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Atomic and electronic shells of Al77
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We have carried out a first-principles calculation on the atomic and electronic shell structures for the
experimentally characterized Al77. The onionlike Al77 structure can be described by a stable Al13 inner core
covered by a two-layer atomic shell. The stability of Al77 is confirmed by structural optimization and electronic
structure calculations. The interaction between Al77 and its ligands is found to be ionic like. Our results on the
electronic structure provide important information on electronic shell structures in large Al clusters.
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The atomic and electronic structures of metal clust
have been the subject of intensive theoretical and experim
tal studies. For metallic clusters with predominantlysp va-
lence electrons, the shell structure of the jellium model p
vides a useful guideline for describing the electron
structures.1–6 The electronic shell structure has been verifi
for medium-sized Al clusters both experimentally a
theoretically.7,8 A theoretical calculation for the Al13 cluster
revealed that its stability can be substantially enhanced
closing the electronic shell through doping or charging.9 As a
result, the impurity-doped Al13 cluster has been viewed as
building block for cluster assembled solids.9–11 However, it
remains unclear if the electronic shell structure is still va
for large clusters. It is expected that triply charged ion
cores of Al clusters will lead to strong perturbations to t
shell structures. In this regard, recent experiments12 on the
photoelectron spectroscopy of Al clusters have shown
the electronic shell structure diminishes forn.75. There-
fore, an accurate first-principles study for large metallic cl
ters is clearly desirable.

Recently, Ecker and co-workers13 successfully synthe
sized a compound containing a large metallic Al77 cluster
unit. The Al77 cluster is probably the largest metallic clust
whose structure has been measured by x-ray diffraction
far. The Al77 cluster constitutes a fascinating prototype f
studying the crossover between metallic clusters and the
metal of main-group elements. The experimentally charac
ized Al77 cluster is onionlike, having three layers of atom
covering the central atom. The three layers consist of 12,
and 20 atoms, respectively. The central atom is coordina
by 12 neighbors, similar to the bulk, arranged in a distor
icosahedral (I h) environment. The coordination number fo
the atoms in the outer shells decreases from the center
ward, undergoing a transition from a metallic center to
molecular surface. The atoms in the second shell have a
ordination number of 10, while the atoms in the outerm
layer are arranged in a distortedI h symmetry, with only four
neighbors from the inner shell. The nearest-neighbor
tance is about 2.7 Å for the central atom and 2.6 Å for
outer atoms. The latter value indicates a small compress
similar to values for the Al surface. However, little is know
about the electronic structure of such a large metallic clus
A outstanding question concerning the stability of Al77 is
whether the Al77 cluster itself is the stable core unit, or th
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chemical interaction between Al77 and its ligands is crucial.
Inspired by the experimental work,12,13 we report in this

paper a successful density-functional study of the electro
and structural properties of Al77. Our attention is directed to
its atomic and electronic shell structures. Through a deta
analysis of the electronic structure, we find that there e
strong inter-atomic-shell interactions and significant cha
transfer between Al77 and its ligands. Moreover, the elec
tronic shell structure for Al77 can no longer be identified
beyond the 1h shell, in agreement with recent experimen
observations.

Our calculations are based on theab initio molecular dy-
namics method.14 The electronic density is expressed
Kohn-Sham orbitals that are expanded in plane waves w
an energy cutoff of 130 eV. Only the valence charge den
is treated explicitly and the interaction with the ionic cores
described by ultrasoft pseudopotentials. The local-den
approximation to density-functional theory is used for t
exchange correlation potential.15 The total energy is mini-
mized up to a precision of 1024 eV by the conjugate gradien
method. The forces acting on the ions are converged
within 0.05 eV/Å for the structural relaxation. A large cub
supercell with a length of 21 Å in each dimension is used
reduce the interaction between the cluster and its ima
The G-point approximation is employed.

A test performed for the bulk fcc phase of Al give
3.95 Å for the lattice constant and 4.1 eV for the cohes
energy, in good agreement with the corresponding exp
mental values.16 Our calculation on a 13-atom structure wi
perfectI h symmetry yields an equilibrium distance of 2.5
between the center atom and the vortex atoms, a bind
energy of 3.3 eV/atom. These results are in good agreem
with previous theoretical calculations.9

Atomic shells.The electronic structure calculations sho
that Al77 and its inner core Al13 are stable. We show in Fig
1 the calculated electronic density of states~DOS! for the
clusters of Al13, Al57, and Al77, along with that forI h-Al13.
We find that Al13 has all the features of the electronic stru
ture of I h-Al13. Since the highest occupied orbital of Al13 is
not completely occupied, the structure ofI h-Al13 is unstable
against Jahn-Teller distortion. The structural distortions
reflected in the electronic structure, in which the peaks in
density of states are split. The existence of a gap just ab
15 413 ©2000 The American Physical Society
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15 414 PRB 62BRIEF REPORTS
the Fermi level indicates that the structure of the inner cor
very stable with electron donation. For Al57, we find that
more peaks appear below the Fermi level. The Fermi le
being on a high peak implies that this cluster is unsta
against structural relaxation. However, with another layer
20 atoms added, Al77 becomes stable indicated by the Fer
level being in a dip. It is instructive to compare the electro
structure of Al57 and Al77. Both are quite similar in the low
energy part; a difference appears only around the Fermi
ergy.

Onionlike Al77 is stable against geometry optimization
Shown in Table I is the binding energy gain from relaxatio
We find that the relaxation changes only slightly the str
ture of Al13 with an energy gain of 0.06 eV/atom. The stru
ture of Al77 is stable, in the sense that the relaxation sligh
changes the structure of the outermost shell with a sm
energy gain of 0.04 eV/atom, but the structure of the in
shell (Al57) undergoes little distortion. This is consiste
with the low density of states at the Fermi level. The ele
tronic structure of the Al77 cluster remains almost the sam

FIG. 1. The electronic density of states for Al clusters. Stru
tural optimization of Al77 does not change the basic features of
DOS, except for the DOS at the Fermi level being smaller. T
Fermi level is shifted to zero.

TABLE I. The binding energies of Al clusters~eV/atom! with
and without relaxation. The binding energies for the unrelaxed
cluster~except forI h-Al13) are obtained at the experimental atom
distances.

I h-Al13 Al13 Al57 Al77

Unrelaxed 3.09 3.11 3.38 3.54
Relaxed 3.17 3.17 3.56 3.58
DE 0.08 0.06 0.18 0.04
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after relaxation~see Fig. 1!. On the contrary, Al57 is quite
unstable against relaxation. Not only does the structure of
outermost shell change, but also the structure of the in
shell, with a large energy gain of;0.18 eV/atom due to
geometry optimization. Based on the above analysis, A77
can be considered as a two-layer atomic shell covering a v
stable inner core of Al13.

Charge transfer.The fundamental features of the ele
tronic structure of Al77 remain intact with added ligands an
charge. The experimentally synthesized compound cons
of the Al77 cluster unit and ligands. The ligand is compos
of 20 nitrogen atoms, 30 silicon atoms, and 120 met
groups. To study the effect of the ligands on the electro
structure of Al77, we include a layer of 20 N atoms at th
experimentally determined positions. The calculated el
tronic structure of Al77N20 is shown in the top panel of Fig
1. It is readily observable that the predominant contribut
from 20 N atoms to the DOS is a feature around22 eV.
Apart from this, the main feature in the DOS of Al77 re-
mains. As a matter of fact, our calculation on the charg
cluster confirmed the rigid band behavior of the Al77 elec-
tronic structure.

The strong interaction between the atomic layers is in
cated by the large redistribution of the charge density in
veloping the atomic shells of Al77. Figure 2 shows the radia
charge density difference, i.e., the charge density change
adding an atom layer to the inner shell. For instance,
adding the 44-atom shell to the inner core Al13, the charge
density difference amounts toDr(Al57)5r(Al57)2r(Al13)

-

e

l

FIG. 2. The radial electron density difference 4pr 2Dr(r ) for
Al77 and relevant layered clusters, specifically,~a! Al57, ~b! Al77,
~c! Al77N20; and ~d! the radial electron density difference betwe
neutral Al77 and Al77

161. The radial distribution of atoms for eac
cluster, calculated from the center atoms, is shown on the bottom
each panel. The large charge density buildup between atomic la
suggests strong interactions. Charge transfer between Al77 and 20 N
atoms is evident.



a
n

r
.
e

o
ic

-

o
o

di

c
ug
let
m
l

o
e
he

h

s
o

t

e
m
d

e
he
he
le

in
be

t.
e

e

s
lu

-

ral
s to
and
cal
the
t-
the
fer-
of

tal
er

of
el

mic
r-

PRB 62 15 415BRIEF REPORTS
2r(Al44), where the subsystem densitiesr(Al13) and
r(Al44) are separately evaluated. All the charge densities
calculated at the experimentally determined atomic positio
As seen in Fig. 2, on adding one layer of 44 atoms to Al13 in
forming Al57, the charge builds up between the two laye
and a deficit of charge appears around the shell region
slight increase of charge just outside the outer shell sugg
the high reactivity of Al57. Similarly, a large buildup of
charge density is observable between Al57 and the outmost
20-atom shell. On the contrary, the charge density gets m
compressed in the outermost layer after being added, ind
ing the stability of Al77.

There exists a clear charge transfer between Al77 and the
ligands. Shown in Fig. 2~c! is the radial charge density re
distribution with 20 N atoms capped on Al77. Although there
exists a small charge density deficit in the core region
Al77, the significant deficit is around the outermost layer
Al77. The charge transfer to the N atom layer can be rea
observed. After integration of the negativeDr(r ), one finds
that ;3 electrons are transferred to the N atom layer, mu
fewer than the previousely estimated 18 electrons. Altho
the use of 20 N atoms is an approximation for the comp
passivation layers in the experimentally synthesized co
pound, we believe that the major interactions between A77

and its ligands have been included.17 Therefore, our calcula-
tion results demonstrate that, owing to the high stability
Al77, the charge transfer of as many as 18 electrons betw
Al77 and its ligands is very unlikely. Figure 2 also shows t
radial charge density deficit between Al77 and Al77

161.
Again, the largest deficit is around the outermost shell. T
similarity between Fig. 2~d! and the negative part of Fig. 2~c!
indicates that the interaction between Al77 and its ligands is
ioniclike.

Electronic shells.The electronic structure of Al cluster
can be well described by the spherical jellium model up t
certain cluster size where the separates andp levels overlap.
The most recent photoelectron spectroscopy experimen
size-selected Al clusters showed12 that the critical size is
aroundN59, above which the jellium model starts to b
valid. First-principles results confirmed that the jelliu
model holds for Al13.4,9 However, the experiment also foun
that the shell effect diminishes above Al75.

The Al77 cluster characterized by the experiment provid
a desired system to examine the shell structure of the sp
cal jellium model for large Al clusters. Figure 3 shows t
electronic density of states and its integrated number of e
trons. It is worth noting that the density of states of Al77 is
much different from that of free-electron-like Al. Certa
electronic shell structures from the jellium model can
clearly identified. For instance, 1s, 1p, and 1d(2s) states
that are present in small Al13 clusters remain visible. The
large gaps just above 1g, 1h, and 1i shell states are eviden
This is in remarkable agreement with the photoelectron sp
troscopy observation of a closed shell at 1g and 1i for the
observed Al clusters. Because of strong interaction betw
the13 ionic core and valence electrons, beyond the 1i shell
state, all the shell states overlap each other and the gap
tween the states disappears as shown in Fig. 4. These re
show that the shell structure cannot be observed in Al c
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ters as large as Al77, which is in accordance with the photo
electron spectroscopy experimental observations.12

The local electronic density of states from the cent
atom to the outer shells, as shown in Fig. 4, can help u
understand the correlation between the electronic shell
atomic shell structure in the cluster. We calculate the lo
electronic density of states for each atom by projecting
wave function in the Wigner-Seitz cell into atomiclike orbi
als. Although the space division is somewhat arbitary,
results obtained can qualitatively locate the states for dif
ent atomic shells. We find that the local electronic density
states for all the atomic shells is quite similar to the to
density of states. Although the electronic shells with low

FIG. 3. The electronic density of states and integrated DOS
the Al77 cluster. The shell structures of the spherical jellium mod
are labeled. The shell structures up to 1i are clearly observable.

FIG. 4. The local electronic density of states on each ato
shell of the Al77 cluster. The projection is performed at the Wigne
Seitz radius (1.4 Å), and the top panel is for the central atom.
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kinetic energy are mainly distributed in the inner atom
shells and the electronic shells with higher kinetic ene
have a tendency to distribute in the outer atomic shells,
sentially all the electronic shells are delocalized on all atom
shells. There are no localized electronic shells, which v
dates the jellium model. Thus each atomic shell has a
nificant contribution to the density of states at the Fer
energy.

In summary, our first-principles results show that the o
ionlike Al77 cluster is stable, while the Al57 cluster with one
fewer atomic shell is not. From the structural stability po
of view, Al77 can be considered as a two-atomic-layer sh
of 64 atoms on a stable inner core of Al13. There exists a
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strong interaction between atomic layers in the cluster. T
interaction between Al77 and its ligands is ioniclike. Our re
sults on the electronic structure of Al77 show that the jellium
model for the electronic structure of Al cluster is val
around the 1i shell state for large clusters. Beyond thei
shell state the gap becomes very small for numbers of at
larger than 70, in close agreement with experimental resu

This work was supported in part by the Air Force Offic
of Scientific Research under Grant No. F49620-96-1-02
and the Army Research Office under Grant No. DAAH0
95-1-0651. X.G.G. was also partially supported by the N
tional Science Foundation of China, the special funds
major state basic research, and CAS project.
N,
-
ose
nsfer
1W.D. Knight et al., Phys. Rev. Lett.52, 2141~1984!.
2W. Ekardt, Phys. Rev. B29, 1558 ~1984!; M.Y. Chou et al.,

Phys. Rev. Lett.52, 2141~1984!.
3W.A. de Heer, Rev. Mod. Phys.65, 611 ~1993!; M. Brack, ibid.

65, 677 ~1993!.
4M.Y. Chou and M.L. Cohen, Phys. Lett. A113, 420 ~1987!.
5W.A. de Heer, P. Milani, and A. Chatelain, Phys. Rev. Lett.63,

2834 ~1989!.
6M.F. Jarrold, J.E. Bower, and J.S. Kraus, J. Chem. Phys.86, 3876

~1987!; D.M. Cox et al., ibid. 84, 4651~1986!.
7A. Nakajima, T. Kishi, T. Sugioka, and K. Kaya, Chem. Phy

Lett. 187, 239 ~1991!.
8K.E. Schriver, J.L. Person, E.C. Honea, and R.L. Whetten, P

Rev. Lett.64, 2539~1990!.
9X.G. Gong and V. Kumar, Phys. Rev. Lett.70, 2078~1993!; S.N.

Khanna and P. Jena,ibid. 69, 1664~1992!.
.

s.

10F. Liu et al., Chem. Phys. Lett.248, 213 ~1996!.
11X.G. Gong, Phys. Rev. B56, 1091~1997!.
12Xi Li, H. Wu, X.B. Wang, and L.S. Wang, Phys. Rev. Lett.81,

1909 ~1998!.
13A. Eckeret al., Nature~London! 387, 379 ~1997!.
14R. Car and M. Parrinello, Phys. Rev. Lett.55, 2471~1985!.
15D.M. Ceperley and B.J. Alder, Phys. Rev. Lett.45, 566~1980!; as

parametrized by J. Perdew and A. Zunger, Phys. Rev. B23,
5048 ~1981!.

16G.N. Kamm and G.A. Alers, J. Appl. Phys.35, 327 ~1964!.
17We have calculated the charge transfer from an Al atom to

NSi2 , NSi2C3, and NSi2C6H18, respectively; the results ob
tained show that the difference of the charge transfer in all th
cases is only about 20%, which suggests that the charge tra
in our model system Al77N20 should not be far from that in the
real system.


