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Optical absorption spectra for the computed ground state structures of copper clusters (Cun,
n = 2 — 20) are investigated from first principles using time-dependent density functional theory
in the adiabatic local density approximation (TDLDA). The results are compared with available
experimental data, existing calculations, and with results from our previous computations on silver
and gold clusters. The main effects of d electrons on the absorption spectra, quenching the oscillator
strengths and getting directly involved in low-energy excitations, increase in going from Ag, to Au,
to Cu, due to the increase in the hybridization of the occupied, yet shallow, d orbitals and the
partially occupied s orbitals. We predict that while Cu nanoparticles of spherical or moderately
ellipsoidal shape do not exhibit Mie (surface plasmon) resonances unlike the case for Ag and Au,
extremely prolate or oblate Cu nanoparticles with eccentricities near unity should give rise to Mie
resonances in the lower end of the visible range and in the infra-red. This tunable resonance
predicted by the classical Mie-Gans theory is reproduced with remarkable accuracy by our TDLDA
computations on hypothetical Cu clusters in the form of zigzag chains with as few as 6 to 20 atoms.
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I. INTRODUCTION

Clusters form a bridge between the atomic and the condensed phases of matter. Due to quantum effects and their
large surface to volume ratios, their properties are typically quite different from those of the bulk. Studies of the
evolution of cluster properties as a function of size can help in understanding the origin of bulk properties as well as
in tailoring their size and geometric arrangements in order to bring out novel effects at the nanoscale. Over the past
two decades, such studies have been the focus of intense research due to their fundamental importance and potential
technological applications. Some of the main factors that influence the properties of clusters are size, geometric packing
(atomic structure), and the electronic structure of the constituent elements. These factors ultimately determine the
overall characteristics and the response of clusters to external fields, such as static polarizabilities, photoelectron
spectra, or optical absorption spectra, to name a few.

Atomic, electronic, and optical properties of clusters of group IB (noble metal) elements (Ag, Au, Cu) have recently
been of particular interest due to their interesting electronic structures and their promising applications in catalysis,
optoelectronics, and nanophotonics. At the atomic level, these elements have filled, localized d orbitals and half-filled,
delocalized s orbitals. While some of the characteristics of group IB clusters are, to a certain extent, similar to those
of group IA clusters, as determined by their s valence electrons, the close proximity of the d orbitals in the atom and
the corresponding d band in bulk materials significantly modifies their structural, electronic, and optical properties.
Among them, Cu clusters are particularly challenging from a computational point of view, since the relevant atomic
3d wavefunctions are nodeless making these valence orbitals highly localized. In addition, among coinage elements,
the s — d energetic separation is the smallest for Cu; as such, the d electrons significantly affect various properties of
Cu clusters due to their strong hybridization with sp electrons.

There have been several experimental studies on the structural, electronic, and optical properties of of Cu,
clusters.' '7 More than three decades ago, Moskovits and Hulse! reported their absorption spectra in the size range
from n = 1 — 4 obtained in CH, and Ar matrices. Cus has been investigated in detail by several groups; the re-
sults from earlier studies?® were summarized by Morse.” More recently, photoelectron spectroscopy,'* !4 chemical
reactivity,'® ionization potential,’® and electric dipole polariability!” studies of Cu, have been reported by vari-
ous groups. Theoretically, there have been many investigations on the structural and electronic properties of Cu,
clusters.'® 3% Optical properties have been investigated to a lesser degree. Following the work of Moskovits and Hulse,
Anderson®? interpreted their experimental data using a molecular orbital theory with superimposed rigid atom Fock
potentials. Witko and Beckmann used the multi-reference double excitation configuration method to calculate the
excited state properties of the Cuy molecule.*! More recently, Wang et al. performed a detailed study of Cuy within
the time-dependent density functional theory (TDDFT) using the hybrid BSLYP functional.#? Optical properties of
free and MgO(100)-supported Cu,, clusters have been investigated by Del Vitto et al.*? for n = 1,2,4 using B3LYP-
TDDFT and complete active space second-order perturbation theory (CASPT2); by Bosko et al.** for n = 1 —2, and
by Huix-Rotllant et al.*® for n = 2 using TDDFT with the Becke and Perdew (BP86) functional. Recently, Zhou
and Zeng performed a TDDFT study of Cu,, (n = 3 —9) clusters using the Amsterdam Density Functional code.*6
Most recently, Lecoultre et al.*” presented a joint experimental/theoretical (B3LYP-TDDFT) study of the optical
properties of Cu,, (n =1 —9) clusters.

During the last several years, our group has been performing first principles studies on various properties of small
to medium size noble metal clusters, Ag, and Au,, with an emphasis on their optical properties using TDDFT and
GW-Bethe-Salpeter-Equation methods.*823 In this paper we continue to present results from and analyses on our
first principles investigations of noble metal clusters, focusing on a systematic study of the optical properties of Cu,
clusters in the n = 2 — 20 size range using TDDFT within the adiabatic local density approximation (TDLDA).
We perform comparisons of our theoretical spectra with available experimental data and obtain generally reasonable
agreement. We also compare our results with those from previous computations for Cu, for the available sizes, as
well as with our previous TDLDA results for Ag,, and Au, clusters. We show that the two main effects of d electrons
related to the quenching of the oscillator strengths and getting involved in low-energy excitations are significantly
enhanced in going from Ag, to Au, to Cu,, due to the stronger s — (p) — d hybridization. Finally, we show that while
the absorption spectra of spherical or moderately ellipsoidal Cu clusters do not exhibit Mie resonances,®*®® unlike
the case for Ag,, and Au,, [Ref. 52 and 56], extremely oblate or prolate Cu,, clusters are predicted to have large and
tunable absorption cross sections in the visible and infra-red (IR) regions of the spectrum. We further show that this
prediction from a classical theory is reproduced remarkably well via TDLDA calculations on various highly prolate
hypothetical Cu,, clusters. The rest of the paper is organized as follows. In the next section, we outline the theoretical
background of the details of the computational methodologies used in this study. The results and the discussion of
the optical spectra in terms of comparisons with experiment and other computations, the effects of the d electrons,
comparison with Ag,, and Au, clusters, and predictions from Mie-Gans theory, are presented in Sec. III. We conclude
with a brief summary in Sec. IV.



II. THEORETICAL BACKGROUND AND COMPUTATIONAL METHODS

The Cu, (n = 2 — 20) clusters considered in this study are the ground state structures obtained for each size in
Refs. 35 and 36, as shown in Fig. 1. For each size larger than n = 7, the structure was obtained from an extensive
search for the minimum energy geometry. The search strategy made use of an unbiased scheme for generating a large
number of randomly arranged structures, and a fast, but approximate tight-binding method to relax each structure to
a local minimum on the tight-binding energy surface. From this large pool, up to 500 of the lowest-energy structures
at each cluster size were selected for further study. The energetic ordering of these structures was then refined by
doing a single, fully self-consistent DFT calculation at the corresponding tight-binding geometries. Finally, based
on these single-point DFT energies, up to 30 of the lowest-energy structures were selected for full relaxation within
DFT. Geometry optimizations were carried out within the framework of DF'T using the NRLMOL code. For the DFT
calculations we used GGA with Perdew-Burke-Ernzehoff (PBE) approximation and an extensive all-electron basis set
of 20 bare Gaussians contracted to [7s5p4d] of each atom. The lowest-energy structure among these was then taken
to be the ground state structure.

Our calculations for the absorption spectra were performed within the framework of TDLDA. We followed the
frequency domain formalism of Casida, in which the excitation energies €2, and the corresponding oscillator strengths
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quantities are calculated by diagonalizing the full TDLDA matrix that includes all collective excitations. The entries
of this matrix are computed using the wavefunctions and eigenvalues corresponding to the occupied and unoccupied
single-particle Kohn-Sham (KS) states. The total number of unoccupied states included in the computation of the
TDLDA matrix was enough to ensure convergence of absorption spectra up to ~ 6 eV in energy. The resulting matrix
sizes ranged from 5,000 (Cu atom) to 18,000 (Cugg). Since Cu,, clusters with odd number of atoms have an odd
number of valence electrons, they call for a spin-polarized treatment, which significantly increases the time needed to
set up the TDLDA matrix and diagonalize it. Even though the difference between spin-polarized and spin-unpolarized
TDLDA computations are not too significant, we performed all TDLDA computations for clusters with an odd number
of atoms using explicit spin polarization.

The computations for the ground state KS eigenpairs were carried out in real space within the framework of
higher-order-finite-difference ab initio pseudopotential method using the PARSEC code.®” We use scalar-relativistic
Troullier-Martins pseudopotentials in non-local form generated from the 3d'°4s'4p° reference configuration with the
same core radius of 2.25 a.u. for all angular momentum channels. Our tests showed that the nodeless nature of the 3d
all-electron wavefunction requires a rather small grid spacing of h = 0.3 a.u. for the convergence of optical absorption
spectra. This is a more stringent choice than the cases for Ag or Au, for which h = 0.4 or 0.5 a.u. are adequate for
achieving similar convergence. The clusters were placed inside a spherical domain of radius Ry,.x = 24 a.u. outside of
which the wavefunctions were required to vanish. With the above choices of Ryax and h, the resulting dimension of
the KS Hamiltonian is ~ 2 x 10%. For diagonalization and iteration to self-consistency, we used a Chebysev-Davidson
eigenvalue algorithm that uses subspace filtering with Chebysev polynomials once an initial set of KS eigenpairs is
known.?®

III. RESULTS AND DISCUSSION
A. Structures

Fig. 1 shows the computed ground state structures of Cu, clusters, which display an interesting evolution of
geometrical features. The smaller clusters, up to n = 6, are planar with a trigonal bonding motif. From n = 8 to 16,
the clusters adopt a layered structure, with no interior atoms. From n = 9 to 11, they are prolate. Cujo and Cuys
are triaxial. Larger clusters are oblate, but become more compact and spherical toward n = 20. From n = 17 to 20,
they are able to accommodate an interior atom. As discussed elsewhere, the evolution of cluster shape from n = 8 to
20 can be explained in terms of shell fillings and the jellium model.3

B. Optical Absorption Spectra

The optical absorption spectra of Cu,, n = 2 — 20, are plotted in Figs. 2 and 3. For the Cu atom, we compute
the 4s — 4p transition energy at 4.19 eV with an oscillator strength (OS) of f = 0.32. Compared to Ag with a
computed OS of 0.63 for the 5s — 5p transition, the large reduction in f is due to the increased screening of the s
electrons by the d electrons. The experimental spin-orbit averaged value for this transition is 3.81 eV.%® The TDLDA



overestimates the s — p transition energy by ~ 10%, similar to those observed for Ag and Au. Our values are in
reasonable agreement with the computed values reported by Del Vitto et al.** who find 4s — 4p transition energies
of 3.89 eV (B3LYP-TDDFT) and 4.03 eV (CASTP2) with an OS of f = 0.27 for the latter, and by Bosko et al.**
who find a transition energy of 4.12 eV with f = 0.15. We find the next strong TDLDA transition at 5.17 eV with
f = 0.38. This corresponds to the 3d — 4p transition experimentally measured at the spin-orbit averaged value of
5.47 eV. Our computed values for the optically forbidden 3d — 4s and 4s — 5s transitions are 0.90 eV and 5.22 eV,
which compare reasonably well with the values of 1.10 eV and 5.18 eV obtained by Bosko et al., and experimentally
measured at 1.49 eV and 5.35 eV, respectively. The comparisons of our TDLDA results for the Cu atom with other
TDDFT computations and experiment are summarized in Table I.

For Cuz our computed TDLDA transitions with non-vanishing OS below ~ 5 ¢V are at 1.86 eV (f = 0.005), 2.47
eV (f = 0.067), 3.69 eV (f = 0.012), 4.06 eV (f = 0.013), 4.24 eV (f = 0.044), 4.60 eV (f = 0.29), and 5.04 eV
(f = 0.44). We assign our computed transition at 1.86 eV to the X — a transition experimentally measured at
1.91 eV. From intensity considerations, our computed transition at 2.47 eV is assigned to the X — B transition
measured experimentally at 2.70 eV, not the X — A transition measured at 2.53 eV which has a much smaller OS,
and which we accordingly associate with our computed transition at 1.99 eV with an almost vanishing OS. Similar
to the assignment of Wang et al., the X — C' transition measured at 2.71 eV with its very weak oscillator strength
is associated with our computed dark transition at 2.67 eV. Our computed transition at 3.69 eV is assigned to the
X — D transition measured at 3.17 ¢V. The TDLDA transition at 4.60 eV with a large OS of f = 0.29 is assigned
to the strong X — J transition measured at 4.64 eV. For the rest of the measured transitions reported in Ref. 7, the
particular assignments to our computed TDLDA transitions are more difficult and would be somewhat speculative. It
is important to note, however, that our TDLDA results compare reasonably well with the most recent experimental
data by Lecoultre et al.*” In particular, at energies above 4 eV, the agreement is very good. The high intensity
absorption peaks measured by Lecoultre et al. at 4.10, 4.68 (X — J), 5.08, and 5.41 eV are assigned to our computed
transitions at (4.06 — 4.24), 4.60, 5.04, and (5.55 — 5.73) eV, respectively, where the values in parentheses denote the
range within which a few computed peaks could correspond to the observed line. At lower energies, the agreement
with the new experiments is not as good. Interestingly, the exact opposite trend is observed in the comparison of
TDDFT computations of Lecoultre et al. with their experimental data. At low (2 — 3 eV) energies (for X — A and
X — B transitions), their computations agree quite well with their experiments, while the agreement is not good
at higher energies. The effect of different exchange-correlation functionals used in the two computations is the most
likely reason for the discrepancies between the two sets of computations. The comparisons of our TDLDA results for
Cuy with other TDDFT computations and experimental data in Refs. 7 and 47 are summarized in Table I.

The TDLDA spectrum for Cus starts with a series of small peaks in the 2.0 — 2.40 eV energy range followed
by significant peaks at 2.62 eV (f = 0.05), 2.88 eV (f = 0.09), 3.27 eV (f = 0.09), 3.41 eV (f = 0.06), 3.77 eV
(f =0.065), 4.51 eV (f = 0.06), 4.94 eV (f = 0.06), and 5.36 eV (f = 0.31). These values agree fairly well with the
measured peak positions, but not quite with the measured intensities, in the most recent experiments of Lecoultre et
al. that find main absorption lines at 2.66, 2.91, 3.37, 3.49, 3.70, 4.45, (4.78 — 4.94), and (5.17 — 5.30) eV. However,
the sharp experimental peak measured at 2.46 eV is not accounted for in our TDLDA computations, unless one
assigns it to some of the very-low intensity peaks computed between 2.30 and 2.40 eV in the TDLDA computations.
The sampling of a different isomer and matrix effects in the experiments, inaccuracy associated with the level of
theory, or a combination of these might be the more likely reasons for this discrepancy. In fact, the recent TDDFT
computations of Lecoultre et al. do not find any sharp peak near 2.5 eV for the ground state cluster of C5, symmetry,
either. Instead, they suggest that the experimental peak at 2.46 eV is in better agreement with a high-intensity peak
they computed at 2.67 eV for the linear (Doop) Cus cluster. Indeed, our computation for the linear trimer does find
a transition with a large oscillator strength of f = 0.19 at an energy of 2.71 eV, that could possibly correspond to the
sharp experimental peak at 2.46 eV. Our orbital decomposition analysis for the ground state (Cs,) structure of Cus
shows that the lower-energy peaks have considerable weight from transitions that originate from HOMO (in spin-up
channel), which is a largely (80 %) sp—hybrid, while the rest of the weight is attributed to transitions from the d—like
orbitals to LUMO (in the spin-down channel). Above 3 eV, the weight attributed to transitions from HOMO goes
down considerably, and the transitions are mostly from d—like states to low-lying unoccupied orbitals of largely p
character with some s admixture.

The TDLDA spectrum for Cuy exhibits five major peaks below 5.5 eV, located at 2.78 eV (f = 0.104), 3.55 eV
(f =0.227), 4.09 eV (f = 0.132), 5.00 eV (f = 0.193), and 5.38 eV (f = 0.136). In addition, there are secondary
peaks of lesser intensity near 1.95 eV (onset of absorption), 2.48, 3.17, 3.81, 4.37, 4.64, and 4.87 eV. The agreement
with results from the most recent experiments of Lecoultre et al. is good for the tetramer: In particular, the large
peaks at 2.93, 3.54, 4.90 eV in the experiments are reproduced well in our computations. In agreement with the
interpretation of Moskovits and Hulse, the low-energy transition computed at 2.92 eV is associated with transitions
from predominantly 3d character to LUMO+1, which is an sp hybrid with large 4s character. We note that our results
also seem to be in very good agreement with the results of Del Vitto et al. who find (i) the first TDDFT transition at



1.19 eV with zero OS (our first zero-OS transition is at 1.16 eV), and (ii) a significant peak at 2.80 eV with f = 0.102
to be compared with ours at 2.78 eV (f = 0.104). Our computations also have somewhat good agreement with the
most recent computations of Lecoultre et al.

For the rest of the clusters, the data are presented in Fig. 2 and 3. Overall, compared with the most recent
experimental results of Lecoultre et al.*” there is reasonable agreement (especially for n = 7 — 9, but not so much
for n = 5 — 6), although there are differences in some cases, which mostly can be attributed to the combination of
(i) the limitations of TDLDA, (ii) the likely possibility of more than one isomer contributing to the experimental
spectrum,% and (iii) the effects of the solid neon matrix in which the clusters were embedded in the experiments on
the positions of the spectral lines and their intensities. Our computations displayed in Fig. 2 and 3 show that as the
cluster size gets larger, the corresponding spectra evolve into more continuous distributions of peaks with low OS.
The spectra for larger sizes typically start with an absorption onset near 2 eV, and display a shoulder near 2.5 eV
and a local maximum near 4 eV, all of which can be correlated with the features observed in the imaginary part ez (w)
of the dielectric function of bulk Cu. Further discussion on this is given in the next subsection when the spectra are
discussed in the classical Mie theory framework.

C. Comparison with Ag and Au
1. Integrated Oscillator Strengths

In our previous studies for Ag, and Au, clusters, we have shown that the screening of the s electrons due to d
electrons (core polarization effects) in noble metal clusters results in quenching of the oscillator strengths and a red-
shift of the plasmon frequency. Clusters of Cu, which has the smallest s — d energy separation at the atom level among
the three group IB elements, are expected to show a higher core polarization effect. Fig. 4 shows the calculated size
dependence of the oscillator strengths integrated up to a cutoff energy of 6 eV for Cu, clusters, along with the same
values for Ag, and Au, clusters. On average, the quenching is highest in Cu,, clusters. Above n ~ 8, the integrated
oscillator strengths (I0S) of Cu,, are significantly lower (by a factor of ~ 2) than those of Ag,. The deviation from
this trend observed at smaller sizes is due to the fact that the discrete d-like excitations in Ag, typically occur at
much higher energies above 6 eV, while for Cu, clusters the IOS below 6 eV have a large contribution from sharp
excitations originating from orbitals of d character and much less from orbitals of sp character. As discussed in detail
in Ref. 51 for the case of Au, clusters, the overall size dependence of I0S for Cu, clusters is very similar to the
size dependence of their static polarizabilities.?¢ The significant drops in I0S at n = 7 for clusters of Ag and Cu,
and at n = 14 for clusters of Au are correspondingly associated with the transition from from two- to more compact
three-dimensional structures.

2. Orbital Character of TDLDA FEzxcitations

In addition to quenching the oscillator strengths, another way in which the d electrons affect the optical spectra of
noble metal clusters is getting directly involved in low-energy excitations. Similar to the case of quenched oscillator
strengths, the degree to which the d electrons become involved in low-energy excitations is largest in Cu,, clusters.
This can already be inferred by the rather small energy separation of the 3d — 4s atomic levels, which results in a
large s — (p) — d hybridization in the molecular orbitals of Cu,, clusters.

A comparison of the orbital characters of the occupied and low-lying unoccupied molecular orbitals for Ags and
Cugy clusters is instructive in understanding the differences between the orbital characters of the low-energy optical
excitations computed for the two noble metal dimers. In Ags, due to the large 4d —5s atomic separation, the d orbitals
hybridize among themselves, practically decoupled from the s orbitals, which makes the first ten doubly occupied
KS levels (counting spin, but not orbital degeneracies) have almost purely d character, while the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are bonding and antibonding com-
binations of 5s orbitals. In Cus, the large hybridization results in KS orbitals of mixed s — d character with even some
p admixture. As shown in Fig. 5, there is no direct analog of a bonding combination of 4s levels at the LDA level
for any of the occupied KS levels of Cuy. HOMO (doubly degenerate), HOMO-1, HOMO-2 (doubly degenerate), and
HOMO-3 (doubly degenerate) all have d character with negligible or no sp contribution. The levels with the largest
sp character are HOMO-4 and HOMO-6 (the first occupied molecular orbital). Even for these levels, the combined
sp characters are only 38% and 42%, respectively. For Aus, which can be considered intermediate in terms of s — d
hybridization between Ags and Cug, the KS level with the largest s character appears as HOMO-2 with a considerable
85% s character.®!



This large hybridization observed in the KS levels of Cus naturally affects the orbital characters of the optical
transitions. Using the same analysis as described in Ref. 48 and 51, we have investigated the orbital characters of
some of the low-energy TDLDA transitions in Cug, by identifying the few dominant occupied-unoccupied (or valence-
conduction, vc) pairs that appear in the TDLDA eigenvector for a given transition. As shown in Fig. 5, the first
transition observed at 1.86 eV, assigned to the experimental X — a line, involves entirely the HOMO/LUMO ve
pair. Given that HOMO in Cus is of purely d character, we immediately observe that the lowest allowed optical
transition in Cug has entirely d character. In Ags, even though the first allowed optical transition computed near 3.2
eV also involves primarily the HOMO/LUMO wvc pair (95% in its TDLDA decomposition), since HOMO in Ags almost
entirely has s character, the associated optical transition involves s electrons. As mentioned above, since Cus has no
direct analog of a KS level with entirely s character (i.e. the analog of HOMO in Ags), there is no obvious optical
transition associated with s electrons. The transition that comes close to being most s—like is the one computed at
2.47 eV, assigned to the X — B line, that is a 95% mixture of HOMO-4/LUMO and 5% of HOMO-6/LUMO ve
pairs with the largest sp characters among the occupied KS levels. It is interesting to observe that this “most s—like”
transition pairing HOMO, HOMO-2, and (HOMO-4,HOMO-6) occupied states with LUMO for Ags, Aus, and Cusy
occurs at energies of 3.16, 2.71, and 2.47 eV, respectively. The gradual red shift in the energy of this most s—like
optical transition is an indication of the enhanced core-polarization effect in going from Ag to Au to Cu. Some of the
other low-energy optical transitions with their dominant vc pairs are shown in Fig. 5. The analysis shows that the
transitions computed at 4.06 and 4.24 eV, for example, are primarily 3d to 4p transitions as they involve, to a large
extent, LUMO+1 and LUMO+2 which are almost entirely p— like orbitals, while the dominant occupied orbitals
involved in both are those with entirely d character. Finally, it is interesting to note that the transition computed at
4.60 eV is mostly associated with the HOMO-4/LUMO+1 ve pair, which indicates that this is the closest analog of
the 5s (HOMO) to 5p (LUMO+1) transition computed at the higher energy of 4.75 €V in Ags, in accordance with
the decreased core polarization in the latter.

In order to further quantify the various orbital contributions to the optical spectra, we computed the percentages of
the s, p, and d characters in the transitions following the same method, as described in Ref. 48 and 51. For example,
the percent of the integrated d electron contributions over an range range with a cutoff value of E. is defined as
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where (d|¢,) is the projection of the occupied KS orbital ¢,(r) to the d atomic wavefunction (summed over all
magnetic quantum numbers), and F° are the entries, labeled by ve pairs, of the TDLDA eigenvector corresponding
to a particular transition with oscillator strength f; and excitation energy of ;. A plot of the d character up to the
cutoff energy of E. = 6 eV as a function of cluster size for Cu,, clusters is shown in Fig. 6, along with our results for
Ag,, and Au, clusters at available sizes. As is readily evident, the integrated d contributions to the optical spectra
even for small Cu,, clusters are already rather large, in contrast to those for Ag, and Au,, (e.g. the contribution is
76%, 37%, and 16% for Cug, Aus, and Ags, respectively). Overall, at almost all sizes, the integrated d contribution
increases in going from Ag, to Au, to Cu,, as expected from the trend in the degree of the proximity of the atomic
d level to the s level.

For a closer look at how the the various orbital contributions change with the cutoff energy E., we computed s, p,
and d characters of the transitions for Cu,, clusters. Figure 7 shows the s, p, d contributions for Cuyg as a function of
E., in comparison to the case for Ag;y which has the same structure as Cujg. One can immediately notice that not
only are the integrated d contributions much larger for Cujo at any energy E., but the sharp rise in the d character of
the optical transitions occurs at much lower energies (~ 2 eV) for Cuyg compared to Agyy (above ~ 3.6 ¢V), indicating
the degree with which the d electrons are involved in very low-energy optical excitations of Cu,, clusters.

8. TDLDA wversus Predictions from Mie-Gans Theory

In recent studies, we showed that the optical spectra of Si, (n =20 — 28 in Ref. 61) and Ag,, (n = 10 — 20 in Ref.
52) clusters computed with TDLDA could be reproduced remarkably well by the classical Mie-Gans theory using the
corresponding bulk dielectric functions. For an ellipsoidal object in vacuum with semiaxes A, B, and C, the Mie-Gans
theory gives the following expression for the absorption cross section:
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In this expression, €;(w) and ez(w) are the real and imaginary parts of the bulk dielectric function, ¢ is the speed of
3

light, and the depolarization factors G;, which satisfy Z G; = 1, are related to the shape of the ellipsoid.®? While
i=1

spherical Si, Ag, and Au nanoparticles (G; = G2 = G5 = 1/3) exhibit Mie (surface plasmon) resonances near 9.8,
3.5, and 2.5 eV, respectively, such a feature does not exist in spherical Cu nanoparticles. The Mie resonance for
spherical particles in vacuum occurs when €; (w) = —2 if ea(w) is relatively small. This condition is not satisfied with
the bulk dielectric function of Cu. The physical reason for this is the close proximity of the d—band to the s—band
in bulk Cu. The positive interband contribution to €;(w) of Cu occurs at a much lower threshold energy (near 2 eV)
where the Drude contribution (1 —w?/w?) to €;(w) from the intraband transitions are much too negative®® to produce
an almost zero-crossing necessary for a plasmon resonance. As a result, the Mie absorption spectrum of a spherical
nanoparticle has no sharp resonance: It starts smoothly near 2 eV, has small shoulder-like bumps near 2.5 eV and
4 eV (corresponding to transitions up from the conduction band®¥) and rises continuously. The TDLDA spectrum
for the ground state structure of Cugg, which is the most spherical cluster in this size regime as determined by the
computed normalized moments of inertia,”® is shown in Figure 8(a) along with the predictions from Mie theory of
a spherical Cu nanoparticle. Even though the absence of a sharp resonance in the spectra (unlike the case of Ag or
Au) makes the validity of a good agreement between the TDLDA and Mie predictions hard to argue in a compelling
fashion, the onset near 2 eV and the features near 2.5 and 4 eV resemble each other somewhat well.

While the Mie-Gans spectra of spherical or moderately prolate/oblate Cu clusters do not exhibit sharp resonances,
we observed that more interesting scenarios for Cu occur, if one concentrates on extremely prolate or oblate clusters
with eccentricities e ~ 1. For example, for prolate clusters with G; = G5 2 0.45,G3 < 0.1, Mie-Gans theory predicts
a large resonance at the lower end of the visible spectrum or in the IR. The position of the large resonance is tunable
by changing the eccentricity of the clusters; it shifts to lower energies and grows in intensity as the cluster becomes
more and more prolate as shown in Fig. 8(b) for various depolarization factors that give rise to peaks between 1
and 2 eV. In order to find out whether such a behavior is also predicted by TDLDA, we performed computations on
hypothetical extremely prolate Cu clusters in the form of long chains. We created the clusters from the zigzag chain
of atoms along the [100] direction of bulk Cu. We created five chain clusters of composition Cug, Cug, Cuia, Cusg,
and Cugg. The results from TDLDA computations on these chain clusters indeed show large resonances ranging from
near 2.0 eV (Cug) to 1.1 eV (Cugy) with intensities increasing as the size of the cluster (its eccentricity) increases.
The TDLDA results for Cug, Cuja, and Cuyg are shown in Fig. 8(c), which shows a remarkable agreement with
Mie-Gans predictions. It is important to note that the agreement between TDLDA and Mie-Gans predictions is not
just qualitative; but rather accurate in terms of the peak positions as predicted from the geometrical factors. For
example, measuring the semiaxes A and B of the Cujs chain as 21.13 A and 3.08 A respectively (we add half a bulk
Cu bond length to the ends in each direction to mimic charge spill-out), we calculate an eccentricity of e = 0.98932
which gives depolarization factors of Gy = G2 = 0.4822 and G35 = 0.0356. The Mie-Gans theory, with these G;
values and bulk Cu dielectric function, predicts a resonance at an energy of 1.51 eV, in very good agreement with
the TDLDA resonance of 1.50 eV. The Mie-Gans results shown in Fig. 8(b) are indeed calculated using the exact
depolarization factors as determined from the measured dimensions of the Cug, Cujz, and Cujg chain clusters. It is
remarkable that the agreement between TDLDA and Mie-Gans theories holds to such a high degree of accuracy. The
results presented here are also quite interesting in the sense that if such chains (or any type of extremely ellipsoidal
copper nanostructures) can be synthesized as metastable clusters, they are predicted to absorb very strongly in the
lower end of the visible and the IR region of the spectrum. The large absorption cross section and the tunability of
the resonance energy by varying the aspect ratio of such chains (or nanowires) can be potentially important for future
design of Cu-based nanomaterials for light-harvesting applications.

IV. SUMMARY

We have continued with our systematic studies of electronic and optical properties of noble metal clusters by
presenting results on and analyses of the optical absorption spectra for the computed ground state structures of Cu,
clusters (n = 2—20) within the framework of TDLDA. Our results are generally in reasonable agreement with existing
experiments and computations for the available small sizes. We have shown that the d electrons of copper affect the
optical spectra of its clusters by quenching the oscillator strengths and getting directly involved in excitations at
energies as low as 2 eV. Comparison with our previous results on Ag, and Au, shows that among all noble metal
clusters these effects are most pronounced in Cu, clusters. Our investigations have also resulted in an interesting
prediction of large Mie resonances in extremely prolate or oblate Cu nanoparticles, which are absent for the case of
moderately ellipsoidal or spherical particles. These large resonances occur in the 1 to 2 eV range and are tunable
by changing the eccentricity of the particles, shifting to lower energies and growing in intensity as the nanoparticle



becomes more extremely ellipsoidal. This prediction from the classical Mie-Gans theory is reproduced with remarkable
accuracy by TDLDA computations on Cu clusters in the form of zigzag chains with as few as 6 to 20 atoms. If such
extremely ellipsoidal Cu particles can be synthesized as (meta)stable nanomaterials, this finding could potentially be
useful for light-harvesting applications.
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FIG. 1. Calculated ground state geometries of Cu,, (n = 2— 20) clusters. Bond lengths (in A) and the symmetries are displayed
for clusters up to n = 6.

FIG. 2. (Color online) TDLDA spectra of Cu, clusters for sizes n = 2 — 10. The spectra were broadened using Lorentzians of
half-width 0.1 eV.

FIG. 3. (Color online) TDLDA spectra of Cuy, clusters for sizes n = 11 — 20. The spectra were broadened using Lorentzians
of half-width 0.1 eV.

FIG. 4. (Color online) The oscillator strengths per s electron of the Cu, clusters (black lines with circles) integrated up to
E. =6 eV as a function of the cluster size. Also shown are the same results for Ag, (blue lines with triangles) and Au, (red
lines with squares) clusters.

FIG. 5. (Color online) The Kohn-Sham energy levels (within LDA) of Cus that are involved in the excitations at 1.86 (X — a),
2.47 (X — B), 3.69 (X — D), 4.06, 4.24, and 4.60 (X — J) eV. The degeneracies (in parentheses) and the angular characters
of the occupied (shown in red) and unoccupied (shown in blue) orbitals involved in the transitions are given next to the energy
levels. The weights (in %) of the vc orbital pairs in the eigenvectors of the transitions are also shown. See the text for details.

FIG. 6. (Color online) The percentage of the d—character in the transitions calculated according to Eq. (1) for Cu, (black
lines with circles) as a function of n at a cutoff energy of E. = 6 eV. Also shown are the same results for Ag, (blue lines with
triangles) and Au, (red lines with squares).

FIG. 7. (Color online) The percentages of the s (blue dotted lines), p (green dashed lines), and d (red solid lines) characters in
the optical transitions for the ground state structures of Cuig (upper panel) and Agio (lower panel).

FIG. 8. (Color online) (a) TDLDA spectrum for the ground state structure of Cug in comparison with the Mie-theory
prediction for a spherical particle using the bulk dielectric function of copper. (b) Mie-Gans prediction and (¢) TDLDA results
for three zigzag Cu chains of composition Cug, Cuiz, and Cuje. The depolarization factors GG1 are computed from the measured
dimensions of the corresponding chains as discussed in the text. G2 = G1 and G3 = 1 — G1 — G2. See the text for more details.
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TABLE I. Comparison of experimental absorption energies, our computed TDLDA values (in €V) and oscillator strengths (OS)
and results from other TDDFT treatments for Cu and Cuz. Values in parentheses next to the excitation energies are the
corresponding OS. The experimental data for Cuz are taken from References 7 and 47. For the Cu atom, they are taken from
Ref. 59.

Computed Excitation Energy (OS)

Transition Experiment This work Wang et al.! Lecoultre et al.*” Del Vitto et al.*3 Bosko et al.**
Cu

4s — 4p 3.81 4.19 (0.32) - 6.00 3.89 4.12 (0.15)
3d — 4p 5.47 5.17 (0.38) - 6.30 — —

3d — 4s 1.49 0.90 (0.00) — — 1.38 (0.00) 1.10 (0.00)
4s — 5s 5.35 5.22 (0.00) — — — 5.18 (0.00)
CUQ

X —a 1.91 1.86 1.93 - - 1.91
X—=A 2.53 1.99 2.60 2.62 - —

X —B 2.70 2.47 2.86 2.85 2.89 2.53
X-=C 2.71 2.67 3.00 - - —
X—-D 3.17 3.69 3.66 - - 3.67
X—=J 4.64 4.60 4.72 — — —
Ref. 47 4.10 (4.06 — 4.24) — — — —
Ref. 47 5.08 5.04 - - - —

Ref. 47 5.41 (5.55 — 5.73) - - - -
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