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Ab initio absorption spectra of Al, (n=2-13) clusters
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We investigate the optical absorption spectra of A=2-13) clusters using the time-dependent spin-
polarized local-density approximation. The overall shapes of the calculated spectra strongly depend on cluster
geometries. It is observed that a simple jellium model is not valid for these clusters. In the size range of
<5, the spectra show discrete, atomiclike transitions.=e6—-12, the shape of the absorption spectra can be
explained on the basis of an ellipsoidal shell model. A strong collective excitation peak is observeg;for Al
cluster, which is due to its spherical symmetry.
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[. INTRODUCTION jellium behavior has been suggested from static dipole polar-
izability data'* In contrast to the alkali-metal clusters, two
The physics and chemistry of metal clusters continues témportant issues concerning the Al clusters arise: the lack of
be a subject of intensive studitClusters often possess s and p bands overlap and large perturbations due+t®
unique properties different from both the extended bulk andonic core. These differences lead to serious deviations from
the atomic states. Consequently, the study of the size evoldbe jellium model for aluminum clusters. The onset of the
tion of various cluster properties, such as equilibrium geoms-p hybridization in pure Al clusters and the relation of their
etries, stability, bonding nature, ionization potential, etc. iselectronic structure to the jellium model has been studied by
an interesting and challenging problem. In this context, thduque and Manan€s.Photoelectron spectroscoppES of
alkali-metal clusters, which are amenable to a jellium modefhe size selected anitir*® also provides information about
interpretation, have been well studig@he study of absorp- the electronic and structural properties, as well assipe
tion spectra and the measurement of the average polarizabltybridization of Al clusters.
ity of clusters are very interesting since the polarizability and These studies have led to the conclusion that 53
the shape of the spectra depend upon the cluster shape a@idergy separation in Al clusters decreases with increasing the
size. The recent measurements of the total photoabsorptigHuster size and that treandp bands should begin to merge
cross section of alkali-metal clustdté have been fitted to a at a certain cluster size. It is expected that the jellium model
collective resonance model which uses the principle values to work only in the range of sizes where the fslip
of the static polarizability tensor as fit parameters. The charmixing is achieved. Liet al."? have observed that thep
acteristics resonant peaks and their structure observed in thevels begin to overlap completely at=9.
absorption spectra should therefore reflect the deviation of There are other critical issues concerning the nature of the
the true cluster geometry from a compact “spherical” €lectronic states in pure Al clusters: these have been criti-
shapé” In our earlier studies of mixed sodium-lithium cally examined by Rao and Jehahey performed density-
clusters® we observed that the topology varies with the com-functional calculations for charged and neutral Al clusters
position, and the excited-state properties of such clusters gend found that Al with 20 valence electrons is a magic
modified with the change in Li/Na content. All the calculated cluster. Furthermore, they found that the electronic structures
spectra demonstrate the presence of a strong plasmon peak.clusters containing less than seven atoms do not corre-
A closer examination of the oscillator strength led us to conspond to the predictions based on a jellium model. They also
clude that nonplasmon contributions are important for thepresented some evidence for the monovalent nature of Al in
case of L. small clusters. Similar studies of mixed X, (X=Li, K)
Apart from the alkali-metal clusters, the aluminum clus-clusters have failed to provide any evidence for suggested
ters are among the most thoroughly investigated systemsponovalent nature of AI??° Moreover, these studies
both theoretically as well as experimentallplthough the showed that the alkalization of Al clusters makes the elec-
bulk aluminum is a free-electron metal, several experimentalronic structure to be jelliumlike. The alkalization also low-
and theoretical studies indicate that small aluminum clustersrs the ionization potential of the base,Alusters.
do not display a well-known “magic” behavidf:** Some All these observations have motivated us to calculate the
experiments even suggest that the effective valency of Albsorption spectra of small A{(n=2-13) clusters. We wish
atoms is 1 in small clustefé.Photoionization experiments to extract the systematics from the spectra and to correlate it
are partially consistent with the shell mod&\whereas non-  with the observations discussed above.
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I. COMPUTATIONAL DETAILS 12

The emphasis of the present work is on the systematics of 11
the absorption spectra as function of cluster size in their
ground state. As noted earlier, the ground state and other
low-lying structures of Al clusters have been extensively
studied by Rao and JeRaDur ground-state geometries are
identical to their geometries and were used as an input to
calculate the polarizabilities and absorption spectra. Polariz-
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abilities were calculated using a finite-field appro&tff To ’

do so, the Kohn-Sham equations were solved with and with- 6

out a small electric field applied to the cluster of interest. The . . . . . .
polarizability is defined by 5 4 6 8 10 12

Total No. of Atoms
Ipi(F) 9*E(F)
= IF. == JFIF. 1) FIG. 1. Polarizabilities per atom for Al(n=1-13) clusters
J e shown vs the total number of atoms.
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wherei,j={x,y,z} and the dipole moment is given by
[0F 50k 8j1 80t 23T 501 o Kij o k1 Pt -0k, ] Fn = Q2
w()= [ ptryrar. @ ©
) ) o where wj;,= €, €;, are the Kohn-Sham transition ener-
In Eq. (1), E(F) is the total energy anH; is the electric field gies, and thef;; ,=n;,— n;,, are the differences between the
applied along theth axis. The average polarizability is cal- gccupation of theth andjth states, eigenvectofs, are re-
culated as the trace of the polarizability tense,, lated to the transition oscillator strengths.
These calculations were based on the Troullier-Martins
B nonlocal pseudopotentidlsand Ceperley-Alder exchange-
(@)= 3 ' ®) correlation functionaf® To compute the absorption spectra,
we used a spherical domain with a radius of 25 a.u., a grid
The diagonal elements of the polarizability tensor can bespacing of 0.8 a.u. For all clusters, the number of unoccupied
obtained either from the dipole momep{F) or from the  one-electron states included in the TDLDA calculations was
total energyE(F) calculated aF=0 andF= = 6F; using the  taken to be at least three to five times greater than the num-
standard finite-difference expressions for the first and seconider of occupied states. We have tested the convergence by
derivatives. Polarizability is known to be sensitive to thetaking the total number of states as 60, 80, 100.
outer part of the electron density of a cluster. To ensure the
proper convergence of the calculated polarizabilities, we in-
creased the radius of the boundary sphere up to 22 a.u. and IIl. RESULTS AND DISCUSSION

used a grid spacing df=0.55 a.u. The value of the applied  Fjrst we discuss the general features observed in these
electric field, 5F, was chosen to be 16 a.u. In all cases, ¢jysters. Small Al clusters =<5) favor planar geometries.
pplarlzabllltles calc_:ulgted frc_Jm_ the total energy and from therp,q lowest-energy structure for Als an equilateral triangle
dipole moment coincided within 1%. , ~while Al, is rhombus withD,, symmetry and is triplet. At
Absorption spectra were calculated using the time,_g structure changes from planer to a three-dimensional
dependenzts_zgmn-polanzed local-density  approximationgicture. For clusters containing from 11 to 13 atoms, an
(TDLDA).“**The system response is described by meangarior atom with the bulklike coordination emerges. The
of the coupling matrix, which can be used to calculate the.,qrdination number changes significantlynat 6 and 11.
true electronic excitations in the adiabatic approximation. Figure 1 shows the average static polarizabilfigr atom
The coupling matrix;; , i, is given by for Al,, clusters. We observe a similar trend in the case of
‘c measured polarizabilities of the atom and diff¥éFhe polar-
Koo N . 1 ovg(r) izability of the dimer is larger than the polarizability of the
ljoklr™ Po(1)$jo(1) =] " 3p.r) atom. In the case of alkalies, reverse is the ¢8deis ob-
served that aluminum cluster polarizabilities are at odds with
X i, (r") i (r')d3rd3 . (4 jellium predictions for clusters up to 40 atoms. The ioniza-
tion potential of aluminum clusters rises sharply for snmall
The matrix indiceq, j, o in the above expression corre- We would except that the rise of ionization potential con-
spond to the occupied states, unoccupied states, and the spiacted to a more tightly bound molecules corresponds to a
index, respectivelyp(r) are the Kohn-Sham one-electron decrease of the polarizabilities per atom, as it does for alka-
wave functions, an@d*(r) is the LDA exchange-correlation lies. Small oscillations are superimposed on the average
potential. The TDLDA electronic transition energi@s, can  trend especially fronrm=7 which is the onset aé-p hybrid-
be obtained from the solution of the eigenvalue problem: ization. Fromn=10, even-odd oscillations are observed.
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FIG. 2. The calculated TDLDA absorption spectra of, Ah j U
=2-5) clusters. All TDLDA spectra are presented on the same

relative scale. A Gaussian convolution of 0.1 eV has been used to

simulate a finite broadening of the calculated spectra.

These characteristics are in agreement with the shell closing
argument. L
For the discussion of the absorption spectra, the geom- 2 4 o 8 o Iz
etries of Al, clusters can be grouped according to the change Energy (eV)
in their coordination number as follow§l) n=2-5, (2) n
=6-10, (3) n=11-13. The calculated absorption spectra
along with the lowest-energy structures of neutral clusters
are presented in Figs. 2—4.
Before discussing details of the systematics of the spec- FIG. 3. The calculated TDLDA absorption spectra of
trum, we note some relevant observations emerging froml, (n=6-10) clusters.
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lowest-valence state(s) to the lowest unoccupied molecu-
lar orbital (LUMO) of the cluster. The addition of the third
atom changes the absorption spectrum significantly. The
change could be attributed to a significant change in the ge-
ometry of the A} cluster. Ak is an equilateral triangle with
Af symmetry. The increase in the number of absorption
peaks indicates the discreteness of the level structure. The
first dominant peaknearer to 6 ey occurs due to transition
between B! state and LUMO’s. The other dominant peak
correspond to transitions between the LUMO, LUM®
(k=8-11) and to the doublet HOMO orbitals. The develop-
ment of one additional peak is closely related to the involve-
ment of thep orbital. A similar effect is also observed in the
spectroscopic pattern for alkali-metal clustéfsAccording

to a theory for nonspherical clustershe clusters immedi-
ately following a close-shell structure are usually distorted.
This distortion reduces the energy of the newly populated
level. It also reduces the oscillator strengths and the splitting
of the absorption peaks, which reflects the breaking of the
symmetry. The reduction of the oscillator strength and split-
ting of the absorption peaks are observed in Ahd Ak
spectra.

For clusters withn=6, the transition from discrete,
atomiclike excitations to quasicontinuous spectra is ob-
served. The overall shapes of the absorption spectra in this
size range can be discussed on the basis of an ellipsoidal
shell modeP® The change in the coordination number is
' ' ' accompanied by a breaking of electron degeneracies At
=6, this change is related to the transition from the two-
dimensional2D) to three-dimensiongBD) geometries. The
structural variation causes significant changes in the absorp-
tion spectrum of AJ as compared to that of Al The photo-
absorption spectra are dominated by broad peaks, as ex-
pected for surface plasma resonance. Addition of one more
Al atom to Alg makes the structure more symmetric. The
single peak in A} spectrum reflects the spherical symmetry
of the cluster. A} is the smallest cluster that develops a
\ pentagonal arrangement of atoms, which is a precursor to the

icosahedric growth. As compare togAlthe number of high
intensity peaks increases with the broadening of the spectra,
which reflect a complete overlap of tegy bands. According
Energy (eV) to an PES study, the-p levels begin to overlap completely
for n=9.

The effects of shell closing are not observed significantly
atn=11. Addition of one more atom makes the structure of
Al , more symmetric as compared to,;Al As compared to
earlier studies. The angular characteristics of the highestipe Al;; absorption spectrum, the number of high-intensity
occupied molecular orbitalsiOMO) have been analyzed by peaks get reduced. Alis a classic example for studying the
Rao and Jena by using the linear combination of atomic orrelative stability of icosahedral and decahedron structures.
bitals methodLCAO). They have observed that for clusters The ground state of the 13-atom aluminum cluster is a Jahn-
with less than five atoms the HOMO is clearly afike  Teller distorted decahedron. The decahedral structure lies
orbital, while for the clusters containing more than seveng 25 eV/atom lower than the icosahedral structure. In the
atoms this orbital is clearly-like. Clusters with 5=n<7 shell model of metal clusters, Alis nearly magic with 39
represent the region of transition. valence electrons. Negatively charged Atlusters are par-

It can be seen that far<5, the spectra of Alclusters are ticularly abundant in mass spectrum. Due to the nearly
dominated by discrete, atomiclike transitions. The dlm%r Al 5pherica| Symmetry of the éd cluster, a Sing|e collective
has been well studied and is known to have;&s a ground-  resonance is observed in the calculated spectrum. The spec-
state electronic configuratioh:*? Among all dipole-allowed trum profile of the icosahedron geometyot shown is
transitions, the most intensive transition occurs from thenearly the same.

(arbitrary units)
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FIG. 4. The -calculated TDLDA absorption spectra of
Al, (n=11-13) clusters.
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IV. CONCLUSIONS the PES study. Fon=13, a strong, single collective excita-

We have calculated the absorption spectra of thechls- ;[L(iir:)ﬁ%?kt;]se ostp))srg:i/sgl |2ytr:reng?rt)|/cal spectrum due to the evo-
ters in the size range af=2-13 using the time-dependent '
spin-polarized local-density approximation. The overall
shapes and the structures of the calculated spectra strongly
depend on cluster geometries. The simple jellium model is We gratefully acknowledge the Indo-French Center for
not valid for these clusters. In the size rangenef5, the  the Promotion of Advanced ResearNew Delh)/Center
spectra of Al clusters are dominated by discrete, atomiclikeFranco-Indian Pour la Promotion de la Recherche Avancee.
transitions. Fon=6-10, the shapes of the absorption spec-M.D. acknowledges University Grants Commission, India
tra can be explained on the basis of an ellipsoidal shelfor support. I.V. and R.M.M. acknowledge support for this
model. Atn=9, in the absorption spectra, we have observedvork by the National Science Foundation for the Materials
complete overlap of the-p bands, which is consistent with  Computation Center at the University of lllinois.

ACKNOWLEDGMENTS

*Email address: mdd@physics.unipune.ernet.in 163. Akola, M. Manninen, Hannu Hakkinen, U. Landman, Xi Li,
TEmail address: kanhere@physics.unipune.ernet.in and L. Wang, Phys. Rev. B0, R11 297(1999.

*Email address: vasiliev@nmsu.edu 17C. Chia-Yen, G. Gantefor, and W. Eberhardt, J. Chem. PIYG.
SEmail address: rmartin@uiuc.edu 995 (1994.

1see, for examplePhysics and Chemistry of Finite Systems: From '8H. Kawamata, Y. Negishi, A. Nakajima, and K. Kaya, Chem.
Clusters to Crystalsedited by P. Jena, S. N. Khanna, and B. K. Phys. Lett.337, 255(2001).

Rao (Kluwer Academic, Dordrecht, 1992 9B K. Rao and P. Jena, J. Chem. Phys3 1508(2000).

2W.D. Knight, K. Clemenger, W.A. de Heer, W.A. Saunders, M.Y. 2°S. Chacko, M. Deshpande, and D.G. Kanhere, Phys. Reé4, B
Chou, and M.L. Cohen, Phys. Rev. Lei®, 2141(1984). 155409(2001).

SW.D. Knight, K. Clemenger, W.A. de Heer, and W.A. Saunders,?*H.A. Kurtz, J.J.P. Stewart, and K.M. Dieter, J. Comput. Ch.
Phys. Rev. B31, 2539(1985. 82 (1990.

4K. Selby, V. Kresin, J. Masui, M. Vollmer, W.A. de Heer, A. ?2A.A. Quong and M.R. Pederson, Phys. Revi® 12 906(1992);
Scheidemann, and W.D. Knight, Phys. Rev4& 4565(1991). 46, 13 584(1992.

5K. Clemenger, Phys. Rev. B2, 1359(1985. 23\. E. Casida, inRecent Advances in Density-Functional Meth-

K. Selby, M. Vollmer, J. Masui, V. Kresin, W.A. de Heer, and ods edited by D. P. ChongWorld Scientific, Singapore, 1995
W.D. Knight, Phys. Rev. B0, 5417(1989. Part |, p. 155; inrRecent Developments and Applications of Mod-

"C.R. Wang, S. Pollack, D. Cameron, and M.M. Kappes, J. Chem. ern Density Functional Theoryedited by J. M. Seminario
Phys.93, 3787(1990. (Elsevier Science, Amsterdam, 1996. 391.

8M.D. Deshpande, D.G. Kanhere, P.V. Panat, I. Vasiliev, and R.MZ*A. Rubio, J.A. Alonso, X. Blase, L.C. Balbas, and S.G. Louie,
Martin, Phys. Rev. A5, 053204(2002. Phys. Rev. Lett77, 247 (1996.

9B.K. Rao, P. Jena, J. Chem. Phyd1, 1890(1999, and refer-  2°J.M. Pacheco and J.L. Martins, J. Chem. Phys, 6039(1997.
ences therein. 28| vasiliev, S. Ogut, and J.R. Chelikowsky, Phys. Rev. L8,

108 K. Rao and P. Jena, Phys. Rev3R 2058(1985. 1919(1999, and references therein.

1H. Hakkinen and M. Manninen, Phys. Rev. L&t6, 1599(1996. 2’N. Troullier and J.L. Martins, Phys. Rev. 43, 1993(1991).
2% Li, H. Wu, X.B. Wang, and L.S. Wang, Phys. Rev.88, 1909  28D.M. Ceperley and B.J. Alder, Phys. Rev. Let¥, 3865(1996.

(1998. 29p. Milani, I. Moullet, and W.A. de Heer, Phys. Rev.4®, 5150
13K [E. Schriver, J.L. Persson, E.C. Honea, and R.L. Whetten, Phys. (1990.

Rev. Lett. 64, 2539 (1990; J.L. Persson and R.L. Whetten, 30D, Rayane, A.R. Allouche, E. Benichou, R. Antine, M. Aubert-

Chem. Phys. Lett147, 168(1988. Frecon, Ph. Dugourd, M. Broyer, C. Ristori, F. Chandezon, B.A.
“\W.A. de Heer, P. Milani, and A. Chatelain, Phys. Rev. LéR, Huber, and C. Guet, Eur. Phys. J.9243(1999.

2834(1989. 31R.0. Jones, J. Chem. Phy9, 1194(1993.
15E. Duque and A. Mananes, Eur. Phys. J9[223(1999. 32K K. Sunil and K.D. Jordon, J. Phys. Che8®, 2774 (1988.

035428-5



