PHYSICAL REVIEW B

VOLUME 46, NUMBER 15

15 OCTOBER 1992-1

Optical resonances in bimetallic clusters
and their relation to the electronic structure

C. Yannouleas, P. Jena, and S. N. Khanna
Department of Physics, Virginia Commonwealth University, P.O. Bozx 2000, Richmond, Virginia 28284
(Received 12 February 1992)

The optical response of bimetallic clusters of composition Y Az, where A is an alkali metal and
Y is a monovalent or divalent impurity, is studied by using the random-phase approximation upon
a two-step jellium ionic background. With respect to the homologous pure clusters, the optical
properties of mixed clusters are found to exhibit conspicuous variations that are directly related
to corresponding drastic modifications in the electronic structure induced by the impurity atom.
Parallel ab initio calculations are performed to test the adequacy of the two-step jellium model.

I. INTRODUCTION

One of the most interesting aspects of metal clusters
is that their ground-state properties (e.g., the stability,
ionization potentials, electron affinities) exhibit discon-
tinuities as a function of size that are strikingly simi-
lar to those observed in corresponding quantities (e.g.,
in the separation energies for protons and neutrons) in
nuclear physics. The observation by Knight and his
co-workers!'2 that the abundances in the mass spectra
of alkali-metal clusters exhibited pronounced peaks or
steps at 2,8,20,40,58,92,138,... atoms, in close resem-
blance with the magic numbers in nuclear physics, con-
stituted a major development in our understanding of
cluster physics. Indeed, it lent support to the jellium-
background model and to a view of metal-cluster proper-
ties as due primarily to fully delocalized valence electrons
that are, however, confined inside the finite volume of the
cluster. Thus, the enhanced stability of the magic alkali-
metal clusters was explained as an effect of electronic
shell structure, just as the enhanced stability of magic
nuclei is due to the nuclear shell structure.3

The observation of these discontinuities offered the
first indication that clusters constitute a link between
nuclear physics and condensed matter physics (for a re-
view, cf. Refs. 4 — 6). Indeed, metal clusters provide an
avenue where concepts from nuclear structure and nu-
clear dynamics can be applied in the electron-volt en-
ergy range. In particular, the shell structure in clusters
can be studied by considering the effective central po-
tential field that binds the delocalized valence electrons.
In analogy with nuclear physics, a Woods-Saxon exter-
nal potential was first considered,! but it soon became
apparent that more appropriate central potentials can
be constructed self-consistently starting from the jellium-
background approximation.”-# In this approach, the ionic
lattice is replaced by a uniform, positive, spherical den-
sity, while the Coulomb interaction between the delo-
calized electrons is treated in the local-density approxi-
mation (LDA). Then the effective field is specified self-
consistently by minimizing the total energy of the valence
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electrons according to the Kohn-Sham method.®

To illustrate how the discontinuities in the ground-
state properties relate to the shell structure induced by
the effective potential, we have calculated the ionization
potentials of pure potassium clusters in the spherical jel-
lium approximation. They are displayed in Fig. 1 along
with the corresponding energies of the highest occupied
molecular orbitals (HOMO). The largest ionization po-
tentials at 8, 18, and 20 electrons are accompanied by
sharp drops, while the HOMO levels exhibit the oppo-
site behavior in keeping with Koopman’s theorem. This
behavior reflects the filling up of the 1p, 1d, and 2s elec-
tronic shells, respectively. Figure 2 displays the elec-
tron affinities for small potassium clusters. Since the
added electron goes into the lowest unoccupied molec-
ular orbital (LUMO), the LUMO levels also reflect sharp

5
1 8
i P 18
] 20
3 —
3
& 1
5]
=
w
—14 HOMO  NEUTRAL CLUSTERS
g 1d
—{v\/\\‘\“j}*&‘
- 3 T T T
5 15 25

Number of electrons, N

FIG. 1. The ionization potentials (IP’s) for the pure se-
ries K, calculated in the spherical jellium approximation. The
corresponding energies of the 1p, 1d, 2s, and 1f highest occu-
pied molecular orbitals (HOMO) are also shown. The maxi-
mum IP’s appear when an electronic shell is closed at N = 8,
18, and 20 electrons (N = z). All the IP’s have values higher
than the bulk work function of potassium at 2.4 eV (dashed
line).
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FIG. 2. The electron affinities (EA’s) for the pure se-

ries K; calculated in the spherical jellium approximation.
The corresponding energies of the 1p, 1d, 2s, and 1f low-
est unoccupied molecular orbitals (LUMO) are also shown.
The minimum EA’s appear when an electronic shell is closed
at N = 8, 18, and 20 electrons (N = z). All the EA’s have
values lower than the bulk work function of potassium at 2.4
eV (dashed line).

changes in the electron affinity at the electronic magic
numbers 8,18,20,.... Thus the ionization potential (elec-
tron affinity) and the HOMO (LUMO) levels carry the
physics in jellium clusters.

The similarities between metal-cluster and nuclear
physics extend beyond the ground-state properties. In-
deed, the optical response of metal microclusters ex-
hibits substantial analogies with corresponding photonu-
clear processes.® In particular, the photoabsorption in
metal clusters proceeds via the excitation of a dipole
plasma mode where the valence electrons move collec-
tively against the jellium positive background. This pro-
cess is quite analogous to the well-known giant dipole
resonance in nuclei, where the protons move against the
neutrons.©

Detailed studies of the photoabsorption profiles in
alkali-metal clusters have been carried out using the
time-dependent extension of the local-density approxi-
mation (TDLDA),!!~13 or using techniques closely re-
lated to the nuclear many-body problem.!4~1€ In par-
ticular, the matrix-RPA (random-phase approximation)
was adapted!41% to the case of spherical, closed-shell
clusters. For specific mass numbers and species, like
neutral Nago and Nayg, this method predicted multipeak
photoabsorption profiles, more complex than the simple
one-peak profile expected from the Mie theory!” for the
charge oscillations of a classical metal sphere (ellipsoidal
model819). Such profiles have been recently observed
experimentally.1820 They represent quantum size effects
due to the discreteness of the single-particle levels and
their bunching into electronic shells.

Unlike the ground-state properties, which reflect di-
rectly the level bunching into shells, the optical response
depends upon energy differences between unoccupied and
occupied electronic orbitals, and thus it reflects the shell
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structure in a less obvious way. However, this paper will
show that a well-defined relationship between trends in
ground-state properties and trends in excited-state prop-
erties can be established as the shell structure varies from
the pure to the mixed metallic aggregates.

Indeed, selective changes in the position of single-
particle levels can be reflected both in the electronic and
in the optical properties of clusters. To this end, a means
is needed for altering the electronic structure away from
the square-well prototype, familiar from the case of pure
alkali-metal clusters. In the case of metallic clusters, an
efficient way for inducing modifications in the electronic
structure is the alteration of their chemical composition.
In particular, with respect to the pure clusters, the impu-
rity in bimetallic clusters, like MgK, and NaK, induces
unequal shifts in the single-particle levels.?!~2% Specifi-
cally, the s levels are substantially influenced, while the
rest of the angular momenta remain relatively unaffected.
The associated shifts are drastic and can be reflected in
a conspicuous way in concerted variations of both the
ground-state properties and the optical properties. The
aim of the present paper is to study these modifications
and their interconnection. To this end, both molecular
methods and nuclear methods, adapted to the case of
compound aggregates, will be utilized.

We describe the theoretical formulation in Sec. II.
In Sec. IIT we compare the molecular and jellium ap-
proaches. The results are presented in Sec. IV, and the
conclusions are drawn in Sec. V.

II. THEORETICAL TOOLS
AND METHODOLOGY

A. Two-step jellium background

Before proceeding to study the properties of mixed
clusters, we need to develop an adequate description of
the associated static, effective potentials. Apart from
the calculation of ground-state properties, the effective
potentials are needed as an input into the matrix-RPA
within the local-density approximation utilized here.
Specifically, the influence of the average field upon the
RPA equations is manifested through the energy differ-
ences from the unoccupied to the occupied single-particle
orbitals (particle-hole transitions). For mixed clusters,
such effective potentials can be determined within the
framework of a modified jellium background.

For homonuclear clusters, the effective potential is de-
termined by replacing the ionic charges by a homoge-
neous positive background of density ng which, in the
absence of any other information, is assumed to have the
bulk value Z/€ (Z being the atomic valence and Q2 the
atomic volume). The radius R of the positive background
is determined by the number N, of atoms in the cluster,

%’ERS no = Na Z = N. (1)
N is naturally the total number of delocalized electrons

in the cluster.
Since metal clusters occupy a finite volume, the rela-
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tive spacing of the electron energy levels will of course
depend upon the value of np. Empirical evidence sug-
gests that, for pure sodium and potassium clusters, the
bulk values of no are good enough. However, there
is no apparent reason why the cluster ion density nq
should be the same as the bulk density. A more re-
fined procedure would choose the value of ng in small
clusters in such a way that the level spacings calculated
in the jellium model correspond as closely as possible to
those obtained from self-consistent-field—linear combina-
tion of atomic orbitals-molecular orbitals (SCF-LCAO-
MO) calculations on optimized cluster geometries. Then,
comparisons can be made with clusters of different sizes
to see how the average background density ng evolves
and approaches the bulk value.

For a compound cluster containing the heteroatom
(impurity I) at the center of the otherwise homonuclear
host (H) cluster, the positive background n, will be
modified as follows:

ny =nd 0(Rr —r)+nf 6(r — R)0(Rg —71), (2)

where (R —r) =0 for 7 > R and 1 for 7 < R (see Fig.
3).

The use of the two-step jellium model (2) is partic-
ularly useful in describing large heteroclusters, since ab
initio methods of the type described earlier are restricted
to small clusters due to limitations of the present com-
putational resources.

In the case of the two-step distribution (2), an ini-
tial choice for the electronic densities could be the cor-
responding bulk values. However, although this choice
preserves the overall trend in the abundance spectra, it
leads to significant discrepancies with the experimental
observations in the case of divalent impurities.?? Best
known is the case of the series MgK,, where this proce-
dure predicts strong abundance maxima for both MgKg
and MgKg,?® even though only MgKg exhibits a maxi-

Ry Ry r

FIG. 3. Schematic representation of the two-step posi-
tive jellium background, with the impurity (I) occupying
the central region. Both cases of an impurity with a larger
(nd > nfl) and a smaller (n§ < n¥) electronic density than
the host are shown.
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mum in the experimental abundances.26

In the present work, we will adopt a more flexible ap-
proach, and, we will assign to the density n} of the di-
valent impurity a set of varying values, while retaining
the bulk value for the alkali-metal atoms. A compari-
son with the observation for both the ground-state and
optical properties will determine the best values for the
model. In parallel, comparison with molecular-orbital
calculations can yield information about the adequacy of
the assumed geometrical arrangement for the ionic cores.

B. Random-phase approximation

The description of the collective excitations of bimetal-
lic clusters, which we will present below, follows closely
the method used to describe plasma resonances in pure
alkali-metal clusters.!415 A discrete particle-hole basis
is constructed out of the single-particle energies for the
Hamiltonian,

Hy=T+U(r), (3)

where U(r) is the static effective potential resulting from
the two-step jellium background and T is the kinetic en-
ergy of the valence electrons. Then the total Hamiltonian
H = Hy+V, sum of Hy and of the residual particle-hole
interaction V specified in the local-density approxima-
tion (LDA), is diagonalized using the matrix-RPA (for
details, cf. Ref. 15).

The RPA eigenstates |n) are formed as a linear su-
perposition of particle-hole excitations in terms of the
forward-going and backward-going amplitudes. Since
the RPA preserves the Thomas-Reiche-Kuhn (energy-
weighted) sum rule S(E1) = Nh%e?/2m, the dipole tran-
sition probabilities B(F1,0 — n) and associated eigen-
values E,, obey the relation

an=11 (4)

where the oscillator strengths f,, per delocalized electron
are defined as
_E, B(E1,0—>n)

This result is also valid for the unperturbed particle-hole
excitations.

C. Molecular calculations

The electronic structure calculations were carried
out within the linear combination of atomic orbitals—
molecular orbitals (LCAO-MO) approach.?” The molec-
ular wave function ¥ is expressed as a linear combina-
tion of atomic orbitals ¢, centered at the atomic sites k.
The orbitals ¢ are themselves expanded as a sum of the
Gaussian functions g;,

V=D adr=D D cjg; =D dugs -  (6)
k k J k3

The coefficient dj; are determined via a solution of the
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Rayleigh-Ritz equation
(H-E)YW =0, (7

where H is the many-body Hamiltonian consisting of the
kinetic energy T', the ionic attraction term Vo, the elec-
tron hartree repulsion Vj, and the electron exchange-
correlation term V., namely,

H=T+Vion+ Ve + Vac - (8)

In all our studies, the exchange-correlation contribu-
tions have been included within the density-functional
approach.?® Equation (7) then reduces to the Kohn-Sham
equations,®

(=3V2 + Vien + Va + Vi2) ¥y = e, ¥y, (9)
where o is the spin index (up or down) and v is the
eigenvalue index.

We have used the form of the exchange-correlation po-
tential proposed by Ceperley and Alder.?° Further, the
inner cores have been replaced by norm-conserving non-
local pseudopotentials. The particular form of pseudopo-
tentials we have used are the ones proposed by Bachelet,
Hamann, and Schliiter.3? These are based on accurate
local-density calculations on atoms, have optimum trans-
ferability, and their parametrized form is easily adaptable
for molecular applications.

To carry out electronic structure calculations, one
needs the Gaussian basis functions g;. Since we are using
pseudopotentials, the available Gaussian basis functions
for Hartree-Fock and other all electron studies are not
appropriate. We therefore developed our own basis sets
by solving the atomic equation on a numerical mesh. The
numerical atomic functions were fitted nonlinearly to a
combination of Gaussian functions. For Na, K, Mg, and
Zn, the basis sets consisted of (3s,2p), (4s, 3p), (4s,2p),
and (4s, 2p, 5d) basis functions, respectively. All the basis
sets were not contracted. The basis sets were tested by
comparing the one-electron levels and the total energy
based on the basis sets with the corresponding quanti-
ties obtained via numerical integration of the Schrédinger
equation. The basis sets were also tested for their over-
completeness by carrying out atomic calculations with
an extra set of basis functions at varying distances. The
changes in total energy were minimal.

Using the above Gaussian functions, Eq. (9) was solved
self-consistently. The total energy was calculated via the
expression3!

E= Z(\P"l(—lv? + Vion) | ¥%)

+1 / / (r)p(r PEPT) e dr’ + / exc(r)p(r)dr

Z Z

by A a0
1<i<j<N T J

where po(r) = 3, [¥%(r)|? and p(r) = 3, pu(r) de-

notes the electron density at the point r. e, (r) denotes

the exchange-correlation energy per electron, and Z; is
the charge of the ions located at R;. The ground-state
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geometries were obtained by minimizing the total energy
for given symmetry constraints.

III. COMPARISON OF MOLECULAR
AND JELLIUM CALCULATIONS

To test the reliability of the two-step jellium model, we
have carried out parallel molecular calculations and have
compared the electronic structures resulting from the two
approaches. Specifically, we present here results for the
mixed aggregates MgKg, ZnNag, and MgKg. In the case
of the molecular calculations, the geometry was assumed
to be a centered cubic for MgKg or ZnNag and a centered
octahedron for MgKg. For the jellium calculations, the
densities n and n{! were assumed to be equal to the
corresponding bulk values.

For these two geometries, the molecular electronic con-
figurations are of the type (laig)? (1t14)® (2a14)? and
(1a1g)? (1t14)®, respectively. Comparison with the jel-
lium calculations is based on the correspondence 1s —
laig, 1p — 1t1u 28 — 2414, and 1d — (1d; + 1d.). Gen-
erally, the gap inside the molecular d manifold is much
smaller than the gap between the major shells, and it
can be overlooked for the purpose of the present compar-
ison. To illustrate the validity of this correspondence be-
tween the orbital levels, we have decomposed the molec-
ular wave functions in angular-momentum orbitals with
respect to the ionic charge center. For the case of ZnNag,
the coefficient of the spherical harmonic with the maxi-
mum contribution Cy, is listed in Table I. Even for the
least favorable case of the d orbitals, the corresponding
coefficient C, is very large, namely, 0.980.

Table I also lists the energy spectra. It is apparent that
the agreement between molecular and two-step jellium
calculations is very good. In particular, both calculations
reproduce the downward shift of the 2s level below the
1d level, and thus are able to account for the principal
experimental finding, namely the appearance of the new
magic number N = 10 electrons.32

This agreement between electronic configurations per-
sists also in the case of MgKe and MgKsg, as Table II
and Fig. 4 illustrate, respectively. Such an agreement
between molecular and jellium methods lends support to
the usefulness of the two-step jellium background as an
alternative approach in describing metal heteroclusters, a
fact particularly relevant in the case of larger mass num-
bers ( > 10 ) where computer limitations restrict the
applicability of ab initio methods.

TABLE I. Molecular vs jellium levels for ZnNag. The co-
efficient C of the spherical harmonic with the largest contri-
bution in the associated molecular orbital is also given.

Molecular Jellium
eV CtL eV
laig -7.41 0.995 (L = 0) 1s -6.05
1t1w -3.89 0.985 (L =1) 1p -3.68
2a14 -2.81 0.985 (L = 0) 2s -2.71
1d: -1.88 0.980 (L = 2) 1d -2.02
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TABLE II. Molecular vs jellium levels for MgKe.
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TABLE III
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abundance maxima for het-

eroatom/alkali (Y A;) compound clusters.

Molecular Jellium
eV eV Metals Y/A Maxima for N = electrons
laig —4.65 1s -4.85 Li/Na® 8, 20, 40
1t1a -2.44 1p -2.86 Li/K* 8, 20
2a1, -1.87 2s -2.09
1d; -1.30 1d -1.50 Mg/Na* 8, 10, 20
Ca/Na® 8, 20
Sr/Na® 8, 18, 20, 40
Ba/Na? 8,18
In spite of the explanation of the N = 10 magic num- Zn/Na® 10, 20
ber, both the calculations presented in this section fail to Eu/Na® 8, 18
account for additional important features of the observed Yb/Na? 8, 20, 40
mass spectra. In particular, they fail to account for the
sole observation of an abundance peak at N = 10 and the Mg/K® 10, 20
simultaneous absence of a peak at N = 8. This is because Zn/K?® 10, 20
both calculations exhibit comparable gaps between the Hg/K® 10, 21
1p and 2s levels and between the 2s and 1d levels, and
thus predict an abundance peak for MgKe and ZnNag Na/K" 8, 20, 40
as important as the peak for MgKg and ZnNag. This Cs/K"® 8,18
is in clear disagreement with the experimental observa-
®From Ref. 26.

tions for ZnNa, and MgK, (a summary of the available
experimental abundance maxima for mixed aggregates is
compiled in Table III).

What this discrepancy indicates is that the actual 2s
level is probably situated even lower than the present
calculations suggest, probably close or below the 1p
level. Since the second differences, Ay = E(Y Az+1) +
E(YA,_1) — 2E(Y A;), reflect the energy gaps of the
electronic spectrum, this conclusion is independent of the
method considered, jellium or molecular. In the frame-
work of the molecular orbital calculations, a better agree-
ment between theory and experiment could be reached
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FIG. 4. Comparison of ab initio molecular levels (right)
with two-step spherical jellium levels (left) for MgKs. The
corresponding electronic densities were taken to agree with
the bulk values. The agreement between molecular and jel-
lium calculation is very good. Unlike the case of pure Ks or
K10, the 2s level has been shifted below the 1d level and has
become the HOMO (dashed line). The jellium effective po-
tential is also shown. Notice the depression that develops at
the origin as a result of the Mg impurity.

PFrom Refs. 2 and 33.

by considering different geometric configurations. In the
framework of the two-step jellium background, it will suf-
fice to consider the electronic density of the divalent im-
purity as a variable and adjust it to produce the addi-
tional necessary downward shift for the 2s level. This
approach will be followed in Sec. IV, where a detailed
comparison between the jellium results and the available
experimental data for both abundances and photoabsorp-
tion spectra will be presented.

This methodology is supported by the jellium calcu-
lations of Refs. 22 and 23 which found that, although
the global trends presented in the abundance maxima
in Table III (e.g., the disappearance of the magic N=8
and the appearance of the magic N=10) depended upon
the difference of the electronic densities between impu-
rity and host, and could be understood using bulk r,
values, the detailed behavior of a given aggregate with a
divalent impurity was systematically misplaced in their
calculated evolutionary sequence.

IV. RESULTS AND DISCUSSION

A. Monovalent impurity: The series NaK; and RbK,

We will first consider the case of a monovalent alka-
line impurity, and in particular the sequence NaK,. We
compare the properties of NaK, with those of pure K,.
Experimentally, there exist some measurements of the
abundances of NaK, as compared to the abundances of
K..%3% We begin with a review of the available experi-
mental data before describing the corresponding theoret-
ical calculations.
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1. Single-particle levels

As reported in Refs. 2 and 33, the presence of the Na
impurity produces relative differences in the mass spectra
of the doped NaK, as compared to the series of the pure
K. These differences are not as extreme as in the case
of the series MgK, or ZnNa,, where the divalent dopant
produces a new magic number for N = 10 electrons. In-
deed, eight electrons is a well-defined magic number for
both NaK, and K,. The relative differences appear in
the area of 18-20 electrons. In particular, the rise in
intensity to NaK;9 (20 electrons) is strongly peaked in
contrast to the pure K, clusters. Moreover, in the case
of Cs-doped clusters (impurity of smaller electronic den-
sity), an increase in intensity is observed up to CsKi7 (18
electrons), followed by a drop at CsKis.

These observations can be interpreted on the basis of
the shell model as due to a competition of the 1d (18
electrons) and 2s (20 electrons) shell closures. Our cal-
culations using the two-step jellium background, with the
dopant occupying the central region, supports this inter-
pretation. Figure 5 displays the second differences A, for
the series of pure K, versus the compound series NaK
and RbK,. We have used the values of the bulk for !,
namely 4.00 a.u. for sodium (for potassium this value is

0 1.2 0
KR ] 5.20-4.86
-1, 28 0.6 RbK, -14
—24% 75" 0.04 f4-z:zz- b ~2Hde ..
1P 1
B ARSREEEREEEREEEREE] -3 R===
-1 1.2 -1
= i 4.86-4.86
-2 = S-246 -y
2 -G_J;_) < ‘B 2574
5] 5 "] e
2-4 TTT T T T[T T T I TTT o-4 =
oy 1.2 -
Jo—0l 4.00-4.86 ]
-2 —2o-- -9
3lo---9 _3] s
4 43 - - -G
-4 =0.6 T -4
N=8 4 8 12 16 20 24 N=20
Number of electrons, N
FIG. 5. Jellium second differences for the compound se-

ries RbK,; and NaK; (N = z + 1) compared to the pure
series K; (N = z). Bulk Wigner-Seitz radii (as indicated)
were used both for the host potassium and for the monova-
lent impurities. The peak at N =18 electrons competes with
the peak at N = 20. An impurity with a lower electronic
density (higher Wigner-Seitz radius) favors the N = 18 peak
and vice versa in accordance with the observations for the
mass spectra (Refs. 2 and 33). Notice that the peak at N =8
is not influenced. This behavior is explained by the relative
shift, induced by the impurity, of the 2s level with respect to
the other orbitals, as illustrated in the left and right columns.
The 2s level is more influenced at N = 20 than at N = 8. Left
column: the jellium single-particle levels at the size N = 8
electrons (solid squares: 1s; solid circles: 2s; open circles: 1p;
open squares: 1d; open diamonds: 1f). Right column: the
jellium single-particle levels at N = 20 electrons.
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4.86 a.u., for rubidium it is 5.20 a.u.). Going from K, to
NaK,, the peak for N = 18 electrons disappears, while
the N = 8 peak remains unaffected, and no N = 10 peak
does appear. For the series RbK;, the N = 18 peak is
enhanced. These trends are in good agreement with the
experimentally observed abundances?32 described earlier
(like cesium, rubidium has a lower electronic density than
potassium).

Figure 5 also displays the correponding positions of
the 1s,1p, 1d,2s, and 1f levels both for N = 8 and for
N = 20 electrons (N = z + 1, in the case of NaK, and
RbK;). The corresponding potentials are displayed in
Fig. 6.

A conspicuous effect of the heteroatom at the center3*
is the dramatic change it can cause in the effective central
potential that binds the delocalized electrons compared
to the case of pure clusters. Specifically, for n§ > nff
(as is the case with NaK,), a depression centered at the
origin develops in the potential. This depression results
in unequal shifts in the single-particle levels. The bound
single-particle levels that are most influenced are the s
orbitals, while the p and d orbitals remain comparatively
unchanged. This is a consequence of the i2[(l +1)/2mr?
repulsive centrifugal potential that insulates the higher
angular momenta from the narrow depression. The ex-
tent of the shift sustained by the s levels depends on both
the difference in the electronic densities and on the size of
the aggregate. This is seen from Fig. 5, where the large
shifts of the s levels are clearly exhibited. In the vicinity
of N = 8 electrons the shift of the 2s state is not strong
enough, and the 2s level remains above the 1d level. As
a result, no N = 10 electrons magic number appears. On

-1+ 4 -

2 /42

) A
S
3 s -3
> ROk,
s 4 3 i 14
C )
& M
5 b <4 -5
.
5 [ Na 1
-7 T -7
0 510 5 20 0 5 10 B 20

r (bohr)

FIG. 6. The jellium effective potentials at N = 8 and
N = 20 electrons for the monovalent impurities Na and Rb
in a potassium host. The dashed lines correspond to the pure
potassium Kg and Kz cases. For an impurity with a larger
electronic density (like Na), a depression develops at the ori-
gin. On the contrary, for an impurity with a smaller electronic
density (like Rb), a hump develops at the origin. Due to less
efficient screening, the influence of the impurity is more pro-
nounced at N = 20 than at N = 8 in agreement with the
relative shifts of the 2s level (cf. the corresponding single-
particle spectra in Fig. 5).
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the contrary, in the vicinity of N = 20 electrons, the 2s
level is shifted further down and is slightly lower than the
1d level. As aresult, the N = 18 electrons magic number
does not appear in the sequence NaK;.

In the case of a dopant with a smaller electronic density
(the case of CsK; or RbK;), the opposite trends develop.
Indeed, a hump (local maximum) develops now at the
center of the effective potential and the 2s level is shifted
upwards favoring the N = 18-electrons peak over the
N = 20-electrons peak.

2. Ionization potentials

The movement of the 2s level is also reflected in the
ionization potentials for the series NaK, and RbK, (cf.
Fig. 7), as compared to the pure sequence K, (cf. Fig.
1). Indeed, the I.P. does not show a step at NaKj7, in
agreement with the abundances. For the case of the less
dense impurity, the step at RbK;g is missing.

Otherwise, it is to be noticed that the value of the I.P.
is almost independent of the impurity. This is because
the ionization potential reflects the HOMO levels, whose
energy changes very little due to the impurity. In par-
ticular, for 4 < z < 7, the HOMO is the 1p level, while
for 8 < z < 17, the HOMO is the 1d level. This trend
is in agreement with the experimental results on K, and
NaK, presented in Ref. 35.

8. Optical response

It has been found!® that the split-plasmon that charac-
terizes the photoabsorption profiles of homonuclear Nagg
and Kog clusters can be treated as a two-level model due
to a degeneracy between the collective plasmon and a
particular 2s — 3p particle-hole transition. In the case
of the compound NaK;g, the impurity at the center shifts
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FIG. 7. The ionization potentials for the compound series
RbK, and NaK,; (N = z + 1). Compared to the pure K.
(cf. Fig. 1), only one step appears in the range N = 18-20.
N = 18 is favored over N = 20 for RbK;, while the opposite
holds for NaK.
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FIG. 8. The variations of the 2s — 3p transition that

splits the plasmon in the case of pure K29, but not in the case
of the mixed NaK;s. The associated jellium potentials are
also shown. The dashed lines indicate the HOMO levels. The
bulk Wigner-Seitz radii that were used are also indicated.

the 2s level downwards, but barely affects the 3p level,
while, at the same time, the position of the plasmon re-
mains unchanged. As a result, the energy of the 2s — 3p
transition increases (cf. Fig. 8), and it is to be ex-
pected that the degree of the splitting in the photoab-
sorption spectrum will be affected by the presence of the
Na dopant. Indeed, matrix-RPA calculations for K¢ and
NaKjg are displayed in Fig. 9. In the case of Kgq, the
plasmon is split into two components, while in the case of
NaKg there appears one dominant line with 80% of the
Thomas-Reiche-Kuhn sum rule. In the case of RbKjg,
the 2s — 3p transition becomes comparatively smaller,
and the extent of plasmon splitting is more pronounced,
as Fig. 9 illustrates.

We have shown that the introduction of a monova-
lent Y impurity modifies the electronic structure of the
compound YK, with respect to the pure K, series. In
particular, in the vicinity of 20 electrons, the 2s level is
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FIG. 9. RPA oscillator strengths for the compound
RbKig, NaKjg, and the pure Kio. Bulk Wigner-Seitz radii
were used.
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strongly shifted, while the 1d and the np levels remain
relatively unaffected. This movement of the 2s level was
shown to be reflected both in the ground-state properties
as well as in the photoabsorption of the mixed aggregates.

B. Divalent impurity: The sequence ZnNa,

1. Magic numbers

As discussed earlier the central depression in the po-
tential due to the dopant shifts the 2s level, but leaves
the 1p and 1d levels relatively unaffected. The deeper
the depression, the deeper the 2s state is pushed down.
If it is shifted below the 1d level, a new magic number for
N = 10 electrons can appear for the series BA,, where
B denotes a divalent impurity (N = = + 2). As shown
in Fig. 10 (right column), this has happened already for
rl = 3.00 in the series BNa,. In this case, the com-
pound aggregate is spherical, like the case of Nag, and
in sharp contrast to the prolate Najg. The competition
of the peaks between N = 8 electrons and N = 10 elec-
trons in the abundance spectra, however, is determined
by the relative position of the 2s state with respect to
both the 1d and 1p levels. Figure 10 displays the evo-
lution of the second differences A2 in the total energies
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FIG. 10. Left column: jellium second differences for the
series BNa; (N = z+2), where B denotes a divalent impurity
whose Wigner-Seitz radius varies from 3.00 to 1.15 a.u., as in-
dicated in the figure. Right column: jellium single-particle
spectra for BNag corresponding to the different electronic
densities of the divalent impurity (solid circles: 2s; open cir-
cles: 1p; open squares: 1d). The downward shift of the 2s
orbital between the 1d and the 1p levels is apparent, and cor-
relates with the variations in the second differences. The 75
that best reproduce the observations (cf. Table III) for the
mass spectra of ZnNa, are 1.15 and 4.00.

C. YANNOULEAS, P. JENA, AND S. N. KHANNA 46

of the BNa, aggregates, when the Wigner-Seitz radius of
the central impurity varies from 3.00 to 1.15 a.u. (for the
corresponding potentials, cf. Fig. 11). A lower r! favors
the N = 10 peak. For r! = 1.15 the N = 8 peak has dis-
appeared, in agreement with the experimental data on
ZnNag (Ref. 26) (for comparison, the bulk Wigner-Seitz
radius of Zn is 2.31). For MgNag, the experiment ex-
hibits two equally sized peaks.?® From an inspection of
the trend in the second differences displayed in Fig. 10,
this latter compound seems to correspond to 7! = 1.90
(for comparison, the bulk Wigner-Seitz radius of Mg is
2.65). Figure 10 also displays for N = 10 electrons the
energy levels for the 1p, 1d, and 2s single-particle states
(right column). The downward shift of the 2s level be-
tween the 1d and the 1p levels is well noticeable and is
in agreement with the competition of the N = 8 and
N = 10 peaks in the corresponding plots for the second
differences.

From a comparison of the experimental mass spectra
for ZnNa, and the second differences resulting from a
two-step jellium model for the series BNa,, we infer that
the best value for the Wigner-Seitz radius of the Zn im-
purity is 1.15 a.u. This value is substantially different
from the corresponding bulk value. For the Wigner-Seitz
radius of Na, we retain the bulk value of 4.00 a.u. With
this choice then, we proceed to calculate the optical re-
sponse of ZnNag, and compare it to the observation.36

2. Photoabsorption

ZnNag offers another typical example of the influence
of the impurity upon the photoabsorption profiles. The
photoabsorption cross section of this cluster has recently
been measured by Kappes et al.3¢ A double peak has
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FIG. 11. Jellium potentials for BNag, where B stands for

a divalent impurity whose Wigner-Seitz radius varies as indi-
cated from 4.00 to 1.15 a.u.
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FIG. 12. RPA oscillator strengths of the mixed aggregate
BNag assuming two different Wigner-Seitz radii for the di-
valent impurity, while retaining the associated bulk value for
sodium (namely, 4.00 a.u.). The r, that best reproduce the
observed photoabsorption of ZnNag (Ref. 36) are 1.15 and
4.00.

been observed: the higher component lies at 2.97 eV and
carries a smaller amount of the strength than the lower
component at 2.63 eV. Figure 12 displays the RPA re-
sponse for the system BNag for two different values of
rI. For r] = 1.60, one single line at 2.76 eV carries 62%
of the TRK sum rule. In the case of r] = 1.15, the single
line is fragmented into three smaller lines. Two of these
lines at higher energies (at 2.87 eV) are closely spaced
and will appear as one peak after the broadening that ac-
counts for the experimentally observed widths. Between
the two of them, they carry 26% of the total strength,
while the stronger line at 2.57 eV carries 42% of the
strength. The variations in the photoabsorption profiles
displayed in Fig. 12 depend again upon the extent of the
shift sustained by the s levels. In particular, the frag-
mentation at the value r! = 1.15 is due to a degeneracy
that occurs between the plasmon and the 2s — 2p and
1p — 3s particle-hole transitions (cf. Fig. 13). A very
strong shift downwards supplied by the value ! = 1.15
is needed for this degeneracy to develop. As discussed
in the earlier paragraph, the same shift accounts suffi-
ciently well for the trend in the observed abundances of
the series ZnNa,.
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FIG. 13. The variations of the 2s — 2p and 1p — 3s
transitions that develop as the electronic density of the di-
valent impurity changes. These transitions split the plas-
mon when the Wigner-Seitz radius of the impurity is 1.15
a.u. (cf. Fig. 12). The associated jellium potentials are also
shown. The dashed lines indicate the HOMO levels. The bulk
Wigner-Seitz radius of Na that was used is also indicated.

V. CONCLUSION

We conclude that a two-step jellium background with
the background density for the central region substan-
tially different from the bulk value can describe suffi-
ciently well both the optical properties and the abun-
dances of compound clusters possessing a divalent impu-
rity. In the case of an alkali-metal impurity, use of the
bulk value seems to suffice. Specific examples have been
presented on how the influence of the impurity can be ac-
counted for within a unified framework by considering the
modification of the effective average field. Approaches
adapted from the nuclear many-body problem (matrix
RPA) can then be immediately applied to treat the pho-
toabsorption of compound clusters in analogy with the
case of pure clusters. A strong correlation between rel-
ative differences in the electronic structure and relative
differences in the optical response was found.
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