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Abstract. Rubidium and cesium metal nanoparticles were grown in nanoporous silica samples placed in
alkali vapor cells. Their size and shape were investigated by measuring the sample optical transmittance.
Spectral changes due to photodesorption processes activated by weak light were also analyzed. Alkali atoms
photoejected from the silica walls diffuse through and out of the nanopores, modifying both the nanoparticle
distribution in the silica matrix and the atomic vapor pressure in the cell volume. The number of rubidium
and cesium atoms burst out of the samples was measured as a function of photon energy and fluence. The
optical absorption measurements together with the analysis of the photodesorption yield give a complete
picture of the processes triggered by light inside the nanopores. We show that atomic photodesorption,
upon proper choice of light frequency and intensity, induces either growth or evaporation of nanosized

alkali metal clusters. Cluster size and shape are determined by the host-guest interaction.

PACS. 78.67.Bf Nanocrystals and nanoparticles — 68.43.T}

Structural transitions in nanoscale materials

1 Introduction

The physical properties of metallic nanoparticles (NPs)
greatly differ from those of the corresponding bulk mate-
rial because of surface and quantum size effects. In par-
ticular, they exhibit tunable optical properties associated
with their surface plasmon resonances, which are use-
ful, for example, in the development of data storage me-
dia [1,2], optical switching [3,4], biophysical and chemical
sensors [5—7]. In recent years, significant efforts have been
made to produce controlled ensembles of NPs by meth-
ods ranging from photochemical reactions to metal vapor
synthesis [8]. Independently of the used production tech-
nique, NPs need to be capped with protecting agents or
embedded in solid matrices so that their agglomeration
and precipitation are prevented. Among solid supports,
mesoporous materials, due to their huge inner surface and
small pore size, are particularly suitable to host metallic
NPs, as confirmed by several experiments [9-14]. The most
extensive investigation has been carried out with Ag and
Au noble metal NPs. On the other hand, very little has
been made with alkali metal NPs in porous media, except
for the case of small clusters in zeolite crystals [15-17]. The
lack of attention to alkali metals, although they have tun-
able plasmon resonances in the visible region as gold and
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silver metal have, is due to their high chemical reactivity,
which makes their exposure to air impossible. Neverthe-
less, despite this drawback, alkali metal NPs can be grown
inside porous dielectric structures and can be easily con-
trolled by light, opening perspectives for applications [18].

In this work nanoporous silica samples are inserted
into sealed glass cells filled either with rubidium or ce-
sium vapor. Alkali atoms flow from the cell volumes into
the porous samples and are adsorbed on the silica walls
causing formation of atomic layers and NPs; the latter are
characterized in terms of their size and shape by means
of optical transmission measurements. We found that the
alkali metal phase equilibrium in the silica matrix is mod-
ified by light, which induces atomic detachment and dif-
fusion through the nanopores. These effects move atoms
from layers to NPs and vice versa, consequently produc-
ing a measurable change of the sample optical response.
As previously observed for Rb atoms stored in porous sil-
ica [18,19], atomic photodesorption, depending on light
frequency, occurs either at the silica walls or at the clus-
ter surface. In the following we will refer to the first effect
as light-induced atomic desorption [20,21], shortly LIAD,
and to the second as surface-plasmon induced desorp-
tion [22], shortly SPID.

LIAD is a non-thermal desorption process observed
with alkali atoms adsorbed on a wide variety of materials
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like organic films [20,21,23-27], alkali metal films [28,29],
Vycor [30], porous silica [31], sapphire [32] and stain-
less steel [33]. Nowadays LIAD is commonly used for ef-
ficient loading of magneto-optical traps [30,33,34], atom-
chips [35] and photonic bandgap fibers [36]. A possible
explanation of LIAD from SiO, has been given in terms
of localized electronic excitation at the surface defects [37].

SPID has been reported for Na and K NPs supported
on a crystal surface [38], for Rb clusters dipped into a film
of liquid helium [39] or embedded in porous silica [19]. It is
a non-thermal effect due to the excitation of surface plas-
mon oscillations, which produce atomic desorption from
NPs. The desorption dependence on photon energy is de-
termined by the dipolar surface plasmon excitation, which
is responsible for the electric field enhancement at the clus-
ter surface [38]. This process has been used to manipulate
with laser light the size and shape distributions of metallic
islands deposited on surfaces [40].

In our system it is possible to distinguish between the
LIAD and SPID contribution to the atomic photodes-
orption. In fact, the surface plasmon resonances of Rb
and Cs NPs embedded in porous silica are located in the
red-NIR (near infrared) region, whereas the LIAD effect
becomes significantly large in the green-blue spectral re-
gion. The light-induced phase transformations in the al-
kali metal loaded porous silica samples are investigated
by recording the sample absorbance, from the infrared to
the visible region, before and after irradiation. The pho-
todesorption dependence on light frequency and intensity
is studied by measuring the number of alkali atoms pho-
toejected from the porous sample into the cell volume. The
effects produced by light on NPs are directly related to the
photodesorption processes by simultaneously monitoring,
during illumination, the alkali vapor pressure in the cell
volume and the sample transmission at a suitable fixed
light frequency. From the experimental analysis, it comes
out that in the silica matrix LTAD increases the atomic
mobility of both Rb and Cs and that the photodetached
atoms grow up metal clusters. On the other hand, opti-
cal radiation with frequency tuned to the surface plasmon
resonances desorbs atoms from NPs, via SPID, and from
the pore surface, via LIAD. This causes a competition be-
tween cluster evaporation and growth. We find that the
result of this competition is different in Rb and Cs loaded
porous silica. Furthermore, we show that the light-grown
NPs, as well as the ones formed in the dark, exhibit well-
defined surface plasmon resonances characteristic of the
atomic species. This provides information on cluster size
and shape distributions, which depend on the host-guest
system.

2 Experiment

In this section we report the techniques used to prepare
alkali metal loaded porous silica samples and the experi-
mental procedures adopted for both optical analysis of al-
kali metal NPs and photodesorption measurements. The
experimental set-up is sketched in Figure 1. Porous plates
(30 x 15 x 1) mm? made from borosilicate glass are placed
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Fig. 1. Sketch of the experimental set-up. (a) PS: porous silica
sample; R: alkali metal reservoir; L: lens. (b) DL1: alkali vapor
probe laser; DL2: porous silica transmission probe laser; 1F1,
IF2: interference filters; PD1, PD2: photodiodes; BE: beam
expander.

inside Pyrex alkali vapor cells. The samples have a random
interconnected network of elongated pores with a mean
pore diameter of 17 nm. The porosity is approximately
50% of the total glass volume and the sample inner sur-
face is about 40 m? [41]. Samples are mechanically fixed
close to one of the cell windows. Cells are prepared by
connecting them for a few days to a vacuum system and
by heating them to speed up impurity desorption. Before
sealing them off, alkali metal is distilled in a side arm con-
nected to the cell body through a short capillary; no buffer
gas is added. Once closed, the cell is kept at room tem-
perature in the dark and the sample is loaded with alkali
atoms supplied by the reservoir. After a few days the al-
kali vapor density in the cell becomes stable and atomic
desorption is observed when the sample is illuminated by
ordinary or laser light.

We have tested several cells with different geometries
filled either with Rb or Cs. Since the cells loaded with the
same alkali metal show similar features, in the following we
will make reference to two identical cylindrical Pyrex cells,
34 mm in diameter and 80 mm in length, one loaded with
Rb and the other with Cs. This makes straight a direct
comparison between Rb and Cs. In the cells containing
a porous silica sample we have measured a vapor den-
sity lower than the saturated one. At room temperature,
the atomic density in the Rb cell is about 30% of the satu-
rated Rb vapor density (4.5 x 10 atoms/cm? in Ref. [42]),
whereas the measured density in the Cs cell is about 80%
of the saturated Cs vapor density (3.0 x 10'° atoms/cm?
in Ref. [42]). Similar results are also reported in paraffin
and siloxane coated alkali vapor cells [25,43]. This is due
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to continuous absorption of atoms into the organic coating
or adsorption at the glass surface.

The porous silica absorbance is obtained using a Var-
ian Cary 5000 UV-Vis-NIR spectrophotometer (Fig. 1a).
Once the cell has been inserted inside the instrument, the
sample absorbance is recorded before and after sample il-
lumination without removing the cell. This method allows
us to evaluate the light-induced spectral change of the al-
kali metal-silica glasses avoiding spurious changes due to
the cell realignment. The time evolution of both NPs and
photodesorption yield are measured with a different exper-
imental scheme (Fig. 1b). The Rb or Cs atomic density is
detected by means of a weak probe beam resonant with ei-
ther the Rb D2 line at 780 nm or the Cs D2 line at 852 nm.
The probe laser is scanned across the Doppler spectrum
of the Rb or Cs D2 transitions. The spectra are contin-
uously acquired and then elaborated to extrapolate the
vapor density. A probe beam, generated by a diode laser
emitting in the red-NIR region, is used to measure the
porous silica transmission. The desorbing light is provided
by different sources covering a broad spectral range from
the blue to the NIR region: argon-ion laser, cw doubled
Nd:YAG laser, several diode lasers and a high-pressure Hg
lamp.

3 Results and discussion

3.1 Size and shape of nanoparticles produced
by atomic diffusion in the dark

As the porous samples are exposed to the alkali vapor
present in the cells, their transparency changes. The ab-
sorbance of the Rb and Cs loaded porous silica samples
together with the absorbance of a pure porous silica plate
are respectively reported in Figures 2a and 2b. The doped
samples show broad absorption bands in the red-infrared
region, which are due to surface plasmon resonances of
metal NPs grown in the silica pores. Their peak frequen-
cies and widths are determined by several parameters such
as cluster size and shape distributions, intrinsic size ef-
fects, interactions with the surrounding medium and with
neighbor clusters [44]. The narrow peaks present in all
spectra are due to the glass absorption.

Both alkali metal loaded silica glasses present two sep-
arated plasmon bands ((1) and (2) in Figs. 2a and 2b).
In the Rb loaded sample the band (1) splits into two close
peaks located around 1.5 eV. The band (2) occurs at about
0.8 eV. In the Cs loaded sample the band (1) is observed
around 1.2 eV. The band (2) falls in the infrared and it
cannot be completely resolved because it partially overlaps
the silica absorption band. The Rb surface plasmon bands
are blue shifted with respect to the Cs ones, in agreement
with the bulk plasma frequencies of the two alkali met-
als [45]. For both samples the bands at higher energies
are due to the formation of spheroidal metallic clusters.
These particles have a size of a few nanometers because of
the pore confinement. In order to provide an estimation of
the extinction cross-section of alkali metal NPs in porous
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Fig. 2. (a) Optical spectra of Rb doped (black curve) and
pure (gray curve) porous silica. (b) Optical spectra of Cs doped
(black curve) and pure (gray curve) porous silica.
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silica, we apply Gans theory [46] that describes the op-
tical properties of randomly oriented spheroids with size
R < ). The extinction cross-section oey; is given by the
equation [47]:

Uemt(w) ==
W 3/ e2(w) (1/P7)
' % ei{ zz: 62(

W) + (@) + emF)

5, ()

where V' is the particle volume, w is the frequency of the
incident light, €, is the dielectric constant of the embed-
ding medium and €; (w) and es (w) are respectively the
real and imaginary part of the metal dielectric function.
The terms P; represent the depolarising factors for the
symmetry axes a, b and ¢ of the spheroid. For pancake-
shaped spheroids (¢ < a = b) the depolarising factors are
defined as [48]:

1 2
p 1T

[

3 (e —tan~! e) , (2)

P,=PF =

N |

(1*Pc)a (3)
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Fig. 3. (a) Calculated extinction cross-section of Rb oblates in
porous silica. The medium dielectric constant is 2.25, the mean
radius is 3 nm and the aspect ratio is 0.8. (b) Difference be-
tween the measured absorbance of Rb doped and pure porous
silica.

with

—E 0

The ratio between the short and long semiaxes c¢/a is
known as the particle aspect ratio. We use the dielectric
constants of Rb and Cs measured by Smith [49] and we
modify them according to reference [50] in order to take
into account the damping effects due to the small particle
size. For metallic particles partially embedded in a silica
matrix the cluster-surrounding interactions are rather dif-
ficult to describe because the symmetry of the medium
is broken. Nevertheless the system can be schematized
by supposing the NPs implanted in a medium with a
relative dielectric constant €, between 1 (vacuum) and
2.25 (glass). These limit values are respectively obtained
in the case of free and fully embedded clusters. Although
the exact value of €, is unknown, its main effect on the
surface plasmon resonance is to shift its frequency with-
out changing its shape. An overestimation of €,, causes
a red shift of the resonance, while an underestimation a
blue shift. We take as free parameters the mean particle
radius R, the aspect ratio ¢/a and we vary €, between
1 and 2.25. A qualitative agreement between model and
data is achieved using the following values: €, = 2.25,
R = 3 nm for both Rb and Cs, ¢/a = 0.8 and 0.9 for
Rb and Cs respectively. The calculated extinction cross-
sections are shown in Figures 3a and 4a for Rb and Cs
respectively. For comparison the corresponding measured
absorbance spectra are reported in Figures 3b and 4b after
subtraction of the contribution of the pure silica sample.
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in porous silica. The medium dielectric constant is 2.25, the
mean radius is 3 nm and the aspect ratio is 0.9. (b) Difference
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silica.
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The shapes of the plasmon resonances predicted by the
model are in good agreement with the observed ones. This
means that in both doped samples the bands at higher en-
ergies ((1) in Figs. 2a and 2b) are associated with a narrow
distribution of quasi-spherical NPs. The estimated parti-
cle size is further confirmed by the fact that we observe
similar spectra in porous silica samples with mean pore
diameter of 7 and 4 nm. As it follows from the evaluated
aspect ratios, the Rb spheroids are slightly less spherical
than the Cs ones. Therefore the Rb surface plasmon reso-
nance splits into two modes denoted in Figures 3a and 3b
as (1,0) and (1,1). The mode (1,0) at higher frequency is
due to the collective electron oscillations along the particle
short axes. The mode (1,1) at lower frequency is produced
by the plasmon excitation along the long axes. The plas-
mon peak associated with the degenerate mode (1,1) is
higher than the peak associated with the nondegenerate
mode (1,0). Although the shapes of the measured plasmon
bands are consistent with the calculated ones, their reso-
nance frequencies show a significant red shift. This shift
cannot be corrected by increasing ¢,, more because it is
already at the maximum value. The effect is more pro-
nounced in the Cs than in the Rb loaded silica sample.
This discrepancy can be attributed to the fact that the
model roughly describes the cluster-surrounding interac-
tions and neglects the cluster-cluster interactions. Indeed
equation (1) is valid only for a system of well-isolated non-
interacting particles. As the cluster concentration in the
sample increases, the distance between particles becomes
comparable with their size and the plasmon resonance
shifts to lower frequencies [44]. Therefore it is possible



A. Burchianti et al.: Optical characterization and manipulation of alkali metal nanoparticles in porous silica

1.2 4
1.0
0.8 -
0.6 -
0.4 -

0'2')/!%

0.0 -

(1)

(2)

Absorbance

06 08 10 12 14 16 1.8 2.0 22 24 26

—_
o]
S

1,1)

0.9 - (1,0)

0.6 -

Absorbance
Increase

0.3 4

S —
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.
(b)

Photon Energy (eV)
Fig. 5. (a) Optical spectra of Rb doped porous silica before
(black curve) and immediately after illumination (gray curve)
with a Hg lamp. Spectra are presented after subtraction of the
absorbance of pure porous silica. (b) Light-induced absorbance
increase of Rb doped porous silica.
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that in our system the red shift is in part produced by the
interaction between neighbor clusters.

We have still to explain the absorption band in the
infrared ((2) in Figs. 2a and 2b) observed for both alkali
metal loaded samples. According to our analysis, it is re-
lated to pore regions where the metal concentration is so
high that the interparticle distance becomes smaller than
the particle size. Therefore local aggregation occurs caus-
ing the presence of an additional plasmon band at lower
frequency [44]. The existence of sample regions at higher
metallic concentration can be correlated with the filling
of the smaller silica pores. From the absorption spectra it
follows that in the sample loaded with Rb the fraction of
large aggregates is smaller than in the one loaded with Cs.
This means that the Rb filling factor is lower than the Cs
one in agreement with the alkali vapor pressures measured
in the cell bodies.

3.2 Nanoparticle growth induced by desorbing light

As light hits the porous sample, the equilibrium inside the
nanopores between NPs, atomic layers and vapor phase, is
suddenly shifted. In this section, we present measurements
of the effects produced by UV-visible light on nanoparticle
spectra.

Upon UV-visible irradiation, the surface plasmon band
intensity increases. In Figure 5a the absorbance of the Rb
loaded silica sample at equilibrium in the dark is com-
pared with the one recorded immediately after exposure
to a high-pressure Hg lamp. Both signals are presented af-
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Fig. 6. (a) Optical spectra of Cs doped porous silica before
(black curve) and immediately after illumination (gray curve)
with an Hg lamp. Spectra are presented after subtraction of the
absorbance of pure porous silica. (b) Light-induced absorbance
increase of Cs doped porous silica.

ter subtraction of the absorbance of the pure porous silica
sample. In order to make the light-induced spectral change
more clear, we give in Figure 5b the difference between
the sample absorbance after and before illumination. The
light intensity is 10 mW /cm? and the illumination time
is two minutes. The corresponding measurements for the
Cs loaded silica sample are shown in Figures 6a and 6b.
Results similar to the ones reported here are also found by
using monochromatic green or blue light [19]. In both al-
kali metal-silica glasses, light causes an intensity increase
of the surface plasmon band at higher frequency ((1) in
Figs. ba and 6a) that we attributed to quasi-spherical al-
kali metal NPs. This result could be due to the formation
of new clusters as well as by the growth in size of the exist-
ing clusters. As the bands are not significantly changed, we
deduce that the particles formed or modified by light are
similar in size and shape to the ones present at the equi-
librium. Moreover, we note that in both alkali metal-silica
glasses the peaks are blue shifted so that their resonance
frequencies are closer to those predicted by the theory.
This can be explained by assuming that light builds up
new isolated clusters on the pore walls. Therefore the new
NPs are preferentially formed in the partially empty re-
gions of the silica bulk.

In the Rb doped porous silica sample the mode (1,0)
increases with respect to the mode (1,1) (compare Fig. 5b
with Fig. 3b). Nevertheless the distance between the two
modes does not change showing that the particle as-
pect ratio remains close to one. Hence, in addition to
quasi-spherical oblates, which are the dominant particle
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distribution in the dark, light grows quasi-spherical cigar-
shaped particles (a > b = ¢). Indeed for prolate particles,
differently from oblate ones, the modes (1,0) and (1,1)
are respectively degenerate and nondegenerate, as a con-
sequence the plasmon peak at higher frequency is higher
than the one at lower frequency. In the Cs doped porous
silica sample the plasmon band produced by the light-
grown Cs spheroids is better resolved from the background
absorption (compare Fig. 6b with Figs. 4b and 2b). This
is due to the fact that at equilibrium in the dark this band
partially overlaps the band at lower energy, which has a
smaller relative increase with illumination.

In both alkali metal-silica glasses the intensity increase
of the surface plasmon band in the infrared region ((2) in
Figs. ba and 6a) shows that light also causes formation
of metallic aggregates. This is a weaker effect in the Rb-
silica glass, supporting the hypothesis that the production
of quasi-spherical dispersed Rb NPs prevails. On the con-
trary, it is significant in the Cs-silica sample. In addition,
the equilibrium absorbance of the Cs-silica glass is remark-
ably higher than the one of the Rb-silica glass. Neverthe-
less its increase due to illumination is lower. These results
suggest that the free volume in the porous silica sample
filled with Rb is considerably larger than in the one filled
with Cs. This fact makes the formation of separated Rb
NPs in the porous matrix possible.

The photoinduced phase transformations of Rb and
Cs inside the nanopores are reversible. Once the light
is switched off, the light-grown clusters evaporate, with
a characteristic time ranging from few to several hours,
to restore the equilibrium condition. As a result the sur-
face plasmon band intensity slowly decreases to the initial
value.

3.3 Photodesorption yield measurements

In order to get more insights on the role of photodesorp-
tion processes in the light-induced changes of alkali metal
NPs, we measure, during a light on-off cycle, the variation
in the cell volume of the atomic density An(t) = n(t) —ng,
with respect to the equilibrium value nyg.

The amount of desorbed atoms that diffuse out of
the porous silica sample depends on several parameters,
such as illumination time, light frequency, atomic distri-
bution in the matrix, transport mechanisms through the
nanopores and relaxation of the vapor density to the equi-
librium value. Although An(t) can be used to study the
desorption dynamics, it is more convenient to introduce
another parameter to provide an estimation of the desorb-
ing efficiency [31]. We define the relative increasing rate
R,, of the vapor density, immediately after the desorbing
light is switched on at t = t1,, as follows:

1 [dn
Ro=— (& . 5
" o (dt)t—tL ( )

The desorbing rate R,, defined in this way is mainly due to
the atoms desorbed from the pores that are close to the
outer sample surface. In Figures 7a and 7b plots of R,

The European Physical Journal D

0.20

0.16 4

0.12 1

0.08 -

Rb Rate (s™)

0.04 -

0.00

1.2 1_[4 1_|6 1_[8 2.IO 2_|2 2.I4 26
Desorbing photon energy (eV)

O

e o
(=} (=}
@ 5
1 1

Cs Rate (s7)
o
o
(%]

0.014

i

o.oo-l T~

T N T T T T T T T T T T T T
12 14 16 18 20 22 24 26
Desorbing photon energy (eV)

(b)
Fig. 7. (a) Rb and (b) Cs rates as a function of desorbing pho-
ton energy. The light intensity is 2 mW/cm?. Black curves are
the sum of two functions: an exponential one and a Gaussian
one, which describe LIAD and SPID respectively.

versus desorbing photon energy are given for the porous
silica samples filled with Rb and Cs respectively. The light
intensity is fixed to 2 mW /cm? for all frequencies and
both samples are completely illuminated. As previously
observed for Rb loaded porous silica [19], R, shows a
monotonic increase with the photon energy, due to LIAD,
and a pronounced broad peak in the red-NIR region, due
to SPID. The photon energies, corresponding to the peak
maxima, are different for the two alkali atoms. They are
about 1.5 eV and 1.3 eV for Rb and Cs respectively.

While all clusters dispersed in the bulk matrix con-
tribute to the absorbance spectra, the desorbing rate R,
mainly depends on atomic layers and on NPs close to the
interface with the cell vapor phase. Keeping in mind this
difference, we compare the desorbing rate dependence on
photon energy with the spectra of the two alkali metal
loaded samples. For the Rb loaded sample the maximum
of desorbing efficiency falls in the first plasmon band oc-
curring in the spectrum ((1) in Fig. 2a). For the Cs loaded
sample the peak of desorbing band is on the blue edge of
the first plasmon band at higher energy ((1) in Fig. 2b).
These results give direct evidence that red-NIR light des-
orbs atoms from spheroidal NPs.
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In Figures 8a and 8b the rates of the Rb and Cs doped
silica glasses as a function of light intensity are shown
when the whole samples are illuminated. In both cases the
rate dependence is given for two photon energies, selected
to excite either one photodesorption process or the other.
For both atoms the photon energy associated with LIAD
is 2.33 eV, whereas the photon energies associated with
surface plasmon oscillations are 1.53 eV and 1.32 eV for
the Rb and Cs-silica glasses respectively. These last values
are close to the maximum efficiency of photodesorption
from clusters. In all cases the desorbing rate increases lin-
early with the number of incident photons. This is a clear
indication that desorption is not triggered by thermal ef-
fects. Moreover, it is worth noting that photodesorption
from clusters and from pore surface is observed with ex-
tremely low light intensities; no intensity threshold can be
extrapolated. Although atomic desorption is due to non
thermal mechanisms of excitations, we have to take into
account that, in the case of resonant absorption of light by
NPs, the particle temperature rises as the laser fluence in-
creases. Therefore at higher intensities both thermal and
non-thermal desorption occur at the cluster surface.
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Fig. 9. (a) Optical spectra of Rb doped porous silica before
illumination (black curve) and immediately after illumination
(gray curve) at 1.53 eV. Spectra are presented after subtraction
of the absorbance of pure porous silica. The dot vertical line

indicates the position of the laser frequency. (b) Absorbance
decrease of Rb doped porous silica induced by light at 1.53 eV.

The photodesorption measurements prove that the
mechanism of light-induced cluster growth is correlated to
LIAD. UV-visible photons induce atomic photodesorption
from the pore surface. A small part of the desorbed atoms
diffuses out of the sample and increases the alkali vapor
pressure inside the cell body, while the others, trapped in
the matrix, recondense on the pore walls forming clusters.
In the dark, the adsorbed atoms move back from clusters
to layers.

3.4 Competition between light-induced nanoparticle
growth and evaporation

The desorbing rate dependence on photon energy shows
that NIR light desorbs atoms both from layers and clus-
ters. Therefore, cluster formation via LIAD, as well as
cluster evaporation via SPID, can be induced by the same
photon frequency. Figure 9a shows the absorbance of the
Rb loaded sample before and immediately after exposure
to light at 1.53 eV. Both spectra are presented after sub-
traction of the absorbance of the pure porous silica sam-
ple. Figure 9b gives the difference between the sample ab-
sorbance before and after illumination. The laser intensity
is 180 mW/cm? and the illumination time is two min-
utes. The absorbance falls over a broad frequency range
with a maximum variation around the laser frequency. Al-
though the absorbance decrease due to cluster evapora-
tion is considerably smaller than its increase produced by
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cluster growth, the relative spectral change is similar in
both cases. Indeed, also NIR light mainly modifies the Rb
plasmon band at higher frequency ((1) in Fig. 2a). This
happens now because the light frequency matches the sur-
face plasmon resonance of quasi-spherical Rb NPs, con-
sequently atomic photodesorption takes place from their
surface. The ratio between the mode (1,1) and the mode
(1,0) increases (compare Fig. 9b with Fig. 3b), showing
that cigar-shaped particles are preferentially evaporated.
This could be a consequence of the fact that prolate par-
ticles are less stable than oblate ones. As proof of this,
we recall that only a small fraction of the Rb spheroids
formed at equilibrium in the dark are prolate. Moreover,
we observe that the light-burned “hole” in the spectrum
spreads from the infrared to the visible region. In fact, al-
though the main effect produced by NIR light is to evap-
orate separated Rb spheroids, also interacting cluster sys-
tems are destroyed. This is due to the fact that aggregates
such as linear chains have the transverse excitation mode,
which overlaps the plasmon band produced by separated
spheroids.

The Cs loaded porous silica sample has a different be-
havior as compared to the Rb loaded one. In fact, when the
sample is illuminated with resonant NIR light at 1.17 eV
(laser intensity: 180 mW /cm?, illumination time: 2 min)
cluster growth is observed as in the case of UV-visible
illumination. Therefore, in the Cs-silica glass the cluster
formation rate due to LIAD is higher than the evaporation
rate due to SPID.

Other differences between Rb and Cs loaded porous
silica are put in evidence by monitoring the temporal evo-
lution of both desorbed atoms in the cell volume and NPs,
when the samples are exposed to a sequence of green-NIR
light pulses. In Figure 10a the sample transmission at
1.58 eV and the variation of the atomic density An are
shown when the Rb loaded sample is successively illumi-
nated by green light at 2.33 eV and NIR light at 1.53 eV.
The illumination time is 100 s for both light pulses and the
dark time between them is 500 s. The green and NIR laser
powers are 10 mW and 240 mW respectively. The sample
area illuminated by the NIR light (10 mm?) is inside the
one illuminated by the green light (30 mm?). As shown in
Figure 10a, during the green light pulse the sample trans-
mission decreases, because atoms photodetached from the
silica surface build up clusters. On the contrary, during
the NIR pulse, the sample transmission rises as a conse-
quence of cluster evaporation. During both light pulses, a
small fraction of photodetached atoms diffuse out of the
sample and increases the atomic density inside the cell.
In the dark the formed clusters dissolve and the sample
transmission recovers.

The corresponding measurement made with the Cs-
silica glass is reported in Figure 10b. In this case both
green and NIR light decrease the sample transmission via
cluster formation, while the Cs vapor pressure inside the
cell increases for both light frequencies. We note that,
during the NIR light pulse, Cs clusters start to evapo-
rate probably in consequence of an increase of the particle
temperature. In support of this interpretation, we observe
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Fig. 10. (a) Rb and (b) Cs doped porous silica exposed to a se-
quence of green-NIR light pulses. The laser powers are 10 mW
and 240 mW and the illuminated areas are 30 mm? and 10 mm?
for green (2.33 V) and NIR (1.53 eV) light respectively. Black
curves give the alkali atom vapor density variation inside the
cell and gray curves the glass transmission at 1.58 eV.

that at lower laser intensities cluster evaporation does not
occur. Moreover the dynamics of the Cs vapor phase, af-
ter the light is switched off, is characterized by two re-
laxation times. The presence of the longer one shows that
a thermal process has been activated. Also in this case,
when the light is turned off, the transmission variation
is stopped. Then the system relaxes to the equilibrium
condition with a recovery time considerably slower than
the one observed for the Rb-silica glass. The faster decay
of the light-grown Rb clusters could be related to their
shape. As shown in Section 3.2, whereas the light-grown
Cs particles are similar to those formed in the dark, the
Rb ones have a slightly different symmetry. Indeed light
increases the ratio between Rb prolates and oblates with
respect to equilibrium in the dark. The outcome is a high
fraction of instable particles, which evaporate more easily.

4 Summary and conclusions

Our experiments show that alkali metal clusters grown in
porous silica by vapor diffusion have well defined size and
shape. This effect is due to the interaction with the porous
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matrix, which favors formation of Rb and Cs nanosized
quasi-spherical particles. Together with separated alkali
metal spheroids, cluster aggregates are also formed on the
silica walls. The presence of interacting cluster systems is
correlated with the alkali metal filling factor. Cluster ag-
gregation occurs preferentially in Cs than in Rb loaded
porous silica, because the Cs vapor pressure at room tem-
perature is about one order of magnitude higher than the
Rb one.

Illuminating alkali metal loaded porous silica with
UV-visible light causes further growth of NPs. This re-
sult relies on the LIAD effect. Light induces atomic de-
tachment from the pore walls and increases atomic diffu-
sion in the porous network. Desorbed atoms flow through
the matrix until they remain trapped at surface defects,
which act as nucleation sites for cluster growth. As a con-
sequence atoms shift from layers to clusters. The experi-
mental analysis points out that NPs formed by light have
roughly the same size and shape as clusters produced by
atomic diffusion in the dark. Such a result confirms that
the confinement geometry is determinant for the struc-
tural properties of existing particles. In Rb loaded porous
silica the dominant effect produced by radiation is the
formation of separated spheroids, whereas in Cs loaded
porous silica it is comparable with the creation of larger
metallic aggregates.

When the desorbing light matches the alkali metal
surface plasmon resonances, it produces electronic oscilla-
tions at the cluster surface. As a consequence atomic des-
orption takes place from NPs. Atoms desorbed via SPID
condense on the inner silica surface forming either layers
or clusters. In the latter case, they are again evaporated by
resonant light until they move to the pore surface. This
mechanism increases the atomic concentration in layers
against the cluster density. Nevertheless, due to LIAD,
which is simultaneously present with SPID, atomic layers
are destroyed. This produces antagonism between layers
and clusters. We find that cluster evaporation is dominant
in Rb loaded porous silica, whereas cluster growth prevails
in Cs loaded porous silica.

The alkali metal concentration could play a role in the
different behavior between Rb and Cs also in the case of
NIR light. Indeed the amount of adsorbed atoms changes
the cluster aggregation state and consequently modifies
the light-assisted diffusion of atoms inside the matrix. At
the current stage further experiments are required to fully
characterized the dependence of cluster growth and evap-
oration on metal filling factor.

We note in conclusion that the work presented in this
paper sheds new light on atomic photodesorption pro-
cesses and their possible applications when nanostructures
are involved.
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