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Hund’s rule in metal clusters: Prediction of high magnetic moment state of A{,Cu
from first-principles calculations
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Using ab initio pseudopotential plane wave method and generalized gradient approximation for the ex-
change and correlation energy, we report the finding of high spin ground state,GuAdluster in accordance
with the Hund’s rule of maximum spin at half-filling. It has perfect icosahedral symmetry and a magnetic
moment of 3«5, forming anopen shelsuperatom. Further studies of its interaction with an Al atom have led
to an electronically closed shell magic cluster with 1.68 eV highest occupied—lowest unoccupied molecular
orbital (HOMO-LUMO) gap such that the added Al atom is incorporated within the cage around the Cu atom.
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The ground states of atoms are known to follow Hund’scluster. The converged structures are reoptimized using the
rule of maximum spin. However, aggregates of atoms havé&aussian method with a 6-331G* basis and Perdew-Wang
reduced spin due to delocalization of electrons and spatidl991(PW91 exchange correlatiot,and the results reaffirm
Jahn-Teller distortions that are often energetically more fathe conclusions obtained from the pseudopotential method.
vorable than atomlike high symmetry and high spin states. Table I summarizes the results of the structure, binding
Some clusters of-p bonded metals show atomlike behavior €nergy(BE), magnetic moments, and the gap for the studied
and are also referred to as superatdris.most cases these clusters. AJ,Cu has odd number of electrons but surprisingly

have closed electronic shells and zero spin similar to rare gd€ lowest-energy structure is found to be a regular icosahe-
atoms and in general, the ground state is of lowest Spirgron with Cu at the center. The center to vertex and vertex to

High-spin solutions have been obtained from spherical jelertex bond lengths are 2.64 and 2.77 A, respectively. This
lium model(SJM) calculationd and for certain high symmet- IS ngarly an |degl closest packing ‘.N'th 13 atoms. lts elec-
ric structured that have not been found to be the groundtronlc spectruntFig. 1) can be described within the SIM of
states from atomic calculations. Atomiclike behavior andrs]pbb%r_wded _n;]etﬁls e>;]clud|nggth?jﬁstatles of Ctl:' The latter
Hund’s rule have, however, been observed in quantum“dots y rllizlzg Wr:t tht ecoti er: Slt:tS?Mt el ¢ ltJrStr?ir’ | lc ?re]lqwte
Here, we report the finding of a large magnetic moment Otllo(;:azse 1? Zpe u aore. progreséi\(/aeel; fi?leg viithe ; 8p,18
3ug in an AI.lZCu cluster in accordance .Wlth Hl'Jnd'S'fIrSt 20, 34, 40, . . .valence electrons as the cluster size increases.
rule, making it anopen shell superatonits interaction with Thus, excluding the 10 & electrons of Cu, there are 37
an Al atom further leads to a new magic cluster;8U. yajence electrons, which is 3 more than thieshell closing
Clusters of alloys are interesting for novel nanomaterials;; 34 These 3 electrons are accommodated in the spirpup 2
as their atomic distributions and compositions could be quite}‘e”ium states, leaving the spin-dowrp2states completely
different from bulk. Aluminum alloys are technologically im- empty with a net magnetic moment ofx3 on this cluster.
portant due to their light weight, and many of these haverpjs is in accordance with Hund’s rule of maximum spin at
clusters as their building blocksStudies of the electronic half-filling. When calculations are done forcing a doublet
structure and bonding in clusters provide a fundamental unsiate (ions relaxed the energy is found to lie 0.088 eV
derstanding of phenomena at the nanoscale and could gi\;ﬁgher, confirming the higher-spin state to be the ground

useful insight into the properties of complex alloys from astate. To our knowledge, this is the first result in the size
local point of view?

We use anab initio ultrasoft pseudopotential methidt
with a plane wave basis. The exchange-correlation energy ||§‘
calculated within the generalized gradient approximation
with spin polarization. A simple cubic supercell of size 15 A
is used with only thd™ point for Brillouin zone integrations.

TABLE I. Structure, BE per atom, magnetic momefit$) and
OMO-LUMO gap of studied clustersG) refers to Gaussian cal-
culations.(1) and(2) refer to isomers where the impurity atom is at
the center and outside of the jAlcluster, respectively.

The cutoff energy for the plane wave expansion is taken 1 1uster Structure BEeV) M (ug) Gap(eV)
be 17.18 Ry. The converged structures are further optimized

with a cutoff of 21.47 Ry and the results remain nearly un-Al;,Cu I 2.595 3.0 0.414
changed. The method of Methfessel and Pa®@mused to Iy (G) 2.520 3.0 0.488
smear the states for achieving self-consistency. Structural red,,Cu G, (1 2.728 0.0 1.684
laxations are performed on a few selected isomers withoul,,Cu G (2 2.695 0.0 1.705
any symmetry constraint using the conjugate gradienp ,Ag Cs, (1) 2.585 0.0 1.438
method. This search, though it samples a limited phas@,,Ag Cs, (2) 2 645 0.0 1.778

space, is believed to have led to the true ground state of this
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-104  ———— 1p ; Al 5 cluster. Similar structures are obtained forAlg. For Al;3Cu
p (b) has lower energy but for AJAg, (c) is lower in energy.
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’s ’s Al and Cu are nearly equ#B.39 and 3.49 eV/atom, respec-

Al Cu Al Cu tively). Therefore, a large difference in the BE’s for Cu at the
center and the vertex further reflects the importance of the
FIG. 1. Ground state electronic spectra of,/8lu (spin- icosahedral structure with the smaller atom at the center. Cal-
polarized and Al ;Cu clusters with Cu at the center of the;pand  culations with the Gaussian method give the high-spin
Al;3 shells, respectively. The occupig@dinoccupiedl states are ground state to be 0.146 eV lower in energy than the doublet
shown by soliddashedllines and labeled according to the spherical state, in close agreement with the above reqUiéble ).
jellium model leaving aside thed3states of Cu. The total and the spin-up®density isosurfaces¢Figs.
3(A)-3(C) show delocalization of charge over the whole

. . . .cluster with the highest density around the Cu ion. The
range of 13 atoms in which a cluster favors a high magneti pin-up density is more on the top of the aluminum and

moment state as co_mpar_ed to a Iqw-spln state with ‘Jah'};{round the Cu ions. There is some covalent character in the
Teller dls_tortlons. This is important in the study pf SUPEra- o1l honds [Fig. 3A)], which have high density as com-
toms as it shows that clusters with higher magnetic momentsa e g the centers of the faces. This is remarkably similar
can be created from its constituents, here the Cu atom ang he charge distribution in the Alshell, which also shows
Aly, cluster, which themselves have lower net magnetic Moyome covalent charactffig. 3D)]. The difference between
ments. Aluminum clusters in this size range have either a ¢he charge density of AJCu and the superposition of the
or 1 ug magnetic momentdepending upon even or odd charge densities of the Al shell and the Cu atom at the
number of atoms, respectively. respective positions of ACu shows significant excess
In order to understand the origin of this large magneticaround the copper iofFig. 3(E)] and a small excess outside
moment, we carried out a spin-polarized calculation onthe Al shell(not seen in the figure as the density is Johis
icosahedral A, shell It has a net magnetic moment ok is in agreement with the Pauling electronegativities of Cu
with the spin-up  states partly occupied. Addition of a Cu (1.9) and Al (1.5). There is a slight depletion of charge in the
atom at the center leads to the full occupation of the spin-up\-Al bonds [Fig. 3(F)] and very close to the Cu ion. There-
states. The exchange splitting for thp 2tates is 0.414 eV fore, the covalent character in the Alshell is slightly weak-
and the embedding energy of Cu in the;Ashell is 4.271  ened by the presence of Cu at the cemted a strong bond-
eV. This is quite large as compared to the BE of,8U  ing is developed between the Cu and, Ashell. Covalent
(2.595 eV/atom The latter is nearly the same as for; Al character was found to develSpn Al-Al bonds in the case
(Ref. 12, which is also a slightly distorted icosahedron. Sub-of Al-Li clusters due to charge transfer from Li to Al ions.
stitution of small size Cu in place of Al at the center of Al Therefore, the direction of charge transfer seems to be im-
however, improves the bonding and packing between alumiportant in determining the strength of covalent bonding be-
num atoms on the shell that are strained ip;AlThis reduc-  tween the aluminum ions. These results on clusters are rel-
tion in strain can favor icosahedral growth even for largerevant for bulk alloys as charge transfers are predominently
clusters. This could be significant to understand the role ofocal and are likely to be similar as it is indeed fotiih the
Cu in the stabilization of aluminum-based quasicrystals.  case of Al-Li. Note that covalent bonding in Al-Al bonds has
Further optimizations of a decahedron and a cuboctaheecently been found in Al-Mn-Si quasicrystafsThe bond-
dron with Cu at the center show the cuboctahedron to relaing nature in these systems could be an important factor to
to the icosahedral isomer. The magnetic moment remains thenderstand the brittle and semiconductorlike behaviors of
same (Jg) during this transformation, and therefore it is some quasicrystal-forming alloys.
likely to be robust. The decahedral isomer favors Jahn-Teller The electronic structure of AJCu suggests that thispen
distortions[Fig. 2(a)] with a magnetic moment of Jug and  shell superatontould have properties similar to atoms with
lies 0.08 eV higher in energy. Also substitution of Cu at thea half-filled p level. The unoccupied spin-down states of
vertex of an icosahedron is 0.872 eV higher in energy than aAl,,Cu may accept three electrons to complete the shell. We,
the center. It also has a magnetic moment gglespite the therefore, studied its interaction with an Al atom at a three-
reduced symmetry. This gives us confidence that a high-spifold site. Structural relaxation leads to incorporation of the
state is the true ground state of this cluster. The bulk BE’'s ohdded Al atom within the caggFig. 2(b)]. It hasCs, sym-
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B FIG. 3. (Color) Electronic
charge density isosurfaces for

Al,Cu. Red balls represent the Al
ions. (A) and (B) show the total
charge density isosurfaces @&)
0.207 e/A® and(B) 0.237 e/A3.
(C) shows the isosurface for
spin-up charge density at
0.0089 e/A® and (D), the isosur-
face of total charge density in
Al;,, at 0.207e/A%. Note the
similarity with the isosurface in
(A). (E) and (F) show, respec-
tively, the isosurfaces of the ex-

D cess (0.003e/A%) and depletion
(0.006 e/A®) of charge as com-
pared to the overlapping charge
densities of AJ, and Cu at the re-
spective positions in AbCu.

F

metry but there are large variations in the bond lengths withy| ,,. This makes the latter a closed shell cluster with a large
Cu closely bonded to 10 Al ion£.43(3), 2.52(1), 2.64(3)  HOMO-LUMO gap of 1.705 eV. The BE of Cu on Alis
and 2.77 (3) A and loosely to 3 Al ions (3.01 A). The 3.872 eV. Substitution of Ag in place of Cu is, however,
nearest neighbor Al-Al bond lengths are in the range offavorable outside Ak by 0.848 eV than at the center. This is
2.55-3.11 A. ThereforeCu ion in Al;zCu is similar to a  due to the bigger size of Ag atom that also results in a lower
caged ion in an endohedral fullerene and is likely to be quiteBE of 3.211 eV. The HOMO-LUMO gap is largé.778 eV}
mobile The BE of Al on Al,Cu is 4.45 eV, which is again and should make this cluster abundant similar to alkali-metal
quite high as compared to the BE of ;ACu. The highest (Li or Na) doped>*° Al ;.
occupied molecular orbital-lowest unoccupied molecular or- The electronic charge density in ACu (Fig. 4) also
bital, HOMO-LUMO, gap is 1.684 eV and it should make shows some covalent character in a few Al-Al bohBigs.
Al;5Cu a very stable magic cluster similar to the 40-valence4(A) and 4B)] that have short length®.55, 2.61, 2.64, and
electron clusters'?1°of the sp bonded metals. As expected, 2.71 A). There are low-density parisome other bonds
the unoccupied spin-downp2states of A|,Cu are now oc- [Fig. 4A)] and the centers of triangular facfsig. 4(B)]).
cupied(Fig. 1). The difference in the charge density of;ACu and the over-
As Aly; is itself a near magic cluster; another interestinglapping densities of Ak shell and Cu at the respective posi-
possibility for Al;;Cu is one in which a Cu atom interacts tions[Figs. 4C)—4(F)] shows excess charge between the Cu
with Al,5. Structural relaxations show it to be stable at theand a few Al iongthree above and one below in FigE4].
threefold site[Fig. 2(c)] but 0.463 eV higher in energy as However, it is not so significant as compared tq,8u due
compared to the isomer with Cu at the center. The bondo different behaviors of Ab and Al ; cages. Rather, there is
lengths in this case also have a large spread (2.40 A be spill-out of chargéFig. 4E)]. Therefore, the charge trans-
tween Cu and three neighboring Al ions, which themselveder and covalent character depend upon the environment of
are far apart at 3.22 Adue to charge transfer from Cu to aluminum ions around the Cu ion.
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FIG. 4. (Color) Same as in
Fig. 3 but for Al;Cu. (A) and(B)
show the total charge density iso-
surfaces at 0.207one sid¢ and
0.228 e/A® (opposite sidg re-
spectively. Note the high density
in some bonds(C) and (D) show
the excess and depletion of charge
as compared to the overlapping
charge densities of A4 and Cu
atom at the values of
0.0089 e/A%. (E) and (F) show
the side view corresponding t€)
and (D), respectively.

In summary, we find ALCu cluster to have a high-spin We are thankful to T. Briere and C. Majumder for the help
lowest-energy state in accordance with Hund'’s rule of maxiin using the Gaussian program. V.K. thankfully acknowl-
mum spin at half-filling. Similar to atoms with half-filled  edges the kind hospitality at the Institute for Materials Re-
states, it forms an open shell superatom and should be abusearch and the staff of the Center for Computational Materi-
dant, in particular, in a triply charged configuration. Its inter-als Science at IMR-Tohoku University for making the
action with an Al atom further leads to a new magic cluster,Hitachi SR2201 and SR8000 parallel machines and the
Al;5Cu, with a large BE and 1.684 eV HOMO-LUMO gap. HITAC S-3800 supercomputer available.

We hope that these results would stimulate experiments to Note added in proofin a recent papéf, the abundance
look for the new magic clusters and high magnetic momentspectrum of AlCu anions show large abundance for 13

in Al;,Cu as well as in other clusters. Also, the improvedin agreement with our prediction. The structure of 8lu is
geometric packing, bonding nature, and the existence of eeported to be a distorted icosahedron in contrast to our re-
large gap near the HOMO in pICu could have significant sult of a perfect icosahedron with high magnetic moment.
bearing on the understanding of the stability and other propAlso the structure of ALCu differs from the one we have

erties of aluminum-based quasicrystals. obtained.
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