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ABSTRACT 

We present the photoelectron (photodetacment) spectra of K~.19 recorded using 2.540 eV 
photons. These spectra are highly structured, providing a wealth of information about the 
electronic structure of alkali metal clusters, including adiabatic electron affinities and electronic 
splittings for each size. Spectral assignments have been made with guidance from theory. For 
the smaller cluster sizes, detailed assignments of the spectra were aided by ab initio quantum 
chemical calculations. For the larger clusters, assignments were guided by a simple shell 
model. A substantial correlation is found between the predicted shell model energy levels and 
the observed patterns and spacings in the spectra. 

1. Introduction 

Among metal cluster anions, alkali metal cluster anions offer relative simplicity, and 
their photoelectron spectra exhibit unusual clarity. Alkali atoms are hydrogen-like, each with a 
s 1 valence electron and a rare gas electron core configuration. Bulk alkali metals are the 
simplest of metals, being essentially free electron metals. Because of these simplifying 
characteristics at the extrema of size, alkali metal clusters in the vast size regime between a 
single atom and the condensed phase offer unique opportunities for better understanding the 
electronic properties of metal aggregates generally. 

Interest in alkali metal clusters has generated a rich literature pertaining not only to 
theoretical 1-11 and experimental 12-20 studies of neutral and cationic alkali clusters, but also to a 
lesser extent to theoretical 21-25 and experimental26, 27 work on alkali cluster anions. Negative 
ion photoelectron studies of metal cluster anions comprised of s 1 atoms have included work on 
metal cluster anions of the coinage metals by Lineberger 28,29, Meiwes-Broer 30, and Smalley 31 
and on small alkali cluster anions by our group 27. Here, we extend our previous work on 
alkali cluster anions and present the phototelectron (photodetachment) spectra of potassium 
cluster anions, K n, with n = 2 -19. 

2. Experimental 

Negative ion photoelectron spectroscopy is conducted by crossing a mass-selected beam 
of negative ions with a fixed-frequency photon beam and energy analyzing the resultant 
photodetached electrons. The main elements of our negative ion photoelectron spectrometer are 
(a) an ion beam line along which negative ions are formed, transported, and mass-selected by an 
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E x B Wien filter, (b) an argon ion laser which is operated intracavity in the ion/photon 
interaction region, and (c) a magnetically shielded, high resolution hemispherical electron 
energy analyzer, located below the plane of the crossed ion and photon beams. A particularly 
important attribute of this technique is its ability to size-select cluster anions before 
photodetachment so that photoelectron spectra of individual cluster anion sizes can be recorded. 

To generate beams of potassium cluster anions, we use a heated supersonic expansion 
ion source. In this device, the stagnation chamber is divided into separately heated oven 
reservoir and nozzle channel sections. The alkali metal is heated in the oven to a temperature 
corresponding to several hundred torr equilibrium vapor pressure. The vapor is then 
coexpanded with several hundred torr of argon into high vacuum through the nozzle, which is 
maintained -50 degrees hotter than the oven. Finally, a negatively biased hot filament injects 
low energy electrons directly into the expanding jet in the presence of axial magnetic fields, 
producing potassium cluster anions. 

3. Results  

The photoelectron spectra of K" and the potassium cluster anions, K~.I9 are presented 
in Figure 1. These spectra were recorded with 2.540 eV photons. The photoelectron spectra of 
alkali cluster anions are highly structured, an attribute that derives both from the inherent 
properties of the alkalis and from the available electron energy resolution (-30 meV) of our 
spectrometer. The individual peaks in these spectra arise due to photodetachment transitions 
between the ground electronic state of a given cluster anion and the ground and various 
energetically-accessible excited electronic states of its corresponding neutral cluster. Thus, one 
learns two main kinds of information from an analysis of these spectra, ie., adiabatic electron 
affinity values and electronic structure data, both as a function of cluster size. Adiabatic electron 
affinities for metal clusters are expected to increase with cluster size, reaching the work function 
of the bulk metal at infinite cluster size. There are two ways of looking at the electronic 
structure information in these spectra. In the picture alluded to above, the spacings between 
peaks in a given spectrum reflect the energy splittings between the various electronic states of 
the neutral cluster, albeit at the geometry of its corresponding cluster anion. In the other view, 
which is equivalent to the first picture at the Koopmans' theorem level of approximation, the 
peaks in a given spectrum are ascribed to electrons being removed or plucked from the occupied 
energy levels of the cluster anion. In this picture, the peak spacings and patterns directly reflect 
the upper portion of the occupied energy level structure of the cluster anion. In either picture, 
however, the observed peak structure in these spectra is a manifestation of how the elec~'onic 
structure of the alkali metal cluster system is evolving as a function of cluster size. Eventually at 
some larger cluster size, this electronic structure is expected to organize itself into the essentially 
structureless valence band of bulk potassium metal. 

4. Electron Affinit ies  vs. Cluster Size 

Adiabatic electron affinities (EA's) were extracted from the spectra and are presented as 
a function of cluster size in Figure 2. These results exhibit largely an odd-even alternation of 
electron affinities with cluster size. Using ab initio quantum chemistry methods, Bona~it- 
Kouteck2? 4 has calculated the adiabatic electron affinities for potassium clusters from sizes 
n = 2-6. The quantitative agreement of her calculations with our experimental results is rather 
good. For theoretical guidance at larger potassium cluster sizes, we turned to a qualitative 
comparison with the predictions of simple shell models. Figure 3 compares our experimentally- 
determined EA vs. n trend with the qualitative EA vs. n trend predicted by an ellipsoidal shell 
model. The latter plots the scaled energy of the highest occupied energy level of the cluster 
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containing n + 1 electrons as a function of cluster size, n. Since a large energy for the highest 
occupied energy level in the anion implies a relatively low electron affinity, we have inverted the 
energy scale on our experimental EA vs. n plot to facilitate comparison of these two graphs. It 
is evident that this shell model reproduces much of  the EA vs. n trend found experimentally. 
Note that an ellipsoidal shell model predicts "peaks" in the EA vs. n trend in Fig. 3 at n = 8, 10, 
14, and 18, and that we observe these experimentally. Additionally, however, we also see 
"peaks" at n = 4 and 12 which are not predicted by this shell model. (Note, of course, that 
"peaks" in the upper panel of Fig. 3 appear as "dips" in Fig. 2.) 

5. Electronic Structure and Spectral Assignments 

The photoelectron spectra of alkali metal cluster anions are laden with information about 
electronic structure, yet their interpretation is not obvious by inspection. Thus, our primary 
goal at this stage has been to assign these spectra in some rudimentary but useful way. In order 
to do this we need theoretical support. At relatively small alkali cluster anion sizes, the ab initio 
calculations of Bona~i6-Kouteck~ et al. have been an invaluable guide. Two years ago Bona~i6- 
Kouteck~ 21 modelled our photoelectron spectra of sodium cluster anions over the size range 
n = 2-5, and very recently she and her group performed similar calculations on potassium 
cluster anions ranging in size from n = 2-6. This was done by calculating the photodetachment 
transitions between several possible (energetically close) geometries of a given cluster anion and 
the ground and energetically-accessible excited electronic states of its corresponding neutral 
cluster, with the latter being taken in each case at the geometry of  the particular isomer of  the 
cluster anion in question. That is, high level quantum mechanical calculations were separately 
performed on both the cluster anion and its corresponding neutral cluster, followed by the 
computation of  vertical photodetachmment transitions between them. By comparing the 
photoelectron spectra predicted in this way with a given experimentally observed alkali cluster 
anion photoelectron spectrum, a wealth of  valuable information was obtained about the 
geometry (or isomeric geometries) of the alkali cluster anion and about the states involved in 
each of  the observed photodetachment transitions. The success of this approach effectively led 
to an assignment of the spectra in that it identified the transitions which were involved in each 
observed spectral peak. 

As larger cluster sizes are considered beyond the present range of ab initio quantum 
chemistry treatments, however, one must rely on some other form of theoretical guidance. In 
our earlier work with alkali cluster anions, we had noticed some intriguing correlations between 
the peak patterns and spacings of  our spectra and the predictions of  simple shell models. 
Consider K~ for example, an eight valence electron system. Imagine putting two of  these 
electrons into a "s-like" shell and then the remaining six into a "p-like" shell. Further imagine 
that in such a small system structural effects (or perhaps crystal field effects) lift the 
degeneracies of  the three p sub-levels, leaving two electrons in each of three closely spaced p 
levels. Next, imagine removing each of these eight electrons from the cluster anion to their 
common ionization continuum limit, the energy required to do this in each case being its electron 
binding energy. That predicts a photoelectron spectrum with three closely spaced peaks at low 
electron binding energy, followed by a gap, followed by another peak at higher electron binding 
energy. This is what is observed, and furthermore the ls-lp splitting is quantitatively close to 
the prediction of the Clemenger-Nilsson6, 8 model for 1<8. 

With these correlations to encourage us, we set out to see if a simple shell model could 
work well enough to aid in the assignment of  our spectra. To calculate energy levels from 
which a predicted shell model "stick spectrum" could be generated, we used a program written 
by Saunders and Knight20, 32. Essentially, this calculation treats a three dimensional harmonic 
oscillator having a single perturbation parameter. In addition to its relative simplicity, it has the 
advantage of easily being able to accommodate triaxial distortions. Only two parameters had to 
be fixed, one to set the energy scale and one to set the magnitude of the perturbation. These 
same two parameter values were then used for calculations on all cluster anion sizes. In this 
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model the value of one quanta of energy is equal to the 1 s-lp splitting in the closed shell system 
with eight valence electrons, and we set it in accordance with the value of  the tentatively 
assigned ls- lp  splitting in our spectrum of K~.  Also in this model, the value of  the 
perturbation parameter is equal to the ld-2s splitting in the closed shell system with twenty 
valence electrons, and we chose it in accordance with the tentatively assigned ld-2s splitting in 
the spectrum of K'19. Basically, this is a triaxial shell model parameterized for potassium 
cluster anions. 

This approach allowed us to generate predictive "stick spectra", with distinctive spectral 
patterns and quantitative splittings, for first approximation comparisons with the observed 
photoelectron spectra. Figures 4-7 present these calculated "stick-spectra" (along with their 
level designations and electron occupations) as insets on the photoelectron spectra of  K n over 
the cluster size range, n = 4-19. The correlation between the shell model's "stick spectrum" and 
the actual spectrum for n = 4 is rather good. For n = 5, however, the correlation is not as good. 
The predicted lp peak actually appears as two peaks in the real spectrum. Conceivably, the two 
degenerate lp sub-levels could be split by some interaction not in the model to yield the two 
observed peaks. If  so, the predicted value of the ls- lp splitting would agree fairly well with 
that in the photoelectron spectrum. For n = 6, the correlation is somewhat more convincing. 
Two peaks deriving from lp levels are predicted, but the lifting of the degeneracy of two of the 
lp sub-levels would result in three lp peaks. This is consistent with the observed spectrum. 
The case of  n = 7 has been previewed above. The observed triplet of peaks is suggestive of the 
lp level's three-fold degeneracy having been lifted. The case of n = 8 is rather convincing. The 
above kinds of  arguments about lp sub-levels and peaks are applicable here, but in addition the 
peak for a ld level appears on cue at the predicted energy due to the opening of  a new shell. 
Inspection of the n = 9 case is also fairly convincing if one allows the doubly degenerate lp 
level to split into a doublet of  peaks in the spectrum. The n = 10 case is consistent with the 
model but by itself is not convincing. The n = 11 case has the predicted number of peaks in the 
combined lp and ld manifolds. In most cases, the suspected ls- lp  splittings observed in the 
spectra are in reasonable accord with those predicted by the model. On the other hand, the 
model often does poorly in predicting the lifting of lp sub-level degeneracies. 

At n = 12, we lose sight of the ls peak, ie., it shifts out beyond our photon range. Also 
here, lp and ld manifolds start to segregate into separate groupings of peaks, the beginning of 
an important trend. Within the lp grouping of peaks there are three discernible peaks as 
predicted by the model. The same situation holds for the ld grouping of peaks. By n -- 13, the 
valley between the lp and ld groupings has become deeper and the two groupings more 
obvious, even though the spectral sub-structure on each grouping is more difficult to interpret. 
At n = 14, the spectral sub-structure on each of the two peak groupings is practically gone, but 
the lp peak grouping has become clearly distinct from the ld grouping, resulting in a spectrum 
having two broadened peaks. At n = 15, the pace of lp and ld segregation quickens. This is 
apparent in the predictions of the model and in the observed spectrum, and the valley between 
the two peak groupings deepens. The n = 16 case continues the trend as does the n = 17 case. 
The model predicts n = 17 (an 18 valence electron system) to be a spherical closed shell. By 
n = 18, the model predicts the appearance of a singly occupied 2s level. It faintly presents itself 
as a shoulder on the low electron binding energy side of the ld shell peak grouping. At n = 19 
(a 20 valence electron system), the model again predicts a spherical closed shell system. Now, 
however, the doubly occupied 2s level pops out dramatically as a new peak in the spectrum. 
The size range between n = 14 and 19 provides the most convincing set of correlations between 
the spectra and the shell model. We observe that, all else being equal, the correlation between 
the shell model and the observed spectra tends to be better (1) near shell closings, ie., near the 
8, 18, and 20 valence electron systems, and (2) for larger cluster anions than for smaller ones. 
Indeed, both trends are what one would expect from a shell model for metal clusters. Viewing 
the evidence as a whole, we are led to the conclusion that there is something to a first 
approximation assignment of  these photoelectron spectra in terms of  a simple shell model. This 
is the f'trst time that shell models have been successfully put to the test at the level of  single 
particle energy levels. Always before, shell models were tested via consequential properties 
such as EA vs n trends, IP vs n trends, and mass spectral abundance patterns. 
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Shell models have been the subject of intense interest in cluster physics in recent years, 
the most famous shell model being the celebrated jellium model. Shell models generally arise as 
a result of fermions moving in attractive smooth potentials. Thus, even though the 
Saunders/Knight shell model that we have used here is not a jeUium shell model, it is reasonable 
to expect that it should reproduce some of the gross features of a jellium calculation. To date, 
however, the predictions of a true jellium calculation have not been compared to the 
photoelectron spectra of potassium cluster anions. It would be interesting to do so, and we look 
forward to the availability of theoretical results that will make this possible. 
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Figure 1. The photoelectron spectra of K~.19 recorded with 2.540 cV photons. 



l l l J l l J L ~ l l l i + l I L J l  

ELECTRON AFFINITIES FOR Kn, (n=1-19) 

1 . 4  

> 
v 

0") 1.2 - 
UJ 
I'-'- 
Z , - - ,  ~ - -  

I,,L 
11 
<1: 
Z 0 0.8 - 

or' 
I --  

ILl 0 . 6  - 
. - I  
UJ 

299 

0 . 4  . . . .  I ' ' ' ' l . . . .  I . . . .  

0 5 10 15 20 

NUMBER OF ATOMS PER CLUSTER 

Figu~ 2. Measured adiabatic electron a_ff-mitics of  Ki.i9 as a function of cluster siz#. 



300 

0.4 

..--. 0.6 
> 
Q) 

~, 0.8 , ~  r. 

< 1.0 t- 
9 
~ 1.2 
uJ 

1.4 

I I E I I I I I I I J I i I I I I l 

~i~ Experiment 

I I I I 1 I l I I I I I I I I I I I I 

2 4 6 8 10 12 14 16 18 20 

Number of Atoms per Cluster (n) 

1.1 

~ 1.0 
+ 
t- 

v 
0.9 O Q  

3 

~ 0 . 8  

~ 0 . 7  
o 

LU ::c 

0.6 

I t i t I I I I I I I I I I I I 1 I 

/~ EIlipsoid.al. Shell Model 

I t 1 I I I I I t I I I I 1 I I I 

2 4 6 8 10 12 14 16 18 20 

Number of Atoms per Cluster (n) 

Figure 3. Comparison of the cxpcrimcntaUy determined EA vs. n trend for Ka=t.19 (top) 
with the qualitative EA vs. n trend predicted by the cllipsoidal shell model 
(bottom). In the latter, the c11ipsoidal shell model energy of the highest 
occupied level for the n+l electron system is plotted as a function of cluster 
size, n. Note that the energy scale of the top plot has been inverted to facilitate 

comparison. 



301 

o~ 

Z 

oo 

I- 
0 

03 
I- 
Z 

oo 
Z 

m 
..I 
RI 

Is I p 

4: *÷ 
I II 

I I ' 1 

2.0 1.0 0.0 
ELECTRON BINDING ENERGY (eV) 

Is lp  

I I 
K; 

Is  lp  

Z 

0 

Z 
0 
rr 

uJ 
.J 
ILl 

J I I 

2.0 1.0 0.0 
ELECTRON BINDING ENERGY (eV) 

Is lp  

I- 
Z 

0 
0 
Z 
0 n- 
I- 
ro 
LU 
. - I  
ILl 

I I 
K; 

t I ' I I I I 

2.0 1.0 0.0 2.0 1.0 0.0 
ELECTRON BINDING ENERGY (eV) ELECTRON BINDING ENERGY (eV) 

Figure 4. Comparisons of calculated shell model "stick spectra" with the corresponding 
observed photoelectron spectra of K~ (n--4-7). The "stick spectra" are shown 
as insets on each photoelectron spectrum. Designations and electron 
occupations for individual levels are shown above each "stick spectrum". 



302 

O3 
k- 
Z 

0 
0 
Z 
0 
n" 
k- 
0 
LU 
=J 
LU 

O3 F- 
Z 

0 
0 
Z 
0 
n" 
k- 
0 
LU 
.J 
LU 

~ - J  

Is lp Id 

II I 

[ i I I 

2.0 1.0 0.0 
ELECTRON BINDING ENERGY (eV) 

Is lp ld 

_J 

III 
K; 

Is Ip ld 

03 

Z 

0 

Z 
0 
n" 
k- 
0 
W 
=J 
LU 

I I I I I  
K;- o 

i I i 

2.0 1.0 0.0 
ELECTRON BINDING ENERGY (eV) 

Is Ip Id 

4 = 

k- 
Z 

0 
0 

g 
I-- 
o m 
. J  
m 

K;', 

I i I 1 I 

2.0 1.0 0.0 2.0 1.0 0.0 
ELECTRON BINDING ENERGY (eV) ELECTRON BINDING ENERGY (eV) 

Figure 5. Comparisons of calculated shell model "stick spectra" with the corresponding 
observed photoelectron spectra of K~ (n=8-11). The "stick spectra" are shown 
as insets on each photoelectron spectrum. Designations and electron 
occupations for individual levels are shown above each "stick spectrum". 



303 

I-- 
Z 

o L~ 
Z 
0 
n" 
I -  
0 
uJ 
_J 
uJ 

I-- 
Z 
0 

Z 
0 
IX 
I--. 

I.kl 
,,,J 
I/,I 

Is lp  ld  

K12 

I I I 

2.0 1.0 0.0 
ELECTRON BINDING ENERGY (eV) 

Is Ip I d  

I I I I I  

Is  lp  ld  

GO 
t-- Z 

0 
(3 
Z 
0 
n" 
I -  

LU 
..J 
LU 

K,-, 

2.0 1.0 0.0 
ELECTRON BINDING ENERGY (eV) 

Is  lp  ld  

I -  
Z 

0 

Z 
0 
n- 
l-- 

IL l  
..,I 
ILl 

I I I  IIII 

} I I ~ ' I i 

2.0 1.0 0.0 2.0 1.0 0.0 
ELECTRON BINDING ENERGY (eV) ELECTRON BINDING ENERGY (eV) 

Figure 6. Comparisons of calculated shell model "stick spectra" with the corresponding 
observed photoelectron spectra of I~  (n=12-15). The "stick spectra" are 
shown as insets on each photoelectron spectrum. Designations and electron 
occupations for individual levels are shown above each "stick spectrum". 



304 

is 

O3 

Z 

o 
0 
Z 
o 
n- 

O 
UJ 
.J 
W 

18 

K16 

lp  td  

0o 
t- 
Z 

o 
0 
Z 
0 
n" 

0 
LU 
._1 
LU 

I ' 1 I 

2.0 1.0 0.0 
ELECTRON BINDING ENERGY (eV) 

Ip Id 

Is Ip  l d 2 s  

=i= + ++.i _ 
-I= =v 

ml I I 

g 
8 
Z 

k- 

in 

K& 

I I I 

2.0 1.0 0,0 
ELECTRON BINDING ENERGY (eV) 

Is Ip Id 2s 

o o 

n" 
t.- 
0 
ILl 
, , . I  
LU 

I I t 

[ ' I [ I l 

2.0 1.0 0.0 2.0 1.0 0.0 
ELECTRON BINDING ENERGY (eV) ELECTRON BINDING ENERGY (eV) 

Figure 7. Comparisons of calculated shell model "stick spectra" with the corresponding 
observed photoelectron spectra of K~ (n=16-19). The "stick spectra" are 
shown as insets on each photoelectron spectrum. Designations and electron 
occupations for individual levels am shown above each "stick spectrum", 


