, inFerromagnetic Materials edited by E. P. *G. Bertsch, N. Onishi, and K. Yabana, Surf. Rev. Led.435
Wohlfarth (North-Holland, Amsterdam, 1980vol. 1, p. 1. (1996.

105, Blundell, Magnetism in Condensed Matté®xford University ~ **R. Moro, S. Yin, S. Xu, and W. A. de Heer, Phys. Rev. L&8,
Press, Oxford, 2001 086803(2004.

113, F. Janak, Phys. Rev. B6, 255(1977. 34C. Binns, S. H. Baker, M. J. Maher, S. C. Thornton, S. C. Louch,

123, Legvold, inFerromagnetic Materialsedited by E. P. Wohl- S. S. Dhesi, and N. B. Brookes, Eur. Phys. J16 189(2001.
farth (North—Holland, Amsterdam, 1980Vol. 1. 35R. A. Guirado-Lépez, J. Dorantes-Davila, and G. M. Pastor, Phys.

13K, A. McEwen, in Handbook on the Physics of Rare Earths Rev. Lett. 90, 226402(2003.
edited by K. A. Gschneidner and L. EyringNorth-Holland,  36F. H. Spedding and J. J. Croat, J. Chem. PI58.5514(1973.
Amsterdam, 1978 37S. G. Das, Phys. Rev. B3, 3978(1976.

14M. B. Knickelbein, J. Chem. Physl16, 9703(2002. 38T. L. Loucks, Phys. Rev144 504 (1966.

5Materials Preparation CentédMPC), Ames Laboratory, Ames 3°M. Matsumoto, J. B. Staunton, and P. Strange, J. Phys.: Condens.
lowa. Ames Laboratory is a national laboratory operated for the Matter 3, 1453(1991).
U.S. Department of EnergyDOE) by lowa State University 4°G. S. Fleming, S. H. Liu, and T. L. Loucks, Phys. Rev. L&,
under Contract No. W-7405-ENG-82. The MPC is supported by 1524 (1968.
the Office of Basic Energy Sciences, Materials Science DivisionZ. W. Lu, D. J. Singh, and H. Krakauer, Phys. Rev.3B, 4921

16M. B. Knickelbein, S. Yang, and S. J. Riley, J. Chem. Phg3, (1989.
94 (1990. 42H. W. Myron and S. H. Liu, Phys. Rev. B, 2414(1970.

17B. A. Collings, A. Amrein, D. M. Rayner, and P. A. Hackett, J. “3W. E. Pickett, A. J. Freeman, and D. D. Koelling, Phys. Rev. B
Chem. Phys.99, 4174(1993. 22, 2695(1980.

18D, McColm, Rev. Sci. Instrum37, 1115(1966. 44F. H. Spedding and J. J. Croat, J. Chem. P58.2451(1973.

BW. A. de Heer and P. Milani, Rev. Sci. Instrur62, 670(1991).  45Y. Qiang, R. F. Sabiryanov, S. S. Jaswal, Y. Liu, H. Haberland,
20J, L. Persson, Ph.D. thesis, University of California, Los Angeles, and D. J. Sellmyer, Phys. Rev. 86, 064404(2002.

1991. 46C. Binns, S. C. Louch, S. H. Baker, K. W. Edmonds, M. J. Maher,
213. A. Becker and W. A. de Heer, Ber. Bunsenges. Phys. Chem. and S. C. Thornton, IEEE Trans. Mag88, 141 (2002.

184442-5



