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Abstract. We have measured the time-resolved and space-resolved optical spectra of sodium 
and potassium vapour mnes produced by thermal evaporation in helium gas. The shllcture 
of the specha a d  their time dependence indicate that atoms evaporate first and later dimers 
and clusters grow by coalesence in the vapow zone. Information on the size trends of the 
clusters and microcrystals is derived Crom the time evolution of the surface-plasmon extinction 
band. For clusters the position of the band is interpreted in terms of the.spil1-out effect, while 
for microcrystals it is calculated from the Mie theory with a size-dependent correction to the 
dielectric constant. 

1. Introduction 

The optical properties of alkali-metal clusters have attracted much attention recently, because 
they provide information about the evolution of physical characteristics from the atom to 
the bulk solid. For this purpose, it is best to produce a free-cluster stream that contains 
size-selected clusters and to measure the optical properties as a function of size. Many 
photoabsorption measurements of this type have been performed on alkali metals, limited 
mainly to small clusters. This type of experiment has recently been reviewed by de Heer 
(1993). In the large-particle limit, optical spectra of alkali-metal microcrystals, with typical 
sizes of the order of 20 nm, have been obtained by.the gas-evaporation method, in which 
the metal is evaporated under a low-pressure noble gas (Mann and Broida 1973). We 
have recently shown that by setting appropriate conditions for the gas evaporation and by 
measuring time-resolved and space-resolved (at various positions above the evaporation 
source) transmission spectra, the whole range of species sizes can be observed (Mochizuki 
1991, 1992, Mochizuki and Ruppin 1993, Mochizuki 1993). The process of dimer, cluster 
and microcrystal growth can be monitored by observing the evolution of the optical spectra 
with time. In the present paper we report the details of our experiments on sodium 
and potassium and identify the various features appearing in the time-resolved and space- 
resolved optical spectra. 

2. Experimental details 

Experiments were carried out using the apparatus described previously (Mochizuki 1991, 
1992, Mochizuki and Ruppin 1993, Mochizuki 1993). A Pyrex glass crucible (inner diameter 
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Figure 2. (a) The Bmz evolution of the extinction sprewm of the sodium onnge zone Y a 
height of 3 mm above the crucLle edge. (b) ?he 32nd speurum of the timeresolved s p e c "  
(0). 

beginning of the evaporation. Since the transmission spectra T, obtained contain the effects 
of both scattering and absorption, the results are expressed as extinction spectra -log T,. 

3. Results 

3.1. Sodium 

By setting appropriate evaporation conditions we were able to produce several separate 
zones at different heights above the evaporation source, one containing atoms and dimers 
and another containing clusters and microcrystals. Figure 1 shows a typical view of 
the gas evaporation of sodium in confined helium gas at 140 Torr. This figure was 
obtained under illumination of white light (xenon lamp), with the evaporation carried out 
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at crucible temperatures higher than 573 K. Figures I(a), (b) and (c) correspond to the 
initial, intermediate and final stages of the gas evaporation. As seen in figure l(a), at 
the beginning stage, an orange emission zone (oz) appears just above glass crucible (GC). 
The orange emission is due to fluorescence from sodium atoms, Na, the so-called D lines 
of sodium. With progressing evaporation, an elongated blue scattering zone (BZ) appears 
above the orange zone. Although not discernible in this figure, a pale green emission inside 
the orange emission zone is observable by the naked eye. The green emission is due to 
fluorescence from sodium dimers, Naz. As mentioned later, the blue scattering is due to 
resonance scattering by surface plasmons of sodium clusters and microclystals, Na,(n > 2). 
On further progressing gas evaporation, the blue scattering zone grows to produce a thick 
multi-layer cone. All optical measurements were carried out before the appearance of such 
a multi-layer cone structure. 

Figure 2(a) shows the time evolution of the extinction spectrum of the orange zone 
at a height of 3 mm above the crucible edge. The time-resolved display consists of 32 
spectra. The 32nd spectrum is shown in figure 2(b). At the initial stage of gas evaporation, 
the spectrum is dominated by sharp atomic absorption lines at about 589 nm (LI,~), about 
330 nm (L3) and about 285 nm (2.4). These wavelengths are close to those reported in 
the literature (White 1934). This indicates that initially the majority of evaporated species 
are sodium atoms, with the lines arising from the electronic transitions from S state to P 
states. With progressing gas evaporation, these absorption lines become stronger, which 
indicates that the concentration of Na vapour increases. At later times the three weak bands 
appear and grow between 310 and 360 nm (C band), between 460 and 520 nm (B band) 
and between 560 and 750 nm (A band). These bands correspond to the X-C, X-B and 
X-A electronic vibrational transitions of sodium dimer, Naz, respectively (Rosen 1970). 

Figure 3(a) shows the time evolution of the extinction spectrum of the blue zone 
at 23 mm above the crucible. Three spectra, the loth, 20th and 32nd, are shown in 
figure 3(b). Again, the spectrum is that of atomic sodium at early stages. With progressing 
gas evaporation, a weak broad band appears at about 478 nm, together with a shoulder band 
at about 370 nm. At later times the broad band grows and the peak wavelength shifts to 
about 450 nm. This band is due to the collective plasma mode resonance. Since the average 
cluster size increases with time, the results shown in figure 3 indicate that the frequency of 
the plasma resonance increases with increasing cluster size. This is due to the corresponding 
decrease of the spillout effect (Parks and McDonald 1989, Selby ef al 1991, Brkhignac et 
al 1992a, b), as will be discussed in detail in the next section. The observed very broad 
band width may be due to cluster aspherical distortion and cluster size distribution. 

The data of figure 3(a) yield information about the process of cluster growth during the 
evaporation. This can be seen more clearly by plotting the time dependence of the peak 
wavelength of the plasma resonance (figure 4(a)) and the peak extinctions duc to atomic 
sodium, Na, and due to sodium clusters Nan (figure 4(b)). In figure 4(b) each curve is 
normalized to its maximum value. It is found that the extinction due to Na increases with 
time, reaching a maximum at about 3 M O  s, and then decreases slightly. Extinction due 
to Na,, begins only after about 9 s and then increases with time, with the rate of increase 
becoming higher after the inflection point at about 25 s. This indicates that the formation 
of clusters from the Na vapour begins after the concentration of h e  latter has reached 
some threshold value. All the spectra discussed so far were obtained in a confined helium 
environment at 140 Torr. Under these conditions microcrystals (i.e., very large clusters) 
are not easily formed. In order to investigate this size region as well, we have performed 
gas evaporation in a helium gas stream of pressure lower than I Torr, with a flow rate of 
1 1 min-l. The time evolution of the extinction spectra of the vapour zone at a height of 
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Figure 3. (a) The time evolution of the extinction s p t ”  of the sodium blue zone at B height 
of 23 mm above the crucible edge. (b) Various spectra of the time-resolved spectrum (a). The 
spectra 1.2 and 3 correspond to the 10th. 20th and 32nd spectra. respectively. 

6 mm above the crucible i s  shown in figure 5 .  At first only atomic lines appear, but later 
the spectrum is dominated by the surface-plasmon band, which forms at about 375 nm. 
With progressing gas evaporation this band shifts towards the long-wavelength side while 
its bandwidth decreases. At later stages, when steady-state evaporation is approached, the 
bandwidth begins to increase and the peak frequency reaches the value of about 405 nm. 
At these stages a broad tail also appears at the long-wavelength side. 

3.2. Potassium 

Figure 6 shows a typical view of the gas evaporation of potassium at 573 K in confined 
helium gas of 180 torr under the illumination of a xenon lamp. In this figure there appears 
a dark red zone (RZ), ranging from the glass crucible to a height of about 5 mm, and above 
it a conical pinkish orange fluorescence zone (PZ). This zone structure of the potassium 
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Figure 4. (a) The time dependence of the peak wavelength of the Nan band. (b) The time 
dependence of lhc extinction of ule Na(Na1) and N a ,  bands. 

vapour is very sensitive to the shape of the evaporation source, which consists of the glass 
crucible and the alumina crucible heater, the pressure and the flow rate of the gas and the 
evaporation temperature. as was also observed for silver (Mochizuki 1993). For example, 
when the crucible temperature was raised to 700 K, the pinkish orange fluorescent zone 
grew into a large cone, which was composed of several subcone shells. 

We have measured the extinction spectra at various positions in these zones. Spectra 
obtained at the steady state of gas evaporation at heights of 3, 20, 35 and 40 mm above 
the crucible edge are shown by figure 7(aHd), respectively. During the evaporation, the 
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Figure 5. The time evolulion of the extinction spect” of the sodium vapour zoDe at U height 
of 6 mm above the crucible edge in a low-pressure helium gas stream. 

tenperature of the glass crucible rose to 573 K. As shown in figure 7(a), at the dark red zone 
near the crucible, three sharp doublet lines, L1.2, L3.4 and L5.6. appear at about 767 nm, about 
404 nm and about 345 nm, respectively. These wavelengths are close to those of the known 
S-P electronic transitions in atomic potassium (White 1934): 766.5 and 769.9 nm for 4 S 4 P  
transitions, 404.4 and 404.7 nm for 4s-5P transitions and 344.6 and 344.7 nm for 4 S d P  
transitions. Also, a broad band with fine structure is seen between 620 and 690 nm, which 
is assigned to the electronic-vibrational transition X-B of K2, be referring to a spectroscopic 
table (Rosen 1970). Figure 8 shows the time dependence of the ratio of the extinction due 
to K2 to that due to K, which was deduced from the time-resolved spectra measured at the 
height of 3 mm from the crucible edge. Since the extinction due to K and Kz is proportional 
to the number of each species, this curve is proportional to the number ratio of K2 and K. 
At the beginning the number of dimers is very small, and only at about 30 s does it begin 
to grow. From about 50 s the Kz/K number ratio begins to increase at a higher rate. Thus, 
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Figurc 7. Spxemsolved entincdon spectra of the potassium vapour zone. Evaporation was 
cxried out in confined helium gas at 140 Torr. The heights from h e  crucible edge axe as 
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after Some concentration of evaporated potassium atoms is attained, dimers are produced by 
coalescence of atoms. The X-C, X-D, X-E, X-F and X-G transitions are buried in the faint 
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broad extinction band between 300 and 450 nm. With increasing height into the pinkish 
orange fluorescence zone, the absorption lines due to K survive, but those due to Kz become 
weak, while broad extinction bands begin to grow both at shorter- and longer-wavelength 
regions than 400 nm, as shown in figures 7@), (c) and (d). Since the long-wavelength band 
cannot be assigned to any electronic transition due to Kz, it is probably due to potassium 
clusters K, (n z 2). However, a clear collective mode resonance does not appear. In order 
to obtain microcrystals and to observe the collective plasma resonance, we again resort to 
the flowing-gas configuration. The timeresolved extinction spectra obtained at a height of 
6 mm, in a stream of helium gas of pressure 2 Ton and flow rate 0.5 I min-’ is shown in 
figure 9. At the early stages a very broad band due to KZ and sharp lines due to K appear 
at about 640 and about 767 nm, respectively. With progressing gas evaporation, a broad 
band appears at 564 nm (spectrum 2). Later this broad band grows, decreases in width, 
and shifts to the shorter wavelength of 549 nm (spectrum 3). At still later times this band, 
which is due to the plasma resonance, moves back to longer wavelengths, up to 584 nm, and 
increases in width (spectra 4 and 5) .  In order to observe the microcrystal growth process 
in more detail, we have performed an evaporation at a higher pressure of 3 Torr, a higher 
flow rate of 2.5 1 min-’, and a slower heating rate. The 64 time-resolved spectra recorded 
in this experiment are shown in figure lo@). The 34th, 45th, 50th, 54th, 58th and 64th 
spectra are shown in figure 10(b). At an early stage a broad band appears at about 559 nm. 
With increasing time this band gradually shifts to the long-wavelength side, while its width 
decreases at first and later increases again. This is the trend which the plasma resonance of 
microcrystals is expected to follow when their size increases, as will be demonstrated by 
the calculations presented in the next section. 

4. Discussion 

We could not determine directly the sizes and shapes of the clusters and microcrystals, 
because of their high reactivity with atmospheric moisture. However, for some of the 
observed spectra we can estimate the average particle size from the energy and shape of the 
plasma extinction band. We recall the main properties of the plasma band and its evolution 



7312 S Mochizuki and R Ruppin 

Time I a a l  Uave lcngtlr I n m  1 

a 

b 

300 400 500 600 700 800 
Wavelength (nm) 

Fiyrc  9. The time evolution of the extinction spectra of the potassium vnpour zone in a 
low-pressure helium gas si". 

with increasing particle size. In the very-small-size region, i.e., for clusters containing 
from tens up to hundreds of atoms, the surface-plasmon absorption resonance is shifted 
considerably from the classical Mie value towards the low-frequency side. This arises from 
the spillout effect of the valence electrons, which are distributed over a radius slightly larger 
than the ionic core radius (Parks and McDonald 1989, Selby et al 1991, Brtchignac etal  
1992a, b). This effectively reduces the electron density, and hence the plasma frequency, in 
small clusters. This red shift decreases with increasing cluster size. For small, open-shell 
clusters there may also occur a splitting of the plasmon peak into two or three peaks, due 
to the spherical or ellipsoidal shape of the clusters (Selby ef al 1991). With increasing 
size, for radii larger than about 2 nm, the so-called microcrystal region is reached. The 
plasma resonance of a spheroidal microcrystal occurs at w,/&, where wp is the bulk plasma 
frequency. For small microcrystals the band is much wider than that calculated from the Mie 
theory using the bulk value of the dielectric constant. This happens when the microcrystal 
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Figure 10. (a) The detailed time evolution of the extinction spectrum of potassium microcryslals 
in a low-pressure helium gas streom. (b) Several specm of the time-resolved spectrum (a). The 
spectra I ,  2. 3, 4, 5 and 6 colrespond to the 34th. 45th. 50th. 54th. 58th and 64th spectra 
respectively. 

size is comparable with the electron mean free path. The collisions of the conduction 
electrons with the particle surface become important as an additional collision process and 
thus the effective mean free path is smaller than in the bulk (Kreibig and Fragstein 1969). 
This leads to an increase of the imaginary part of the dielectric constant, and a corresponding 
broadening of the absorption band. With increasing microcrystal size this free-path effect 
decreases, and hence the plasma absorption band becomes narrower. When the microcrystal 
size increases beyond about 10 nm, the absorption bandwidth begins to increase again, this 
time due to the onset of radiative broadening. The radiative contribution also causes the 
centre of the band to shift towards the low-frequency side. 

For sodium, in the spectra of figure 3 the contribution of clusters is clearly seen. The 
first few spectra are very broad (e.g., the 10th spectrum, curve 1 of figure 3(b)). This 
is probably due to both the multi-peak structure of non-spherical clusters and cluster-size 
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distribution. At later times, when the average cluster size increases, a clear plasma band 
is formed (spectra 2 and 3 of figure 3(b)). Figure 4(a) shows that from the 15th spectrum 
onwards the wavelength of the plasma peak decreases monotonically with time, i.e., with 
increasing cluster size. This is due to the decrease of the spill-out effect. By comparing 
with the data of Parks and McDonald (1989) for the dependence of the resonance frequency 
on cluster size, we estimate that the lowest wavelength observed (the 15th spectrum) is due 
to clusters containing an average number of about 12 atoms, while the shortest wavelength 
(the last spectrum) arises from clusters containing an average of about 26 atoms. 

In figure 5 the absorption structure is dominated by the contribution of microcrystals. 
This will now be conlirmed by a calculation based on the Mie theory, from which we wiU 
also obtain estimates of how the average microcrystal size increases with time. The values 
of the frequency-dependent dielectric constant, €1 + itz, used in the calculations were taken 
from the experimental data of Smith (1969). These, however, refer to the bulk, and for 
small spheres have to be modified so as to account for the free-path effect discussed above. 
We introduce this size correction in the form suggested by Kreibig (1974), according to 
which the dielectric constant of a sphere of radius R is given by 

S Mochizuki and R Ruppin 

E ( R )  = E I  + i[eZ + (w;/w’)(u~/R)l .  (1) 

Here w, is the plasma frequency and UF is the Fermi velocity 

Figure 11. Calculated extinction specm of sodium spheres for various radii: 2 nm (lowest 
curve), 5 nm. IO nm. 15 nm, 24 nm. 

Calculated extinction spectra of sodium spheres are shown in figure I 1  for radii of 
2, 5, 10, 15 and 24 nm. The calculated spectra exhibit the same gradual shift of the 
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peak to the long-wavelength side as observed experimentally in figure 5. Also, the width 
first decreases (due to the decrease of the freepath effect) and later increases again (due 
to radiative broadening), in agreement with the experimental results. One feature not 
reproduced by our calculations is the broad tail at the long-wavelength side. This is because 
the calculations were performed for a single sphere, whereas the tail arises from interactions 
between adjacent microcrystals, as has previously been demonstrated for silver microcrystals 
(Mochizuki and Ruppin 1993, Hayashi er a1 1990). 

For potassium confined in helium gas (figure 7) no clear plasma resonance was 
observed, which indicates that microcrystals were not formed. The very broad band at long 
wavelengths, seen in figures 7(b), (c) and (d), is probably due to small clusters. Also, this 
indicates that the smoky feature of the observed pinkish orange zone (figure 6) is due to the 
high density of such small clusters. In the flowing helium gas the collective mode resonance 
appears and its strength increases with time, i.e., with increasing average microcrystal size. 
The behaviour of the spectra shown in figure 10 can be understood by comparing with 
Mie-theory calculations. For these we have used the experimental data of Smith (1969) for 
the bulk dielectric constant, again employing the size-dependent correction (1). The results 
of the calculations for potassium spheres of radii 5,  10, 15, 20, 25 and 30 nm are shown in 
figure 12. As in the experimental spectra (figure lo), the width of the band first decreases 
and at later times begins to increase, while the peak shifts gradually to longer wavelengths. 
We thus obtain the estimate of 30 nm for the average radius of the largest microcrystals 
(spectrum 6 of figure 10). 

20 

16 

12 

b 

8 

4 

0 
300 400 500 600 700 

Wavelength (nm) 
Figure 12. Calculated extinction spectra of potassium spheres for various radii: 5 nm (lowest 
curve). 10 om. 15 nm, 25 nm 30 nm. 

In conclusion, we have produced vertically well separated vapour zones of sodium and 
of potassium by thermal evaporation in confined helium gas, and measured time-resolved 
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spectra of the various zones. The spectra indicate the occurrence of atoms, dimers and 
small clusters. We have also measured time-resolved spectra of the vapour zone produced 
by thermal evaporation in flowing helium gas. In this case a prominent plasma collective 
absorption band appeared, increasing in strength with time, thus indicating that microcrystals 
were being formed and growing with time. 

The time evolution of the frequency of the collective mode resonance of clusters differs 
qualitatively &om that of microcrystals. For clusters the peak shifts to higher frequencies 
with increasing size, due to the decrease of the spill-out effect. For microcrystals the peak 
shifts to lower frequencies, because with increasing size radiative effects begin to contribute. 
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