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Optical Response of Nanoclusters under Confinement
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We report optical properties of metallic and semiconducianoclusters with various sizes as a
function of confinement using real-space time dependergigefunctional theory (TDDFT). The
lowest equilibrium structures have been selected by examthe evolution of lowest five isomers
for each cluster as a function of volume for six different goassion. The minimum volume con-
sidered is about 1/10of the free space box volume. The absorption spectra defittieashift,

an increase in intensity and change in line shape of the rgppdickes of a confined systems. The
observed enhanced intensity of spectral lines is found takdwmeit two to three fold at high com-
pression as compared to its counterpart. This is accomgégian increase in the optical band gap
and excitation energy of transitions with compression. llnhe systems that we investigate, the
observed blue shift, an enhanced intensity and a changedshiape of the spectral lines are found

to be generic in nature.
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INTRODUCTION

It is well established that geometrical confinement moditfies properties of materials. Confinement
could be due to a surface, an interface, an adsorbent lay@raapsulation in nanotubes. Such materials
often display unusual structdré and new physiochemical properti&s. Therefore, considerable efforts
have been directed towards elucidating the properties @i systems under confinement. Confinement
may change the geometric arrangement of atoms accompayisytuficant changes in the electronic
energy levels leading to very different structural, elesic, magnetic, and optical properties. Among it,
we select optical properties of materials due to their adedrtechnological applications. Previously, it
has been widely used to enhance the surface sensitivitywefaespectroscopic measurements, including
fluorescence, analysis of biomolecular interactions captvaveguides and in the areas of materials science

because of its real-time, label-free, and noninvasiverg&tu

During the last two decades, both extensive experimenthltlagoretical studies have been carried out
on optical properties of small and medium-sized sodiumtehss Although early interests were mainly in
the size- and geometry-dependence of the absorption apsetreral authors have discussed the electronic
excitations in these spectra. Selby étlave measured photoabsorption cross section in the wayklen
range of 452—-604 nm. They have observed single surfaceamserplasmon peaks in a closed shell and
double or triple peaks in open shell clusters. These findirye further supported by the ellipsoidal
shell model. Recently, Pal et. &have used Bethe-Salpeter equation to calculate absorpigstra of
closed-shell sodium clusters and their results are in exeagreement with experiment. Although the
optical absorption in alkali metal clusters has been stubi many authors at various levels of theory,
however a very few reports of optical absorption in alummiclusters exist. As far experimental studies
of excitation properties in aluminium clusters are conedrriew studies have been performed on &hd
Al3.° Nevertheless, no experimental measurements of opticpepties of larger aluminium clusters have

been performed.

Due to recent technological advances in the synthesis ardcierization techniques of nanomaterials,
the current research on metallic and semiconductor nasteckihave made significant progress in the last a
few years, both theoretically and experimentally. It is thdo mention that the surface plasmon resonance
is collective effect and observable in the large nanoctastecently, Philip et. d° have shown that when

the size of the gold clusters grows above 2 nm, it shows thieaptonlinearity from the nonplasmonic
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regime to the plasmonic regime. The encapsulation of galdparticles using thiol molecules has shown
the strong confinement of electrons in the clustérsu et. all? have also been observed the extraor-
dinary optical, electronic and magnetic properties in ietaanoclusters due to the enhanced quantum
confinement. Harb et.al. have been carried out theoretichéaperimental investigations of the absorption
spectra of Ag clusters embedded in the Ar matfxt is found that the blue shift of spectral lines is due to

confinement of valence electrons.

It should be mentioned that the present work is carried otitimthe framework of Casida’s Formulation
of linear response TDDFT. This approach is universal andrincyple capable of producing the exact
excitation energies of any systems and material, providatdXC effects are properly accounted for. In the
majority of calculations, TDDFT method have been succdlgsipplied to study the optical excitations in
finite systems which uses the adiabatic local density apmaton (LDA) or time-dependent (TDLDA). It
works better in case of finite systems, where generally thpesiof the calculated absorption peaks agrees
reasonably well with the experimental findintfst°It is further noted that for large systems, the numerical
scaling of TDDFT in the Casida formalism to>Nersus N for wavefunction methods of comparable
accuracy (eg. CCSD, CASSCF). Previously, it has successfully beed to obtain excitation energies in
many finite systems. Recently, Weissker et. al has used iessfidly to calculate the optical response in
quantum-sized Ag and Au clustefEven though this formalism allows to compute Born-Oppenieeim
hypersurfaces for excited states and identify well-sapdraxcitation eigenenergies for finite systems but

failed for extended systems such as bulk, periodic chaidskais.

Thus, many studies have been reported to understand opxicahtions in free clusters. However, a
model calculation on the optical spectra of an isotropycadimpressed cluster has never been done. In the
present work, we calculate the optical properties of clgsé¢ the center of an inert and the impenetrable
cubical box. Our interest in this arose from the more gengualstion of how the optical spectra of the
clusters differ from its free state, when the atom is in a plally interesting environment (e.g., in a solid
matrix or liquid, in an micropore, or near a wall). We undanst the role of compression on optical excita-
tions by raising some interesting questions; (i) Whethensoalusters would show the optical transitions
under compression as it have been observed in sodium bul0aGPa’? (i) Does there a characteristic
difference in the optical absorption as compared with figgce? (iii) What is the nature of the shift of
the spectral lines with compression? (iv) How does the sioluof confinement affect intensity of spectral

lines? and finally (v) Whether observed trends would show #mespattern in the other systems with
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similar valence electronic structure?

To gain insight into some of these questions, we have caoutdystematic real-space TDDFT cal-
culations on a series of sodium clusters in the size range of2N20. These clusters are isotropically
compressed into hard-walled three-dimensional cubic Btve walls are hard in the sense, wavefunctions
go to zero at the wall. We also extend this study to few lowegsildrium isomers of sodium clusters.
To verify the observed trends in the optical response ofetlvhssters, we also extend this study to other
systems with similar valence electronic structures, ngrhgl, K19, and Cs. Further, to see the generic
nature of the optical response of clusters, we extend it ieesmetallic and semiconductor nanoclusters
such as Ag, Aup, Al13 and Sg. We bring out the evolution of optical spectra, role of hgiration and
molecular orbitals under confinement and compare with fpaea results. Finally, we explain the generic
nature of the optical absorption which is observed in altays under high compression.

The rest of this article is organized as follows. In the nedt®n, we describe the model and technical
details of our simulations. Section Il present and dis¢hegesults of our calculations. Finally, in section

IV, we summarize our results along with some important caiclg remarks.

COMPUTATIONAL DETAILS

The optical property calculations have been performedgusiDDFT method implemented in OCTO-
PUS codé?® All self and non-self consistent calculations (SCF and NSGHetbeen carried out with gen-
eralized gradient approximation (GGA) given by Perdew—Bufkrnzerhof (PBEY, except in the Casida
calculations, where the available kernel in OCTOPUS comedp to LDA. Troullier-Martins pseudopo-
tential€® were used in all of the TDDFT calculations in this work. Weoat®te that spin polarization has
been taken into account, if the number of electrons is odd.

The ground state and lowest equilibrium clusters used s1ghidy have been obtained by a simulated
annealing method. The resulting structures have beentmetiapd with density functional theory as de-
scribed below. Among it, we have selected first six loweshisrs for confinement study. It should be noted
that free sodium clusters in this size range have been ex¢édnstudied. In all the cases, the geometries
of all the lowest energy structures in free space are in ggodeanent with the results of the published
data?! In each of the cases, the six isomers are subjected to var@upressions by a hard-walled three

dimensional cubic boxes whose volume (V) were reduced frgioV /Vp = 0.05, where, \§ is the volume
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of a cubic box corresponding to free space. In case of lauggeais, it was reduced up W/\Vp = 0.125 .
We denote the smallest volume by.V

The geometry optimizations of the clusters have been peddrusing the OCTOPUS code. All
optimized geometries were considered to be converge wherhhnge in energy was of the order of
1075 hartrees and the absolute maximum force was less than Obf2ésh. A grid spacing of 0.18 for
the real space grid have been used for all calculations. aldity of the grid-spacing have been verified by
reference calculations for the test structure Nsing grid-spacings of 0.09 to 0.20 All five grid-spacings
0.16 to 0.20A have reproduced similar absorption spectra up to an acgwfaabout 0.1 eV in the relevant
low-energy region of about 0-6 eV.

To calculate absorption spectra, we have applied Casidarsism implemented in TDDFT methadd:23
Following a ground state, SCF calculation, an NSCF were paedrwith a large number of unoccupied
orbitals. In the Casida’s calculations, the accuracy oflteslepends on the number of unoccupied states.
The number of the unoccupied states that were taken intcuateeas 4 times the number of occupied
states in the smaller clusters and at least 8 times the nuoflbecupied states for the medium-sized clus-
ters. These numbers are selected in a such way that thelgdisaption spectrum extends up to the first
ionization potential value of the cluster which are understderations.

We have verified the accuracy of our model on the Nalecule. We find a bond length of 3.86 and
ionization potential of 5.21 eV. These results are comgartbexperimental value reported by Huber et.
al.?* We have also verified the accuracy of excited state caloumigtilt shows three major resonance peaks
at 1.87, 2.57 and 3.87 eV which is in good agreement with tpegmental datg®

RESULTSAND DISCUSSION

We have investigated the effect of compression on opticglarse of metallic and semiconductor nan-
oclusters. First we have examined the absorption specaaeiies of lowest equilibrium structures of Na
clusters with n=2-20. In each of the cases, we have used fisevien different volumes depending on the
size of the cluster. As we shall see in many of the cases, st wonvenient to bring out the effect of
compression by comparing the results for free space volMgg{with highest compression volume g/
We further examine the optical response of few lowest duypiiim isomers of sodium to confirm whether

the nature of absorption spectra shows similar trends. Bfedltend this study to the systems with similar
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valence electronic structure, namely K19 and Cg clusters to verify the observed trends in the absorption
spectra of sodium clusters under confinement. Finally, veenéxe the optical response in some of metallic
and semiconductor nanoclusters such as, Mg, Sig, Al13 to see the generic nature of observed results
in the above systems. The optimized geometries of the logagstibrium structures of all systems apV
and 4 are shown in Figure 1. We will first present the results onagpproperties. This is followed by
a discussion on eigenvalue spectrum and transitions betiheeexcited states along with some relevant

molecular orbitals to understand the origin of optical &ttons under high compression.

For the sake of completeness, we note certain salient Bsasmdium clusters in confined space geome-
tries. All sodium clusters do not show significant changeesslithe volume is reduced to about 70% of
free space box volume. Thereafter the change in total enkirggtic energy and other components show
highly nonlinear behaviour. The change in the kinetic epér@s most dominated. The geometries tend to
become more spherical. In most of the cases, the HOMO-LUM®rgduces mainly due to the change
in the ground state geometries. However, In few cases Nas, Na; and N&, where the ground state
geometries remain unchanged, HOMO-LUMO gap increasespested from the simple particle in a box

model. We observe that the strong confinement leads to signtfisomeric transition%’

In Table | and I, we summarize in detail the electronic fa®ing rise to the most intense absorption
features, in order to identify the nature of the photoabsmmgransitions in terms of electronic structure of
sodium clusters in free and confined geometry, respectiltedizow the ionization potential (1.P.), excitation
energy of major transitions @g), energy of the most significant peak,(E strength function (g§), HOMO-
LUMO gap (&), optical band gap (§pt) and excited state compositions. The number of featuredean
discerned from the Tables: (1) The inclusion of confinemanicantly reduces the ionization potential
due to overlap of electronic orbitals and confined-induciedng coulombic repulsion. The calculated
values of ionization potential in the free space are in neable agreement with the experimental d&t&>
(2) In the majority of clusters, the first major excitationcacs in the energy range between 3 to 5 eV.
However, in case of free clusters, it lies in between 2 to 3(8Y.The optical absorption peak smoothly
shifts to higher energies. (4) The confinement also induzeslécrease in the number of absorption bands
as compared with absorption spectra gt {6) The increase in oscillator strength with compresssaabiout
to 2 to 3 fold and substantial gains inds as compared with its counterpart. Thus, above observations
enable us to rationalize the notable difference in the dtaraf the electronic transitions which are mostly

contributing to the absorption peak ag ¥nd .
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First, we briefly discuss the optical excitations of freestdus which are shown in Figure 2 for the
free (Vo) and confined geometries (¥ Each system shows a similar spectrum with an absorptige ed
above 2 eV. Several peaks appear with slightly varying pattiepending on the type of structure. We
have observed that the intensity of spectral lines inceasth increasing cluster size. The occurrence
of the number of absorption peaks in the spectra from one ¢oafioms, but stays more or less constant
for larger clusters with no significant change in the finedtrte of the spectra of clusters more than five
atoms. It is noted that in the majority of the clusters, th&t finajor excitations occur in the energy range
between 2 and 3 eV. We have also observed that several spedépict similar absorption bands. This
is in excellent agreement with experimental res(81t is worth to note that dipole allowed transitions
for free, sodium clusters are reproduced with reasonaldaracy and are compared with the available
spectroscopic dat®. For instance, the three major resonance peaks at 1.86, Ac53.87 eV for Na
agrees well with the experimental one within 0.04 eV acoyrte calculated resonance peaks at 2.70 and
2.88 eV for Nag clusters corresponds to the experimental vafidd=urther, multiple excitation peaks are
also observed, which has been associated with transitions3s to 3p, 3d and 3 to 4s levels32-34Thus,
it has clearly been seen that even though the cluster sizeaises, the peaks of resonance frequency do not

show a monotonous decrease as expected due to quantum oweriireffects.

To see the effect of confinement on the optical propertieodiusn clusters, we have carried out ex-
tensiveab initio time dependent density functional calculations on a sefis®dium clusters with a size
range of n=2-20 confined at the center of a hard-walled tdmeensional cubical box. Figure 2 shows a
blue shift with an enhancement of the intensity of specitnald. The enhanced intensity of spectral lines are
around three fold at high compression as compared with fraees It also depicts the change of line shape
of spectral lines in all cases at,With a reduction in the number of peaks. The blue shift of #sonance
peaks can be understood from the simple model of a parti@a infinite potential well. Given the relation
between energy and momentum, one can see how a series of treaditions occurring at slightly differ-
ent energies can be compressed into a single intense peakfinad system, at least the number of peaks
is reduced. Thus, it is observed that the intensity of thetsgklines shows sharp increase, whereas the
other small peaks either vanish or reduced significantljcatthg a much sharper optical transition. It is
interesting to note that the increase in the intensity otsgélines, up to two to three orders of magnitude
compared to that of free clusters with the disappearandeeafiinor resonance peaks. In addition to these

observations, it also depicts the increase in the optigad lgap accompanied with excitation energy at high
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compression.

Next, we discuss cavity effect on intensities and shift @fctal lines in the absorption spectra. Figure 3
shows a representative case ofgad Aw clusters to summarize most relevant findings, as a function o
the different compressions. Atgythe absorption spectra of Aghow the transitions with non-vanishing
strength function below 7 eV at at 2.54, 5.53, 6.17 and 6.68mN\th are comparable to reported re-
sults3®3¢ However, it shifts to higher energy with an increase in thensity with two fold and this trend
continues with the fall of the intensity beyong, VThe blue shift of spectral lines have been also observed
by experimen’ These observations have been observed in all cases. Thmind that the effects of
isotropic compression are effective only aftey. When the cubical cell volume reaches tg Yhe position
of the spectral lines begins to shift to higher energy valith wn enhancement in the intensities. This
process continues till the compression attains o Me further rise of compression leads to blue shift the
frequencies and lowering of the intensities of these linEus, it is observed that the frequencies are all
blueshifted. This is as expected, because isotropic casjmeraises the energies of the upper levels more
than it does those of lower levels. Hence, the effect of aggétrcompression on these lines is to blue shift
the frequencies, while the intensities rise beyond thedhester values, before falling to decrease for high
degrees of compression (beyong) Vit should be mentioned that the value of i depends on the cluster

size.

In order to understand evolution of optical properties ofstérs, we examine the nature of eigenvalue
spectra shown in Figure 4. It shows the eigenvalue spectiagnfNag, Lig and Ky in free (left part) and
confined space (right part). A number of interesting featwam be discerned from the figures such as the
formation of the spectra across the series reveals that@igg levels are raised with respect to free-cluster
systems, an increase in spacing between the energy levlisiaeffect is more prominent in the conduction
band, breaking of degeneracy of energy levels, exhibit ggigng HOMO-LUMO transitions. It is well
known that due to quantum confinement, the energy level besaliscrete. The effect of confinement is
more effective at higher energy levels sinc&®?/L?, wheren is the principal quantum number ahds
the length of confining box. It shows the more structuredgpatat high compression (when the volume
reduces below 20% to its original volume). The unoccupieelfesplit and the gaps become widen. In
Nap, the unoccupied state (LUMO) at -1.80 eV is singlet wheread to it is doubly degenerate and all
unoccupied states are of p-type at. VHowever, at ;, the state next to HOMO (-1.62 eV), is doubly
degenerate (LUMO, LUMO+1) at 1.38 eV. In case ofgN#he unoccupied levels are bundled into two
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groups at \§ whereas at high compressiony)Yit split into more four groups and the HOMO-LUMO gap
is widened. The above observations are also valid fgrand K;g clusters. It should be mentioned that
GGA underestimatesgflue to inaccuracy in quasi-particle energies and may uléityée attributed to the

inherent lack of derivative discontinui§yand delocalization errd? in local and semilocal functionals.

We examine in detail the electronic states giving rise totnmdense adsorption features, in order to
identify the nature of photoabsorption transitions in tewhthe electronic structure. For these transitions,
we analyze their nature in terms of the leading excited deett®n configurations and, for each excited
configuration, the molecular orbitals involved. This amsédyis presented in Table | and Il for all clusters.
Figure 5 and 6 shows a representative case gfd\ester to summarize most relevant findings. At the
optical absorption spectrum of Blan Figure 2 exhibits a single broad peak extending from 3458 eV.

It shows pronounced peak at 2.82 eV which is comparable tererpntal valu¢® This transition has
dominant contributions from 45.02% g3p- 40k, (HOMO—LUMO+11) and 50.06% 3p— 4d,, (HOMO-
1—-LUMO+12) configurations. At '}, the major absorption peak at 3.54 eV shows blue shift as com-
pared to the counterpart. It occurs due to contributionsifi®.3% 3p — 3d,, (HOMO-1—-LUMO+3),
21.9% 3 — 4px (HOMO-1—-LUMO+6, forbidden) and 16.7% 3p— 3dky (HOMO-3—LUMO+1) con-
figurations. The molecular orbital analysis also shows #leadlization of electronic states at high con-
finement. We further note that the contributions from thetexicstates reduce substantially, However, the

probability of transitions between different states iSes.

Further, we have verified the observed trends in the opticatagions in the sodium clusters by extend-
ing this study to a few low lying isomeric structures of/\NBlag, Na;p and Nao. In Figure 7, we show the
absorption spectra for the land Nag clusters. As mentioned in earlier reprtthere is a re-ordering of
the isomeric structures when the confinement volume redohmdow the critical volume (¥). The critical
volume is generally reached when the confinement reduced % 6f the free cluster volume. However,
the value of critical volume depends on cluster size. As etgek in all cases, there are similar trends in the
nature of the absorption spectra as mentioned above. $titggly, we observe the enhancement in intensity
of resonance peaks as confining volume is reduced below V

Thus, the effects of confinement seen in Bllkave also been shown by the sodium clusters. However,
the question is: Whether this enhanced intensity along wité bhift of the spectral lines in the absorption
spectra would also be observed in the other systems withasin@lence electronic structure? In order to

answer this question, we have computed the absorptionrapafdtis, K1g, Cs; as shown in Figure 8. In
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case of free Ld clusters, the calculated resonance occurs at 2.68 eV wdats|to a very good agreement
with the experimental value of 2.5 é¥.However, at high compression, the spectral line shift t@ 2%
with a 39% rise in the intensity. Foril§ cluster, the most intense peak at 2.09 eV shifts to 2.56 eVgéat h
compression with twofold increase in the intensity. Thefec@ment effects in Gsalso shows the shift of
most intense peak at 1.21 to 1.86 eV with a 34% increase imtbasity as compared to free space.
Finally, we have examined the generic nature of the optespponse of clusters by extending this study
to some of metallic and semiconductor nanoclusters. We ¢@wputed the absorption spectra oA4l13
and Sg clusters (see Figure 8). In case of freexAfusters, two major resonance peaks are observed at 3.35
and 4.28 eV which are very close to experimental values ari0t.7 e\#2 At V,, these peaks shift to 5.68
and 6.78 eV. It can be added that an increase in the interfditye @pectral lines have doubled as compared
with its counterpart. For Ak, three major resonance occurs at 5.99, 7.17 and 7.95 eY, athich then get
pronounced at 11.10 eV at,With an enhanced intensity by 25% under highest compresséimfiee Si
cluster, the excitation occurs within energy range 5-15 éittvis in good agreement with TDLDA results
reported by Juzar et. 4. However, we have observed major transitions at 12.95 eVririgk compression
with enhancement in the intensity by at least two orders ofmitade when compared with free space.
Similar enhanced intensity has been observed in siliconergstals due to quantum confinement effééts.
Thus, in each of these cases, we do find similar blue shift arehbanced intensity along with the change

of line shapes of spectral lines under high compression.

SUMMARY AND CONCLUDING REMARKS

We have presented results on optical response of metatis@miconductor nanoclusters as a function
of various degrees of isotropic confinement using real sp&RFT method. Firstly, we have examined
the evolution of optical excitations in a series of sodiumstérs in the size range of 2-20 atoms. Apart
from the ground state, we have also calculated the absaorppiectra of five low lying isomers. In each
of these cases, we have performed the geometry optimizat®0F and NSCF calculations using the real
space DFT method. This is followed by excited state calmuratusing real space TDDFT (also called as
TDLDA) method within Casida’s formalism.

The effects of isotropic confinement show many interesiagures in the absorption spectra. Our results

reveal that free clusters exhibit a more definite dependehttes absorption peaks on the type of structure.
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It turns out that the optical absorption spectra of clusigigrongly influenced by the confinement. The
optical absorption band smoothly shifts to higher energjess relatively broaden, and substantial gains in
intensity by increasing compression. The observed blug shihe spectral lines can be ascribed to the

strong repulsive interaction between core and electrodsmmgh compression.

To verify the observed trends in the absorption spectra diiso clusters and its isomers, we have also
examined it to the other systems with similar valence eteatrstructure, namely kj K1p and Cs clusters.
These systems also show similar trends in the absorptiactrap@as compared with sodium clusters. To
confirm the generic nature of the optical absorption, we heastended this study to AgAu,, Al;3 and
Sig clusters which have also reproduced the similar pattereas above. Thus, In all the systems that we
investigate, the observed blue shift, an enhanced quanfficielecy and change of line shape of spectral

lines are found to be generic in nature.
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TABLE I: Some of the features of dipole allowed excitatiorspum of sodium clusters in free spacg)Monization Potential (I.P.), Excitation, Excitation
Energy (Ex), Energy of the most significant peakF HOMO-LUMO gap (), Strength function [§, (1/eV)], Optical gap (§pt) and excited state
compositions. Only a selection of the most intense and sepitative transitions are considered.

Clusterg I.P. | Excitation Eexc Em Sw Eg | Egopt | Excited state composition
Nap 557(1,2 1.01,2.12 1.86, 2.57 8.12,12.57 1.01/1.83 |i. 96.04% 3s-3py, 3.57% 35»3(&27),2 ii. 89.11% 3s-3p,, 8.06% 3s-4py
Nag 4.2216, 13,19 1.48,1.76, 2.39 1.85,2.58,3.006.28,9.77,9.29 |0.50|0.70 |i. 16.6% 3s-3px, 23.5% 3RH3C&2,y2 ii. 39.6% 3s-3py, 56.2% 3&%3@(27# iii. 3.6% 3s—3py, 33.5% 3s-4s, 9.7% 39H3q<2,y2
Nay 4.57(4,9,15 i.1.90, 1.24, 2.18ii.1.90, 1.84iii. 2.44, 2.24, 3.56591, 2.83, 3.1310.63, 10.02, 10.1110.71| 1.82 |i. 5.4% 3s-3py, 70% 3x—3p; 11% 3px—3dk ii. 46% 3s-3py, 27% 3x—3dyy iii. 56% 3s—4s, 11% 39%3@(273,2, 26% 3y —5py
Nag 4.18(15,24,45 |i.1.37,2.07ii. 1.51, 1.63, 2.07 iii. 2.63,3.23 |2.03,2.50, 3.23 10.54, 10.92, 10.050.86| 1.05 |i. 52% 3p—3pz, 64% 3x—3dz ii. 40% 3s-3py, 26% 3x— 3dyy iii. 48% 3s—4s, 42% 3p—4fyy;
Nag 4.73| 24 1.37,1.61 2.34 50.11 1.12|1.26 |15.80%, 3p—4s, 14.90% 3p—3dxz
N Nay 3.16| 34, 38, 64 i. 1.54, 2.26 ii. 1.54, 1.44iii. 3.29, 3.30 2.42,2.63,3.219.94,24.43,11.93/ 0.95| 0.91 |i. 4.50% 3g—4s, 81.90% 3p—»3d22 ii. 9.5% 3p—4s, 12.4% 3p—3dy iii. 71.23% 3p—4fyyz, 21.90% SE"Mx(szyz)
[4)] Nag 4.69(53 2.97,2.96 2.82 36.89 1.30{ 1.50 |45.02% 3p — 4dxz and 50.06% 3p— 4d,
Nag 3.60| 63, 88 i. 1.60, 2.72,2.96ii. 1.81, 3.01, 3.02 2.68,2.96 30.68, 19.98 0.31/0.18 |i. 9.15% 3g—3dyy, 19.2% 494fy(12—x2)’ 10.8% 4s-4f 3 ii. 3.3% 3 —3dyz, 13.52% 3p—4d,3, 52.18% 4s-4f 3
Najp |4.15|70, 107 i.1.32,1.29,2.14ii. 1.80, 1.62, 3.43 2.49, 3.05 21.56,55.76 0.57(1.48 |i. 16.90% 3p—3dxy, 22.00% 4s-4px, 25.92% 4s-4dyy ii. 6.47% 3x— 30ky, 10.03% 3p—3dyz, 15.80%4s-50y,
Nagq 3.54|83, 122 i. 1.26, 2.66, 2.71ii. 2.95, 2.89, 2.96 2.55,2.91 6.99,7.20 0.49| 1.31 |i. 4.59% 4s-5px, 11.80% 3p—4pz, 13.06% 3p—4p; ii. 15.34% 3s-3dyz, 20.73% 3p—4dxz, 18.97% 3§—s4t&27y2
Nago 4.23| 84,118 i.2.21,1.31,2.31ii. 1.49, 2.58, 1.51 2.36,2.78 7.58,8.19 0.76]0.70 |i.3.32% 3x—3d)z, 6.84% 3;34»3(&27),2, 38.01% 3p—4d ii. 8.02% 3 —3dxy, 13.83% 3p—4px, 8.73% 3dy—4px
Nay3 3.83(102, 136 i. 1.13,1.29, 2.52ii. 1.39, 2.76, 2.78 2.40,2.71 16.17,10.27 0.40| 0.65 |i. 5.64% 3p—3d,7, 16.35%4s-4px, 20.22% 4s-5py ii. 2.10% 3dy—4py, 13.93% 3p—5py, 67.74% 351144&3
Najs |4.04|117,147,208i. 2.38, 1.18, 2.52i. 2.47, 2.59, 2.55 2.40, 2.64 17.77,12.44 0.821.12 |i. 4.9% 3x—3d,2, 7.2% 3dy—3d,2, 20.2% 3elz—4fxyz ii. 3.2% 3, —4py, 22.8% 3¢, —4py, 22.4% Sdlﬂ‘”x(zLyZ)
Nays5 3.81|144, 161 i.2.48,2.53,251ii. 2.63,2.74, 2.65 2.49, 2.65 12.67, 13.68 0.51{04 |i. 9.5% 3p(~>3dZ2, 17.28% 35%4(&27),2, 63.84% 3¢ly—4fxyz ii. 8.0% 3px—4py, 20.15% 3p—>5s, 10.58% 3p—»4d22
Nayg 3.99(195 2.56, 2.70, 2.75, 2.68 2.74 12.87 0.59]1.32 |3.48% 3p—4py, 17.45% 3§~»4d22, 55.54% 45—’4fz(x27y2)' 5.05% 3dz~>4fX3
Nag7 4.11| 225, 264 i. 2.80,2.83,2.84ii. 1.74,1.52, 1.59 2.82,3.07 67.92, 39.47 0.46)|0.92 |i. 25.2% 3g—4dyz, 21.7% 4$4fz(x27y2)’ 45.9% 3dy~>4fxg ii. 12.1% 39~>3d22, 6.4% 3¢y—4dyy, 8.02% 3@7%4(&27%4&
Nayg 4.18] 229 2.70,2.77, 2.80 2.77 19.45 0.54]1.12 |10.76% 3§z~>4(&27y2, 10.12% 3qz~»4f23, 32.64% 3¢;—50k,
Najg 3.69| 256, 289 i. 2.76,2.72,2.78ii. 2.66, 2.70, 2.96 2.76,2.89 32.08, 43.45 0.58/| 0.65 |i. 7.32% 3g—4dxy, 13.20% 39%4@(27%, 36.63% 3¢, — 50y ii. 3.38% 3x—4py, 6.26% 39"4fz(x27y2)' 9.15% 3¢ly—50kz

Nagg 4.08| 135, 158 i. 2.56, 2.63, 2.75ii. 2.56, 2.78, 2.75 2.70,2.88 44.09, 25.04 0.78/0.93 |i. 16.82% 3p—5s, 5.05% 3p—4dxz, 19.84% 4S—>4fy3 ii. 4.56% 3x—5s, 19.34% 3p—5s, 11.71% 45+4fy3
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TABLE II: Some of the features of dipole allowed excitatigrestrum of sodium clusters under confined geometrig$. (@nization Potential (I.P.),
Excitation, Excitation Energy (&), Energy of the most significant peak.(F HOMO-LUMO gap (), Strength function [g, (1/eV)], Optical gap (Bopt)
and excited state compositions. Only a selection of the mtestise and representative transitions are considered.

Clusterg| I.P. | Excitation Eexc Em Sw g Egopt | Excited state composition

Nap 4.33|1,2 1.61,2.43 2.57,3.19 7.50, 16.25 1.59|2.53 |i. 99.40% 3s-3px ii. 75.69% 3s-3py 23.37% 3s-3p;

Nag 3.16| 8, 10, 12 2.50, 2.79, 2.70 2.51,3.32,3.761.98, 20.17, 14.3p0.27| 1.58 |i. 54.7% 3x—3dky, 41.9% 39~>3c&27y2 ii. 20.79% 3 — 3dky, 42.2% 3R— 30y iii. 40.7% 3s—3pz, 16.8% 3p— 30k
Nay 3.47(7,10 i.2.19,1.97ii. 2.68, 2.65 3.73,4.10 21.61,24.43 0.52 1.90 |i. 55% 3s-3py, 41% 3x—4s ii. 57% 3s-3pz, 40% 3x—3dyy

Nag 2.90( 22, 31 i. 1.99, 2.32ii. 2.72, 2.65 3.62,4.27 17.92,24.99 0.96| 1.84 | 32% 3 —4s 60% 3p—3dky ii. 46% 35—3p;,32% 3x—3ck,

Nag 3.88|33 2.90,2.91 2.62 50.56 1.18| 1.32 | 26.06%, 39—>3d22, 9.68%, 3p—4px

Nay 3.44/31,41,61 |i. 1.66,3.05ii. 3.05, 3.06iii. 2.12, 1.9®.58, 2.92, 3.415.71, 37.85, 23.4P1.34| 1.05 |i. 12.6% 3R —3d,2, 16.8% 3p—3d,y ii. 10.24% 3R—3dky, 16.8% 3g—4py iii. 43.80% 3s-3p;, 23.78% 3p—3d,,
Nag 4.15| 60 1.78,2.07,3.28 3.54 89.92 1.80(1.62 | 15.3% 3R — 3dyz, 21.9% 3 — 4px, 16.7% 3p — 3cky

Nag 2.89/63,72 i. 1.48,3.54,3.55ii. 1.88, 4.01, 3.71 | 3.58, 3.72 36.50, 30.06 0.25/0.21 |i. 5.18% 3p—3dky, 5.52% 3p—4py, 13.5% 3p—5s ii. 4.86%3p—3dyy, 11.52% 3p—4dxy, 8%3p—4dy,

Najp |2.54|101, 109 i. 2.05,0.90, 4.06 ii.1.39, 3.45, 3.50 3.94,4.22 72.43,31.62 0.17|2.23 |i. 5.64% 3p—30kz, 6.48%4s-3d 2, 40.70%3R—5s ii. 6.26% 3p—3dyy,27.23% 4s-4d 5, 41.40% 4s-5px

Nagg 242|101, 124 i. 4.59,4.75,4.73ii. 4.59, 5.09, 4.90 | 4.64, 5.12 9.18,5.73 0.16(2.01 |i.6,55% 35—»3(&27}/2, 21.38% 3p—5s, 18.60% 3p—4dy ii. 3.97% 35—’3(&2—)/2' 3.43% 3p—4dyz, 27.38% 3¢y —4fxyz
Nago 2.08| 120 5.12, 4.96, 4.89 4.94 14.75 0.44| 1.26 | 2.46% 3s-4px, 22.84% 3p—5s, 14.47% 3p—4d,,

Nayz |2.10| 143, 155 i. 3.90, 3.92,3.98i. 1.94, 2.04, 4.13 | 3.90, 4.03 19.45,24.75 0.18]1.08 |i. 8.9% 3s~3(&27y2, 12.2% 3s+3d 2, 20.7% 3p—4dy; ii. 8% 3py—3dyz, 13.5% 3p—3d,2, 23.6% 3dzﬂ4fz(x2—y2)
Nay4 | 2.54|148, 166, 177i. 3.64, 3.95i. 2.08, 4.17 iii. 2.08 3.86,4.13, 4.318.38, 22.87, 20.450.35| 1.27 |i. 2.1% 3x—4dyz, 80.3% 3p—4d,, ii. 2.8% 3p—3dyz , 18.9% 3R—4dy iii. 5.51%, 3p—3d,

Nays 2.31{167, 190 i. 3.96, 3.84ii. 2.05, 4.20 3.91,4.22 11.82, 34.63 0.23|1.04 |i. 4.08% 3g—4dyz, 11.8% 3[@44[&27%, 17.6% 3@2A4fz(x2,y2> ii. 13.7% 3d<za4fx3, 23.1% SqZA‘”x(zZ,yZ)

Nagg |2.14] 202 4.24,4.13,4.22,4.14 4.16 31.85 0.28|1.51 |3.86% 3g—4dp 2, 7.68% 3p—4d,p 2, 13.10% 3e,—4f, 2 o), 6.84% 3e4f,5

Nag7 1.56| 236, 248 i.2.27,1.91,4.27i. 2.45, 1.86, 4.01 | 4.21, 4.29 81.91,57.72 0.27|1.17 |i. 8.04% 39%3(122, 11.8% 3¢ly—40kz, 11.9% 3&%4d22 ii. 2.04% 3;}%3(122, 7.9% 4s-4pz, 15.2% 3dy4‘4fz(x27y2>
Nagg |2.07|260 4.24,4.35,4.37 4.35 33.20 0.38] 1.55 | 4.80% 3s-4py, 14.25% 3%4‘4fy3, 12.20% 3927),2 —50dyz

Nayg |1.71|277 4.41,4.22,4.25,4.42 433 64.89 0.60/0.82 |5.57% 3s-4py, 11.71% 45—)4fz(>(2—y2)’ 27.25% 3gly—4f, 3, 23.80% 3¢, —5dy

Napo | 1.25| 140 1.89,4.45,1.91,2.26 433 64.22 0.54/1.02 | 6.48% 4s-4py, 4.62% 35-4pz, 8.42% 36258, 12.80% 3¢ » —5px
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Lowest Equilibrium Structures
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FIG. 1. The geometries of the lowest equilibrium structwkgarious metallic and semiconductor nanoclusters aloitig tiveir
total energies in eV. In each of cases, the second and fifthmepresent free clusters, whereas third and sixth row ptesen

confined geometries. Thep\and 4, denote the free and highest compressed state.
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FIG. 2: Photoabsorption spectra of lowest equilibriumctrees of Na clusters with n=2-10 in confined geometries. Note the
different scalings of the axes of ordinates. The symbelaiMd 4, have same meaning as mentioned above.
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FIG. 3: Photoabsorption spectra of the lowest equilibritmacsures of Ng_p,q and Aw clusters at various compressions. Note
the different scalings of the axes of ordinates.
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FIG. 4: Eigenvalue spectra of various nanoclusters in fpaes and confined geometry. The red and dotted blue represent
occupied and unoccupied states, respectively. The enatggvare shifted to common origin, such that the lowestl @frel
aligned. The number near the levels shows degeneracy.
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FIG. 5: Energy level diagram of the major energy excitatibpareergy E=2.82 and 3.54 eV in free and confined space
respectively.
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FIG. 6: Orbital illustrations of Naclusters. Dark blue represents positive and red negatie péthe wavefunctions. All
isovalues are plotted at 13of total isovalue.
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FIG. 7: Photoabsorption spectra of low lying isomers of ldad Nag clusters at \§ and \4,. Note the different scalings of the
axes of ordinates.
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FIG. 8: Photoabsorption spectra of lowest equilibriumdatrtes of some of the nanoclusters atand . Note the different
scalings of the axes of ordinates.
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