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Abstract

®

CrossMark

Photoionization studies of Na,y and Nag, clusters are carried out in a framework of linear
response density functional theory. Cross sections show substantial spillover of plasmon
resonances to the near-threshold ionization energies which are in reasonable agreements with
photoabsorption measurements. The analysis of the oscillator strength, consumed by the cross
section, lends further detailed insights. The many-body interaction induced self-consistent
field from density fluctuations suggests the existence of an attractive force. This may cause
time-delayed plasmonic photoemissions in ultrafast measurements. At the waning end of the
plasmon structure, a strong minimum in the cross sections from a correlation-driven coherence
effect is predicted which can possibly be observed by the photoelectron spectroscopy.
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1. Introduction

The physics of atomic clusters has gained broad importance
as a domain of study of new physical objects, often termed as
super-atoms, over the past few decades [1]. Such clusters are
aggregates of atoms, ranging from two to a few thousand of
atoms, and provide the platform to study a new phase of matter
intermediate to atoms or molecules and solids [2]. These sys-
tems also offer valuable opportunities to understand how the
bulk properties emerge from their individual constituent atoms
[3]. Possibilities of designing new class of materials with tailor
made characteristics using clusters as building blocks, instead
of atoms, have rendered this field diverse and vibrant [4].
The extensive research on clusters over the years has revealed
many unusual properties which are of interests to the field of
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physical and chemical sciences, material sciences, and biolog-
ical sciences, making these explorations interdisciplinary in
nature [5].

Many intriguing phenomena are associated with the pho-
toresponse spectrum of atomic clusters [6]. These include
phenomena, such as, plasmon resonances [7-9], fano type
resonances [10], and diffractive modulations [11] in the pho-
toelectron signal due to the largely well-defined cluster edges
[12]. One primary focus of the present work is the photoion-
izing response of the plasmon resonances—resonances that
form due to the collective oscillations of the valence elec-
tron cloud. Excitation of a lower energy giant surface plasmon
resonance is known to be a prominent feature in the pho-
toresponse of neutral alkali metal clusters that occurs below
the ionization threshold energy. On the other hand, for anion
clusters this resonance appears in the continuum (ionization)
energy region [13]. Giant resonances in metal clusters have

© 2021 IOP Publishing Ltd  Printed in the UK
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applications in nano-optical devices, chemical and biologi-
cal sensing, and bio-medicine etc [14—16], besides their emi-
nent role as ‘spectral laboratories’ to assess many-electron
effects. Therefore, developing detailed and accurate under-
standing of the origin, the underlying dynamics, and related
observable effects of this resonance are a matter of significant
priority.

In addition, the presence of a higher-energy volume like
plasmon makes the photo-spectrum of atomic clusters [7] more
robust compared to the spectrum of the corresponding bulk
metal. It is well known that due to the translational invari-
ance, the coupling of the volume oscillation in bulk to light
is not feasible [17]. However, the situation is different for the
case of finite systems like metal clusters due to the broken
translational invariance that may cause boundary reflections
of the plasma wave. As a result, optically active volume plas-
mon resonance can also become possible. The presence of
such a volume plasmon excitation is observed for the first
time in the experimental work of Xia er al [7]. Their pho-
ton depletion measurements of Na,o and Nag, clusters showed
a broad volume plasmon resonance mounted on the decay
ridge of giant surface plasmon and peaking slightly above 4
eV. The tail of this combined structure was found extended
to the ionization region. The present calculation is motivated
to address this spillover part of the plasmon structure closely
above the ionization threshold. In studying this, we also pre-
dict a universal minimum at the decay end of the structure
from an interchannel coupled phase-coherence effect arising
from many-electron correlations. Furthermore, an analysis of
the many-body induced self-consistent field potential at the
plasmon spillover energies point to a correlation driven attrac-
tive force that suggests possible time delays of the emerging
photoelectron.

The dynamical response of the Na clusters to the external
electromagnetic radiation is calculated using a linear response
density functional theory (DFT) approach. A fairly compe-
tent method belonging to this class is the jellium based time-
dependent local density approximation (TDLDA) [18]. In the
past, application of TDLDA to atomic clusters is found to
be successful in explaining the collective phenomena occur-
ring at low energies [8] and also the diffractive oscillations
present at high energies [12]. The ease and transparency
of a jellium based model enable physicists to interpret the
key physics that determines the dynamics. A recent study
on fullerenes indicated that a better agreement with experi-
ment can be obtained by using one such DFT approach with
Leeuwen—Baerends (LB94) exchange—correlation (xc) func-
tional that produces the correct ground state asymptotic prop-
erties [19]. Another study has tested the efficacy of the method
for Na clusters [20]. Hence, this method is chosen in the
present work.

The paper is organized in the following way. A basic
description of the theoretical methodology is provided in
section 2 which has two parts. The details of ground state
structure in the spherical jellium formalism along with a brief
account of the LB94 parameterization scheme is provided in
section 2.1. A brief description of the method that incorporates
electron correlations in response to the radiation is given in

section 2.2. Section 3 constitutes the results and discussions of:
photoionization cross sections and its comparison with exper-
iment (section 3.1), the photoelectron oscillator strength (OS)
(section 3.2), the many-body correlation induced potential in
the spillover region of plasmon (section 3.3), and the predic-
tion of a ‘correlation minimum’ at the high-energy end of the
plasmon structure (section 3.4). Finally, section 4 concludes
the study. Results are shown in atomic units (a.u.), unless
indicated otherwise.

2. Theoretical methodology

2.1. Ground states of Nasg and Nagy

To investigate the ground state electronic structure of Nay
(N = 20 and 92), a DFT approach is adopted. For such sys-
tems of closed-shell configurations the jellium model serves
as a very good approximation. In this model, the jellium
potential (Vi (r)) replaces the ionic core of 20 and 92 Nat
ions, respectively for Nayy and Nag,, by potentials constructed
after homogeneously smearing their positive charges into
jellium spheres. The potential Vi (r) is generated by the

distribution:
2
_N 3o (L , r<R.
2R, R,
N

, r>R.
r

Vjel(r) =

The radius of each cluster is determined by the number N of
ions present in the system. The radius of Nay is calculated to
be 10.67 a.u. and that of Nag, to be 17.74 a.u. using the for-
mula R, = r,N'/3, where r, is the Wigner—Seitz radius (3.93
a.u.) of a Na atom. The Kohn—Sham equations for N delocal-
ized valence electrons, the 3s' electron from each Na atom, are
solved to obtain the ground state structures of Nayy and Nag,.
It is to be noted that to match the valence ionization thresholds
with the experimental values [21], suitable constant pseudo
potentials are added.

In terms of the single-particle density p(r), the ground state
self-consistent field LDA potential reads as,

p(r’)
r—r/|

Vioa® = Vi) + [ar PEL vl )

where the second and third terms on the rhs are respec-
tively the direct and xc potentials. Approximate form for V.
has to be used since its exact form is unknown. In the present
work, we approximate the V. with the LB94 functional which
provides an accurate asymptotic description of the ground-
state properties. This functional belongs to a gradient corrected
class of approximation by van Leeuwen and Baerends, param-
eterized in terms of the reduced density and its gradient V p(r)
[22], to be given by,

(.95

o 1/3
Vi = =Bl e e

@)

where 3 = 0.01 is a fitting parameter and X = [V p]/p*/>.
The parameter £ arises due to the change of system from
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Table 1. Binding energies (BE) of HOMO and HOMO-1 levels of
Nayo and Nag, in the harmonic oscillator notation.

BEnowmo (V)

BEnomo-1 (eV)

Nayg 25 —3.75 1d — 4.20
Nag, 1h — 347 3s — 3.57
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Figure 1. (a) Ground-state radial wavefunctions for HOMO and
HOMO-1 levels calculated for Nayy and Nag,. (b) Ground-state
radial potentials and energy levels calculated for Nayp and Nag,.

spin-polarized to spin-unpolarized form [23]. This scheme of
gradient correction of density is derived from a gradient expan-
sion series that naturally eliminates self-interactions and pro-
duces the correct asymptotic behavior.

The calculated binding energies of the highest occupied
molecular orbitals (HOMO) and (HOMO-1) of these systems,
of 2s and 1d character respectively for Na,y and 1h and 3s
respectively for Nag,, are given in table 1 and their radial wave-
functions are shown in figure 1(a). It can be seen that HOMO
level of Nay has a single node whereas Nag, is nodeless. The
situation reverses for HOMO-1. As a result, the radial struc-
tures of HOMO and HOMO-1 wavefunctions significantly
differ in these two systems. Figure 1(b) shows the ground-
state radial potentials of Na,y and Nag, clusters and the level
energies.

2.2. Dynamical response

The dynamical response of the cluster subjected to the
external dipole field ‘z’ can be calculated by employing a
linear-response DFT scheme, known as time-dependent LDA
(TDLDA) modified by LB94 [24]. The dipole field can induce
a frequency-dependent complex change in the electron density
dp [25], which, within a linear-response perturbative frame-
work, can be written as:

Sp(r's w) = / (s w)zdr, 3)

where x is the full susceptibility of the system which incor-
porates all the dynamical electron correlations. The above
equation can be re-written in terms of independent particle (IP)
susceptibility, x,, and the complex field JV as,

dp(r'sw) = / Xo(r, r'; w)dV(r; w)dr, 4)

where X, is constructed by the ground-state single-electron
orbitals ¢,; and energies €, [26]. The IP susceptibility X is
related to x by the matrix equation:

X = xoll = (OV/9p)xol . (5)

The total field, §V, is given by the following relation:

OV(r;w) = z + Vipa(r; w), (6)
where
/.
V(i) = [ 228 o PVXC} Sp(r;w).  (7)
r = 9p ] pmpy

Using the matrix inversion method [27], equation (5) is
finally solved for x which in turn is used for obtaining dp
and thereby 6V by making use of equations (3) and (6) in a
self-consistent way.

In this formalism, the photoionization cross section corre-
sponding to a bound-to-continuum dipole transition nf — k¢’
is then calculated using

Ttk ~ [k 5V [nE)[*. ®)

It is clear from the above equation that in addition to the
external perturbation z, the calculation involves the complex
induced field Vj,q driven by the many-electron correlations.
Obviously, setting 6V = z yields the IP LDA cross section
that ignores correlations. A comparison of LDA and TDLDA,
therefore, easily possible in this method to study the role of
many-electron effects in the photoionization process.

3. Results and discussion

3.1. Photoionization cross-sections and comparison with
measurements

Total photoionization cross-section of Nayy and Nag, clus-
ters, calculated in TDLDA + LB94 and the corresponding
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Figure 2. TDLDA and LDA cross sections of Nayg (a) and Nay, (b).

LDA results, are shown in figures 2(a) and (b) respectively.
As seen, the TDLDA cross section profiles, as a function
of photon energies, strongly differ from the LDA profiles
by (i) significant enhancements near the ionization thresh-
old region, (ii) the presence of autoionization resonances, and
(iii) the appearance of a minimum at about 7.20 eV for Nayg
and 6.22 eV for Nag,. The near-threshold enhancement in
TDLDA cross sections combines the remnant of the giant
surface plasmon resonance, that flourishes below the ioniza-
tion threshold, and a major portion of the broader volume
plasmon resonance, both emerging from the collective elec-
tronic motions when subjected to an external electromagnetic
field. This resonance spillover from the discrete to contin-
uum spectrum is embedded by a host of narrow spikes, which
are the autoionization resonances resulting from the degener-
acy of ionization channel with the inner-level single-electron
discrete excitations.

In the perturbative interchannel coupling frame of Fano
[28], the TDLDA matrix element M, (E) of a dipole ion-
ization channel n¢ — k) can be represented as [24]

My B) = D)+ S [ aE
n'l'#nl
(Vo (E)| m |Vne—sirn(E))
* E—F
X Dy oy (E"), ©)

where D, is the unperturbed (LDA) matrix element, |¢)
refer to interacting continuum channel wavefunctions and the
sum runs over all degenerate continuum channels that couple,
except the n¢ channel. The matrix element within the integral
of equation (9) is known as the interchannel coupling matrix
element. The second term in equation (9) embodies impor-
tant electron correlations that build the strength of the plasmon
resonance spill in the n¢ — kX channel from an in-phase coher-
ence mechanism discussed elsewhere [24]. Equations similar
to equation (9) for other channels justify similar enhancements
at the same energies for all the subshells [figure 6] of a cluster
at the spillover energy region. Consequently, the sum over all
subshells adds up coherently, leading to the dramatic enhance-
ment of the TDLDA cross section [figure 2]. But, as seen in
figures 2 and 3, no enhancement is seen in the LDA predic-
tions which neglect the electron correlations. Structures in the
LDA profiles in this near-threshold region are due to the grad-
ual openings of inner-level ionization channels. However, the
interpretation of narrow resonances in the Fano frame needs
bound-continuum channel coupling, for which the coupling
matrix element in equation (9) will modify as [29],

1
I |/(/)n£’—>k)\>a
Ly ‘

(Unrosy |
T —
nt

where n'¢' — 1’ )\ denote discrete excitation channels. The
jellium-based delocalized wavefunctions [figure 1(a)] are dif-
fused that spread over too large a distance. Hence, the above
coupling matrix element of w—lr,,m involving such spread
out wavefunctions translates to a small value. Consequently,
the TDLDA model predicts small autoionization rates, pro-
ducing widths that may be overtly narrow. Such narrow
autoionization resonances in jellium-based TDLDA calcula-
tions of clusters are not uncommon. They were predicted
in photoionization studies of fullerenes [19] and in inter-
Coulombic decay (ICD) resonances in endofullerenes [30].
However, it is difficult to confirm, in the absence of exper-
iments, how unrealistic the predicted widths are. As a fun-
damental effect, electron delocalization being an intrinsic
character of clusters will likely produce narrower autoioniza-
tion resonances than those in atoms in which wavefunctions
are highly localized.

The existence of the volume plasmon resonance and the
extended tail of the surface resonance to the ionization part
is experimentally seen in the work of [7]. Comparisons of
our photoionization calculations with these measured photoab-
sorption data is shown in figure 3(a) for Na,( and figure 3(b) for
Nag,. For this comparison, the theoretical total cross section
per atom is evaluated for each cluster and an appropriate unit
conversion is carried out, from a.u. to A%, by multiplying with
a3 where ap = 0.529 A is the Bohr radius. The data covers
the range of 2 eV to 5.64 eV. Following reference [7], fits
to the experimental data as a sum of four Lorentzian pro-
files for Nayg and a sum of three for Nag, are also shown in
figure 3. It is to be noted that fitting is done not to smear out
the narrow autoionization resonances but to fit only the back-
ground plasmon structure. The lower energy Lorentzians in
both cases represent the giant portion of the plasmon below
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Figure 3. TDLDA cross sections along with experimental data from
[7] for Nayp (a) and Nag; (b). Lorentzian fits to the experimental
cross sections are also shown. LDA results are added for
comparisons.

Table 2. Resonance positions (£,), FWHM (I') of the higher
energy plasmon (HEP) [7].

E, (eV) T (eV)
Nasy HEP 4.04 1.19
Nag> HEP 420 1.16

the first ionization threshold that our photoionization results
cannot access. The present TDLDA calculations span the ion-
ization part of the spectrum only and, as noted, overlap very
well with the higher energy Lorentzian fits used for both the
clusters. The peak energy position (Ey) and width (I') of the
fourth Lorentzian curve for the higher energy plasmon res-
onance (HEP) for Nay and the corresponding position and
width for the third Lorentzian curve for Nag, are shown in
table 2. It is clear from the figure that the steady background
parts of TDLDA cross sections agree well with the experiment
describing the spillover of the plasmon resonances. As the size
of the cluster increases the peak positions of the volume plas-
mon shifts to higher energies (blue shifted). Curiously, this size
effect is found to be opposite in the case of fullerenes (Cgo and
Ca40) where peak positions shifted to lower energies as the size
increased [19].

It is to be noted that the narrow autoionization resonances
are missing in the experimental data. This is likely due to the
finite temperature effects of the metal clusters in experimen-
tal conditions. This lead to the coupling of electronic motion
with the temperature induced vibrational and rotational modes
[31] and fluctuation of the cluster shape around the shape of
absolute zero temperature [32]. The narrow widths of these
resonances may enable their intrinsic time scale longer and
comparable with these ‘molecular’ motions to facilitate the
coupling. This was also found and discussed earlier for Cgg
for which photoelectron intensity measurements showed rather
smooth profile [24]. One standard way to approximately
invoke temperature effects in the numerical calculations is by
including a width [8, 24]. But that next step will be appro-
priate when direct photoionization measurements are available
for neutral clusters.

Recent angle-resolved photoelectron spectroscopy (PES)
measurements of angular distribution anisotropy parameter 3
of Na,, cluster anions [13] were found free from autoioniza-
tion resonances even after being carried out at low temperature
of 6 K. Subsequent results using RPAE with jellium model
also did not reveal narrow resonances [33, 34]. The absence of
such structures in these works could be due to the reduction of
excited states degenerate with plasmonic ionization in anions
compared to neutrals. It may also be due to the fact that the
[ parameter involving ratios of emission amplitudes weakens
the resonance effects from some cancellation. All these, how-
ever, points to the need for photoionization measurements of
neutral clusters, especially given the overall agreement of our
background TDLDA cross section with the absorption data, as
seen in figure 3.

3.2. Oscillator strength

From the experimental data shown in figure 3, it is quite clear
that the bulk of the absorption OS is consumed in the excitation
part of the spectrum below the ionization threshold. In order to
get a quantitative measure of the fraction of the OS exhausted
in the ionization process, we introduce an ‘accumulative’ OS
as a function of photon energy given by the following relation:

Ey

OS(E;) = OSy, + / o(E)dE, (10)

Ep

where OS,, is defined as the baseline OS that is calculated by
integrating the experimental cross section [7] from the start-
ing photon energy of the measurement to the theoretical ion-
ization thresholds (Ey,). OSy, therefore corresponds to the OS
exhausted by the plasmon resonances below the threshold. The
second term in equation (10) corresponds to the incremen-
tal addition to the OSy, cumulatively with energy, due to the
plasmon spill to the ionization region from Ey, to E;. Here E
will vary from Ey, onwards allowing us to calculate OS; as
a function of E;. Note that until 5.64 eV, the photon energy
corresponding to the last experimental datum, E¢’s are the var-
ious energies for which experimental measurements are avail-
able. In equation (10), o(E) corresponds to TDLDA total cross
section for the calculations of theoretical OS;. For calculating
the experimental OS;, on the other hand, o(E) corresponding to
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Figure 4. Accumulative oscillator strengths for Nayy (a) and Nag,
(b) where the theoretical results are calculated using the present
TDLDA + LB9%4 cross sections and the experimental OS are
calculated using fitted values to the data in [7].

fitted cross section data between two successive measurements
[7] are used.

Figure 4 shows OS on a zero-to-one scale, because it repre-
sents OS per atom, that is the total OS divided by N. For Nay,
the OSp, = 0.5230 and for Nag,, OS, = 0.4352. These suggest
that about 52% of OS is exhausted below the ionization thresh-
old of Nayg, while it is about 44% for Nag,. The implication is
that more fraction of electrons are available to participate in
the ionization process for the larger cluster. Hence, the size
of plasmon spill increases for Nag,. The rise of the theoreti-
cal OS curve above the experimental curve is due primarily to
the narrow autoionization resonances in the theoretical spec-
trum which add strengths. This accounts roughly about 20%
of OS for Nayy, while it is 30% for Nag,. As discussed ear-
lier, the experimental measurements cannot likely access these
narrow single particle resonances due to the finite temperature
effects. However, the corresponding OSs cannot be lost and
may transfer to different photon energies.

One comment should be made about the measurements
though. The energy deposited into the cluster will not only
dissipate through ionization that we calculate, but also be
shared with thermalization and evaporation channels as well.
Even though the corresponding branching ratio is unknown,
we note the following: (i) the direct ionization, that pro-
vides the smooth background contribution of the TDLDA

results, is known to be a much faster process (in attosec-
onds) for clusters [35, 36]. (ii) In contrast, the thermaliza-
tion/evaporation processes, that include ionic vibration, take
far longer times (in femtoseconds) [37, 38]. Therefore, it
is conceivable that the dominant contribution to the mea-
sured absorption data above the ionization threshold energy
is from the ionization process—the process that can quickly
utilize the energy absorbed. This may not be true below the
threshold where the excited electron can decay to thermal-
ize. Of course, a more detailed calculation including elec-
tron—phonon coupling, which is beyond the scope of the
current study, is necessary to validate our speculation. For
now, it is interesting to note that even without that coupling,
the present calculation show good agreement with the over-
all background plasmon spill in absorption measurements.
However, the remaining uncertainties underlines the need for
direct photoionization measurements of clusters to acquire
detailed insights.

3.3. Collectivity induced field

TDLDA dipole matrix element (k¢'|z 4 Vina|nf) in equation
(8) requires knowledge of Vi,4, which is the complex induced
field driven by electron correlations and is singularly respon-
sible for the plasmonic enhancement in the cross section. The
behavior of the real and imaginary parts of Vi,q across the
collective resonance region is well known [39, 40]. Im(Viyq)
characteristically shows a well-type shape across the energy
range of the resonance where the minimum of the well occurs
near the energy of the resonance peak. On the other hand,
Re(Vin) executes an oscillation by switching the sign over this
range where it sluices through the zero at the resonance peak.
These two distinct behaviors can be combined in a unified pic-
ture. Im(Vi,g) has a predominant collective character, while
Re(Vinq) represents effects of the external field. Therefore, as
the resonance builds with increasing energy and approaches
its peak, the effect of external field reduces [Re(Ving) < O,
the screening] while the collective motion grows. At the
peak, the effect of external field is negligible [Re(Vinq) ~ 0],
where the collective response dominates. At the decaying
part of the resonance this trend reverses [Re(Vi,q) > 0, the
antiscreening].

In the current study, however, we access the remnant of the
plasmon structure spilling over to the photoionization chan-
nel which is fragmented by many single electron narrower
resonances mixing coherently with the plasmon effect. This
coherence indicates that there are interferences between the
single electron Auger process and collective plasmon. So the
simple mechanism expressed above becomes complex, the
induced field becomes structured, but an interesting general
trend should remain that we now explain.

Figure 5 shows the 3D plots of real and imaginary part of
radial induced field, Vi,q(r; w), for Nayy and Nag,. All the plots
show many smaller structures, which are because of single-
electron resonances that become relatively stronger as the plas-
mon spill gradually weakens with increasing energy. How-
ever, notice the broad shapes in Im(Vj,g) for both systems.
Each shape appears like the ridge of a full-size well whose
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Figure 5. The real and imaginary part of radial self-consistent field potential, Vinq(r), for Nayg (left panels) and Nag, (right panels). Some
smoothening is implemented for visual aid. Small arrows pointing on the energy axis in the Re(Vinq) panels indicate the energies of

correlation minima.

bottom must be below the ionization threshold where the plas-
mon structure actually peaks. The shapes suggest the emer-
gence of transient attractive fields as a result of the electrons’
collective dynamics. Consequently, the liberating photoelec-
trons will experience a resistance against their exit and will
likely slow down. This can lead to observable time-delayed
emissions of electrons [41] in the plasmon spillover range. Par-
ticularly, this may find relevance in the context of the electron’s
intrinsic Wigner-type delay properties [42]. Time delay
studies in photoemission belong to a contemporary field of
interest based on methods of attosecond photoemission mea-
surements in RABITT or streaking spectrometry [43]. Similar
attractive force, driven by electronic collective interactions,

has earlier been predicted at plasmon photoionization energies
of C60 [44]

A remark on the shape of Re(Vj,q) may also be in order.
Barring the finer structures from single electron resonances,
the overall shapes of Re(Vi,q) for both systems emerge like
incomplete domes. These shapes are expected and clearly sug-
gest the antiscreening behavior, Re(Viyg) > 0, as characteristic
of the plasmon decay.

3.4. Correlation minimum

As seen in figure 2, the total photoionization cross sections
undergo oscillations both in LDA and TDLDA starting from
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Figure 6. Subshell cross-sections for Nay, (a) and (c), and Nagy, (b) and (d), compared with corresponding total cross-section obtained
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energies where the plasmon structure begins to fizzle. The
oscillations far above the plasmon region are well understood,
accessed in experiments [11] and attributed to the diffrac-
tion of the photoelectron waves from the edges of the cluster
[12]. Since the feature is associated with the cluster geom-
etry, it is seen even in the IP LDA results. The merging
of the oscillations at higher energies in TDLDA and LDA
reflects on the fact that the higher-energy oscillations are unaf-
fected by the electron correlations. However, the TDLDA cross
sections reveal a rather strong minimum occurring at 7.20 eV
for Nayy and 6.22 eV for Nag, which are clearly missing in
their LDA counterparts. Incidentally, this feature was also
revealed in earlier calculations [9], but was never properly
interpreted.

Further insights into this minimum can be harnessed by
looking at the individual subshell cross sections. In figure 6
are shown the cross sections from the three outermost sub-
shells of Najy and Nag, along with the total cross sections
obtained from LDA [figures 6(a) and (b)] and TDLDA [figures
6(c) and (d)]. It is clear in the TDLDA results of each clus-
ter that for all subshells, irrespective of their angular momen-
tum character, this minimum in question occurs dramatically
at the same low energy to create a rather emphatic minimum
in the total cross section. But such energy-concurrence, inde-
pendent of subshell angular characters, is totally absent in the
LDA curves.

For a subshell, while the creation of a minimum derives
directly from the ionization amplitude, its position in energy
traces to the ionization phase. The positions of the minima
at high energies are seen to be very sensitive to the ioniz-
ing subshells. It was shown earlier that the energy-positions
of high energy minima are a function of the scattering phase
of the individual subshell LDA transition amplitudes [45],
since the contribution of Vj,4 in equation (6) is virtually zero
at these energies. At very high energies, the contributions to
the scattering-phase from even the short-range and Coulomb
potentials are negligible. As a result, the final state wave-
function is approximately of the form v ~ cos(kr — 4/7”),
where ¢/ = £ & 1 in the dipole rule and ‘k’ is the photoelectron
momentum. Further, due to the diffraction of the photoelec-
trons from the cluster edge, the dominant contribution to the
amplitude arises from r = R. which causes the series of min-
ima, the diffraction fringes, seen. Consequently, the squared
transition amplitudes differ by a phase of A¢'7r, which maps
to Afr disregarding the extra 27 phase from ¢ = £ + 1. This
explains why the oscillations in the cross sections of two sub-
shells of angular momenta differing by an odd integer, such as,
s and p, p and d, s and h etc are roughly out-of-phase, while
those differing by an even integer, such as, s and d, p and f
etc are roughly in-phase. This feature is seen in both LDA and
TDLDA subshell results at very high energies. At not-so-high
energies, these patterns are not seen to be exactly followed
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due to non-negligible short-range and Coulomb phases. The
details of the analysis can be found in reference [46]. Note
in figure 6 that this ¢{-dependent offset induces a cancellation
effect to result in weaker minima in the LDA total cross section
at all energies and in the TDLDA total cross section at higher
energies.

On the other hand, the energy-concurrent minima in the
TDLDA subshell profiles occur at low enough energies and
are found ‘universal’, that is free of any choice of /. Even
though the diffraction mechanism forming oscillations still
approximately survives, these low energies are in the wan-
ing part of the plasmon structure. Hence, the contribution
from the correlation phase [42], the phase of the amplitude
with some strength of Vj,q, already breaks the pattern from
¢'mr. The correlation phase, being collective in nature, is /-
independent, leading to all subshells experiencing practically
the same correlation phase. However, there is more in this
mechanism. Note that the values of Re(Vi,q) at the energies
[indicated in figure 5] of these minima are sufficiently large
and smoothly varying in r. This enables emissions also from
a range of r around the cluster edge » = R, due to the access
to ionizing force dV/dr. Resulting r-integration weakens the
diffraction effect and ‘dephases’ out the effect of ¢'7 almost
completely. This ensures the minimum for all the subshells
to appear coherently at the same energy. Since this coher-
ence originates from a direct onset of correlations via Re(Viyq)
competing with diffraction, we call this feature the correla-
tion minimum. These minima can, in principle, be probed
by the PES or even by the total cross section measurement.
At low energies, a faster decrease of the energy-separation
between successive minima is noted in TDLDA, in contrast
to LDA, as the energy lowers up to the correlation mini-
mum. This trend facilitates the in-phase coherence of this min-
imum. At even lower energies the collective effect entirely
dominates.

4. Conclusions

In summary, the present jellium based linear response DFT cal-
culation describes the remnant of the giant surface and the bulk
of the volume plasmon in the photoionization cross section of
Nay (N = 20 and 92) clusters. Results show that an apprecia-
ble amount of plasmon spillover into the ionization continuum
occurs in these systems. The steady background part of the
cross section exhibits reasonably good agreement with previ-
ous experimental results of the absorption of these clusters.
However, a detailed scrutiny of the OS calculated from the
cross section and its comparison with the strength extracted
from the measurements enables us to quantify the contribution
of the single electron Auger-type resonances that the theory
predicts. Such, rather narrow, resonances shown in the the-
ory, which does not incorporate the temperature and vibro-
rotational effects, are missing in the measurements that include
these effects. Furthermore, a deeper scrutiny of the many-
body induced self-consistent DFT field reveals the presence
of an attractive force in the plasmon spillover energy region.
We speculate that this force can cause an observable delay
in the emission of photoelectrons at these energies, enabling

these clusters as interesting candidates for time-delay mea-
surements. The current study further uncovers the presence
of a correlation minimum in the cross sections which appears
at the waning range of the plasmon resonance structure. Pho-
toionization measurements of metallic clusters are needed to
improve the level of comparisons with current calculations and
to test the predictions. Finally, the collective-motion driven
spectral properties divulged in this DFT study of Na clusters
are likely quite general and may apply at various degrees of
prominence in other metallic clusters.
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