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Abstract

Valence s electrons in alkali- or coinage-metal clusters are conceived to delocalize over
the metal frameworks. The electrons occupy so-called superatomic orbitals (SAOs, i.e. 1S, 1P,
1D, 28, 1F, ...), which provide an essential picture for understanding the size-dependent, unique
properties of these metal clusters. While such electronic shells are unambiguously identified in
their photoelectron spectra and supported by electronic structure calculations, characterization of
SAOs in heteroatom-doped metal clusters has remained elusive as the doping significantly
affects its energy levels and even alters the ordering of SAOs. Here, we present a photoelectron

imaging study to explore SAOs formed in Sc-doped and undoped silver cluster anions, AgySc
(N =15, 16) and Agy (N = 18, 19). Photoelectron angular distributions from their outermost

SAOs are clearly visualized, whose characters are analyzed with the aid of density functional
theory calculations. The present methodology enables us to explore not only the quantized

energy levels but also the spatial distributions of SAOs formed in various metal cluster anions.
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KEYWORDS
Metal clusters, Superatomic orbitals, Jellium model, Photoelectron imaging, Photoelectron

angular anisotropy
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Since the work by Knight et al., ! valence s electrons in alkali- and coinage-metal clusters
have been conceived to move freely over the metal frameworks. The jellium model successfully
explains this picture,”> where these metal clusters are expected to have atomic-like electronic
shells of 1S, 1P, 1D, 2S, 1F, .... The discrete energy levels are often termed as superatomic
orbitals (SAOs), which have indeed been identified in their photoelectron spectra.>® Note that
the difference between SAOs and ordinary atomic orbitals (1s, 2s, 2p, 3s, 3p, 3d, ...) in principal
and angular momentum quantum numbers is due to their different potential fields: quantum well
and Coulomb potentials. The concept of SAOs is now essential for understanding their size-

dependent properties, discovering unique metal clusters called “superatoms”,’

and rationally
designing functional materials based on superatoms in solutions.!”

The success of the jellium model raised a fundamental issue of its applicability to
bimetallic clusters. Kappes et al.!! addressed this issue by measuring photoionization mass
spectra of K,Li, K:Mg, and K,Zn, where the authors found large relative abundances of K7Li",
KsMg", and KgZn". While the result for K7Li" suggests that K7Li has an electronic shell closing
with 1S?1P®, the authors have proposed for KsMg and KsZn that the energy levels of 1D and 2S
are reversed upon the foreign-atom doping, so that they are electronically stable with 10 valence
electrons: 1S%1P%2S%. Nakajima et al.!> explored ionization energies (IEs) of Al,Na,, and found
large IEs for Al;sNa and AlsNa compared to those for the neighboring sizes containing a single
sodium atom, although Na works as a dopant in these systems. The results suggest that the doped
clusters have a closed electronic shell, where 3s and 3p electrons of Al also contribute to electron
counting in the formation of SAOs: Al;3Na (40 valence electrons) and AlsNa (70 valence

electrons) have 2P and 3S electronic shell closings, respectively. These pioneering studies have

stimulated a continuous effort to characterize valence electronic structures of bimetallic clusters.
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As for doped coinage-metal clusters, density functional theory (DFT) calculations by
Pyykkd and Runeberg proposed an icosahedral gold cage encapsulating tungsten, AupW,'
where the authors predicted that a closed electronic shell, 1S?1P%1D', is formed with 18 valence
electrons of Au and W (Au 6s'x12 + W 5d*6s?), indicating that the cluster is electronically stable

as well. Anion photoelectron spectroscopy (PES) for Aui,W ™ by Li et al.'* identified a

significantly sharp peak at the vertical electron detachment energy (VDE) of 2.08 eV, suggesting
that the excess electron is weakly bound to a stable core of Au;xW. Relative stabilities of doped

1516 who presented

coinage-metal clusters have also been explored by Lievens and co-workers,
systematic investigations into mass spectral patterns of AuyX" and AgyX" (X = 3d transition
metal, Sc—Ni) after ultraviolet (UV) photofragmentation. From their relative abundances, the
authors proposed that AuieSc’, AuisTi’, AgieSc’, AgisTi", AgisV', AgiiFe’, AgioCo’, and
AgoNi" should have a closed electronic shell of 1S?1P°1D!? with all valence electrons of the 3d
transition metals hybridized with the valence s electrons of Au or Ag. Our chemical reactivity

measurements of the doped silver cluster cations toward molecular oxygen supported this

scenario,!” extending to exploration of chemical reactivities between negative species, AgnX,
and O,'® where Ag1aSc™, Agi3Ti, and Ag,V~ exhibited exceptionally high stabilities against O».

This suggests that the anions should also comply with the 18-electron rule.

In the present study, we focus on Sc-doped and undoped silver cluster anions. As is often
pointed out,® silver clusters are distinct from the other coinage-metal clusters in electronic
structure since Ag 5s electrons are considered as nearly-free electrons due to the large 5s—4d
energy gap, whereas those of Cu 4s and Au 6s electrons are perturbated by their close-lying 3d
and 5d electrons, respectively. We highlight that the one-electron orbital energies of the 4s and

3d valence electrons of Sc, proposed by Allen and co-workers,!” are 6.60 and 7.92 eV,
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respectively, which are both close to that of silver 5s electron, 7.58 eV.!° This implies that highly
hybridized SAOs are formed in Sc-doped silver cluster anions due to strong orbital interactions
between their valence electrons; this is perhaps the same point as shown by Gilmour and
Gaston,?® who revealed by DFT investigations that early-transition metals tend to delocalize their
valence d-electrons for contributing to formation of SAOs. The spherical jellium model therefore
simply predicts that the valence electronic structures of AgisSc and AgieSc™ are 1S*1P¢1D!92S!
and 1S?1P%1D'%282, respectively. Here, we explore these Sc-doped silver clusters and their

valence isoelectronic counterparts, Agis and Agio, to visualize their outermost SAOs using the

novel photoelectron imaging apparatus recently developed in our group.?! As explained below,
photoelectron angular distributions (PADs) from 2S SAO are expected to show unique
characteristics, which motivated us to investigate these metal cluster anions.

In single-photon photodetachment from atomic anions with linearly-polarized light, the
dipole selection rule for the orbital angular momentum quantum number (/) and the magnetic
quantum number (m), i.e., Al = £ 1 and Am = 0, predicts that only p,-wave (I = 1, m = 0) is
allowed from s orbitals (/ = 0, m = 0), giving rise to a significant anisotropy of PAD parallel to
the polarization vector of the light.?? Figures 1(a) and (b) represent a two-dimensional (2D)

projection of photoelectrons detached from Ag with the 404-nm (3.07-eV) CW laser, which was
already reported in our recent work,?! and the 2D slice of the photoelectron distribution
reconstructed from Fig. 1(a), respectively (see EXPERIMENTAL METHODS). Since only the
5s electron of Ag ([Kr]4d!'°5s?) can be detached upon irradiation of the UV light, the 2D slice
shown in Fig. 1(b) exhibits a single, sharp ring. The observed PAD is consistent with the

aforementioned prediction. The photoelectron anisotropy parameter, £, is generally defined by

the well-known formula, 7(6)ocl+(A/ 2)(3 cos’ 9—1) , where 7(6) is the photoelectron
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intensity with respect to the polar angle, 6 from the laser polarization direction. The
reconstruction procedure from Fig. 1(a) to 1(b) yielded #=2.00 =+ 0.12; the error is the standard

deviation obtained by independently analyzing each quadrant image of Fig. 1(a). Our value is in

23

good agreement with 2 = 0.06 measured by Sobhy and Castleman.

Figure 1. 2D projections (upper panels) and 2D slices (lower panels) of photoelectron
distributions detached from Ag ((a) and (b)), Agis™ ((c) and (d)), Agis ((e) and (f)), AgisSc™
((g) and (h)), and AgisSc™ ((1) and (j)). The direction of the polarization vector, &, of the 404-nm

light is indicated by a double arrow in (a).

Rigorously speaking, the above argument cannot be applied to metal cluster anions as
they are not spherically symmetric in reality. Nonetheless, Bartels et al.>* demonstrated that PAD

from the 28 electrons of Najg (1S21P°1D'%2S?) in the vicinity of the photodetachment threshold

exhibits significantly high positive anisotropy (£ = 1.3 ~ 1.6), which is qualitatively consistent
with PAD for s electrons of atomic anions. As shown in Figs. 1(c)—(f), the present study

demonstrates that such anisotropic PADs also hold for photodetachment signals from 2S SAO of
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Agis (1S*1P%1D!2S") and Agio (1S%21P°1D!%2S?). The S values corresponding to the VDEs (the
most intense part of the sharp rings of the 2D slice images) for Agis (Fig. 1(d)) and Agie (Fig.
1(f)) are determined to be 1.52 = 0.03 and 1.08 + 0.06, respectively.

Here, we draw attention to the results of doped clusters, AgisSc™ and AgieSc. It is
remarkable that AgisSc™ also exhibits a highly anisotropic PAD with more electrons emitted
parallel to the laser polarization vector, as shown in Figs. 1(g) and (h). The £ value is as high as
1.58 + 0.11, suggesting that the 19 valence electrons are fully delocalized in the AgisSc™
framework with 1S21P°1D'2S! configuration, where the 2S electron is detached with the 404-
nm light. These results for Agis™, Agio, and AgisSc™ indicate that a large £ value in the
photodetachment threshold can be a fingerprint for the formation of 2S SAO in metal cluster
anions. Note that the anisotropy of PAD for AgisSc™ diminishes with the £ value of 0.62 + 0.11;
the reason for this behavior will be discussed later.

The experimental £ values for all clusters investigated are summarized in Table 1 along
with VDEs, which are determined from the photoelectron spectra presented in Figs. 2(a)—(d). It
should be noted that our VDEs of 2.60 + 0.02 and 2.86 + 0.01 for Agis™ and Agio , respectively,
are in good agreement with those measured by Handschuh et al.® (2.58 and 2.84 eV for Ag;s~ and
Agio, respectively), where a pulsed arc discharge cluster source was employed in combination
with a magnetic-bottle time-of-flight photoelectron spectrometer. VDEs evaluated by DFT

calculations, which will be described below, are also presented in Table 1.



145 TABLE 1. Photoelectron anisotropy parameters, £, and vertical detachment energies (VDEs).

Photoelectron anisotropy Vertical detachment energy
parameter, (VDE) / eV
Expt.“ Calc.’ Expt. Calc.
Agg 1.52+0.03 1.95 2.60 £0.02 2.61
Agy 1.08 £0.06 1.77 2.86 £0.01 2.85
Ag,sSc” 1.58+0.11 1.57 1.82 £0.02 1.97
Ag,Sc™ 0.62=0.11 1.34 2.51 £0.02 2.51
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147 “Obtained at the VDEs. The error is the standard deviation estimated by independently analyzing each quadrant

148  image of Figs. 1(c), (e), (g), and (i). “Obtained by ezDyson 5.0 (see the text).
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152 Figure 2. Photoelectron spectra of (a) Agis, (b) Agio, (¢) AgisSc, and (d) AgieSc™. The
153  intensity is in arbitrary units.
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To gain theoretical insight into the experimental £ parameters, we first performed DFT
calculations for exploring the most stable geometries of all the clusters. The geometry
optimization was performed by the Gaussian 16 package,” where BP86 functional’®?” with the
basis sets of 6-311+G(d) (the Wachters-Hay all electron basis set*®*’ using the scaling factors of
Raghavachari and Trucks®®) for Sc and LanL2DZ for Ag with the corresponding effective core
potential were employed.?! As for the initial geometries of Agy~ (N = 18, 19), we referred to the
optimized structures reported by Yin et al.>? The optimized structures of Agy~ (N = 18, 19) and
AgnSc (N = 15, 16) are presented in the insets of Figs. 3(a)—(d), respectively, along with the
isosurface plots of Kohn-Sham orbitals and its energy levels. While the geometries of Agis™ and
Agio are in Coy and C3 point groups, respectively, the doped clusters, AgisSc™ and AgisSc™
belong to Cs and Ci, respectively; the structures of Agy (N = 18, 19) almost reproduce those

obtained by Yin et al. The calculations have revealed that the spin states of Agis and AgisSc™ are
doublet and those of Agi9 and AgisSc™ are singlet.

After the geometrical optimization, we evaluated their VDEs, which were obtained by the
total energy difference between the anions and the corresponding neutrals in their ground
electronic states that have exactly the same geometries as the anions. The calculated VDEs,
summarized in Table 1, well reproduce the experimental values, which rationalizes the optimized
geometries for all the clusters. It should be noted in Figs. 3(a)—(d) that the orbital energies are
shifted such that the shifted energies of the highest occupied molecular orbitals (HOMOs)
exactly match the negative signs of the experimental VDEs; the energy shift relies on generalized
Koopmans’ theorem,** which has been employed to simulate peak energies of experimental
photoelectron spectra using Kohn-Sham orbital energies.>* Also note that the photoelectron

spectra shown in Figs. 2(a)—(d) are superimposed on Figs. 3(a)—(d), respectively.
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Figure 3. Optimized structures, isosurface plots of Kohn-Sham orbitals, and its energy levels of
(a) Agis, (b) Agio, (c) AgisSc™, and (d) AgisSc™. The orbital energies, which are shown with
red (alpha electrons) and blue (beta electrons) horizontal lines, are shifted so that the calculated
orbital energies of the HOMOs exactly match the negative signs of the experimental VDEs (see

the text). The isosurface plots are presented only for alpha electrons with the isovalue of 0.0035.
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As illustrated in the insets of Figs. 3(a) and (b), the undoped clusters of Agis™ and Agio~
form 3D structures. It is obvious that the HOMOs of Agis™ and Agi9 are of 2S character, which
is consistent with the jellium model predicting their electron configurations of 1S*1P¢1D!°2S!
and 1S%1P%1D'°2S? for Agis~ and Agis , respectively. As for the bimetallic clusters, AgySc™ (N =
15, 16), the Sc atom is fully encapsulated by a silver nanocage, as seen in the insets of Figs. 3(c)
and (d). The optimized structure of AgisSc™ is closer to a spherical shape than that of AgisSc .

The HOMO of AgisSc delocalizes over the metal framework and is clearly of 2S character,

suggesting that the jellium model is a proper approximation for describing the electronic
configuration of this cluster. In contrast, it seems from the isosurface plot of Fig. 3(d) that the

spatial character of the HOMO of AgisSc cannot be explained by 2S SAO only, which will be

discussed below.

To discuss the characters of the HOMOs formed in these clusters more quantitatively, we
further performed theoretical calculations of photoelectron anisotropy parameters, S, by
employing ezDyson 5.0 developed by Gozem and Krylov3>2® for calculating laboratory-frame
PAD:s. In the program, a Dyson orbital, defined as the overlap between electronic wave functions

with N and N-1 electrons, can be calculated based on electronic structure calculations by the

equation-of-motion coupled cluster methods. While Dyson orbitals are necessary for rigorously
evaluating photoelectron matrix elements, the computational costs for the present systems are
very high. Therefore, we substitute Kohn-Sham orbitals for Dyson orbitals, assuming that only a
single electron is involved in photodetachment process and that electronic relaxation upon
photodetachment can be neglected. Here, we used the Q-Chem 5.4 package®’ to perform DFT
calculations with the same functional as mentioned above to obtain Kohn-Sham orbitals based on

the optimized geometries illustrated in Figs. 3(a)—(d); the basis sets used were LanL.2DZ for both

11
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Ag and Sc. The Kohn-Sham orbitals thus obtained were transferred into ezDyson 5.0 for the
calculations of S values, where we assumed a plane wave for photoelectron wave function, as is
normally employed for photodetachment processes for atomic and molecular anions;*® we
truncated /max, the maximum number of the orbital angular momentum, at 5 (i.e., h-wave) in the
expansion of the spherical harmonics. For just reference, we first computed the S value for the

photodetachment from 5s atomic orbital of Ag and found it exactly to be 2 as expected for an

ideal s orbital. The electron affinity of Ag, on the other hand, was calculated to be 1.24 eV,

which is in good agreement with the experimental value of 1.30220.007 eV.*

The results of the £ values calculated for all the clusters are summarized in Table 1 along
with the experimental ones. Although the theoretical treatment for evaluating the photoelectron
matrix elements is not sophisticated, the large positive values of 1.52 = 0.03 and 1.58 + 0.11
measured for Agis~ and AgisSc™, respectively, are reproduced by the calculation: 1.95 and 1.57
for Agis~ and AgisSc, respectively. As for Agio and AgieSc™, the calculation overestimates the
experimental values by ~0.7, although it qualitatively reproduces the positive anisotropy in PAD
observed by the experiment. We also examined different combinations of functionals and basis
sets to estimate uncertainties in the calculated /£ values and VDEs for all the clusters. The results
are summarized in Table S1 of the Supporting Information. It was found that the calculated f
values and VDEs presented in Table 1 are reproduced within ~0.05 and ~0.1 eV, respectively.

As mentioned already, only p,-wave (/ =1, m = 0) is emitted from s orbitals (/ =0, m = 0)
in single-photon detachment for atomic anions with linearly-polarized light. Here, we explore
characters of photoelectrons detached from 2S SAOs of the present clusters by partial wave
analysis. Figures 4(a)—(d) show the contribution of s-, p-, d-, f-, g-, and h-waves in the calculated

photoelectron wave functions in the photoelectron kinetic energy (PKE) range from 0 to 2 eV;

12
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the vertical dashed lines indicate the PKEs corresponding to the peak energies of the
photoelectron spectra presented in Figs. 2(a)—(d), i.e., PKE = Av — VDE. Figs. 4(a) and (b) show
that p.-wave (/ = 1, m = 0) is dominant over the other partial waves, which accounts for the
significantly large positive £ values of 1.95 and 1.77 calculated for Agis™ and Agiy , respectively.
This is qualitatively consistent with PAD observed for s atomic orbitals. However, unlike the
atomic case, clusters can emit partial waves other than p.-wave (I = 1, m = 0), as they are not
spherically symmetric. This behavior is seen in Figs. 4(a) and (b), where s-wave is predicted only
in the photodetachment threshold, which reflects Wigner’s threshold law,*® and the contributions

of the partial waves with / > 2 gradually increase as PKE goes up.
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Figure 4. Photoelectron partial wave analysis for (a) Agis™, (b) Agio, (¢) AgisSc, and (d)
Agi6Sc™ from 0 to 2 eV in photoelectron kinetic energy (PKE). The vertical dashed lines indicate

the PKEs that correspond to the peak energies of their photoelectron spectra presented in Figs.

2(a)—(d).

As shown in Figs. 4(c) and (d), it is clear for AgisSc™ and AgisSc™ that p,-wave (/=1, m
= () is also dominant, indicating photodetachment from SAOs with S character. This is
seemingly consistent with the jellium model, where the outermost SAO is predicted to be 2S for
both clusters. However, examination of Figs. 4(c) and (d) reveals that the contributions of d-
waves (/ = 2) are noticeable, indicating photodetachment from SAOs with P and/or F character(s)

according to the selection rule of A/ =+ 1. Especially for AgisSc™, the contribution of s-wave is

14



256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

also large in 0 — 0.5 eV, which implies that the HOMO is of P character to a certain extent. In
addition, Fig. 4(d) shows that the contributions of g-waves (/ = 4) are not negligible in the higher
PKE region, suggesting that the HOMO of AgisSc™ has a F character. In fact, such a F character
(i.e., 1F:3) is evident in the orbital shape shown in Fig. 3(d). Thus, the partial wave analysis
reveals the contribution of P and F SAOs for the outermost SAO of AgisSc™, which may cause
large reduction of the corresponding £ value (see Table 1).

Finally, we address a heteroatom-doping effect on discrete energy levels of SAOs. As
seen in the photoelectron spectra observed for Agis (Fig. 2(a)) and AgisSc (Fig. 2(c)), the
former VDE, 2.60 eV, is significantly higher than that for the latter, 1.82 eV, indicating that the
quantized energy level of the singly occupied 2S orbital is destabilized upon Sc doping; it is also

visualized from Figs. 1(d) and (h), where the ring diameter for AgisSc is much larger than that
for Agis”. Lievens and co-workers*! discussed such a doping effect on SAOs using a two-step

spherical jellium model, where the authors assumed that when a foreign atom is embedded in the
center of a host metal 3D cage, the energy levels of SAOs are subject to change depending on
their orbital angular momenta (S, P, D, ...) due to the difference in electronegativity (EN)

between the dopant and the host metal. The situation is schematically illustrated in Fig. 5.

15
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Figure 5. Schematic diagram of the energy levels of SAOs in undoped silver cluster anions,
Agn, and hetero-atom-doped silver cluster anions, Agy-1M~, where we assume the clusters’
geometries to be a sphere with a radius of 75. Radial parts, R(r), of 1S, 1P, 1D, 1F, and 2S SAOs,

R(r), are also shown schematically in the upper middle. For simplicity, R(7) is set as 0 at » = rs.

When the central foreign atom is more/less electronegative than the host metal, the
potential well becomes more/less attractive at the center of the doped cluster, leading to
stabilization/destabilization of SAOs that have larger/smaller amplitudes at the center.
Schematical representations of radial parts of 1S, 1P, 1D, 2S, 1F SAOs are shown in the upper
middle of Fig. 5, where the amplitudes of 1S and 2S are the highest at the center, whereas the
maximum amplitudes of 1P, 1D, and 1F appear away from the center. Consequently, 1S and 2S
are more stabilized/destabilized upon doping with a central heteroatom with higher/lower EN.

Since the ENs of Sc and Ag, defined by Allen and coworkers, !° are 1.19 and 1.87, respectively,
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the 2S orbital energy is subject to increase, as shown in the right panel of Fig. 5. The observation
of lower VDEs for AgySc (N = 15, 16) relative to those obtained for Agy (N = 18, 19) is
therefore consistent with this picture. The destabilization of the 2S level results in orbital mixing
between 2S and 1F SAOs, which has been found for AgisSc as discussed above. The two
outermost valence electrons favor occupying such a mixed SAO, making its geometry of AgisSc
deformed from a nearly spherical shape, as manifested in the optimized structure shown Fig. 3(d).
In conclusion, we have clearly visualized photoelectron distributions detached from Sc-
doped and undoped silver cluster anions with 19 and 20 valence electrons, AgnSc (N = 15 and
16) and Agy (N = 18 and 19). Referring to the experimental VDEs, their optimized structures
have been determined by DFT calculations, where we have found that a Sc atom is fully
encapsulated in the silver framework for the doped clusters. PAD observed for AgisSc exhibited
significantly high anisotropy with more electrons emitted parallel to the laser polarization, which
was also found for a valence isoelectronic counterpart of Agis. The calculation of laboratory-
frame PAD using ezDyson qualitatively supports the experimental results of the 19-e clusters.
The partial wave analysis of the photoelectron wave function has revealed that p,-wave (/ =1, m
= 0) is a dominant partial wave for both cases, indicating that the electron to be detached is of S
character. This is consistent with the electronic configuration of 1S*1P¢1D!°2S! predicted by the
spherical jellium model, although weak P and/or F characters are suggested in the HOMO of

Agi5Sc. On the other hand, the positive anisotropy decreases for AgisSc compared with the

other cluster anions. The partial wave decomposition has suggested that the reduction in the S
parameter is caused by the orbital mixing between 2S and P and/or F SAOs. Orbital energy shift

upon heteroatom doping in SAOs, proposed by the two-step jellium model, has also been
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identified. The present work provides the first, to the best of our knowledge, experimental and
theoretical verifications of the formation of SAOs in bimetallic clusters via photoelectron angular
anisotropy. The application of the present methodology to other systems is straightforward and

such investigations are in progress in our group.

EXPERIMENTAL METHODS

The apparatus is almost identical to the one reported previously.?! Briefly, a magnetron-
sputtering cluster ion source followed by a quadrupole mass filter!” produces a continuous beam
of size-selected metal cluster anions, which is transformed into ion bunches with a potential
switch driven by a high voltage (+600 V) pulser operating at a repetition rate of ~150 kHz with a
duty cycle of ~50%. The quasi-continuous anion beam is introduced to a photoelectron imaging
spectrometer with the velocity mapping imaging (VMI) configuration,* where the anions are
irradiated with a continuous-wave (CW) beam of a linearly-polarized, 404-nm (3.07-eV) laser
diode with an average output of approximately 400 mW. Photoelectrons are accelerated by the
VMI electrodes toward a dual microchannel plate (the effective diameter is 44 mm¢) backed
with a phosphor screen (P43). A two-dimensional (2D) projection of the three-dimensional (3D)
distribution of the photoelectrons on the phosphor screen is captured with a complementary
metal oxide semiconductor camera (1920x1080 pixels). The camera acquires the 2D projection
for 500 ms, where the image acquisitions were repeated to achieve an acceptable signal to noise
ratio. The incident anion beam itself creates low-energy electrons as it impinges on the inner
walls of the VMI electrodes. To remove such background noises, a laser-off image is subtracted
from a laser-on image. The image after the subtraction is further processed to reconstruct the

original 3D distribution by a polar-onion-peeling (POP) algorithm.** Photoelectron kinetic

18



331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

energy is calibrated with VDE of Ags~ (2.43 eV).** The energy resolution (AE/E) is 4%

(0.07 eV)at E=1.77 eV.
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